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Abstract

:

The impact of radar and surface data assimilation on the forecast of a nocturnal squall line initiated above the stable boundary layer in the Yangtze–Huaihe River is investigated by the Weather Research and Forecasting (WRF) model and its three-dimensional variational assimilation system (WRFDA 3DVar). Results show that the assimilation of radar and surface data can improve the prediction of the convection initiation time, height and vertical ascending motion during the early stage of the squall line formation by adjusting the thermodynamic structure, circulation patterns, water vapor conditions and hydrometeor mixing ratios. Although the radar and surface data assimilation can improve the forecast of the location of the squall line to a certain extent, the squall line is stronger in the radar data assimilation than that in the surface data assimilation, leading to stronger radar reflectivity and heavier precipitation. The assimilation of both radar and surface data has a more positive impact on the forecast skill than the assimilation of either type of data. Moreover, during the mature stage of the squall line, radar and surface data assimilation can enhance the intensity of the surface cold pool. Specifically, radar data assimilation or assimilating the two data simultaneously can produce a stronger cold pool than only assimilating surface data, which is more conducive to the maintenance and development of the squall line.
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1. Introduction


Squall lines are mesoscale convective systems (MCSs), which are banded thunderstorms developed under the interaction of large-scale environmental and mesoscale conditions [1]. The horizontal scale of squall lines is usually tens to hundreds of kilometers long and tens of kilometers wide. Squall lines may produce heavy rainfall, thunderstorms and gales, hail, tornadoes and other disastrous weather, all of which seriously impact human life [2].



With the continuous improvement in mesoscale numerical models, great progress has been made in predicting squall lines. However, the initial conditions of the mesoscale numerical models mainly come from the background fields provided by the large-scale models. Due to the limitation of temporal and spatial resolution, these data provide little meso-and micro-scale information about the initial conditions of the models. Thus, it is challenging to predict squall lines accurately [3]. The Doppler weather radar can provide detailed data to detect the internal structure and evolution characteristics of squall lines. Assimilation of the radar data into mesoscale numerical models can provide more accurate and reliable initial conditions, making the forecast of squall lines more precise and effective. At present, many studies have analyzed the impact of the radar data assimilation on the forecast of squall lines, indicating that radar data assimilation can adjust the environmental fields such as the low-level and upper-level wind field, the distribution of hydrometeors, humidity and divergence, thereby improving the prediction of squall lines intensity, location, duration and so on [4,5,6,7,8]. Although the radar can provide high spatial–temporal resolution data, it usually cannot detect near-surface data due to the influence of detection range, terrain occlusion, earth curvature and the spatial resolution of the pixels in front of the punctual ground registers. When the squall line is more than 100 km away from the radar station, the radar can only detect data over 2 km above the altitude of the radar station [9]. However, the initiation of squall lines is particularly sensitive to the thermal and humidity changes in the atmospheric boundary layer. The cold pool and low-level wind shear are two critical factors for the development and maintenance of squall lines; thus, an appropriate initial state of the lower atmosphere is necessary for squall lines prediction. To fill the detection defect of the radar in the near-surface layer, some studies have assimilated the surface data into the storm scale forecast system, and it has been shown that assimilating the surface data can improve the meteorological conditions near the surface, and thus improve the forecast of heavy rainfall [9,10].



The above studies show the impact of radar and surface data assimilation on the forecast of squall lines, but most of these studies focus on squall lines that occur during the daytime, and there are few studies on nocturnal squall lines. The convection initiation during the daytime is mostly surface based, and its initiation and development are mostly related to the convergence lines (dry lines, storm outflows, sea wind fronts, etc.) in the convective boundary layer [11]. However, the convective thermal environment and dynamic forcing mechanism at night are quite different from those during the daytime, and most of them are related to low-level jets [12,13], gravity waves [14,15], bores and density currents [16,17]. Moreover, the stable boundary layer at night will inhibit the convergence on the surface, and thus convections at night are generally initiated above the boundary layer [18,19]. Because of the lack of high-spatial and temporal resolution observations in the boundary layer, the prediction of nocturnal convection will be difficult. Thus, it is essential to assimilate both radar and surface observation data to improve the prediction of nocturnal squall lines [20].



This study selects a nocturnal squall line in the Yangtze–Huaihe River. It focuses on the following two issues: When the squall line is initiated above the stable boundary layer, can the assimilation of radar and surface observation data improve the forecast of the nocturnal squall line? If so, what is the impact of the assimilation of each kind of observation, respectively, and how do they interact? This study is organized as follows: Section 1 is the introduction. Section 2 (data and methods) introduces the observation data, assimilation method, model configuration and experimental design and the verification method. Section 3 briefly introduces the nocturnal squall line. Results are verified and analyzed in Section 4. Discussion and conclusions are provided in Section 5.




2. Data and Methods


2.1. Observation Data


All observations used in this study are provided by the “Observation, Prediction and Analysis of severe Convection of China” (OPACC) project [21].



2.1.1. Radar Observation Data


The radar observation data used in this study are 9 Doppler weather radars from the China Next Generation Weather Radar (CINRAD), including Zhumadian (ZMD; 114.020° E, 33.010° N; 189.1 m), Nanyang (NY; 112.493° E, 33.021° N; 231.4 m), Suizhou (SZ; 113.389° E, 31.726° N; 136 m), Fuyang (FY; 115.741° E, 32.879° N; 66.2 m), Hefei (HF; 117.258° E, 31.867° N; 165.6 m ), Bengbu (BB; 117.448° E, 32.918 ° N; 149.6 m), Zhengzhou (ZZ; 113.697° E, 34.704° N; 202 m), Wuhan (WH; 114.378° E, 30.517° N; 135.7 m) and Yichang (YC; 111.296° E, 30.702° N; 203.8 m) stations. The distribution of radar observation stations is shown by the big blue spots in Figure 1. The radars use volume cover pattern 21 (VCP21) observation mode for continuous volume scans, with the elevation progressively increasing from 0.5° to 19.5°, and provide the observations of reflectivity, radial velocity and spectrum width. The reflectivity values are recorded at 1 km intervals along the radar beam, and the radial velocity values are recorded at 250 m intervals. The maximum detection radius of the radar is 460 km, and the frequency of radar data is approximated to 6 min.



