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3NET IR F T FeHISH gicht &1 aw v e 3R rafy & Hihst & G FgHy A TH P
Y 3@l 1| & & FE ShAH Hodichal & v Esamsa i ast gsia @aAr A= Sar g

ABSTRACT. Nepal’s rugged topography, unstable young geological formations, and fragile rocks make the
country highly vulnerable to water-induced hazards such as landslides, soil erosion, and debris torrents. Hilly watersheds
and settlements in hills and river banks are naturally vulnerable during heavy rainfall. The landslide EVO project selected
two landslide areas, one the Bajedi landslides in the Bajura district, and another Sunkuda landslides in Bajhang district of
Nepal. Automatic rain gauges were installed, and data were recorded for 2019 and 2021. The best-fit trend lines are
determined by the observed rainfall depths of different durations. In addition, 24-hour rainfall records and landslide
events that occurred in the region outside the pilot areas in the year 2019 were also analyzed and correlated. Rainfall
intensities and depths corresponding to maximum, minimum, and average depth are correlated for different durations.
The correlation between rainfall depths and durations data showed an excellent fitting observed. The trend line is
considered as the rainfall threshold line for landslide risk assessment for the region.

Key words — Rainfall depth, Depth ratio, Landslide, EVO-project.

1. Introduction This spatial variation, together with highly rugged
topography, unstable geological structures, and fragile

In the world, Nepal is the 20™ most affected country rocks, makes the country highly vulnerable to water-

due to multi-hazards (UN. Office for Disaster Risk induced hazards such as landslides, soil erosion, floods,
Reduction, 2020). Over a north-south distance of about and debris torrents (Dahal, 2012). Inherent natural factors
200 km, elevation ranges from 70 m to 8848 m in Nepal. include geological formation and structure, slope, aspect,
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Fig. 1. Spatial distribution of annual rainfall in Nepal (MOSTE, 2014).
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land use, ground cover and ground conditions; and
external  factors are earthquakes and rainfall
duration/intensity. Generally, the causes of landslides
occurring are either natural or human-induced and their
likeliness is enhanced when two factors combine.
Anthropogenic factors include human interventions such
as deforestation, improper land use, unplanned
construction, and unplanned mining. The weak
geotectonic characteristics of the Himalayas make it
vulnerable to heavy rainfall and earthquakes. Rainfall and
earthquakes are also triggering agents of landslides. The
topographical feature and geological nature of mountains
in combination with the duration and intensity of rainfall
are directly related to the probability of landslides and
extreme debris torrents in Nepal (Bhusal, 1994).
Landslides occur mostly during the monsoon season. It is
also said that, Nepal is at a new crossroads with new
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Pilot area location in Bajhang-Bajura [Source-Elevation map (a) from Nayava et al., 2022; and map (b) showing main

opportunities to rein in dozer road constructors, but this
will require concerted effort and considerably more
political willpower than has been demonstrated over the
last decade (Sudmeier-Rieux, et al., 29 March, 2019).

The annual normal precipitation in Nepal is below
1000 mm in the higher mountain region with the Mustang
receiving the lowest annual precipitation (<500 mm). The
highest annual precipitation (>5000 mm) is observed in
the Kaski district of Gandaki province along with two
other precipitation pockets in the Sindhupalchowk
(Gumthang) and Sankhuwasabha (Num) districts with
>4000 mm annual precipitation. Except in the high-
Himalayan region, annual rainfall over large parts of the
remaining areas of the country is greater than 1500 mm
(Fig. 1). The elevation and main geological feature of the
study region is shown in Figs. 2 (a&b).
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Except in some rain shadow areas behind the
Himalayas (Fig. 1) and two areas of the high rainfall
pocket, the spatial and quantitative distribution of annual
rainfall in the study area (pilot region) falls broadly under
a similar pattern that occurs in most mountain regions of
Nepal.

2. The study area

In this study, far western mountainous region of
Nepal was chosen to focusto two landslide areas.
[Figs. 2(a&b)]. Pilot areas are characterized by extremely
rugged topography in the Lesser Himalayan Sequence
(Cieslik et al., 2019), with an elevation ranging from 720
to 6960 m. The Bajedi landslides in the Bajura district and
the Sunkuda landslides in the Bajhang district are two
pilot areas. Both locations experience seasonal shallow
slides (<1 m depth): rockslides in Bajedi and soil slides in
Sunkuda.

The Bajedi landslide lies near the north end of the
Dadeldhura thrust sheet, which is part of the Lesser
Himalayan nappe. The total area in Bajedi landslides was
found to be affected by deep-seated gravitational slope
deformation (DSGSD) of approximately 29.8 km? at
elevations between 950 m and 2150 m above mean sea
level (amsl). It stretches between Dadeldhura, Dipayal,
Sanphe Bagar, and Martadi. It is about 100 km long and
20 km wide. The Lesser Himalayan nappe forms a syn
form and rests over grey stromatolitic dolomite and black
slates. The bedrock is characterized by a series of
overlapping quartzites and phyllites. DSGSD generates
loose material and debris flow with potentially severe
consequences for communities in the lower Budhi Ganga
river valley. Although quartzites is mechanically strong
and impermeable, they are nonetheless slowly affected by
rainfall penetration. The pilot areas lie in a relatively high
density of east-west trending thrust faults, allowing a
greater degree of percolation (Parajuli et al., 2020; Paul
et al., 2020).

