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ABSTRACT 15 

In this study, daily temperature and precipitation data between 1950 and 2018 from 753 16 

stations from National Meteorological Information Center, and NCEP/NCAR reanalysis data 17 

were used to screen freezing rain and snow events that occurred in the winters of 1951–2017 18 

in southwest China (100°E–110°E, 22.5°N–32.5°N), in order to search for extended period 19 

warning signs of events. The combined anomalies index 𝑃𝐶𝐴, established by the Mongolian 20 

Geopotential height pressure intensity, north–south position index and the southern trough 21 

intensity index, is closely related to the freezing rain and snow events in southwest China, 22 

and can be used as a link to explore the precursory signals of persistent freezing rain and 23 

snow events. The 1000-hPa height field of Iceland (60°N–80°N, 10°W–50°W), the North 24 

Atlantic (25°N–45°N; 20°W–60°W) and the Caspian Sea (30°N–50°N; 30°E–70°E) in the 25 

early mid-latitude was significantly correlated with 𝑃𝐶𝐴. The high disturbance signal in the 26 

upstream dispersed to the downstream 15–20 days in advance, which intensified the 27 

Mongolian high and deepened the southern trough. The combination anomaly of the 28 

Mongolian high and southern trough finally led to the strong persistent freezing rain and 29 

snow events in southwest China. The extended period forecast index of strong persistent 30 

freezing rain and snow events in southwest China was established according to the average 31 

geopotential height of key atmospheric regions 15 days ahead of the event. These findings 32 

provide a reference for the prediction of winter disaster events extension-period forecast in 33 

southern China. 34 

Keywords: freezing rain and snow events, extended period warning signs, extension-period 35 

forecast, southern China. 36 

HIGHLIGHT 37 

Freezing rain and snow weather is a major winter disaster in southern China, and it also 38 

happens in other parts of the world. The main purpose of our work is to summarize the 39 

regularity of the occurrence of strong freezing rain and snow in South China, and explore its 40 

precursor signals (including extension period and cross-season), so as to provide theoretical 41 

support for the forecast and prediction of such catastrophic weather. This paper is the second 42 

part of our work, which deals with the prediction of the extension period of such catastrophic 43 

events. 44 

1. Introduction 45 
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Freezing rain and snow weather have a major influence on winter conditions in China, 46 

causing adverse impacts on transportation, energy, agriculture, communication, electricity 47 

and other aspects of social and economic security. This is particularly the case in southern 48 

China, where freezing rain and snow events cause serious economic losses (Wang Lin et al., 49 

2008; Wu Bingjuan et al., 2008; Zhou Shuxue, 2008; Yao Rong et al., 2012). The occurrence 50 

of freezing rain and snow events need both cooling and sufficient water vapor are satisfied. 51 

Moisture is the major control on weather conditions in north China, whereas southern China 52 

is controlled by temperature. Correspondingly, researchers have mainly focused on cold wave 53 

processes in north China and on freezing rain and snow events in south China (Qian Xi et al, 54 

2013). In south China, persistent freezing rain and snow events generally have the 55 

characteristics of strong cooling and precipitation processes with a long duration. The 56 

occurrence of such events requires conditions such as high cold air activity and water vapor, 57 

which have a long period maintain or oscillation (He Jinhai and Sun Xiaojuan, 2017; Liao 58 

Chuan, 2017). 59 

Some scholars have studied the possible precursor signals of typical freezing rain and 60 

snow weather cases. For example, deepening of the south trough and maintenance of the 61 

subtropical high were closely related to a freezing weather event in January 2008, and were 62 

caused by the downstream propagating Rossby wave energy along the subtropical jet from 63 

the northeast Atlantic Ocean and western Europe (Buhe Chaolu et al., 2008; Shi Ning et al., 64 

2008; Ji Liren et al., 2008). Zhang Chunyan and Zhang Yaocun (2013) found that about half 65 

a month before events, the full wind speed up and zonal components of subtropical jet to 66 

enhance and the weaken polar peak jet began to show clear precursors. Bo Sun et al. (2018) 67 

showed that cold air activity was related to the decrease of early sea ice in the Arctic (Kara 68 

Sea and Barents Sea) during the snowfall process in East China in January 2018, while water 69 

vapor transport in the south was significantly related to the Northwest Pacific Ocean (La 70 

Nina) and the Atlantic Ocean; however, the mechanism of the influence of the Atlantic Ocean 71 

air–sea interaction on the snowfall process was unclear. Some scholars have also discussed 72 

the precursor signals of several combinations of frozen rain and snow weather. For example, 73 

Wang Lin et al. (2011) studied 19 years of strong snow and ice disasters in the Southern 74 

China and pointed out that the Antarctic Oscillation affected the sea surface temperature 75 

