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The prompt, wide, and effective dissemination of warnings through early warning systems can allows more valuable time for disaster prevention and mitigation. However, due to the limited resources and channel bandwidth of early warning systems, the most urgent warnings may be delayed released when there are multiple pending warnings. To solve this problem, a prioritization algorithm for multi-hazard warning release is proposed. We identified several important attributes of warnings through the analysis of historical data and standardized them, resulting in six priority indicators for early warning issuance. By using entropy method to weight these indicators and combining them into a priority score, the priority of the warning is determined. We conducted retrospective tests on a list of pending warnings that occurred in Guangdong Province on 15 December 2023 and a list of pending warnings that occurred in Jiangxi Province on 23 March 2023. The results showed that this provides an effective method for managing queue systems. In the case of multiple warnings queued to be issued, it can provide an objective and quantitative queuing basis, avoiding biased conclusions drawn from artificial weighted calculation method or single attribute calculations. The algorithm is proved to be indicative when the abnormal warnings occur and improve the timeliness of emergency warning release. In a specific instance, there may be identical values for a certain attribute, resulting in the same score for the indicator determined based on that attribute, and consequently, that indicator does not play a role in the algorithm.we can omit that indicator from the formula to reduce computational load.
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1 INTRODUCTION
In the context of global warming (Climate Change Center of China Meteorological Administration, 2023; IPCC, 2023a; WMO, 2023b), extreme weather events such as high temperatures, heatwaves, heavy rainfall, typhoons, and blizzards are on the rise (Shakoor et al., 2022; Huihui et al., 2023; Bubeck et al., 2019; Zhu et al., 2021), leading to increasingly severe disasters and impacts (WMO, 2023a; WMO, 2021; CRED, 2023). The prompt, wide, and effective issue of warnings to organizations and citizens in areas where disasters may occur through early warning systems (United Nations Office for Disaster Risk Reduction and World Meteorological Organization, 2023) plays significant role in adapting to climate change. The Secretary-General of the United Nations released the Early Warnings for All Executive Action Plan at the UNFCCC COP27 (United Nations Framework Convention on Climate Change Conference of the Parties 27th session) meeting, calling on the United Nations and over 150 relevant organizations worldwide to take action to provide early warning to everyone on Earth by the end of 2027 to combat increasingly extreme and dangerous weather (WMO, 2023; ESCAP, 2023a; IPCC, 2023b). The timely release of early warning not only allows more valuable time for disaster prevention and reduction but also is important in ensuring public safety and maintaining social stability (UNDRR, 2023a; Cao et al., 2021). The main dissemination channels include SMS (Short Message Service), radio, television, Twitter, display screens, websites, Weibo, WeChat, apps, Beidou, etc., (WMO, 2013; Yunyin et al., 2019).Using SMS to disseminate warnings will take much longer time if the audience size is large (Gao et al., 2012). For example, the SMS green channel in Jiangsu Province can send up to 8000 messages by second (Shi, 2012), ranking first in China. However, when the SMS green channel is launched, the target audience reached 4.7 million people in Jiangsu Province, and it will take at least 10 min to complete the transmission. To solve the priority problem of issuing one piece of warning to multiple affected areas, a refined emergency early warning releasing method based on crowd density by SMS was proposed (Cao and Liu, 2018). This method classifies the priority levels of each urban area according to crowd density, and then areas with higher crowd density will have priority access to warning messages. Liu et al. (2021) proposed a warning transmission method, which defines the areas covered by warnings as multiple disaster-bearing entities. Based on the secondary and derivative levels of the disaster, the degree of the disaster exposure for each entity will be estimated. Consequently, the disaster-bearing entities are in a priority order.To solve the problem of a single warning being disseminated to multiple recipients, Xiao (2013) established the hierarchy of the audience types and disaster areas, developing the priority order of the warning recipients based on the degree of disaster exposure and the hierarchy of the audience types.
The above studies have effectively explored the priority of warning release and achieved positive results. However, those studies draw attention to the priority of the audience when one piece of warning is released, instead of focusing on the priority order among multiple warnings. Currently, most early warning systems in China tend to adopt a method of “the first submitted warnings releasing first”, that is to say, the warnings release only depends on when they hit the system (Chen et al., 2019). The pending warning has to be in line if the previous warning release takes longer time, which may lead to the delay of urgent warning release, or even is resulted in significant economic losses and casualties in extreme cases. Additionally, some early warning systems use the severity of the warning as the priority when issuing warnings, but the problem is that the prioritization is typically applied when the event types of warning are the same. For warnings of different event types, they are often prioritized depending on the time they hit the system or relying on subjective human prioritization (Liu and Chen, 2016). When multiple warnings are ready to be issued, to determine their release priority, we should take warning attributes into consideration, such as the event type, the severity, the sent time, the effective time, the expiry time, and the sender (China Meteorological Administration, 2008; National Early Warning Information Release Center, 2015; State Council, 2024). For example, in the northwestern region of China, when an “extreme” warning for strong winds (the event type is strong winds and the severity is “extreme”) and a severe warning for heavy rain (the event type is heavy rain and the severity is “severe”) are issued at the same time. The severe warning of heavy rain might be priotritized even though the warning of strong winds has a higher severity level. The reason is the local government has years of experience preventing strong winds (Qian, 2009; Su et al., 2012), while heavy rain happens less frequently, a severe warning for heavy rain might sometimes reach the defense extreme (Han et al., 2019; Huang et al., 2019; Pan et al., 2021). However, there is no such an objective and quantitative ranking method to horizontal compare between multiple warnings considering the attributes of warnings comprehensively.
