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Abstract: The spatiotemporal distribution of geomorphological incidents was examined in the present
study, including the characteristics of obstruction distances and durations, by utilizing nationwide
incident mitigation data and precipitation observation records from the period spanning 2019 to
2022. By comparing rainfall features over different temporal scales across various regions, the aim
of the present study was to enhance the current comprehension of the patterns through which re-
gional precipitation initiates incidents on highways by comparing rainfall characteristics over distinct
temporal scales across diverse geographical areas. The findings indicate that: (1) The spatial distribu-
tion of highway incidents in China is significantly correlated with regional natural environments,
predominantly concentrated in the southern parts of the country’s second and third topographical
terraces. The temporal distribution closely aligns with annual and monthly precipitation patterns,
with the majority of occurrences taking place from June to September. Further, notable disparities in
the distribution of highway-related incidents were observed among counties across most provinces;
(2) National highways experience a notably higher frequency of incidents than expressways and
provincial roads, with most obstruction lengths concentrated within 1 km and durations predom-
inantly under 3 days; (3) The probability of daily rainfall inducing highway incidents is distinctly
higher than that of short-duration rainfall, with eastern and southern China experiencing significantly
greater inducing precipitation volumes than other regions. The majority of areas are susceptible to
incidents within a 3-day window following heavy rainfall or within 24 h after intense short-duration
rainfall. Moreover, it is observed that incidents are more closely associated with extreme precipitation
occurring within a single day; (4) There is a certain lag between the timing of incidents and the occur-
rence of extreme short-duration heavy rainfall, with the highest frequency of incidents coinciding
with continuous rainfall periods of 3 to 6 days.

Keywords: highway geomorphological incidents; regional division; precipitation characteristics

1. Introduction

Highway traffic, serving as an integral element of the transportation system, assumes
a pivotal role in facilitating China’s economic growth [1]. The total length of national
highways has grown from 1.6 million kilometers in 1978 to 5.16 million kilometers in
2022, with expressways reaching 177,300 km, making China the world leader in terms of
expressway infrastructure [2]. China stands as one of the nations most significantly im-
pacted by geomorphological disasters, with losses attributed to these events representing
more than 35% of the overall losses incurred from various natural calamities [3–5]. In
geomorphological incidents, collapses, landslides, debris flows, and engineering incidents
induced by human activities account for more than half of the losses, amounting to approx-
imately 20 billion yuan annually [6]. Owing to annual incidents, the complex and variable
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topography, meteorology, and hydrology along highways contribute to significant losses
and safety hazards [7,8]. As such, effectively preventing and managing highway incidents
to ensure transportation safety is an urgent issue.

In the field of highway geohazard prevention and control, numerous scholars have
primarily focused on conducting causal analyses of geomorphological events occurring
on road slopes and mountainous highways. Such analyses have been conducted through
theoretical investigations, on-site inspections, and expert scoring methodologies [9–15].
Leveraging GIS technology, several experts have conducted spatiotemporal distribution
studies and risk assessments involving highway incidents such as rockfalls [16–18], debris
flows [19–21], and landslides [22–24]. Based on such research, targeted mitigation measures
have been proposed [25,26]. Studies have indicated that precipitation constitutes one of
the principal external factors responsible for triggering incidents on highways. Antecedent
factors such as hourly extreme precipitation, daily extreme precipitation, and effective
precipitation are all closely linked to the occurrence of incidents [27–31].

To elucidate the relationship between highway geomorphological events and pre-
cipitation, the majority of scholars have primarily conducted qualitative research on the
correlation between precipitation and incidents [32–34]. The findings from such research
have indicated a positive correlation between the frequency of incident occurrences and
the amount of precipitation [35,36], with significant differences in annual precipitation
observable under different geomorphological backgrounds [37]. A minority of researchers
have conducted quantitative studies on highway incidents and their precipitation charac-
teristics [38,39]. These studies have unveiled a strong association between the frequency
and duration of intense precipitation events and the likelihood of incident occurrences [40].
Notably, the most substantial correlation has been identified with precipitation events
occurring within the 24 h leading up to an incident event [41].

