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Based on hourly station precipitation data and ECMWF ERA5 reanalysis data from 2009 to 2019, this paper explores the temporal variations and spatial distribution of short–duration heavy rainfall (SDHR) induced by North China cold vortices (NCCV) over the Beijing-Tianjin-Hebei (BTH) region, and comparatively analyzes the characteristic of environmental parameters and then choose some predictors to make probability forecasting for short–duration heavy rainfall induced by North China cold vortices. Results show that short–duration heavy rainfall has obviously interannual, monthly and diurnal variations. Areas of high short–duration heavy rainfall frequency caused by North China cold vortices exhibit eastward movement, which generally locate along the mountain areas of the Beijing-Tianjin-Hebei region in the afternoon, and moves to the coastal areas of the Beijing-Tianjin-Hebei region after midnight. In general, short–duration heavy rainfall induced by North China cold vortices mainly occurs in 16:00–21:00 and around 02:00–05:00, showing a delayed peak time and a secondary peak time in recent years. Besides, short–duration heavy rainfall caused by North China cold vortices occurs fewer but more extremely over the northwestern and southern parts of the Beijing-Tianjin-Hebei region, more frequently and extremely over the border area of the Beijing-Tianjin-Hebei region, and more frequently but with moderate intensity over the coastal area of the Beijing-Tianjin-Hebei region. By comparing the distribution characteristics of some physical parameters for three categories of no precipitation, ordinary precipitation, and short–duration heavy rainfall weather induced by North China cold vortices, it is found that moisture and atmospheric instability conditions have great significance for the occurrence of short–duration heavy rainfall caused by North China cold vortices. Probability forecast for short–duration heavy rainfall caused by North China cold vortices is made based on ingredient method and fuzzy logic algorithms. The result shows the products have good performance, further implying the significance of the environmental parameters for forecasting short–duration heavy rainfall caused by North China cold vortices.
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1 INTRODUCTION
North China cold vortices (NCCV) generally refer to the high–altitude cold vortex systems in North China and eastern Inner Mongolia, which are important weather systems causing strong convection in summer in North China (Li et al., 2011). During its period of formation, development and extinction, the cold vortex system could lead to strong convective weather, such as sudden, local and catastrophic short–duration heavy rainfall (SDHR), thunderstorm wind and hail (Zhang et al., 2008; Yang et al., 2016). Since the NCCV contributes to nearly half of SDHR in Beijing-Tianjin-Hebei (BTH) region (Yu et al., 2011), it is of great practical significance to study the heavy precipitation weather in the BTH region caused by NCCV.
Previous studies have shown that frequency of cold vortex events in North China shows obviously monthly variation, and SDHR caused by NCCV mostly occurs in July (Yu et al., 2011; He et al., 2015). Heavy rainfall caused by NCCV shows relatively dispersed, but mainly located in the southeast quadrant of the cold vortex (Fu et al., 2019). In other words, SDHR occurs more frequently in the coastal area of BTH region (Yu et al., 2011). During the mature period of cold vortex, heavy precipitation is mostly induced by local convective instability, so heavy precipitation has obviously diurnal variation, which mainly occurs from afternoon to evening (Chen et al., 2008; Li et al., 2022).
SDHR induced by NCCV is closely related to the environmental conditions such as moisture content, instability, and dynamical forcing (Cai et al., 2019). Based on the case analysis of two cold vortex events in North China, it is found that the environmental conditions of high unstable energy and abundant water vapor favor the SDHR occurrence (Fu et al., 2019). Ma et al. (2021) found that vertical distribution of humidity with high moisture content in the low troposphere and dry air in the middle troposphere was conducive to the SDHR occurrence under the background of NCCV in Qingdao region. In order to find the environmental parameters indicating the SDHR occurrence induced by cold vortex, some scholars have analyzed parameters representing thermal, dynamic and moisture conditions of the atmosphere (Chen and Zhao, 2021). Yu et al. (2011) pointed out that values of both best uplift index and uplift condensation height are highest before the SDHR occurrence caused by NCCV in the BTH region. In general, there are some environmental indicators before the SDHR occurrence caused by NCCV in the BTH region, while studies on quantitative statistical analysis of the environmental parameters are relatively few.
