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The present study aims to assess rainfall erosivity and erosivty density both in space and time over the
Suketi River catchment of western Himalayan region in India during 1971–2015. The data used comprises
of daily rainfall measurements at three rain gauge stations, which are sparsely distributed over the
catchment. Rainfall erosivity was assessed by employing Wischmeier and Smith algorithms, whereas
erosivity density was estimated by applying Kinnell’s algorithm. The spatial distribution of both algorithms was analyzed through Kriging method based on geographical information system. The obtained
results indicate remarkable year-to-year, seasonal and monthly variations in average annual rainfall
erosivity and erosivity density. Apart from this, individual cases of high and very high rainfall erosivity
and erosivity density were noticed. The long-term average annual rainfall erosivity and erosivity density
revealed a general decreasing trend. This decreasing trend in rainfall erosivity was found to be statistically significant at 0.05 significance level, whereas it was found to be non-significant for erosivity density.
The highest values of both indices were observed in the month of July followed by August and June
particularly in northern parts. These results indicate that July month followed by August and June are
the most susceptible months for soil erosion over the Suketi River catchment with lower reaches
(northern) being the most vulnerable one. Finally, results of this study will be valuable for farmers,
agronomists and regional planners in chalking out best management practices for reducing water erosion
in vulnerable areas of the catchment.
Keywords. Soil erosion; rainfall erosivity; erosivity density; spatial variation; temporal variation;
Himalayas, India.

1. Introduction
Soil erosion triggered by water is an alarming
environmental problem in recent times. Worldwide, about 10 million hectare of crop land is lost
due to soil erosion, especially in Africa, South
America and Asia (Pimentel 2006). According to
Diodato and Bellocchi (2009) and Bahadur (2009),
soil erosion by water is of serious concern for soil
ecological functions such as agricultural production, which subsequently aAects the livelihood of