Such investigations into the interplay between highway incidents and precipitation
have predominantly been regional in scope, and there is a scarcity of studies on the
precipitation characteristics over different temporal scales across the nation. Analyzing the
specific precipitation triggers for incidents in various regions, along with the development
of reliable scientific monitoring and an early warning system, can provide substantial
support for forecasting, early warning, and prevention efforts related to highway incidents.
In the present study, data on China’s highway geomorphological incidents over the past
four years was leveraged to analyze the national spatio-temporal characteristics of these
incidents. At the same time, the antecedent precipitation features were compared across
different regions, with the goal of facilitating further understanding of the patterns of
rainfall-induced incidents on highways.

2. Data and Methods
2.1. Data Sources

The present study encompassed highway geomorphological incident data and real-
time precipitation data. The former consisted of 5626 incident events, such as debris flows,
landslides, and collapses on highways from 2019 to 2022, sourced from the Ministry of
Transport’s highway traffic condition information system. The system is capable of collect-
ing incident events on highways from various provinces nationwide and generating an
Excel document. The event information includes event type, event description, occurrence
location, time of occurrence, start and end points, and other related details.

The exact geographic locations of 1338 incident events were determined using highway
vector data inversion. The latter comprised hourly and daily precipitation amounts mea-
sured at the nearest regional meteorological stations within 5 km of the incident sites. This
data was collected from the “Tianqing” meteorological big data cloud platform built by the
China National Meteorological Information Center and includes real-time meteorological
element data from national stations across China.
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2.2. Research Methods
2.2.1. Regional Division Standards

The highway incident data does not include information from Taiwan Province. There-
fore, the working area of this study is limited to mainland China. According to first-level
meteorological geographical zoning standards, mainland China is divided into ten regions:
North China, Northeast China, East China, Central China, South China, Southwest China,
Northwest China, Inner Mongolia, Tibet, and Xinjiang. For the present study, Inner Mon-
golia was included in North China, Xinjiang in Northwest China, and Tibet in Southwest
China, as shown in Figure 1.
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Figure 1. Schematic map of the study area in China.

Given that highway incidents in Northeast China have occurred only 17 times, with a
relatively low incidence rate, the robustness, reliability, and generalizability of the research
findings will be compromised. Therefore, the present study primarily concentrated on
investigating the six regions of Northwest China, North China, East China, Southwest
China, Central China, and South China.

2.2.2. Rainfall Grading Standards

Employing the “The grade of rainfall in short time weather service” (TCMSA0013-
2019), thresholds of 0.1 mm/h, 2 mm/h, 4 mm/h, 8 mm/h, and 20 mm/h were selected to
distinguish between light rain, moderate rain, heavy rain, torrential rain, and downpour
for short-term hourly precipitation levels.

In accordance with the “Grade of precipitation” (GB/T28592-2012), specific daily
precipitation thresholds were selected. These thresholds included 0.1 mm/d for light rain,
10 mm/d for moderate rain, 25 mm/d for heavy rain, 50 mm/d for torrential rain, and
100 mm/d for downpour, facilitating the classification of daily precipitation levels.
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2.2.3. County-Level Incident Proportion

The complex and ever-changing terrain in China leads to significant differences in
the spatial distribution of geomorphological incidents among provinces. To analyze the
differential characteristics of county-level incidents within each province, a calculation
formula for calculating the proportion of highway incidents at the county level has been
developed. The formula is used to compare the proportion of county-level incidents within
each province as follows:

Pi =
Di

Dsum
× 100% (1)

where (Pi) is the proportion of incidents that occurred in the county (i); (Di) is the total
number of incidents that occurred in the county (i); and (Dsum) is the total number of
incidents that occurred in the province to which the county (i) belongs.