Moreover, short–term predictions for SDHR can be made by analyzing the environmental parameters based on the ingredients–based methodology, which focus on the physical processes involved (Doswell et al., 1996; Lei et al., 2012; Dong et al., 2021). Tian et al. (2022) explore a new approach for the probability forecasting of SDHR based on ingredients–based methodology and fuzzy logic approach. However, the results have certain limitations due to the small number of samples in previous studies. It is necessary to calculate and analyze the dynamic, thermal and moisture conditions of a large number of cases of NCCV, and find and identify the possible environmental parameters for probability forecasting.
The characteristics of atmospheric circulation and climate over North China have interdecadal variations (Guo et al., 2012; Zang et al., 2022), and change may occur in the features of SDHR over the BTH region caused by NCCV. Therefore, it is necessary to investigate the characteristics of SDHR caused by NCCV in recent years, and explore the corresponding environmental parameters to find some indicators. The paper is organized as follows. Section 2 describes the data and methods used. The features of spatial–temporal variations of SDHR induced by NCCV are given in Section 3. Section 4 illustrates characteristics of environmental parameters and an application of the objective method for probability forecasting, and a summary and discussion are given in Section 5.
2 DATA AND METHODS
2.1 Data
Hourly rainfall data of 175 observation stations (Figure 1) over the BTH region and observation data for temperature and geopotential height at 500 hPa from China Meteorological Administration (CMA) during 2009–2019 are used in this study. Reanalysis data are obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 for the same period, with spatial resolution of .25° × .25° (Hersbach et al., 2020). Hourly rainfall data of national and automatic stations and the ECMWF numerical prediction products (.25° × .25°) for 2020–2021 are used produce probability forecasts for SDHR caused by NCCV.
[image: Figure 1]FIGURE 1 | Spatial distribution of the 175 national rain gauge stations over the BTH region. The black dots denote the stations, and the shading represents surface elevation.
2.2 Methods
Yu et al. (2011) defined the NCCV as a low–pressure circulation system with closed contour lines of geopotential height at 500 hPa in the range of 110–130°E and 35–55°N, and accompanied by a cold center or cold trough, which lasted for 2 days or more. Twice–daily Weather maps based on geopotential height and temperature at 500 hPa from CMA (figures not shown) are plotted and used for subjective selection, 99 cold vortexes (314 days) are identified from May to August of 2009–2019 according to the definition. Moreover, the spatial structure of NCCV is obtained by using dynamic composite analysis (Shen et al., 2020) based on data from CMA and the NCCV cases. It can be seen that NCCV shows obviously closed contour lines of geopotential height with central value of 5,220 gpm, associated with a cold trough (Figure 2).
[image: Figure 2]FIGURE 2 | Dynamic composite of geopotential height (black line, unit: gpm) and temperature (red line, unit: °C) at 500 hPa. The origin of coordinates is the center of NCCV composite, and the horizontal and vertical coordinates are the relative longitude and latitude about the cold vortex center.
Based on the definition of SDHR (greater than 20 mm h−1), the characteristics of SDHR in the BTH region induced by the NCCV are analyzed. In this study, the total number of SDHR occurrence caused by NCCV is referred to as SDHR frequency during 2009–2019, which is used to analyze the characteristics of SDHR. And the hourly precipitation data are divided into three weather types: SDHR, ordinary precipitation (between .1 and 19.9 mm h−1), and non-precipitation, which are used to comparatively analyze the characteristic of environmental parameters among the three weather types.