Prior to data assimilation, the quality of the radar observation data is strictly controlled, including eliminating ground clutter, removing reflectivity generated by the interference of the same wavelength, removing isolated points for reflectivity and radial velocity, correcting radial velocity based on spectrum width threshold and dealiasing radial velocity through the region-based method available in the Python-ARM Radar Toolkit (Py-ART) [22]. In addition, radar observation data are thinned to the model grid after quality control. Based on previous research work [23,24,25], the radar reflectivity observation error is set to 2 dBZ, and the radial velocity observation error is set to 1 m/s.




2.1.2. Surface Observation Data


The surface observation data are from over 10,000 Automatic Weather Stations (AWS) observations in China, which have undergone extreme value checks, temporal and spatial consistency checks, etc. during the collection process. The time interval for the AWS data is 10 min. The AWS data include 24 variables, such as sea-level pressure, 2 m temperature, 2 m dew point temperature, 3 h pressure change, 6 h precipitation, 10 m wind speed and wind direction.



The AWS data have been preprocessed through the observation preprocessing program (OBSPROC) included in the WRF Variational Data Assimilation (WRFDA) package before assimilation. The OBSPROC can remove the observations out of the model domain, discard duplicate observations, assign observation errors and perform some quality control checks. The locations of the AWS data after OBSPROC preprocessing are shown in Figure 1 (small black spot).




2.1.3. Sounding and Precipitation Observation Data


The sounding data used in this study are the observations of the upper-air meteorological observation stations in China. The sounding observations include data at 0000 UTC and 1200 UTC a day. The variables contained in the sounding data include geopotential height, temperature, dew point temperature, wind speed and wind direction. The precipitation observation data are the hourly precipitation observations from national automatic rainfall stations. The precipitation observation data are also checked by threshold value, temporal and spatial consistency.





2.2. Assimilation Method


2.2.1. Data Assimilation System


The data assimilation system is WRFDA 3DVar (V4.3.1), whose objective function is [26]:


      J  ( x )  =  1 2     (  x −  x b   )   T   B  − 1    (  x −  x b   )  +  1 2     [  H  ( x )  −  y o   ]   T   R  − 1    [  H  ( x )  −  y o   ]       



(1)




where  x  is the analysis state vector,    x b    is the background state vector,    y o    is the observation vector,  H  is the observation operator,  B  is the background error covariance matrix and  R  is the observation error covariance matrix. When the objective function takes a minimum value—that is, when   ∇ J  ( x )  = 0  —the optimal estimate of the atmosphere state is obtained.



The background error covariance used in this study is estimated using the National Meteorological Center (NMC) method [27], which is implemented by taking the differences between the forecasts of different lengths valid (24 h forecast and 12 h forecast) at the same time over a 1-month period (from 10 June to 10 July 2014). In the process of estimating the background error covariance, model variables need to be transformed into a set of control variables. The control variable scheme used in this study is the CV5 scheme in WRFDA 3DVar, including the control variables of stream function ( ψ ), unbalanced velocity potential (   χ u   ), unbalanced temperature (   T u   ), pseudo relative humidity (  R  H  s , u    ) and unbalanced surface pressure (   P  s , u    ) [28,29,30].




2.2.2. Radar Data Assimilation Scheme


The observations of reflectivity are directly assimilated based on the empirical relationship between the radar reflectivity and rainwater mixing ratio under the constraints of the warm rain scheme. The total water is used as the control variable, and the warm rain scheme is used to assist the calculation of hydrometeors. The observation operator for the radar reflectivity is [31]:


  Z = 43.1 + 17.5 log  (  ρ  q r   )   



(2)




where  Z  is the reflectivity in the unit of dBZ,  ρ  is the density of air, and    q r    is the rainwater mixing ratio.



The observation operator for the radar radial velocity is calculated based on the wind field as [32]:


   V r  = u   x −  x i     r i    + v   y −  y i     r i    +  (  w −  v T   )    z −  z i     r i     



(3)




where    (  u ,   v ,   w  )    is the three-dimensional wind field,    (  x ,   y ,   z  )    is the radar location,    (   x i  ,    y i  ,    z i   )    is the location of the radar observation,    r i    is the distance between the radar and the radar observation and    v T    is the terminal velocity.




2.2.3. Surface Data Assimilation Scheme


The surface data assimilation scheme proposed by Ruggiero (1996) is used to deal with the terrain height [33]. The surface observation data are assimilated based on the lowest model level in the first guess. Surface data are not used when the height difference of the elevation of the observing site and the lowest model level height is larger than 100 m. The assimilated surface data include 2 m temperature, 2 m dew point temperature, 10 m wind, sea level pressure, 10 m wind speed and direction.





2.3. Model Configuration and Experimental Design


The Weather Research and Forecasting (WRF, V4.3.1) model is used in this study. The initial and boundary conditions of the model are provided by the 1° × 1° FNL analysis data with a 6 h interval from the National Centers for Environment Prediction (NCEP). Two nested domains with a horizontal resolution of 9 and 3 km are set for the model (Figure 1). The domains have 45 vertical layers with the model top at 50 hPa. The physical parameterization schemes of the numerical experiment include the Yonsei State University (YSU) boundary layer scheme [34], the WRF Double-Moment 6-class (WDM6) Microphysics scheme [35], the rapid radiative transfer model (RRTM) long-wave radiation scheme [36], the Dudhia short wave radiation scheme [37], the Noah land surface model land surface scheme [38] and the Kain–Fritsch cumulus scheme [39] for the 9 km domain (no cumulus parameterization scheme is used for 3 km domain). Two-way nesting is used in the model.