(SST) in the southern Indian Ocean two months in advance, and the SST increased 76 

abnormally, resulting in the occurrence of snow and ice disasters in the next year. Jiang Man 77 

et al. (2014) examined the period 1960–2008 and observed 23 periods of low temperature 78 
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sleet freezing events in south China’s global reanalysis atmospheric variables data based on 79 

the physical decomposition of synoptic-scale disturbance component. Based on early signal 80 

analysis of the identified low temperature sleet freezing events, they found that before the 81 

incident, the 300-hPa height had the biggest negative disturbance; however, there was also a 82 

negative temperature perturbation at 850-hPa. Wang Li et al. (2016) studied the relationship 83 

between persistent low-temperature rain-snow weather and synoptic scale transient 84 

disturbance in southern China based on comparative analysis of four typical low-temperature 85 

rain-snow years and high-temperature rain-snow years in January. They showed that strong 86 

synoptic scale transient disturbance over the Atlantic Ocean propagated downstream in a 87 

wave pattern over the Eurasian continent. The eastward dispersion of the fluctuating energy 88 

provides a steady stream of energy for the activities of the trough ridge downstream, which is 89 

beneficial to the maintenance of atmospheric baroclinic instability and continuous low-90 

temperature rain-snow weather in the southern region of China. In summary, the existing 91 

studies on the precursory signals of freezing rain and snow events are mostly qualitative 92 

studies for a few cases, and possible signals indicating the occurrence of the event have been 93 

proposed, including the atmospheric signals in the upstream and upper air during the freezing 94 

rain and snow mid-term process, as well as the signals of out-of-season SST and out-of-sea 95 

ice forcing. 96 

The 10–30-day extended-period forecast is the “forecast gap” between the conventional 97 

weather forecast and the short-term climate forecast, which plays an important role in the 98 

development of meteorological business and national economic services. It is not only a 99 

major research topic, but also an important development direction of the current forecast 100 

decision-making services (He Jinhai et al., 2013). Studies have shown that the atmospheric 101 

slow process in this period is the most predictable, and thus a large number of studies have 102 

focused on the extraction and prediction of these low-frequency variation signals. 103 

Nevertheless, there are still many precursor signals that have not been extracted (Jin Ronghua 104 

et al., 2010). Sun Xiaojuan et al. (2021) divided the persistent freezing rain and snow events 105 

in the history of South China into three categories, among which the events in Southwest 106 

China occurred at high frequency, had long duration and strong intensity. Therefore, this 107 

study aimed to systematically examine the causes of persistent freezing rain and snow events 108 

in southwest China and identify atmospheric signals in the extended-period before the events 109 

by using the atmospheric remote correlation theory. This understanding could be applied to 110 
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greatly improve the prediction ability of the extended period relating to freezing rain and 111 

snow events in southern China. 112 

2. methods 113 

a. Freezing index 114 

Station freezing days in southern China were defined as station daily mean temperature 115 

less than 1.0°C with the presence of precipitation. If the freezing days continue three days at 116 

least, the period is identified as a persistent freezing rain and snow weather event (Wang 117 

Haijun, 2008; Wang Lin, 2011). For each freezing rain and snow event, the freezing index Z 118 

can be calculated using the following equations: 119 

Iij,1= dij - dmin

dmax - dmin
                                                                                                                              (1) 120 

Iij,2= rij - rmin

rmax - rmin
                                                                                                                                (2) 121 

Iij,3= - tij - tmin

tmax - tmin
                                                                                                                               (3) 122 

Iij,4= - tlij - tlmin

tlmax - tlmin
                                                                                                                             (4) 123 

Zij= Iij,1

I1
+

Iij,2

I2
+

Iij,3

I3
+

Iij,4

I4
                                                                                                                (5) 124 

where d is the duration of the weather conditions in days; i is the sequence number of 125 

stations; j is the sequence number of freezing rain and snow events; dmax and dmin are the 126 

maximum and minimum weather duration of the weather conditions in days for all events, 127 

respectively; r is the total precipitation during the event; and rmax and rmin are the 128 

maximum and minimum total precipitation across all events, respectively; tis the average 129 

temperature of the event; tmax and tmin are the highest and lowest average temperature 130 

across all events, respectively; tl is the minimum temperature of the event; and tlmax and 131 tlmin are the highest and lowest event minimum temperatures across all events, respectively. 132 

 Iij,1, Iij,2, Iij,3, Iij,4, are the average values of four factors, include freezing persistent 133 

days, total precipitation, average temperature and minimum temperature, respectively. Zij is 134 

the comprehensive freezing weather process index in South China (abbreviated as freezing 135 
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index). Using Zij to calculate the annual average can obtain an annual series of freezing 136 

index, as Z. 137 

 In this paper, this method was used to calculate the winter freezing index in southwest 138 