3 THE TEMPORAL VARIATIONS AND SPATIAL DISTRIBUTION OF SDHR INDUCED BY THE NCCV IN THE BTH REGION
3.1 The temporal variations of SDHR
Figure 3 shows the time series of the annual, monthly and diurnal frequency of SDHR caused by NCCV in the BTH region. It can be seen that the annual frequency shows an interannual variation, but with no obvious trend. The highest frequencies of SDHR induced by cold vortex events occur in 2012, reaching 260. Frequency of SDHR reaches the minimum in 2009 and 2019 with the value of 27, respectively (Figure 3A). SDHR frequency is 12, 140, 571, 285 from May to August, respectively, also showing an obviously monthly variation (Figure 3B). The result indicates SDHR caused by NCCV occurs more often in July than other months, which is consistent with previous studies (Yu et al., 2011). SDHR frequency also shows prominent diurnal variations with the lowest value from early morning to noon, and then increase from afternoon to evening, mainly occurring during around 16:00–21:00 LST (local standard time), then after a decline it rises again, reaching its secondary peak around 02:00–05:00 LST (Figure 3C). The peak period of SDHR around the evening is related to solar radiation, and the secondary peak period around after midnight could be associated with low–level jet (He et al., 2015). Compared to previous studies which reported SDHR induced by NCCV in the BTH region mainly occurs during 13:00–19:00 LST for 2001–2008 (Yu et al., 2011), the result indicates that the peak time of SDHR induced by NCCV in the BTH region delays to some extent, and moreover a secondary peak is found around after midnight in recent years.
[image: Figure 3]FIGURE 3 | The annual (A), monthly (B), and diurnal (C) variations of SDHR in the BTH region caused by NCCV from May to August during 2009–2019.
3.2 The spatial distribution of SDHR
To analyze the spatial characteristics of SDHR caused by NCCV, Figure 4 shows the spatial distribution of SDHR frequency caused by NCCV in the BTH region. Frequency of SDHR gradually decreases from east to northwest as a whole (Yu et al., 2011). SDHR occurs more frequently in the northeastern coastal areas of the BTH region, reaching more than 15. Inconsistent with previous studies (Yu et al., 2011), SDHR also occurs more than 15 times over plain areas of Beijing and border areas of the BTH region, which indicates another area with high frequency of SDHR induced by NCCV in recent years.
[image: Figure 4]FIGURE 4 | Distribution of the frequency of SDHR caused by NCCV from May to August during 2009–2019 in the BTH region.
In order to further explore the variations of the spatial distribution of SDHR frequency induced by NCCV over the BTH region, the SDHR frequency induced by NCCV at each station is divided into four periods: 08:00–14:00 LST, 14:00–20:00 LST, 20:00–02:00 LST, and 02:00–08:00 LST. Diurnal variation is also can be seen from the spatial distribution of SDHR frequency in Figure 5. SDHR shows the lowest frequency during 08:00–14:00 LST, and mainly occurs over plain areas of the BTH region with a frequency of 1–3 in most stations (Figure 5A). During 14:00–20:00 LST, SDHR increases in the Yanshan Mountains and the coastal area of the BTH region, reaching seven times in the northwestern Beijing (Figure 5B). Then, areas of high SDHR frequency move eastward to the East of Beijing and the border of BTH region during 20:00–02:00 LST, with a local frequency of up to eight times (Figure 5C). SDHR continues moving eastward during 02:00–08:00 LST, mainly occurs over the coastal area of the BTH region and slightly declines in frequency (Figure 5D). The results further indicate that in recent years SDHR induced by NCCV occurs later than previous period over the BTH region, mainly occurring around evening and after midnight.
[image: Figure 5]FIGURE 5 | The distribution of SDHR frequency in the BTH region caused by NCCV in four periods of days from May to August during 2009–2019. (A) 08:00–14:00; (B) 14:00–20:00; (C) 20:00–02:00; (D) 02:00–08:00.
