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Abstract

:

The characteristics of plateau precipitation and atmosphere, once accurately and comprehensively understood, can be used to inform sound air–water resource development practices. In this study, atmospheric exploration of the Tibet Plateau (TP) was conducted using ground-based microwave radiometer (MWR) data collected during the East Asian summer monsoon. Atmospheric temperature, pressure, humidity, and other variables were gathered under clear-sky, cloudy-sky, and rainy-sky conditions. Statistical characteristics of the air parcel height and stability/convection indices such as convective available potential energy (CAPE) and convective inhibition (CIN) were investigated, with a special focus on the rainy-sky condition. Two retrieval applications for characterizing precipitation, namely short-term precipitation forecast and quantitative precipitation estimation were presented. Results showed that CAPE values in the Darlag region reached extremes around 18:00–20:00 (UTC+8) for cloudy-sky and rainy-sky conditions with corresponding peaks of about 1046.56 J/kg and 703.02 J/kg, respectively. When stratiform or convective–mixed precipitation occurs, the precipitable water vapor (PWV) and CAPE values were generally greater than 1.7 cm and 1000 J/kg, respectively. CAPE values are likely to decrease before the occurrence of precipitation due to the release of the latent heat in the atmosphere.
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1. Introduction


Tibet Plateau (TP) is the largest, highest, and most complex plateau in the world. The TP is well known as the “Asian water tower”, and serves as headwaters for several major rivers in Asia, including the Yangtze, Yellow, Nu-Salween, and Lancang-Mekong Rivers [1]. It has an average altitude of more than 4000 m, and the dynamic and thermal effects generated by the high topography of the TP have an important influence on China’s weather, climate, atmospheric circulation, and water cycle [2]. Studies have shown that the TP is rich in both land and air–water resources. For instance, the annual summer precipitable water vapor from 1979–2016 was as high as 24.7 mm [3], making the cloud water resources over the TP have great developmental potential. By further bolstering the potential for air–water resources and increasing precipitation, the local water resources shortage in Northwest China could be effectively alleviated. The air–water resources depend on an accurate grasp of the plateau atmosphere [4]. Due to its complex terrain and harsh climate, meteorological stations in the TP region are sparse, especially in the central and western parts [5]. The scarcity of hydrometeorological data limits our understanding of the atmospheric characteristics of the TP.



Meteorological and atmospheric variables are obtained for the TP region through (i) radiosonde observation (RAOB), (ii) reanalysis data from the U.S. National Center Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR), and (iii) remote sensing techniques such as global positioning system (GPS) or microwave radiometry (MWR) [6,7,8]. Although radiosonde measurement is a long-term and objective approach, however, its spatial and temporal resolutions are not sufficient to track the dynamic evolution of water vapor due to the low number of radiosonde stations [9,10]. Besides, a “true” vertical profile cannot be obtained from a radiosonde station due to drifting/deviation of sounding balloons from wind. NCEP/NCAR reanalysis data have satisfactory spatial coverage but suffer system error due to coarse spatial resolution [11]. Satellite sensors can monitor atmospheric water vapor using onboard infrared and microwave sensors on a global scale, but the water vapor content under clouds cannot be effectively retrieved from satellite-based measurements.



Ground-based observations have a high temporal resolution within the atmospheric boundary layer, which could effectively solve the poor detection problem in satellite remote sensing data at the bottom of the troposphere, caused by cloud occlusion and strong absorption. It is suitable for short- and long-term meteorological analysis and weather forecasting. The ground-based GPS can achieve uninterrupted observation; however, the quality of GPS-based retrieval data is somewhat dependent on satellite geometry and the number of satellites visible [8].



In recent years, ground-based microwave radiometers (MWRs) have been widely used in the field of meteorology as they can reliably retrieve atmospheric temperature, humidity, water vapor density, and cloud liquid water profiles with high temporal resolution and sounding accuracy. MWRs can also capture the fine thermal structures of small- and medium-scale systems [12,13,14]. Climate characteristics and nowcasting convective activity [15,16] have been widely monitored through continuous MWR measurements. Ware et al. [16] performed accurate upper air thermodynamic surveillance in rain, sleet, and snow conditions using MWR data to correlate liquid condensation with wind direction and thermodynamics data. Snider [17] studied the seasonal variations of integrated water vapor content in the atmosphere and clouds to determine their correlations with precipitation.



Previous studies have mainly focused on clear- and cloudy-sky conditions, while analyses of rainy-sky conditions have been generally uncommon [18]. Westwater [19] first proposed that the water vapor inversion under clear skies is 15% better than that under cloudy conditions when the integrated water path is greater than 10 mm. This defect was corrected by subsequent researchers [20,21] to be operable in all weather conditions [12,22]. Marzano et al. [23,24] have demonstrated the ability of surface radiometer to retrieve rainfall rate. Chen et al. [25] analyzed the variation of atmospheric water vapor content in the course of rainfall using a ground-based MWR. Until now, although the potential of MWR in retrieving rainfall rate, rain, and ice content has been studied widely, however, meteorological characteristics retrieved from ground-based MWR during rainy conditions have not yet been fully reported [26,27]. The MWRs used in previous studies were mostly stationed in low-altitude sites, and rarely in altitudes as high as the TP. Therefore, this study was conducted with a special focus on the hydrometeorological characteristics of the TP atmosphere during the East Asian summer monsoon.



