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ABSTRACT: Rainfall threshold estimation empirically to forecast rainfall-induced landslide events provides crucial 

information to reduce landslide impact. The landslide events triggered by rainfall are common in Cox's Bazar district, 

especially during the monsoon season. Geological settings and climatic conditions make this area more landslide-prone 

leading to huge losses of lives and property. Establishing an effective early warning system based on a rainfall 

threshold value has become a top priority to save people's lives, the economy, and the environment. We have employed 

three empirical approaches to estimate rainfall thresholds. Intensity-Duration, Event-Duration, and Antecedent Rainfall 

thresholds are the most conventional rainfall methods to identify the lowest amount of rainfall that triggers landslide. 

The Intensity-Duration (ID) and Event-Duration (ED) rainfall threshold equations are calculated using a simple power-

law curve. For 5% exceedance probability level ID defined as: T5: I = 3.63 D-0.1313   & ED as T5: E = 3.63 D0.8687. 

Similarly, for 1% exceedance probability level ID defined as: T1: I= 2.78 D-0.1313 & T1: E = 2.78 D0.8687 for ED. Both 

1% and 5% rainfall threshold equations are the minimum rainfall threshold equations. Since the 5% exceedance 

probability threshold line delineates the lower end of all the observed data points for landslide events, it is considered 

the minimum threshold line for Cox's Bazar. According to the 5% exceedance probability level threshold equation, 

mean intensity of 2.39 mmh-1 or 57.4 mm cumulated rainfall in 24 hours is required to initiate a landslide event. 

Whereas, for longer duration events such as 120h, rainfall intensity of 1.93 mmh-1 or continuous rainfall of 232 mm 

appears to be sufficient in landslide initiation. There is a less than 5% chance of a landslide below this threshold limit. 

In the context of 3-day and 5-day antecedent rainfall thresholds, we found that a minimum of 130 mm in 72 h (3-day) 

and 210 mm in 120 h (5-day) could initiate a landslide event. We have compared our thresholds with a few global and 

local rainfall threshold estimates.  
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INTRODUCTION 

Rainfall-triggered landslide events are a common 

recurring problem in hilly regions of Bangladesh 

(Haque et al., 2017). Since 2000, around 725 people 

have lost their valuable lives along with massive 

damage to properties due to landslide impact in 

Bangladesh (Sultana, 2020). Recently, Cox's Bazar 

district has become more vulnerable among the hilly 

districts because around one million Rohingya 

refugees live at unpredictable risk of landslides and 

flooding (Tehrani & Hüsken, 2019). Moreover, the 

frequency of landslide hazards is aggravating because 

of the increasing rate of extreme rainfall and storm 

events caused by climate change (Stefano Luigi et al., 

2016). Anthropogenic interventions like rapid 

unplanned urbanization, indiscriminate logging, 

increasing exposure to proximal hilly areas, and lack 

of risk awareness among locals also act as the root 

cause of landslide damage and loss  (Hosenuzzaman 

et al., 2022). Though responsible authorities took a 

few mitigation strategies based on recent studies, the 

amount of loss and damage due to landslide disasters 

is still significant (Sultana & Tan, 2021). 

Landslide early warning always acts as an effective 

way out in reducing landslide impact. During the 

monsoon period, the soil becomes saturated from 

infiltrating excessive rainwater, increasing pore water 

pressure and causing landslides (Nazionale et al., 

2007). Therefore, a rainfall threshold estimation is 

necessary to establish a monitoring system for 

rainfall-induced landslide occurrences to save life & 

property. A rainfall threshold is estimated based on 

the minimum or maximum amount of precipitation 

that can cause a landslide. A minimum threshold line 

indicates the least quantity of rain required to initiate a 

landslide hazard. On the other hand, maximum rainfall 
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threshold lines provide the highest amount of rainfall 

required to initiate landslides (Glade et al., 2000).  

There exist two widely used rainfall threshold models: 

one is physical-based (process-based, conceptual), and 

another is an empirical-based (historical, statistical) 

threshold model (Aleotti, 2004). Physical-based 

threshold models necessitate accurate spatial data on 

the hydrological, lithological, morphological, and soil 

variables to identify the beginning of slope collapses. 

However, often spatial information remains not 

available for large areas. In addition, the precision of 

the data is another factor of complexity. Additionally, 

this method is ineffective for forecasting deep-seated 

landslide occurrences and works best for predicting 

shallow landslides (Idrogeologica et al., 2010). 

Because of this approach's limitations, a new approach 

has been adopted for local to global scales: the 

empirical data-based approach (Monsieurs et al., 

2018). This method uses statistical analysis to 

calculate potential rainfall thresholds based on 

previous rainfall (which caused landslides) (Luciani et 

al., 2010). The upper and lower boundary lines are 

often displayed in Cartesian, semi-logarithmic, or 

logarithmic coordinates to determine the minimum 

and maximum threshold values of rainfall amount that 

triggered landslides (Nazionale et al., 2007). More 

precisely, a statistical study of historical rainfall 

events in previous landslide disasters is used to create 

empirical rainfall threshold models (S. L. Gariano et 

al., 2017). Rainfall Intensity-Duration (ID), rainfall 

Event-Duration (ED), and Antecedent Rainfall (AR) 

conditions are the most often employed in different 

combinations to establish empirical thresholds 

(Monsieurs et al., 2018). 