2.2.4. Probability of Precipitation-Induced Incidents

China is one of the regions with the most significant monsoon climate in the world.
The influence of the monsoon leads to an uneven distribution of precipitation in time and
space, with precipitation gradually decreasing from the southeast coast to the northwest
inland, and the annual precipitation is concentrated in the summer. To reduce the impact
of regional and temporal differences on the probability of precipitation induction, a for-
mula for calculating the probability of an incident being induced by different levels of
precipitation has been developed. The formula is calculated by comparing the frequency of
precipitation at a certain level before an incident event with the frequency of the same level
of precipitation within the same month, and its expression is:

Pij = ∑n
k=1 Nijk/∑n

k=1 Mik (2)

where (Pij) is the probability of an incident being induced by rainfall level (i) during
precipitation period (j); (Nijk) is the number of occurrences of rainfall level (i) during
precipitation period (j) for event (k); (∑n

k=1 Nijk) is the sum of the occurrences of the i-
th precipitation level before all events; (Mijk) is the number of occurrences for the same
rainfall level (i) during the month of event (k), with (i) representing different rainfall levels,
(j) representing different precipitation periods, and (k) being the incident event number,
starting with 1 for the first event and so on.

2.2.5. Antecedent Effective Precipitation

Rainfall is a significant factor in triggering geomorphological incidents. The oc-
currence of such incidents is not only closely related to the rainfall of the day but also
exhibits a certain lag effect. Moreover, as the timing of rainfall shifts earlier, the influence
of prior rainfall gradually diminishes. In 1980, Crozier introduced the API (Antecedent
Precipitation Index) method in the study of rainfall-induced landslide forecasting [42],
suggesting a model for calculating the antecedent effective rainfall associated with
landslide events as follows:

Pa0 = ∑n
i=1 KiRi (3)

where (Pa0) is the antecedent effective rainfall in millimeters; (i) is the day of calculation;
(K) is the decay coefficient; (Ri) is the daily rainfall amount on day (i); and (n) is the
number of days selected. Subsequent research indicates that the most impactful rainfall
on the occurrence of incidents typically occurs within 3 days prior to the incident, and
rainfall within 10 days also significantly affects the occurrence of incidents [43,44]. In
conjunction with national-level operational application experience, antecedent rainfall
within the previous 15 days also has a certain influence on the generation of incidents [45,46].
In the present study, (n) was taken as 15 days, and (K) as 0.8, to calculate the effective
precipitation volume.
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3. Feature Analysis of Highway Geomorphological Incident Events
3.1. Spatial Distribution Characteristics
3.1.1. Regional Distribution Features

Between 2019 and 2022, highway incidents in China primarily occurred in the North-
west, Southwest, and South China regions, especially concentrated in the central-southern
part of Shaanxi, the mid-western part of Sichuan, the southern part of Chongqing, and the
western part of Yunnan. In contrast, there were scattered occurrences of such incidents in
Xinjiang, Tibet, and the Northeast regions (Figure 2a).
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When examining the proportion of county-level incidents (Figure 2b), noticeable ge-
ographical disparities in the distribution of incidents become evident. The majority of
provinces in the Northwest, Central China, and North China regions, which are char-
acterized by high-relief features such as the Tianshan, Wushan, and Taihang mountain
ranges, exhibit an uneven distribution with a noticeable inclination. Specifically, southern
Shaanxi, southern Shanxi, southwestern Hebei, central-western Xinjiang, southwestern
Hubei, and northwestern Hunan demonstrate a significantly disproportionate share of inci-
dents within their respective provincial territories, with significant variations in occurrence
frequencies. In contrast, provinces in the Southwest, East China, and South China regions,
which predominantly feature the Qinghai-Tibet Plateau, southeastern hills, and the Pearl
River Delta plains, show a more uniform distribution of incidents. Sichuan, Chongqing,
Yunnan, and Fujian, in particular, experience a widespread distribution of incidents within
their provincial boundaries, with less pronounced disparities in county-level frequencies.
Overall, highway incidents are principally clustered in the southern areas of China’s second
and third topographical tiers, regions abundant with plateaus, basins, and hills, where the
distribution of incidents exhibits a conspicuous correlation with the natural environment.