farmers. Also, it increases the risk of environmental
deterioration by reducing the nutrients from top
soil, fresh water quality, Cood control and carbon
sequestration (Munka et al. 2007; Lee and Heo
2011; Panagos et al. 2015; Pradeep et al. 2015).
Eroded soil particles moved through runoA could
favour the deposition of sediments, thereby leading
to loss of dams, reservoirs, lakes and river beds
(Tamene et al. 2011; Jebari et al. 2012; Lanckriet
et al. 2016). A perpetual extension of these conditions is often intensiBed by cultivation on steep
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slopes, land use changes, deforestation and
overgrazing (Yang et al. 2003; Meshesha et al.
2015), which can danger food security and ecological integrity nationwide (Sonneveld and Nearing
2003; Diodato and Bellocchi 2009). Consequently,
it has stimulated the attention of policy makers
and scientists globally during the last few decades.
Rainfall erosivity is the capacity of rainfall to
generate erosion on account of the action of natural
characteristics of rainfall (Mikhailova et al. 1997).
Accordingly, it is considered as one of the key
natural factors to assess the erosive power of the
raindrops. Rainfall erosivity comprises of an
important element for documenting and grasping
the association between geomorphological phenomena and hydrological processes happening in
soil erosion (Capolongo et al. 2008; Diodato and
Bellocchi 2009). It is also an important parameter
under future climate and land use change for soil
erosion risk assessment (Nearing et al. 2005). The
inconsistency of rainfall erosivity alters ecosystem
services, hydrology, forestry, agriculture and water
management (Ballabio et al. 2017). The awareness
regarding spatial diffusion and temporal drifts of
rainfall erosivity is thus highly relevant for
assessment of soil erosion risk and subsequently for
undertaking soil and water controlling measures
(Gu et al. 2016; Qin et al. 2016).
Owing to noteworthy character of rainfall in soil
erosion, rainfall erosivity has attracted increasing
attention as an input parameter in many prediction
models of soil loss and sediment yield estimations
for optimizing soil and water controlling measures
(Lee and Heo 2011; Ramos and Duran 2014). The
most commonly applied such empirical model for
computing and predicting soil erosion by water is
the Universal Soil Loss Equation (USLE) (Wischmeier and Smith 1978) and its revised version
RUSLE (Renard et al. 1997).
Of late, assessment of rainfall erosivity was
extensively reported in literature (Shi et al. 2012;
Fiener et al. 2013; Dumitrascu et al. 2017).
Meshesha et al. (2015) indicated a decreasing trend
in annual rainfall erosivity during 2000–2010 in
Ethiopia. Panagos et al. (2015) and Ballabio et al.
(2017) noticed a sudden rise in erosivity during
summer season in major parts of Europe and
revealed that this rise is almost four times higher
than that of winter season. Similarly, remarkable
differences in rainfall erosivity were witnessed in
Colombian Andes during wet and dry seasons
(Hoyos et al. 2005). Recently, an increasing trend
of spring and winter erosivity of rainfall was
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observed in southwest China (Gu et al. 2016).
Accordingly, Zhang et al. (2005) estimated erosivity of rainfall with annual rainfall quantities and
observed a robust association between annual
rainfall and erosivity. Yang and Lu (2015) detected
a rising trend in annual rainfall erosivity in the arid
zone, while a diminishing trend was witnessed in
the sub-humid zone of China. Apart from this,
negligible trends in annual rainfall erosivity were
seen in the eastern Himalayan and semi-arid zone
of China (Ma et al. 2014; Yang and Lu 2015). The
greatest erosivity of rainfall in Africa was observed
along the northern half and west coast of Madagascar (Vrieling et al. 2010). Oliveira et al. (2012)
observed an increment in erosivity of rainfall from
east to west, with lowest and highest in north-east
and northern parts of Brazil, respectively. Similar
observations regarding rainfall erosivity were witnessed in central Chile for 270 yrs of rainfall
statistics (Bonilla and Vidal 2011). Klik et al.
(2015) observed a colossal spatial variability in
rainfall erosivity, largely connected to topographic
and climatic differences in New Zealand. The
maximum number of these investigations were
administered at national or continental scales with
colossal differences in their geology, geomorphology, climate, soils and land use practices. To
overcome this concern, assessment of rainfall erosivity and erosivity density at catchment or local
scales is very much required.
Soil erosion in India, specifically in Himalayan
region, is serious and is to the tune of 2000–2500 t km2 yr1 (Garde and Kothyari 1987). This
severity of erosion proneness in this region has been
attributed to fragile and unsettled geological formations such as shale, grits, conglomerates and
sandstone. Additionally, Himalayas are represented by young mountains with high seismicity,
steep slopes, road construction at large-scale,
exhausted forest cover, cultivation on steep slopes,
mining, low water retention, uneven pattern of
rainfall and high soil depletion combined with
runoA (Jain et al. 2001, 2003). Sound evidences of
these menaces have been revealed in various
studies (Galy and France-Lanord 2001; Sharma
and Rai 2004; Singh 2007, 2011; Singh et al.
2008, 2010; Rawat et al. 2012; Khan et al. 2016;
Chauhan et al. 2017; Quazi and Rai 2018).
The Suketi River an inter-montane catchment, a
tributary of the Beas River in Mandi District of
Himachal Pradesh has been dramatically transformed in recent years due to rapid expansion in
hydropower activities, intensiBed agricultural
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practices, over-grazing, mining activities and a
sharp rise in tourism activities. Besides, land has
been worsened by tracks, paths and poorly planned
and maintained roads. Forests have been continually cut for farming and infrastructural development activities. These anthropogenic activities
have greatly inCuenced the rate of soil erosion
along with natural agents such as topography,
slope, amount, duration and intensity of rainfall,
soil types, geological formations and land use
types. In the light of these observations, soil erosion susceptible areas of the fragile Suketi River
catchment need to be assessed. Moreover, detailed
studies on rainfall erosivity and erosivity density in
India in general and the western Himalayan region
catchments in particular are lacking. Therefore,
the major aims of this study are: (1) to determine
rainfall erosivity and erosivity density for the
Suketi River catchment based on rainfall data,
(2) to explore their spatial and temporal variability, and (3) to investigate the monthly, seasonal
and annual trends in rainfall erosivity and erosivity
density during 1971–2015. The outcome of this
study is expected to give valuable information with
respect to future planning and management of
erosion-prone areas in the Suketi River catchment.
It is, therefore, hoped that the results of this study
would Bnd applications to similar other catchments
in the western Himalayan region as well.
2. Materials and methods
2.1 Description of the study area
The Suketi River is an inter-montane catchment
(Das and Haake 2003; Das and Kaur 2007) with
seventh order streams (mostly lower order) in
Mandi district of Himachal Pradesh, India. This
catchment is socio-economically very important
for the state because it is known as the granary
of Himachal Pradesh. The area of the catchment
is about 422 km2 and stretches between latitudes 31°270 0800 –31°450 0000 north and longitudes
76°480 2000 –77°030 0900 east (Bgure 1). The Suketi
River is a left bank tributary of river Beas with
dendritic to sub-dendritic drainage pattern. The
Suketi River rises from an elevation of 2890 m
above mean sea level (amsl) in southeastern parts
and discharges its water at an elevation of 750 m
amsl in its northernmost part, where it meets the
river Beas. It maintains an uninterrupted Cow due
to snowfall, rainfall and eAluent seepage from
groundwater.
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Geologically, the catchment was formed along
two major longitudinal thrusts, namely, the Mandi
Thrust in north and the Main Central Thrust
(MCT) in south (Vaidyanandan and Ramakrishnan 2008). Geomorphologically, the catchment
indicates towards late youth to early mature stage
of development (Pophare and Balpande 2014).
Apart from this, colossal sediment deposition in the
catchment suggests towards drainage reversal due
to palaeo-tectonic activities (Das and Haake 2003;
Das and Kaur 2007). The principal rock types in
eastern segment of the catchment are composed of
gneisses, granite, phyllites and quartzites, whereas
the western segment is possessed by phyllite,
sandstone, dolomites, schists, quartzites and limestones. The alluvium in the form of unconsolidated
sediments is restricted in central parts and comprises of cobbles, boulders, gravels, pebbles, clay,
silt and sand (Bgure 2a). Soil types inCuence the
soil erosion and landslide activities in the catchment. The surface soil texture is largely of loamy
type with brown and light grey in colour. Depth of
soil varies from shallow to very deep (Bgure 2b).
Generally, catchments of smaller size tend to be
steeper than the catchments with larger size. The
Suketi River catchment maintains a steep slope
and large parts fall under fairly steep slope to very
steep slope with rugged topography (Bgure 2c).
The average slope of the catchment was calculated
as 16.5° with a drainage density of 3.01 km/km2
(table 1). Apart from this, the slope in the catchment increases with an increase in altitude. The
area-elevation curve and area covered under each
elevation zone are presented in Bgure 3. About 55%
area of the Suketi River catchment lies between
800 and 1200 m altitudes, whereas a very small
fraction of area lies above 2000 m (2.5%). The key
anthropogenic enterprises are intensiBed in central
parts. The cultivated areas occupy about 62% of
land followed by forest (21%), scrub and wasteland
(14%) and built-up area (3%) (Bgure 2d). The
major crops grown in the catchment are rice,
wheat, barley, potatoes, maize and vegetables.
Apart from this, natural forest covers are conBned
to higher elevations.
According to Koppen’s scheme of climatic
classiBcation, the catchment has sub-tropical
highland type of climate. The weather conditions
remain delightful from April to October. January is
the coldest month with a mean temperature of
10.5°C, whereas June is the hottest month with
21.5°C (Bgure 4). The catchment undergoes precipitation both in the form of snowfall and rainfall.
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Figure 1. Location of the Suketi River catchment along with distribution of rain gauge stations.