China (100°E–110°E, 22.5°N–32.5°N) and obtain the southwest China regional average 139 

annual series, ZSW, which was used to characterize the intensity of freezing rain and snow 140 

events in southwest China in winter during 1951–2017. In addition, the strong years and 141 

processes of freezing rain and snow events were screened (Table 1), where start date was 142 

defined as the first date in which at least 20% of stations in southwest China suffer from 143 

freezing rain and snow events and the end date is the day before the number of freezing 144 

stations in the southwest region decreases to less than 20% during an event. The outbreak 145 

date is a day in which the total number of freezing affected stations reaches the peak. The 13 146 

strong freezing rain and snow events in southwest China generally lasted for an average of 147 

about 17.5 days, and most of the events occurred in January and February of the following 148 

year after December. On the outbreak day of the event, the precipitation in southern China 149 

was exceptionally high (FIG 1). 150 

Start End Outbreak 
Duration 

(days) 

Freezing 

index 

1954-12-23 1955-01-06 1954-12-28 15 25 

1956-01-18 1956-02-04 1956-01-30 16 24 

1957-02-08 1957-02-28 1957-02-20 21 32 

1958-02-03 1958-02-21 1958-02-05 19 31 

1959-02-14 1959-02-28 1959-02-16 15 25 

1968-01-29 1968-02-13 1968-02-05 16 24 

1972-02-01 1972-02-10 1972-02-03 10 24 

1982-02-03 1982-02-16 1982-02-05 14 23 

1984-01-15 1984-02-12 1984-01-16 29 44 

1995-02-13 1995-02-28 1995-02-19 16 21 

2000-01-24 2000-02-05 2000-01-28 13 20 
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2000-02-19 2000-02-29 2000-02-25 11 21 

2008-01-12 2008-02-14 2008-01-13 33 59 

Table 1 Strong persistent freezing rain and snow events in southwest China in winters of 151 

1951–2017. 152 

 153 

Fig. 1. Anomalous precipitation in southwest China indicating strong persistent freezing 154 

rain and snow events. 155 

b. Station PT index 156 

Station PT index (precipitation and temperature index) (Zhang, 2011) is the difference 157 

between precipitation and temperature after standardization, which emphasizes the equal 158 

importance of precipitation and temperature. It was determined as follows: 159 

PTi = 
Pi-p̅
ps

 - 
Ti-T̅
Ts

                                                                                                                           (6) 160 

where Pi and Ti are the average monthly precipitation and surface temperature in southern 161 

China, respectively; p̅ and T are the average precipitation and temperature in the same 162 

period of history, respectively; and ps and Ts are the standard deviations of precipitation 163 

and temperature in the same period of history, respectively. In this paper, the method was 164 

modified to: 165 

PTij=
Pij-p̅

ps
-
Tij-T̅

Ts
                                                                                                                            (7) 166 

where Pij and Tij are the daily precipitation and surface temperature at Station j on Day 167 

i, respectively; p̅ and T̅ are the average of precipitation and temperature in the same period 168 
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of history, respectively; and ps and Ts are the standard deviation of precipitation and 169 

temperature in the same period of history, respectively. Here, PTij index is used in to 170 

represent the intensity of precipitation and temperature change during a freezing rain and 171 

snow event. 172 

c. Mongolia high pressure circulation index 173 

The Mongolian high pressure intensity index P, area index S and central position index 174 

(λc, φc) were calculated according to the universal definition method for a circulation index 175 

of closed pressure system proposed by Wang Panxing et al. (2007) and the set of Mongolian 176 

high pressure circulation indexes defined by Liu Qingqing et al. (2011). For the 1000 hPa 177 

isobaric surface in the number t year, for year t where t is 1951 to 2017, the three circulation 178 

indexes of the Mongolian high were identified as follows: (1) the area index S(t) is the area 179 

of the region, which is surrounded by a computational field D(t) in a sphere of unit radius 180 

search area Ω; (2) intensity index P(t) is defined as the surface integral of geopotential 181 

height difference ∆H(t)=H(t)-f0 in the D(t); and (3) the center position index (λc(t)，φc(t)) 182 

is the latitude and longitude of the gravity field center corresponding to ∆H(t) over the 183 

region D(t). Liu Qingqing (2011) showed that the search area Ω used in the calculation of 184 

Mongolian high pressure is 60°E–130°E and 20°N–70°N. The characteristic contour 185 

