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Yingying Song1† and Boting Zhao2
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To refine the meteorological warning service for decision makers and enhance
their role in disaster risk reduction, this paper puts forward the efficiency index
for warning on disaster risk reduction by analyzingmeteorological warnings. The
influence factors of the index are investigated, and an index calculation model is
established by using Grey relation analysis. The weights of the evaluation factors
are determined by entropy weight method to quantify the efficiency of warning.
Additionally, the reminder strength of different warning delivery methods to
decision makers is studied, and a refined delivery strategy tree for warnings
to decision makers is established based on the efficiency index and reminder
strength of delivery means. The proposed strategy has been applied to the
warning service system in Fujian Province. Results show that its implementation
has improved the efficiency of warning dissemination and reduced delivery
warning costs.
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warning issuance, efficiency index for warning, entropy weight method, warning
delivery strategy, reminder strength of delivery means

1 Introduction

In recent years, meteorological warning technology and its effectiveness in disaster
risk reduction have been constantly improved in China (Zeng et al., 2015; Zheng et al.,
2015), and the social benefits of early warning service have become increasingly evident
(Meng et al., 2016). Nevertheless, the excessive dissemination of warnings has become
a difficult problem in the research field of early warning service (Wang and Zhang,
2011; Huang et al., 2017). The author proposed a communication strategy (Cao et al.,
2021a) for warnings spread to the public and applied it in business systems (Cao et al.,
2021b), but the precise delivery of warnings to decision makers (emergence managers)
(Zhou et al., 2017; Chen et al., 2021) remains unresolved.

Decision makers need to conduct risk perception, maintain situational awareness and
make judgment onwhether to increase the number of patrols and organize the evacuation of
themasses in response to disasters (Lim et al., 2016; Piciullo et al., 2017). At present, most of
decisionmakers in China independently subscribe to the warning types in the early warning
service system, lacking an objective basis to a certain extent. As a result, it will inevitably
lead to excessive or insufficient selection of warning types. Experts in warning service have
proposed some deliverymechanisms for decisionmakers (Xia et al., 2019; Yang et al., 2019).
Thesemethods have been applied in several provinces of China. However, its effectiveness is
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limited due to the lack of specific delivery strategies. Providing
appropriate delivery services for decision makers at different
emergency decision-making levels for different types of warnings as
well as providing accurate services, has become a new challenge for
researchers in warning service.

To establish a strategy for warning delivery to decision
makers, it is necessary to evaluate the effectiveness of warning
on disaster risk reduction and the reminder strength of delivery
means. To achieve this, the Efficiency Index for Warning
(EIW) is defined in this paper. The result of the quality
evaluation of warnings conducted in current meteorological
business operations was applied (Huang et al., 2015; Lu et al.,
2018). Meanwhile, the comprehensive disaster intensity of
meteorological hazard (Cao et al., 2021a) and disaster defensive
capability (Kong et al., 2018) were analyzed.

Fujian Province, located along the coast of China, is prone
to meteorological disasters. As the meteorological industry in
Fujian Province has issued a large number of warnings in recent
years, which have played a good role in disaster risk reduction
(Chen, 2020; Xie et al., 2023), the indicator selection and weight
calculation of warnings in this province are presented here as
an example.

2 Materials and methods

Grey relation analysis method can solve the problem of
uncertainty in influencing factors between multiple indicators can
be solved. At the same time, the requirements for sample size
and regularity are not high, and the computational complexity
is small, making it easy to apply. There will be no discrepancies
between quantitative results and qualitative analysis results. EIW
effected by multiple influencing factors and the sample size of the
warnings is not very large.These features fit forGrey relation analysis
method. Therefore we use the method to establish a multi-factor
comprehensive evaluation model.

The entropy weight coefficient method, based on the
concept and properties of entropy, quantifies and synthesizes
the inherent information of various candidate results and the
subjective information of decision makers’ empirical judgments
in multi indicator decision evaluation. It establishes the size of
multi indicator weights based on entropy, which can effectively
compensate for the subjectivity of determining weights. In the
algorithm of EIW, the entropy weight method was used to calculate
the weight of performance indicators.

2.1 Definition of entropy

The concept of entropy originates from thermodynamics and
is used to describe the irreversible phenomena of processes. In
information theory, the entropy value reflects the amount of
information provided by indicators in the system and quantifies
the effective information provided by data (Lu and Wang, 2013).
According to the information theory, the greater the probability
of an event, the more orderly it will be. The higher the degree
of order, the greater the information entropy, and the smaller
the weight of the information. The entropy weight method has

been widely used in analysis and research of multiple indicators
to address the subjectivity of weights assignment (Su et al., 2007;
Liang et al., 2017; Cheng, 2020).