To address this problem, this paper proposes a multi-hazard warning release priority algorithm. Starts from the early warning, the algorithm standardizes the attributes of various dimensional of the warning based on historical data analysis, so that they can be compared in the same dimension. When there are multiple pending warnings to be released, this priority algorithm can provide an objective and quantitative basis for prioritization, ensuring that warnings with higher priority will be released first, thereby further enhancing the effectiveness of disaster prevention and mitigation efforts.
2 DATA
An early warning message is composed of the following attributes: a unique identifier, sender, senderCode, sendTime, status, msgType, source, scope, restriction, addresses, code, secClassification, note, references, Language, category, eventType, responseType, urgency, severity, certainty, audience, eventCode, effective, onset, expires, senderName, headline, description, Instructions, area, resource, etc., (General Administration of Quality Supervision, 2018). The eventType denotes the type of the subject event of the warning message. The severity denotes the severity of the subject event of the warning message. The msgType denotes the natures of the warning message, which are Alert, Update, or Cancel. Alert represents initial information requiring attention by targeted recipients. Update represents that the earlier message identified in references get updated or are superseded. Cancel represents the cancellation of the earlier message identified in references (ITU, 2023). Update is further subdivided into Upgrade, Downgrade, and Continue. Upgrade indicates that the severity of the earlier message identified in references is increasing. Downgrade indicates that the severity of the earlier message identified in references is decreasing. Continue means that the severity of the earlier message identified in references has not changed (Shen et al., 2022; Baike Baidu, 2024).
The data used in this paper is sourced from the early warning system of the China Meteorological Administration, covering the entire year of 2023. To ensure data quality and algorithm accuracy, we have established strict data filtering standards. Specifically, Given the presence of testing warnings in the original dataset, which may interfere with the accuracy of algorithm results, data filtering rules were established to remove all testing warnings. On this basis, by performing uniqueness verification on the identifier field in the dataset and using data deduplication algorithm to further eliminate duplicate records, a warning dataset containing 676157 valid records was finally constructed.
Table 1 presents the distribution of warning messages in terms of severity and msgType released by the national meteorological departments in 2023. As can be seen from the table, the severity levels of warning messages are red, orange, yellow, and blue, and the number of warnings under each levels varies widely. The number of warnings at yellow level is the most, reaching 378,237, followed by warnings at blue. The red level warning has the lowest number of 10,648. In terms of msgTypes of warning release, there are Alert, Continue, Upgrade, Downgrade, and Cancel. The Alert has the highest number of releases, totaling 309,472, followed by Cancel, and the Upgrade has the least amount of warnings of 3,438.
TABLE 1 | Distribution of warnings in terms of severity and msgType in China in 2023.	msgType	Severity	Total
	Red	Orange	Yellow	Blue
	Alert	2105	38419	175975	92973	309472
	Continue	1425	10148	45096	22187	78856
	Upgrade	8	110	1769	1551	3438
	Downgrade	3906	13407	5675	339	23327
	Cancel	3204	34595	149722	73543	261064
	Total	10648	96679	378237	190593	676157


Figure 1A shows the distribution of warning messages released at the national and provincial levels in 2023. There is a significant variation in the number of warnings issued by different provinces, and there is no linear pattern. Provinces like Yunnan, Hebei, Guizhou, Jiangxi, Fujian, Neimenggu, and Henan issue a large number of warnings, all exceeding 30,000. On the other hand, Tibet, Tianjin, Shanghai, Beijing, Ningxia, Chongqing, and Hainan issue fewer warnings, all falling short of 10,000.
[image: Chart (A) shows the distribution of warning messages released at the national and provincial levels in China in 2023, categorized by color: blue, yellow, orange, and red. There is a significant variation in the number of warnings issued by different provinces. Chart (B) illustrates the distribution of various event types released in China in 2023. There were 46 event types issued, and the data for each event type shows a large disparity.]FIGURE 1 | Distribution of warnings in terms of sender and eventType in China in 2023, categorized by color: blue, yellow, orange, and red.The correspondence between eventType and eventCode (Henan Provincial Quality and Technical Supervision Bureau, 2011) is shown in Table 2. Figure 1B illustrates the distribution of various eventTypes released in China in 2023. As is demonstrated in the graph, there were 46 eventTypes issued in 2023. The data for each eventType shows a large disparity, some of which has a large number while others occurs quite a few, demonstrating an uneven distribution with significant differences. EventTypes such as landslide, agricultural disasters, mountain collapse were issued very rarely, the number of which is no more than 10. On the other hand, eventTypes like thunder, strong wind, heavy rain, fog, high temperature, thunderstorm with strong wind, icy road, cold wave, frost, hail were issued more frequently, all exceeding 10,000, and thunder and strong wind warnings both surpass 100,000.
TABLE 2 | The correspondence between eventType and eventCode.	eventCode	eventType	eventCode	eventType
	11A07	Flooding	11B38	Rain fall
	11A11	Flood risk in small and medium-sized rivers	11B39	Sharp temperature drop
	11A51	Mountain torrent disasters	11B48	Cooling
	11B01	Typhoon	11B50	Severe cold
	11B03	Torrential rain	11B52	Thunderstorm with strong wind in sea area
	11B04	Blizzard	11B53	Ocean fog
	11B05	Cold wave	11B54	Thunder in sea area
	11B06	Strong wind	11B58	Thunderstorm with strong wind
	11B07	Sandstorm	11B59	Continuous low temperature
	11B08	Frost damage due to low temperature	11B69	Meteorological conditions for colds and other respiratory diseases
	11B09	High temperature	11B72	Meteorological conditions for cardiovascular and cerebrovascular diseases
	11B14	Thunder	11B75	Urban inland inundation
	11B15	Hail	11B80	Intense monsoon
	11B16	Frost	11B81	Cable ice
	11B17	Fog	11B82	Meteorological risk of stroke
	11B19	Smog	11B99	Other disasters
	11B22	Drought	11D01	Landslide
	11B23	Strong wind in sea area	11D03	Mountain collapse
	11B25	Forest fire risk	11D08	Geological disasters
	11B27	Freezing	11F15	Agricultural disasters
	11B31	Severe convective weather	11J01	Icy road
	11B33	Heavy snow	11J02	Road fog
	11B34	Cold	12H07	Road traffic safety


3 METHODS
The priority of warning dissemination is intrinsically linked to the attributes of the warning. To establish an objective and quantitative methodology for determining the priority of multi-hazard warning dissemination, a systematic analysis of the values of all attributes of early warnings issued in China was conducted. Our analysis demonstrates that not all warning attributes influence the transmission priority, and furthermore, not all attributes maintain comparative significance.