(December–February) is f0 = 220 gpm. 186 

 187 

 188 



9 

File generated with AMS Word template 2.0 

Fig. 2. Mongolian high pressure search area Ω and the winter characteristic contour 189 

f0 = 220gpm from 1951 to 2017 190 

3. Definition of the key combined anomalies index 191 

Studies have shown that the cooling process in southwest China in winter is significantly 192 

controlled by the Mongolian high-pressure activities (Sun Xiaojuan et al., 2010), while 193 

precipitation is closely related to the activities of the south branch trough (Qin Jian et al., 194 

1991; Suo Miaoqing and Ding Yihui, 2009). The previous study (Ma Juhui et al., 2008) 195 

showed that during the persistent freezing rain and snow event in southwest China, the 196 

Mongolian high-pressure activity was abnormal, its intensity was strongly enhanced, and the 197 

location was more easterly and southward. The intensity of the south trough was significantly 198 

enhanced, which increased activity of the water vapor transport in the south. The variation 199 

trend of the intensity index of the south trough before and after the outbreak of the event is 200 

similar to that of the Mongolian high-pressure intensity index. The average Mongolian high 201 

strength index, north-south position index, and south trough strength index during events 202 

were determined for the 13 strong persistent freezing rain and snow events in southwest 203 

China screened above. The results show that the southern trough activity was significantly 204 

stronger than the climate state during 12 of the 13 events. In 7 of the 13 events, the 205 

Mongolian high-pressure intensity was stronger (Fig. 3a), and in 6 of the 13 events, the 206 

Mongolian high-pressure intensity was slightly weaker than the climate state. However, 207 

during these events, the position index of the Mongolian high was more southward than the 208 

climatic average because the abnormal southward oscillation of the Mongolian high is also 209 

conducive to the southward transport of cold air (Fig. 3b). Ma Juhui et al. (2008) studied the 210 

characteristics of high-pressure activity in Mongolia during the occurrence of low 211 

temperature freezing injury in southern China in early 2008 and showed similar conclusions. 212 
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 213 

Fig. 3. Thirteen Southwest China strong persistent freezing rain and snow events, (a) 214 

Mongolia high pressure (MHO) intensity and south branch trough (SBT) intensity index; (b) 215 

Mongolia high pressure (MHO)intensity and north-south position (Sita) index. 216 

 Based on the Mongolian high pressure intensity index in winter, the latitude index of the 217 

Mongolian high and the intensity index of the southern branch trough to return to the annual 218 

freezing index (Equation 3.1), the combination index of annual anomalies of the Mongolian 219 

high and the southern branch trough in winter were established. The index obtained after 220 

regression has a good fit with the freezing index, with a correlation coefficient of 0.720 (Fig. 221 

4a). The anomaly combination index of Mongolia high pressure and south branch trough 222 

(hereinafter referred to as the key combined anomalies index PCA) is as follows: 223 

PCA = 0.48P’̃
MHO + 0.16P’̃

Sita + 0.61P’̃
SBT                                       (8) 224 

where PMHO is the Mongolia High Pressure Intensity Index, the surface integral of 225 

geopotential height difference ∆H(t)=H(t) −  f0 in the D(t), which is in the unit radius of 226 

sphere search area Ω. The north–south position index of Mongolian high PSita is the latitude 227 

and longitude of gravity field center corresponding to ∆H(t) over the region D(t). South 228 

branch index PSBT is the average geopotential height from northern Bay of Bengal to 229 

southern Qinghai–Tibetan Plateau at 700 hPa (Suo Miaoqing, Ding Yihui, 2009). To 230 

facilitate the expression, the latitude index PSita and the index PSBT of the Mongolian high 231 

are negative of the original index. The larger the value of PSita, the more southward the 232 

Mongolian high, and the larger the value of PSBT, the stronger the southern trough. 233 
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 Among the 13 strong persistent freezing rain and snow events in southwest China, the 234 

average key combined anomalies index of 12 of the 13 events was stronger than the climate 235 

state (Fig. 4b). The index characteristics of key combination anomaly synthesized on a daily 236 

basis showed that the index significantly increased 6 days after the outbreak of the leading 237 

event, reached the peak one day after the outbreak of the event, and was then maintained at a 238 

high level for more than 10 days. This is consistent with the occurrence and maintenance time 239 

variation characteristics of strong persistent frozen rain and snow events (Fig. 4c). 240 

 241 

Fig. 4. (a) Southwest China winter freezing index and the combined anomalies index during 242 

