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Abstract: A rainfall threshold for landslide occurrence at a national scale in China has rarely been
developed in the early warning system for landslides. Based on 771 landslide events that occurred
in China during 1998–2017, four groups of rainfall thresholds at different quantile levels of the
quantile regression for landslide occurrences in China are defined, which include the original rainfall
event–duration (E–D) thresholds and normalized (the accumulated rainfall is normalized by mean
annual precipitation) (EMAP–D) rainfall thresholds based on the merged rainfall and the Climate
Prediction Center Morphing technique (CMORPH) rainfall products, respectively. Each group consists
of four sub-thresholds in rainy season and non-rainy season, and both are divided into short duration
(<48 h) and long duration (≥48 h). The results show that the slope of the regression line for the
thresholds in the events with long durations is larger than that with short durations. In addition, the
rainfall thresholds in the non-rainy season are generally lower than those in the rainy season. The
E–D thresholds defined in this paper are generally lower than other thresholds in previous studies
on a global scale, and a regional or national scale in China. This might be due to there being more
landslide events used in this paper, as well as the combined effects of special geological environment,
climate condition and human activities in China. Compared with the previous landslide model, the
positive rates of the rainfall thresholds for landslides have increased by 16%–20%, 10%–17% and
20%–38% in the whole year, rainy season and non-rainy season, respectively.

Keywords: landslide and debris flow; rainfall thresholds; China; quantile regression

1. Introduction

Landslides are one of the most devastating geo-hazards that cause heavy casualties and great
economic losses around the world every year. China is one of the countries that are most prone to
landslides due to its geological, geomorphological and climate conditions [1,2]. According to the
National Geological Disaster Bulletin issued by the Ministry of Natural Resources of the People’s
Republic of China from 2007 to 2016, an average of 762 people are reported dead or missing per year
due to landslides, debris flows and other geological disasters, resulting in direct economic losses of
4.2 billion Chinese yuan. Since precipitation is the main trigger factor for landslides, the frequency and
intensity changes of precipitation, which are caused by the global warming [3], will probably lead to an
increase in the potential occurrence of landslides in the future [4–6]. In addition, as China is currently
experiencing economic booming and developing rapidly, the early warning of landslides is crucial
in China.
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Rainfall thresholds can be used to predict the possible occurrence of slope failures in an area [7].
Currently, many countries and regions have developed the early warning systems (EWSs) based on
rainfall thresholds to provide geological hazard information for the public [8–10].

By using the global rainfall threshold, combined with the landslide and debris flow susceptibility
in China, a real-time EWS has been established for landslides and debris flows in China [11]. The EWS
was verified by using 106 events in China during 2016–2017, and the results showed that the early or
delayed warning is effective for 69% of the total events, while 72% of landslide events in the rainy
season (May to September) can be warned, but only 35% of landslide events in the non-rainy season
can be warned in advance. Some landslide events which did not reach the critical value of rainfall
triggering the landslide and debris flow cannot be predicted, which may be due to the fact that these
rainfall thresholds are not applied for China [12]. Thus, it is necessary to establish rainfall thresholds
suitable for China to improve the positive prediction rate for landslides.

In fact, some rainfall thresholds have been developed in China, but most of them were established
with few events or just suitable for specific areas. For example, Huang et al. (2015) have calculated
the rainfall thresholds with 50 landslide events in Huangshan region of Anhui Province [13]. Zhou
and Tang (2013) have defined a rainfall threshold with 11 rainfall events inducing debris flows in
the Wenchuan earthquake-stricken area in Sichuan Province [14]. Li et al. (2017) have established a
rainfall intensity–duration threshold in China, but only with 60 landslide events happening during
2005–2011 [15]. By far, few studies have used a large amount of historical data of landslides to establish
rainfall thresholds in China.

Rainfall thresholds can be established by using both physical and empirical methods. Rainfall
infiltrates into the slope and changes the pore water pressure, reducing the shear stress and thus
may result in the slope failure [16]. Based on the physical methods, these physical processes can
be analyzed and the critical value of rainfall can be calculated out [17,18]. However, such methods
require an extensive data collection of geological information that requires high spatial resolution, so
it’s not feasible for threshold calculation at large regional or global scales [19]. Based on the rainfall
information of historical landslide events, the empirical methods can determine the low boundary
with statistical methods for the rainfall conditions that result in slope failures. Several statistical
methods have been applied to obtain the rainfall thresholds, such as Bayesian statistics [20], logistical
regression [21], confidence level [22] and quantile regression [23,24]. Thus, the empirical methods are
more suitable for larger areas.

Guzzetti et al. (2008) have classified the rainfall thresholds into four categories: (i) rainfall
intensity–duration (I–D) thresholds, (ii) thresholds based on the total rainfall of the events, (iii) rainfall
event–duration (E–D) thresholds and (iv) rainfall event–intensity (E–I) thresholds [25]. The I–D
and E–D thresholds are the most commonly, world-widely used among them. The E–D thresholds
are equivalent to the I–D thresholds, while the E–D thresholds can avoid unnecessary conversions.
Therefore, the E–D thresholds are selected in this paper.