Besides the SDHR frequency, we also explore the characteristic of extreme SDHR induced by NCCV. Figure 6 shows the spatial distribution of the average SDHR caused by NCCV in the BTH region. The average intensity of SDHR is between 25 and 35 mm h−1 in most areas, and locally exceeds 40 mm h−1 in the border areas of BTH region and the southern part and Zhangjiakou of Hebei. According to the frequency and average amount of SDHR induced by NCCV, it is found that SDHR caused by NCCV occurs fewer but more extremely over Zhangjiakou and the southern part of Heibei, more frequently and extremely over the border areas of BTH region, and more frequently but with moderate intensity over the coastal area of the BTH region.
[image: Figure 6]FIGURE 6 | The distribution of average SDHR (mm h−1) in the BTH region caused by NCCV from May to August during 2009–2019.
4 CHARACTERISTICS OF ENVIRONMENTAL PARAMETERS AND PROBABILITY FORECASTING FOR SDHR CAUSED BY NCCV
4.1 Characteristics of environmental parameters
The environmental conditions of the atmosphere are analyzed to make SDHR short–term predictions (Lei et al., 2012; Dong et al., 2021; Zhao et al., 2022). On the basis of previous studies, this study classifies the environmental parameters into indicators of moisture, thermal and energy conditions, and dynamic conditions, and finds the possible indicators for SDHR caused by NCCV by comparatively analyzing distribution characteristics of the three weather types (Tian et al., 2015).
Moisture is represented by the specific humidity at 925, 850, and 700 hPa, and 2 m dew point temperature. Thermal and energy conditions are represented by convective available potential energy (CAPE), K index (KI), temperature difference between 850 and 500 hPa (TD), and potential pseudo–equivalent temperature difference between 850 and 500 hPa (PPTD). The parameters used to denote the dynamic conditions are divergence at 925 and 850 hPa, meridional wind at 850 hPa, vertical velocity, 0–1 km, 0–3 km, and 0–6 km vertical wind shear (VWS).
4.1.1 Moisture conditions
Figure 7 shows the box–and–whisker plots of specific humidity at 925, 850, and 700 hPa for the three weather types under the background of NCCV. In order to remove the influence of outliers, 5% and 95% of each parameter are used as the lower and upper limits of box–and–whisker plots. More than 95% of SDHR occurs in the environment with specific humidity at 925, 850, and 700 hPa greater than 10.5, 9.4, 4.8 g kg−1, respectively. The median specific humidity at 925 hPa for the three weather types is 16.1, 14.1, and 8 g kg−1, respectively. Much less than 25% of ordinary rainfall events occur with the median specific humidity at 925 hPa for SDHR, and the percentage for no rainfall is few. Similar characteristics for specific humidity at 850 hPa are also shown in Figure 7, while more than 25% of ordinary rainfall events occur with the threshold of the median specific humidity at 700 hPa for SDHR. Therefore, moisture conditions at 925 and 850 hPa have greater differences than 700 hPa between SDHR and ordinary rainfall events.
[image: Figure 7]FIGURE 7 | Box–and–whisker plots of specific humidity (g kg−1) at 925, 850, and 700 hPa for SDHR (red), ordinary rainfall (blue), and no rainfall (black) in the BTH region caused by NCCV from May to August during 2009–2019. Short horizontal lines located at the lower and upper positions denote the 5th and the 95th percentiles, respectively. Three horizontal lines form lower to upper positions in the box represent the 25th, the 50th, and the 75th percentiles, respectively.
In general, more than 50% of SDHR occurs in the environment with specific humidity greater than 16.1, 14.1, and 8 g kg−1 at 925, 850, and 700 hPa, respectively. Specific humidity at 925 and 850 hPa can well identify the moisture environment favoring SDHR caused by NCCV.
Surface moisture condition also shows significantly different among the three weather types induced by NCCV (Figure 8). More than 50% of SDHR occurs in the environment with 2 m dew point temperature greater than 23.1°C. The percentages of both ordinary and no precipitation are much less than 25% with 2 m dew point temperature greater than 23.1°C. Moreover, moisture condition of 2 m dew point temperature greater than 24.5°C basically corresponds to SDHR weather.