2.1. Data-rainfall and landslide events

2.1.1. Rainfall data

The Olena rainfall station is located near Bajedi
landslides in the Bajura district at 1116 m in the very
narrow valley of the Budhi Ganga River, generally
oriented east to west. The Rainfall Station in Sunkuda is
near the Sukunda landslides in Bajhang district and is
located 894 m above the mean level. Furthermore, long-
term rainfall data from 17 locations were analyzed to
study the general pattern of rainfall on a broader scale.
The Landslides EVO of Western Nepal under Imperial
College has installed 13 rainfall stations at 10 locations
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Fig. 5.Selected networks surrounding the pilot areas. (Source DHM)

around the Bajedi landslide (Fig. 3) and two rainfall
stations around the study of Sukunda landslides
(Fig. 4). The Bajedi landslide, located in the Budhi Ganga
Municipality, is a large chronic landslide with an area of
0.55 square kilometers and a perimeter of 5.2 kilometers.
The precipitation over and around landslide areas was
monitored using rain gauges which have recorded rainfall
events from May to September 2021. Extreme rainfall
data from 21 stations operated by the Department of
Hydrology and Meteorology (DHM) of the region along
with monsoon rainfalls recorded by 10 automatic tipping
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TABLE1

Rainfall stations under DHM and automatic rain gauges at
Landslides EVO sites

Stn ID Place Latitude Longitude  District
Location of rainfall station-DHM Networks
101 Kakerpakha 29.65 80.5 Baitadi
102 Gothalapani 29.5574 80.4132 Baitadi
103 Patan 29.4671 80.5458 Baitadi
104 Dadheldura 29.3014 80.5878 Dadheldura
108 Satbanjh 29.4973 80.4974 Baitadi
201 Pipalkot 29.6188 80.8479 Bajhang
202 Chainpur 29.55  81.2167 Bajhang
203 Silgadi 29,268  80.9836 Doti
204 Bajura 29.3833 81.3167 Bajura
205 Katai 29 81.1333 Doti
206 AsaraGhat 28.9503 81.4443  Achham
107 Darchula 29.85 80.5667  Darchula
210 BanggaCamp 28.9646 81.1498  Achham
214 KolaGaun 29.1202 80.7094 Doti
218 Dipayal 29.2621 80.9369 Doti
302 Thirpu 29.3032 81.7519 Kalikot
305 SeriGhat 29.13  81.5884 Kalikot
308 Nagma 29.2006 81.9106 Kalikot
309 Bijayapur 29.2495 81.6391 Kalikot
224 Olena 29.23 81.19 Bajura
225 Sukunda 29.49 80.90 Bajhang
Location of rainfall station- LEVO Networks

RG1  Sunkuda Sec. School 29.504  80.851

RG2  Upper Bajedi School 29.3916 81.3468

RG3  Lower Bajedi School ~ 29.3782 81.3486

RG11 Thuma School 29.3761 81.3317

RG13 Nearby mill, Chededaha 29.4039 81.3208

RG14 Asha Hotel 29.382 81.3664

RG15 Nearby mill, Chededaha 29.4039 81.3208

RG16 Near lake 29.4172 81.3122

RG17 JB Malla House, Sunkuda 29.5036 80.8722

RG18 SB Kathayat's House 29.417 81.3312

RG19 DHM Station, Olena 29.23 81.19

bucket-type rainfall stations of the year 2019 and 2021 are
considered in knowledge generation (Fig. 5 & Table 1).
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2.1.2. Observed rainfall intensities (2019 & 2021)
at different durations.

Data from automatic rainfall stations were collected,
screened, and rainfall depths were extracted at different
durations from 15 minutes to 72 hours for each network
station (Table 2).

2.1.3. Landslide events and the corresponding day
rainfall in 2019.

There are thirty-seven stations in the region. Out of
37 locations, 11 locations had received the maximum
downpour between 24.6 mm and 126 mm on day 1, six
locations received the maximum downpour between 20
mm and 81 mm on day 2, seven locations received the
maximum downpour between 27 mm and 111 mm on day
3, five locations received the maximum downpour
between 25 mm and 43 mm on day 4, four locations
received the maximum downpour between 17 mm and
22 mm on day 5 and one location received rain
continuously for more than five days (Table 3).

The maximum 1-day rainfall in 2019 over project
areas was 126 mm (24 July). 111 mm (13 September) and
81 mm (9 July).

Landslides were reported during all of those rainy
days (Table 3), which are broadly grouped as follows:

(i) Landslides which occurred from 8 July to 12 July
should be taken into account by the rainfall depths of
71.6 mm (8 July), 81.3 mm (9 July), 43,6 mm, (10, 11/
12 July) and 22.7 mm (12 July).

(if) Landslides that occurred from 13 July to 16 July
should be taken into account by 72 mm (13 July), 30 mm
(14 July), 61 mm (15 July) and 41 mm (16 July).

(iii) Landslides that occurred from 24 July to 26 July
should be taken into account by 38.2 mm (24 July),
126.2 mm (25 July) and 33.2 mm (26 July).

(iv) Landslides that occurred from 31 July to 1 August
should be taken into account by 38.9 mm (31 July),
33 mm (1 August).

(v) Landslides that occurred from 24 July to 26 July
should be taken into account as 38 mm (24 July), 126.2
mm (25 July), 40 mm (25 July) and 33 mm (26 July).

(vi) Landslides that occurred from 5 August to 6 August
should be taken into account by 80.3 mm (6 August).