This paper aims to calculate the E–D and normalized (the accumulated rainfall is normalized by
mean annual precipitation, MAP) (EMAP–D) thresholds in the whole of China, and to validate the
thresholds for early warning of landslides. A landslide inventory with more landslide events covering
the whole region of China will be used. The rest of this paper is organized as follows. Section 2
describes the landslides inventory, rainfall dataset and quantile regression method to calculate the
rainfall thresholds, and the thresholds established in this study are shown in Section 3. In Section 4,
the thresholds defined in this paper are compared with the existed thresholds and validated with those
from the previous analysis [11]. Finally, the main conclusions are summarized in Section 5.
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2. Data and Methods

2.1. Landslide Inventory

The landslide information is obtained from four sources: (i) China Geological Environment
Information site (http://www.cigem.cgs.gov.cn/), which provide the reports of geological disasters
occurred in China; (ii) a global landslide catalog developed by Kirschbaum et al. (2015 [1]), available
at https://catalog.data.gov/dataset/global-landslide-catalog-export; (iii) literatures including annual
reports published by related institutions and/or government departments and local news report related
to landslides, and (iv) other reports online. 771 landslide events were collected in a period covering 20
years from 1998 to 2017.

For each landslide, the corresponding information includes location, time, type of failure and
triggering reason. Not all of this information is complete for every single event, i.e., some information
is unknown. There are four kinds of spatial resolutions with the collected landslide events, namely,
S1—province, S2—prefecture-level region, S3—county or district, and S4—town, village, country
or site. As is shown in Table 1, 24 landslides (accounting for 3.1% of the total landslide events) are
collected at the resolution of S1, 87 (11.3%) at S2, 286 (37.1%) at S3 and 374 (48.5%) at S4. In addition,
there are also two kinds of temporal resolutions with the collected data, which are T1—the occurrence
dates for 623 (80.8%) landslide events are known, and T2—the occurrence time (hour) for 148 (19.2%)
landslide events are known.

Table 1. Information of landslide inventory in China during 1998–2017. NE: number of landslide
events; S1: province; S2: prefecture-level region; S3: county/district; S4: village/town/country/site; T1:
day; T2: hour; L: landslides; DF: debris flow; RF: rock fall.

Year NE
Spatial Accuracy Temporal Accuracy Landslide Types

S1 S2 S3 S4 T1 T2 L DF RF

1998 24 0 1 1 22 24 0 24 0 0
1999 19 0 0 0 19 19 0 19 0 0
2000 17 0 1 2 14 17 0 17 0 0
2001 7 0 2 0 5 7 0 7 0 0
2002 4 0 0 1 3 1 3 3 1 0
2003 35 5 13 12 5 35 0 35 0 0
2004 10 0 2 2 6 10 0 10 0 0
2005 11 0 1 2 8 8 3 9 2 0
2006 15 0 0 0 15 7 8 7 6 2
2007 65 10 13 10 32 57 8 45 17 3
2008 73 7 19 16 31 73 0 61 11 1
2009 80 1 5 26 48 59 21 60 14 6
2010 73 0 11 38 24 57 16 63 6 4
2011 39 0 0 25 14 34 5 28 6 5
2012 49 1 5 21 22 49 0 23 13 13
2013 58 0 6 38 14 58 0 36 5 17
2014 40 0 3 34 3 40 0 20 3 17
2015 29 0 1 22 6 29 0 14 5 10
2016 75 0 4 34 37 29 46 62 13 0
2017 48 0 0 2 46 10 38 38 10 0
Total 771 24 87 286 374 623 148 581 112 78

Percent 100 3.1% 11.3% 37.0% 48.6% 80.8% 19.2% 75.4% 14.5% 10.1%

In addition, information about the landslide types is also collected, which can be classified
into debris-flow, rock fall and generic shallow landslide. Usually the mechanisms among them are
considered to be similar, but in fact, it’s not easy to distinguish them clearly, because sometimes
the report uses imprecise language to describe the landslides. Thus, most of them are classified
as generic shallow landslides (581, 75.36%). In fact, whether the landslide occurs for the first time
or reactivates is very important in the landslide prediction, because the corresponding geological

http://www.cigem.cgs.gov.cn/
https://catalog.data.gov/dataset/global-landslide-catalog-export
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conditions would definitely change after the slope failure occurred. However, the collected landslide
information does not contain this specific information, and the landslide model used here cannot
simulate those processes. So, this paper mainly concentrates on the rainfall thresholds, and only the
shallow landslides which occurred at the first time are considered. The above information of landslide
inventory is listed in Table 1, including the number of landslide events with different spatio-temporal
resolutions and landslide types in each year.

Landslide events used to reconstruct the rainfall thresholds are selected based on criteria as
follows: (i) the location of the landslide has a spatial resolution of S3 or higher; (ii) the occurrence time
of the landslide is known at least with a daily resolution (T1). The landslides which are not triggered
by rainfall are excluded. Based on these requirements, 660 landslide events are selected to construct
the rainfall thresholds.