[image: Figure 8]FIGURE 8 | As for Figure 7, but for 2 m dew point temperature (°C).
4.1.2 Thermal and energy conditions
Figure 9 shows the distribution of thermal and energy conditions of the three weather types caused by NCCV. From the box-and-whisker plot in Figure 9A, we can see significant differences in CAPE before three types of weather occur, with the median values of 1004.8, 21, and 3 J kg−1, respectively. More than 50% of heavy rainfall has a CAPE in excess of 1004.8 J kg−1, and non-precipitation and ordinary precipitation is far less than 25% when CAPE is greater than 1004.8 J kg−1. This indicates that CAPE is capable to identify SDHR weather caused by NCCV.
[image: Figure 9]FIGURE 9 | As for Figure 7, but for (A) CAPE, (B) K index, (C) potential pseudo-equivalent temperature difference between 850 and 500 hPa, and (D) temperature difference between 850 and 500 hPa.
KI is used to characterize the stability of the lower and middle atmosphere, and the median KI before three weather types are 36.8°C, 33.2°C, and 23.8°C, respectively, indicating instability of the lower and middle atmosphere before SDHR occurrence. More than 50% of heavy precipitation occurs with KI over 26.8°C, however, far less than 25% of non-precipitation and ordinary precipitation events have a KI that exceed 26.8°C (Figure 9B). In general, KI shows prominent differences among the three weather types, which can be used to distinguish the occurrence of SDHR caused by NCCV.
According to PPTD distribution show in Figure 9C, the median values of the three types of weather are 9.3°C, 2.1°C, and 1.2°C, respectively, implying the instability of atmosphere before SDHR occurrence. For non-precipitation and ordinary precipitation, the percentile of PPTD greater than the median of SDHR is less than 25%. Therefore, PPTD is effective in identifying the three weather types, and indicates the instability conditions of SDHR caused by NCCV.
As shown in Figure 9D, the median values of TD for three weather types are 24.3°C, 24.2°C, and 28.2°C, respectively. All of these median values exceed that in moist neutral stratification (20°C–21°C) (Chen and Zhao, 2021), indicating the conditional instabilities of atmosphere for precipitation occurrence caused by NCCV. However, ordinary precipitation and SDHR weathers are similar in the distributions of DT, which means a thermal condition can favors both of them. Thus, DT could not be used to distinguish the environmental condition of SDHR caused by NCCV.
4.1.3 Dynamic conditions
Compared with ordinary precipitation and non-precipitation events, SDHR usually occur in the environment with favorable low–level lifting (Tian et al., 2015). To analyze low–level lifting conditions, Figures 10A, B shows the distributions of divergence at 925 and 850 hPa, and meridional wind at 850 hPa among the three weather types. More than 75% of SDHR events occur with a negative divergence at 925 hPa, which indicates SDHR occurs in the environment of low–level convergence and lifting. Moreover, the variation ranges of divergence at 925 hPa show different to some extent among SDHR, ordinary precipitation and non-precipitation weather types, with median values of −2, −.43, and .33 10−5 s−1, respectively. The three weather types are not well distinguished by divergence at 850 hPa (Figure 10A). Meridional wind at 850 hPa shows discrimination for the three weather types, with medians of 5.9, 2.3, and –.9 m s−1, respectively (Figure 10B). On the whole, meridional wind at 850 hPa and divergence at 925 hPa show some discrimination, and are able to identify SDHR caused by NCCV to some extent.
[image: Figure 10]FIGURE 10 | (A,B,D) as for Figure 7, but for divergence (10−5 s−1) at 925 and 850 hPa (A), meridional wind (m s−1) at 850 hPa (B), and vertical velocity (pa s−1) at 850 hPa (D). Vertical velocity profiles in the troposphere (pa s−1) for the three weather types in the BTH region caused by NCCV from May to August during 2009–2019 (C). Lines represent the median value in each troposphere for the three weather types, respectively.