Here we have utilized these three empirical 

approaches to determine rainfall thresholds that can 

potentially trigger landslides in Cox's Bazar. These 

empirical approaches depend on statistical analysis of 

the local precipitation conditions. It also depends on 

the geographical extent of the area. A threshold can be 

determined globally, nationally, regionally, and 

locally. Regional rainfall thresholds are chosen for an 

area extending for several thousand square kilometers, 

and local thresholds include an area of some hundreds 

of kilometers (Guzzetti et al., 2007). The district of 

Cox's Bazar has a total size of 2,491.86 km
2
. 

Therefore, a regional threshold for this region will 

function effectively due to similar topography and 

climatic traits (Segoni et al., 2018).  

To determine rainfall threshold values for Cox's 

Bazar, we have selected 30 landslide events from 

1997 to 2021 based on an extensive literature review, 

and corresponding rainfall data is collected from 

Bangladesh Meteorological Department. We have 

assumed that prolonged rainfall events primarily cause 

these events. For Intensity-Duration (ID) rainfall 

threshold, rainfall intensity and duration parameters 

have been used. For rainfall Event–Duration (ED), we 

have utilized cumulative rainfall and duration 

parameter. On the other hand, the 3-day and 5-day 

antecedent rainfall threshold have two parameters, one 

is event day rainfall, and the second is consecutive 

cumulative rainfall. Scientists have used different 

statistical methods to determine the threshold curve 

(Glade et al., 2000). Among them, the Frequentist 

statistical approach is the most used approach to 

assess rainfall Intensity-duration (ID) and rainfall 

Event–Duration (ED) minimum rainfall threshold 

curve (Vennari et al., 2014).  

In this research, we have estimated the landslide-

related rainfall threshold for Cox's Bazar district using 

Intensity-Duration, Event-Duration, and Antecedent 

rainfall approaches. We cross-validated and compared 

these empirical approaches with the established global 

and local threshold. Eventually, the most accurate 

regional minimum rainfall threshold value for Cox's 

Bazar district is determined, which will be helpful for 

policymakers and humanitarian organizations to 

design early warning systems. 

STUDY AREA 

Almost every year, Cox's Bazar district of 

Chittagong hill tracts are affected by landslide 

disasters during monsoon for excessive rainfall. The 

district covers 2,491.85 square kilometers (962.10 

square miles), of which 940.58 km
2
 are covered in 

forests. About half of the district's total area and the 

coastal islands occupy the hilly region. The map (Fig. 

1) defines the study area between latitudes 20º43' and 

21º56' north and between longitudes 91º50' & 92º23' 

east (Banglapedia, 2021). 
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Figure 1: Location of the Study Area 

The geological conditions make this area landslide-

prone. The main soil types in the study area are fine to 

medium-grained weakly cemented sandstone with 

various hues, including yellow, brown, grey, and 

clayey sandstone. In addition, the surface lithology of 

the site is comparatively loose and less compact. This 

area has a tropical monsoon climate characterized by 

high temperature, excessive rainfall, and humidity. 

4285 mm of rain falls annually on average. The region 

is chilly and dry from November to March, hot and 

sunny from April to May (the pre-monsoon season), 

and hot and humid with heavy rains from June to 

October (the monsoon season). From May to October, 

high rainfall occurs in the monsoon period. The 

monthly average rainfall graph for the year 1997-2021 

represents temporal variation of rainfall amount (Fig. 

2). The maximum rainfall is generally encountered in 

June, July, and August. Moreover, the highest average 

monthly rainfall is in July, about 1018.66 mm. That is 

why major landslide events occurred during these 

three months of the monsoon (Ahmed, 2015). 

At the same time, this district is overwhelmed by the 

vast population of Rohingya refugees, which is now 

around 1 million, and the population density is about 

46,000/km
2
. New development or expansion of the 

camp led to more forest destruction, and thus more 

people and structures were vulnerable to landslide 

events (UNHCR, 2019). These geological, climatic, 

and human-induced activities have led to destructive 

landslide events in this area in the recent past. In 

2021, about eight people died in this region in rainfall-

induced landslide events (The Daily Star, 2021). 

 

Figure 2: Cox’s Bazar District’s Monthly Average 

Rainfall (1997-2021) 

MATERIALS AND METHODS 

Data and Software 

The rainfall amount was collected for certain landslide 

events to estimate the empirical rainfall threshold. The 

rainfall measurements include cumulative rainfall 

(total amount of rainfall for an event), rainfall 

duration, rainfall mean intensity and antecedent 

rainfall (3-day and 5-day). All the landslide event-date 

used in this research was collected from secondary 

sources like articles, reports, newspapers, and 

websites; the associated rainfall measurement is 

collected from Bangladesh Meteorological 

Department. For rainfall threshold analysis, previous 

landslide events information is necessary. However, 

we found that a detailed landslide information log is 

lacking. Especially information like landslide location 

(latitude/longitude), landslide event time of failure, 

and landslide type is often missing. Only the date of 

occurrence of significant events and the name of the 

administrative region was found in different articles, 

reports, newspapers, and websites. From 1997 to 

2021, 30 landslide cases were found from these 

sources (table 1). Most landslide events are recorded 

in June, July, and August—months of maximum 

rainfall (Fig. 2) in the study area. 

Additionally, information on 3-hourly rainfall is 

gathered from the Bangladesh Meteorological 

Department (BMD) for relevant landslide incidents. 