Spatial frequency distributions of various types of highway incidents show significant
differences (map omitted). Highway collapses and debris flows are primarily concentrated
in the southeastern part of the Northwest region and the eastern part of the Qinghai-
Tibet Plateau. On the other hand, landslides are predominantly found in the Northwest,
Southwest, and South China regions. The southern parts of Sichuan and Shaanxi emerge as
hotspots for all types of incidents.

3.1.2. Roads with Frequent Occurrences

Over the past four years, the incidences of geomorphological incidents on expressways,
national highways, and provincial roads have accounted for 16.8%, 47.4%, and 35.6%,
respectively. National highways have notably surpassed expressways and provincial
roads in terms of frequency, accounting for the highest proportion of incidents. There is
a noticeable variation in the types of incidents that affect different road levels. Collapses
are most commonly observed on national and provincial roads, with national highways
experiencing a higher frequency of collapses compared to provincial roads. Landslides and
debris flows tend to occur on expressways and national highways.

3.2. Temporal Distribution Characteristics
3.2.1. Annual Variation Features

Over the past four years, highway incidents have demonstrated noticeable inter-
annual variability (Figure 3a). The lowest incidence occurred in 2019 with 769 occur-
rences, followed by a gradual increase in 2020. The peak was reached in 2021, with a
total of 1883 occurrences, and there was a notable decrease in 2022. The overall trend
in annual precipitation volume aligns with the frequency of incident occurrences, with
collapses and landslides following a trend similar to annual precipitation. However, for
debris flows, apart from a decrease in 2019, their variation characteristics from 2020 to
2022 are not as distinct.

3.2.2. Monthly Variation Features

Highway geomorphological incidents show pronounced monthly variations (Figure 3b),
peaking in June, followed by July to September, and markedly fewer from November to the
following March. The general monthly variation trends for each type of incident remain
consistent, with some localized differences. Across these trends, it is observed that the months
with the highest frequency of landslides, debris flows, and collapses are, respectively, June,
August, and September. The average monthly precipitation volume is highly correlated with
the frequency of incident occurrences, both following an increasing and then decreasing trend,
with the peak period for both being between June and August. The shift in trend for each
type of incident is largely in line with the monthly precipitation pattern. The peak months for
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collapses and debris flows (August to September) exhibit a slight delay compared to the peak
month for precipitation (July).
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3.2.3. Characteristics of Highway Geomorphological Incident Blockages

In the past four years, the average obstruction distance caused by highway geomor-
phological incidents has been 9.4 km, with the longest obstruction extending to 714 km.
The majority of road blockages are relatively short, with 85.8% of incidents leading to
obstructions within a distance of 1 km (Figure 4a). Additionally, 32.4% of these incidents
occur exclusively at the incident site without significant road blockage beyond it. Incident
frequency decreases swiftly with the lengthening of blocking duration (Figure 4b), with
4411 incident events occurring within 5 days, 50% lasting no more than 0.8 days, and 75%
lasting no longer than 3.1 days.
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Figure 4. Distribution of the proportion of highway geomorphological incidents in China from 2019
to 2022: (a) Blocking distance (0 km represents the frequency of incidents causing road blockage only
at the incident point, (0, 1] km represents the frequency of incidents within the range of >0 km and
≤1 km); (b) Blocking duration ([0, 0.5] represents a blockade duration of ≤12 h, (0.5, 1] represents a
blockade duration of >12 h and ≤24 h, (1, 5] represents a blockade duration of >1 day and ≤5 days).