In order to explore the impact of radar and surface data assimilation on the forecast of this nocturnal squall line, four experiments are designed (Figure 2). The first experiment (noDA experiment) is a control experiment with no data assimilation, the second experiment (radarDA experiment) only assimilates the radar data, the third experiment (surfaceDA experiment) only assimilates the surface data and the fourth experiment (bothDA experiment) assimilates both the radar data and surface data simultaneously. Among them, the noDA experiment makes a 24 h forecast from 0000 UTC 11 July to 0000 UTC 12 July 2014, while in the radarDA, surfaceDA, and both DA experiments, the model is integrated from 0000 UTC to 1200 UTC 11 July, and then the observation data are assimilated every 30 min from 1200 UTC to 1500 UTC. The analysis field at 1500 UTC is used as the initial forecast field, and finally, the deterministic forecast is made for 9 h to 0000 UTC 12 July.




2.4. Verification Method


The fractions skill score (FSS) is used to assess reflectivity forecast performance quantitatively. The fractions skill score is defined as:


  F S S = 1 −    1 n   ∑  i = 1  n     (   P  f c s t   −  P  o b s    )   2     1 n    ∑   i = 1  n   P  f c s t  2  +  1 n   ∑  i = 1  n   P  o b s  2     



(4)




where    P  f c s t     and    P  o b s     denote forecast and observed fractions of each grid when the forecast or observation is larger than a given threshold value and  n  is the number of grid points where the observation exceeds the threshold. The range of   F S S   is 0–1 and its larger value indicates more excellent forecast skill.



The success ratio (SR), probability of detection (POD), bias score (BIAS) and threat score (TS) are used to evaluate the precipitation forecast. They are defined by the following formulation:


  S R =  A  A + B    



(5)






  P O D =  A  A + C    



(6)






  B I A S =   A + B   A + C    



(7)






  T S =  A  A + B + C    



(8)




where  A ,  B  and  C  denote hits, false alarms and misses, respectively. The hits, false alarms and misses are defined by the categorical contingency table (Table 1).



The   S R  ,   P O D  , and   T S   range from 0 to 1. The higher the value of   S R  ,   P O D  , and   T S  , the greater the forecast skill. The range of   B I A S   is 0– ∞ . The ideal value of   B I A S   is one. When the value of   B I A S   is greater (less) than one, the predicted precipitation occurs more (less) than the observed precipitation.



We also use the root mean square error (RMSE) to assess the surface temperature forecast performance quantitatively:


  R M S E =    1 N    ∑   i = 1  N     (   T i  −  O i   )   2     



(9)




where    T i    is the forecast result,    O i    is the observation and  N  is the total number of latitude and longitude grid points in the scoring area.





3. Case Overview


The nocturnal squall line occurred on the Meiyu front in Yangtze–Huaihe River from the night of 11 July to the morning of 12 July 2014. The area where the squall line formed and evolved is shown in the orange box in Figure 1.



3.1. Radar Reflectivity


As shown in the mosaics of radar composite reflectivity (Figure 3), stratiform cloud echoes existed in northwestern Henan and northern Hubei province during the daytime 11 July (Figure 3a). By night (1330 UTC), sporadic convection cells were generated near the border between Hubei and Henan, but their life history was short and dissipated quickly as they moved eastward (Figure 3b). A linear convection system was initiated at around 1530 UTC in the west of Xinyang city in Henan province (Figure 3c). Then, the linear convection system intensified as it moved eastward and developed into a squall line at 1700 UTC (Figure 3d). Subsequently, the squall line continued to strengthen (Figure 3e), and new convection cells were constantly being initiated at the south of the squall line, keeping the squall line in the south of Henan province (Figure 3f–h). Finally, the squall line began to dissipate at 2200 UTC.




3.2. Environmental Conditions


Figure 4 shows the environmental conditions before the squall line initiated at 1200 UTC 11 July. As can be seen from Figure 4a at 500 hPa, there was a vortex in northeast China. A low trough was formed in the Sichuan Basin. The subtropical high extended westward to around 110° E. At 850 hPa in Figure 4b, there was a low-level shear line in the Yangtze–Huaihe River, and a southwest vortex on the west side of the shear line. The warm and humid southwesterly wind converged with the dry and cold northerly wind at the junction of Henan, Hubei and Anhui. The convergence zone was located on the Meiyu front (Figure 4b). Thus, the environmental conditions were favorable for the convection initiation.



It is worth noting that the convective available potential energy (CAPE) at Nanyang station, which is closest to the region where the squall line formed, was 0 J∙kg−1, and there was a certain temperature inversion below 880 hPa (Figure 4c). There was a layer of cold air near the surface. Thus, it was difficult for an air parcel lifted from the surface to pass through the inversion layer and obtain buoyancy. Therefore, this nocturnal squall line was initiated above the stable boundary layer, which is consistent with the result of He et al. (2018) [40].





