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AR — Hal R H AhAHA & AU &9 A FReadl av R 37 defd o & Jewfoas
Aediwd H HERTHAT gl §1 A HEAAT H, HRETHN au ¥ afod IR W I difed
PRIAIT SSFH (TATHINE), IRl ¥ (IHR) FReb, Hed Helcd ($31) 3N ST UHErar gaehich
(EN3S) T 0T T S| fARANOT H Feer@Us & (HET HRA) & Ao (1901-2021) e ast Ser
F IR R AT SWET W F Aeded amve 3R Al dAm W wfaw iR e
gRadaear & fov R a=r oan 3Rt AT 301061 THOLUHUH R Tl ¥ 5346.53
THA.TATH TaT! ! aF 8lar § o cfar & & I8 &9 #7vy® ¥ 7R 3Wea a7 ¥ F&fed gl
eor@s & & fau e af¥e 3R-theaex, TATHINE, $31 IR PSS FoAT Y AU HAA: 4072.86
TASL.THATH wae! wal, 27055 f@H, 19.13 vAe vavw! wo! 3R 2888 & & H Y a5 | TE eTIS
T oIEUs &9 T FHel HRee H AT A SRR TeTel T 78 § 3R 38F Hare 3url 3R arexas
e aifafafeat & 39ae & Ace Aot

ABSTRACT. Prevention of soil erosion requires long term assessment of rainfall erosivity and other related
variables of the region. In the present study, four variables related to rainfall erosivity i.e. modified Fournier index (MFI),
rainfall erosivity (R) factor, erosivity density (ED) and precipitation concentration index (PCI) were calculated. Long-
term (1901-2021) daily rainfall data of Bundelkhand region (Central India) were used in the analysis. The above variables
were assessed for spatial and temporal variability on annual and seasonal scale. The R-factor values range from 3010.61
MJ.mm ha'h? to 5346.53 MJ.mm ha* h'%, showing the region belongs to moderate to severe erosivity class. The mean
annual R-factor, MFI, ED and PCI values for the Bundelkhand region were calculated as 4072.86 MJ.mm ha* h?, 270.55
mm, 19.13 MJ ha* h'*and 28.88, respectively. This study provides the insights of soil erosion problems of Bundelkhand
region and would help in adopting the preventive measures and watershed development activities.

Key words — Bundelkhand, Erosivity density, Modified fournier index, Precipitation concentration index,
Rainfall erosivity factor.

5.37 to 8.4 million tonnes (mt) of soil nutrients per year,

Soil erosion due to water is considered to be the
major form of land degradation problem in India. About
120.7 million hectare (mha) geographical area of the
country faces different forms of land degradation issues,
of which water erosion contributes a major part of about
83 mha (68.4%) (NAAS, 2010). Every year a layer of
productive soil is washed away with runoff water, which
gets deposited to streams and reservoirs. Annual average
soil loss quantum of the country is about 1535 t km2 yr-!
(Sharda and Ojasvi 2016). This in turn resulted in loss of
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reduction in soil fertility and crop production, reduction in
reservoirs and channel capacity (1% to 2% annually),
occurrence of floods, and damage biodiversity. Rainfall
characteristics of a region are of paramount importance
for runoff and soil erosion studies. Soil loss due to erosion
is directly proportional to the rainfall intensity, amount
and duration (Pandey et al., 2009; Tiwari et al., 2016).

Various models have been developed and tested for
soil loss estimation under different locations and
conditions. One of the most widely-used soil erosion
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models is the Universal Soil Loss Equation (USLE)
developed by Wischmeier and Smith (1961, 1965). USLE
is a simple empirical model compared to complex
process-based models, comprising all the factors affecting
the soil erosion process. USLE estimates annual average
soil loss of an area by multiplying five factors, viz.,
rainfall erosivity factor (R), soil erodibility factor (K),
slope length and steepness factor (LS), cover management
factor (C) and conservation practice (P) factor. This model
has gone through several revisions to make it more robust
and accurate and named as revised universal soil loss
equation (RUSLE) with latest version codes.

Rainfall erosivity factor (R) of USLE equation
shows the potential of rainfall to cause erosion
(Wischmeier, 1959; Wischmeier and Smith, 1958; Lal,
2001) and was derived from research data of various
experiments. Based on the experiments, it is reported that
when all factors other than rainfall are held constant, soil
loss from the cultivated field is directly proportional to
rainstorm parameters: the total storm energy (E)
multiplied by the maximum 30-min rainfall intensity (Iso)
(Renard et al., 1997).

In computing the R factor, the maximum 30-min
rainfall intensities data for each storm and rain events
need very high-resolution pluviographic rainfall data for a
very long period (about 15-20 years). For this purpose,
self-recording rain gauges are required, which are usually
very expensive, and even when sufficient pluviographic
data are available, the computational procedure of the
R factor is challenging and complicated. Thus,
rainfall erosivity factor is typically known only at a few
locations. In developing country like India, it is very
difficult to get such long-term high-resolution
precipitation data of any location especially, for the
remote stations. To overcome this problem, different
researchers have proposed indirect models for estimating
R factor using readily available precipitation data at
longer time scales (Renard and Freimund, 1994). Among
such models, annual precipitation data are widely used,
since long-term annual precipitation data series are
available in most regions of the world and are fairly
reliable. Furthermore, various authors have reported that a
good correlation exists between the annual rainfall
erosivity and the annual precipitation amount at
many locations around the world (Stocking and Elwell
1976; Bergsma et al., 1996; Xin et al., 2010). In India,
many researchers made attempt to develop the rainfall
erosivity prediction models by correlating the R factor
values with average annual precipitation (Singh, 1981;
Ram babuet al., 1978). However, Modified Fournier Index
has been most widely used for calculating rainfall
erosivity factor using monthly rainfall data series
(Tiwari etal., 2016; Ghosh, 2013; Karami etal., 2012)
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Moreover, various indices and factors have been
developed to describe the potential of rainfall in relation to
erosion, viz., Erosivity index (Wischmeier and Smith,
1958), Fournier Index (Fournier 1960), Modified Fournier
Index (Arnoldus, 1980), Precipitation Concentration Index
(Oliver 1980) and Erosion Density (Kinnell, 2010). The
proper knowledge of these rainfall derived indices such as
PCI and ED are of great importance in detecting erosive
potential of rainfall, which may contribute to soil erosion
process. The PCI is widely used for extreme rain event
analysis, erosion estimation, and warning tool regarding
flooding and erosion (Coscarelli and Caloiero 2012; Duan
et al., 2014).