The remainder of this paper is organized as follows. Section 2 and Section 3 discuss the experiments and data analysis method used in this study. Next, the retrievals of meteorological data (e.g., atmospheric temperature, water vapor density, relative humidity) from the MWR are verified by radiosonde soundings. Statistical characteristics of the air parcel height and stability/convection indices are then presented for clear-sky, cloudy-sky, and rainy-sky conditions. Two retrieval applications for characterizing precipitation using a ground-based MWR, namely short-term precipitation and quantitative precipitation estimation, are presented in Section 4. Section 5 provides a brief discussion of the results and Section 6 gives concluding remarks.




2. Experiments and Implementation


The experimental site is Darlag (33.55°E, 99.95°N), and is located in the Bayan Har mountainous area of the southeastern TP (black and white subgraph in Figure 1). The average altitude of Darlag is 4200 m and has a plateau continental climate, which is markedly affected by the southwest monsoon in the summer months. There are three independent basins within the Darlag region, namely: Jimai River, Darlag River, and Kequ River, all of which belong to the mainstream system of the Yellow River (color subgraph in Figure 1). To investigate the applicability of ground-based MWR in retrieving meteorological characteristics of the TP, especially on cloudy and rainy days, the operation site was selected in the area with abundant cloud water resources and sufficient water vapor during the Asian summer monsoon season (June–September), with an average annual precipitation of about 595 mm and average annual evaporation of around 1205.9 mm.



The cloud cover is relatively low during cloudy-sky and rainy-sky conditions, as the height of the cloud base is about 800–1500 m. The above environmental and geographical advantages provide objective and workable field conditions for continuous climate and precipitation observation in the area.



A ground-based MWR (manufactured by Radiometrics Corporation, model MP3000A) was used to measure atmospheric water vapor and temperature information during the summer monsoon within the TP. The MP-3000A MWR is a 35-channel piece of equipment, having two radio frequency (RF) subsystems: namely, temperature and water vapor profile subsystems, utilizing the same antenna. A total of 21 oxygen absorption bands with frequencies between 51 GHz and 59 GHz in the temperature profile subsystem and 14 water vapor absorption bands with frequencies between 22 GHz and 30 GHz in the water vapor profile subsystem were selected to observe the brightness temperatures (TBs). The TBs of the background atmospheric area were used to derive the water vapor profile from the horizontal level of the installation site to a height of 10 km [16,28]. A zenith infrared thermometer was then mounted on the setup to measure the cloud base temperature while met sensors were used to measure the temperature, relative humidity, and air pressure around the device.



The radiation transmission equation and neural network technology were used to determine the atmospheric temperature, humidity, water vapor density, and cloud liquid water content profile between 0 and 10 km. TBs were observed via MWR at three elevation angles that are 90° (i.e., zenith) and 15° elevation at azimuth angles corresponding to north and south direction. The temporal resolution of the atmospheric parameter profile retrieved by the MWR was about 3 min and grid spacing used for the retrieved profiles were 50 m, 100 m, and 250 m at a height of 0–500 m, 500–2000 m, and 2000–10,000 m, respectively [9].




3. Data and Methodology


3.1. Analytical Method


Microwave detection is an atmospheric remote sensing technology that depends on a detector measuring the emission, transmission, and scattered radiation from the atmosphere beyond a certain distance. It can be used to determine the physical characteristics and parameters of the atmosphere [29]. According to Kirchhoff’s law, a radiator has strong radiation when there is strong absorption in a certain band. In the microwave frequency range from 22.0 GHz to 100.0 GHz, there are strong absorption bands for water vapor and oxygen around 22.2 GHz and 60.0 GHz, respectively. The variations in microwave radiation within the frequency band corresponding to the absorption peaks of water vapor and oxygen (27–40 GHz) reflect the total amount of liquid water in the cloud under analysis [30,31].



The process of remotely sensing atmospheric parameters by MWR can be divided into forward modeling and inversion stages (Figure 2). The forward modeling stage involves calculating the corresponding radiant brightness temperature according to the radiative transfer equation with known information such as atmospheric temperature, water vapor density, pressure, and water content in the cloud. In this study, sounding data were acquired at the Darlag meteorological station from 2011 to 2018 to obtain sufficient training samples needed to develop the neural network. The data were entered into the radiative transfer model to simulate atmospheric downwelling radiance at the 35 spectral channels from 22.2 GHz to 60.0 GHz [32]. The radiative transfer model was then solved using MonoRTM (Atmospheric and Environmental Research, Inc., Kentucky, US; https://www.aer.com accessed on 18 June 2021) [33] with the same physics and continuum model as the line-by-line radiative transfer model. A set of back-propagation (BP) neural network-based models was trained to capture the complicated nonlinear relationship between the BT and retrieved atmospheric profiles such as atmospheric temperature, water vapor density, and relative humidity profiles [34]. BP neural network is a multilayer feedforward network trained by error backpropagation, which can fit high-dimensional functions. The basic idea of the BP algorithm is the gradient descent method, which uses the gradient search technique to minimize the mean square error between the actual output value and the expected one from the network.