Specifically, certain attributes serve functional roles without impacting prioritization. The “identifier” attribute serves solely as a unique number or string assigned by the sender to identify a warning. The “Language” attribute indicates the language code of the warning. The “note” attribute provides an explanation for the cancellation of the warning, while the “references” attribute lists the identifiers of warnings referenced in the current warning. The “senderName” attribute identifies the issuer of the warning. However, none of these attributes influence the transmission priority of the warning.
A number of attributes, including “source,” “scope,” “restriction,” “addresses,” “code,” “secClassification,” “category,” “responsiveType,” “certificate,” “urgency,” “Instructions,” and “resource,” are not required during the warning issuance process. As a result, these attributes consistently exhibit NULL values in the warning dataset, rendering them irrelevant for comparative analysis.
Other attributes, while providing specific information, either duplicate or can be derived from other attributes. For instance, the “description” attribute contains textual descriptions of the event, offering an extended human-readable explanation of the hazard or triggering event. However, this information can also be inferred from other attributes. Similarly, the “headline” attribute serves as the warning title but provides redundant information that can be obtained from other attributes. The “area” attribute, which denotes the geographic region affected by the warning, can be derived from the “sender” attribute. Likewise, the “senderCode” attribute duplicates the function of the “sender” attribute, while the “eventCode” attribute replicates the function of the “eventType” attribute. Finally, the “status” attribute, which indicates whether the warning is actual or a test, loses comparative significance since all values for this attribute are ‘actual.'
Through a systematic evaluation of these attributes, we identified the core attributes that are critical for determining warning propagation priority. These key attributes include “sender,” “SendTime,” “msgType,” “eventType,” “severity,” “effective,” “onset,” and “expires.” These attributes provide essential information for prioritization and represent the fundamental characteristics necessary for objective comparison in multi-hazard warning dissemination scenarios.
By removing the dimensions of the comparable attributes in the warning and standardizing and normalizing each attribute differently based on historical data analysis, we determine the priority indicators for the release of warnings. The weights of each indicator are determined through the entropy method (Xiong et al., 2013). In the case of multiple pending warnings, based on the Multi-Criteria Decision Analysis (MCDA) evaluation method (Xie et al., 2020), a weighted calculation of the warning priority indicators is conducted to obtain the comprehensive score of each warning. Finally, the release priority of each warning is determined according to the comprehensive score, ensuring that high-priority warnings are sent out automatically first. The specific priority algorithm for multi-hazard warning dissemination is as follows:
L′X=α1*EX+α2*TaX+α3*TcX+α4*SX+α5*GX(1)
LX=PX+L′X−L′Xi0≤i<nMinL′Xi0≤i<nMax−L′Xi0≤i<nMin(2)
L(X) represents the priority of warning X in the multi-hazard warning release queue; n represents the number of the pending warnings. L(X) is composed of various warning priority indicators and adjusted weight coefficients. The smaller the value of L(X), the higher the priority.
3.1 MCDA evaluation method
MCDA evaluation method is a decision support technology that comprehensively considers multiple attributes. By systematically evaluating and comparing the performance of different attributes, it helps decision makers make the best choice in complex decision-making situations. MCDA evaluation method has been widely used in various fields, such as engineering, environmental management, urban planning, economic evaluation and so on (Qiao et al., 2023; Dai et al., 2022; Zhang, 2009).
MCDA evaluation method first defines the decision objectives and identifies all relevant attributes that affect the decision. Next, quantifiable indicators are defined for each attribute. Then, the weight of each standard is determined through expert scoring, questionnaire or consistency discussion to reflect its relative importance. In the scoring stage, each indicator of each option is scored, which can be quantitative or qualitative. Finally, using the calculation formula (such as the weighted summation formula), the score of each indicator is multiplied by its weight and summed to obtain the comprehensive score of each option. According to the comprehensive score, the options are sorted, and the option with the highest score is selected as the optimal decision.
The specific calculation formula of MCDA varies with different methods and application scenarios, but a basic weighted summation formula can be summarized as follows:
S=∑i=1nWi×Si
S is the comprehensive score of an option, n is the number of indicators, Wi is the weight of the ith indicator, and Si is the score of the ith indicator of an option.
3.2 Early warning priority indicators
L(X) includes six early warning priority indicators, which are: P(X) represents the msgType indicator; E(X) represents the eventType indicator; Ta(X) is the indicator for the lead time of warning, which refers to the interval between the sent time and the expected occurrence time; Tc(X) is the indicator for the duration of warning, which refers to the interval between the expected occurrence time and the expected expiration time; S(X) represents the sender indicator; G(X) represents the severity indicator. The definitions of each warning priority indicator are as follows:
3.2.1 Indicator P(X)
According to historical experience, when issuing a Cancel warning, the impact of the disaster has already been resolved. Therefore, when there are Cancel warnings in the pending release list, their priority should be set to the lowest. When publishing an Alert or Upgrade warning, it indicates that the disaster may have impact or the impact may be escalated, and it is necessary to release the warning to the public as soon as possible. Therefore, their priority should be higher than others. For Continue or Downgrade warnings, although the disaster continues, the warning has already been released earlier and people are well acknowledged, so that the urgency of the release is not as high as that of the Alert or Upgrade. Therefore, their priority should be higher than that of the Cancel but lower than that of the Alert or Upgrade. Therefore, the indicator P(X) is set, as shown in Formula 3, with the smaller the value, the higher the priority. The indicator P(X) ensures that the Alert or Upgrade warnings are released first, followed by the Continue or Downgrade warnings, and finally the Cancel warnings.