(vii) Landslides that occurred from 21 August to
24 August should be taken into account by 35 mm
(21 August).
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TABLE 2

Rainfall depths at different durations in observation data

2019 data of LEVO sites Rainfall in mm at different duration
Location Elem 15min 30min lhour 2hour 3hour 6hour 12hour 24 hours 48 hours 72 hours

Asha Hotel-19 1020 11.2 13.6 14 17 20 48 64 90 91.2 150.8
Bajedi lower School-19 1162 12 14 15 33 40 42 79 101 1024  161.6
Bajedi upper School-19 1624 128 18 21.6 33 37 44 76 108.4 118.6 123.2
Kathayat house-19 1860 15.6 29.6 32 53 57 68 113 130.2 1336  159.2
Water mill Cheda-19 2030 19 36.8 47 79 86 96 127 147 150.8 186

Near Lake, Cheda-19 2040 176 218 26 50 59 81 109 124 1286  149.6

2021 data of LEVO sites

Asha Hotel-2021 1020 17 28.6 35 49.4 50.4 51.8 57.8 86.6 1016 1116
Retired Sir-2021 1274 124 19.8 27.8 38.2 38.6 60.2 103.2 1914 307.6 316.4
Thuma Sec. School-2021 1447 17 26.6 35.8 54.2 64.8 67.2 69.4 75.2 101.4 111.2
Sunkunda School-2021 1594 212 25.6 45 45.2 45.4 56.6 99.2 187.8 3014 312

Kathayat House 2021 1860 17 28.4 42.8 58.4 70.2 75 79.6 136.2 214.2 225.2
Maximum (mm) 212 36.8 47 79 86 96 127 1914 3076 3164
Minimum (mm) 11.2 13.6 14 17 20 42 57.8 75.2 91.2 111.2
Average (mm) 15709 23.891 31.091 464  51.673 62.709 88.836 125.25 159.22 182.44

(viii) Landslides that occurred from 5 August to 6 August
should be taken into account by 80.3 mm (6 August).

(ix) Landslides that occurred from 31 August to
1 September should be taken into account by 48 mm (30
August) and 86.8 mm 1 September).

(x) Landslides that occurred from 12-14 September
should be taken into account by 24.4 mm (12 September).
111.8 mm (13 September) and 27.5 mm (14 September).

(xi) Landslides that occurred from 23-24 September
should be taken into account by 64.4 mm (24 September).
33 mm (25 September).

(xii) Landslides occurred from 27-30 September should
be taken into account by 35.4 mm (30 September).

2.2. Methodology

Quartile analysis describes the wvariation and
distribution of data within the time period considered for
the analysis. The plot shows the maximum, minimum, and
three quartiles (25, 50 and 75 percentiles). This method
helps to find outliers. The arithmetic mean or median has
its own advantages and disadvantages. The median was
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preferred over the mean, as the former is not influenced by
the exceptional AMS (annual maximum series) values.

Rainfall intensities of 15 minutes, 30 minutes, 45
minutes, 1-h, 2-h, 3-h, 6-h, 12-h, 48-h and 72-h were
determined by the location of automatic stations
established by the landslide EVO research projects.
Similarly, the intensities of the 24-hour rainfall (daily
rainfall), 48-hour and 72-hour durations were determined
from the annual maximum rainfall series of the manual
stations received from the DHM data bank.

A trend line, also referred to as a line of best fit, is a
straight or curved line in a chart that shows the general
pattern or overall direction of the data. This analytical tool
is most often used to show data movements over a period
of time or correlation between two variables.
(https://www.youtube.com/watch?v=0ienbLvFddQ.
Retrieved on 1 July, 2022).

The exact timing of the landslide and the
corresponding rainfall intensities in and around the areas
are useful for understanding and relating. But there were
no such events recorded in the study region. Therefore,
days when landslides occurred in 2019 were collected and
corresponding 1-day, 2-day, 3-day or more rainfall were
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TABLE 3

Selected daily rainfall data that resulted in landslides events in respective districts