The latitude and longitude of the landslide events can be acquired by map tool. Figure 1 shows the
locations of landslide events and elevation distribution in China. The elevation data are derived from
HydroSHEDS—Hydrological data and maps based on SHuttle Elevation Derivatives at multiple Scales,
with a spatial resolution of 3 arc-seconds, which can be downloaded at http://hydrosheds.cr.usgs.gov [26].
Most of the landslides are distributed in transitional regions from high altitude to low altitude and hilly
areas in the southern China, where heavy precipitation occurs frequently due to monsoon and typhoon
activities. Landslides occurred in 1998–2015 (black triangle in Figure 1) are used to construct the rainfall
thresholds, and those occurred in 2016–2017 (red triangle in Figure 1) are used for validation.
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Figure 1. Location of landslides collected during 1998–2017 in China and the elevation (unit:
m) distribution.

2.2. Rainfall Data

Three kinds of precipitation products are used to calculate the rainfall thresholds: (i) the
merged precipitation product in China [27], and it is the main precipitation data used in this paper,
(ii) satellite precipitation product produced by the NOAA Climate Prediction Center Morphing
technique (CMORPH) [28], and (iii) CN05.1 [29] are also used in this paper. The hourly CMORPH and
merged precipitation products are used to acquire the rainfall information when landslides occur, and
daily CN05.1 is used to obtain the MAP for the normalization of the rainfall thresholds.

http://hydrosheds.cr.usgs.gov
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It has been pointed out that the development of satellite and ground-based radar technology has
provided great support for the studies of rainfall thresholds [30]. The estimated precipitation from
satellite-based data has a high spatio-temporal resolution, and the comprehensive quality evaluation
in China is also good. In particular, the CMORPH performs better among the satellite precipitation
products [31–33].

The CMORPH is developed by the National Oceanic and Atmospheric Administration (NOAA)
Climate Prediction Center (CPC) in the United States. By using the geostationary satellite IR data to
detect cloud systems and the associated motion characteristics, the cloud system advection vector
is calculated, which is then used to deduct the instantaneous precipitation estimated by low orbiter
satellite microwave observations. Finally, the continuous precipitation distribution is obtained. There
are two versions of CMORPH: the original version (CMOPRH V0.x) and the new version (CMOPRH
V1.0, used here). CMORPH V1.0 has provided near-real-time and bias-corrected products named
CMORPH-RAW and CMORPH-CRT, respectively. CMORPH-RAW is satellite only precipitation
and is provided in near-real-time so is suitable for real-time application. CMORPH-CRT is adjusted
through matching the PDF of daily CMORPH-RAW against that for the CPC unified daily gauge
analysis at each month over land, thus the CMORPH-CRT data is provided months delay. In this study,
CMORPH-RAW with a temporal resolution of 30 min and a spatial resolution of −8 km, covering 60◦

S–60◦ N is used.
Based on the hourly precipitation observed by more than 30,000 automatic weather stations

(AWS) in China and the satellite precipitation data retrieved from CMORPH, a merged rainfall product
is developed through a two-step merging algorithm of PDF (Probability Density Function) and OI
(Optimal Interpolation). The merged rainfall combines the advantages of both the AWS and satellite
products, so the spatio-temporal distributions of precipitation is more accurate and reasonable. The
gauge stations used in this data are far more than which used in CMORPH-CRT, and it updates
more rapidly than CMORPH-CRT, so that we use merged data in China rather than CMORPH-CRT.
The spatial resolution of the merged rainfall is 0.1◦ × 0.1◦, with a temporal resolution of 1 h. The
dataset is available from 1 January 2008 to date, which can be downloaded online (available at
http://data.cma.cn/data/detail/dataCode/SEVP_CLI_CHN_MERGE_CMP_PRE_HOUR_GRID_0.10/).

The CN05.1 dataset has been developed with observations at more than 2400 stations in China [29].
It is constructed by the “anomaly approach” [34], that is, first calculating a gridded climatology and
then adding a gridded daily anomaly to the climatology to obtain the final dataset. The CN05.1 includes
daily and monthly precipitation data and the period is from 1961 to 2017, with a spatial resolution of
0.25◦ × 0.25◦. Here, the monthly data in 1981–2010 is adopted to calculate the MAP for 30 years.

As is shown in Figure 2, the MAP in China ranges from 24.62 to 2315.27 mm, which is high in
the southeast of the Yangtze River and gradually decreases from the southeast to northwest, as it
is known that heavy rainfall occurs frequently in the southern China during the summer monsoon
season. Furthermore, typhoons from the Northwest Pacific Ocean land in these areas frequently
from June to October and bring abundant rainfall. The high MAP in the southeastern China could
partly explain why this region with low topographic relief is prone to landslides. As the MAP varies
greatly in China, and the climate affects the meteorological conditions that can result in landslides,
there is a need to reduce the effects of climate diversity. Commonly, due to the differences of rainfall
thresholds in different climatic regions, the MAP as a climatic index is selected to normalize the rainfall
thresholds [20,24,35,36]. Therefore, the accumulated rainfall is divided by MAP in this paper to acquire
the EMAP–D thresholds.

http://data.cma.cn/data/detail/dataCode/SEVP_CLI_CHN_MERGE_CMP_PRE_HOUR_GRID_0.10/
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Figure 2. Mean annual precipitation (MAP) distribution in China during the period of 1981–2010.