From this raw data, the cumulated rainfall (continuous 

rainfall from the day started rainfall to before the day 

landslide occurred) and duration (the period between 

the beginning and finish of a rainfall event) of the 

corresponding landslide event was calculated. We had 
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to count the amount of continuous rain that started 

before the landslide event day, as the exact time of the 

incident is unknown. The gap between two 

consecutive rainfall events is identified by the 24-hour 

rainfall gap (Maturidi et al., 2021). Mean intensity 

was derived by dividing the total amount of rain 

cumulated rainfall (E) by the duration of the rainfall 

event (D). The rainfall analysis found the duration 

range between 30<h<237 (around 1 day to 10 days), 

and the mean intensity ranged from 2mm/h to 8.44 

mm/h There were no records for shorter-duration 

incidents, like the incidence of three hours, due to a 

number of reasons, including the fact that the 

monsoon season delivers continuous rain across this 

climatic zone and the time of the collapse wasn't 

accurately known. We have used R-open source 

software to analyze this research's statistical analysis 

(Core R Team, 2019). 

Table 1: Historical Landslide Event Date with 

Location Name 

Landsli

de 

event 

number 

Date of 

Occurrence 

Location 

name 

source 

1 7/11/1997 Cox's Bazar (Jafor Mia et al., 2017) 

2 6/16/2003 

Lighthouse 

para , Cox's 

Bazar town 

(Comprehensive Disaster 

Management Programme II, 

2012) 

3 7/29/2003 

Kalatali, 

Purba 

Kalatali 

Adharsha 

gram 

(Comprehensive Disaster 

Management Programme II, 

2012) 

4 7/3/2008 
Teknaf 

upazila 

(Comprehensive Disaster 

Management Programme II, 

2012) 

5 7/6/2008 

Mahajanpar

a in Cox's 

Bazar Town 

(Comprehensive Disaster 

Management Programme II, 

2012) 

6 8/18/2008 

Bhaditala 

village, 

Sadar 

(Sarwar, 2008) 

7 6/13/2010 

Adorsha 

Para, South 

lar para 

(Comprehensive Disaster 

Management Programme II, 

2012) 

8 6/15/2010 Himchari 

(Comprehensive Disaster 

Management Programme II, 

2012) 

9 6/24/2012 
Near Cox's 

Bazar town 
data.nasa.gov 

10 10/30/2012 
Near Cox's 

Bazar town 

www.thefinancialexpress-

bd.com 

11 6/26/2015 
Ramu, Cox's 

Bazar sadar 
data.nasa.gov 

12 7/27/2015 

Cox's Bazar 

town, near 

radar station 

www.thedailystar.net 

13 9/1/2015 
Cox's Bazar 

sadar 
old.epaper.jugantor.com 

14 7/24/2017 

Near 

Lighthouse, 

Cox's Bazar 

sadar 

www.thedailystar.net 

15 7/25/2017 
Ramu 

Upazilla 
www.nirapad.org.bd 

16 6/14/2017 

Shatghoriap

ara village, 

Teknaf 

upazila 

archive.dhakatribune.com/ba

ngladesh 

17 7/5/2017 

ukhiya 

upazila, 

palongkhali 

union 

bdnews24.com/bangladesh 

18 5/4/2018 
Kutupalong 

refugee camp 
www.irrawaddy.com 

19 6/11/2018 
Ukhiya, 

Teknaf 
www.thedailystar.net 

20 7/25/2018 
Sadar And 

Ramu 
www.thedailystar.net 

21 7/28/2018 
Cox's Bazar 

sadar 
www.nirapad.org.bd 

22 5/11/2019 
Balukhali,uk

hiya 
www.nirapad.org.bd 

23 7/6/2019 

Balukhali 

refugee 

camp,uhiya 

www.dailysabah.com 

24 7/14/2019 Chakaria www.daily-bangladesh.com 

25 9/9/2019 

Fokirmura 

and 

Urumerchha

ra area 

under Teknaf 

upazila 

www.thedailystar.net 

26 7/27/2021 

ukhiya and 

Maheskhali 

upazilla 

archive.dhakatribune.com 

 

27 7/28/2021 

Nhilla 

Union, 

Teknaf 

Upazilla 

www.prothomalo.com 

28 6/5/2021 

Mainarghon

a camp in 

Ukhiya’s 

Balukhali 

union and at 

Chakmarkul 

camp in 

Teknaf’s 

Hoaikong 

union 

archive.dhakatribune.com 

29 6/19/2021 

Maheskhali 

upazila, 

harairchara 

village 

www.prothomalo.com 

30 5/27/2021 Teknaf upzila www.nirapad.org.bd 

 

Data Source: Rainfall data- (Bangladesh Meteorological 

Department, 2022). 