PX=1 X is a Alert or Upgrade warning2 X is a Continue or Downgrade3 X is a Cancel warning(3)
3.2.2 Indicator E(X)
According to historical data, various eventTypes of warnings within a certain temporal and spatial range show significant differences in terms of statistics, some of which have very small values, while others are very large. Figure 2 illustrates the distribution of eventTypes by region in china in 2023. The figure shows that the distribution of eventTypes across regions is uneven and the differences are substantial. There is a wide variation in the eventTypes and number of warnings issued by different regions. In Guangdong Province, eventTypes such as heavy rain and thunderstorm with strong wind are issued more frequently, while eventTypes like icy road, mountain collapse, and strong monsoon are issued very rarely. In Jiangxi Province, thunder warnings are issued more often, while flood risk in small and medium-sized rivers, blizzard, forest fire risk, and agricultural disasters are issued very infrequently. Hebei Province sees a higher frequency of strong wind and thunder warnings, with forest fire risk and icy road being rarely issued. Heilongjiang Province issues strong wind, icy road and thunderstorm with strong wind more frequently. Yunnan Province has a higher occurrence of thunder, strong wind, heavy rain and geological disasters, with flood risk in small and medium-sized rivers and frost damage due to low temperature being less common. Shanxi Province issues strong wind, thunderstorm with strong wind, icy road, fog, and heavy rain more often, while eventTypes like freezing and frost damage due to low temperature are issued very rarely.
[image: Bar charts show the distribution of event types by event code in various Chinese regions in 2023: Guangdong, Jiangxi, Hebei, Heilongjiang, Yunnan, and Shanxi provinces. There is a wide variation in the event types and number of warnings issued by different regions.]FIGURE 2 | Distribution of various eventTypes of warning released by region in China in 2023.Based on historical experience, for common eventTypes, the prevention measures are in place due to rich experiences, and the losses caused by the events are correspondingly reduced. Therefore, the release priority for these eventTypes should be lower than that for eventTypes that have never appeared or rarely appeared. Therefore, the indicator E′(X) is set as shown in Formula 4. E′(X) represents the proportion of warnings of the eventType X in the total number of warnings. The smaller the value of E′(X), the higher the priority.
E′X=NUMeXeSUMeXi(4)
Xe represents the event type of warning X; NUMe(Xe) represents the number of warnings of the same event type as warning X within the statistical range; Xi represents warning i, SUMe(Xi) represents the total number of all warnings within the statistical range.
To avoid abnormal impacts on the calculation results due to extremely large or small values, the logarithmic function is used for standardization processing.
EX=log⁡NUMeXelog⁡SUMeXi(5)
If a eventType that has never appeared in a certain region, compared to Formula 4, the result value calculated through Formula 5 will sharply decrease, which can provide a good indication for abnormal eventTypes.
3.2.3 Indicator Ta(X)
According to the time effect requirements of early warning, the smaller the lead time of warning, the higher the priority for releasing. Therefore, setting the indicator Ta(x), as shown in Formula 8, the smaller the value of Ta(x), the higher the priority. The statistical analysis of warning data for 2023 shows that the lead time of warning for specific eventTypes within a certain temporal and spatial range has a normal distribution characteristic. The mean-zero normalization method can be used to process the warning data, ensuring that the processed data still conforms to the normal distribution with μ = 0 and σ = 1.99.7% of the processed data is distributed between [−3,3], and data outside this range is considered to have a lead time of 3 or −3. When the lead time of warning is less than the average, that is, when the lead time of warning is negative, the priority significantly increases. In other words, the shorter the lead time of warning, the higher the priority of releasing, which satisfies the requirements for the time effect of warnings.
uXta=1m∑i=1mXtai(6)
σXta=1m−1∑i=1mXtai−uXta2(7)
TaX=Xta−uXtaσXta(8)
Xta represents the lead time of warning X; Xtai represents the lead time of the i-th warning within the statistical range; u (Xta) represents the average lead time of warnings of the same eventType as warning X within the statistical range; σ(Xta) represents the standard deviation of the lead time of warnings of the same eventType as warning X within the statistical range; m represents the number of warnings of the same eventType as warning X within the statistical range, excluding the Cancel msgType.
Warnings with the Cancel msgType do not have the lead warning time. When the msgType of warning X is Cancel, Ta(X) is set to 1.
3.2.4 Indicator Tc(X)
From the perspective of the audience’s attention time effect, the more severe the warning, the shorter the duration of the warning, which requires more attention. As a result, it has a higher spreading effect. In this case, the indicator Tc(X) is set, as shown in Formula 9, with the smaller the value of Tc(X), the higher the priority.
Based on the statistical analysis of the warning data in 2023, the results indicate that the duration values for specific eventTypes within a certain temporal and spatial range are relatively concentrated, with most of which are within 24 h. In response to this situation, a deviation standardization method is used to process the data. The values that go beyond 24 h will be treated specifically, which will be set to 1, and the values of warning duration will be kept within the range [0, 1].
TcX=Xtci1≤i≤mMax−XtcXtci1≤i≤mMax−Xtci1≤i≤mMin Xtc<24h1 Xtc≥24h(9)
Xtc represents the duration of warning X; Xtci represents the duration of the i-th warning within the statistical range; m represents the number of warnings of the same eventType as warning X within the statistical range, excluding the Cancel msgType.