2.3. Inventory Methodology

The formula of the E–D rainfall threshold is expressed as follow:

E = αDγ (1)

where D is the duration (unit: h) from the beginning of the rainfall (Ts) to the occurrence time of the
landslide (Te), E is the accumulated rainfall (unit: mm) during this duration, α and γ are constant
parameters calculated by the regression method. Te means the time when the landslide event occurred;
but for the landslide event with a temporal resolution of the day at S3, Te is the time when the rainfall
ended on that day, and Ts is the time when the rainfall event began. A rainfall event is defined by a
no-rainfall period. Saito et al. (2010) used 24 h to define the rainfall event in Japan [24]; Brunetti et al.
(2010) used 48 h in May–September, and 96 h in October–April in Italy [37]; Segoni et al. (2014) did
several runs using different no rain periods to get the lowest number of false alarms; the no rain period
varies 18–36 h for different alert zones [22]. In this study, a rainfall event is defined as continuous
rainfall separated from the preceding and the following events by a no-rainfall period of no less than
24 h.

Firstly, the rainfall information (E and D) relevant to landslides needs to be acquired. As CMORPH
and merged rainfall data are both gridded data, the grid whose center is closest to the location of the
landslide event is selected to reconstruct the rainfall information for landslides.

Then, Formula (1) is log-transformed to a linear equation:

log10 (E) = log10 (α) + γlog10 (D) (2)

For each landslide event, E–D values are plotted on the log10-log10 graph. In this process, it
has been found that the rainfall durations of some landslide events are 0 h, which may be due to
the fact that part of the landslides are not triggered by short-term rainfall, but by earthquake, snow
melt or antecedent rainfall. Moreover, the AWSs coverage is not wide enough in China, especially
in the mountain areas, therefore, such landslides are excluded when calculating rainfall thresholds.
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Finally, based on the CMORPH products, 367 landslides are selected to calculate the rainfall thresholds;
based on the merged rainfall products (available from 2008), 276 landslides are used to construct the
rainfall thresholds.

To calculate the rainfall thresholds for landslides, the quantile regression [38] is adopted to
determine the rainfall E–D threshold in this study. R software has a package called “quantreg”, which
implements the quantile regression [39,40]. It has been proposed that different levels of early warning
information can be issued by the EWS with probability levels of 5%, 20% and 50%, categorized as
“Null” (below the 5th percentile), “Alert” (5–20th percentiles), “Warning” (20–50th percentiles) and
“Evacuation” (above the 50th percentiles), respectively. In this paper, the 10th, 20th, 30th, 40th, 50th,
60th, 70th, 80th and 90th percentile values are calculated for quantile regression lines at different levels,
and the values of intercept α and slope β are returned by the linear regression method.

The main procedures for calculating the thresholds are summarized as follows.

(1) Collect information of landslides, including time, latitude and longitude of events.
(2) Screen the event that satisfies the criteria of spatio-temporal resolution.
(3) Define the rainfall event that is separated by a no-rainfall period of no less than 24 h, which means

the period between two rainfall events is more than 24 h.
(4) Find the grid of the rainfall data whose center is closest to the location of the landslide event.
(5) Get the E and D of the landslide events and plot them as dots in the log10-log10 graph.
(6) Calculate the thresholds (including E–D and EMAP–D thresholds) by using the quantile regression.
(7) Compare with thresholds in other published literatures and validate the rainfall thresholds.

In addition, China is affected by the monsoon system. With the onset of the summer monsoon in
May, the mainland of China becomes wet and rainy from south to north. When it comes to September,
the summer monsoon retreats rapidly, followed by the establishment of the winter monsoon, and then
the mainland of China is controlled by the Siberia high in winter. During this period, the soil is dry
due to less rain. Considering the special climate conditions in China, the rainfall characteristics and
soil moisture are different between the two periods in each year. Thus, the periods of May–September
and October–April are selected as the rainy season and non-rainy season, respectively [41]. Moreover,
as mentioned in Section 1, the existing landslide warning system shows different warning effects in
rainy and non-rainy seasons [11], so the rainfall thresholds for the rainy and non-rainy seasons are
calculated respectively in this paper.

3. Results

By using the landslide events occurred during 1998–2015 in China which satisfy the requirements
mentioned above, that is, the spatial resolution at the levels of county, district or higher, and the
temporal resolution at the level of day or finer, the D and E for each landslide event are inferred from
the merged and CMOPRH rainfall data.

Figure 3 shows the distribution of the rainfall conditions for each landslide event in the log10-log10
graph. Roughly taking 48 h as a split point, the trend seems different in the two parts, which can be seen
in both the CMORPH and merged rainfall data during the rainy season and non-rainy season. Thus,
the duration can be divided into two periods: short duration (1 ≤ D < 48 h) and long duration (D > 48).
This may be because the mechanisms of landslide and debris flow triggered by long-term rainfall and
short-term rainfall are different. In the long-term rainfall, the threshold is affected by the antecedent
precipitation and soil moisture, and the evaporation is also an important factor [25]. In Figure 3a, for
the merged data, in the rainy season, the range of the accumulated rainfall is 1.02–388.68 mm and the
duration is 1–412 h (around 17 days); in the non-rainy season (Figure 3b), the range of the accumulated
rainfall is 1.04–271.39 mm and the duration is 2–291 h (around 12 days). For the CMORPH data, in
the rainy season (Figure 3c), the range of the accumulated rainfall is 1–394.8 mm and the duration is
1–341 h (around 14 days); in the non-rainy season (Figure 3d), the range of the accumulated rainfall is
1.2–179.4 mm and the duration is 1–393 h (around 16 days).
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Figure 3. Event–duration (E–D) conditions of landslides calculated by the merged rainfall in the (a) 
rainy season and (b) non-rainy season, and by the Climate Prediction Center Morphing (CMORPH) 
rainfall in the (c) rainy season and (d) non-rainy season with different quantile regression lines (5%, 
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90% from bottom to top). 