4. Results


4.1. Impact on the Forecast of the Squall Line


4.1.1. Radar Reflectivity


The radar composite reflectivity shows that, during the early stage of the squall line at 1530 UTC 11 July, there are multiple convection cells with reflectivity higher than 35 dBZ in the west of Xinyang city, Henan province, which are distributed in a northwest–southeast band (Figure 5a). In the noDA experiment (Figure 5b), although some convection cells are initiated at the border of Henan and Hubei, the intensity of convection is relatively weak, and the distribution is more dispersed with the position further south. In the radarDA experiment (Figure 5c), a linear convective system appears in southwest Henan province, which is stronger than the observed one, but some spurious convective cells are also initiated on the south side of the linear convective system. In the surfaceDA experiment (Figure 5d), there is also a linear convection system, whose location is closer to the observation but its intensity is relatively weak. In the bothDA experiment, the intensity and location of the linear convective system are between the radarDA and surfaceDA experiment, but are closer to the observations (Figure 5e).



In the mature stage of the squall line, it spans the southern part of Henan province in a west–east direction, and the composite reflectivity intensity exceeds 55dBZ (Figure 5f). In the noDA experiment, the intensity of the squall line is weaker and its location is further south than the observations with a north–west south–east direction (Figure 5g). In the radarDA experiment (Figure 5h), the shape, direction and position of the forecasted squall line are relatively closer to the observed. However, the radar reflectivity intensity is stronger and the coverage of strong echo is larger than the observations. In the surfaceDA experiment (Figure 5i), the reflectivity intensity at the strong echo zone is closer to the observation and its position is shifted northward relative to the noDA experiment, but the squall line still remains in the northwest–southeast direction. In the bothDA experiment, the shape, direction and location of the squall line are similar to those in the radarDA experiment, but the intensity of the strong echo band is closer to the observations (Figure 5j).



It can be concluded that the radar or surface data assimilation can improve the forecast of the intensity and location of convection at the early stage of the squall line formation and its mature stage. To be specific, the radar data assimilation can change both the position and intensity of the convection, while the surface assimilation mainly affects the location of the convection. The best prediction is from the assimilation of both types of observation data.



Figure 6 shows the averaged fractions skill scores (FSS) of the radar composite reflectivity at different thresholds (10, 15, 20, 25, 30, 35, 40, 45, 50 dBZ) for noDA, radarDA, surfaceDA and bothDA experiments. The score area is consistent with the panel area in Figure 5. Overall, the three assimilation experiments have made better forecasts of radar reflectivity from 1500 to 1900 UTC than the noDA experiment. From the formation stage to the mature stage of the squall line (1530–1830 UTC), the improvement in radar reflectivity prediction in the bothDA experiment is greater than that in the radarDA and surfaceDA experiments. During the early stage of the squall line formation (1530–1630 UTC), the effect on the forecast of radar reflectivity in the radarDA experiment is slightly worse than that in the surfaceDA experiment, but it becomes better at a later time. The FSS of the surfaceDA experiment is slightly lower than that of the NoDA experiment at the mature stage of the squall line. This may be related to the weak reflectivity predicted by surfaceDA experiment.




4.1.2. Precipitation


To further investigate the impact of assimilation on the squall line forecast, Figure 7 analyzes the accumulated precipitation for 6 h (1500–2100 UTC 11 July) from observations and four experiments. The four experiments are the same in the previous section. In the observation (Figure 7a), an east–west rain band with strong radar composite reflectivity is located at the border of Henan, Hubei and Anhui. The center of heavy precipitation is in Xinyang city, Henan province, with the maximum precipitation exceeding 70 mm. The center of heavy precipitation predicted by the noDA experiment is southward, with strong spurious precipitation in the northern part of the Hubei province (Figure 7b). For the radarDA experiment, the intensity of heavy precipitation has been improved, but false or spurious precipitation appears at the border of the Henan and Anhui province, as well as the northeastern Hubei province (Figure 7c). The surfaceDA experiment reduces spurious precipitation and improves the precipitation fall zone effectively, but the intensity of precipitation is weak (Figure 7d). On the other hand, bothDA experiments can improve both the fall zone and intensity of precipitation and partly reduce spurious precipitation within the Hubei province (Figure 7e).



In conclusion, assimilating radar observation can increase the forecasted precipitation intensity, while assimilating surface observation can reduce the false precipitation forecasts and thus improve the precipitation fall zone. Assimilating both the radar and surface observations combines the advantages of the two kinds of observations and further enhances the best forecasts of precipitation intensity and fall zone.



In order to quantitatively evaluate the effect of the three assimilation experiments on the precipitation prediction, the performance diagram of 6 h (1500 to 2100 UTC 11 July 2014) accumulated precipitation for noDA, radarDA, surfaceDA and bothDA experiments is shown in Figure 8. The assimilation of radar and/or surface data positively contributes to the precipitation forecast. Specifically, for light precipitation threshold (≤15 mm), the prediction effect of accumulated precipitation in the surfaceDA experiment is the best, the prediction effect in the radarDA experiment is relatively poor and the bothDA experiment is at a moderate level. As the precipitation magnitude increases, when the precipitation threshold is 35mm, the scores of the three assimilation experiments become close, and the radarDA experiment is the best. When the precipitation threshold is further increased to 70mm, the precipitation forecast in the bothDA experiment becomes the best. The forecast in the radarDA experiment is also better than that in the surfaceDA experiment.



It can be seen that the assimilation of surface data has a better effect on the forecast of the light precipitation, which may be due to the improvement in the precipitation distribution as a result of assimilating the surface data. The radar data assimilation has a more obvious effect on the forecast of the heavy precipitation, because of the greater impact of radar data assimilation on the precipitation intensity. In addition, assimilating both radar and surface data can generate a good forecast of both light and heavy precipitation.





