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Abstract

The most significant effects of climate change are related to temperature and precipitation. Changes in precipitation
and temperature patterns affect water resource capacity, agricultural activities, global biodiversity and emergency
management. In this study, using two statistical models (Mann-Kendall and Pettit’s test), climate data for the territory
of Belgrade in the time interval 1961-2020 were processed. Trends were analyzed: average annual temperatures,
average monthly temperatures, annual and monthly precipitation amounts. The aim of the research is to determine
the statistical significance of the increasing/decreasing temperature and precipitation trends on a monthly and annual
basis. Based on the obtained results, it was determined that the changing point of the annual temperature is in 1997,
while a statistically significant increasing trend was observed in all months except November. The increasing trend
recorded by the precipitation amount is 0.345 mm/year, but without statistical significance. The most significant

results corresponding to July and October.

Keywords: Trend, Mann-Kendall test, Pettit’s test, precipitation, air temperature, City of Belgrade

Introduction

Climate change is reflected in large fluctuations in
climate averages that persist for decades or even longer
periods. Although climate change occurs on a global scale,
impacts often vary from region to region. In the 20th
century numerous climatic anomalies were observed-
poor monsoon years around the turn of the century, rapid
Arctic warming into the 1920s, the Dust Bowl| drought and
heat waves in North America in the 1930s and drought in
Australia, and cold winters and hot summers in Europe in
the 1940s. These anomalous events occurred during a
period of strong global-scale warming, which can be
attributed to a combination of external forcing
(particularly, greenhouse gas increases, combined with a
hiatus in volcanic events) and internal decadal variability.
During the 20th century, in most European regions, a
temperature increase was observed (Trajkovic &
Kolakovic, 2009; Gocic & Trajkovic, 2013; Hegerl et
al.,2018). Climate reconstructions show that summer air
temperatures in Europe in period 1986-2015 have been
the warmest for at least 2000 years, and that they lie
significantly outside the range of natural variability
(Luterbacher et al.,, 2016). Based on data from 210
weather stations on the territory of Europe, temperature
increase amounts 0.051°C/year in the period 1985-2020.
The highest increase was recorded in spring, the lowest in
autumn (Twardosz et al.,, 2021). Vyshkvarkova and
Sukhonos (2022) investigating the spatial distribution of
temperature and precipitation extremes in Eastern
Europe, conclude that there are positive and statistically

significant trends for warm extremes in all seasons, with
maximum values in the winter season. In contrast,
negative trends were obtained for cold extremes.

Each of the last four decades has been successively
warmer than any decade that preceded it since 1850.
Global surface temperature in the first two decades of the
21st century (2001-2020) was 0.99 (0.84 to 1.10) °C higher
than 1850-1900. Global surface temperature was 1.09
[0.95 to 1.20] °C higher in 2011-2020 than 1850-1900,
with larger increases over land (1.59 [1.34 to 1.83] °C) than
over the ocean (0.88 [0.68 to 1.01] °C). Hot extremes
(including heatwaves) have become more frequent and
more intense across most land regions since the 1950s,
while cold extremes (including cold waves) have become
less frequent and less severe. Globally averaged
precipitation over land has likely increased since 1950,
with a faster rate of increase since the 1980s. Mid-latitude
storm tracks have likely shifted poleward in both
hemispheres since the 1980s, with marked seasonality in
trends (IPCC, 2021) According to NOAA (2022), all years in
the period 2013-2021 belongs to the category of ten
warmest years since measurements were made. Since
1981, the average increase in global temperature is 0.18°C
per decade. In 2021 the western parts of the USA,
southern South America, northern Africa and the Middle
East were characterized by significantly below-average
precipitation. A significant increase in annual precipitation
during 2021 was observed in northern South America,
eastern Europe, western and eastern parts of the
Australian coast, and South Asia. Across Southern Europe,
below-average rainfall was recorded in July. Dry conditions
with high temperatures contributed to the spread of fires
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in southern and southwestern Turkey, as well as in north-
eastern Spain. In Spain, during July 2021, only 57% of the
average amount of July precipitation fell. However, parts
of western Europe faced torrential rainfall that caused
flooding between July 13 and 15. Some locations received
at least twice their normal monthly precipitation in only
three days. According to preliminary reports, over 140
deaths are attributed to the floods.