4. Spatiotemporal Characteristics of Precipitation-Induced Conditions
4.1. Probability of Precipitation-Induced Incidents at Various Intensities

The probability of short-duration rainfall events inducing geomorphological incidents
on highways within the past six hours has remained consistently low (Table 1). Neverthe-
less, this probability increases significantly between six and twenty-four hours after the
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rainfall, with the highest incidence associated with short-duration torrential rain, followed
by episodes of torrential rain. Geographical disparities in the classification of incident-
inducing short-duration rainfall are pronounced, with East and Central China experiencing
the highest risk levels at above 20% for both torrential rain and downpour. Meanwhile,
the regions of Northwest and Southwest China are most vulnerable to torrential rain, with
North China being susceptible to torrential rain as well. Additionally, South China is prone
to downpours. In all of these cases, the probability of these rainfall types inducing incidents
on highways exceeds 15%.

Table 1. Hourly and Daily Rainfall Probability of Inducing geomorphological incidents Across
Different Regions.

Precipitation Type Statistical Period
Region

East Central Northwest Southwest North South

Short-term light rain

Past 3 h 0.7% 0.4% 0.5% 0.5% 0.5% 0.7%
Past 6 h 1.6% 1.1% 1.3% 1.2% 1.3% 1.5%
Past 12 h 2.7% 1.9% 2.1% 1.9% 2.2% 2.4%
Past 24 h 3.4% 2.6% 2.9% 2.5% 3.0% 2.9%

Short-term
moderate rain

Past 3 h 0.2% 0.6% 0.6% 0.4% 0.8% 0.7%
Past 6 h 0.7% 1.9% 1.6% 1.4% 1.8% 2.8%
Past 12 h 3.4% 5.4% 4.3% 3.7% 4.9% 5.5%
Past 24 h 9.4% 11.0% 10.3% 7.7% 15.5% 10.3%

Short-term heavy rain

Past 3 h 0.2% 0.6% 0.3% 0.5% 0.4% 0.5%
Past 6 h 0.9% 1.8% 0.7% 1.6% 2.0% 1.5%
Past 12 h 4.5% 6.6% 4.4% 5.8% 6.7% 4.5%
Past 24 h 12.3% 12.2% 11.9% 11.3% 16.0% 10.3%

Short-term
torrential rain

Past 3 h 0.7% 0.5% 0.4% 0.7% 0.4% 0.3%
Past 6 h 2.0% 2.3% 0.8% 1.4% 0.4% 1.2%
Past 12 h 9.5% 12.0% 5.6% 7.9% 2.5% 7.2%
Past 24 h 20.2% 22.4% 15.5% 16.3% 12.2% 12.9%

Short-term downpours
and above

Past 3 h 0.0% 0.0% 0.0% 0.1% 0.0% 0.6%
Past 6 h 1.3% 0.0% 0.0% 0.9% 0.0% 1.5%
Past 12 h 10.2% 9.9% 1.3% 5.7% 1.7% 7.4%
Past 24 h 21.3% 21.1% 5.2% 11.0% 7.8% 16.0%

Light rain

Past 1 day 1.8% 2.0% 3.1% 2.6% 3.2% 1.9%
Past 3 days 7.8% 9.2% 10.2% 9.2% 9.3% 6.6%
Past 3 days 14.7% 17.8% 16.8% 16.6% 16.1% 14.1%
Past 3 days 22.6% 25.2% 23.7% 23.8% 23.7% 22.3%

Moderate rain

Past 1 day 5.7% 3.2% 4.9% 4.5% 3.7% 3.3%
Past 3 days 17.2% 14.7% 15.5% 13.3% 17.2% 14.5%
Past 3 days 28.4% 22.2% 25.3% 21.0% 25.4% 21.2%
Past 3 days 36.0% 27.4% 32.5% 29.7% 29.9% 27.6%

Heavy rain

Past 1 day 2.2% 6.0% 10.0% 9.1% 6.8% 2.6%
Past 3 days 11.4% 14.3% 23.0% 21.4% 23.9% 15.4%
Past 3 days 22.2% 25.0% 30.5% 29.5% 33.0% 26.9%
Past 3 days 27.0% 38.7% 36.7% 35.5% 43.2% 35.5%