2.2 Application of entropy weight method

For the system using multiple indicator analysis, there are m
evaluation elements, each of which evaluates n indicators to form
an evaluation matrix D:

D = [dij]m×n (1)

WhereD is the initial data matrix; dij is the value of the jth index
of the ith element in the system.

Eq. 1 is standardized to get the standardized matrix S= [sij]m×n,
then the information entropy value of index j is

ej = −k∑
m
i=1

pij lnpij, (i = 1,2,m; j = 1,2,…n) (2)

In Eq. 2 ej is the entropy value of the jth index; k is a constant
related to the measured value of the system sample; pij is the weight
of the ith element of the jth index of the system, pij =

sij
∑mi=1sij

; sij is the
corresponding value after standardization of dij.

When the order degree of the system is 0, its entropy value is
maximum, that is, e = 1. When the order degree of the system is
0, pij = 1/m, the entropy value of the index is e = k×ln(m), so k =
1/ln(m).

When ln pij = 0, pij ln pij = 0. Then the entropy weight of the jth
evaluation index ωj is (Eq. 3):

ωj =
1− ej

n−∑n
j=1

ej
(3)

where 0 ≤ ωj ≤ 1 and ∑
n
j=1ωj = 1.

When the information entropy is completely disorder, e = 1,
and the utility value to the evaluation target is also 0. In this
case, the utility value of an indicator depends on the difference
Hi between the information entropy ei and 1. The larger the
information utility value of an influencing factor, the greater its
importance to the results of causal analysis, that is, the larger its
weight in the multi-factor causal analysis. Therefore, the concepts
of information utility value and weight are consistent. The weight
of each indicator can be obtained by standardizing the value of
information utility.

2.3 Determination of influence factors of
the efficiency index for warning

After studying a large amount of relevant literature and
consulting with business management departments and emergency
decision makers, we followed the principles of systematization,
accuracy, and feasibility of warning service. We comprehensively
analyzed and determined the key factors that affect the effectiveness
of warning on disaster risk reduction, including warning quality,
hazard impact, and the feasibility of disaster risk reduction of hazard.

In meteorological business operation, the quality of warning
is mainly evaluated and verified by hit rate, missed rate and false
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FIGURE 1
Influence indicator system of efficiency of warning.

rate (Forecast and Network Department of China Meteorological 
Administration, 2014; Huang et al., 2015; Eric, 2017; Lu et al., 2018).
The EIW on disaster risk reduction can more comprehensively
reflect the role of warning. It not only describes the effectiveness
of specific hazard warnings in a certain region, but also
provides a comparative relationship among the warnings of
different hazard.

The type of hazard in a certain area is one of the most important
factors affecting the effectiveness of warning. The comprehensive
disaster intensity index (CDII) evaluates the severity of disasters
caused by a certain hazard in a region, and quantitatively describes
the local losses. Our research team has completed the algorithm
model design and application of the CDII. The index ranges from
0 to 1.The larger the index, the greater the loss caused by the hazard.

The number of disasters describes the frequency of disasters
caused by a certain hazard in one region. The more disasters a
hazard causes, the higher the efficiency of this hazard warning will
be because the decision makers will pay more attention.

The efficiency of warnings is heavily dependent on the quality
of warnings. The accuracy of warnings, i.e., hit rate, is the dominant
factor of warning effectiveness. False warnings andmissed warnings
reduce the reliability of warnings directly, which can lead to reduced
attention from decision makers.

The efficiency of warnings is also closely related to the
capability to defend against disasters, which is the feasibility
of reducing the exposure of the disaster-bearing bodies when
the disaster occurs (Wang and Wang, 2004). It shall specifically
include the feasibility ratio of adopting effective measures such as
human and animal transfer, vehicle and vessel avoidance, industrial
and agricultural protection for the duration of the lead time of
the warning.

According to the above analysis, the specific model that we
developed is shown in Figure 1.

3 Results

3.1 Model matrix construction and
algorithm application

Fujian Province is located on the southeast coast of China,
adjacent to the Pacific Ocean. It is affected by various factors such as

the ocean and mountains, and is prone to meteorological disasters
(Chen et al., 2018; Lin, 2023). According to the general survey
data of meteorological disaster risk of the China Meteorological
Administration (CMA), the distribution of typhoon, rainstorm and
other disasters in Fujian Province is shown in Figure 2.