The mean annual rainfall and rainy days in the
catchment are about 1500 mm and 125 days,
respectively. The catchment collects highest and
lowest rainfall during July and November months
of the year. The monsoon season (July–September)
contributes about 59% of the annual rainfall followed by summer season (April–June) 22%, winter
season (December–March) 17% and post-monsoon
season (October–November) 2%. Snowfall occurs
on mountain peaks of the catchment during winter
season, which often recedes to 1300 m for a brief
period of time (Pophare and Balpande 2014).
2.2 Data sources
Earlier researches have revealed that diurnal
rainfall statistics deliver attractive results in computing rainfall erosivity than monthly and annual
rainfall statistics (Davison et al. 2005; SanchezMereno et al. 2014). Therefore, in this study, good
quality and reliable daily rainfall statistics for three

sparsely distributed rain gauge stations from the
catchment were collected (Bgure 1). Daily rainfall
statistics for the period 1971–2015 at Sundernagar
and Baggi rain gauge stations were acquired form
Bhakra Beas Management Board (BBMB), Sundernagar. The BBMB is responsible for monitoring, collecting and compiling the rainfall statistics
over the catchment. Besides, rainfall statistics for
Mandi station were obtained from India Meteorological Department (IMD), Pune. The locations
and major rainfall characteristics of these rain
gauge stations are presented in Bgure 1 and
table 1. The long-term daily rainfall statistics were
used to estimate the monthly, seasonal and annual
rainfall erosivity and erosivity density for geographical distribution and trends. To compute
seasonal variability, the year was broadly classiBed
into four seasons: summer (April–June), monsoon
(July–September),
post-monsoon
(October–
November) and winter (December–March), the
criterion commonly adopted by researchers in
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Figure 2. Geo-environmental maps of the Suketi River catchment: (a) geological formations, (b) soil texture, (c) slope and
(d) land use/cover.
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Table 1. Characteristics of the rainfall stations over the Suketi River catchment.
Station

Sundarnagar

Baggi

0

Latitude
Longitude
Altitude (m)
Period of data
Length of record (yrs)
Resolution
Rainfall max/24 hr (mm)
Date of occurrence
Summer rainfall (mm)
Monsoon rainfall (mm)
Post-monsoon rainfall (mm)
Winter rainfall (mm)
Annual rainfall (mm)
Annual maximum rainfall (mm)
Year of occurrence
Annual minimum rainfall (mm)
Year of occurrence
SD
CV (%)

31°32
76°540
880
1971–2015
45
Daily
158.2
12-08-07
327
826
40
252
1445
2265
1971
986
2009
276.5
19

Area

Mandi

0

31°430
76°560
760
1971–2015
45
Daily
430.0
07-07-1986
321
956
35
257
1569
3360
1988
990
1996
571.6
36

31°34
76°580
860
1971–2015
45
Daily
181.2
08-07-04
315
860
32
256
1463
2187
1992
829
1980
297.5
20

Cumulative area
100

80

Elevation (m)

2400-2800
2000-2400

60
1600-2000
40

1200-1600
800-1200

20

Cumulative area per cent

Above 2800

Below 800
0
0

10

20

30

40

50

60

Zone area as per cent of total catchment area
Figure 3. Area-elevation curve and area under different elevation zones as a percentage of the total catchment area.

Himalayan region (Singh et al. 1995, 1997; Singh
2007; Kumar and Jain 2010).
2.3 Methods

R-factor of USLE (Wischmeier and Smith 1978)
and RUSLE (Renard et al. 1997). Therefore, erosivity of rainfall in this study was computed by
applying the Wischmeier and Smith (1978) algorithm, which can be mathematically derived as:

2.3.1 Estimation of rainfall erosivity
An understanding about rainfall erosivity and
erosivity density in time and space is essential for
estimating the risks on account of water erosion
(Apaydin et al. 2006; Jebari et al. 2008; De Luis
et al. 2009). Based on review of literature, rainfall
erosivity is widely computed by applying the

RE ¼

12
X

2
1:735  10ð1:5 logðPi =P Þ0:8188Þ ;

ð1Þ

i¼1

where RE is the annual erosivity of rainfall
(MJ mm ha1 h1 yr1), Pi denotes the average
rainfall of every month from January to December
(mm), P indicates the total annual rainfall (mm).
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Figure 4. Maximum, minimum and mean temperature (°C) over the Suketi River catchment.

Recently, this algorithm has been applied widely to
compute the erosivity of rainfall in India (Dabral
et al. 2008; Prasannakumar et al. 2012; Pradeep
et al. 2015; Mondal et al. 2016; Tiwari et al. 2016).
2.3.2 Estimation of erosivity density (ED)
Erosivity density is exactly proportional to the
intensity of rainfall and can express the variations
in intensity of rainfall at a particular station.
Basically, it is the ratio of erosivity of rainfall to
precipitation (Kinnell 2010). In usual procedure, it
computes the erosivity for every rainfall unit and
is denoted as MJ ha1 h1 and mathematically,
expressed as:
EDi ¼

REi
;
Pi

ð2Þ

where EDi is the erosivity density (MJ ha1 h1),
REi is the monthly erosivity of rainfall and Pi is the
monthly rainfall. This equation is suitable for
monthly or yearly data. The erosivity is greatly
dependent on rainfall intensity, which subsequently inCuences the sediment concentration in
Cowing water. Smaller values of erosion density
indicate that rainfall erosivity is mainly inCuenced
by amounts of rainfall, while high values of it
suggests the occurrence of high intensity rainfall
events (Panagos et al. 2016).
To test the direction of trend in rainfall, rainfall
erosivity and erosivity density, parametric statistical technique such as linear regression for rate of
change and level of significance was employed.
Apart from this, inter annual variations in rainfall,
rainfall erosivity and erosivity density time series
were represented by co-efBcient of variation (CV).