1951–2017, (b) the anomaly of the combined anomalies index of the 13 strong persistent 243 

freezing rain and snow events in southwest China, and (c) the average of the combined 244 

anomalies index during the 13 events. 245 

To further verify the characterization ability of the key combined anomalies index 246 

established above on the cooling and precipitation process in southwest China, the daily key 247 

combined anomalies index and the average daily PT index in southwest China were used to 248 

calculate the correlation coefficient (Table 2). A positive correlation was observed between 249 
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the daily key combined anomalies index and the daily mean PT index during the strong 250 

persistent freezing rain and snow events in southwest China, of which 9 of the 13 events were 251 

significantly positively correlated.  252 

Therefore, the key combined anomalies index, established by the Mongolian high 253 

pressure intensity index, Mongolian high latitude index and southern trough intensity index, 254 

can better characterize the cooling and precipitation process in southwest China during the 255 

strong persistent freezing rain and snow events. A significant increase in the key combined 256 

anomalies index in the same period indicates that the Mongolian high is stronger in intensity 257 

and more southerly in location, and the southern trough is more active. In this case, it is more 258 

likely that strong persistent freezing rain and snow weather will occur in southwest China. 259 

When the index is weak, the southwest of China has high temperature and less precipitation, 260 

and persistent freezing rain and snow weather are less likely. 261 

Lag 

Year 

lag 6 

days 

lag 5 

days 

lag 4 

days 

lag 3 

days 

lag 2 

days 

lag 1 

day 

lag 0 

day 

1954 0.467* 0.572* 0.705* 0.757* 0.728* 0.613* 0.473* 

1955 −0.025 0.142 0.220 0.334* 0.649* 0.831* 0.715* 

1956 0.125 0.440* 0.510* 0.286 0.000 0.237 0.612* 

1957 −0.350 −0.070 −0.039 0.131 0.259 0.449* 0.775* 

1958 0.095 −0.305 0.016 0.043 0.156 0.350 0.443* 

1967 0.170 0.383 0.306 0.367 0.315 0.172 0.188 

1971 −0.294 −0.293 0.063 0.481 0.367 −0.040 0.131 

1981 −0.393 −0.055 0.392 0.221 −0.226 0.071 0.682* 

1983 −0.366 −0.293 −0.126 0.036 0.030 0.106 0.355* 
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1994 −0.116 −0.094 −0.011 0.078 0.013 0.140 0.285 

1999 0.003 0.097 0.149 0.033 0.325 0.691* 0.719* 

1999 0.418 0.451 0.529 0.585* 0.414 0.196 −0.034 

2007 0.332* 0.328* 0.269 0.226 0.307* 0.424* 0.455* 

Table 2 Time lag correlation coefficient between combined anomaly index and PT index 262 

in southwest China. *Signifies passing the significance test of α = 0.1. 263 

The above discussion reveals that the key combined anomalies index PCA can be 264 

established by using the multiple linear regression method and Mongolia high intensity index, 265 

latitude index and south branch trough intensity index. The Pearson correlation method was 266 

used to examine the characteristics of key anomaly combination index PCA for the cooling 267 

and precipitation process in southwest China. It was found that the PCA of the same period 268 

three solstices ahead had a good positive correlation with the PT index in south China, and 269 

thus when PCA increases (decreases), the Mongolian high is stronger (weaker) and positioned 270 

more southward (northward) and the southern trough is stronger (weaker), which is 271 

conducive to the cooling (warming) and increasing (weakening) of precipitation in southwest 272 

China. In conclusion, the key combined anomalies index PCA can be used as a link to explore 273 

the precursor signals of persistent freezing rain and snow events in southwest China and lay a 274 

foundation for improving the ability of intra-season and short-term climate prediction of 275 

events. 276 

4. Analysis of the forecast signal of strong persistent freezing rain and snow 277 

events in southwest China 278 

a. Relationship between height field and key anomaly combinations in upstream areas within 279 

seasons 280 

Among the 13 strong persistent freezing rain and snow events in southwest China 281 

screened above, the key combined anomalies index of 9 events had a good ability to 282 

characterize the cooling precipitation in southwest China in the same period. Therefore, the 283 

correlation between the key combined anomalies index of these nine events and the previous 284 
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height field was used to explore the intra-seasonal signals of strong persistent freezing rain 285 

and snow events in southwest China. 286 

Fig. 5 shows the time-delay correlation between the exponent and the 1000-hPa height 287 

field. The low geopotential height of Iceland in the leading index from 15–20 days showed a 288 

significant negative correlation with the index during the same period, whereas the middle 289 

and low latitudes of the North Atlantic showed a significant positive correlation center (Fig. 290 

5a, b). In addition, there was a significant positive correlation in the Black and Caspian Sea 291 

region, which gradually strengthened over time (Fig. 5b). On the 10th day of the lead index, 292 

the negative correlation area in the west of Iceland at high latitude moved eastward to the sea 293 

to the east of Iceland, the positive correlation center in the North Atlantic at middle latitude 294 

moved to Western Europe, and the positive correlation center in the Caspian Sea moved 295 

northeast (Fig. 5c). During the following 5 days, the negative correlation between the North 296 