The coefficients of intercept α and slope γ at different levels of quantile regression lines obtained 
by combining precipitation and CMORPH precipitation are listed in Table 2. By using thresholds at 
different levels of quantile regression, different levels of warnings can be established in the EWS [42]. 
Generally, the threshold at the 5% quantile level is used as a lower safety threshold. If the threshold 
exceeds the value at the 5% quantile level, relevant tracking, monitoring and prediction should be 
carried out; if the threshold exceeds the value at the 20% quantile level, attention should be paid; and 
if the threshold exceeds the value at the 50% quantile level, people should be evacuated. 

It can be found that for the thresholds at the quantile level of 50% or below, the slope of the 
regression line for the thresholds in the events with long durations is bigger than those with short 
durations, which means for long duration events much more rainfall is required to trigger landslide 
than. The possible reason might be that the evaporation plays an important role in the events with 
long durations, while for those with short durations, the evaporation can be ignored. Furthermore, 
the antecedent precipitation, soil moisture and climate condition also influence the rainfall thresholds 
in the initiation of landslides, and we will discuss this later in this article. 
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Figure 3. Event–duration (E–D) conditions of landslides calculated by the merged rainfall in the (a)
rainy season and (b) non-rainy season, and by the Climate Prediction Center Morphing (CMORPH)
rainfall in the (c) rainy season and (d) non-rainy season with different quantile regression lines (5%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90% from bottom to top).

The coefficients of intercept α and slope γ at different levels of quantile regression lines obtained
by combining precipitation and CMORPH precipitation are listed in Table 2. By using thresholds at
different levels of quantile regression, different levels of warnings can be established in the EWS [42].
Generally, the threshold at the 5% quantile level is used as a lower safety threshold. If the threshold
exceeds the value at the 5% quantile level, relevant tracking, monitoring and prediction should be
carried out; if the threshold exceeds the value at the 20% quantile level, attention should be paid; and if
the threshold exceeds the value at the 50% quantile level, people should be evacuated.

It can be found that for the thresholds at the quantile level of 50% or below, the slope of the
regression line for the thresholds in the events with long durations is bigger than those with short
durations, which means for long duration events much more rainfall is required to trigger landslide
than. The possible reason might be that the evaporation plays an important role in the events with
long durations, while for those with short durations, the evaporation can be ignored. Furthermore, the
antecedent precipitation, soil moisture and climate condition also influence the rainfall thresholds in
the initiation of landslides, and we will discuss this later in this article.
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Table 2. Coefficients of intercept α and slope γ at different levels of quantile regression lines obtained
by combining precipitation and CMORPH precipitation.

Season Rainy Season Non-Rainy Season

Duration D < 48 h D ≥ 48 h D < 48 h D ≥ 48 h

Coefficient α γ α γ α γ α γ

Merged-5% 0.49 0.47 0.01 1.48 0.45 0.68 0.01 1.61
10% 0.53 0.69 0.03 1.33 0.38 0.78 0.06 1.20
20% 0.98 0.70 0.11 1.22 0.65 0.67 0.28 0.96
30% 1.63 0.62 0.09 1.30 0.62 0.80 0.12 1.17
40% 1.41 0.75 0.46 1.03 0.72 0.90 0.19 1.13
50% 1.69 0.79 0.88 0.93 1.24 0.79 0.29 1.07
60% 2.50 0.76 1.81 0.83 1.10 0.96 0.36 1.05
70% 3.42 0.73 2.71 0.77 2.26 0.83 0.42 1.10
80% 3.77 0.82 2.83 0.78 4.98 0.66 0.19 1.33
90% 4.07 1.00 18.94 0.46 4.36 0.85 6.81 0.67

CMORPH-5% 0.53 0.53 0.28 0.96 1.20 0.07 0.00 1.94
10% 0.55 0.61 0.32 1.00 1.20 0.30 0.16 1.01
20% 0.78 0.65 1.55 0.71 1.20 0.49 0.58 0.78
30% 1.10 0.67 1.71 0.72 1.20 0.68 0.12 1.22
40% 1.54 0.66 0.59 1.02 1.26 0.73 0.74 0.92
50% 1.88 0.72 2.22 0.79 1.61 0.73 1.13 0.85
60% 3.10 0.62 5.02 0.65 2.06 0.76 1.61 0.79
70% 5.00 0.59 13.93 0.48 2.14 0.78 4.92 0.60
80% 6.73 0.62 12.76 0.56 2.47 0.84 6.54 0.55
90% 9.52 0.67 37.00 0.38 2.41 0.99 11.73 0.46

Considering that the MAP varies greatly in China (Figure 2), the accumulated rainfall is normalized
by MAP. Figure 4 shows the scatter diagram of the relationship between EMAP and D on the logarithmic
coordinates and the quantile regression lines at different levels. In addition, the corresponding
coefficients of slope γ and intercept α for quantile regression lines at different levels are shown in
Table 3. Similar to the E–D formula, split by 48 h, the formulas for both short-term and long-term
rainfall thresholds are established, respectively. It can be seen that for the EMAP–D thresholds at the
50% quantile level or below established by the merged and CMORPH rainfall products, the slope of the
regression line on rainfall threshold for the landslide and debris flow triggered by short-term rainfall is
generally smaller than or close to that triggered by long-term rainfall, while the intercept is higher than
that triggered by the long-term rainfall. The difference in the mechanisms for landslide and debris
flow triggered by long-term rainfall and short-term rainfall is reflected in the rainfall thresholds.