4.2. Impact on the Forecast of Convection Initiation of the Squall Line


4.2.1. Thermal Conditions


Since this squall line forms above the stable boundary layer at night, the thermodynamic structure is crucial to the forecast of the convection initiation. First, the surface temperature increments of the three assimilation experiments at 1300, 1400 and 1500 UTC are investigated. It can be seen from Figure 9 that the assimilation of radar data only reduces the surface temperature in parts areas of Henan, Anhui and Hubei from 1300 to 1500 UTC, and there is only a slight cooling in the west of Xinyang City at 1500 UTC. In the surfaceDA and bothDA experiments, the surface temperature almost decreases, with an obvious temperature drop at the junction of Henan and Hubei. Among them, the cooling range in the west of Xinyang in the bothDA experiment is more significant than that in the radarDA experiment. The effect of the three assimilation experiments on the surface temperature is further analyzed through the root mean square error (RMSE) of the surface temperature from 1200 to 1500 UTC. Figure 10 shows that the surface temperatures of the three assimilation experiments are all closer to the observations than the noDA experiment. The bothDA experiment has generated the most significant improvement in surface temperature, the surfaceDA experiment is second, and the radarDA experiment is the smallest.



Then, we analyze the thermodynamic structure difference in the four experiments by comparing the soundings at 1530 UTC (Figure 11). The noDA experiment has high temperatures at the bottom of the boundary layer (~30 °C). There is a surface temperature inversion, but a sharp temperature drop appears in 960 hPa–800 hPa, and the overall thermal environment in the boundary layer is relatively unstable. For the radarDA experiment, the surface temperature decreases to about 25 °C, and the temperature within the boundary layer decreases slowly with the increase in height. Thus, its thermal environment is more stable than that in the noDA experiment. Moreover, the near-surface temperature is about 24 °C with less variation in the height at the low levels in the surfaceDA experiment; the boundary layer has a more stable thermal environment than the radarDA experiment. The bothDA experiment has the lowest near-surface temperature (~23 °C), and there is temperature inversion within the boundary layer. Thus, it has the most stable thermal environment.



According to the above analysis, it is clear that assimilating surface observation can improve the forecast of the surface temperature and modify the thermodynamic structure within the entire boundary layer, but assimilating radar data has a relatively weak adjustment to the surface temperature and the thermodynamic structure. The assimilation of both radar and surface data can combine the adjustment from both sources to generate a much more reasonable thermodynamic structure within the nocturnal stable boundary layer. From the dew-point result in Figure 11, we can also find that each assimilation experiment increases the dew-point temperature within the boundary layer to some extent. The three assimilation experiments, with more minor dew-point temperature difference and more significant specific humidity, are more favorable for the evaporative cooling and formation of a stable boundary layer than the noDA experiment.




4.2.2. Dynamic Conditions


Since the boundary layer is stable at night and the wind convergence occurs above the boundary layer, the 800hPa wind and vorticity fields are plotted in Figure 12. The southern side of the black box is dominated by southerly winds with lower speed, and the vorticity inside the box is very weak, resulting in almost no upward movement in the noDA experiment (Figure 12a). After assimilating the observation data, the vorticity on the southwest side of the box is significantly enhanced, and a positive vorticity center is generated at the southwest side of the box (Figure 12b–d). A relatively complete vortex system is formed (Figure 12b), while the surfaceDA experiment does not form a closed vortex system (Figure 12c), and the bothDA experiment generates a complete low vortex system (Figure 12d), which is the southwest vortex described in Section 3.2. This shows that both the radar and surface data assimilation can adjust the circulation patterns to improve the southwest vortex system and significantly enhance the intensity of the southerly winds, which in turn enhances the convergence of the southerly and northerly winds inside the box. To put it specifically, the radarDA experiment and bothDA experiment have stronger vorticity and convergence, while the surfaceDA experiment has relatively weaker vorticity and convergence.



We analyze the time–height cross sections of area-averaged vertical velocity and divergence further to gain a deeper understanding of the impact of different assimilation experiments on the vertical ascending motion (Figure 13). In terms of the time of convection initiation, the vertical ascending motion appears only after 1630 UTC (Figure 13a) in the noDA experiment. In contrast, all three assimilation experiments generate strong vertical ascending motion between 1530–1630 UTC (Figure 13b–d), which is closer to the time of the squall line formation indicated by the radar reflectivity (Figure 5). From the perspective of the height of convection, the vertical ascending motion in the radarDA, surfaceDA and bothDA experiments have appeared above 1.5 km from 1530 to 1630 UTC, which predicts the location of the convection initiation above the stable boundary layer accurately (Figure 13b–d). As for the intensity of the vertical ascending motion near the time of convection initiation (1530 UTC) in the radarDA experiment, it is close to −15 × 10−5∙s−1 at the convergence center at the low level, and it is close to 10 × 10−5∙s−1 near the divergence center at the high level, resulting in a strong vertical ascending motion between 2–11 km (Figure 13b). Intensities at both the convergence center (−12 × 10−5∙s−1) and divergence center (5 × 10−5∙s−1) in the surfaceDA experiment are weaker than those of the radarDA experiment, and the vertical ascending motion is also weaker, with a lower lifting height of 6 km (Figure 13c). Moreover, the lower layer convergence strength and the vertical convection height in bothDA experiment are equivalent to those in the radarDA experiment, but the divergence center at the higher layer is only about 5 × 10−5∙s−1 and the vertical velocity is between the radarDA and surfaceDA experiment (Figure 13d). Combined with the conclusions in Section 4.1, the convection in the radarDA experiment is stronger than the observation, weaker in the surfaceDA experiment than the observation and closer to the observation in the bothDA experiment. It can be seen that the vertical velocity is higher in the radarDA experiment than in the observation, smaller in the surfaceDA experiment and closer to the observation in the both DA experiment.