https://data.nasa.gov/widgets/h9d8-neg4?mobile_redirect=true
http://www.thefinancialexpress-bd.com/index.php?ref=MjBfMTBfMzFfMTJfMV85MV8xNDg0MjQ=
http://www.thefinancialexpress-bd.com/index.php?ref=MjBfMTBfMzFfMTJfMV85MV8xNDg0MjQ=
https://data.nasa.gov/widgets/h9d8-neg4?mobile_redirect=true
https://www.thedailystar.net/country/mother-daughter-killed-cox%E2%80%99s-bazar-landslide-117445
https://old.epaper.jugantor.com/2015/09/02/
https://www.thedailystar.net/country/bangladesh-landslide-wall-collapse-kill-5-coxs-bazar-monsoon-rain-1438453
https://www.nirapad.org.bd/home/stroage/file/public/assets/resource/monthlyHazard/1515913055_Monthly%20Hazard%20Incident%20Report_July%202017.pdf
https://archive.dhakatribune.com/bangladesh/nation/2017/06/13/landslides-kill-11-bandarban-rangamati-chittagong
https://archive.dhakatribune.com/bangladesh/nation/2017/06/13/landslides-kill-11-bandarban-rangamati-chittagong
http://bdnews24.com/bangladesh/2017/07/06/child-killed-in-coxs-bazar-landslide-another-swept-off-by-floodwaters
https://www.irrawaddy.com/news/burma/one-killed-2-injured-landslide-rohingya-refugee-camp.html
https://www.thedailystar.net/backpage/landslide-rain-batter-rohingya-camps-1589383
https://www.thedailystar.net/country/5-killed-coxs-bazar-landslide-1610749
https://www.nirapad.org.bd/home/stroage/file/public/assets/resource/monthlyHazard/1534075263_Monthly%20Hazard%20Incidents%20Report_July%202018.pdf
https://www.nirapad.org.bd/home/stroage/file/public/assets/resource/monthlyHazard/1560248976_Monthly%20Hazard%20Incident%20Report_May%202019.pdf
https://www.dailysabah.com/asia/2019/07/07/deadly-landslides-devastate-rohingya-camps-in-bangladesh
https://www.daily-bangladesh.com/english/country/25797
https://www.thedailystar.net/country/news/2-children-die-coxs-bazar-landslide-1798240
https://archive.dhakatribune.com/bangladesh/nation/2021/07/27/5-killed-in-landslide-at-cox-s-bazar-rohingya-camp
https://www.prothomalo.com/bangladesh/district/%E0%A6%9F%E0%A7%87%E0%A6%95%E0%A6%A8%E0%A6%BE%E0%A6%AB%E0%A7%87-%E0%A6%86%E0%A6%AC%E0%A6%BE%E0%A6%B0%E0%A6%93-%E0%A6%AA%E0%A6%BE%E0%A6%B9%E0%A6%BE%E0%A7%9C-%E0%A6%A7%E0%A6%B8-%E0%A6%8F%E0%A6%95-%E0%A6%AA%E0%A6%B0%E0%A6%BF%E0%A6%AC%E0%A6%BE%E0%A6%B0%E0%A7%87%E0%A6%B0-%E0%A7%AB-%E0%A6%B6%E0%A6%BF%E0%A6%B6%E0%A7%81%E0%A6%B0-%E0%A6%AE%E0%A7%83%E0%A6%A4%E0%A7%8D%E0%A6%AF%E0%A7%81
https://archive.dhakatribune.com/bangladesh/nation/2021/06/05/2-rohingyas-killed-in-landslides-at-cox-s-bazar-refugee-camps
https://www.prothomalo.com/bangladesh/%E0%A6%AE%E0%A6%B9%E0%A7%87%E0%A6%B6%E0%A6%96%E0%A6%BE%E0%A6%B2%E0%A7%80%E0%A6%A4%E0%A7%87-%E0%A6%AA%E0%A6%BE%E0%A6%B9%E0%A6%BE%E0%A7%9C%E0%A6%A7%E0%A6%B8%E0%A7%87-%E0%A6%86%E0%A6%B0%E0%A6%93-%E0%A6%8F%E0%A6%95-%E0%A6%B6%E0%A6%BF%E0%A6%B6%E0%A7%81%E0%A6%B0-%E0%A6%AE%E0%A7%83%E0%A6%A4%E0%A7%8D%E0%A6%AF%E0%A7%81-%E0%A6%AA%E0%A7%8D%E0%A6%B0%E0%A6%B6%E0%A6%BE%E0%A6%B8%E0%A6%A8%E0%A7%87%E0%A6%B0-%E0%A6%AE%E0%A6%BE%E0%A6%87%E0%A6%95%E0%A6%BF%E0%A6%82
https://www.nirapad.org.bd/home/stroage/file/public/assets/resource/monthlyHazard/1623057584_Monthly%20Hazard%20Incidents%20Report%20May%202021.pdf
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METHODS 

Rainfall Intensity Duration (ID) Thresholds 

Intensity duration rainfall threshold is the most widely 

accepted form of rainfall threshold, which is being 

calculated using rainfall mean intensity and rainfall 

duration parameters that contributed to previous 

landslide events (Guzzetti et al., 2007).  

According to Nazionale et al. (2007), the most general 

form of intensity-duration threshold is defined as a 

simple power-law curve equation:  

I = c + α D   

In the above equation, rainfall mean intensity is 

assigned as I in mmhr
-1

 and duration of a rainfall event 

is assigned as D in hr, and the scaling constant 

(intercept) and shape parameter (slope) is denoted as α 

and β, respectively (Peruccacci et al., 2012). The 

accepted ID thresholds are approved for different 

rainfall durations and intensities ranges. Choosing an 

empirical threshold curve is critical because it is 

independent of physical (like hydrological, 

meteorological, and geological) factors (Reichenbach 

et al., 1998). For the maximum of the ID thresholds, 

equation c = 0 (Nazionale et al., 2007). When the c = 

0 equation is a simple power-law equation: 

I = α D  ............................... (1) 

The frequentist method is the most used analytical 

method to identify the power-law equation's intercept 

and slope (Luciani et al., 2010). The frequency 

analysis of the rainfall parameters served as the 

foundation for this specific statistical analysis 

technique. 