Water vapor density and temperature profile information were gathered via an inversion algorithm of the radiation brightness temperature. The radiation transfer model used for the forward modeling is given as [35]:


   T  θ , f   =  T ∞  ⋅ τ  (   z 0  , ∞  )  +    ∫   z 0   ∞    K a   ( z )  T  ( z )  τ  (   z 0  , z  )  sec  ( θ )     d z  



(1)




where Tθ,f denotes the downwelling brightness temperature, T∞ is the cosmic background temperature, and τ(z0, ∞) and τ(z0,z) are the optical depth of the atmosphere from altitude z0 to the depths of the universe and that from altitude z0 to z, respectively. Ka(z) is the absorption coefficient at altitude z and frequency f, z0 is the surface altitude, and θ is the zenith angle receiving the brightness temperature at the ground.



For inversion algorithms of MWR for zenith and slant observations [36], the atmospheric parameters are retrieved by solving the Fredholm equation. In this study, the MWR deployed a proprietary BP neural network (NN) algorithm for estimating atmospheric state variables [37,38,39]. The BP neural network has a three-layer inversion structure with input and output layer of networks of about 38 and 58 neurons, respectively. Input neurons correspond to the brightness temperatures within the 35 sampling bands and three other atmospheric parameters: namely, atmospheric temperature, pressure, and relative humidity in the near-surface layer. The 58 neurons in the NN output layer correspond to 58 sampling heights for the ground-based MWR level-2 product. A hyperbolic S transfer function named Tansig is employed in the hidden NN layer as a transfer function. A Purelin linear transfer function was adopted in the output layer. The number of nodes in the hidden layer can be determined according to Mirchandani et al. [40,41].



For sounding observation used for instrumental calibration, water vapor density cannot be directly provided by a sounding balloon, but can be calculated as follows [42]:


  e = 6.11 U exp  (  17.71   T − 273.16   T + 29.33    )   



(2)






  V D = 2.167  e T   



(3)




where e is the water vapor pressure (hPa), U denotes relative humidity, VD is the water vapor density (g·m−3), and T is the absolute temperature (K).



The stability/convection index obtained from upper air measurements relates to the thermodynamic evolution of the boundary layer, which reflects notable characteristics of the rainfall system and short-term weather processes [43]. The convective available potential energy (CAPE) and convective inhibition (CIN) were selected for instability analysis as they relate to the temperature and humidity in the whole troposphere [44]. The CAPE value represents the energy that the gas parcel can obtain from the ambient environment, namely, the positive work done by the upward buoyancy. This portion of the available energy positively affects the atmosphere and may be converted into kinetic energy of the air parcel. A larger CAPE indicates a less stable atmospheric state which is more conducive to the occurrence of convective weather. On the other hand, the CIN is the amount of energy that prevents the gas parcel from rising from the ground to the height of free convection.



The CAPE and CIN can be expressed as follows:


  C A P E =  R d     ∫   P  L F C      P  L E       (   T  v p   −  T  v e    )  d  (  ln   1000  P   )      



(4)






  C I N =  R d     ∫   P 0     P  L F C       (   T  v p   −  T  v e    )  d  (  ln   1000  P   )      



(5)




where Rd is the specific gas constant of dry air, 287.05 J/(kg∙K), and Tvp and Tve denote the virtual temperature of an air parcel and its ambient environmental temperature, respectively. PLFE, PLE, and P0 denote the pressure at the free convection level, equilibrium level, and near-ground level, respectively. P is the specific pressure at the sampling height. All these stability/convection indexes and height parameters are calculated through a skew T-log diagram [45,46].



Microwave radiometers may have detection errors due to (i) obtaining the inversion data (training data) from a set of radiosondes (RAOB) installed at the same or representative position as the monitoring area. Non-representative training data could potentially cause errors in the inversion products, especially for the vertical profile of water vapor and liquid water. In this study, the control data of RAOB were collected at the Darlag National Weather Station, Qinghai, China (33.45°E, 99.38°N). The straight-line distance between the Darlag National Weather Station and the field site of the rainfall monitoring is approximately 32 km and elevation differences are about 128 m. This study assumes that the meteorological and rainfall conditions of the Darlag National Weather Station and the experimental site are similar. (ii) Liquid water on the radome of MWR, causing the observed brightness temperature to be higher than the actual one. It is necessary to adopt a liquid isolation mitigation system including a waterproof cover and a blower to eliminate the liquid water accumulated on the water barrier during rainfall so that it can maintain normal observation capabilities. (iii) Radio frequency interference (RFI) spiking the detection data. Therefore, the MWR should be installed in isolation or far away from powerful radio transmitters, or the collected data should be averaged to reduce this effect. (iv) The occurrence of rainfall bringing uncertainty to the precision of retrieval products. This study removes obvious singularity data during the monitoring samples processing, without considering the effect of raindrop scattering on the MWR inversion method. Moreover, to reduce the detection deviation of MWR in precipitation, the zenith mode and oblique zenith mode were alternately adopted with a resolution of 3 min [47,48].