Torrential rain

Past 1 day 9.6% 17.9% 17.2% 15.5% 21.3% 11.6%
Past 3 days 27.0% 26.2% 30.7% 24.4% 34.0% 22.5%
Past 3 days 33.0% 31.0% 38.7% 31.0% 46.8% 34.7%
Past 3 days 43.5% 45.2% 44.1% 38.5% 51.1% 46.2%

Downpours and above

Past 1 day 45.9% 67.7% 19.4% 41.7% 26.7% 35.5%
Past 3 days 70.5% 77.4% 38.7% 53.5% 53.3% 61.8%
Past 3 days 72.1% 80.6% 38.7% 55.1% 53.3% 71.1%
Past 3 days 78.7% 87.1% 45.2% 65.4% 80.0% 71.1%



Atmosphere 2024, 15, 391 9 of 16

With daily rainfall, the incident probability incrementally mounts as the rainfall
intensity and duration extend. In regions such as the East, Northwest, Southwest, and
North China, the risk of incidents resulting from daily rainfall exhibits a noticeable increase
from the previous day up to a span of 3 days. However, there is a noticeable slowdown in
this increase beyond the 3-day mark. The probability of incidents precipitated by torrential
rain or more severe conditions is particularly pronounced three days preceding the event.
During the week leading up to a incident, significant regional variations in the induction
probabilities were identified, with rates above 40% for torrential rain in East, Central, and
North China and exceeding 75% for downpour. Northwest and Southwest China show less
variation, with probabilities mostly ranging between 30% and 40% for moderate rain and
above; however, South China has a lower probability for moderate to heavy rain, with a
marked increase for torrential rain and above.

In summary, the probability of daily rainfall leading to incidents is higher than
that of short-duration rainfall events. Prolonged heavy rainfall carries a greater risk of
inducing incidents on highways compared to brief, intense precipitation. These events
are most likely to occur within 3 days of torrential rain or within 24 h of a short-term
torrential rain episode.

4.2. Hourly Precipitation Characteristics for the Preceding 24 h

In the 24 h before an incident, the average hourly rainfall across all regions typically
increases before decreasing, with peak precipitation periods often occurring around twelve
hours before the event (Figure 5). The average hourly rainfall in East, Central, and South
China is distinctly higher than that in Northwest, North, and Southwest China. In the
former regions, the maximum average hourly rainfall can attain heavy rain levels. In
contrast, North and Southwest China might encounter moderate rainfall, whereas the
Northwest experiences lighter rainfall. In most regions, more than 50% of the total rainfall
amounts are concentrated in the twelve hours preceding the occurrence of the incident.
Notably, East, Central, and South China exhibit significantly higher rainfall quantities
across all percentiles compared to other regions during this critical twelve-hour period.
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In the Northwest, East, Southwest, and South China, maximum hourly rainfall within
24 h prior to an incident consistently exceeds 10 mm. In North and Central China, while
there is a temporary drop in maximum hourly rainfall to below 10 mm during the 5–8 h
immediately preceding the incident, the values are generally higher at other times within
this 24 h period. The Southwest and South regions often see maximum hourly rainfall
concentrated between 30–70 mm, while other regions typically range from 15 to 40 mm.
Further, the Northwest, Southwest, and South China tend to record their maximum hourly
rainfall between 24 and 12 h before the incident, whereas in North, East, and Central China,
peak values are more frequent from 12 to 8 h prior. Clearly, there exists a distinct time gap
between the onset of the incident and the occurrence of extreme, short-duration, intense
rainfall. This highlights the critical importance of monitoring such precipitation events
within a 24 h timeframe to better predict and mitigate potential incidents.