The Bundlekhand region having mixed red-black
soil, undulating topography and sparse vegetation, make it
the most susceptible to soil erosion (Gupta et al., 2021).
All districts come under severe to very severe land
degradation category. The Bundelkhand region in India is
known for its arid climate, with a semi-arid to arid tropical
climate. Vegetation in this region is mainly dominated by
scrubland, with scattered trees and shrubs. The region has
a mix of natural vegetation and human-made forests. The
natural vegetation in the region includes grasses, small
shrubs, and trees such as Acacia, Prosopis and Butea. The
region also has a number of rare and endangered plant
species like the Beri, Kachnar, and Dhak. The human-
made forests in the region are mainly located in the
Vindhyan and Satpura ranges. These forests are mainly
composed of teak, sal and other deciduous trees. Soil
erosion, deforestation, encroachment on lands, bush fires,
shifting cultivation, mining and improper land uses are
major issues requiring thorough understanding when
talking about climate change and its effects on the natural
resources, as these elements compound land degradation
which is a major challenge for agriculture and food
security in India. In such circumstances, the total amount
of precipitation as well as its distribution and
concentration are prerequisite for the quantification of R
factor, since it is the main component that provides energy
for soil erosion. Overall, the vegetation and tree cover
canopy in the Bundelkhand region have been under
pressure due to human activities like agriculture, grazing,
and logging. The degradation of natural vegetation has
also contributed to soil erosion and land degradation in the
region. However, there have been efforts to protect and
restore the vegetation cover in the region, including
afforestation programs and conservation initiatives. The
main objective of this work is to analyse the spatial and
temporal variability of rainfall erosivity and other rainfall
associated factors for Bundelkhand region based on mean
monthly rainfall data of each district of the study area.
Five factors were calculated using long-term (120 years)
monthly rainfall data for the Bundelkhand region: total
annual rainfall (P), modified Fournier index (MFI),
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TABLE 1

Details of the different districts of study area

District Latitude Longitude Elevation(m) Total Area(ha) Average annual rainfall (mm) Length ofdata (year)
Jhansi 25°44'N 78°56'E 285 5,01,329 840.86 1901-2021
Hamirpur ~ 25°79'N  80° 00’ E 80 3,90,178 811.20 1901-2002
Mahoba  25°29'N  79°87'E 214 3,27,429 866.10 1901-2021
Banda  25°49'N  80°33'E 123 4,38,767 864.57 1901-2021
Chitrakoot  25° 17'N 80° 86 E 137 3,38,897 910.36 1901-2021
Jalaun  26° 14N 79°32'E 144 4,54,434 764.79 1901-2021
Lalitpur ~ 24°68'N  79°58'E 428 5,07,500 958.82 1901-2021
Datia 25°66'N  78°46'E 420 2,95,874 763.81 1901-2021
Chhatarpur  24°91'N  78°58'E 305 8,63,036 1035.13 1901-2021
Sagar 23°83'N 78°73'E 427 10,22,759 1164.08 1901-2021
Damoh  23°83'N 79°44'E 595 7,02,924 1150.93 1901-2021
Panna  24°71'N 80.1819°E 410 7,02,924 1112.92 1901-2021
Tikamgarh  24°74'N 78.8321°E 349 5,04,002 914.16 1901-2021
2d e o o oo 2o districts: seven in Uttar Pradesh - Jhansi, Jalaun, Lalitpur,
A Hamirpur, Mahoba, Banda and Chitrakoot, and six in
Madhya Pradesh -Datia, Tikamgarh, Chattarpur, Damoh,
Jalaun —— . .
2o a8 wom Sagar and Panna. Bundelkhandregion is located between
i Fiimityed 24° 11’ and 26° 27’ N latitude and 78° 17" and 81° 34' E
ST Al bl e longitudes with an average altitude of 250-300 m above
A S A ] cnler MSL. Details of each district of the study area have been
000 Tikamgarh | U e o . .
« e provided in Table 1.
Lalitpur

Panna

Sagar“_ pamoh )

78,000 79.000

Fig. 1. Location map of study area

80,000 81,000 82,000

Rainfall erosivity (R) factor, Oliver’s precipitation
concentration index (PCI) and erosivity density (ED) at
seasonal as well as annual scale for proper assessment of
variability of the region.

2. Material and methods

2.1. Study area
The Bundelkhand region situated at the central part

of India (Fig. 1). This region covers a total geographical
area of 7.08 million hectares and comprises thirteen
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2.2. Data used

To study the rainfall erosivity of Bundelkhandregion
of India, we used the high-resolution IMD gridded data of
0.25° x 0.25° resolution from 1901 to 2021. The daily
gridded precipitation data for Bundelkhand region
wasdownloaded in Binary format at 0.25° x 0.25°
resolution from India Meteorological Department
(https://www.imdpune.gov.in/cmpg/Griddata/Rainfall25Bi
n.html). The Binary files of each year were extracted
using IMDLIB package. IMDLIB is a python package to
download and handle binary gridded data from the India
Meteorological Department (IMD). The Bundelkhand
region is covered by a total of 100 grids. The data series
are quite accurate and highly reliable for meta-analysis.
The gridded data were extracted in the form of daily
rainfall and then from daily rainfall data, monthly, annual
and seasonal rainfall are prepared for each grid point over
the region corresponding to analysis period. To investigate
the seasonal changes in the rainfall erosivity variables, the
whole year was bifurcated into four seasons such as winter
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(December-February), pre-monsoon (March-May),
monsoon (June-September), and post-monsoon (October-
November).