Warnings of the Cancel msgType do not have warning duration. When the msgType of warning X is Cancel, Tc(X) is set to 1.
3.2.5 Indicator S(X)
According to historical experience, the priority of releasing warnings of the same eventType and severity usually decreases from national to provincial, from provincial to municipal, and from municipal to county in sequence. This is because national-level warnings typically have a broader impact range and affect a larger population than provincial-level warnings, and provincial warnings have larger impact than municipal-level warnings, and so on down to the county-level.
Figure 3 shows the release of warnings by provincial-level and municipal-level senders in Hainan Province in 2023, while Figure 4 shows the release of warnings by provincial-level, municipal-level, and county-level senders in Guangdong Province in 2023. According to the statistical analysis results, whether in provinces like Hainan, which have two levels of senders, or in provinces like Guangdong, which have three levels of senders, the numbers of warnings released by the same level of senders is mostly at the same magnitude. The number of warnings released by different levels of senders is varies widely. The warnings released at national-level are fewer than those at provincial-level and lower levels, and provincial-level warnings are fewer than those at the municipal-level and lower levels, and municipal-level warnings are fewer than those at county-level. Moreover, there is no linear pattern. Therefore, the indicator S′(X) is set, as shown in Formula 10. S′(X) represents the proportion of the number of warnings released by the sender of warning X to the total number of warnings released by the sender of warning X and by its subordinate senders within the statistical range. The smaller the value of S′(X), the higher the priority. This aligns with the rule that the priority of releasing warnings decreases sequentially from national-level to provincial-level, from provincial-level to municipal-level, and from municipal-level to county-level.
S′X=NUMsXsNUMsXs+SUMsXi(10)
Xs represents the sender of warning X; NUMs (Xs) represents the total number of warnings released by Xs within the statistical range; Xi represents the i-th subordinate sender of Xs; SUMs (Xi) represents the total number of warnings released by all subordinate senders of Xs within the statistical range.
[image: Bar chart showing the distribution of warnings released by provincial and municipal-level senders in Hainan Province in 2023. The numbers of warnings released by the same level of senders is mostly at the same magnitude. The number of warnings released by different levels of senders is varies widely. Haikou has the highest number of warnings at 605, while Hainan has the lowest at 151.]FIGURE 3 | Distribution of warnings released by provincial-level and municipal-level senders in Hainan Province in 2023.[image: Two bar charts show the distribution of warnings in 2023. The left chart displays the release of warnings by provincial and municipal-level senders in Guangdong Province. The right chart shows the release of warnings by municipal and county-level senders in Guangzhou City. Both charts provide a breakdown across various regions, highlighting differences in the number of warnings released by different levels of senders.]FIGURE 4 | Distribution of warnings released by provincial-level,municipal-level and county-level senders in Guangdong Province in 2023.To avoid abnormal impacts on the calculation results due to extremely large or small values, the logarithmic function is used for normalization processing.
SX=log⁡NUMsXslog⁡NUMsXs+SUMsXi(11)
When other indicators and weights are relatively close, the indicator S(X) can ensure that warnings from higher-level senders are given priority for release, thereby improving the timeliness of warnings from these higher-level senders.
3.2.6 Indicator G(X)
The classification criteria for the severity of emergencies are typically established by the State Council or the department determined by the State Council, categorized based on factors such as the degree of social harm and the scope of impact. They are divided into four levels from high to low: extreme, severe, moderate, and minor, represented by colors red, orange, yellow, and blue, respectively. From Table 1, it can be seen that the number of warnings at each severity is greatly differentiated. In 2023, there were 10,648 red warnings, 96,679 orange warnings, 378,237 yellow warnings, and 190,593 blue warnings issued. The yellow and blue warnings are much more numerous than the red and orange warnings, without an order of magnitude, and the values exhibit a bimodal distribution. According to the classification criteria for the severity of emergencies, the warnings with higher-level severity should be given priority to release if other data indicators and weights are relatively close, and the priority of releasing warnings should decrease in order from red to blue. Therefore, the indicator G′(X) is set, as shown in Formula 12, representing the proportion of the number of warnings at the severity of warning X to the total number of warnings at a severity lower than or equal to that of X within the statistical range. The smaller the value of G′(X), the higher the priority.
G′X=NUMgXgSUMgXi(12)
Xg represents the severity of warning X; NUMg(Xg) represents the number of warnings with the severity of Xg within the statistical range; SUMg(Xi) represents the total number of warnings with a severity lower than or equal to Xg within the statistical range.
According to historical experience, in cases that other indicators and weights are relatively close, and the severity is also the same, the priority of Alert warning release should be higher than that of Upgrade warning release, because the Alert warning has not been released before. The priority of releasing Continue warnings should be lower than that of Downgrade warnings, as the severity of the warning has not changed. Therefore, an adjustment coefficient f for msgType is added to the Formula 13 to meet the order f (Alert) < f (Upgrade) < f (Downgrade) < f (Continue) < f (Cancel). The specific value of f can be adjusted based on historical analysis, or experience. Additionally, to avoid abnormal impacts on the calculation results due to extremely large or small values, a non-linear function log is used for normalization processing.
GX=f*log⁡NUMgXglog⁡SUMgXi(13)
If other indicators and weights are relatively close, the indicator G(X) satisfies the rule that the priority of releasing warnings should decrease in order from red to blue. This enhances the warning effect of higher-level severity warnings. Furthermore, if the severity of the warning changes, the adjustment coefficient f will adaptively adjust, further enhancing the objectivity and timeliness of the warning release.