2.3.3 Mapping spatial distribution
Geographical Information System (GIS) has been
considered as an essential technique to map rainfall
erosivity and erosivity density both at regional and
catchment scale (Shi et al. 2004; Lim et al. 2005;
Panagos et al. 2015; Li and Ye 2018). Therefore,
the point location of three rain gauge stations was
geo-referenced in the GIS environment (ArcGIS
9.3) (Bgure 1). Subsequently, the raster map of
rainfall erosivity and erosivity density were developed using point data, by applying Kriging interpolation method, which has been used widely to
Bnd out erosion-prone areas where conservation
measures may be imperative (Winchell et al. 2008;
Ma et al. 2014; Meshesha et al. 2015). Spatial
interpolation techniques produce environmental
parameters maps, such as rainfall erosivity and
erosivity density error free, adaptable and frequent
(Mutua et al. 2006; Ninyerola et al. 2007).
3. Results and discussion
3.1 Temporal variations in rainfall erosivity
and erosivity density
3.1.1 Mean annual variations
A temporal study of rainfall erosivity and erosivity density is fundamental and highly essential to
understand the erosion processes. Figure 5 shows the
inter-annual variations in rainfall erosivity and erosivity density with corresponding trends during
1971–2015. Both rainfall erosivity and erosivity density
had a very high yearly variability. Annual erosivity of
rainfall varied from 146.82 MJ mm ha1 h1 yr1 in
1983 to 2007.76 MJ mm ha1 h1 yr1 in 1992, with a
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mean value of 775.90 MJ mm ha1 h1 yr1. Compared with other regions in India, rainfall erosivity in
the Suketi River catchment was found higher than Koel
basin in Jharkhand (545 MJ mm ha1 h1 yr1),
while it was much lower than Eastern Ghats highland
of East India (6376 MJ mm ha1 h1 yr1) (Dash
et al. 2019). These inconsistent results may be attributed to different climatic zones. The Koel basin pertains to continental monsoon region, whereas Eastern
Ghats highland of East India is characterized by
oceanic monsoon climate. Additionally, rainfall in
Eastern Ghats highland of East India is aAected greatly
by the frequent cyclonic storm rainfall events, thereby
leading to high rainfall erosivity (Dash et al. 2019).
Rainfall erosivity has similarly varied in other regions
of the world, e.g., the Mediterranean region (Capolongo
et al. 2008), the Middle East (Eltaif et al. 2010), the
Rainfall erosivity

Rainfall erosivity (MJ mm ha-1 h-1 yr-1)

(a)

Fukushima region of Japan (Shiono et al. 2013; Laceby
et al. 2016), the Pearl River Basin, the Poyang Lake
Basin and the Jiangsu Province of China (Lai et al.
2016; Gu et al. 2019; Huang et al. 2019), the Europe
(Ballabio et al. 2017) and the Malaysian Borneo (Vijith
and Dodge-Wan 2019).
Likewise, erosivity density varied from 1.01 to
2.85 MJ ha1 h1 with an average value of
1.92 MJ ha1 h1. Based on rainfall intensity
classiBcation given by Girmay et al. (2009), erosion
density values for the catchment were found to be
\3 MJ ha1 h1, when rainfall intensity was very
low (\6 mm h1). Similarly, when rainfall intensities were high (18–30 mm h1) and very high
([30 mm h1), erosion density values were
observed to be more than 9 and 15 MJ ha1 h1,
respectively. According to Dabney et al. (2011),

Moving average
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Figure 5. Annual variations in (a) rainfall erosivity and (b) erosivity density with corresponding trends over the Suketi River
catchment during 1971–2015.
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erosion density values of more than 3 MJ ha1 h1
may be high for temperate region; however, the
same value might be extremely high for western
Himalayan region, particularly dominated by
moist south-west monsoon winds of Arabian Sea.
A temporal plot of both showed a decreasing
trend over the catchment. Moreover, a decreasing
trend can be witnessed more obviously in the
moving average series of 3 yrs. This decreasing
trend in annual rainfall erosivity time series was
observed to be statistically significant (p = 0.05),
while it was observed to be non-significant in
annual erosivity density. Recently, similar
decreasing trend in rainfall erosivity have been
observed over northeast Spain, Central Rift Valley
of Ethiopia, northern Algeria and Huai Luang
Watershed of Thailand (Angulo-Martınez and
Beguerıa 2012; Meshesha et al. 2015; Meddi et al.
2016; Pheerawat and Udmale 2017). Moreover,
statistically significant rising trends have been
experienced both in rainfall erosivity and erosivity
density in different catchments of China (Li and Ye
2018; Gu et al. 2019). Furthermore, rainfall erosivity in the catchment continuously decreased up
to 1984 and then abruptly increased till 1990.
However, a continuous decline with Cuctuations
can be seen in it after the year 1990, whereas no
definite increasing or decreasing trend in erosivity
density was witnessed.
A scatter plot of annual rainfall erosivity and
erosivity density against annual rainfall was plotted
which showed a moderate linear relationship over
the catchment (Bgure 6). This moderate linear
relationship clearly reveals that the variations of
annual rainfall erosivity and erosivity density are
predominantly linked with amounts of rainfall.
Recently, many studies have reported strong correlations between annuals of rainfall erosivity,
erosivity density and rainfall for many locations
around the world (Sepaskhah and Sarkhosh 2005;
Angulo-Martınez and Beguerıa 2009; Diodato and
Bellocchi 2010; Bonilla and Vidal 2011; Lee and Heo
2011; Mukundan et al. 2013; Routschek et al. 2014;
Dash et al. 2019). Apart from this, while considering spatio-temporal amounts of rainfall, risk of
water erosion over the catchment to a greater
extent will not be serious enough in future due to
decreasing trends of rainfall (Bgure 7; table 2).
These results succinctly indicate towards a possible
climate change in the region. These Bndings can be
further reBned by spatially considering more rainfall stations in future research. However, Katz et al.
(2005) have stated that extreme rainfall events can
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have disproportionate eAects on rainfall erosivity
and erosivity density. However, a decrease in rainfall over the catchment may also negatively aAect
the vegetation cover development which may
expose more land to soil erosion.