A highly sparsed dataset needs to be log-transformed 

for data normalization. At first, the equation is log-

transformed into a linear equation to easily be 

analyzed as a linear regression model. The model's 

slope and intercept were then determined using linear 

regression analysis. 

log (I)=log(α)-βlog(D)...............................(2) 

The two variables, mean rainfall Intensity (I) and 

Duration (D), are log-transformed and plotted in the 

log10-log10 graph to illustrate the potential 

correlation of I-D values for every landslide 

occurrence. Linear modeling is carried out using R 

open-source software to identify the possible 

association between Mean intensity and Duration 

(Idrogeologica et al., 2010). 

To get the z-score value for various probability level 

of a normal distribution, the "qnorm" function in the 

programme R was used. To calculate the intercept α of 

the 1%, 5%, 50%, 75% and 95% exceedance 

probability threshold curve, the corresponding Z-score 

value is used to find the distance from the mean 

intercept α50 of the ID linear model. The slope of the 

different exceedance threshold curves is the slope of 

best fit line T50 (slope=β) which is constant, but the 

intercept varies according to the z-value of the 

distribution. 

 

Rainfall Event Duration (ED) Thresholds 

In specific ways, event-duration thresholds are the 

same as rainfall intensity-duration thresholds, which 

prevents needless conversions between cumulative 

rainfall and rainfall mean intensity. This cutoff point 

will provide the precise amount of rain required to 

trigger an event (Peruccacci et al., 2012). Adopting a 

reproducible method to define rainfall thresholds is 

necessary  (Guzzetti et al., 2007). According to 

Luciani et al. (2010), the ED rainfall threshold lines 

are represented using the same frequentist statistical 

technique as the ID rainfall threshold. The equation is 

changed, though  (Peruccacci et al., 2012).  

The modified equation is:  

E = αD
Ɣ
............................... (3) 

In the above equation, cumulated rainfall is assigned 

as E in mm, duration of rainfall event is designated as 

D in hr, α is the intercept, and Ɣ denotes the slope of 

the power-law equation. Here, Ɣ= -β+1 where β is the 

slope of the corresponding ID power-law threshold 

I=αD
-β

, with the mean rainfall intensity I (in mmh
-1

). 

The equation is log-transformed into a linear equation 

to easily be analyzed as a linear regression model.  

log (E)=log(α) +Ɣ log(D)...............................(4) 

The two variables, Cumulated rainfall (E) and 

Duration (D), are log-transformed and plotted in the 

log10-log10 graph to illustrate the potential 

correlation of E-D values for every landslide 

occurrence. Linear modeling is carried out using an 

open-source software named R to identify the possible 

association between Cumulated Rainfall and Duration 

(Idrogeologica et al., 2010). 

The ED threshold curve's intercept and slope are 

calculated using the same procedure as the ID 

threshold curve.  
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Antecedent Rainfall Thresholds (AD) 

The antecedent rainfall threshold equation is 

determined using the antecedent rainfall conditions of 

past landslide events. The number of antecedents 

varies from 3 to 30 days in the case of shallow 

landslides and deep-seated landslides, respectively 

(Aleotti, 2004; Chleborad et al., 2006). The quantity 

of rain occurring for five days before a landslide is 

known as the 5-day antecedent rainfall, and the 

threshold model shows how the rainfall on the event 

day triggers landslides. To establish the 5-day and 3-

day antecedent rainfall threshold, the values of daily 

rain and the antecedent rainfall are plotted in the Y 

and X axes, respectively. A manual drawing of the 

envelope curve identifies the bottom end of the 

depicted points. The line represents the following 

linear mathematical equation:                                           

y = mx + c 

Where m and c indicate the slope and intercept, 

respectively. Finally, the slope m is determined from 

the graphed data using the following equation:    

m = - 
 

 
 

Thus the rainfall threshold for 3 days and 5 days have 

been determined using the same process (Chleborad, 

2000; Crozier, 1999). For this research, only 3-days 

and 5-dyas antecedent rainfall threshold is selected to 

determine the minimum threshold value for initiating 

a shallow landslide event. 

RESULTS AND DISCUSSIONS 

Intensity Duration (ID) Rainfall Thresholds and 

Event-Duration (ED) Rainfall Thresholds 

We used the rainfall data related to 26 past landslides 

in the Cox's Bazar region between 1997 and 2021. 

Four out of 30 landslide events are removed since they 

have zero rainfall (the required rainfall data is 

missing) value. We have used the Frequentist 

approach to calculate multiple probability level 

thresholds for rainfall-induced landslide events. The 

purple line in figure 3 is the best-fit line from this 

statistical analysis for both the ID and ED threshold. 

The variables (Mean intensity, duration) and 

(Cumulated rainfall, duration) in figure 3 are the 

distribution of rainfall circumstances depicted as blue 

triangles that have led to historical landslide incidents. 

The best fit line was found through the use of linear 

regression modeling. The slope and intercept values of 

the threshold line for both ID and ED were extracted 

from this model. The slopes β and Ɣ were obtained 

through this model and are constant for different 

linear quantile regressions. β= -0.1313 and Ɣ= 0.8687, 

respectively, are the slope values for the ID and ED 

rainfall models. But the model intercept will be 

changed at the corresponding exceedance probability 

threshold curve. The slope value of the ED model is 

higher than the ID model. These two threshold models 

have a significant disparity because of how the rainfall 

data is distributed. Compared to the ID model's lower 

value, which reflected the data's lowest variance, the 

cumulative rainfall (E) value is dispersed in the ED 

model (I). Our Mean Intensity (I) ranged from 2 mm/h 

to 8.44 mm/h, while the Cumulated Rainfall (E) 

ranged from 100 to 1000 mm. Figure 3 simplifies how 

the data is distributed and how its parameters relate to 

one another. Even if the slope of the ID model is 

lower, it is still larger than 0.1, which is still a 

considerable value. 