2.3. Statistical analysis

Basic statistics, viz., mean, Standard deviation (SD)
and coefficient of variation (CV) have been estimated for
each rainfall erosivity parameter.

2.4. Modified Fournier Index

In 1960 Fournier highlighted an index to describe
aggressiveness of rainfall causing erosion when the hourly
precipitation data is not available, named as Fournier
Index (FI) (Fournier 1960). This index was calculated by
dividing the square of wettest month rainfall to the total
annual rainfall and can be found in Equation below.

where, Pp is the maximum monthly rainfall (mm)
and P is the annual rainfall (mm).

Since, Fournier's index had some shortcomings,
which were subsequently modified by Arnolds (1980),
known as modified Fournier Index (MFI) (Equation).

12
Zi:l Piz
P

MFI =

where, P; is the rainfall amount in the, i month

(mm); and P is the annual rainfall (mm).

CEC (1992), classified the MFI values in the
different erosivity classes. Values of MFIs above than 160
are belong to ‘very severe erosivity class’. The values
between 120 to 160 belong to ‘severe erosivity class’;
values between 90 to 120 comes under ‘moderate
erosivity class’; 60 to 90 considered in ‘low erosivity
class’, and values less than 60 belong to ‘very low
erosivity class’.

2.5. Rainfall erosivity

Arnoldus (1980) has shown a good relationship
between annual rainfall and rainfall erosivity for the
regions where no high-resolution precipitation data are
available. The approximation equation is described as
follows:

[1 Sxlogy, Y22 ’L'—o 8188]
R =1.735 x10
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where, P; is the rainfall amount in the i month (mm);
and P is the annual rainfall (mm).

Further Carvalho (2008) classified severity of
erosion based on the R-factor value. According to
Carvalho (2008), R-factor values (MJ mm ha? h™) less
than or equal to 2452 belong to low erosivity class, values
between 2542-4905 belong to moderate erosivity class,
between 4905-7357 values represent moderate to severe
erosivity class, values between 7357-9810 represent
severe erosivity class and values more than 9810 show
Very severe erosivity class.

2.6. Precipitation concentration Index

Oliver (1980) proposed a rainfall-based index which
was further developed by De Luis et al., (2010) to
estimate the monthly rainfall heterogeneity, known as
precipitation concentration index (PCI). High PCI values
show highly erosive nature of rainfall and vice versa.
Thus, PCI can be considered as an important index
affecting erosivity of storm (Apaydin et al. 2006; De Luis
et al., 2010; Elagib, 2011), Calculated as follows
(Equation):

12 2
PCI =100 24 ')2

=

where, P; is the monthly rainfall amount for the i
month and P is the total annual rainfall.

Oliver classified the PCI values as follow: PCI < 10
indicates uniform precipitation distribution; PCI values
between 11-15 indicates moderate  precipitation
distribution; PCI values between 16 to 20 indicates
irregular precipitation distribution, PCI > 20 indicates a
highly irregular precipitation distribution.

2.7. Erosivity density

The erosivity density (ED) is the ratio of rainfall
erosivity (R) factor to precipitation amount, calculated on
monthly or yearly scale (Kinnell, 2010). Practically, it
measures the erosivity per unit rainfall amount, expressed
as MJ-hath™!. For any station, the ED is calculated as
(Equation):

where, ED; is the Erosivity Density value for i
month, R is rainfall erosivity value for i month and P is
rainfall amount for i month.
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TABLE 2

Statistical analysis of annual and seasonal rainfall (mm)

District Annual Average Winter Pre-monsoon monsoon Post-monsoon
Mean 840.86 35.50 18.39 753.07 33.90
Jhansi SD 237.96 74.96 18.57 211.88 48.45
CV (%) 28.30 211.16 101.00 28.13 142.93
Mean 811.20 36.70 18.53 724.00 31.96
Hamirpur SD 218.80 68.02 18.17 199.09 43.35
CV (%) 26.97 185.33 98.05 27.50 135.62
Mean 866.10 37.31 17.98 778.78 32.03
Mahoba SD 261.96 72.10 19.05 243.91 42.38
CV (%) 30.25 193.25 105.96 31.32 132.29
Mean 864.57 38.15 20.70 772.30 33.50
Banda SD 228.70 61.90 22.90 217.70 45.00
CV (%) 26.45 162.25 110.63 28.19 134.33
Mean 910.36 41.71 21.41 811.82 35.43
Chitrakoot SD 231.88 68.32 25.07 216.26 42.82
CV (%) 25.47 163.82 117.10 26.64 120.86
Mean 764.79 36.17 18.11 676.75 33.77
Jalaun SD 243.19 74.28 19.07 219.24 46.84
CV (%) 31.80 205.38 105.34 32.40 138.72
Mean 1035.13 41.65 19.89 934.13 39.47
Chhatarpur SD 245.17 70.77 20.73 233.48 48.77
CV (%) 23.68 169.93 104.19 24.99 123.59
Mean 763.81 31.26 16.73 685.21 30.61
Datia SD 225.72 66.33 19.36 206.38 47.11
CV (%) 29.55 212.21 115.70 30.12 153.88
Mean 958.82 38.28 14.36 870.53 35.65
Lalitpur SD 269.86 86.38 15.57 237.36 48.60
CV (%) 28.14 225.66 108.40 27.27 136.33
Mean 1164.08 45.19 21.84 1055.91 41.14
Sagar SD 282.47 104.37 21.94 250.16 48.69
CV (%) 230.95 230.95 100.44 23.69 118.35
Mean 1150.93 45.90 22.61 1041.21 4121
Damoh SD 255.98 91.77 2321 231.14 46.55
CV (%) 22.24 199.94 102.67 22.20 112.97
Mean 1112.92 47.23 21.83 1002.90 40.96
Panna SD 276.92 79.72 23.94 261.81 46.93
CV (%) 24.88 168.79 109.70 26.11 114.56
Mean 914.16 38.27 17.59 822.60 35.69
Tikamgarh SD 253.64 84.56 19.92 225.15 50.20
CV (%) 27.75 220.95 113.22 27.37 140.64
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Fig. 2. Spatial variability map of rainfall of Bundelkhand region

The ED values are highly dependent on rainfall
intensity, and impact the event sediment loss (i.e., amount
of soil loss per unit amount of water). Higher ED values
(>3 MJ-ha'h™") indicate high-intensity rainfall for
particular month or year; which may generate high runoff
or high amount of soil loss (Dabney et al., 2011). ED
values on seasonal and annual basis were calculated using
monthly rainfall data.