4.3. Cumulative Precipitation Characteristics for the Preceding 24 h

In various regions, the frequency of incidents within the last 24 h exhibits a declining
trend with increasing precipitation amounts, although the intervals of incident-causing
precipitation differ (Figure 6). In the Northwest and Southwest, the precipitation intervals
that precede incidents are more tightly concentrated, with a higher frequency of incidents
occurring at levels below 40 mm. On the other hand, North, East, Central, and South China
exhibit broader ranges of critical precipitation intervals. In North China, the predominant
range for incidents spans from 10–75 mm; in East China, it falls between 5–50 mm; and
in Central and South China, it extends from 5–120 mm. Furthermore, these regions also
experience secondary peaks in the frequency of incidents at precipitation levels exceeding
150 mm.
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Figure 6. Frequency chart of geomorphological incidents on Highways Induced by the Accumulative
Precipitation for the Preceding 24 h.

For East and South China, the average cumulative precipitation amounts in the 24 h
prior to an incident, as well as the various percentile thresholds, are higher than in other
regions. In contrast, the Northwest, North, and Southwest had similar precipitation
thresholds prior to the incident (Table 2).
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Table 2. Precipitation Percentiles and Averages for Various Regions for the Preceding 24 Hours.

Region Northwest North East Southwest Central South

Mean 23.5 33.9 73 27.9 45 70.2
90% 65.8 78.9 178.8 82.4 120.5 168.1
75% 37.4 53.6 142.3 39.6 67 99.3
50% 12.5 18.8 38.8 10.2 27.8 53.6
25% 0.1 1.4 17.7 0.9 0.3 18.6

4.4. Daily Precipitation Characteristics for the Preceding 15 Days

The average daily rainfall in each region demonstrates a slow, oscillating growth from
the 15th to the 3rd day preceding the incident, followed by a sharp increase, with the
maximum rainfall occurring on the day preceding the incident (Figure 7). In South, East,
and Central China, the average daily rainfall can surpass 80 mm, significantly exceeding
that of other regions. In most areas, over 50% of the rainfall occurs on the day before the
incident, with East, Central, and South China experiencing significantly greater rainfall
amounts across all percentiles during this critical period.
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When examining the maximum daily rainfall, most regions show a fluctuating upward
trend, with the greatest values typically occurring around the 7th day and the day preceding
the incident. The Southwest and South China can reach over 300 mm, while other areas
exceed 200 mm. A noticeable pattern emerges with a substantial increase in maximum
rainfall occurring three days before the incident, and this pattern closely correlates with the
occurrence of extreme precipitation within a day of an incident.

4.5. Effective Precipitation Characteristics for the Preceding 15 Days

The proportion of effective precipitation frequency over the preceding 15 days
reveals distinct regional characteristics (Figure 8). In the Northwest and Southwest,
the frequency of incidents decreases rapidly with increasing precipitation, with 80%
of incidents concentrated within 75 mm. In North and Central China, the frequency
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initially increases and then decreases with precipitation. Approximately 70% of incidents
are concentrated within a range of 75 mm of precipitation, while incidents induced by
effective precipitation exceeding 150 mm account for approximately 5% of the total. In
East and South China, the frequency trends are not significantly affected by increased
rainfall, with all effective precipitation levels up to 200 mm contributing approximately
5–10% to incident occurrences.
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Figure 8. Frequency Chart of geomorphological incidents on Highways Induced by Effective Pre-
cipitation for the Preceding 15 Days (where 25 mm denotes effective precipitation ≤25 mm, 50 mm
denotes >25 mm and ≤50 mm, and 75 mm denotes >50 mm and ≤75 mm).

In East and South China, the percentiles and averages of effective precipitation prior
to an incident are relatively high, with 50% of the incident-inducing rainfall at or above
120 mm. North and Central China come next, with precipitation levels above 50 mm,
while the Northwest and Southwest regions exhibit weaker rainfall levels that can lead to
incidents, typically above 40 mm (Table 3).

Table 3. Effective Precipitation Percentiles and Averages for Various Regions for the Preceding
15 Days.