In summary, both radar and surface data assimilation positively affect the convection initiation time, height and intensity of the squall line. The vertical ascending motion achieved by assimilating radar data is relatively stronger, which in turn leads to stronger convection, while surface data assimilation is weaker, resulting in weaker convection. The reason is related to the difference in spatial coverage between radar and surface data. Assimilating radar data can improve the circulation patterns from low to high level, while the improvement becomes weak with the increase in height in the surface data assimilating. When both radar and surface data are assimilated simultaneously, the forecast is closer to the observation.




4.2.3. Water Vapor Conditions


Figure 14 shows the time–height cross sections of area-averaged specific humidity and the water vapor flux divergence. During the early stage of the squall line formation (1430–1630 UTC), the noDA experiment produces less low-level water vapor (Figure 14a). However, all three assimilation experiments produce apparent water vapor convergence at the low level, with a peak in water vapor flux divergence of about −25 × 10−5∙s−1. Additionally, the specific humidity at the low level is enhanced with a maximum specific humidity larger than 16 g∙kg−1 (Figure 14b–d).



Figure 15 shows the vertical distribution of the area-averaged water vapor and hydrometeor mixing ratios from different experiments. As shown in Figure 15a, the increase in the water vapor mixing ratio (QVAPOR) is largest (about 4 g∙Kg−1) in the radaDA experiment, smallest in the surfaceDA experiment, and in between in the bothDA experiment. At an altitude of 4–9 km, the radarDA and bothDA experiments can also effectively increase QVAPOR. However, the surfaceDA experiment has little influence on it. For the vertical profiles of hydrometeor mixing ratios (Figure 15b–f), the radarDA and bothDA experiments can increase the amount of the rainwater mixing ratio (QRAIN) and cloud water mixing ratio (QCLOUD) up to 0.5 g∙Kg−1 and 0.2 g∙Kg−1 at 0–6 km, respectively, and increase the amount of the graupel mixing ratio (QGRAUP) and snow mixing ratio (QSNOW) up to 0.5 g∙Kg−1 at 5–15 km. However, the surfaceDA experiment has little effect on QRAIN and QCLOUD. All assimilation experiments have a smaller impact on the amount of the ice mixing ratio (QICE) than other hydrometeor mixing ratios.



It can be concluded that assimilating radar data and surface data can enhance the water vapor conditions in the lower layers, and the improvement is relatively significant in the radar data experiment, resulting in the most favorable water vapor conditions for convection initiation. To put it more precisely, assimilating the radar data significantly increases the water vapor and hydrometeor mixing ratios among the whole troposphere, which may be mainly caused by assimilating the radar reflectivity. In contrast, the surface data assimilation has little effect on the water vapor and hydrometeor mixing ratios. This is also one of the reasons why the radarDA experiment can effectively enhance the intensity of the precipitation, while the surfaceDA experiment has less impact on it.





4.3. Impact on the Forecast of Maintenance of the Squall Line


According to the Rotunno–Klemp–Weisman (RKW) theory [41], the interaction of cold pool and low-level vertical wind shear is one of the important mechanisms for squall line maintenance. Thus, this section focuses on the impact of different experiments on the forecast of the nocturnal squall line maintenance at the squall line mature stage.



When the squall line is initiated at 1530 UTC, there is no surface cold pool in the noDA experiment (Figure 16a), while all three assimilation experiments generate surface cold pools (Figure 16b–d). Then, the cold pools in all three assimilation experiments continue to enhance and expand eastward (1700 UTC, Figure 16e–h). During the squall line mature stage (1800 UTC, Figure 16i–l), the noDA experiment generates a weak surface cold pool in southern Henan, while the cold pools of the three assimilation experiments cover the whole southern Henan. Among them, the cold pool of the radarDA and bothDA experiments is stronger than that in the surfaceDA experiment, and the cold pool strength center in the radarDA and bothDA experiments is southward, while the cold pool center is northerly in the surfaceDA experiment. This is mainly related to the position and intensity of the squall lines generated in the three assimilation experiments. The squall line predicted in the surfaceDA experiment is located in the north with weak intensity, which makes the precipitation position to the north and causes less precipitation, leading to a weak cold pool by precipitation evaporation and a northward center. The position and intensity of the squall line are predicted more accurately in the radarDA and bothDA experiments, resulting in a more accurate center and intensity of the cold pool. It can also be found that the cold pool outflow exists in all three assimilation experiments, and the intensity of the cold pool outflow is related to the cold pool intensity. When the outflow from the cold pool meets with the airflow from the south, it is easy to initiate new convection and then promote the maintenance and development of the squall line.



To further analyze the influence of the cold pool and outflow on the maintenance of the squall line, Figure 17 shows the south–north cross sections of in-plane flow vectors and perturbation equivalent potential temperature along 114.6° E at 1800 11 July 2014 for the four experiments. The noDA experiment produces a weak cold center near 32.55° N only near to the surface (Figure 17a). In contrast, a strong cold pool exists in the low troposphere in all three assimilation experiments, and the leading edge of the cold pool reaches near 31.5° N (Figure 17b–d). At the same time, both radarDA and bothDA experiments have strong cold pool outflow north of 31.5° N, and produce strong vertical ascending motion with the generation of new convection near 31° N, promoting development and maintenance of the squall line, while the surfaceDA experiment has weaker outflow at low levels, which has little impact on the development and maintenance of the squall line.



Because of the relatively heavy precipitation predicted by assimilating radar data or both the radar and surface data, a strong cold pool is generated in the precipitation area, and a strong vertical ascending motion is produced near the outflow boundaries. This is more conducive to the development and maintenance of the squall line. However, the precipitation predicted by the assimilation of surface data is weaker, and the cold pool generated is also weaker, which leads to a weak vertical ascending motion and less impact on the development and maintenance of the squall line.