Landslide events & daily rainfall 2019 Daily rainfall in millimeter Cumulative rainfall in mm
S.No. StNo Location Day Mon. 1day 2day 3day 4day 5day 24hr. 48hr. 72hr. 96 hr. 120 hr.
1 109 Lumpthi 30-31 Aug 480 55 NS NS NS 24hr. 48hr. 72hr. 96hr. 120hr.
2 109 Lumpthi 21-24 Aug 350 3.0 5.0 8.5 NS 480 535 NS NS NS
3 231 Kalukheti 25-26 Aug 27.4 11.7 NS NS NS 350 380 430 515 NS
4 210 BangaCamp  24-25 July 1262 133 NS NS NS 274 391 NS NS NS
5 109 Lumpthi 13-16 July 720 300 0.0 41.0 NS 1262 1395 NS NS NS
6 107 Darchula 8-10 July 71.6 24.0 2.0 NS NS 720 102.0 1020 1430 NS
7 107 Darchula 25-26 July  40.0 7.5 NS NS NS 716 956 976 NS NS
8 206 AsaraGhat 24-25 July 382 6.7 NS NS NS 400 475 NS NS NS
9 201 Pipalkot 1-3  Sept 86.8 7.1 13.8 NS NS 382 449 NS NS NS
10 309 Bijayapur (Raskot) 5-6 June 184  20.2 NS NS NS 86.8 939 1077 NS NS
11 107 Darchula 29-30 Aug 148 557 190 NS NS 184 386 NS NS NS
12 204  Bajura(Martadi) 14-16 Aug 185 50.8 94 NS NS 148 705 895 NS NS
13 109 Lumpthi 8-10 July 8.0 81.3 436 NS NS 185 693 787 NS NS
14 235 Sugali 22-25 Sept 31 64.1 33.0 55 NS 80 893 1329 NS NS
15 107 Darchula 4-6  Aug 21.0 4.6 80.3 NS NS 31 67.2 100.2 1057 NS
16 228 KalLasmanbu 0 %h i‘d'g 42 246 389 NS NS 210 256 1059 NS NS
17 107 Darchula 14-16 July 23.0 13.6 61.8 NS NS 4.2 288 67.7 NS NS
18 309 Bijayapur (Raskot) 8-10 July 148 250 32.6 NS NS 230 366 984 NS NS
19 204  Bajura (Martadi) 30-31, 1 f:l% 13.7 0.0 33.0 NS NS 148 398 724 NS NS
20 218  Dipayal (Doti) 11-13 Sept 12 36 1118 NS NS 137 137 467 NS NS
21 203 SilgadhiDoti ~ 11-14 Sept 153 8.3 275 NS NS 12 48 1166 NS NS
22 228 Kailasmandu 13-16 Aug 5.9 12.2 18.7 32.7 NS 153 236 511 NS NS
23 305 Sheri Ghat 9-12 July 104 150 0.0 43.4 NS 59 181 368 695 NS
24 230 Gopghat 22-25 July 8.3 5.2 31 40.2 NS 104 254 254 688 NS
25 305 Sheri Ghat 28-31 July 170 5.3 16.4 = 193 NS 83 135 166 56.8 NS
26 231 Kalukheti 27-30 Sept 21.2 8.8 21.6 254 NS 170 223 387 580 NS
27 329 Manma 8-12 Jly 115 109 5.0 9.7 227 212 300 516 770 NS
28 109 Lumpthi 19-23 July 6.0 5.0 4.0 0.0 209 115 224 274 371 598
29 305 Sheri Ghat 23-27 dly 167 0.0 193 183 194 60 110 150 150 359
30 329 Manma 23-31 July 16.9 0.9 13 144 177 167 167 36.0 543 737
31 109 Lumpthi 3-6  Aug 20.0 20.0 10.0 15.0 NS 169 178 191 335 512
32 232 Safebagar 22-25 July 55 8.1 0.0 6.0 NS 200 400 500 650 NS
33 201 Pipalkot 28-30 Sept 0.5 108  15.6 NS NS 55 136 136 196 NS
34 107 Darchula 3-5  Sept 8.0 8.5 12.0 NS NS 0.5 11.3 269 NS NS
35 214 Kola Gaun 11-12 July 299 7.2 NS NS NS 80 165 285 NS NS
36 234 Dumrakot 12-13 Sept 24.4 113 NS NS NS 299 371 NS NS NS
37 309 Bijayapur (Raskot) 25-27 July 6.4 332 186 NS NS 244 357 NS NS NS
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picked for analysis. Similarly, extreme rainfall of different
periods 5, 15, 30, 45, 60 minutes and 2, 3, 6, 12, 24 hours
were obtained from 10 stations installed in the pilot areas.
Similarly, extreme rainfalls of the duration of 24 hours for
the 21 stations were obtained from the Department of
Hydrology and Meteorology (DHM).

The hourly series for each network station of the
same period were extracted and are correlated with 24
hours, 48 hours, and 72 hours of rainfall. The correlation
coefficients are determined. A probabilistic method was
applied to calculate the threshold with limited data on
rainfall intensity and accumulated precipitation. Warning
levels were defined and the corresponding rainfall
threshold values were determined by the probability lines.

3. Literature review
The interplay between topography and Indian
summer monsoon circulation profoundly controls

precipitation distribution, sediment transport, and river
discharge along the southern Himalayan mountain front.
In the eastern and central parts of the Himalayas,
precipitation shows a strong gradient, with high values at
medium elevations and extensive penetration of moisture
along the major river valleys in the region. The
precipitation in these regions has significantly increased
and triggered extensive erosional processes on sparsely
vegetated steep hill slopes. The mean rainfall along the
low to medium elevations was not significantly greater in
magnitude (Bookhagen, Thiede et al., 2005). In situations,
where slopes are extensively terraced for agriculture, with
some terraces being intensely irrigated and others not,
relationships between landsliding and rainfall amounts are
complex and no simple explanations can be made
(Gerrard & Ram, 2000). The seasonal rainfall
accumulation and the daily rainfall have the capacity to
trigger landslides. An analysis of 3 years of daily sediment
load and daily rainfall data in the Annapurna region of
Nepal, suggested that, for a given hillslope, regolith
thickness determines the seasonal rainfall necessary for
failure, whereas slope angle controls the daily rainfall
required for failure (Gabet et al., 2004).

Assessing the risks of landslides requires the
historical and current causes that trigger landslides. When
studying rainfall and its impact on landslides, it is better to
have a history of the area of landslides, when and how it
occurred in the particular place and whether it is caused
by a high intensity of rainfall or continuous rainy days
with heavy rainfall or land erosion from a number of years
due to forest clearing or improper land use, or unplanned
heavy construction, or unplanned mining. Although it is
somewhat baffling whether climate change has any
impact on extreme rainfall events in the entire Himalayan

467

region, especially, in recent years, the period 2001-2007
(Nandargi et al., 2011), it will too early to ignore the
impact of climate change on landslide occurrences.
Furthermore, climate change has a direct influence on the
frequency and intensity changes in precipitation (Fischer
et al.,, 2015), thus increasing the number of potential
future landslides (Trenberth, 2011). Landslides pose
serious threats to lives and livelihoods, cause hundreds of
deaths each year, disrupt local agricultural productivity,
damage infrastructure, and cause serious economic
disruption both locally and nationally. Therefore, it is
necessary to understand how precipitation patterns change
with time and the nature of their direct relationship with
natural hazards such as landslides.

He et al. (2020) conducted a study on landslide
events that occurred between 1998 and 2017 in China.
The slope of thresholds in events with long durations is
higher than that with short durations for thresholds below
the quantile level of 50%. They have assumed the causes
are due to different mechanisms of landslides triggered by
long-term rainfall and short-term rainfall. Evaporation and
previous rainfall become more important for landslides
triggered by long-duration rainfall events. In addition, the
rainfall thresholds in the non-rainy season are generally
lower than those in the rainy season. Their research was
aimed to establish rainfall thresholds for its application in
landside early warning systems. In addition to triggering
factors, the geological environment is also important,
which decides the susceptibility to landslides in a specific
region. Thus, combining multiple rainfall thresholds with
the landslide susceptibility map and using the Realtime
rainfall the forecasted rainfall from ensemble numerical
weather prediction models, the LEFS will be established
to reduce and mitigate property damage caused by
landslide disasters. (He et al., 2020).