Region Northwest North East Southwest Central South

Mean 48.9 67.6 129.4 54.5 74 148.4
90% 103.9 126.6 217.3 126.3 181.4 261.7
75% 75.2 97.2 201.7 69.2 103.7 218.6
50% 44.8 57.9 122 40.1 50.9 129.8
25% 14.8 29.2 61 19.6 28.4 71.3

4.6. Characteristics of the Maximum Continuous Rainfall Days for the Preceding 15 Days

In most regions, there is a unimodal distribution of incident frequency concerning
the longest continuous span of rainfall. The highest frequencies are typically concentrated
within the range of 3 to 6 days, and the cumulative proportion for four days reaches over
70% (Figure 9). The Northwest region shows a peak at 3 days, the Southwest at 4 days, and
North, Central, and East China at 5 days, while South China peaks at both 6 and 15 days.
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5. Conclusions and Future Research
5.1. Feature Analysis of Highway Geomorphological Incident Events

In the past four years, geomorphological incidents on highways in China have mainly
taken place in the southern regions of the country’s secondary and tertiary topographical
tiers. There are notable differences in the distribution of highways at the county level
across most provinces. Collapses and landslides have been more frequent than debris
flows. There is a high degree of correlation between the annual and monthly variations of
highway incidents and precipitation trends. The year with the highest frequency of such
incidents was 2021, with a concentration of occurrences primarily between the months of
June and September.

Incidents on national roads have occurred with a markedly higher frequency than
on expressways and provincial roads, especially in regions such as Sichuan, Shaanxi,
and Yunnan. The frequency of incidents decreases as the distance and duration of road
blockages increase, with the average blockage being 9.4 km and lasting 12.9 days. Moreover,
85.8% of incidents result in blockages within a one-kilometer radius, and 75% have closure
durations of 3.1 days or less.

5.2. Spatiotemporal Characteristics of Precipitation-Induced Conditions

The probability of precipitation-induced incidents is notably higher for daily rainfall
compared to short-duration rainfall events. With daily rainfall, the incident probability
incrementally mounts as the rainfall intensity and duration extend. During the week
leading up to an incident, significant regional variations in the induction probabilities
were identified, with rates above 40% for torrential rain in East, Central, and North China.
Sustained heavy precipitation is more likely to trigger incidents on highways. In most
instances, torrential rain within 3 days or short-duration torrential rain within 24 h is likely
to precipitate such incidents.
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A noticeable time lag exists between the occurrence of extreme, short-duration, in-
tense rainfall and the initiation of incidents. In the 24 h before an incident, the average
hourly rainfall across all regions typically increases before decreasing, and the frequency
of incidents exhibits a declining trend with increasing precipitation amounts, with peak
precipitation periods often occurring around twelve hours before the event. In most regions,
the highest probability of an incident is associated with continuous rainfall spanning three
to six days. Moreover, in East and South China, significantly higher precipitation amounts
are observed across all categories during these critical periods.

5.3. Limitations and Future Research

The present study has shed light on the spatial-temporal characteristics of highway
geomorphological incidents in China, particularly in relation to precipitation-induced
conditions. However, it is important to note that the limitations of the study, such as the
relatively brief data span and the sample size in certain regions, may have influenced the
conclusions. Further, the precipitation data were derived from the nearest single-station
records, which may not perfectly align with the actual rainfall at the incident sites. This
is consistent with the findings of similar studies conducted by researchers [40,41,47], who
also identified the challenge of limited data span and sample size in their analyses.

When comparing our results with previous research, we can observe similarities and
differences that provide valuable insights. For instance, the influence of topographical and
geomorphological conditions on highway incidents, which was not extensively explored
in this study, has been a focal point in the findings of scientists [32,38,48]. This compari-
son highlights the need for a more comprehensive analysis considering the geographical
environment and road conditions, as emphasized in the work of investigators [49–53].

Future research aims to address these limitations by extending the study period and
incorporating regional geographical data, providing a more robust foundation for the risk
assessment and zoning of highway geomorphological incidents. Building upon previous
studies and leveraging a more extensive dataset will further refine our understanding of
the complex interplay between precipitation, topography, and geomorphological incidents
on highways in China.
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