Atlantic and Europe in high latitude decreased, and the Asian continent showed a significant 297 

high positive correlation over a large range (Fig. 5d). In the same period, the index was 298 

significantly positively correlated with the 1000-hPa Mongolian high and negatively 299 

correlated with the geopotential height of the East Asian subtropical region (Fig. 5e). In 300 

addition, the time-delay correlation between the height fields of 500-hPa, 200-hPa and the 301 

key anomaly combination index was calculated, and the results are similar to those for 1000-302 

hPa. 303 

Therefore, a low 1000-hPa geopotential height of Iceland in the upper reaches of the 304 

Eurasian continent may lead to a larger key anomaly combination index in the lower reaches 305 

of the Eurasian continent in the later stage. A high 1000-hPa geopotential height of the mid-306 

latitude North Atlantic, Europe and the Caspian Sea in the upper upstream in the early stage 307 

may also increase the key anomaly combination index of lower Eurasia in the later stage (Fig. 308 

6). 309 
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 310 

Fig. 5. The delay-dependent between the 1000-hPa height field and the combined 311 

anomalies index for a lag of (a) 20 days, (b) 15 days, (c) 10 days, (d) 5 days and (e) 0 days. 312 

 313 

 314 

Fig. 6 The relationship between the combined anomalies index and the anomaly of the 315 

average geopotential height in the upstream key area, and its linear regression during nine 316 

southwest China strong persistent freezing rain and snow events based on (a) the Iceland area 317 

(60°N–80°N, 10°W–50°W), (b) the mid-latitude Atlantic (25°N–45°N, 20°W–60°W) and (c) 318 

the Caspian sea region (30°N–50°N, 30°E–70°E). 319 

b. Influence mechanism of intra-seasonal precursory signal on freezing rain and snow events 320 
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The key regions of the upper North Atlantic and Europe geopotential height that 321 

determined by the time-delay correlation method may be related to the key anomaly 322 

combination index. Therefore, the surface geopotential height near Iceland was reduced, 15–323 

20 days ahead of the upstream, and the surface geopotential height over the North Atlantic in 324 

mid-latitude and Europe to the Caspian Sea was higher. This caused the downstream 325 

Mongolian high to strengthen and move southward, as well as the deepening of the south 326 

branch trough. To further study the physical mechanism of the height correlation between the 327 

upstream and downstream ground potential, the height disturbance and T-N wave flux are 328 

shown in Fig. 7. 329 

Twenty days before the outbreak of the event, there was a strong negative height 330 

disturbance near Iceland in the upper troposphere, and a positive height disturbance in the 331 

mid-latitude North Atlantic (Fig. 7a). The polar vortex in the polar region was strengthened in 332 

the upper air from North America to the North Atlantic, and abnormal high pressure 333 

developed along the North American coast in the mid-latitude Atlantic. After the circulation 334 

shaped development trough, the northwest airflow guided the transport and accumulation of 335 

cold air from the high latitude area of North America to the mid-latitude North Atlantic, 336 

creating a positive anomaly at the geopotential height of the whole layer in this region 20 337 

days or so before the outbreak of the leading event (Fig. 8b). In addition, because of the 338 

significant enhancement of the polar vortex, the disturbance energy from the negative 339 

geopotential height from Greenland to Iceland was transmitted down to the ground in the 340 

earlier stage (Fig. 8a). At the same time, the clear positive geopotential height disturbance 341 

over Europe (Fig. 7a, b) indicates that the development of the high-pressure ridge in this 342 

region increases the transport of cold air from the Barents Sea to Southeast and Eastern 343 

Europe. Like the development of geopotential height over the North Atlantic, the surface cold 344 

air mass accumulates over the Black Sea and the Caspian Sea (Fig. 8c). Then, 5-10 days 345 

before the events, the North Atlantic long wave train developed downstream, and the 346 

negative geopotential height disturbance center moved eastward over Europe, and the 347 

positive geopotential height disturbance center moved to the Ural Mountains area (Fig. 7c, d). 348 

Long wave disturbance energy along the north and south two downstream expedited axial 349 

dispersion, the northern branch wave train later developed between the Ural Mountains and 350 

Lake Baikal ridge, thus strengthening the Mongolian high (Fig. 7e). The increase of high-351 

level meridional circulation in east Asia guided polar cold air from the Siberia key area near 352 

the Barents sea, where it accumulated, causing the east Asian trough to deepen. The south 353 
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branch wave train to the downstream of the dispersion of wave energy deepened the late 354 

southern trough over the Arabian peninsula and the bay of Bengal, and the early stage of the 355 

upper latitude (Iceland) negative geopotential height caused disturbance along the path from 356 