Far western Nepal receives 70-80% of its annual
precipitation during the monsoon season, between June to
September (Nayava, 1974), increasing the occurrence of
landslides during this period of the year (Government of
Nepal 2019; World Bank 2021). In a global data set of
landslides, Nepal contributes 10% of all rainfall-induced
landslide events and 93% of all those triggered by
seasonal monsoons (Froude et al., 2018).

Variations in rainfall patterns due to climate change
affect the flux boundary conditions on the surface of the
ground. A possible disastrous consequence of this change
is the occurrence of rainfall-induced slope failures (Ayron
et al., 2015). Exposure to the physiographic characters
like elevation of the mountains, windward and leeward
orientation of mountains, steepness or the slope, distance
from the coast, vegetation, and local waterbodies greatly
influence the atmospheric circulation and precipitation
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TABLE 4

Rainfall type and intensity

Type Intensity

Heavy rain Greater than 7.5 mm per hr.

Moderate rain 2.5 mm/hr. to 7.5 mm per hr.
Light rain Trace to 2.5 mm/hr.

Trace 0.02 to 0.2 mm per hr. (WMO-No. 8, 7" edition)

patterns. The orographic effect also plays a vital role in
generating precipitation intensities. Orography affects
convection and convergent action, and precipitation
intensity depends on the stability of the air mass involved.
As a result of mountain topography, rainfall may become
more intense, making the weather more extreme, possibly
causing severe flooding and drought at different times
(Kristo et al., 2017). The intensity of the rain is the ratio
of the total amount of rain to the duration of the rainfall
period. It is expressed in depth units per unit time, usually
as millimeters per hour (mm/h). On the basis of intensity,
rainfall is classified (Subramanya, 1991) as in Table 4.

Spreen (1947) correlated mean seasonal winter
precipitation with 5 factors like elevation, slope, rise,
orientation, and exposure for western Colorado found that
these five parameters together accounted for 85% of
precipitation variation, while elevation alone accounted
for about 30% of variation (Singh et al., 1995). Similar
results were also found by Bums (Bums, 1953) in the
small-scale topographical effects in the San Gabriel
Mountains in California.

A study on the distribution of seasonal and annual
rainfall over a part of Himalayan region was carried out
by Singh et al. (1995). The role of orography in the
middle Himalayas was very pronounced for both rainfall
and snowfall compared to other Himalayan ranges.
Rainfall increased linearly with elevation in the outer
Himalayas on both the windward and leeward sides,
except during the monsoon season. In the monsoon
season, rainfall increased with elevation up to a certain
height and then started to decrease. Rainfall followed a
similar distribution with elevation on both windward and
leeward sides, i.e., first it increased with elevation and
then started decreasing. The rainfall distribution fitted
well with second-order polynomials. The region of
maximum rainfall on the windward and leeward sides was
found to be between 1600 and 2200 m. Rainfall decreases
exponentially with elevation in the higher Himalayas and
becomes negligible at elevations above 4,000 m. Lower
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rainfall intensity and a lesser number of rainy days are
found in the higher Himalayas. An increase in rainfall
intensities with elevation is found to be responsible for
higher amounts of rainfall on the windward side of the
middle Himalayas, while a greater number of rainy days at
higher elevations on the leeward side contributed to higher
rainfall in the middle Himalayas (Singh et al., 1995).

Temporal variations in rainfall over Nepal from 1971
to 2000 m have also been studied (Nayava, 2004).
Assessments on rainfall characteristics in the Bajedi
landslide in the far-western Nepal also indicated that the
rainfall intensity increased by 40-60% over an increase in
elevation from 1 to 2 km (Nayava, et al., 2022). Rainfall
intensities recorded on the leeward side of a slope are
lower than the equivalent totals on the windward side. In a
certain topography, there is a positive correlation between
elevation and the number of days in which rainfall was
observed, indicating strong orographic precipitation trends
during westerly disturbances. The Himalayan ranges,
being the barrier to the monsoon, favor heavy to very
heavy rainfall in the foothills and the adjoining plains of
India to its south (Dhar et al., 1975, 1976). Heavy rainfall
is not observed to occur in a continuous period in the plain
regions of India, but there can be sudden falls of heavy
rain of short (3 to 4 hours) to long (10 to 14 hours)
duration. (Nandargi et al., 2011).

In the Nepal Himalayas, maximum rainfall has
occurred near the outer Himalayas, that is, foothills, and a
second maximum has been found near the middle
Himalayas at about 2400 mamsl. Then after, rainfall
decreases sharply as the elevation increases to higher
elevations until the Great Himalayan Range (Dhar
et al., 1976. Dhar et al., 1981). Throughout the Himalayan
region, stations at higher elevations have recorded fewer
extreme one day rainfalls of 100 to 200 mm, while low-
level stations with altitudes <1500 meters have recorded
more extreme one day rainfall in the range 700 to 900 mm
during the three monsoon months of July, August and
September. One day extreme rainfall events have also
occurred in the EI Nifio years and follow the trend of the
frequency of active monsoon disturbances which also
leads to a decrease in extreme rainfall events (Nandargi
et al., 2006).