2.8. Spatial interpolation scheme

The spatial variability or spatial interpolation of R
factor, PCI, ED, MFI and annual rainfall were performed
in QGIS using platform using inverse distance weight
(IDW) interpolation method. In IDW method, the attribute
value of unknown location point is calculated with
weighted average values of known location point from
local neighbouring region surrounding the unobserved
location.

2.9. Determination and correlation coefficients and
development of linear regression model
between rainfall and R and MFI values

Pearson’s coefficient of correlation, the degree of
correlation between rainfall and erosivity indices was
established from the equation given below:

Suy

N

r=
ou ov
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where r = correlation coefficient between the
two variables; U = (U - Umen), V = (V-Viean);
ou and ov = standard deviationsof variable U
and V respectively; N = total observations of UV
variables.

Also, a linear regression model was adopted to
develop a linear equation among the rainfall and erosivity
parameters in the study.

3. Results and discussion

3.1. Rainfall characteristics of the region

The standardised annual and seasonal series were
prepared using 121 years of rainfall data. The statistical
analysis of rainfall data of all thirteen districts has been
presented in Table 2. From the Table, it is observed that
Sagardistrict received the highest annual average as well
as highest monsoon season rainfall. Datia district received
the lowest annual average and seasonal rainfall followed
by Jalaun district. The annual average rainfall varies from
1164.08 mm for Sagar to 763.81 mm for Datia district.
The highest coefficient of variation (CV) for annual
rainfall (31.80 %) was obtained for Jalaun district while
the lowest coefficient of variation (22.24 %) was obtained
for Damoh district. Rainfall spatial variability map of the
study area is provided in Fig. 2; it is evident that northern
part received less average annual rainfall than the southern
part of Bundelkhand region.
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TABLE 3

Statistical Analysis of Modified Fournier Index and R- Factor

MFI (mm) R- Factor (MJ.mm/ha.h)

District  Statistics - -
Annual Winter Pre-monsoon Monsoon Post-monsoon Annual Winter Pre-monsoon Monsoon Post-monsoon

Mean 24560 458 054 23748 300 354221 9113 094 343432 90.12

Jhansi SD 8866 3681 105 84.34 695 223232 97023 273 207045 97037
CV 3600 80312 19373 3551 22499 6302 106471 291.14 6029  1076.75

Mean 23068 438 055 22297 278 314797 7886 106 305508  76.86

Hamirpur ~ SD 7604 3316 1.9 72.96 600 186261 82945 481 173244 82964
CV 3297 75762 23321 3272 21574 5917 1051.87 45602 5671  1079.36

Mean 25728 446 071 24963 248 388672 8449 188 379037  83.39

Mahoba ~ SD  100.60 3489 187 98.49 471 265220 89544 735 256190 89555
CV 3910 78209 26412 3945 18981 6824 1059.77 39190 6759  1073.97

Mean 24840 410 070  240.80 290 356110 6570 140 348020  63.40

Banda SD 8380 2920 160 84.40 650 211300 68360 570 207250  683.80
CV 3374 71220 22857 3505 22414 5034 104049 40714 5955 107855

Mean 25224 456 068 24428 272 350329 7585 139 341526 7231

Chitrakoot ~ SD  79.37 3196 163 78.62 481 193686 78446 498 185530 78473
CV 3146 70031 23862 3218 17666 5529 103420 35064 5432 108526

Mean 22003 496 057 21113 337 301061 9116 108 290416  87.65

Jalaun SD 8826 3623 127 83.40 771 215782 94573 436 196399  949.96
CV 4011 72975 22549 3950 22890 7167 103743 40259  67.63 108381

Mean 29977 437 051  291.94 296 469821 7938 085 460449  79.33

Chhatarpur ~ SD 9397 3345  1.07 94.01 6.3  2586.66 84114 281 254566 84118
CV 3135 76589 21248 3220 20702 5506 1059.65 33059 5529  1060.39

Mean 22667 420 060 21862 324 315065 7587 135 305438 7371

Datia SD 8298 3225 148 81.68 825 194628 79416 537 185726 79430
CV 3661 76726 24618  37.36 25469 6177 104669 39668  60.81  1077.62

Mean 29374 492 033 28562 287 478112 10949 049 464440 11059

Lalitpur ~ SD 10123 4166 073 97.50 730 288511 117317 152 273646 117314
CV 3446 84690 22239 3413 25455 6034 107144 31086 5892  1060.76

Mean 33109 594 058 32211 246 534653 14762 109 518883 14945

Sagar SD 10011 5118 117 91.97 447 294575 159111 339 257992  1591.00
CV 3024 86234 20137 2855 18159 5510 1077.87 31205  49.72 106455

Mean 32220 541 062 31378 239 506843 11808 125 494086 11758

Damoh ~ SD 9253 4383 136 88.77 398 261953 1260.92 417 242784  1260.98
CV 2872 81062 21894 2829 16668 5168 1067.81 332.62 4914 107247

Mean 31679 497 062 30852 269 506418 9378 134 495870  92.44

Panna SD 10808 37.27 147 10835 483 303010 98866 535 297952  988.80
CV 3412 75069 237.64 3512 17982 5983 105425 39881  60.09  1069.68

Mean 27253 491 054 26400 309 418615 10647 107 406193  106.74

Tikamgarh ~ SD 9368 4107 131 89.34 783 246818 114339 377 228266 114342
CV 3437 83625 24486 3384 25345 5896 107392 35131 5620 107126