Table 3. Same as Table 2, but for the coefficients of EMAP–D thresholds. (EMAP–D: E–D thresholds
normalized by mean annual precipitation).

Season Rainy Season Non-Rainy Season

Duration D < 48 h D ≥ 48 h Duration D < 48 h

Coefficient α γ α γ α γ α γ

Merged-5% 0.00026 0.68 0.00002 1.38 0.00060 0.45 0.00001 1.51
10% 0.00054 0.76 0.00003 1.37 0.00075 0.38 0.00005 1.20
20% 0.00051 0.87 0.00010 1.20 0.00064 0.60 0.00034 0.87
30% 0.00166 0.60 0.00034 1.02 0.00077 0.64 0.00029 0.99
40% 0.00213 0.64 0.00149 0.76 0.00066 0.92 0.00027 1.01
50% 0.00489 0.46 0.00178 0.77 0.00058 1.09 0.00034 0.98
60% 0.00486 0.54 0.00292 0.70 0.00244 0.70 0.00023 1.09
70% 0.00808 0.44 0.00499 0.61 0.00274 0.69 0.00064 0.91
80% 0.00774 0.58 0.01156 0.48 0.00273 0.74 0.00044 1.07
90% 0.02439 0.32 0.02960 0.32 0.00234 0.96 0.00245 0.80

CMORPH-5% 0.00044 0.63 0.00025 0.97 0.00036 0.67 0.00000 1.66
10% 0.00071 0.56 0.00046 0.87 0.00069 0.65 0.00004 1.23
20% 0.00093 0.60 0.00068 0.84 0.00077 0.66 0.00028 0.90
30% 0.00136 0.62 0.00147 0.73 0.00158 0.51 0.00005 1.41
40% 0.00211 0.58 0.00191 0.72 0.00161 0.61 0.00007 1.36
50% 0.00439 0.41 0.00770 0.47 0.00191 0.62 0.00020 1.17
60% 0.00414 0.54 0.00623 0.56 0.00191 0.67 0.00028 1.11
70% 0.00570 0.54 0.01022 0.50 0.00193 0.73 0.00085 0.93
80% 0.01165 0.42 0.07585 0.12 0.00191 0.91 0.00129 0.86
90% 0.02423 0.27 0.12788 0.06 0.00305 0.83 0.00136 0.85
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Figure 4. Same as Figure 3, but for normalized E–D thresholds (EMAP–D).

4. Discussions

So far, four groups of rainfall thresholds in China have been established. Each group consists of
four sub-thresholds in rainy season and non-rainy season (both are divided into short duration and
long duration), respectively. For thresholds below the quantile level of 50% derived from both the
merged and CMORPH rainfall products, the slope of the regression line of the rainfall threshold for
long durations is higher than that for short durations, which may be attributed to different mechanisms
in triggering landslides by long- and short-duration rainfall.

In our previous study, a statistical model for landslide has been established by using the landslide
susceptibility and a global rainfall threshold, showing that around 70% of the landslide events occurred
in China during 2016–2017 can be warned in advance by the model [11,12]. In addition, when the
rainfall threshold exceeds the value at the quantile level of 20%, attention should be paid. Therefore,
the rainfall threshold at the quantile level of 30% is compared to other existing thresholds, and it is
validated by using the landslides occurred in 2016–2017. Finally, the warning ability is compared with
the previous statistical model for landslide.

The E–D thresholds with other global and regional thresholds in the literature are listed in Table 3.
The I–D rainfall thresholds are converted to the E–D thresholds, and then all these thresholds are
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plotted on the log10-log10 graph (Figure 5). For the long duration, the thresholds derived from both
the merged and CMORPH rainfall products are higher in the rainy season than those in the non-rainy
season. For the short duration, the thresholds derived from the merged rainfall product are higher in
the rainy season than those in the non-rainy season, but the thresholds from the CMORPH rainfall
product in the rainy season are similar to those in the non-rainy season.

It can be seen that the thresholds established in this study are lower than most of the thresholds in
previous studies shown here, especially for the short duration, including the global thresholds [43–45],
the regional thresholds in Puerto Rico [46], Taiwan as well as Zhejiang of China [47,48]. This provides
important information for the early warning of landslides in China, that is, the landslides occurred
in China might be triggered by lower rainfall thresholds than that recognized before, which might
result in missing alarms. The long-duration thresholds established in this study are close to the global
thresholds defined by Guzzetti et al. (2008) (the line indicated by number 3-2 in Figure 5) [25] and the
regional thresholds for Yan’an in China (the line indicated by number 10 in Figure 5) defined by Chen
and Wang (2014) [49]. In addition, Li et al. (2017) defined a rainfall threshold (the line indicated by
number 6 in Figure 5) for the whole China with 60 landslide events occurred in June to September
during 2005–2011. This threshold is higher than the threshold defined in this study in the rainy season
(May to September) [15]. It might because more landslide events (60 versus 660 events) were used in
this study to obtain the warning thresholds.
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Figure 5. Comparison between E–D thresholds defined in this work and previous published thresholds.
The numbers refer to No. in Table 4.