A study conducted in different geomorphological
units and geographical regions of Chile has indicated that
the precipitation concentration displays an exponential
curve where 30% of the rainiest days were concentrated in
only 10% of days with precipitation, proving high
irregularity  (Lozano-Parra et al., 2022). Annual
precipitation events of 10 and 20 mm are quite common
during the monsoon season in many parts of Nepal
(Chalise et al., 1996).
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The high intensity precipitation and the annual
precipitation trends showed a significant increase in the
middle mountains and hills of the West and the region of
the central high mountains of Nepal. A significant positive
trend is observed in the number of consecutive dry days
but a significant negative trend is observed in the number
of wet (rainy) days across Nepal, implying the
prolongation of the dry spell throughout the country.
Overall, the intensification of different precipitation
indices in various parts of the country indicated region-
specific risks of floods, landslides and droughts (Karki,
etal., 2017).

Compared to other events, a large number of deaths
occurred due to landslides and debris torrents. The
swollen River due to debris torrents also are threat to the
settlements on the river bank in the hilly region. A
settlement named Olena village in far western Nepal was
an exemplary event threatened by the swollen Budhiganga
River due to which 87 people of 12 families were
displaced on August 13, 2020 (Singh, 2020). A study on
trends in landslide occurrence in Nepal by Petley et al.
(2020) indicated that landslide-induced deaths are being
concentrated in the hill districts of the Middle Himalayas
of Nepal. Interestingly, the relationship shows that when
the summer SW Asian monsoon is intense, the number of
fatalities is low and vice-versa (Petley, et al., 2020).

Numerous scientific evidence have indicated the
increasing impact of climate change. The likely disastrous
consequence of variations in rainfall patterns is the
occurrence of rainfall-induced slope failures. A similar
study was conducted on historical rainfall in Singapore,
and using the derived trends, projected rainfall intensities
in 2050 and 2100, seepage and slope stability analyzes
were performed on a typical residual soil slope. Stability
analyzes showed a significant decrease in factor of safety
from 2003 to 2050 due to an increase in rainfall intensity,
suggesting that climate change could have existed beyond
2009 with possibly detrimental effects on slope stability
(Kristo et al., 2017). Short-duration rainfall is critical for
small catchments where there is always a shortage of
short-duration rainfall data. In such a case, long-term data
from rainfall stations in the same area can be used to
develop a very good, statistically acceptable (R%>0.90)
relation between short-duration rainfall and daily rainfall
data (Mamun, Salleh & Noor, 2018). In some cases, an
empirical technique has been applied to rainfall data in
order to determine the intensity-duration-frequency
characteristics of rainfall and the underlying distribution
(Dar et al., 2016).

A regional approach to rainfall frequency analysis
with regional information from surrounding stations
provides limited information to the area having relatively

short periods of record (Smithers et al., 2000). Mamun
et al. (2018) used statistical analysis and logarithmic
graph fitting techniques and found an excellent correlation
between short-duration rainfall and daily rainfall values
for 96 automatic and 46 manual stations in the Klang
Valley in Malaysia. The 15, 30 and 45 min of short-
duration rainfall were observed to be 32.4%, 47.1% and
57.4% of the daily rainfall amount, respectively. The
amount of rainfall during 1h, 2h and 3h storm events
contributes 64.9%, 76.5% and 80.9% of the daily rainfall.

Estimation of rainfall intensities and depth duration
is essential for various purposes related to water resources
and water-induced disaster risk management. The rainfall
intensity in mm/hr. for each time period is calculated and
are ranked by sorting heaviest to lightest for each time
period. The lightest intensity will receive the highest rank,
and the highest intensity will receive the lowest rank. The
heaviest rains have a lower probability of occurring. The
return period is calculated using the Weibull formula. The
rainfall intensity versus return period for each rainfall time
period is plotted. A data matrix of rainfall intensities for
2-yr, 5-yr 10-yr and 20-year return periods and 15 min, 30
min,1, 2, 3, 6, 12-, 24-, 48- and 72-hour time periods is
prepared. Plot a 5-year, 10-year, and 25-year IDF curve
(using data points). The IDF curves can be drawn using
the mathematical formula established as given equation 1.

The IDF curves are a function of the rainfall

intensity (1). IDF equations are empirical equations as
expressed below.
m
| CT )
Td*®

where | is the rainfall intensity in mm/hr.; T is the
return period in years and Ty is the duration of rainfall in
days. C, m and e are known as the regional constants. (He
et al., 2020).

Two empirical equations (Talbot and Sherman) are
given below (Maxfield, 2009; Nhat et al., 2006).

Talbot equation

a
I = 2
(d+b) @
Sherman equation (Sherman, 1931)
a
= @)
(d+b)

where | is the rainfall intensity (mm/hour); d is the
duration (minutes); a, b and e are the constant parameters
related to the metrological conditions.
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Fig. 6. Rainfall intensities at different durations corresponding to maximum, minimum and average depths

TABLES

Rainfall intensities corresponding to maximum, minimum, and average depths

Duration/ mm/hr. 15 min 30min  lhour 2hour 3hour 6hour 12hour 24 hours 48hours 72 hours
Maximum Intensity 84.8 73.6 470 395 28.7 16.0 10.6 8.0 6.4 4.4
Minimum intensity 44.8 27.2 14.0 8.5 6.7 7.0 4.8 31 1.9 15

Average intensity 62.8 47.8 31.1 23.2 17.2 10.5 7.4 5.2 8.8 25

The rainfall intensities and rainfall depth also depend
on the storm coverage, how large an area is covered, and
how long it lasts. Rainfall depth-area relation from data of
the July flood of 1993 flood event was analyzed (Bhusal,
1994). It is being difficult to demark the coverage of an
area of active storm giving intense rainfall, isohyet maps
were prepared and the area between isohyet lines were
measured. Rainfall depth over 24 hours and 48 hours was
determined and correlated with area. Based on observed
rainfall data during 1993 storms, the following equation
(4) was established to estimate the extreme rainfall depths
over the south central region, Nepal (Marahatta et al.,
2009).