3.1.2 Mean seasonal variations
Both rainfall erosivity and erosivity density had large
seasonal variations in the catchment (Bgure 8). A
time series plot of both for different seasons exhibited
a decreasing trend similar to annual rainfall erosivity
and erosivity density. However, these trends were
found to be statistically non-significant. The threeyear moving average for rainfall erosivity clearly
demonstrates a decreasing trend for monsoon season
since the year 1994 (Bgure 8b), whereas no definite
increasing or decreasing trends were noticed for
summer, post-monsoon and winter season. Similar
observations were recorded for erosivity density in
the catchment (Bgure 8e–h). More than 90% of the
total annual erosivity of rainfall and erosivity density
was found to be concentrated in summer and monsoon season as most of rainfall occurs during these
seasons (table 1). Precisely, the summer season
rainfall erosivity varied from 51.71 MJ mm ha1
h1 yr1 during 2000s to 126.13 MJ mm ha1 h1
yr1 during 1970s, which accounted for 7.65 to
14.89% of the total rainfall erosivity. The highest
rainfall erosivity was observed during monsoon season which accounted for 82.52 to 89.98% and varied
between 469.65 and 820.75 MJ mm ha1 h1 yr1.
Remarkably, rainfall erosivity is almost eight times
higher during the monsoon season (July–September)
when equated with warmer summer season
(April–June). Dash et al. (2019) recorded similar
Bndings in their study on rainfall erosivity in Eastern
Ghats Highlands of eastern India. The higher values
of rainfall erosivity during the season is mainly
attributed to abrupt lifting of moist south-west
monsoon winds of Arabian Sea branch over the
catchment (Kumar and Singh 2018). Interestingly,
erosion density values were observed to be more than
1 MJ ha1 h1 during monsoon season in the
catchment (table 3). Larger values of erosion density
during the season suggest towards rainstorm of high
intensity that often exceed soil inBltration rate to
cause higher surface water runoA, overland Cow, risk
of Cooding and even water shortage due to infrequent
but very intense erosive rainstorm (Dabney et al.
2011; Panagos et al. 2016; Dash et al. 2019). Apart
from this, smaller rainfall erosivity and erosivity
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Figure 6. Scatter plot of annual rainfall, rainfall erosivity and erosivity density over the Suketi River catchment during
1971–2015.

density values were observed during post-monsoon
and winter season when least rainfall pours over the
catchment amongst the seasons (table 1). The average erosivity of rainfall for post-monsoon and winter
season were only 1.39 and 16.52 MJ mm ha1 h1
yr1 and constituted 0.18 and 2.13% of the annual
total, respectively (table 3).
3.1.3 Mean monthly variations
The monthly distribution with respect to rainfall
erosivity and erosivity density during the study period has been summed up in table 4. Large monthly
variations were observed both in rainfall erosivity
and erosivity density. Both rainfall erosivity and
erosivity density were found least in the month of
November due to predominance of very low intensity
rainfall events and almost drought like situation
(table 2). According to Diodato et al. (2011) highly
erosive rainfall accompanied with dry soils can
increase the risk of soil erosion. Conversely, both
increases consistently from May and attains a peak in
the month of July due to onset of monsoon season and
then decreases systematically on account of withdrawal of monsoons from the region (table 2). The
largest monthly rainfall erosivity was observed to the
tune of 1584.03 MJ mm ha1 h1 yr1 in August,
with a mean value of 251.63 MJ mm ha1 h1 yr1
followed by the month of July (table 3). However,
erosivity density was observed maximum during July
accompanied by August month. The greatest
erosivity density during these months demonstrates
that the rainfall pouring over the catchment is characterized by high intensity rainfall events of short

durations, generally referred as rainstorms (Panagos
et al. 2016) and the same was witnessed to be true for
western Himalayan region (Bhardwaj and Singh
2018; Singh and Bhardwaj 2019). High intensity
rainstorms of shorter duration produce Coods and
accelerate erosion through mass wasting processes
(slides, falls and Cows). Having a negative eAect of
mass wasting on the land, high intensity rainstorms
of shorter duration are likely to aAect the agriculture
and other infrastructure in the catchment.
Apart from this, there were apparent differences in
rainfall erosivity and erosivity density characteristics
between the different decades (Bgure 9). The largest
monthly rainfall erosivity varied from 233.57 in 2010s
to 605.51 MJ mm ha1 h1 yr1 in the 1980s. Similarly, the largest monthly erosivity density varied
from 0.61 in 2010s to 0.92 MJ ha1 h1 in 1970s and
1980s. Additionally, Bgure 10 compares the monthly
distribution of rainfall amount, rainfall erosivity and
erosivity density. In Suketi River catchment, erosion
density magnitudes varied from 0.0034 in November
to 0.78 MJ ha1 h1 in July, thereby revealing that
July was the most vulnerable month followed by
August and June as a result of largest rainfall erosivity
magnitudes (Bgure 10; table 4).
3.2 Spatial variations in rainfall erosivity
and erosivity density
3.2.1 Mean annual variations
An assessment of the spatial distribution of annual
rainfall, rainfall erosivity and erosivity density over
the catchment is critical for soil conservation
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Figure 7. Annual variation in rainfall at (a) Sundarnagar, (b) Baggi and (c) Mandi rain gauge stations with corresponding
moving average and trends over the Suketi River catchment during 1971–2015.