3.3 Weight coefficient
To adapt to the different actual business scenarios in various regions, multiple adjustment coefficients are used to regulate the weights between variables. α1, α2, α3, α4, α5 are the weight coefficients for the indicators E(X), Ta(X), Tc(X), S(X), G(X), respectively. There are two ways to determine the weight coefficients: one is to obtain them based on historical experience; the other is to calculate the information entropy of each indicator using the entropy method, based on the historical data within the temporal and spatial range, and then taking the reciprocal of the information entropy as the weights of the indicators. The smaller the information entropy, the greater the utility value of the information, resulting in a greater weight for the indicator (Mehmet et al., 2023).
Information entropy is an objective measurement method based on the characteristics of data itself. It allocates weights by calculating the uncertainty of data distribution, reducing the influence of subjective judgments and preferences on weight allocation, which is more reliable than judgments based on historical experience (Zhu, 2011; Jun et al., 2018). Information entropy can automatically adjust weight coefficients based on the characteristics of data, making weight allocation more flexible and adaptable to changes in data, and providing more accurate weight coefficients (Zhang and Chen, 2007).
The process of calculating information entropy involves determining all possible values of a random variable and their respective probabilities, and then substituting these probabilities into the information entropy formula to perform summation operations (Guo, 2013). The specific formula for calculating information entropy is shown in Formula 14.
HX=−∑i=0n pxi×log2⁡ pxi(14)
X represents the random variable, n is the number of all possible values of X,p (xi) is the probability of the value xi.
In this paper, the information entropy method is applied to determine the weight coefficients. Using the warning data from Guangdong Province in 2023 as the historical reference, the final calculated weights for E(X), Ta(X), Tc(X), S(X) and G(X) are 0.38, 0.04, 0.02, 0.22, and 0.34, respectively.
4 ALGORITHM FLOW
The conduct flow of the multi-hazard warning release priority algorithm is shown in Figure 5.
[image: Flowchart details the conduct flow of the multi-hazard warning release priority algorithm. Left section: preparation steps include calculating the total number of warnings and various related metrics. Right section: conduction steps involve monitoring pending warnings, iterating calculations, and determining release priorities. Visual elements include arrows linking each step sequentially.]FIGURE 5 | The conduction flow of the multi-hazard warning release priority algorithm.Before starting to perform the algorithm, it is necessary to prepare the environment for algorithm conduction, as follows:
	(1) Determine the observation time frame of the data. Typically, the historical warning data from a year of the early warning system is selected as the observation window. Alternatively, it can be determined based on the local business reality and the temporal range and spatial range of the historical data.
	(2) To accelerate the conduction speed of the algorithm, after determining the observation window, the followings should be pre-calculated: the total number of warnings SUMe(Xi), the lead time of each warning Ta, the duration of each warning Tc, the number of warnings of each eventType NUMe(Xe), the number of warnings of each severity NUMg(Xg), and the number of warnings issued by each sender NUMs (Xs). For each severity Xg, the number of warnings with a severity equal to or lower than Xg will be calculated, represented by SUMg(Xi). For each sender Xs, the number of warnings released by all subordinate senders of Xs will be calculated, represented by SUMs (Xi).
	(3) Based on the historical warning data within the statistical range, the entropy value method is applied to calculate the weight coefficients α1, α2, α3, α4, α5.

Once the input data is ready, the algorithm will be performed and the list of pending warnings will be monitored. When there are multiple pending warnings, traverse the list of pending warnings and P(X), E(X), Ta(X), Tc(X), S(X), G(X) will be computed according to Formulas 3–14. Then, L′(x) will be calculated using Formula 1. After all L′(X) are calculated, L(X) will be calculated using Formula 2. Finally, the priority of each warning in the list of pending warnings will be determined, based on the L(X) results. If the L(X) results are the same, the priority will be determined by the arrival time of the warning at the release means. The earlier arrivals, the higher priority.
5 RESULT AND DISCUSSION
To validate the effectiveness of the proposed algorithm, we utilized the 2023 warning data from Guangdong Province as a historical reference. We applied the algorithm to the dataset presented in Table 3, which comprises a list of pending warnings, and evaluated its performance against two alternative methods: one prioritizing warning dissemination based on the time of issuance, and another based on the severity of the warning. The comparison results are summarized in Table 3. As shown in Table 3, PRI1 represents the priority determined by our proposed multi-hazard warning dissemination algorithm, PRI2 denotes the priority based on the time of issuance, and PRI3 indicates the priority based on the severity of the warning. The results show that:
TABLE 3 | The execution results of multi-hazard warning release priority algorithm on the warnings waiting to be issued in Guangdong Province.	Row	Sender	eventCode	msgType	Severity	Ta	Tc	P(x)	E(x)	Ta(x)	Tc(x)	S(x)	G(x)	L1(X)	L(X)	PRI1	PRI2	PRI3