To exhibit more clearly the features of vertical motion, vertical velocity profiles in the troposphere for the three weather types are also shown in Figure 10C. Profiles for SDHR show a broad upward motion with two centers in the lower and middle troposphere, which is associated with the deep circulation with strong convergence in the upper and lower atmosphere. Profiles for ordinary precipitation also shows a broad upward motion with one center through the middle troposphere, while the strength of vertical velocity in the troposphere is relatively weak compared to SDHR. Then, vertical velocity at 850 hPa are selected as an parameter according to the discrimination for the three weather types. Vertical velocity at 850 hPa, with medians of −.26, −.06, and .04 pa s−1, respectively (Figure 10D), which also can be used to identify SDHR caused by NCCV.
Strong VWS is an important indicator for further strengthening and development of convective storms (Yu et al., 2012). The median of 0–1 km VWS in three types of weather is 5.6, 4.2, and 3.5 m s−1, respectively (Figure 11). SDHR occurs in the environment with larger VWS in the lower troposphere, which may be related to the stronger warm and wet moisture transport in the lower troposphere. The median of 0–3 km VWS for the three weather types is 9.5, 9.3, and 8.5 m s−1, respectively. 0–3 km VWS under the background of NCCV is relatively large (Tian et al., 2015), but there is no distinction among the three weather types. More than 50% of 0–6 km VWS corresponding to NCCV occurs in the environment with moderate intensity (Johns and Doswell, 1992; Yu et al., 2012), while the distribution are all close for the three weather types, which cannot indicate the SDHR occurrence caused by NCCV.
[image: Figure 11]FIGURE 11 | As for Figure 7, but for 0–1 km, 0–3 km, and 0–6 km vertical wind shear (m s−1).
4.2 Probability forecasting
In order to verify the indicators of the above environmental parameters for SDHR, we quantitatively select some representative parameters to make probability forecasting for SDHR caused by NCCV (Tian et al., 2022). The overlapping size of the relative frequencies of SDHR and ordinary precipitation (S1) and SDHR and non-precipitation (S2) are calculated for the above parameters (Table 1). The smaller the overlapping size, the better the discrimination. For moisture conditions, S1 and S2 for specific humidity at 850 hPa are smaller with a value of .58 and .3, respectively, indicating specific humidity at 850 hPa perform better than other moisture conditions. For the thermal and energy conditions, KI has the smallest S1 and S2 with a value of .6 and .25, respectively. CAPE has the same value of S1 with KI, and a smaller S2. Therefore, KI and CAPE are selected as the thermal and energy conditions. For dynamic forcing, meridional wind at 850 hPa has the smallest S1 and S2, which indicates the best performance among the dynamic forcing. Therefore, specific humidity at 850 hPa, KI, CAPE and meridional wind at 850 hPa are selected as predictors for SDHR caused by NCCV.
TABLE 1 | Overlapping size of probability density distributions of moisture conditions, thermal and energy conditions, and dynamic conditions among the three weather types caused by NCCV.
[image: Table 1]Based on the fuzzy logic algorithm and ingredient method (Tian et al., 2022), the probability for SDHR occurrence at each grid point is obtained by weighted summation on the basis of the single physical quantity potential of short–term heavy precipitation weather. The calculation formula of probability P is as follows:
[image: image]
where [image: image] represents the number of predictors, [image: image] = 4 in this study; [image: image] represents the weight of the [image: image] factor, [image: image] the membership function of the ith factor. Based on the method of Tian et al. (2022), this study determines the membership function based on the 20th, 40th, 60th, and 80th percentile values of physical quantities of SDHR induced by NCCV for 2009–2019. Equal weight is assigned in this study.