measures, therefore their spatial variability has been
presented in Bgure 11. The spatial distribution of
average annual rainfall erosivity and erosivity density visually accords well with that of the average
annual rainfall (Bgure 11a). These results succinctly
indicate that the rainfall nearly decides the rainfall
erosivity and erosivity density both in amount and
spatial distributions. The highest annual rainfall
erosivity values ([900 MJ mm ha1 h1 yr1) were
observed in northern parts, whereas the lowest
(\700 MJ mm ha1 h1 yr1) were found harmoniously distributed in central and southwestern parts
of the catchment (Bgure 11b). Also, a similar spatial

dispersal of erosivity density was observed
(Bgure 11c). Areas of high erosion density imply a
greater chance of high intensity rainstorms of
shorter duration, leading to high runoA and soil
erosion. Since soils are shallow and eroded in
northern parts of the catchment and vegetation
cover is too sparse to hold the soil in place on account
of high intensity rainstorms of shorter duration
(Bgure 12). Good vegetation cover plays a significant role in protection of soil and prevention of
erosion, as raindrop energy is decreased by vegetation (Pimental and Kuonang 1998). Moreover,
anthropogenic activities have grown rapidly in this

72.55
4.62
294.00
0.00
56.65
78.08
(ive)

77.38
5.29
208.90
0.00
50.09
64.73
(+ive)

73.38
5.08
187.40
0.00
43.01
58.61
(+ive)

Feb

75.57
4.82
370.00
0.00
73.55
97.32
(ive)

78.42
5.36
239.40
0.00
58.52
74.62
(ive)

75.87
5.25
241.40
0.00
56.59
74.58
(ive)

Mar

**Trends statistically significant at 95% level of significance.

Mean rainfall (mm)
Percent rainfall
Maximum rainfall (mm)
Minimum rainfall (mm)
SD
CV (percent)
Trend

Sundarnagar
69.17
4.79
179.50
0.00
49.20
71.13
(ive)
Baggi
70.57
4.82
195.00
0.00
49.26
69.81
(ive)
Mandi
76.44
4.87
297.00
0.00
64.20
83.99
(ive)**

Jan

47.66
3.04
174.70
0.00
39.66
83.23
(+ive)

46.01
3.14
172.10
0.00
36.55
79.43
(+ive)

48.97
3.39
177.30
0.00
39.11
79.87
(+ive)

Apr

84.26
5.37
471.00
3.00
87.54
103.90
(ive)

81.19
5.55
330.60
3.70
63.97
78.79
(ive)

80.43
5.57
330.60
1.10
64.99
80.80
(ive)

May

188.76
12.03
616.80
17.00
141.59
75.01
(ive)

187.99
12.85
590.60
27.50
120.80
64.26
(+ive)

197.42
13.66
590.60
47.40
122.13
61.86
(ive)

Jun

440.54
28.07
1296.50
65.00
251.41
57.07
(ive)**

374.38
25.59
711.90
133.60
142.92
38.18
(ive)

370.23
25.63
701.40
160.70
123.99
33.49
(ive)**

Jul

373.17
23.78
1060.00
0.00
198.14
53.10
(ive)

339.12
23.18
692.80
124.80
129.85
38.29
(ive)

321.24
22.23
720.10
144.60
119.05
37.06
(ive)

Aug

142.44
9.08
412.00
0.00
100.03
70.23
(+ive)

146.12
9.99
357.90
23.80
85.45
58.47
(+ive)

134.11
9.28
316.90
23.30
78.56
58.58
(+ive)

Sep

22.17
1.41
195.00
0.00
42.51
191.73
(ive)

19.64
1.34
140.90
0.00
31.75
161.67
(ive)

23.85
1.65
150.80
0.00
37.40
156.84
(ive)

Oct

12.83
0.82
137.80
0.00
28.40
221.37
(ive)

12.73
0.87
85.00
0.00
20.52
161.23
(ive)

16.58
1.15
148.70
0.00
29.55
178.22
(ive)

Nov

32.92
2.10
176.00
0.00
45.40
137.88
(ive)

29.71
2.03
132.60
0.00
33.79
113.75
(+ive)

33.53
2.32
162.80
0.00
40.63
121.19
(ive)

Dec
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Mean rainfall (mm)
Percent rainfall
Maximum rainfall (mm)
Minimum rainfall (mm)
SD
CV (percent)
Trend

Mean rainfall (mm)
Percent rainfall
Maximum rainfall (mm)
Minimum rainfall (mm)
SD
CV (percent)
Trend

Parameter/month

Table 2. Mean monthly characteristics of rainfall at different stations over the Suketi River catchment during 1971–2015.
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Figure 8. Seasonal variations in (a–d) rainfall erosivity and (e–h) erosivity density over the Suketi River catchment during
1971–2015.
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Table 3. Seasonal variations of rainfall erosivity (MJ mm ha1 h1 yr1) and erosivity density
(MJ ha1 h1) along with their percentage in different decades over the Suketi River catchment
during 1971–2015.
Decades