To evaluate the accuracy of the inversion mode, meteorological data such as atmospheric temperature, water vapor density, and relative humidity profiles retrieved from the MWR were verified using radiosonde observation (RAOB). A series of historical radiosonde data between July–November 2019 at the national weather station of Darlag was used for this purpose. The mean difference (MD), root mean square error (RMSE), and Pearson correlation coefficient (CC) were adopted to evaluate the accuracy of the inversion model over 58 height points.


  M D =  1 N    ∑  i = 1  N    (   u i  −  v i   )     
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where N is the total number of samples at a certain sampling height, and ui and vi denote radiosonde variables and MWR products, respectively.



The operational radiosonde launched by national and/or regional weather services was only available at 07:00 and 19:00 (UTC+8), and the MWR only provides data for 58 fixed-height layers. The average temperature, humidity, and water vapor density retrieved by the MWR from 06:30–07:30 and 18:30–19:30 were compared with the sounding data. Linear interpolations were conducted to ensure the proper meteorological sampling height between the MWR and RAOB.




3.2. Sounding Sample Classification


Meteorological parameters vary widely in different weather environments, so analyses were conducted separately for clear-sky, cloudy-sky, and rainy-sky conditions [49]. So far, there have been many reports on the use of MWR for clear/cloudy screening. For example, the TB standard deviation of 31 GHz over a defined time period (e.g., 1 h) was performed to indicate the presence of liquid clouds since MWR channels at 30–31 GHz are the most sensitive to clouds [50]. Marzano et al. [51] also used a BT-related atmospheric index based on radiometric measurements, namely status sky indicator (SSI), for selecting clear-sky days. In addition, the infrared radiometer is sensitive to cloud base temperature and can be adopted to identify the presence of thick clouds [52]. Ahn et al. [53] introduced a fast cloud detection algorithm based on the optical properties of cloud using infrared pyrometer observations. These studies mainly focus on cloud detection rather than rainy-sky detection.



In this study, relative humidity obtained from MWR retrievals was used to judge the clear/cloudy/rainy conditions. The “clear-sky” condition is defined as lack of clouds and relative humidity less than 85% from the ground to any sampling height in the sounding period. The “cloudy-sky” condition refers to a relative humidity of less than 85% if the sampling height is less than 600 m but larger than 84% for sampling heights larger than 600 m. The “rainy-sky” condition denotes a continuous 20-min rain sample collected by the raindrop spectrometer, where the relative humidity is invariably larger than 84% for the whole sampling height. A disdrometer (OTT, Parsivel2) was used to obtain near-surface precipitation data to further analyze the total water vapor content and the total liquid water content under these precipitation conditions.



It should be mentioned that the relative humidity of the corresponding height should theoretically reach 100% when a cloud layer is formed. However, due to the influence of condensation nuclei and other factors, the relative humidity of the cloud layer will be slightly lower than the theoretical value [54]. Therefore, the relative humidity of 85% was used as the threshold value. Since the base height of the low cloud is generally in the range of 600–999 m derived from long-term sounding observations [49], the characteristic height of 600 m was chosen to judge the cloudy sky. Long-term meteorological observation shows that the rainfall period on rainy days is shorter while the cloudy/clear-sky periods account for a large proportion in the Darlag region. Thus, even in rainy-sky conditions, the average RH value in the zenith observation may be less than 85%.




3.3. Rainfall Sample Classification


To investigate the characteristics of water vapor and liquid water in different precipitation environments, the standard deviation of rain rates collected by OTT are used to classify the precipitation [55]. The OTT sampling area and time are given as 54 cm2 and 1 min, respectively. A maximum value of rain rate greater than 0.5 mm/h and corresponding standard deviation of less than 1.5 mm/h for more than 20 min are classified as stratiform precipitation. A maximum value of rain rate greater than 5 mm/h with a standard deviation greater than 1.5 mm/h is classified as convective precipitation, while other rainfall samples are classified as mixed precipitation. Long-term precipitation monitoring data show that the Darlag area is dominated by stratified precipitation systems, with relatively few convective and mixed cloud systems. For convenience, convective precipitation and mixed cloud precipitation are collectively referred to as convective–mixed precipitation processes in this study.





4. Results


This section first presents the error analysis of retrieved and simulated values and then investigates the daily variation characteristics of atmospheric water vapor and convective instability indices. Moreover, retrieval applications of MWR in cloudy and rainy environments are further studied to support nowcasting and quantitative precipitation estimation.