The EMAP–D thresholds are also compared with other thresholds defined in previous studies, as
listed in Table 5, and these thresholds are plotted in Figure 6. The thresholds in rainy season calculated
by using merged and CMORPH rainfall products are all higher than those in the non-rainy season.
For short duration, the thresholds in this study are close to the thresholds calculated by Guzzetti et al.
(2008) [25], higher than the Japan threshold established by Saito et al. (2010) [24]. For the long duration,
the thresholds are higher than or very close to the thresholds calculated by Guzzetti et al. (2008) and
Saito et al. (2010) [24,25].
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Table 4. Rainfall thresholds for landslide occurrence in this work compared with those in
previous publications.

No. Reference Equation Range(h) Area

1 (Caine, 1980) [43] I = 14.84D−0.39 0.167 < D < 240 world
2 (Innes, 1983) [45] E = 4.93D0.504 0.1 < D < 1000 world
3 (Guzzetti et al., 2008) [25] I = 2.20D−0.44 0.1 < D < 1000 world

3-1 (Guzzetti et al., 2008) [25] I = 2.28D−0.2 0.1 < D < 48 world
3-2 (Guzzetti et al., 2008) [25] I = 0.48D−0.11 48 ≤ D < 1000 world
4 (Hong et al., 2007) [44] I = 12.45D−0.42 0.1 < D < 500 world
5 (Jibson, 1989) [46] I = 39.71D−0.62 0.5 < D < 12 Japan
6 (Li et al., 2017) [15] I = 85.72D−1.15 3 < D < 45 China
7 (Chien-Yuan et al., 2005) [48] I = 115.47D−0.8 1 < D < 400 Taiwan
8 (Jibson, 1989) [46] I = 41.83D−0.85 1 < D < 12 Hong Kong
9 (Ma et al., 2015) [47] I = 52.86D−0.45 1 ≤ D ≤ 24 Zhejiang, China

10 (Chen and Wang, 2014) [49] I = 0.448D−0.08654 24 < D < 336 Yanan, Shanxi, China
(Dahal et al., 2008) [50] I = 73.90D−0.79 5 < D Himalaya, Nepal

11-1 This work E = 0.53D0.7 1 ≤ D ≤ 44 China, rainy season, merge
rainfall

11-2 This work E = 0.032D1.33 48 ≤ D ≤ 412 China, rainy season, merge
rainfall

11-3 This work E = 0.45D0.68 2 ≤ D ≤ 44 China, non-rainy season,
merge rainfall

11-4 This work E = 0.064D1.18 49 ≤ D ≤ 291 China, non-rainy season,
merge rainfall

12-1 This work E = 0.86D0.48 1 ≤ D ≤ 47 China, rainy season,
CMORPH rainfall

12-2 This work E = 0.18D1.07 48 ≤ D ≤ 602 China, rainy season,
CMORPH rainfall

12-3 This work E = 0.48D0.65 1 ≤ D ≤ 47 China, non-rainy season,
CMORPH rainfall

12-4 This work E = 0.59D0.84 48 ≤ D ≤ 248 China, non-rainy season,
CMORPH rainfall

Table 5. EMAP–D rainfall thresholds for landslide occurrence in this study compared with those in
previous publications.

No. Reference Equation Range(h) Area

1 (Guzzetti et al., 2008) [25] IMAP = 0.0016D−0.4 0.1 < D < 1000 world
1-1 (Guzzetti et al., 2008) [25] IMAP = 0.0017D−0.13 0.1 < D < 48 world
1-2 (Guzzetti et al., 2008) [25] IMAP = 0.0005D−0.13 48 ≤ D < 1000 world
2 (Saito et al., 2010) [24] IMAP = 0.0007D−0.21 3 < D < 357 Japan
3 (Jibson, 1989) [46] IMAP = 0.02D−0.68 1 < D < 12 Hong Kong

4-1 this work EMAP = 0.00053D0.78 1 ≤ D ≤ 44 China, rainy season,
Merge rainfall

4-2 this work EMAP = 0.00005D1.28 48 ≤ D ≤ 412 China, rainy season,
Merge rainfall

4-3 this work EMAP = 0.00074D0.4 2 ≤ D ≤ 44 China, non-rainy season,
Merge rainfall

4-4 this work EMAP = 0.000054D1.2 49 ≤ D ≤ 291 China, non-rainy season,
Merge rainfall

5-1 this work EMAP = 0.00057D0.6 1 ≤ D ≤ 47 China, rainy season,
CMORPH rainfall

5-2 this work EMAP = 0.00024D1 48 ≤ D ≤ 602 China, rainy season,
CMORPH rainfall

5-3 this work EMAP = 0.00089D0.41 1 ≤ D ≤ 47 China, non-rainy season,
CMORPH rainfall

5-4 this work EMAP = 0.00017D1.05 48 ≤ D ≤ 248 China, non-rainy season,
CMORPH rainfall
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The comparison with other thresholds indicates that the landslides in China can be triggered by
less severe rainfall conditions than previously recognized, which provides important information for
the assessment of landslide hazards. In other words, China is highly prone to landslides compared
with most other regions in the world. This may be caused by the large areas of mountains and hills,
the monsoon climate and active human activities (constructions) of China.