Based on ECMWF numerical forecast products from 2020 to 2021 with a time interval of 3 h from 0 to 24 h, probability forecast products of SDHR caused by NCCV in the BTH region are calculated according to the above methods. Then, we obtain station products by interpolating the grid forecast probability and ECMWF rainfall products through the nearest point method, and define heavy precipitation as 30 mm with a time interval of 3 h. Comparison of both TS scores is shown in Figure 12. Compared to ECMWF forecast products, TS score of probability products is higher with respect to probability threshold in the range .5–.8.
[image: Figure 12]FIGURE 12 | Variations of TS scores (black) with respect to probability threshold during NCCV events from May to August for 2020-2021. The red line represents TS score based on ECMWF forecast rainfall products.
A case of NCCV on 2–3 July 2021 was selected for further analysis. It can be seen from Figure 13A that there are two main precipitation belts in the mountain area of Beijing, the middle and southeast of BTH region, and then the rain belts move northeastward to the eastern part of Beijing and the coastal area of BTH region (Figure 13B). After that, precipitation belt continue to move northeastward to the northeast of BTH region (Figure 13C). High probability areas of SDHR are relatively large. High probability corresponds to the two main precipitation belts, while false alarms occur in the southern part of BTH region. ECMWF forecast products do not predict the eastern rain belt, and the moving speed of the rain belt is slower than the observation (figures not shown). Overall, forecast probability can perform heavy rainfall areas well.
[image: Figure 13]FIGURE 13 | Distribution of observed precipitation (shaded) and forecast probability (contour) from (A) 23:00–02:00, (B) 02:00–05:00, (C) 05:00–08:00 LST on 2–3 July 2022.
5 CONCLUSION AND DISCUSSION
In this study, the spatiotemporal characteristics, and the thermodynamic and moisture conditions of SDHR in the BTH region caused by NCCV are analyzed. SDHR induced by NCCV over the BTH region has obvious interannual, monthly and diurnal variations. The diurnal variation has two peaks that occur frequently at 16:00–21:00 and 02:00–05:00 LST in recent years, which is different from previous results (Yu et al., 2011). SDHR mainly occurs in Beijing in the evening to midnight, and then moves eastwards and occurs in the eastern coast of the BTH region in the evening to late night. In addition, the spatial distribution of SDHR frequency and SDHR intensity caused by NCCV has significant discrepancy. There are lower frequency and stronger intensity in SDHR over Zhangjiakou and the southern part of Heibei, higher frequency and stronger intensity in SDHR over the border area of the BTH region, higher frequency and moderate intensity in SDHR over the coastal area of the BTH region.
The environmental conditions show better moisture content, stronger instability and certain uplift before SDHR occurrence caused by NCCV compared with ordinary and no precipitation weather. According to the parameters representing moisture conditions, specific humidity at 925 and 850 hPa, and 2 m dew point temperature can well identify the moisture environment conditions for SDHR caused by NCCV. In terms of thermal and energy conditions, CAPE, KI and PPTD can be used to distinguish SDHR weather caused by NCCV. Dynamic conditions have certain ability for SDHR caused by NCCV. Then, the parameters indicating different aspects of the environmental conditions are chosen as predictors to make probability forecasting for SDHR caused by NCCV based on fuzzy logic and ingredients–based methods. The products shows positive skills compared to ECMWF products, indicating the significance of the environmental conditions.
In addition, probability of SDHR caused by NCCV with various weight settings is evaluated for 2020–2021. It is found that specific humidity at 850 hPa with higher weights could lead to a slight increase of the highest TS. Besides, the indicators representing atmospheric environmental conditions are important for probability forecasting (Tian et al., 2022). In this study, we make an attempt to forecast the probability of SDHR occurrence induced by NCCV based on limited environmental parameters, more work should be carried out to improve the forecast capability for SDHR caused by NCCV in the future. Characteristics of SDHR induced by NCCV over the BTH region in recent years are different from previous results (Yu et al., 2011), indicating the interdecadal and interannual variations of NCCV. It is necessary to explore the interdecadal and interannual variations of NCCV and the possible relationships with climatic factors in the future.
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