4.1. Retrieved and Simulated Value Error Analysis


Atmospheric temperature, water vapor density, and relative humidity profiles retrieved from the MWR were verified using radiosonde soundings. The radiosonde data were collected at the Darlag National Weather Station, Chinese Meteorological Administration (CMA), China (99°38′N, 33°45′E). The number of MWR-RAOB comparisons under clear-sky, cloudy-sky, and rainy-sky conditions were 13, 9, and 13 at 7:00 (UTC+8) and were 20, 13, and 20 at 19:00 (UTC+8). Figure 3 shows the vertical profiles of the temperature, vapor density, and relative humidity obtained from MWR and radiosonde observations under different weather conditions and sampling periods. Atmospheric temperatures appeared to be decreasing almost linearly as the detection height increased. At t = 07:00 and 19:00 (UTC+8), the correlation between MWR and RAOB was strong in terms of temperature and reached up to 0.99. The ambient temperature derived from the MWR was close to that obtained from the sounding observation. Relative to the radiosonde data, MD values between the MWR and RAOB on clear, cloudy, and rainy days in the early morning (t = 07:00, UTC+8) were 0.28 K, 0.22 K, and −0.41 K, respectively, with corresponding RMSE values of 0.92 K, 0.81 K, and 1.14 K. The corresponding MD (or RMSE) values for time t = 19:00 (UTC+8) were 0.12 K (0.93 K), 0.24 K (0.99 K), and 0.53 K (1.42 K). This indicated that the sensitivity of MD and RMSE values differs under different weather systems.



Figure 3 shows a parabolic decreasing trend of vapor density as the sampling height increases until the height is less than 5 km. The decreasing rate was faster at lower altitudes and slower at relatively higher altitudes, about 2 km. This was due to the smaller vapor density value and the weaker convective activity in the high-altitude regions. At 19:00 (UTC+8), water vapor value at the relatively lower sampling height (<2.5 km) during precipitation conditions was slightly less than that during cloudy days. The MD values between the MWR and RAOB were somewhat small for vapor density during early morning and evening measurement at sampling height above 5.75 km, having an absolute value of less than 0.35 g/m3. At sampling height below 5.75 km, the water vapor density obtained by MWR was higher than that from RAOB, especially for cloudy days. The average MD values of MWR for RAOB between sampling height 0 km and 5.75 km were −0.39 g/m3 and −0.12 g/m3 at t = 07:00 and 19:00 (UTC+8), respectively. Relative humidity first increased and then decreased as the sampling height increased. Since relative humidity to a certain extent reflects the liquid water content of the air, it can be observed in Figure 3 that liquid water was mainly distributed at 0.9–4.5 km during cloudy and rainy days while water vapor mainly accumulated within sampling height less than 2.5 km during the clear day. This indicated that the occurrence of precipitation requires not only sufficient water vapor but also dynamic conditions to lift water vapor to higher altitudes and condense it into clouds.



Compared to temperature and vapor density, relative humidity in the zenith direction of the field site from the MWR and RAOB to some extent differs. This was consistent with previous research by Xu et al. [47] and Araki et al. [56]. The vapor density and relative humidity retrieved by the MWR were larger than those observed by sounding at lower sampling height, which may be related to a delayed response in the humidity sensor. The sensor was located on the metal sheet of the sounding device, so the detected humidity may have been inherently lowered at a lower sampling altitude [47]. CC value between the MWR and RAOB was relatively strong at t = 07:00 (UTC+8) but comparatively poor near t = 19:00 (UTC+8) with a CC value of 0.97. Moreover, the appearance of clouds changed the absorption coefficient of the atmosphere, and cloud thickness, height, and density of liquid water in the clouds all affected the influence of clouds on the brightness temperature. The infrared sensor paired with the MWR cannot give the vertical structure and cloud parameters, resulting in a deviation in the vertical profile of the relative humidity.



Figure 4 shows the deviations in the MWR and RAOB at 58 sampling layers under three different weather conditions. Although absolute calibration was performed between MWR and RAOB, the author freely admits that the obtained temperature, water vapor, and liquid water profiles are generally satisfactory. The MWR retrieval accuracy against radiosondes in precipitation was not as good as that of non-precipitation, and MD values for the temperature, vapor density, and relative humidity were 0.16 K, −0.16 g/m3, and −2.81%, with corresponding RMSE values of 1.03 K, 0.39 g/m3 and 8.96%, respectively. The structure and value of the MWR and RAOB deviations at various sampling levels were similar but with noticeable differences. The different characteristics of atmospheric heat and cloud water over the TP at different sampling periods may be responsible for the differences. For example, the deviation of MWR and RAOB was relatively large in the sampling interval of 2–6 km, while the MD values for temperature, water vapor, and liquid water were relatively smaller at sampling height less than 500 m. The vertical profile of RMSE values of atmospheric temperature changes little along with the sampling height. However, the RMSE range for vapor density and relative humidity presented a spindle shape. That is, RMSE was narrowed at higher (>6 km) and lower altitudes (<1 km), close to zero, but it was wider in the middle altitude between 1 and 6 km. The atmospheric sampling errors in the early morning and evening showed different trends under different weather conditions. The sampling error of temperature and vapor density for rainy days was negative in the morning but positive in the evening for sampling height greater than 2 km. For clear and cloudy days, the sampling errors were roughly small without obvious deviation during early morning and evening. More details of MD and RMSE values between RAOB and MWR can be found in Supplementary Materials.




4.2. Meteorological Characteristics of the TP Region


In this section, meteorological parameters such as water vapor and atmospheric instability over the TP region during the East Asian summer monsoon are investigated. The observed data for 23 clear days, 25 cloudy days, and 30 rainy days were used to generate the statistical characteristics of the precipitable water vapor, liquid water content, parcel heights, and stability indices.