 
(a) 

 
(b) 
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Figure 3: Best Fit Line for Empirical Datasets (a) ID 

and (b) ED 

In Figure 4, the x-axis shows the residuals for both the 

ID and ED models; the probability density function of 

the model's residuals is fitted with a Gaussian 

function. The z-score value for various probabilities 

(1%, 5%, 50%, 75%, and 95%) was calculated using 

the quantile normal distribution. Figure 5 displays the 

threshold line for 1% and 5% probability in vertical 

lines. The intercept of the different threshold line is 

calculated using the distance between the mean value 

and corresponding probability level z-score value. 

 

Figure 4: The Distribution of Residuals Fitted with a 

Gaussian Function 

 

Figure 5: Graphical Representation of the 1% and 5% 

Exceedance Probability Threshold Line 

Then we substitute the intercept and slope value in 

equation (2) and convert it to the rainfall threshold 

equation (1) for ID threshold line. Similarly, we added 

the intercept and slope value in equation (4) and 

converted it to the rainfall threshold equation (3) for 

ED threshold line. These equations represent the 

minimum rainfall threshold curve for the possibility of 

rainfall-induced landslide incidents in Cox's Bazar 

district. The graphical representation is shown below 

(Fig. 6): 

 
(a) 

 

(b) 

Figure 6: Different Exceedance Probability Level 

Threshold Curve and Corresponding Equation for 

Cox's Bazar District a) Intensity-Duration (ID) b) 

Event-Duration (ED) 

Threshold equations that are obtained from ID and ED 

models for different exceedance probability levels are 

displayed in table 2: 
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Table 2: Summary of Varying Threshold Equations 

Exceeda

nce 

Probabil

ity 

(%) 

ID 

Equati

on 

ED 

Equati

on 

3hour 

 

Mean 

Intensity(mm/h)/Cu

mulative rainfall 

(mm) 

24 hour 

  

Mean 

Intensity(mm/h)/Cu

mulative rainfall 

(mm) 

72 hour 

 

Mean 

Intensity(mm/h)/Cu

mulative rainfall 

(mm) 

120 hour 

 

Mean 

Intensity(mm/h)/Cu

mulative rainfall 

(mm) 

1% T1: I = 

2.78 

D
-0.1313 

 

T1: E 

= 2.78 

D
0.8687

 

 

2.4/7.2 1.83/44 1.6/114 1.48/177 

5% T5: I = 

3.63 

D
-0.1313 

T5: E 

= 3.63 

D
0.8687

 

 

3.14/9.4 2.39/57.4 2.07/149 1.93/232 

     50% T50: I 

= 6.91 

D
-0.1313 

 

T50: E 

= 6.91 

D
0.8687

 

 

6/18 4.55/109 3.94/283 3.68/442 

75% T75: I 

= 8.99 

D
-0.1313 

 

T75: E 

= 8.99 

D
0.8687

 

 

7.78/21 5.92/142 5.13/369 4.79/575 

95% T95: I 

= 

13.16 

D
-0.1313 

 

T95: E 

= 

13.16 

D
0.8687

 

 

11.39/34.18 8.67/208 7.5/540 7.02/842 

Typically, the threshold line at a 5% exceedance 

probability level is considered the lowest threshold 

curve for a landslide incidence, below which the 

likelihood of landslide occurrence is expected to be 

less than 5%. In our study, almost all landslide events 

remained above the threshold value. The higher the 

probability level, the higher value of the threshold 

curve. The constant of Duration α is varied at different 

exceedance levels. The lower value of α at the 5% 

threshold line indicates that the lower amount of 

rainfall could initiate rainfall in Cox's bazar region as 

this region is characterized by comparatively less 

compact soil. It is observed from the different 

threshold values that high intensity with shorter 

duration (1-3 days) and low intensity with longer 

duration (5-10 days) event is prominent in this region. 

We defined the short duration as 1 to 3 days and the 

longer duration event as 5 to 10 days since the rainfall 

duration range of previous landslide occurrences 

ranged between 1 and 10 days in this study. 

Additionally, Table 2 demonstrated that the 3-hour 

rainfall event had a higher intensity than the long-

duration occurrences. However, the value is below the 

expected level due to data limitations. 

3-Day and 5-Day Antecedent Rainfall Thresholds 

(3-AD/5-AD) 

In the antecedent rainfall threshold model (Fig. 7), X-

axis represents 3-day and 5-day antecedent rainfall, 

and Y-axis indicates event day rainfall. The manual 

drawing of the envelope curve identifies the bottom 

end of the depicted points. The line represents the 

following linear mathematical equation. The equation 

is the minimum rainfall threshold value for the 

antecedent model. The envelope curve equation for 3-

day antecedent RT = 90 – 0.551R3ad, and for 5-day 

antecedent, RT = 120 – 0.491R5ad, is used to calculate 

the threshold value for each day. 
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(a) 

 
(b) 

Figure 7: Antecedent Minimum Rainfall Threshold 

Envelop for Cox's Bazar District a) 3-Day Antecedent 

Rainfall b) 5-Day Antecedent Rainfall Threshold 

The rainfall below the threshold line (black line) will 

not cause landslides (Fig. 7). According to the 3-day 

and 5-day antecedent threshold equations, the event 

day rainfall is 90mm and 120mm if the antecedent 

rainfall is 0mm. We estimated the threshold 

exceedance of our dataset using this threshold 

equation. The slope value (Fig. 7) signifies the 

contribution of antecedent rainfall compared to event 

day rainfall. For instance, the slope value of 0.55 

suggests a 55% contribution for the 3-day antecedent 

rainfall. Whereas 49% of the 5-day antecedent rainfall 

triggered the landslide. Additionally, 3 out of the 26 

landslide incidents, or 11% of the dataset, are found 

not to reach the threshold level for the 3-day and 5-

day antecedent thresholds. Therefore, the antecedent 

rainfall situation significantly impacts the likelihood 

of landslides than event day rainfall in this region. 