4)

P=15P, *exp{_ ";(A)}

where, A is catchment area (km?), In (A) is the
natural logarithm of area A, P is the rainfall depth of
desired duration (mm) in 24- or 48-hours duration, and Pq
is the maximum observed rainfall (mm) of (24-h or 48-h)
at the center location of the storm. In 1993, the observed
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P22 and P4s was 540 mm and 600 mm respectively in
south-central Nepal.

Indian Meteorological Department (IMD) targets
estimating rainfall intensity of any return period with the
least amount of effort (Chowdhury et al., 2007). The
equation (5) is as follows:

pt:mg)@

(®)

Where Pt is the required rainfall depth in mm at t-h
duration, P24 is the daily rainfall in mm and t is the
duration of rainfall, for which the rainfall depth is required
in hr.
4.  Results and discussions
From the data series in the tables above, the
maximum, the minimum, and the average values are
computed. Rainfall intensities corresponding to maximum,
minimum, and average depths are computed and given in
Table 5 and shown in Fig. 6.
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TABLE 6

Rainfall depths at different durations (up to 12-hr) on observation data

Location Ele(m) 15min  30min  lhour  2hours 3hours 6 hours 12 hours
24 hour rainfall recorded on 12 July, 2019
Asha Hotel 1020 0.6 1.6 38 6.8 8.4 9.6 11
Olena 1116 0.4 12 2.8 5.8 7.6 11.4 134
Thuma Sec. School 1447 14 2 3.6 6.4 8.4 9.6 104
Near lake 2040 0.6 2 6.2 9.6 12.6 15 16

4.1. Trend of rainfall depths-durations

The one day rainfall of the following four locations
was less than 20 mm on 12 July, 2019. The duration of the
storm lasted for 12 hours only. Rainfall depths with
duration are given in Table 6. The best fit curves followed
logarithmic tend lines, which are shown in Fig. 7.

The best-fit trendlines for the observed rainfall
depths of different durations (Table 2) indicated that the
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duration of the rainfall depth in the pilot areas followed
the logarithmic trend (Fig. 8) for the maximum and
average rainfall depths of 15 minutes to 12 hours. But, for
rainfall depths of 15 minutes to 72 hours, the trend line
(Fig. 9) followed the power relations to maximum
rainfalls (R?> = 97), minimum rainfall (R? = 98) and
average rainfalls (R? = 97),

The relationship between intensity and duration is
established by the trend line fitting (regression) by inbuilt
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Fig. 10. Rainfall depth ratio-duration curves for durations up to 72 hr rainfall

program in Microsoft Excel. The resulting formulae for
maximum, minimum and average intensities are given
below.

| max =46.948d 3 (R2 = 0.9673) (6)
| avg =31.115d 57 (R? = 0.9919) @)
| _min =16.462d % (R? = 0.9667 ) (®)

On the basis of the above data, a generalized formula
is derived as follows.

©)

Jd

| is the intensity of the rain (mm/h), d is the duration
in hour, and K is a constant. The generalized value of K is
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16 for minimum intensity, 32 for mean intensity and 48
for maximum intensity.

4.2. Threshold rainfall depths

To understand and get a generalized pattern,
regression between rainfall depth ratio and duration is
carried out to understand how rainfall depth (intensities)
varied with passes of the time after any storm starts down
pouring. Rainfall depth ratio on observed data of each
location at each duration (15-m to 72-hr) are determined,
dividing by 72-hours, 48-hours, 24-hours and 12-hours
and so on. Rainfall depth ratios are correlated with
durations. Correlations are satisfactory, giving correlation
coefficients ranging from 0.93 to 0.99. Only, rainfall
depth ratios with 72-hour duration to the maximum, the
minimum, and the average values (listed at the bottom of
the Table 2) are given in Table 7. The Fig. 10 shows
corresponding best fitted curves. The use of such
correlation is helpful to assess the rainfall depths of
shorter durations as required. This approach is appropriate
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Fig. 11. Depth duration curve (15-min to 72-hr duration)

TABLE 7

Rainfall depth ratios with 72- hour rainfall

Durations/Ratios 15min  30min 1hour 2hours 3hours 6hours 12hours 24 hours 48 hours 72 hours
Average rainfall/72- h rain 010 015 019  0.28 0.32 0.38 0.53 0.71 0.86 1.00
Maximum rainfall/72- h rain 015 026 032 049 0.58 0.60 0.73 0.88 0.97 1.00
Minimum rainfall/72- h rain 0.04 006 009 011 0.12 0.18 0.32 0.60 0.60 1.00
to Nepal as there are several locations where only 24 hr. Screened data are:
total rainfall is recorded.
(i) First day (24 hr) depth lying between 27.4 mm and

4.2. Threshold rainfall depths

The intensity and duration of rainfall in the rainy
season are the main factors that cause water-induced
landslides. A certain rainfall depth that does not cause any
landslides at one location nor at one watershed
morphology and topography may be the cause of
landslides at another location. The same rainfall depth that
cannot cause a landslide in one season may be the cause of
a landslide in another season. Therefore, determining
threshold rainfall related to landslide is to find the best
correlation with multiple parameters, such as in the USLE
(universal soil loss equation) (Wischmeier & Smith,
1978). However, this paper has attempted to find some
thresholds based on results of rainfall depth duration
analysis. The following 24-hour rainfall depths for the
2019 monsoon (rainy season) are screened from
Table 3, which had caused landslides in the region.
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126.2 mm.

(if) Second day (24 hr.) depth lying between 20.2 mm
and 81.3 mm, and cumulative depth lying between 38.6
mm and 89.3 mm, respectively.