Europe through the Caspian sea and the Arabian peninsula to India. The disturbance moved 357 

downstream through the low latitudes, eventually leading to the negative geopotential height 358 

anomaly in the southern trough area on the event day. 359 

Most of the strong persistent freezing rain and snow events in southwest China were 360 

anomalously strong from North America to the North Atlantic polar vortex at high latitudes 361 

in the upstream areas 15–20 days before the events occurred, and ridges developed over the 362 

west Atlantic Ocean at mid-latitude and over Europe. Under the influence of these 363 

disturbances, the geopotential height near Iceland decreased at 1000-hPa, and the 364 

geopotential height in the North Atlantic and the Black Sea and Caspian Sea increased at 365 

mid-latitude. The geopotential height response at the surface was significantly correlated with 366 

the key anomaly combination index established by the south branch of the Mongolian high 367 

downstream. Overall, the high field disturbance signal in the upstream areas enhanced the 368 

high pressure in the downstream parts of Mongolia and deepened the south trough through 369 

the interaction of wave and current, finally resulting in the strong persistent freezing rain and 370 

snow events in southwest China.  371 

 372 

Fig. 7. 300-hPa geopotential height (contour, unit: gpm), geopotential height anomaly 373 

(colored, unit: 106 m2/s) and T-N wave flux (vector, unit: m2/s2) during strong persistent 374 

freezing rain and snow events in southwest China for a lag of (a) 20 days, (b) 15 days, (c) 10 375 

days, (d) 5 days and (e) 0 days. 376 
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 377 

 378 

Fig. 8. Upstream critical area average geopotential height disturbance height-time profile 379 

during southwest China strong persistent freezing rain and snow events based on (a) the 380 

Iceland area, (b) the mid-latitude Atlantic and (c) the Caspian Sea region. 381 

c. Definition of the intra-seasonal forecast index 382 

Based on the key anomaly combination index of nine strong persistent freezing rain and 383 

snow events in southwest China and the height anomaly of three key upstream regions 384 

(Iceland, the North Atlantic and the Caspian Sea) 15 days ahead and the regression results, 385 

the following equation was obtained: 386 

If=-0.37H’̃
IL+0.22H’̃

NA+0.31H’̃
CS                                                                                                 (8) 387 

where H’̃
NA, H’̃

NA and H’̃
CS are respectively three normalized height anomaly 388 

sequences in the key region (Iceland, the North Atlantic and the Caspian Sea) of upstream 389 

early signals, and If is the Intra-seasonal forecast index. The fitting degree of the regression 390 

equation is high, and the correlation coefficient passes the significance test of α = 0.01 (Fig. 391 

9). The results show that, except for the winter events in 1981 and 2007, the PT index in 392 

southwest China is positively correlated with the intra-seasonal prediction index established 393 

by the high disturbance in the upstream key areas 16 days or later during seven of the nine 394 

strong persistent freezing rain and snow events in southwest China, of which five of the nine 395 

events are significant (Table 3). This indicates that the new index derived in this paper can be 396 
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used to predict most of the strong persistent freezing rain and snow events in southwest China 397 

caused by the combination of the Mongolian high and the south trough anomaly. However, 398 

for some persistent freezing rain and snow events (winter 1981 and winter 2007), the new 399 

index has a weak ability to predict, which may be because there are other key factors besides 400 

the Mongolian high and south trough, for example, some studies have shown that the 2007 401 

event subtropical high also showed abnormal activities, but this is not considered specifically 402 

in the current research and thus needs to be further studied. 403 

 404 

Fig. 9. The combined anomalies index and extended intra-seasonal prediction index at a lag 405 

of 16 days. Red dotted lines separate the nine events 406 

 407 

Lag 

Year 
−20 −19 −18 −17 −16 −15 

1954 −0.312 0.156 0.582* 0.722* 0.558* 0.328 

1955 0.442* 0.624* 0.682* 0.654* 0.556* 0.333* 

1956 0.229 0.014 −0.029 −0.009 0.026 0.241 

1957 0.181 −0.212 −0.499 −0.384 0.475 0.667* 

1958 0.353* 0.486* 0.432* 0.395* 0.409* 0.379* 

1981 0.135 −0.046 −0.378 −0.436 −0.434 −0.532 

1983 −0.474 −0.147 0.284 0.240 −0.081 −0.252 

1999 0.257 0.289 0.384 0.474 0.541* 0.407 

2007 −0.174 −0.121 −0.102 −0.162 −0.215 −0.160 
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Table 3 Correlation coefficient between intra-seasonal prediction index and PT index in 408 

southwest China. *Signifies passing the significance test of α = 0.1. 409 

d. summary 410 

During the 15–20 days prior to the event (1000 hPa), the height fields of the North 411 