	1	Guangning (county-level)	11B34	Alert	Orange	−180	86400	1	0.695	0.001	1	0.745	0.827	0.729	1.384	6	1	1
	2	Longmen (county-level)	11B34	Alert	Orange	−360	86400	1	0.695	0	1	0.813	0.827	0.744	1.418	7	2	2
	3	Xinxing (county-level)	11B34	Alert	Yellow	−180	86400	1	0.695	0.001	1	0.843	0.998	0.809	1.566	11	3	7
	4	Huazhou (county-level)	11B34	Alert	Yellow	−120	86400	1	0.695	0.001	1	0.793	0.998	0.798	1.541	10	4	8
	5	Doumen (county-level)	11B80	Alert	Yellow	−120	86400	1	0.379	0.002	1	1	0.998	0.723	1.37	5	5	9
	6	Maoming (municipal-level)	11B34	Alert	Yellow	−360	86400	1	0.695	0	1	0.547	0.998	0.744	1.418	8	6	10
	7	Zhuhai (municipal-level)	11B80	Alert	Yellow	−1980	86400	1	0.379	−0.007	1	0.591	0.998	0.633	1.164	3	7	11
	8	Qingyuan (municipal-level)	11J01	Alert	Blue	−540	86984	1	0.235	−0.012	1	0.508	1	0.561	1	1	8	20
	9	Shenzhen (municipal-level)	11B80	Alert	Blue	−420	86400	1	0.379	0	1	0.621	1	0.641	1.183	4	9	21
	10	Fogang (county-level)	11B25	Cancel	Yellow	−180	259200	3	0.728	1	1	0.735	1.398	0.974	3.943	21	10	12
	11	Conghua (county-level)	11B25	Downgrade	Orange	−300	86400	2	0.728	−0.002	1	0.729	0.992	0.794	2.532	16	11	3
	12	Xinfeng (county-level)	11B25	Continue	Yellow	−360	86400	2	0.728	−0.004	1	0.771	1.298	0.907	2.79	19	12	13
	13	Zengcheng (county-level)	11B25	Continue	Yellow	−840	86400	2	0.728	−0.019	1	0.752	1.298	0.903	2.781	18	13	14
	14	Pingyuan (county-level)	11B25	Cancel	Yellow	−60	259200	3	0.728	1	1	0.704	1.398	0.967	3.927	20	14	15
	15	Zhaoqing (municipal-level)	11B34	Downgrade	Orange	−240	86400	2	0.695	0	1	0.509	0.992	0.733	2.393	14	15	4
	16	Gaoyao (county-level)	11B34	Downgrade	Orange	−120	86400	2	0.695	0.001	1	0.755	0.992	0.788	2.518	15	16	5
	17	Deqing (county-level)	11B34	Downgrade	Orange	−180	86400	2	0.695	0.001	1	0.802	0.992	0.798	2.541	17	17	6
	18	Lianzhou (county-level)	11J01	Alert	Yellow	−240	86400	1	0.235	0.002	1	0.713	0.998	0.606	1.103	2	18	16
	19	Shaoguan (municipal-level)	11B34	Upgrade	Yellow	−360	86400	1	0.695	0	1	0.498	1.098	0.767	1.47	9	19	17
	20	Xinfeng (county-level)	11B34	Upgrade	Yellow	−120	86400	1	0.695	0.001	1	0.771	1.098	0.827	1.607	13	20	18
	21	Qujiang (county-level)	11B34	Upgrade	Yellow	−600	86400	1	0.695	−0.002	1	0.7	1.098	0.811	1.571	12	21	19


	(1) The proposed algorithm prioritizes road icing events highest, followed by strong monsoon events. As illustrated in Figure 2A, road icing and strong monsoon events exhibit relatively low occurrence frequencies in Guangdong Province compared to cold events and forest fire risk. However, when such events do occur, they often have significant consequences. Our algorithm ensures that warnings of uncommon eventTypes receive higher priority, serving as a reliable indicator for unusual warnings when unprecedented eventTypes occur in a specific region. In contrast, prioritization methods that rely solely on the time of issuance or the severity of the warning do not guarantee that warnings of uncommon eventTypes will receive the necessary priority.
	(2) According to the algorithm, Alert and Upgrade warnings are assigned the highest priority, followed by Continue and Downgrade warnings, with Cancel warnings receiving the lowest priority. This indicates that, to some extent, the algorithm ensures that unknown events are prioritized for release. Conversely, prioritization methods that rely solely on the time of issuance or the severity of the warning do not consider the msgType of the warning and cannot ensure that unknown events are prioritized for release.
	(3) From Table 3, the first, second, and sixth rows show that orange cold warnings are prioritized over yellow cold warnings when the msgTypes of the warnings are identical. This demonstrates that when other data indicators and weights are relatively close, the algorithm adheres to the principle that the priority of warning release should decrease in the sequence of red, orange, yellow, and blue. This effect aligns with the prioritization method based solely on the severity of the warning.
	(4) The fourth and sixth rows of Table 3 reveal that the yellow cold warning issued by Maoming holds a higher priority than that issued by its subordinate sender, Huazhou. This indicates that the algorithm ensures that, when other data indicators and weights are relatively similar, warnings from higher-level senders are prioritized for release, thereby improving the timeliness of warnings from these higher-level senders. In contrast, prioritization methods that rely solely on the time of issuance or the severity of the warning do not achieve the same effect.
	(5) Comparing the 21st and 20th rows of Table 3, the algorithm demonstrates that when the lead time of a warning is less than the average, the Ta(X) value becomes negative, thereby increasing the priority of the warning. This reflects the time effect of warning, where shorter lead times result in higher release priority. Prioritization methods that rely solely on the time of issuance or the severity of the warning do not replicate this outcome.

During March 22 to 26, 2023, Ganzhou City in Jiangxi Province suffered severe hail damage, resulting in economic losses exceeding 100 million (CMA, 2024). To further validate the effectiveness of the proposed Algorithm, we selected the 2023 warning data from Jiangxi Province as a historical reference. We implemented the Algorithm and assessed its performance using a list of pending early warnings related to the severe convective weather event. The results of this evaluation are presented in Table 4. The results indicate that the effectiveness of the Algorithm in Jiangxi Province is similar to that observed in Guangdong Province, successfully ensuring the priority issuance of the emergency “hail” warning. This further demonstrates the universality and reliability of the Algorithm.