Mean 27055 475 058  262.37 285 407286 9368 117 396408 9258
Bundelkand o 9149 3715 133 88.75 611 241818 99242 433 228199  992.84

Ccv 3410 778.85  228.28 34.15 212.16 59.96 1056.93  364.72 58.17 1073.42

421
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Fig. 3. Spatial variability of annual MFI,

3.2. Spatial and temporal variations of annual and
seasonal Modified Fournier Index (MFI) values

The statistical analysis for seasonal and annual MFI
for all 13 districts of Bundelkhand region is presented in
Table 3. The mean annual MFI value was found as
270.55 mm for the study area. The highest annual MFI
value was calculated for Sagar (331.09 mm) district
followed by Damoh (322.20 mm) district. However, the
lowest MFI value was observed for Jalaun (220.03 mm)
district. MFI values of other districts vary between 230-
330 mm. The mean SD for the region was estimated as
91.49 mm with highest value for Panna (108.08 mm)
district and lowest value for Hamirpur (76.04 mm)
district. The mean CV value for study area was
found as 34.10%, with highest value obtained in Jalaun
(40.11 %) district and lowest value (28.72 %) for Damoh
district.

On seasonal basis, monsoon season is the most
erosive season with mean MFI value of 262.37 mm, which
is approximately 98% of annual MFI value. The mean

R, PCI and ED values for Bundelkhand region
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highest value of monsoon MFI was found for Sagar
(322.11 mm) district and lowest value for Jalaun
(211.13 mm) district. Moreover, similar trend was
observed in the SD of monsoon MFI, with mean value of
88.75 mm. MFI value of all meteorological districts of
study area varies between 250-350 mm, reflecting the
region comes under severe erosivity class.

The spatial variability maps of annual and monsoon
MFI value of study area have been provided in Figs. 3&4.
It was observed from the figure that the MFI value
increases as one moves from north to south. Districts
located at the southeast side show high MFI values
compared to other part of study area. The spatial pattern of
annual MFI and annual rainfall variation of the study area
is the same. Temporal variation of MFI for each districtare
presented in Fig. 5. There is much year-to-year variation
in the MFI values for whole study period (1901-2021),
these fluctuations happened in response to variation in
rainfall pattern in the respective districts (Fig. 5). High
MFI value results into high rainfall erosivity factor and
may cause high soil erosion problem.
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Fig. 4. Spatial variability of monsoon MFI, R,

3.3. Spatial and temporal variations of annual and
seasonal rainfall erosivity (R) factor

The basic statistical analysis for seasonal and annual
R factor of each 13 districts of Bundelkhand region is
presented in Table 3. The mean annual value of R-factor
for the whole study area is calculated as 4072.86 MJ.mm
hal h'l. The highest annual mean value of R-factor was
calculated for Sagar (5346.53 MJ.mm ha?l h?) district
followed by Damoh (5068.43 MJ.mm ha h) district.
The lowest R-factor (3010.61 MJ.mm ha! h%) value was
calculated for Jalaun district, since this district receives
less amount of rainfall with few rain events in the
monsoon season. Value of R- factor for rest of the districts
varied between 3000-5000 MJ.mm ha! h, The mean SD
was found as 2418.18 MJ.mm ha* h' for the study area
with highest SD value for Sagar (2945.75 MJ.mm ha* h%)
district and lowest value for Hamirpur (1862.61 MJ.mm
hal ht) district. Similarly, mean CV value for whole
region was found as 59.96%, with highest value for Jalaun
(71.67%) district and lowest value (51.68%) for Damoh
district. The variability of R-factor was found more than
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the mean annual rainfall variability of the region. The
mean calculated CV for R factor was greater than the CV
of MFI and rainfall. As per the classification given by
Carvalho, 2008, Damoh, Panna and Sagar districts come
under the moderate to severe erosivity class, where values
of R-factor were found more than 4905 MJ.mm ha? h?,
However, rest 10 districts belong to moderate erosivity
class, since, the values vary between 2542-4905 MJ.mm
hal hl. Overall, the whole region belongs to moderate
erosivity class.

On seasonal basis, Monsoon is the most erosive
season with mean R-factor value of 3964.08 MJ.mm ha!
h'. About 97 % of rainfall erosivity occurs in monsoon
season, since the region receives about 80-90% rainfall in
this season by south-west monsoon. Rest other seasons
show very less R-factor value. The mean monsoon R-
factor value ranges from 2904.16 MJ.mm halh?! to
5188.83 MJ.mm ha* h'* for all districts, with highest value
for Sagar district and lowest value for Jalaun district. The
mean R-factor values for winter, pre-monsoon and post-
monsoon districts are 93.68, 1.17 and 92.58, respectively.
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Fig. 5. Year-to-year variations of annual rainfall, MFI and R-factor values of different districts

Looking at the spatial variability maps (Figs. 3&4)
of annual and monsoon rainfall erosivity (R-factor) of
study area, it is evident that value of R-factor increases as
one moves from north to south. However, no such change
is observed, while moving from east to west. The spatial
pattern of R-factor variation is similar to the variation of
annual rainfall of the study area. Districts located at the
southeast side show high R-factor value compared to other
parts of study area. The districts with high R-factor value
are the most vulnerable for soil erosion problem.
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Year-to-year variation in R-factor for each district
are presented in Fig. 5. From the Figure, it was clearly
observed that there is drastic change in the annual R-factor
from year to year. These fluctuations in the value of
R-factor for whole study period (1901-2021), closely
resemble the pattern of rainfall in the respective districts.
High rainfall year creates high rainfall erosivity value,
while deficit rainfall years show less value of rainfall
erosivity factor. Mean spatial distribution pattern of the
annual R-factor is similar to the annual rainfall of the
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TABLE 4

Statistical analysis of erosivity density (ED) and PCI

ED(MJ/ha.h) PCI

District Statistics - -
Annual Winter Pre-monsoon Monsoon Post-monsoon Annual Winter Pre-monsoon Monsoon Post-monsoon