(iii) 3 day (24 hr.) depth lying between 27.5 mm and
111.8 mm, and cumulative depth lying between 51.1 mm
and 117 mm, respectively.

(iv) Fourth day (24 hr.) depth lying between 19.3 mm
and 43.4 mm and cumulative depth lying between
58.0 mm and 68.8 mm, respectively.

(v) Fifth day (24 hr.) depth lying between 19.4 mm and
22.7 mm and cumulative depth lying between 73.7 mm
and 59.8 mm, respectively.
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Fig. 13. Depth duration curve (1-hr to 72 hr duration)

In Nepal, rainfall intensity reaches maximum in a
short period of time and decreases exponentially. The
rainfall data for the region that are summarized in Table 3
are 24 hr. Daily totals. Therefore, to establish the general
trend, the maximum, minimum, and average rainfall
depths and corresponding duration in observed data (listed
in Table 2) are correlated with the durations of 15
minutes, 30 minutes, 1 hour and 2 hours. Figs. 11, 12,
13&14 give the respective relationships of graphical
presentation in logarithmic scales.

4.4. Selection of threshold

The depth duration curve derived from average
values is considered as a threshold curve, and the curve
corresponding to the maximum values is considered to
indicate a substantial risk alerting line. Similarly, the
curve corresponding to the minimum values is considered
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a minimal risk line. Table 8 contains the corresponding
rainfall depths from the best fit relationships (Figs. 9&11,
Equation no. 6, 7 and 8 as given).

For flood forecasting purposes, the Department of
Hydrology and Meteorology has considered the threshold
values of 60, 80, 100 and 120 mm of rainfall over 1, 2, 3,
and 24 hours, respectively (DHM, 2019) (Nayava, et al.,
2022). The data derived in this paper are comparable to
the DHM values.

4.5. Practical application

For the prediction and issuing warning for landslides,
the relationships between rainfall depth ratio to shorter
duration like 15 minutes, 30 minutes, one hour etc. are
desirable. Therefore, a regression analysis was carried out
on ratios of rainfall depth to different durations of
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TABLE 8
Threshold rainfalls
Rainfall depth (mm)
Duration 15-m 30m 1-h 2-h 3-h 6-h 12-h  24-h  48-h  72-h
Highrainfall 249 355 489 67.1 793 1076 146.0 1982 269 3218
Threshold 173 237 319 42.9 50.6 673 896 1192 158.6 1875
Low rainfall 8.9 115 150 20.5 25.0 351 493 692 973 1188
TABLE 9

Multiplying coefficients to 15-min duration rainfall rain (observed) for calculating rainfall at rainfall depth at different durations

Multiplying coefficients to 15 min rainfall

Duration
High rainfall
Threshold

Low rainfall

15-m 30m 1-h 2-h 3-h 6-h 12-h  24-h  48-h  72-h
11 17 2.4 3.6 45 6.6 9.7 143 211 265
1.0 14 89 2.6 3.1 4.2 5.7 7.7 104 124
0.8 11 14 18 2.1 2.6 3.4 4.3 55 6.4
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15 minutes, 30 minutes, 1 hour and 2 hours. In all, the
correlation coefficients ranged from 97% to 99%, showing
a good correlation. The power relation is found to be
highly correlated. Corresponding best-fit curves relating to
maximum, average and minimum are shown in Fig. 15.
The estimated values using established formulas
(Equations 10, 11, 12) are tabulated in Table 9. These
values are the multiplying coefficient to predict the likely
rainfall at different durations from observed 15-minute
rain fall. The observed rainfall for 15 minutes duration is
multiplied by factors given in Table 9 (See note
given below the table) and a table similar to the
Table 8 is generated which indicates whether
rainfall trends is on risk side or not. Similarly, tables
with multiplying factors for desired durations like 30 min

1 hr. etc. are to be derived and used for landslide
awareness.
Rar Mex = 2.4366d°%7° (R? = 0.9757 ) (10)
Ryr avg=19741d°%% (R? =0.9963) (11)
Rgr_Min =1.3861d°%%%° (R2 =0.9927 ) (12)

5. Conclusions

The maximum intensity of rain of 84 mm / hour and
74 mm / hour were recorded in the Sunkunda pilot area at
a duration of 15 min and a duration of 30 min,
respectively. These values are higher than the maximum
intensity of rainfall of 70 mm/hr. observed in central
South Nepal during the 1993 catastrophic storm. The
1-hour and 24-hour total during the 1993 storm were
70 mm and 540 mm in the southern central Nepal, while
these values are only 45 mm and 188 mm respectively in
the Sunkunda area in 2019.

The landslide that caused the rain varied widely.
Landslides are recorded for 24-hour rainfall of 27.4 to
126.2 mm in the pilot region in 2019 but are not deadly
like the catastrophic events of 1993. The analysis
supported the fact that the antecedent precipitation index
(API) has a great effect on maturing (wetting) the land to
slide even with lower rainfall depths.

The analysis of the observed rainfalls for 2019
resulted in a generalized trend of the relationship between
intensity and duration. The trend lines of rainfall depths-
durations on observed data showed excellent fitting.
Therefore, the trend line of the average depth of rainfall is
considered as the threshold rainfall line, a tool for
determining the probability of land slip probability.
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The threshold rainfall depth determined in the
preceding chapter is based on rainfall data observed
during 2019 and 2021 for the specific location (pilot area)
of the EVO landslide research study. Although the
analysis is performed from one-year data, it requires
verification with more-year data. However, in the region
where continuous recording of rainfall by automatic
recorders is not available, the coefficients determined
from observed data are to be considered for threshold
rainfalls for the warning system.
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