4.2.1. Water Vapor and Liquid Water Content


Abundant air vapor and cloud water are the basis of precipitation, and as an important medium for the physical process of cloud precipitation, they play an important role in forecasting clouds and precipitation which will invariably improve the efficiency of artificial weather modification. Previous studies have shown that ground-based MWR can detect precipitable water vapor (PWV) and integrated liquid water content (LWC) of clouds in real time [57,58]. Figure 5 presents the statistical characteristics of vertically integrated vapor density and liquid water content, namely PWV and LWC, under different weather conditions during the monsoon season. In general, the values of PWV and LWC were the smallest on clear days, followed by cloudy and rainy conditions. On a sunny day, water vapor condenses as the ground continuously emits long-wave radiation outwards and the temperature drops. Since the amount of water vapor condensation was small, it did not show the fluctuation trend like the rainy and cloudy days.



For the cloudy days, the high-altitude clouds around the experimental site fell and dissipated due to the low temperature and weakened convection at night. On the other hand, as the surface long-wave radiation became relatively large, an inversion layer formed easily, which made it difficult for water vapor in the surface layer to be transported upward and thereby collected under the inversion layer. Therefore, PWV and LWC values generally showed an increasing trend at night and reached the first peak before sunrise. As the sun rose, the near-surface temperature rose and convection strengthened; in particular, the solar radiation reached its strongest point within 2 to 3 h after 12:00 (UTC+8). During this period, water vapor and liquid water were transported to higher places. It can be seen that the PWV and LWC profile formed a V-shaped trough at noon on cloudy days. After the sunset in the evening, the air turned from dry and muggy to humid heat, and the water vapor and liquid water content in the entire atmospheric column gradually rose, reaching the second peak in a day at around 22:00 (UTC+8).




4.2.2. Stability and Convection Indices


To investigate the convective instability index, main parcel height characteristics were determined earlier. Four representative parcel heights, namely convective condensation level (CCL), lifting condensation level (LCL), level of free convection (LFC), and equilibrium level (EL) were presented. The CCL value indicated the height at which an air parcel is fully heated and lifted from the ground until it begins to agglomerate. As the CCL is generated from surface heating and thermal convection, it is typically used to identify the bottom layer of cumulus clouds. Figure 6a shows a periodic fluctuation of the CCL during the monsoon season with an increasing trend from 16:00 (previous day) to 7:00 (current day, UTC+8) and a decreasing trend from 7:00 (current day, UTC+8) to 16:00 (current day, UTC+8). This indicated that the overall cloud height increased during the period between 7:00–16:00 (current day, UTC+8), which was directly related to daytime heating of the atmosphere by the sun and air convection intensification. The CCL values observed here under different weather conditions were almost the same before 9:00 (UTC+8), though slightly higher on the clear-sky day. After 9:00 (UTC+8) on a given day, the CCL value was largest under rainy conditions, followed by cloudy conditions, and finally clear days. This was consistent with the actual expectations of the cloud base heights in different weather systems. The LCL value refers to the height at which a dry, adiabatic air mass is lifted to humidity saturation. Unlike driven lift with thermal convection, the lifting motion of LCL is usually forced—this includes frontal uplift, orographic lift, and the surface convergence caused by convection uplift. As shown in Figure 6b, the variation trend of LCL was stable under different weather conditions but the LCL values were consistently greater than the corresponding CCL values. This means that the near-surface temperature had not yet reached convective temperature [25]. The LFC represents the height at which the difference between the air parcel temperature and the ambient temperature changes from negative to positive. Above the LFC height, convection occurred in the air parcel under the action of buoyancy until the EL height was reached, at which point the air mass temperature rose again until becoming equal to (or colder than) the ambient temperature. Since lower LFC values always corresponded to a higher probability of precipitation events, LFC values of the air parcel during the monsoon period were relatively large for rainy days but small for clear days. In Figure 6d, EL values on clear and cloudy days are almost the same, and are slightly smaller than the corresponding values on rainy days. This is because the condensation process of water vapor can absorb the heat in the surrounding air during rainy conditions, resulting in lower day temperatures and thereby lower EL values.



As shown in Figure 7, the CAPE value was generally higher on cloudy and rainy days and was lowest on clear days. For cloudy-sky and rainy-sky conditions, CAPE values reached their extremes around 18:00–20:00 (UTC+8) with corresponding peaks of about 1046.56 J/kg and 703.02 J/kg, respectively. It appeared that convective rainfall was more likely to occur during this period than at other times of the day in the monsoon season. This was because after the sunset in the evening, the temperature dropped and the water vapor and liquid water content in the air reached their peak value with a state of super-saturation. It can also be confirmed from Figure 5 that both PWV and LWC values were relatively higher during the monsoon days. After the super-saturated water vapor condensed into water droplets, precipitation formed immediately as the weight of the water droplets exceeded the air buoyancy.