Erosivity/density

Summer

1971–1980

Rainfall erosivity

126.13
(14.89)
0.32
(15.71)
69.77
(7.65)
0.27
(14.43)
98.60
(11.35)
0.32
(15.54)
51.71
(8.87)
0.25
(13.94)
71.34
(12.73)
0.27
(15.85)
84.86
(10.94)
0.29
(15.04)

Erosivity density
1981–1990

Rainfall erosivity
Erosivity density

1991–2000

Rainfall erosivity
Erosivity density

2001–2010

Rainfall erosivity
Erosivity density

2011–2015

Rainfall erosivity
Erosivity density

1971–2015

Rainfall erosivity
Erosivity density

Monsoon Post-monsoon
699.14
(82.52)
1.59
(77.72)
820.71
(89.98)
1.46
(76.86)
754.66
(86.87)
1.60
(78.50)
519.72
(89.11)
1.43
(80.21)
469.65
(83.81)
1.30
(75.23)
673.12
(86.75)
1.50
(77.98)

0.42
(0.05)
0.01
(0.25)
2.68
(0.29)
0.02
(1.22)
1.91
(0.22)
0.01
(0.63)
1.16
(0.20)
0.01
(0.58)
0.18
(0.03)
0.00
(0.07)
1.39
(0.18)
0.01
(0.60)

Winter

Annual

21.52
(2.54)
0.13
(6.32)
18.98
(2.08)
0.14
(7.50)
13.60
(1.57)
0.11
(5.33)
10.64
(1.83)
0.09
(5.27)
19.20
(3.43)
0.15
(8.85)
16.52
(2.13)
0.12
(6.38)

847.21
(100.00)
2.04
(100.00)
912.13
(100.00)
1.90
(100.00)
868.76
(100.00)
2.04
(100.00)
583.24
(100.00)
1.78
(100.00)
560.38
(100.00)
1.72
(100.00)
775.90
(100.00)
1.92
(100.00)

Figures in parentheses represent the percentage.

Table 4. Monthly variations of rainfall erosivity and erosivity density over the Suketi River catchment during 1971–2015.
Months

Jan

Feb

Mar

Apr
1

Mean
%
Max.
Min.
Mean
%
Max.
Min.

May
1

Rainfall erosivity (MJ mm ha h
4.85
4.68
6.04
1.74
0.62
0.60
0.78
0.22
31.91
34.46
60.64
20.34
0.01
0.00
0.00
0.00
Erosivity density (MJ ha1 h1)
0.04
0.04
0.04
0.02
1.91
1.92
2.07
0.94
0.17
0.17
0.20
0.12
0.00
0.00
0.00
0.00

Jun

Jul

Aug

Sep

Oct

Nov

Dec

yr )
9.88
1.27
178.16
0.00

73.24
9.44
609.88
0.99

393.47
50.71
1431.64
23.60

251.63
32.43
1584.03
33.84

28.02
3.61
176.45
0.09

0.99
0.13
12.13
0.00

0.40
0.05
6.87
0.00

0.95
0.12
8.99
0.00

0.05
2.58
0.51
0.00

0.22
11.52
1.14
0.02

0.78
40.88
2.04
0.15

0.59
30.57
1.84
0.18

0.13
6.53
0.63
0.00

0.01
0.43
0.08
0.00

0.00
0.18
0.05
0.00

0.01
0.48
0.06
0.00

1

part of the catchment over the past few decades,
eventually destroying the original ecosystem. Further, Suketi River catchment is referred as granary
of Himachal Pradesh and land degradation due to
soil erosion may cause a serious damage to agricultural productivity. This will further hamper the
improvement of economy and development of

society in the catchment. Therefore, northern parts
of catchment need more attention towards soil
erosion aAected both by rainfall erosivity and
erosivity density. Among the rainfall stations, the
greatest values of mean annual rainfall erosivity and
erosivity density were recorded at Mandi followed
by Baggi and Sundarnagar.
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Figure 9. Decadal monthly variations in (a) rainfall erosivity and (b) erosivity density over the Suketi River catchment during
1971–2015.
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Figure 10. Monthly variations of rainfall amount, rainfall erosivity and erosivity density over the Suketi River catchment during
1971–2015.
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Figure 11. Spatial distribution of annual (a) rainfall, (b) rainfall erosivity, and (c) erosivity density over the Suketi River
catchment during 1971–2015.

Figure 12. Field photographs showing shallow and eroded soils with sparse vegetation cover over northern parts of the Suketi
River catchment.

3.2.2 Mean seasonal variations
Different spatial patterns of rainfall erosivity and
erosivity density were witnessed during four seasons in the catchment (Bgure 13). For example,
northern parts of the catchment have much higher
magnitudes of rainfall erosivity and erosivity density than other parts particularly during summer
and monsoon seasons. The seasonal geographical

distribution of both rainfall erosivity and erosivity
density were found similar during monsoon and
post-monsoon seasons, whereas their pattern was
observed to be different during summer and winter
seasons. Apart from this, northern parts of the
catchment registered moderate to high rainfall
erosivity during all seasons except the postmonsoon season, while it was observed to be
greatest in south-western parts during this season.
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Figure 13. Spatial variations of seasonal (a) rainfall erosivity and (b) erosivity density over the Suketi River catchment during
1971–2015.

Conversely, erosivity density witnessed a
completely different geographical pattern during
all the seasons (Bgure 13b). This greatest spatial
variability in erosivity density underlines that
erosivity of rainfall is not exclusively relying on the
magnitudes of rainfall. According to Panagos et al.
(2015), highest risk is associated with the areas
where high erosion density is accompanied by low
annual rainfall. Further, the areas where both
rainfall and erosivity density are high may be
associated with landslide activity and soil erosion
risk. However, slope of the land and geological
conditions both may be more conducive for soil
erosion than landslide activity in the catchment.
Summer and monsoon seasons were observed to
be the most erosive seasons followed by winter
and post-monsoon seasons. Moreover, the postmonsoon and winter seasons have almost similar
erosivity density values but with very different
spatial patterns (Bgure 13b). The prevalence of
high erosivity density through summer and monsoon seasons can be attributed to occurrence of
extreme thunderstorm events and resultant heavy
rainfall over this region (Bhardwaj and Singh 2018;
Singh and Bhardwaj 2019).