Atlantic, Iceland and the Caspian Sea in the middle latitudes showed significant positive, 412 

negative and positive correlations with the key anomaly combination indexes, respectively. 413 

The phase of the wave train in the upstream region continued to propagate to the downstream 414 

region before the event occurred, while its wave energy kept dispersing to the downstream, 415 

causing the Ural high pressure ridge in the downstream region to develop and be maintained 416 

into the later period. On the ground, the enhancement of the Mongolian high pressure and the 417 

deepening and maintenance of the south branch trough occurred (Fig. 9), eventually leading 418 

to a persistent freezing rain and snow event in southwest China. Based on multiple linear 419 

regression and the height anomaly of the key anomaly combination index of strong persistent 420 

freezing rain and snow events in southwest China and the three key regions (Iceland, the 421 

North Atlantic and the Caspian Sea) 16 days ahead of the key anomaly combination index, 422 

the intra-season prediction index If was calculated. At around 15 days in advance, If is 423 

significantly correlated with the PT index of the most persistent freezing rain and snow 424 

events in southwest China, indicating that the precipitation cooling process can be 425 

characterized by the key anomaly combination index. Therefore, If is able to predict 426 

Mongolian high southern trough combination anomalies caused by continuous freezing rain 427 

and snow events in southwest China. 428 

5. Discussion 429 

In this study, we screened 13 strong freezing rain and snow events (100°E–110°E, 430 

22.5°N–32.5°N) in the southwest region of southern China during the winter of 1951–2017 431 

and explored the seasonal precursor signals for these events. The main conclusions are as 432 

follows: (1) it is possible to build a key anomaly combination index using the Mongolian 433 

high strength index, location index and the southern trough intensity index. At 3 to 0 days in 434 

advance, the key anomaly combination index and the southern China PT index showed a 435 

good positive correlation, and the key anomaly combination index can be used as a precursor 436 

to explore the sustainability of the freezing rain and snow events in the southwest signal. (2) 437 

On the surface of the North Atlantic, Iceland and Caspian Sea at mid-latitude (1000 hPa) 438 
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during the 15–20 days prior to the event, the height fields of the three key regions showed 439 

significant positive, negative and positive correlations with the key anomaly combination 440 

indexes, respectively. At 15–20 days before the occurrence of most of the southwest type of 441 

strong persistent freezing rain and snow events, the upstream high latitude North America to 442 

North Atlantic polar vortex was abnormally strong, and the mid-latitude west Atlantic Ocean 443 

and Europe, respectively, showed ridge development. Under the influence of this disturbance, 444 

the geopotential height near Iceland decreased at 1000 hPa, and the geopotential height in the 445 

North Atlantic and the Black Sea and the Caspian Sea increased at mid-latitude. The 446 

geopotential height response at the surface was significantly correlated with the key anomaly 447 

combination index established by the south branch of the Mongolian high downstream. The 448 

high disturbance signal in the upstream enhanced the Mongolian high pressure and deepened 449 

the southern trough in the downstream through the wave–current interaction, finally resulting 450 

in the strong persistent freezing rain and snow event in the southwest. (3) Using the multiple 451 

linear regression method, the intra-season forecast index 𝐼𝑓 can be established according to 452 

the average geopotential height of key regions and the combination index of key anomalies 453 

16 days ahead of the event. There was a negative correlation between 𝐼𝑓 index and the 454 

average PT index of southwest China, which could have important applications in seasonal 455 

forecasting. 456 

In this paper, the key anomaly combination index was established by using the 457 

significant anomaly influencing system (Mongolia high, southern trough) in the occurrence of 458 

persistent freezing rain and snow events in southwest China, which was used as the link to 459 

explore the precursor signals of persistent freezing rain and snow events. However, this 460 

research did not consider whether the index is universal to the persistent freezing rain and 461 

snow events in other regions of China. Therefore, to systematically discuss the precursor 462 

signals of persistent freezing rain and snow events in southern China, it is necessary to further 463 

verify the ability of the index to represent the cooling and precipitation process of persistent 464 

freezing rain and snow events in other parts of southern China. It was also found in this study 465 

that not all the key abnormal combination indices of strong persistent freezing rain and snow 466 

processes in southwest China can accurately represent the cooling and precipitation 467 

processes, which may be related to the significant influence of other circulation systems on 468 

such events. In addition, the assessment of precursor signals was limited to the medium-term 469 

process signals 10–20 days ahead of the event. Many studies have shown that the abnormal 470 

signal of temperature and precipitation in winter in China can be traced back to abnormal 471 
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external forcing factors such as SST and sea ice in the previous spring, summer and autumn, 472 

and thus future research is needed to further improve understanding of the precursor signals 473 

of persistent freezing rain and snow events in southwest China. 474 
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