The rainfall thresholds are validated by the 106 landslide and debris flow events occurred during
2016–2017, and the rates of these events, which can be warned in advance by the thresholds in this
paper or the original landslide model developed by Wang et al. (2016), is called a “positive rate”
here [11]. As shown in Figure 7, it can be seen that the positive rate of the original statistical model for
the landslide events in 2016–2017 is 66%, and that of the rainfall thresholds established in this paper is
80–86%. In the rainy season, the positive rate of the original model is 72%, while that of the improved
rainfall thresholds is 82%–89%. In the non-rainy season, the positive rate of the original model is only
35%, while that of the improved rainfall thresholds reaches 55%–73%. The positive rates in the whole
year, the rainy season and the non-rainy season have increased by 16%–20%, 10%–17% and 20%–38%,
respectively. Thus, if these thresholds can be applied in the EWS, more landslides can be warned
in advance.
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Moreover, the “positive rate” is significantly improved if the thresholds in this study are adopted,
however, a higher positive rate does not mean the threshold is better, because higher “positive rate”
usually means the false alarm might also be higher, thus in real world application, the threshold defined
in this paper should be carefully tested in real-time warning application. Actually, it’s impossible
to calculate the false alarms because the landslide inventory collected in this study is incomplete.
Although the number of events in the catalog is much more than that in previous studies, it’s still far
from enough. For instance, according to the National Geological Disaster Bulletin, there is an average
of 12,126 landslides per year during 2007–2016, but only a total of 771 events in 1998–2017 are collected
through reports and the news online. So the false alarms would be inaccurate even if the calculation is
conducted on them, which is one of the limitations in this study. In the future work, a more complete
dataset of landslides and debris flows will be collected to find the most suitable rainfall thresholds for
the warning of landslides and debris flows in the regression threshold lines at different quantile levels.

Furthermore, the differences between thresholds in different durations and seasons suggest that
soil moisture plays an important role in the rainfall conditions triggering the landslides, and thus
the antecedent rainfall is also important for landslides triggered by long-duration rainfall events.
A detailed analysis of these factors, which is related to the physical process of landslide dynamic,
is not provided in this study. The rainfall thresholds represent an empirical relationship between
the landslides and rainfall that is generally similar to the parameterization of cloud processes in
the weather model. Thus, it is still effective for the early warning of landslides. The uncertainty of
forecasted precipitation in weather models has an important impact on the early warning of landslides.
Recently, the ensemble forecast has been developed to cope with this uncertainty in weather models,
which provides a new train of thought for the early warning of landslides. In further studies, based
on the rainfall thresholds in this study and others, a landslide ensemble forecasting system (LEFS) is
expected to be established to improve the prediction for landslides.

5. Conclusions

In this study, based on the landslide events occurred in China during 1998–2017, four groups
of rainfall thresholds for landslide occurrence are defined by using the regression values at different
quantile levels of the quantile regression. Based on both the merged rainfall product and the CMORH
rainfall product, two kinds of rainfall thresholds—the cumulated event rainfall-rainfall duration
thresholds (E–D) and the thresholds normalized by MAP (EMAP–D) are established respectively. Each
group consists of four sub-thresholds in rainy season and non-rainy season (both are divided into short
duration and long duration).

The slope of thresholds in the events with long durations is higher than that with short durations
for thresholds below the quantile level of 50%, which may be due to different mechanisms of landslides
triggered by long duration rainfall and short duration rainfall. The evaporation and antecedent rainfall
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become more important for landslides triggered by long duration rainfall events. Besides, the rainfall
thresholds in the non-rainy season are generally lower than those in the rainy season.

The thresholds defined in this study are compared with those in previous studies. The E–D
thresholds in this study are generally lower than most of the other thresholds, including the global
thresholds, the regional and national thresholds in China, which may be because more landslide
events in China were used in this study. Moreover, it also suggests that the combined effects of special
geological environment, topographical relief and climate conditions make China suffer landslides more
frequently and severely than other regions in the world. The landslide events occurred in 2016–2017 are
used to validate the rainfall thresholds. Compared with the previous statistical model for landslides,
based on the improved rainfall thresholds, the positive rates for the landslide and debris flow events
have increased by 16%–20%, 10%–17% and 20%–38% in the whole year, rainy season and non-rainy
season, respectively.

This paper aims to establish rainfall thresholds for its application in landside early warning
systems. In addition to the triggering factors, the geological environment is also important, which
decides the landslide susceptibility in a specific region. Thus, combining multiple rainfall thresholds
with the landslide susceptibility map, and by using the real-time rainfall produced by CMORPH
(CMORPH-RAW) and the forecasted rainfall from ensemble numerical weather prediction models, the
LEFS will be established in future work. We expect it will contribute to saving lives and mitigating
property damages caused by landslide disasters.
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