TABLE 4 | The execution results of multi-hazard warning release priority algorithm on the warnings waiting to be issued in Jiangxi Province.	Row	Sender	eventCode	msgType	Severity	Ta	Tc	P(x)	E(x)	Ta(x)	Tc(x)	S(x)	G(x)	L1(X)	L(X)	PRI1	PRI2	PRI3
	1	Dexing (county-level)	11B17	Alert	Yellow	0	54000	1	0.809	0	0.474	0.696	0.979	0.791	1.389	6	1	8
	2	Xinjian (county-level)	11B14	Alert	Yellow	0	32400	1	0.928	0	0.941	0.813	0.979	0.904	1.671	13	2	9
	3	Yihuang (county-level)	11B03	Cancel	Yellow	0	32400	3	0.794	1	1	0.689	1.371	0.982	3.865	19	3	10
	4	Wuyuan (county-level)	11B17	Alert	Yellow	0	54000	1	0.809	0	0.474	0.769	0.979	0.806	1.426	9	4	11
	5	Dayu (county-level)	11B15	Alert	Orange	0	32400	1	0.462	0	1	0.66	0.782	0.649	1.035	3	5	1
	6	Ganzhou (municipal-level)	11B15	Alert	Orange	0	32400	1	0.462	0	1	0.59	0.782	0.635	1	1	6	2
	7	Jiangxi (provincial-level)	11B03	Continue	Yellow	0	32400	2	0.794	0	0.75	0.619	1.273	0.892	2.641	16	7	12
	8	Le’an (county-level)	11B15	Cancel	Orange	0	32400	3	0.462	1	1	0.713	1.095	0.779	3.359	18	8	3
	9	Dingnan (county-level)	11B14	Alert	Yellow	0	32400	1	0.928	0	0.941	0.652	0.979	0.872	1.591	12	9	18
	10	Le’an (county-level)	11B06	Cancel	Blue	0	97200	3	0.799	1	1	0.713	1.4	0.998	3.905	21	10	19
	11	Nankang (county-level)	11B06	Alert	Blue	0	97200	1	0.799	0	1	0.665	1	0.841	1.514	10	11	20
	12	Nanfeng (county-level)	11B03	Downgrade	Yellow	0	32400	2	0.794	0	0.75	0.711	1.175	0.879	2.608	15	12	13
	13	Le’an (county-level)	11B03	Alert	Blue	0	54000	1	0.794	0	0.5	0.713	1	0.798	1.406	8	13	21
	14	Jiangxi (provincial-level)	11B15	Alert	Orange	0	32400	1	0.462	0	1	0.619	0.782	0.64	1.012	2	14	4
	15	Lichuan (county-level)	11B03	Alert	Orange	0	21600	1	0.794	0	0.875	0.707	0.782	0.765	1.324	5	15	5
	16	Ganxian (county-level)	11B15	Alert	Orange	0	32400	1	0.462	0	1	0.69	0.782	0.655	1.05	4	16	6
	17	Yudu (county-level)	11B06	Alert	Blue	0	97200	1	0.799	0	1	0.67	1	0.842	1.516	11	17	22
	18	Dingnan (county-level)	11B14	Continue	Yellow	0	86400	2	0.928	0	1	0.652	1.273	0.972	2.84	17	18	14
	19	Ningdu (county-level)	11B14	Downgrade	Orange	0	18000	2	0.928	0	0.967	0.693	0.939	0.87	2.586	14	19	7
	20	Jizhou (county-level)	11B14	Cancel	Yellow	0	3600	3	0.928	1	1	0.568	1.371	1.006	3.925	22	20	15
	21	Fuzhou (municipal-level)	11B03	Alert	Yellow	0	32400	1	0.794	0	0.75	0.587	0.979	0.792	1.392	7	21	16
	22	Yusan (county-level)	11B17	Cancel	Yellow	0	54000	3	0.809	1	1	0.692	1.371	0.988	3.88	20	22	17


The scores of the six indicators for each warning in the pending list of warnings are calculated based on the values of comparable attributes of the warning, such as msgType, eventType, sendTime, effective, expires, severity, and sender. In a specific instance, there may be identical values for a certain attribute, resulting in the same score for the indicator determined based on that attribute, and consequently, that indicator does not play a role in the algorithm. As seen in Table 3, due to the identical values of the attribute “expires” for all warnings, the values of Tc and Tc(x) are the same, causing Tc(x) to not function within the algorithm. However, Table 4 demonstrates that all six indicators contribute to the algorithm. Therefore, when performing calculations and finding identical values for a particular indicator, we can omit that indicator from the formula to reduce computational load.
6 CONCLUSION
This paper statistically analyzes the frequency of each attribute of warnings based on historical data. After normalizing the attributes of different dimensions of warnings such as the msgType, the eventType, the lead time, the duration, the severity, and the sender, six warning priority indicators are obtained, including P(X), E(X), Ta(X), Tc(X), S(X), and G(X). By using the entropy method to weigh the warning priority indicators, a method for calculating the priority of warning release is obtained. After algorithm test, the following conclusions have been drawn:
(1) The algorithm avoids the biased conclusions drawn from artificial weighting calculations or single attribute calculations, which is a comprehensive, quantitative, and objective judgment. (2) The algorithm clarifies the priority order for issuing multiple warnings and improves the timeliness of emergency warning issuance. (3) When a new eventType that has never seen before occurs in a certain region, the result calculated by the algorithm will rapidly decrease. The algorithm plays a good role in alerting the occurrence of abnormal warnings. (4) The algorithm takes into account the time effect of warnings, and warnings with higher spreading effects will be released first. (5) The algorithm calculates weights based on the information entropy of various warning priority indicators within the statistical range, which also provides some objective guidance for the calculation results.
The algorithm can be applied to the national-level early warning system in China, as well as at the provincial, municipal, or county levels. The specific level or agency system to which it is applied depends on which level or institution’s historical data is chosen as the reference when executing the algorithm.Subsequently, based on the actual business in various regions, the various warning priority indicators will be further optimized, and the weight coefficients will be adaptively adjusted through various methods such as comprehensive evaluation or benefit evaluation to meet the actual business needs of different regions.
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