5. Discussion and Conclusions


In this study, the WRF model and WRFDA 3DVar are used to investigate the impact of radar and surface data assimilation on the forecast of a nocturnal squall line in the Yangtze–Huaihe River. The main results and conclusions are as follows:



(1) The assimilation of radar and surface data can improve the forecast skill scores of the reflectivity and precipitation. Radar data assimilation effectively improves the forecasts of both the position and intensity of the reflectivity and precipitation. Surface data assimilation mainly improves the position of reflectivity and precipitation by reducing false radar echoes and precipitation, but it has less impact on the intensity. In addition, assimilating both radar and surface data simultaneously can produce the best forecasts.



(2) During the period of convection initiation, radar data or surface data assimilation can modify the thermodynamic structure of the nocturnal boundary layer. Surface data assimilation reduces the temperature in the near-surface layer, and thus enhances the stability of the boundary layer. Radar data assimilation has less impact on the near-surface temperature. In addition, radar or surface data assimilation can make more accurate forecasts of the low-level wind field and the southwest vortex, thereby enhancing the convergence of the southerly winds and then improving the forecasts of the time, height and intensity of convection initiation. Radar data assimilation produces stronger vertical ascending motion, leading to stronger convection. On the contrary, surface data assimilation produces weaker vertical ascending motion, resulting in weaker convection. Finally, radar or surface data assimilation can increase the water vapor conditions and hydrometeor mixing ratio, and the enhancement of that in the radar data assimilation is more significant, generating stronger convection.



(3) During the period of maintenance of the nocturnal squall line, radar or surface data assimilation can enhance the evaporative cooling effect, and thereby strengthen the surface cold pool and the outflow. The outflow and the southerly wind converge at the outflow boundary, initiate new convection cells and promote the maintenance and development of the squall line. Moreover, the forecasted precipitation is relatively strong due to the assimilation of radar data or both radar data and surface data, resulting in a strong cold pool and vertical ascending motion, which is more conducive to the maintenance of the squall line. The vertical ascending motion is weaker in the surface data assimilation, which has less impact on the development and maintenance of the squall line.



Compared with the related studies on the severe convection that occurs during the daytime, the assimilation of surface and radar data still has a positive impact on the formation and maintenance of the squall line initiated above the nocturnal stable boundary layer [6,9,10,42]. This study and the related studies also show that the improvement in the skill of precipitation forecasts is most significant when both radar and surface observation data are assimilated simultaneously, whether during the daytime or at night. Johnson et al. (2017) [43] highlighted different roles of assimilating conventional surface observations and radar reflectivity and radial velocity observations: assimilating surface observations mainly improved the mesoscale environment for the radar data assimilation and assimilating radar data improved the systematic forecasts of nocturnal convection. For the nocturnal convection occurring on the Great Plains of the United States, Degelia et al. (2018) [20] showed that the predicting effect of assimilating in situ observations is better than that of assimilating radar observations. They found that assimilating in situ observations improved the forecast of a nocturnal convection initiation event by enhancing the low-level convergence and cold pool generated by the enhanced convection, but assimilating only radar data could not successfully capture convection initiation. However, the effect of assimilating surface data is not as significant as that of assimilating radar data in our study. This may be because we only assimilated surface observations, with no upper-air observations. In addition, the assimilation methods of the two observations also may greatly influence the predicting effect, such as the processing of terrain height in the surface data assimilation and the selection of the reflectivity observation operator in the radar data assimilation. In future research, it is necessary to conduct an in-depth analysis of the differences brought about by the assimilation of the two observations.
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Figure 1. Model domain, distribution of radar and surface observation stations, the geographic information of the area of interest and other geographic conditions. The big blue spots represent the locations of the radar stations from Zhumadian (ZMD), Nanyang (NY), Suizhou (SZ), Fuyang (FY), Hefei (HF), Bengbu (BB), Zhengzhou (ZZ), Wuhan (WH), Yichang (YC). The small black spots represent the locations of surface data stations in the left panel. The orange box represents the area of interest, the black dot represents the location of Xinyang City, Henan Province, and the black triangle represents the location of the Nanyang Sounding Station in the right panel. 
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Figure 2. Flowchart for noDA, radarDA, surfaceDA and bothDA experiments. 
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Figure 3. The mosaics of radar composite reflectivity (shaded, units: dBZ) at (a) 1230, (b) 1330, (c) 1530, (d) 1700, (e) 1730, (f) 1800, (g) 1830, (h) 1900, (i) 2200 UTC 11 July 2014. 
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Figure 4. Weather charts from the fifth-generation ECMWF atmospheric reanalysis of the global climate (ERA5, 0.25° × 0.25°) data and the sounding chart from observation at 1200 UTC 11 July 2014, (a) 500 hPa and (b) 850 hPa geopotential height (blue solid lines, units: dagpm) and wind field (barbs, units: m/s), the red dashed line was the potential temperature of 345 K which indicated the location of MeiYu front in (b). (c) The sounding chart was taken at Nanyang station. The green line represents the dew point temperature profile, the black line represents the lifting curve, the red line represents the temperature profile and the black represents the lifting condensation level in (c). The location of Nanyang station is shown in Figure 1. 
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Figure 5. Radar composite reflectivity (shaded, units: dBZ) at (a–e) 1530 UTC and (f–i) 1730 UTC 11 July 2014 from the (a,f) observation, (b,g) noDA, (c,h) radarDA, (d,i) surfaceDA and (e,j) bothDA experiments. 
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Figure 6. The averaged fractions skill scores (FSS) of the radar composite reflectivity at different thresholds (10, 15, 20, 25, 30, 35, 40, 45, 50 dBZ) from 1500 UTC to 1900 UTC 11 July 2014 for noDA (black dotted line), radarDA (blue dotted line), surfaceDA (green dotted line) and bothDA (red dotted line) experiments. The score area is the same as the panel area in Figure 5. 
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Figure 7. Distribution of 6h (1500 UTC to 2100 UTC 11 July 2014) accumulated precipitation (shaded, units: mm) from the (a) observation, (b) noDA, (c) radarDA, (d) surfaceDA and (e) bothDA experiments. 
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Figure 8. The performance diagram of 6 h (1500 UTC to 2100 UTC 11 July 2014) accumulated precipitation for noDA (blue markers), radarDA (green markers), surfaceDA (orange markers) and bothDA (red markers) experiments. The horizontal coordinates represent the success ratio (SR). The longitudinal coordinates represent the probability of detection (POD). Yellow curves represent the threat score (TS), and the black dashed lines represent the bias score (BIAS). The filled circle, down-pointing triangle, square, pentagon, plus and star makers represent different precipitation thresholds. The score area is the same as the panel area in Figure 7. 
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Figure 9. The surface temperature increments of the three assimilation experiments (shaded, unit: °C) at (a–c) 1300, (d–f) 1400 and (g–i) 1500 UTC 11 July 2014. The black box in (g–i) is where the squall line initiated. 
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Figure 10. The Root Mean Squared Error (RMSE) for the surface temperature from 1200 to 1500 UTC 11 July 2014 for noDA (black dotted line), radarDA (green dotted line), surfaceDA (blue dotted line) and bothDA (red dotted line) experiments. The score area is the same as the panel area in Figure 9. 
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Figure 11. The area-averaged soundings taken in the initiation area of the squall line (denoted by the black box in Figure 9) at 1530 UTC 11 July 2014 for noDA (green line), radarDA (blue line), surfaceDA (red line) and bothDA (orange line) experiments. The dotted lines represent the dew point temperature, and the realizations describe the temperature. 
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Figure 12. The horizontal distribution of 800 hPa wind fields (quiver, units: m/s) and divergence (shaded, units:10−5∙s−1) at 1530 UTC 11 July 2014 for (a) noDA, (b) radarDA, (c) surfaceDA and (d) bothDA experiments, the black box in the figure is the same as that in Figure 9. 