Furthermore, the minimum antecedent threshold 

rainfall value—210 mm for 5 days and 130 mm for 3 

days- exceeds our antecedent threshold equation 

study. According to this particular strategy, landslide 

occurrences in our research location must be initiated 

by at least 130mm of 3-day antecedent and 210mm of 

5-day antecedent rainfall before the event, which is 

the lowest amount of rainfall that could initiate a 

landslide. 

RESULT INTERPRETATION 

The first two models, ID and ED thresholds, provide 

1%, 5%, 50%, 75%, and 95% exceedance probability 

level threshold curve equation shown in table 2 with 

corresponding rainfall threshold values at various 

durations. Note that both T1 and T5 thresholds are 

minimum regional rainfall threshold. The first model, 

the ID threshold model, gives the minimum rainfall 

conditions by 1% and 5% rainfall thresholds. 

Considering this aspect, the 5% exceedance 

probability threshold value is the most reliable 

minimum threshold equation, as the chance of a 

landslide event is below 5%. According to the 5% 

exceedance probability threshold curve for short-

duration rainfall events, such as 24h, 2.39 mmh
-1

 

intensity of rainfall is necessary to initiate landslide 

events. For extended events such as 72h, 2.07 mmh
-1

 

rainfall could be sufficient if the rain continues for 

72h. If rainfall continues for 5 days, then for 120h, 

mean intensity of 1.93 mmh
-1

 will be adequate to 

trigger landslide events. From our analysis, shorter-

duration rainfall events with higher mean intensity and 

extended-duration rainfall events with lower mean 

intensity are susceptible to landslide hazards in our 

area of interest. The second ED threshold model is 

less complex than the Intensity duration threshold 

model. ED minimum rainfall thresholds are equivalent 

to the ID rainfall thresholds. Relatively shorter 

duration, such as 24h, 57.4 mm, cumulated rainfall 

necessary to initiate a landslide event. As the 

cumulated rainfall is used to retrieve the rainfall mean 

intensity of the rainfall events by dividing the 

cumulated rainfall measurement by the duration of the 

rainfall event, I = E/D so it’s more simplified than the 

ID threshold. If the rain continues for 5 days (120h), 

232mm cumulated precipitation is required to initiate 

a landslide event in contrast to the 5-day antecedent 

rainfall threshold model, which indicates that a 

minimum of 210mm of rainfall are necessary to cause 

landslides. However, for the 3 days, the total rainfall 

of 149 mm is essential for ED threshold. The 3-day 

antecedent graph shows 130 mm rainfall needed, 

which aligned with our 72 hr ID-ED threshold curve 

at a 5% exceedance probability level. From the 
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observation, it is proved that these models are perfect 

for both shorter and longer-duration rainfall events. 

When the rainfall conditions exceed the minimum 

threshold line, or on the threshold line, an early 

warning should be given as soon as possible to reduce 

the consequences of a landslide event.  

We have used three empirical rainfall threshold 

estimation methods so that undesirable circumstances, 

such as false positives and false negatives could be 

avoided. Also these may be avoided by employing 

multiple threshold lines (He et al., 2020; Valenzuela et 

al., 2019). The risk-free thresholds shown as the green 

line in figure 6 are the ED and ID 1% exceedance 

probability level thresholds. There is no observed data 

point of landslide event below this line. Accordingly, 

the likelihood of missing a warning is less than 1% 

below this threshold. The likelihood of a landslide 

occurrence is higher than 5% of the estimated mean 

intensity/cumulated rainfall above the 5% threshold 

line. Therefore, these lines should be considered the 

minimum or lowest threshold value. The red line (5% 

exceedance threshold line) in figure 6 is considered a 

warning to take measures and monitor the situation. 

The 50%, 75%, and 95% threshold lines above this 

red line are regarded as the highest or upper threshold 

levels. Studies suggest a greater-than-50 percent 

chance of a landslide occurrence if mean intensity I or 

cumulated rainfall E exceed the 50% exceedance 

probability threshold level. 

Threshold Estimation Validation and Research 

Limitations 

We have compared our estimated ID and ED rainfall 

thresholds for Cox's Bazar district with the established 

global threshold proposed by Caine (1980). A general 

global rainfall threshold equation for ID rainfall 

threshold: I = 14.82 D 
-0.39 

and for ED threshold: E = 

14.82 D
0.61

. This threshold reasonable for periods of 

10 minutes to 10 days (Guzzetti et al., 2008). 