Brankovi¢ et al. (2013) determined for Croatia that the
positive trends of the average annual temperature are
caused by a statistically significant increasing trend in the
summer months. The highest trend values were obtained
for summer, followed by winter and spring. As the
research conducted by Gocic & Trajkovic (2013) shows,
there is a significant increase in temperatures in the
northern, central and eastern parts of Serbia. A constant
annual increase in maximum daily temperatures from
1974-2003 in Belgrade and Ni$ was observed by Milanovic
et al. (2014). The results of the Pettit’s test of average
annual temperatures in the area of Sokobanja in the
period 1946-2012 indicate that 1991 was a changing point
in the temperature increase (Radivojevic et al. 2015).

Lukovi¢ et al. (2014) investigated the trend of
precipitation in Serbia in the period 1961-2009. No
significant trend of total annual precipitation has been
detected for the whole territory of Serbia. Very slight
tendencies toward drier conditions on a seasonal scale
during winter and spring and wetter conditions during
autumn. An increase in autumn amounts of precipitation
over central parts of Serbia is a result of a significant
increase in October precipitation. The results obtained by
Malinovic-Milicevic et al. (2016) indicate a significant
increasing trend in the amount and intensity of
precipitation in Serbia during autumn. Bandyopadhyay &
Perveen (2006) and Gajbhiye et al. (2015) point out that
changes in the amount and frequency of precipitation, as
a result of climate change, directly affect water flows,
runoff, groundwater reserves and soil moisture.
Determining the change in rainfall patterns is crucial for
any kind of development program and planning that
includes effective management of water resources, but
also the food production sector.

The objectives of this study are to investigate the
temperature and precipitation trends at annual and
monthly level in Belgrade in the period 1961-2020 using
the Mann-Kendall test. The Pettit’s test was used to
determine if there were changing point years of both
parameters. The paper will also present a comparative
analysis of the values of selected parameters in two
climatological periods 1961-1990 and 1991-2020 and
inter—annual variability of precipitation.

Study area

The study area is Belgrade, the capital of the Republic
of Serbia (Figure 1). It covers an area of 360 km?, while the
wider city area covers 3 222 km?. It is located in the
Pannonian Plain, on the southern edge of the Pannonian

Basin. It lies at the confluence of two large European rivers
- the Sava and the Danube rivers, and partly belongs to the
Balkan Peninsula, partly to Central Europe (Drazic et al.,
2014).
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Figure 1: Geographic position of Belgrade in the
Republic of Serbia

The study area map was obtained in geographic
information systems, which play a major role in the
analysis of phenomena and processes in the environment
(Curi¢ et al., 2022)

Belgrade is located in the zone of moderate
continental climate (Meteologos, 2012). The climate of
Belgrade is characterized by a great variability of the
meteorological elements, which is caused by the
circulation of air masses with different physical features.
For the territory of the city, intrusions of polar and tropical
air are characteristic. Relief has a significant influence on
the microclimate of the capital of Serbia. It is characterized
by the vast Pannonian plain in the north and the
undulating surfaces of northern Sumadija and Avala
Mountain (511 m) in the south. The Sava and the Danube
rivers, at the confluence of which the city is located, are
also significant factors.

Warm and cold periods often occur in all seasons. Cold
and moist air are intruding from the northwest and west,
and heavy precipitation is brought by the cyclones from
the western Mediterranean Sea, which move eastward
through the Sava and Danube valleys. Northern intrusions
across the Pannonian plain cause a noticeable drop in
temperature, while intrusions of cold air from the
northeast, from the Carpathians, in winter, cause cold,
windy and mostly dry weather. At the beginning of May,
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the intrusions of moist and cold air appear. Local showers
and thunderstorms are frequent in May and June. Shorter
and longer dry periods are characteristic in summer
(Unkasevi¢, 1994). Dominant winds are kosava, west and
north-west winds (Meteoblue, n.d.).

Data and methods

The data come from the Republic Hydrometeological
Service of Serbia (RHMSS) measured at the weather
station Belgrade (Serbia). The coordinates of the
meteorological station are 44°48'N and 20°28'E and it is
located at an altitude of 132m (Hidmet, n.d.). The paper
analyzed mean monthly and mean annual air
temperatures, monthly and annual precipitation during
two climatological periods - 1961-1990 and 1991-2020.