To provide better meteorological warning services,
the provincial meteorological department has continuously
strengthened the construction of meteorological observation
stations. A complete observation network across the whole province
is formed, as shown in Figure 3.

Due to the increasing importance Fujian Province has placed
on the issuance of warning in recent years, the refinement level
of warning issuance has continuously improved, resulting in a
certain benefit (Chen, 2020). The hazard that causes major disasters
in Fujian Province such as rainstorm and floods, typhoons, low
temperatures and cold damage, hail, and lightning are selected
as the research objects. Disaster data from 2016 to 2020 in the
Direct Reporting System of Meteorological Disaster of CMA are
obtained as research samples. The corresponding warning quality
is based on the warnings issued by counties in Fujian Province,
as shown in Table 1.

The TS (a kind of evaluation in forecast technique skill) score of
typhoon warnings, including the hit rate, in Fujian is not reported.
According to (LYU et al., 2021), the accuracy of typhoon warnings
in Fujian is not lower than that of rainstorm warnings. With
reference to the data of rainstorm warnings, the comprehensive
evaluation results are obtained, as shown in Table 2. The disaster
intensity index is calculated based on the method proposed by
(Cao et al., 2021b).

Grey relation analysis method is used to establish the model
matrix and calculate the efficiency of warning on disaster risk
reduction. The processing steps are as follows.

(1) Establishing indicator matrix

D =

[[[[[[[[[[

[

72.85 33.6

73.0 32.6

120 54

180 42

.784 80

.836 90

80 20

90 25

96.2 11.2

75.7 67.7

90 24

30 16

.012 40

.006 35

50 50

30 20

92.3 22.3 30 1 .009 30 10 10

]]]]]]]]]]

]

(2) Normalizing the above matrix

S =

[[[[[[[

[

0.00 0.40
0.01 0.38

0.6 1.00
1.00 0.77

0.94 0.83
1.00 1.00

0.88 0.25
1.00 0.38

1.00 0.00
0.12 1.00

0.4 0.43
0.1 0.28

0.01 0.17
0.00 0.08

0.50 1.00
0.25 0.25

0.83 0.20 0.00 0.00 0.00 0.00 0.00 0.00

]]]]]]]

]

(3) Using entropy weight method to obtain objective weight of
evaluation matrix

ω = (0.081,0.062,0.156,0.123,0.313,0.103,0.091,0.071)

Frontiers in Earth Science 03 frontiersin.org

https://doi.org/10.3389/feart.2024.1362906
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Cao et al. 10.3389/feart.2024.1362906

FIGURE 2
Distribution of meteorological disasters in Fujian Province (A) Disaster counts caused by rainstorm. (B) Disaster counts caused by Typhoon.

FIGURE 3
Distribution of meteorological Observation Stations in Fujian Province.
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TABLE 1 Statistics of meteorological warnings in Fujian Province in 2020.

Types of
warnings

Warning
level

Quantity of
warnings

Quantity of
missed
warnings

Quantity of
false
warnings

Hit rate (%) Missed rate
(%)

False
warnings
rate (%)

Rainstorm Blue 1,021 106 448 89.66 10.34 43.88

Rainstorm Yellow 1,035 90 479 91.31 8.69 46.28

Rainstorm Orange 966 256 401 73.55 26.45 41.52

Rainstorm Red 181 114 103 36.89 63.11 56.99

Rainstorm Comprehensive 3,203 657 1,434 79.5 20.5 44.78

lightning Not classified 9,241 714 2057 92.27 7.73 22.26

Hail Not classified 343 83 232 75.71 24.29 67.78

TABLE 2 Statistics of evaluation factors of efficiency of warning in Fujian.

Type of
hazard

Hit rate
(%)

False
warnings
rate (%)

Lead time
(min)

Number
of
disasters

Hazard
intensity
index

Human
and
livestock
transfer
(%)

Vehicle
and vessel
avoidance
(%)

Avoid loss
of
agriculture
and
industry
(%)

Rainstorm and
flood

72.85 33.6 120 54 .784 80 80 20

Typhoon 73.0 32.6 180 42 .836 90 90 25

Low
temperature
damage

96.2 11.2 90 24 .012 40 50 50

Hail 75.7 67.6 30 16 .006 35 30 20

lightning 92.3 22.3 30 1 .009 30 10 10

(4) Calculating the EIW of each type of hazard

E = [E1, E2, E3, E4, E5 ],E =∑
n
i=0

ωi × sij

E = [0.712,0.808,0.332,0.169,0.080]

The results show that the typhoon warning has the highest EIW
among the five types of warning studied, mainly because of the
strong intensity of typhoon disasters, high warning accuracy, and
long lead time. By contrast, lightning warning, whose EIW is only
one-10th of that of typhoon warning, has the lowest EIW, which
is reflected in the low disaster intensity, short lead time, and poor
defense capability in a short period.