 
(a) 

 
(b) 

Figure 8: Comparison between Caine’s (1980) 

Proposed Global Rainfall Threshold and Our 

Estimated Regional Threshold (a) ID, (b) ED 

Figure-8 compares the Caine’s (1980) proposed global 

threshold and a new regional threshold for Cox's 

Bazar. The global threshold value is higher than the 

regional threshold value of Cox's Bazar. For the Caine 

global threshold, a minimum of 274mm of cumulated 

rainfall is necessary to trigger a landslide. The new 

regional threshold for Cox's Bazar indicates that a 

minimum of 232 mm cumulated rainfall in 120h will 

be enough for the landslide initiation. This 

discrepancy is worth noting and has emerged from 

limited rainfall-induced landslide inventory 

information. The result depends on the total number of 

empirical data points (abundance) and how well they 

are distributed. Generally, the frequentist method 

provides better accuracy for large data sets. Another 

reason behind the result is the soil of Cox's Bazar 

region. It is characterized by poorly consolidated 

sandstone which ranges from fine to medium-grained, 

as well as clayey sandstone, whose colors are from 

yellow to brown to grey (Ahmed, 2015). So, a small 

amount of rainfall can cause severe slope failures. 

Additionally, this global threshold considers many 

climatic locations, whereas this study investigated the 

rainfall threshold for an area of a comparatively 

limited extent. 

Table 3: Different Proposed Rainfall Thresholds for 

the Different Study Area 

Reference Study Area Extent Threshold 

Equation 

Caine (1980) World Global I = 14.84D-0.39 

F.Guzzetti et al. 

(2007) 

Italy Regional I = 18.6D−0.81 

Fausto Guzzetti 

et al. (2008) 

World  Global  I = 2.2D−0.44 
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Saito et al. 

(2010) 

Japan  Regional  I = 2.18D−0.26 

Kanungo & 

Sharma (2014) 

Garhwal 

Himalaya, 

India 

Local  I = 1.82D-0.23 

Nolasco-Javier 

et al. (2015) 

Northern 

Philippines  

Regional  I = 6.46D−0.28 

Chen et al. 

(2015) 

Taiwan  Regional  I = 18.1D−0.17 

Maturidi et al. 

(2021) 

Peninsular 

Malaysia  

Regional  I = 37.8D−0.114 

Dikshit & 

Satyam (2018) 

Kalimpong, 

India 

Local I = 3.52 D−0.41 

 

The threshold equations in Table 3 have different 

intercept and slope values based on the 

different geological and climatic contexts. According 

to a few authors, tropical and subtropical areas should 

have greater slope values than the mountain 

environment (Dahal & Hasegawa, 2008; F. Guzzetti et 

al., 2007). Some authors, like Maturidi et al. (2021) 

and Chen et al. (2015), identified a lower slope value 

for a regional threshold. We discovered that among 

these thresholds, the Garhwal Himalayan range 

required only 21 mm of rainfall over 24 hours to start 

a landslide, indicating that the area's high elevation 

makes it susceptible even in the context of a small 

amount of rainfall. In contrast, our threshold shows 

that 57.4 mm of rain (in 24 hours) is required to start a 

landslide in Cox's Bazar district. This clarification 

showed how various thresholds differed based on 

meteorological, topographical, and regional contexts. 

The only threshold equivalent to our created model is 

Caine's (1980) global threshold (Fig. 8).  

We also tried comparing our threshold estimation with 

similar studies in the Chittagong hill tracts. Ali et al. 

(2018) found that the threshold values for landslides 

in Chittagong City are 100 mm of rainfall in 3 hours, 

200 mm in 24 hours, and 350 mm in 72 hours. This 

research also indicates that 100mm of rainfall is 

required to start an event, whereas our study (table 2) 

reveals that the susceptible rainfall according to 

maximum threshold value is 34.1mm in 3 hours, 

208mm in 24 hours, and 540mm in 72 hours. 

However, we should not consider the maximum 

threshold value for a landslide occurrence because all 

the landslide events fall under this threshold line, so 

the minimum rainfall threshold value needs to be 

considered. Our retrieved minimum rainfall threshold 

value is 9.4mm in 3 hours, 57.4mm in 24 hours, and 

149mm in 72 hours. It is important to note that this 

estimated threshold is presented as probability levels 

ranging from 1% to 95% to address the uncertainty 

issue. The threshold-related inconsistencies may be 

due to the different considered event-date and 

associated rainfall amount information. Moreover, a 

national study on shallow landslides found greater 

than 40 mm/day of rainfall for 2–7 days could initiate 

a landslide event in Chittagong city (Khan et al., 

2012). Interestingly, the result of this study is aligned 

with our estimation.  

CONCLUSIONS 

Rainfall threshold information is necessary for 

landslide early warning system development. Rainfall 

is the most sensitive triggering factor in landslide 

susceptibility assessment. Therefore, ID and ED-based 

rainfall thresholds are being determined for our study 

area. Studies exist where the global rainfall threshold 

and rainfall threshold for selected climatic zones are 

well established (e.g., Idrogeologica et al., 2010; 

Guzzetti et al., 2010; Nazionale et al., 2007). Only a 

few studies previously tried to estimate the rainfall 

threshold for Chittagong city (Khan et al., 2012; Ali et 

al., 2018). However, a rainfall threshold determination 

attempt is taken for the Cox's Bazar district employing 

multiple empirical approaches to cross-validate and 

thus fine-tune the threshold estimation effort. We have 

compared our results with established global models 

and found a few discrepancies. This discrepancy is 

worth noting and has emerged from rainfall-induced 

landslide inventory information unavailability. To 

conclude, we have provided rainfall intensity (mm/hr) 

and cumulative rainfall (mm) thresholds for 3, 24, 72, 

and 120 hours (table 2). This detailed threshold 

scenario will help design an early warning system to 

save people's lives and property in Cox's Bazar 

district. 
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