On the contrary, the absolute values of CIN were relatively higher under the clear-sky condition but lower under cloudy-sky and rainy-sky conditions. The arithmetic mean of CIN for clear-sky, cloudy-sky, and rainy-sky conditions was −633.99 J/kg, −368.98 J/kg, and −261.45 J/kg, respectively. There were relatively higher absolute values of CIN between 7:00 and 10:00 (UTC+8) under any weather condition with a V-shaped profile, but especially for clear days. This may be attributed to the dry air advection in the lower atmosphere and the cooling of the surface air, which enhanced the convective inhibition energy by reducing the virtual temperature of the near-surface air; the vertical virtual temperature distribution near the lower atmosphere was inverted, and air with higher virtual temperatures in the higher altitudes obstructed the upward movement of the air parcel below. The phenomenon of inverse temperature layer near the ground is common on summer mornings, and is not yet obvious at 7:00 (UTC+8) in Figure 3. This can be regarded as a typical state of conditional instability [46]. It should be stated that the CAPE and CIN values were sensitive to the temperature obtained from MWR. Although data retrieved by the radiosonde observation (RAOB) and by the MWR have a certain degree of error, the overall accuracy was satisfactory.





4.3. Retrieval Applications for Characterizing Precipitation


The targeted improvement of precipitation conversion rates in specific regions may allow for the successful utilization of air–water resources in the future, which will be necessary to mitigate local water resource shortages [59]. Thus, two retrieval applications for characterizing precipitation using a ground-based MWR are presented in this section.



4.3.1. Application for Short-Term Precipitation Forecast


The abundant water vapor content and cloud condensation nuclei in the atmosphere are prerequisites for precipitation. When there is sufficient water vapor to supplement from the surrounding environment and the uplift reaches super-saturation, the possibility of precipitation will greatly increase. In this section, a ground-based MWR was performed for nowcasting rain events. Previous studies have shown that PWV and LWC variations indicate the process of cloud formation and potential precipitation [60]. Indices such as CAPE and CIN calculated from the temperature and humidity profiles retrieved by radiosonde and MWR can be used for precipitation forecast [44]. Therefore, both atmospheric and liquid water parameters and CAPE values were adopted. For the near-ground precipitation information, the disdrometer (model OTT Parsivel2) was used for continuous rainfall observation due to its complete and reliable measurement of all types of precipitation [61]. Since the rainfall process in the Darlag area generally lasted between 0.5–1.5 h and the nowcasting accuracy of precipitation significantly decayed with time, the sampling period of the rainy day was set to 3 h with an interval of 2 min, covering the entire precipitation process.



Figure 8 shows that a rapid increase of water vapor and liquid water content can be used as an index to predict precipitation. In Figure 8, the time marked as t(h) = 1.0 h is the moment when the rainfall process was recorded by the disdrometer, namely R > 0.01 mm/h. Therefore, the time t(h) = 0 h represented one hour before the precipitation process. The PWV values necessary for the onset of stratiform or convective–mixed precipitation types were generally greater than 1.7 cm. There was a sharp increase in the LWC between 0.5 h and 1.0 h and a decrease after 1.0 h. The trend variation of LWC was in phase with the rain rate (R), which is expected since LWC and rain cannot be separated by this type of MWR (unpolarized, Battaglia et al. [62]). The variation tendency of PWV was consistent with the overall R, with a time delay of less than 20 min for stratiform precipitation and at least 30 min for convective–mixed precipitation. The duration of the peak value of PWV was longer than the precipitation period, especially for convective–mixed precipitation. The LWC and R values in the convective–mixed system were relatively transient compared to those of the stratiform precipitation system. The corresponding peak values of LWC and R for convective–mixed precipitation were 2.63 and 7.95 times higher than those obtained for stratiform precipitation. During the summer monsoon in the TP, CAPE values under stratiform and convective–mixed precipitations were generally greater than 1000 J/kg. The CAPE value under convective–mixed precipitation was a little higher than that of stratiform, with corresponding average values of 1167.11 J/kg and 1107.27 J/kg. In general, CAPE values were quick to decrease before the occurrence of precipitation. The CAPE index had a maximum value of 0.3 h before the stratiform precipitation, while this downward trend process lasted at least 1 h for convective–mixed rain. This can be attributed to the latent heat in the atmosphere released before rainfall. After the precipitation began, the CAPE values changed repeatedly, especially for convective clouds. The CAPE can reach a peak value of about 1400 J/kg. Subsequently, the CAPE values fell to a relatively lower level as the precipitation weakened. This to some extent proved that the occurrence of precipitation should be induced by dynamic and thermal conditions of the air. These characteristics could be used as quantitative and objective indicators in support of local short-term precipitation.




4.3.2. Application for Quantitative Precipitation Estimation


Figure 9a,b provides scattergrams of PWV and LWC against R for stratiform and convective–mixed precipitation. The PWV and LWC values in the zenith direction of the field site increased as R increased, but the correlation between PWV and R was not strong. For R < 0.5 mm/h conditions, the corresponding PWV values ranged widely from 1.06 to 2.81 cm. The PWV values under stratiform precipitation were generally higher than those under convective–mixed precipitation, while this was not the case for LWC. For scattergrams of LWC against PWV, it was indicated that LWC value increased in the form of a quadratic function with PWV increase. For the case with the same PWV value, the liquid water contained in the air under the convective–mixed precipitation system was relatively higher than that stratiform, which indicated that thermal or dynamic factors in the unstable atmosphere could accelerate the conversion of water vapor to liquid water.