Mean 4.02 0.7 0.03 350 0.13 29.03 15.50 14.90 1154 12.97
Jhansi SD 192 122 0.05 2.88 0.28 573 501 4.42 2.04 3.23
CV  47.84 71854  201.84 82.15 216.62 19.75 32.33 29.67 17.66 24.89

Mean 3.78 0.17 0.03 3.50 0.12 2852 15.87 15.20 11.39 13.50

Hamirpur SD 159 1.16 0.07 2.48 0.25 544 500 457 1.91 3.21
CV 4198 677.36  255.28 70.72 208.20 19.07 3150 30.08 16.79 23.76

Mean 422 017 0.04 3.78 0.11 29.45 16.45 15.18 11.68 12.94

Mahoba SD 203 117 0.11 3.14 0.20 583  4.99 4.94 1.96 3.25
CV 4804 70380 290.77 82.99 187.40 19.79 30.34 32.54 16.77 25.13

Mean  4.02 0.17 0.03 3.78 0.12 28.83 15.78 15.22 1151 13.30

Banda SD 387 117 0.01 8.54 0.08 6.63  4.89 4.82 2.31 3.30
CV 9610 706.06  20.00 225.85 62.10 2298 31.01 31.65 20.06 24.82

Mean 3.783 0.176  0.030 3.200 0.118 27.82 16.23 15.16 11.14 13.32

Chitrakoot SD 1806 1122  0.076 2.720 0.206 6.01  4.66 422 2.06 3.28
CV  47.74 636.34 253.12 84.99 17455 2160 28.73 27.81 18.50 24.65

Mean 3.72 0.19 0.03 2.26 0.15 2856 16.27 14.94 11.59 13.22

Jalaun SD 1654 1217  0.064 2.765 0.322 530  4.86 453 1.99 3.41
CV  44.44 62426 22570 122.35 214.35 1856 29.87 30.33 17.16 25.80

Mean 4.395 0160  0.022 4.100 0.117 28.85 16.26 14.79 11.37 13.15

Chhatarpur SD  1.855 1.140 0.049 2.887 0.237 540 522 447 1.83 3.28
CV 4220 71352  220.49 70.40 202.51 18.70 32.12 30.22 16.08 24.95

Mean 3941 0.168  0.031 3.720 0.145 29.49 1558 14.69 11.64 12.73

Datia SD 1830 1141  0.077 2,917 0.368 587 500 4.66 1.95 3.42
CV 4643 678.65 250.25 78.41 253.37 19.91 3211 31.72 16.73 26.83

Mean 479 017 0.01 4.30 0.12 3061 16.15 15.03 11.83 13.21

Lalitpur SD 223 128 0.03 3.09 0.29 6.26 5.1 4.40 2.15 3.36
CV 4653 77094 22853 71.89 253.47 20.44 31.61 29.29 18.15 25.42

Mean 4.473 0.178  0.024 4.130 0.092 28.44 16.42 16.07 11.08 13.54

Sagar SD 1772 1408  0.049 2.597 0.170 477 520 452 1.70 2.91
CV 3961 79323 204.92 62.88 185.14 16.77 31.65 28.09 15.34 2151

Mean 429 0.7 0.03 3.80 0.09 27.94 16,57 15.47 10.94 13.47

Damoh SD 172 1.30 0.06 2.62 0.15 477 520 4.36 1.68 3.18
CV 4006 750.10 228.48 68.90 165.57 17.07 31.39 28.20 15.37 23.63

Mean 433 017 0.03 3.45 0.11 2820 16.29 14.81 11.13 13.49

Panna SD 1.87 120 0.06 3.11 0.20 514 499 422 1.75 3.13
CV 4305 697.09 244.44 90.10 187.82 18.22  30.66 28.52 15.75 23.22

Mean 442 0.7 0.03 3.75 0.13 29.75 15.83 14.66 11.68 13.09

Tikamgarh SD 202 1.27 0.06 3.00 0.30 6.12 5.3 475 2.03 3.28
CV 4577 75516  252.73 79.94 240.76 2058 31.79 32.40 17.34 25.04

Mean 417 017 0.03 3.64 0.12 28.88  16.09 15.09 11.42 13.22
Bundelkhand ~ SD 200 121 0.06 3.26 0.24 565 501 454 1.95 3.26
CV 4845 709.62 221.27 91.66 196.30 1950 31.16 30.04 17.05 24.59
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Fig. 6. Year-to-year variations of annual rainfall, ED and PCI values of different districts

region. This large inter-annual variation in the value of
R-factor is due to extreme rainfall events since the
magnitude and intensity of rainfall greatly affect the value
of R factor.

3.4. Spatial and temporal variations of annual and
seasonal erosivity density (ED)

Annual and seasonal ED values were obtained by
dividing the annual and seasonal R-factor values by
corresponding rainfall amount. Statistical analysis of ED
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is given in Table 4. The mean annual ED value for the
study area was found as 4.17 MJ ha h, with highest
value for Lalitpur district (4.79 MJ ha! h) and lowest
value for Hamirpur and Chitrakoot districts (3.78 MJ ha!
h'Y). The mean annual SD and the CV of the ED for
Bundelkhand region were found as 2.00 MJ ha* h't and
48.45 %, respectively. The ED values show high seasonal
variability as the mean ED for monsoon was calculated as
3.66 MJ ha! h! followed by winter season with value of
0.17 MJ ha? h, post-monsoon season with 0.12 MJ ha™!
ht and pre-monsoon season with 0.03 MJ ha?l h?
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TABLES

Statistical test results for 13 districts of Bundelkhand region of India (1901-2021)

Correlation Correlation Between  Linear regression model Linear regression model between
Districts  Between annual  rainfall and modified  between Annual rainfall R?  rainfall and modified Fournier index ~ R?
rainfalland R~ Fournier index (MFI) and R (MFI)