3.2 Effectiveness analysis and strategy
configuration of warning delivery service
means

The warning service for decision makers is a very important
function in every warning center. Specifically, the warning is sent
to decision makers by electronic information transmission means,
and the results of information transmission are the reply of decision
makers or the transmission system. The major delivery means
include fax, email, WeChat group, short message service (SMS)
and outbound call. Each means has reminder way to the recipient.
The effectiveness of different delivery means is defined as reminder
effectiveness. Analyzing the reminder effectiveness is conducive to
matching the efficiency of warnings with the delivery means.
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TABLE 3 Effectiveness factors analysis of warning reminder in Fujian.

Delivery Reminder
tone

Strength Delivery
capacity
(person/

sec)

Rate level Receive
self-

checking

Feedback
duration

Economic
cost
(CNY)

Qualitative
cost

Fax condition 1 1 1 No 1 0.1 High

Email optional 1 1 1 No 1 0.001 Low

WeChatGroup short 1 100 2 No 2 0.001 Low

SMS short 2 500 2 No 2 0.05 Medium

Outbound call long 3 10 1 Yes 3 0.1 High

3.2.1 Effectiveness of warning reminder means
Reminder effectiveness evaluation mainly includes factors such

as reminder strength of delivery means, delivery capacity, feedback
duration, and delivery cost (Wang and Zhao, 2022). The reminder
strength of the delivery means includes the strength of the reminder
tone and the amount of such information received by the decision
makers. For example, the amount of information received by the
decision makers through WeChat group is far greater than that
received by SMS at present, although they have similar reminder
tone. Therefore, the strength of the reminder of WeChat group is
lower than that SMS. Delivery capacity refers to the number of
people that can be served in a unit of time by delivery means.
Feedback duration refers to the time it takes decision makers to
respond to the warning information after it has been sent. Delivery
cost refers to the economic cost of maintenance delivery system
and communication. For example, the multi-channel outbound call
system requires maintenance service, and each call made through
the system incurs a cost. The analysis of major effectiveness factors
in Fujian Province is reported in Table 3.

To further analyze the role of each evaluation factor, each
factor is qualitatively classified. The analysis results show that
the effectiveness of warning delivery means (EoD) is positively
correlated with reminder strength (W), transmission speed (V), and
feedback duration (T), but negatively with economic cost (C). The
relationship among them is given by Formula (Eq. 4):

EoD = W×V×T
log(C× ρ)

(4)

Where the coefficient ρ is 20,000.
Related items in Table 3 are treated qualitatively and

hierarchically, and then calculated by Formula (Eq. 4) to get Table 4.
The results show that the effectiveness of fax and email is

low and at the same level. However, the cost of fax is the
highest, making it the most undesirable delivery means. The
reminder effectiveness of WeChat group is at the middle level,
and its economic cost is significantly lower than that of SMS and
outbound calls respectively. The reminder effectiveness of SMS and
outbound call is at the highest level. The outbound call is the most
effective reminder means, but its economic cost is also the highest.
Its call-respond feature gives it a unique advantage over other
delivery means.

3.2.2 Multi-level reminder service strategy for
decision makers

In China’s emergency management system, the principle of
territorial management is adopted (Jia et al., 2011; Huang, 2012).
Therefore, the target of warning service for decision makers are
mainly grassroots managers in counties, towns, villages, and different
industries. These decision makers belong to different positions in
emergency management and are generally divided into three levels
based on their responsibilities and authorities, namely, on-duty staff,
business supervisor, and administrative chiefs (Sun et al., 2022).These
three levels of positions can also be reduced according to the actual
situation at each level. In response to this characteristic, a strategy for
warning delivery to decisionmakers can be established by considering
the EIW of warnings, the reminder effectiveness of delivery methods,
and the position of decision makers as a whole.

According to the value of theEIW,warning types are divided into
three levels, and delivery methods are also divided into three levels
based on the strength of reminder effectiveness. Establish a delivery
strategy for decision makers in a step-by-step correspondence
manner. The third-level warnings are only sent to the decision
makers in on-duty position using the third-levelmeans;The second-
level warnings shall be sent to the decision makers who are on-duty
staff and business supervisors using both the third-level and second-
level means. The first-level warnings should be sent to all decision
makers through all means, shown as in Table 5.