5. Discussion


The analysis above reveals interesting and practical meteorological characteristics of the Darlag region within the TP, which can be summarized as follows.




	
In the TP region, there were relatively higher absolute values of CIN between 7:00 and 10:00 (UTC+8). Convective rainfall was more likely to occur around 18:00–20:00 (UTC+8) than at other times of the day in the monsoon season.



	
During the initial stage of precipitation, PWV values were generally greater than 1.7 cm. CAPE values were quick to decrease before the occurrence of precipitation and were generally larger than 1000 J/kg under convective–mixed precipitations. These values may serve as preliminary reference indicators for nowcasting.








These observations may be meaningful for characterizing meteorology and precipitation in the TP and similar regions during the summer monsoon. However, the effects of raindrop scattering on the inversion method of microwave radiometer have not been clearly delineated, which reduces the detection accuracy of the MWR during rainy conditions. Although retrieval algorithms and applications for separate rain droplets from cloud liquid water are challengeable, it is still necessary to quantitatively evaluate the influence of precipitation on the inversion of water vapor and liquid water, and to generally improve the reliability of precipitation observation.




6. Conclusions


The investigation of the atmospheric characteristics is of great significance in exploiting air water resources. A ground-based MWR was used in this study to conduct meteorological analysis over the TP region during the East Asian summer monsoon. The characteristic height of the adiabatic air parcel, atmospheric instability indicators, and potential cloud water resources were all considered. The MWR showed high detection accuracy in different weather systems, with MD values of temperature, vapor density, and relative humidity of 0.16 K, −0.16 g/m3, and −2.81% between the MWR and RAOB. The verified MWR measurements were used to define statistical stability indices (i.e., CAPE and CIN), and the main characteristics of parcel heights (i.e., CCL, LCL, LFC, and EL) for entire days of the monsoon under different weather conditions. The atmospheric and liquid water parameters and stability and convection indices during the precipitation process were fully investigated. This information revealed remarkable characteristics of the rainfall system and short-term weather processes at work over the TP region.



Precipitation occurrences are closely related to the nature of precipitation cloud systems, diurnal and seasonal changes, and thermal conditions. Thus, the meteorological characteristics retrieved from the ground-based MWR in this study are partial and preliminary. In the future, more detailed monitoring of the cloud–precipitation processes should be performed to comprehensively characterize short-term precipitation forecast and quantitative precipitation estimation.
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Figure 1. TP meteorological observation operation base: Yellow River mainstream (1) and corresponding tributaries of Kequ River (2), Darlag River (3), Jimai River (4). The black and white subgraph denotes the location of the source of the Yellow River in the TP. The color subgraph denotes the location of the operation site in the source region of the Yellow River. 
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Figure 2. Forward and inversion algorithms. 
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Figure 3. Comparison of temperature (a,d), vapor density (b,e), and relative humidity (c,f) profiles obtained from MWR and radiosonde observations under clear-sky, cloudy-sky, and rainy-sky conditions. Panels (a–c) and (d–f) denote retrieval parameters at 7:00 and 19:00, respectively. 
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Figure 4. Comparison of temperature bias (a,d), vapor density bias (b,e), and relative humidity bias (c,f) profiles obtained from MWR and radiosonde observations under clear-sky, cloudy-sky, and rainy-sky conditions. Panels (a–c) and (d–f) denote retrieval parameters at 7:00 and 19:00, respectively. RMSEs are marked by error bars in (a–f). 






Figure 4. Comparison of temperature bias (a,d), vapor density bias (b,e), and relative humidity bias (c,f) profiles obtained from MWR and radiosonde observations under clear-sky, cloudy-sky, and rainy-sky conditions. Panels (a–c) and (d–f) denote retrieval parameters at 7:00 and 19:00, respectively. RMSEs are marked by error bars in (a–f).



[image: Remotesensing 13 02527 g004]







[image: Remotesensing 13 02527 g005 550] 





Figure 5. Statistical characteristics of vapor density and liquid water content (whole day, monsoon season) under different weather conditions. (a) Precipitable water vapor (PWV), (b) integrated liquid water content (LWC). The t(h) is expressed in UTC+8. 
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Figure 6. Statistical characteristics of parcel heights (whole day, monsoon season) under different weather conditions. (a) CCL, (b) LCL, (c) LFC, (d) EL. The t(h) is expressed in UTC+8. 
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Figure 7. Statistical characteristics of stability indices (whole day, monsoon) season under different weather conditions. (a) CAPE, (b) CIN. The t(h) is expressed in UTC+8. 
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Figure 8. Temporal evolution of PWV, LWC, CAPE, and R for (a) stratiform precipitation and (b) convective–mixed precipitation. 
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Figure 9. Scattergrams of PWV against R (a), LWC against R (b), and LWC against PWV (c) for stratiform and convective–mixed precipitations. S and C&M denote stratiform and convective–mixed precipitations, respectively. 
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