Jhansi 0.661 0.814 R =-1670.38+6.19*AR  0.437 MFI = -9.47+0.30*AR 0.663
Hamirpur 0.651 0.803 R =-1344.69+5.53*AR  0.423 MFI = 4.35+0.27*AR 0.644
Mahoba 0.721 0.849 R=-2438.64+7.30*AR  0.520 MFI = -25.02+0.32*AR 0.721
Banda 0.611 0.768 R =-1321.74+5.64*AR  0.374 MFI = 5.20+0.28*AR 0.590
Chitrakoot 0.568 0.742 R =-816.55+4.74* AR 0.323 MFI = 21.01+0.25*AR 0.551
Jalaun 0.750 0.872 R =-2055.79+6.63*AR  0.562 MFI = -21.93+0.31*AR 0.760
Chhatarpur 0.673 0.808 R =-2649.70+7.09*AR  0.453 MFI = -20.97+0.30*AR 0.654
Datia 0.676 0.825 R =-1302.63+5.83*AR  0.457 MFI = -4.85+0.30*AR 0.680
Lalitpur 0.692 0.828 R =-2303.27+7.37*AR  0.479 MFI = -4.02+0.31*AR 0.685
Sagar 0.688 0.828 R =-3004.92+7.17*AR  0.473 MFI = -10.61+0.29*AR 0.686
Damoh 0.656 0.799 R =-2661.26+6.71*AR  0.431 MFI = -10.25+0.28*AR 0.639
Panna 0.746 0.845 R =-4025.39+8.16* AR 0.557 MFI = -50.35+0.32*AR 0.714
Tikamgarh 0.659 0.806 R =-1675.82+6.41*AR  0.434 MFI = 0.27+0.297*AR 0.650

(Table 4). Monsoon season alone contributed about 99%
of total annual ED value since 80-90% rainfall occurred in
this season. Highest monsoon ED value was observed in
Sagar (4.130 MJ ha h'l) district, while lowest value was
observed in Jalaun (2.26 MJ ha h'?) district. The SD and
the CV of the monsoon mean of ED for Bundelkhand
region were 3.26 MJ ha h'! and 91.66%, respectively.
According to classification given by Dabney et al., (2011),
ED values (>3 MJ ha? h') indicates high intensity of
rainfall, which signifies high erosion and more runoff
events. This corroborates that the whole study area with
high ED value may face flooding as well as high runoff
due to intensive and erosive rain events.

The spatial variability maps of annual and seasonal
ED are shown in Figs. 3&4. The different patterns in ED
were noticed for annual and monsoon seasons. The annual
ED pattern reflects that for most of the districts ED value
varies between 3-4 MJ ha! h?! and no change was
observed in the spatial pattern of ED as one moves from
north to south. However, district situated at south-east part
shows highest ED value. The seasonal ED spatial pattern
is similar to the spatial pattern of R-factor as well as
precipitation, which reflects high intensity of rainfall
during monsoon season (Fig. 4). In the study area, high-
intensity rainfall events occurred between July and
September during monsoon season. Moreover, the
temporal variation of ED values for each district
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resembles the pattern of rainfall (Fig. 6). However, the
fluctuations are more moderate and uniform compared to
rainfall  pattern.  Annually, lowest ED value
(2.1 MJ ha'h) was observed in 1912 and highest value
(8.32 MJ ha't h') in 1962 for Bundelkhand region.

3.5. Spatial and temporal variations of annual and
seasonal precipitation concentration index
(PCI)

The annual and seasonal PCI mean along with other
related statistics have been shown in Table 4. The mean
annual PCI value for the Bundelkand region was obtained
as 28.88, with SD and CV as 5.65 and 19.50%,
respectively. Highest PCI value was observed for Lalitpur
(30.61) district and lowest value for Chitrakoot (27.82)
district. Based on temporal distribution (Fig. 5) for
Bundelkhand, the highest value (43.23) was calculated in
the year 1906 and lowest value (19.56) recorded in 1936
and 1956. However, the yearly pattern of PCI values
fluctuation of all districts same as rainfall pattern of their
respective districts. The PCI values obtained for 64 years
were found above the mean value whereas the PCI values
for rest of the 67 years were below the mean value out of
total 121 years of data. On seasonal basis, the highest PCI
value was calculated for winter season with mean, SD and
CV are 16.09, 5.01 and 31.16%, respectively. The lowest
PCI value (11.42) was calculated for monsoon season. As
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per the classification, PCI values greater than 21 shows
highly irregular precipitation distribution. Therefore, the
whole study area shows strong irregularity in the
precipitation concentration. About 98% of 121 years
under this study produced PCI value greater than 21
representing strong value of the precipitation irregularity.

The spatial distribution of the annual and monsoon
mean PCI values are presented in Figs. 3&4 which show
the differences in precipitation distribution throughout the
year in Bundelkhand. The minimum value of PCI is
observed in south-eastern part, while approximately entire
area shows PCI value between 22-30, and the peak value
is observed in the north-western part of Bundelkhand
(Fig. 3). On monsoon basis, for the entire region PCI
values vary from 10-15 and values above 15 were detected
only in few points in the central part of study area. The
spatial distribution of annual PCI values reveals
precipitation zone of Bundelkhand, which is identified by
longer rainy season and heavy rainfall amount.

3.6. Correlations between annual rainfall and
corresponding R and MFI
The correlations between annual rainfall and

corresponding R and MFI reveal significant degree of
relationship but with stronger correlation between annual
rainfall and MFI compared to R (Table 5). The correlation
test between annual rainfall and MFI is positive and
highly significant at the 0.05 level (two-tailed) for all the
13 districts with correlation coefficient ranging from
0.742 to 0.872. However, correlation coefficient between
rainfall and R ranged from 0.568 to 0.750. The correlation
was significant for Jhansi, Banda, Datia, Lalitpur, Damoh,
Tikamgarh districts.Several researchers (Bazzano et al.,
2010; Silva et al., 2004) have cautioned that the
occurrences of high precipitation are not necessarily
associated with high erosivity. The high erosivity values
and strong correlation exhibited by MFI are due to high
intensity rainfall events during peak periods of the rainy
season. Despite the rather low correlation coefficient
exhibited by R, it however reveals an increase in erosivity
values on annual basis in most districts across the country.
In as much as R factor accounts for about 80% of soil loss
(Wischmeier and Smith 1978), It is important to note that
this situation may worsen when other soil erosion
influencing factors such as soil characteristics, length and
steepness of slope, land cover characteristics and
management implications come into play. Similarly, the
results of linear regression model showed a strong
relationship between rainfall amount and erosivity indices
(R and MFI) for all districts where the coefficient of
determination R? ranges from 0.32 to 0.76. This means
that annual erosivity indices are directly proportional to
mean annual rainfall.
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4.  Conclusions