3.2.3 Mean monthly variations
Another essential information about rainfall
erosivity and erosivity density is the time of the
year when these are at its maximum and minimum.
The same intensity of rainfall results in a different
eAect on soil erosion and directly depend on different factors, like crop cover, that change during
the year. A knowledge about the time of the year
when the highest rainfall erosivity and erosivity
density occurs is critical for management practices
because it allows the optimization of management
measures. The geographical distribution of
monthly erosivity of rainfall over the catchment
has been presented in Bgure 14 exhibiting noticeable geographical heterogeneity. Largest monthly
erosivity of rainfall magnitudes were observed
during July and August months which were also
the months of noteworthy spatial variation. Based
on these Bndings, agronomists can introduce
selective erosion control measures, such as reduced
tillage, abandonment of crop residues in agricultural Belds, a change in crop or crop rotation to
weaken of the rainfalls impact on soils and vegetation by increasing soil cover or stabilizing topsoil
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Figure 14. Spatial variations of monthly rainfall erosivity over the Suketi River catchment during 1971–2015.

during these susceptible months. A targeted
erosion control for the catchment not only reduces
the direct costs of erosion by mitigation but also
shrinks the costs for the implementation of control
measures.
The rainfall erosivity magnitudes in the northern
parts are higher than those in the south-western
parts with a monthly erosivity of rainfall gradient
of more than 150 MJ ha1 h1 yr1. Yet, the
minimum monthly erosivity of rainfall magnitudes
were observed in October, November and December months and the gradient in erosivity of rainfall

is very small (\1 MJ ha1 h1 yr1), leading to
homogeneous geographical distribution in the
catchment (Bgure 14). The general geographical
distribution of rainfall erosivity in monthly maps
represent an even increment of erosivity of rainfall
from post-monsoon and winter to summer months
accompanied by a distinct concentration in monsoon months. The overall pattern of monthly erosivity of rainfall is also in correspondence with the
geographical distribution of rainfall (table 2).
Likely, spatial patterns of monthly erosivity density were observed as that of erosivity of rainfall.
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4. Conclusions
Rainfall erosivity and erosivity density are the
most important indicators of a region’s climatic
vulnerability to rainfall-driven soil erosion. The
annual rainfall erosivity and erosivity density witnessed a very high annual variability over the
Suketi River catchment in western Himalayas.
Both rainfall erosivity and erosivity density
exhibited a decreasing trend over the study period.
The decreasing trend in annual rainfall erosivity
time series was observed to be statistically significant (p = 0.05), whereas it was observed to be
statistically non-significant in annual series of
erosivity density. The spatial distribution of
annual rainfall erosivity and erosivity density displayed a strong spatial variability and was
observed exceptionally dependable with the spatial
distribution of rainfall. Both annual rainfall erosivity and erosivity density were observed to be
highest in northern parts (outlet point), whereas
the lowest are harmoniously concentrated in central and south western parts. Therefore, resources
related to soil conservation structures to control
erosion should focus in northern parts than other
parts of the catchment. A scatter plot of annual
erosivity of rainfall and erosivity density against
rainfall showed a moderate linear relationship,
thereby revealing that the role of climate change
cannot be denied in aggravating water erosion in
the Suketi River catchment in general and western
Himalayan region in particular. Furthermore, over
90% of the total yearly rainfall erosivity and erosivity density was found to be intensiBed during
summer and monsoon seasons, suggesting that
these seasons have a larger probability to produce
soil erosion and are critical period to implement
soil and water conservation practices in the region.
Among the months, the largest monthly rainfall
erosivity was observed in August, whereas maximum erosivity density was observed in July.
Therefore, July and August months are the most
vulnerable in terms of soil erosion on account of
high intensity rainstorms of shorter duration. It is,
therefore, suggested that soil conservation measures such as zero tillage and crop residues should
be promoted in areas with high erosion during this
period. Besides, low magnitudes of both were
observed during October, November and December
months when the catchment remains dry due to
withdrawal of monsoon winds from the region.
Regional-scale studies like this on temporal
trends and spatial distribution of rainfall erosivity

and erosivity density are lacking, mainly attributed to poor data availability in Himalayan region.
However, this study has yielded useful information
in the form of dynamic maps (month, season,
annual) with highest risk of erosion processes by
water in the studied catchment. Both intra-annual
analysis and mapping of rainfall erosivity and
erosivity density has scientiBc and practical relevance in modiBcation of Cuvial regimes, ecological
restoration, water resource management, agricultural planning and irrigation as there are widespread cultivated lands in the catchment (62%).
Also, it can support policy development to achieve
sustainable regional environmental planning and
management of soil and water resources in the
region. A weakness in the generalization of arguments and conclusions for this study would be that
Suketi River is a small catchment and rain gauge
stations are very limited and sparsely distributed,
which could cause errors for the interpolated
results. Taking into account the limitations in the
available spatial data and the rarity of such studies
in Himalayan region, the results of the present
study may, however, contain some new good
information for farmers, environmentalists, soil
scientists, agronomists, soil and water conservation
engineers and policy makers and will assist them in
chalking out the eAective best management practices for reducing vulnerability in erosion prone
areas of western Himalayan catchments and
elsewhere with similar rainfall characteristics.
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