Figure 12. The horizontal distribution of 800 hPa wind fields (quiver, units: m/s) and divergence (shaded, units:10−5∙s−1) at 1530 UTC 11 July 2014 for (a) noDA, (b) radarDA, (c) surfaceDA and (d) bothDA experiments, the black box in the figure is the same as that in Figure 9.
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Figure 13. The time–height cross sections of area-averaged vertical velocity (shaded, units: 10−1∙m/s) and divergence (contour, units:10−5∙s−1) from 1200 UTC to 1900 UTC 11 July 2014 for (a) noDA, (b) radarDA, (c) surfaceDA and (d) bothDA experiments. The averaged area is denoted by the black box in Figure 12. The red dotted line represents the time of the squall line initiation, and the two black dotted lines represent the time near the squall line initiation. 
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Figure 14. As in Figure 13 but for the specific humidity (shaded, units: g∙kg−1) and the water vapor flux divergence (contour, units: 10−5∙s−1) for (a) noDA, (b) radarDA, (c) surfaceDA and (d) bothDA experiments. 






Figure 14. As in Figure 13 but for the specific humidity (shaded, units: g∙kg−1) and the water vapor flux divergence (contour, units: 10−5∙s−1) for (a) noDA, (b) radarDA, (c) surfaceDA and (d) bothDA experiments.
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Figure 15. The vertical profiles of the area-averaged (a) water vapor mixing ratio (QVAPOR), (b) rainwater mixing ratio (QRAIN), (c) cloud water mixing ratio (QCLOUD), (d) graupel mixing ratio (QGRAUP), (e) snow mixing ratio (QSNOW), (f) ice mixing ratio (QICE) at 1530 UTC 11 July 2014 for the noDA (black line), radarDA (green line), surfaceDA (blue line) and bothDA (red line) experiments. The black box in Figure 12 denotes the averaged area. 






Figure 15. The vertical profiles of the area-averaged (a) water vapor mixing ratio (QVAPOR), (b) rainwater mixing ratio (QRAIN), (c) cloud water mixing ratio (QCLOUD), (d) graupel mixing ratio (QGRAUP), (e) snow mixing ratio (QSNOW), (f) ice mixing ratio (QICE) at 1530 UTC 11 July 2014 for the noDA (black line), radarDA (green line), surfaceDA (blue line) and bothDA (red line) experiments. The black box in Figure 12 denotes the averaged area.
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Figure 16. The horizontal distribution of wind field at 10 m (quiver, unit: m/s), and surface perturbation temperature (shaded, unit: °C) at 1530, 1700 and 1800 UTC 11 July 2014 for (a) noDA, (b) radarDA, (c) surfaceDA and (d) bothDA experiments. The black boxes in (a–d) represent the location of initiation of the squall line (same as in Figure 9), and the black boxes in (c–l) represent the location of the main body during the mature of the squall line. 
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Figure 17. The south–north cross sections of in-plane flow vectors (quiver, units: m∙s−1; vertical motion amplified by a factor of 5) and perturbation equivalent potential temperature (shaded, units: K) along 114.6° E at 1800 UTC 11 July 2014 for (a) noDA, (b) radarDA, (c) surfaceDA and (d) bothDA experiments. 






Figure 17. The south–north cross sections of in-plane flow vectors (quiver, units: m∙s−1; vertical motion amplified by a factor of 5) and perturbation equivalent potential temperature (shaded, units: K) along 114.6° E at 1800 UTC 11 July 2014 for (a) noDA, (b) radarDA, (c) surfaceDA and (d) bothDA experiments.
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Table 1. The categorical contingency table.
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