Rainfall erosivity (R) factor, MFI, PCI and ED
values for Bundelkhand region of central India were
obtained using 121 years of monthly rainfall data for all
13 districts of the study area. Simplified equations were
used for the calculation of erosivity related variables to
facilitate watershed related development in this erosion-
prone region of India. Rainfall erosivity factors were
calculated by the most widely used modified Fournier
Index (MFI) using easily available and assessable monthly
rainfall data. This method is a promising solution for those
regions where high resolution pluviographic data for the
longer duration is not available. It has been established
that the monthly/seasonal rainfall amount shows a strong
relationship with rainfall erosivity, which can be
expressed in potential form. Therefore, the MFI values for
the study area were calculated using monthly rainfall data.
MFI values were used for calculation of R-factor. The R-
factor values of Bundelkhand varies from 5346.53 MJ.mm
ha! h! to 3010.61 MJ.mm ha® h? with mean standard
deviation of 2418.18 MJ.mm ha?' h™. According to the
classification of R- factor, northern region belongs to
moderate erosivity class whereas, eastern and south-
western region are associated with moderate to severe
erosivity characteristics. Therefore, soil and water
measures need to be adopted in these severe erosivity zone
with priority. Similarly, MFI values of the study area
varied from 331.09 mm to 220.03 mm with satndard
deviation of 91.49 mm, representing strong erosivity class.
The mean annual ED and PCI values of the region were
4.17 MJ ha! h'? and 28.88 with mean standard deviation
of 2 MJ ha! h'and 5.65, respecitvely. Seasonal analysis
of R-factor, MFI, ED and PCI was also carried out.
Among all season, monsoon was the most erosive with
highest value of R-factor (3964.08 MJ.mm ha h*) MFI
(262.37 mm), ED (3.66MJ ha' h?') and PCI (11.42).
Monsoon season of this region was characterized by short
and intensive rain events of long duration which showed
high irregularity in rainfall and accelerated erosion rate in
the region. The understanding of spatio-temporal
distribution of erosivity related variables of the region is
very important, hence spatial map was drawn for each
rainfall district to understand the pattern and severity of
these variables as well as temporal graphs of districts were
prepared for identifying the inter-annual variability. The
region grapples with severe ecological degradation
stemming from both topsoil erosion and deforestation,
resulting in diminished land productivity. This enduring
issue of soil erosion is compounded by the region's hilly
terrain, strong winds, and the subpar quality of its soil,
ultimately giving rise to extensive gully formation.
Bundelkhand once boasted dense forests until the late 18™
century. However, a surge in demand for timber and the
expansion of agriculture initiated significant deforestation
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during the mid-19" century. Following India's
independence, rapid population growth and the advent of
the Green Revolution further extended cultivation,
exacerbating the region's reliance on wood-based energy
sources.The region saw a significant reduction in its
forested area due to a combination of these factors along
with inadequate land management practices and
government-sanctioned commercial logging. Presently,
only small remnants of dry miscellaneous and thorn
forests, featuring species like dhak (Anogeissus latifolia),
teak (Tectona grandis), mahua-chiranji (Madhuca
longefolia/Madhuca  Indica), khardai  (Anogeissus
pendulai), khai, and thar trees, can be found in the area.
Over the past two decades, the agricultural land in the
region has remained relatively stable. However, during the
kharif season, the local practice of free grazing, known as
"chhooth pratha" or "annpratha," poses challenges due to
stray cattle causing damage to crops (UNDP, 2012). The
undulating topography of the area, coupled with extensive
deforestation over the past century and a half, has
significantly limited groundwater recharge, thereby
impacting the perennial flow of rivers and rivulets in
Bundelkhand.The issue has escalated in recent times due
to unregulated mining in the name of industrialization. In
many areas of this region, there exists a relatively shallow
impermeable rocky layer. The sloping terrain in this
region accelerates the rapid runoff of both rainwater and
soil. This challenge is further exacerbated by
unpredictable rainfall patterns and a severe lack of forest
cover in numerous districts. Approximately 54 percent
(3.8 mha), of the total reported land area (7.1 m ha) in the
Bundelkhand region, is dedicated to cultivation (Sah et al.,
2021). An observed decrease in dense vegetation cover on
the Kaimur ranges from 2000 to 2015 has been
documented, declining from 1243.75 square kilometers to
620.25 square kilometers, representing a substantial
24.94% reduction.The spatial extent of agricultural land
underwent a significant transformation, expanding from
795.50 square kilometers in 2000 to 14425 square
kilometers in 2015 (Ghosh, 2017). Furthermore, there was
a consistent reduction in forested areas in central India
during the period between 1985 and 2005. The decline in
vegetation cover within the Bundelkhand region can
largely be attributed to fragmentation (Roy et al., 2015).
Deforestation plays a pivotal role in intensifying erosion
rates. The undulating topography, coarse soil texture, low
organic matter content, insufficient vegetation cover, dry
farming practices, and human mismanagement all
contribute significantly to soil erosion in Bundelkhand.
Given the gravity of this issue, it is imperative that the
most affected areas receive immediate conservation
efforts such as afforestation, the implementation of
scientific terracing, and judicious crop selection. These
measures are crucial for the long-term preservation of the
region's land resources and overall sustainability. The
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suggestions of this study are comprehensive and diverse
given region is susceptible to erosion due to the variable
nature of rainfall, week soil properties and soil profile and
sparse vegetation make study are vulnerable to erosion
risk. No such detailed study of this region had been
reported earlier, hence the finding of this study can be
taken as a basis for more advanced study of rainfall and
erosivity relationship development in future research
works.
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