According to the above strategy, in the Early Warning
Service System, warnings and delivery means for decision
makers are automatically configured, and each warning delivery
service can form a task order. The delivery task can be
completed by using the corresponding information transmission
methods.

Through the above analysis, the multi-level warning delivery
service strategy tree is established, as shown in Figure 4.

According to the warning types, decision makers and delivery
means, the following three-level service strategy matrix of county,
town and village warnings is obtained: on-duty, business supervisor,
and administrative chief.

If decision makers have multiple options for the delivery means
of a certain type of warning, the delivery can be done in descending
order of the economic cost of the delivery means. Once a delivery
means has received a response from the decision maker, no other

Frontiers in Earth Science 06 frontiersin.org

https://doi.org/10.3389/feart.2024.1362906
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Cao et al. 10.3389/feart.2024.1362906

TABLE 4 Reminder effectiveness of warning delivery means.

Delivery means Strength (W) Rate level (V) Feedback duration
(T)

Economic cost (C) Reminder
effectiveness

Fax 1 1 1 0.2 0.28

Email 1 1 1 0.001 0.77

WeChat Group 1 2 1 0.001 1.54

SMS 2 2 2 0.05 2.67

Outbound call 3 1 3 0.1 2.73

TABLE 5 Warning delivery strategy.

Rainstorm and flood,
typhoon

Low temperature, hail Lightning

Decision makers in county On-duty: Email and WeChat group
Business supervisor: SMS
Administrative chief: Outbound call

On-duty: Email and WeChat group
Business supervisor: SMS

On-duty: Email and WeChat group

Decision makers in town Administrative chief: Outbound call
On-duty: WeChat group and SMS

On-duty: WeChat group and SMS On-duty: Email and WeChat group

Decision makers in village Head: SMS Head: WeChat group and SMS head: Email and WeChat group

FIGURE 4
Service strategy tree of warning delivery.

delivery means will be used. This not only reduces costs and
improves the delivery efficiency, but also avoids duplicated delivery.

4 Conclusion and discussions

This paper proposes the concept of efficiency of warning
on disaster risk reduction through an in-depth analysis of
meteorological warnings, and provides a calculation method for
the efficiency index for warning. It offers new approach to address
the problem of digital evaluation of the role of warnings, thus
providing a basis for specialized service strategies for decision
makers. The paper also analyzes the impact of various factors such
as the reminder strength and maintenance cost of delivery methods

on decision makers, forming a service strategy tree for delivering
different warnings to decision makers. It creates a unique strategy
for warning service, addressing the issue that the existing warning
service are too rough, which leads to a significant reduction in
service effectiveness. This universal method can be applied and
practiced in practical business in various regions.

The proposal of this method provides a new approach for
refining warning services by establishing the association between
warnings and the service population. It also provides a reference for
future research, such as warning services for different age, gender
groups, and industries.

The warnings have different threat severity levels. In this paper,
when analyzing the efficiency of the warning, it is insufficient to
analyze only the threat severity level attribute. The main reason
is that the threat severity level regulations of some warnings are
unclear. For example, the threat severity level of lightning warnings
is determined only by the approaching time, while the threat severity
level of rainstorm is determined by the precipitation. These are
completely two unrelated dimensions. In the future, different threat
severity levels of warnings for a hazard can be refined, and strategies
can be made more precise.

Through the application of this strategy, the original reminder
method was refined, which greatly reducing the frequency of
reminders. Taking Fujian as an example, the number of reminders of
lightning warnings was reduced to one-third of the original number,
and the number of reminders of rainstorm warnings was reduced to
one-fourth of the original number.

The application of these strategies can effectively alleviate the
problem of excessive warning reminders to decision makers in

Frontiers in Earth Science 07 frontiersin.org

https://doi.org/10.3389/feart.2024.1362906
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Cao et al. 10.3389/feart.2024.1362906

current practice, stop or reduce unnecessary reminders, enable
decision makers to focus more on high-impact warnings, and
improve their work efficiency.

The EIW of lightning warning reflects that the impact of this
type of hazard is very low. This is due to the increase in daily
preventive measures in reducing disasters, as well as the lack
of temporary response mechanisms against disasters when they
occur. The dissemination strategy of such warnings should also
distinguish between sensitive industries. More in-depth analysis of
the correlation between hazard and the industries can be carried out
to further refine the services.

To better enhance the role of meteorological warnings,
efficiency and authority of the warnings should be emphasized
while improving the timeliness, accuracy, and coverage of
the warning. Problems in the issuance and dissemination
of the warning with low EIW need to be addressed in
future research.
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