The Mann-Kendall test (Mann 1945, Kendall, 1975)
was used for trend analysis. The test belongs to the group
of non-parametric statistical trends that treats series that
are not normally distributed, and its use is based on multi-
year data series. Mann—Kendall is commonly used to
detect monotonic trends in climatological and
hydrological research. The Z statistic was used to test
significance. A positive Z value indicates an increasing
trend, while a negative Z value indicates a negative trend
(Helsel & Hirsch, 2002; Westra et al., 2013; Pohlert, 2015).
The null hypothesis of the Mann-Kendall test is based on
the assumption that there is no monotonic trend in the
time series. Control statistic is used to test the null
hypothesis (Kendall, 1975).

The Mann-Kendall (S) Statistic is computed as follows
(Kendall, 1962):

s=Xrk D=1 Sign(Tj = T),

where Ti and Tj are the values of sequence i, j; n is the

length of the time series and:

1if Tj—Ti>0
Sign (Tji=Ti)={ 0if Tj—Ti=0
—1if Tj—Ti<O0.

If the Z value (significance level) is greater than 1.96
(which corresponds to the significance threshold of 0.05),
we conclude that there is a monotonic trend in the time
series, and otherwise, if the value is lower, the trend does
not exist (Stojkovi¢ et al., 2014). Sen's estimate of the
slope (Sens's estimate) shows us the estimate of the slope
of the linear trend and the average value of changes in a
unit of time (Salmi et. al., 2002; Ahmad et. al., 2015).

In order to detect significant changes in time series of
climatological data, the Pettit's test was used. The Petit
test also belongs to the group of non-parametric tests and
is most often used to detect sudden changes (points of
change) in climatological data. The Pettit test is a method
that discover a significant change in the mean value of a
time series when the exact time of the change is unknown.

According to Pettitt’s test, if x1, X2, X3, ...xn is a series of
observed data which has a change point at t in such a way
that x1, x2 ..., Xt has a distribution function F1(x) which is
different from the distribution function F2(x) of the
second part of the series X1, Xt+2, Xt+3 ..., Xn. The non-
parametric test statistics Ut for this test may be described
as follows (Pettit, 1979):

Ut = 3, r X5 sign(Xi — X)),

1if (Xi — X))
sign (Xi—Xj)={ 0if (Xi —Xj)
—1if (Xi — X)).

The test statistic counts the number of times that a
member of the first sample exceeds a member of the
second sample. The null hypothesis of Pettitt’s test is the
absence of a changing point. The test statistic (K) may be
described as:

K =Max |Ut|

When the value of the test statistic is less than the
chosen confidence interval, the null hypothesis is rejected
and there is no distinct change point in the time series
(Jaiswal et al., 2015).

The inter—annual variability of precipitation was
obtained by subtracting the annual total of each year from
the mean annual total over the study period and dividing
the difference by the standard deviation of the series.
Thus, obtaining a new series in which the mean equals to
zero and the variance to 1. The obtained values enable the
division of all years into three categories as follows (Kutiel
et. al.,, 2015):

Dry (D) when z<-0.5
Normal (N) when -0.5<2<0.5
Wet (W) when 0.5 < z

Results and Discussion

Temperature

The average annual air temperature in Belgrade in the
period 1961-2020 is 12.5 °C. The warmest month is July
with an average temperature of 22.8 °C, and the coldest is
January with an average temperature of 1.1 °C (Table 1).
The warmest year in the observed period was 2019 (14.8
°C), and the coldest year was 1980 (10.8 °C).

The mean annual air temperature in Belgrade shows
an increasing trend of 0.042 °C/year with a significance
level of 0.001. There is an increasing trend of mean
monthly temperatures. Only in November the
temperature increase is not statistically significant. There
is a distinct trend of growth in the summer months (June,
July, August) — 0.046 °C/year, 0.06 °C /year and 0.075 °C
/year respectively (Table 2, Figure 2).
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Table 1: Average annual and monthly temperatures in Belgrade (1961-2020)

Month |

Il 1] I\ \ Vi

VI

Vill IX X Xl Xl Annual

Ta(°C)

1.1 3.3 7.7 13.0 17.7 21.0

22.8

22.6 18.1 12.9 7.5 2.7 12.5

Source: Republic Hydrometeorological Service of Serbia, Climate Yearbooks 1961-2020

Table 2: Mann-Kendall test results for average annual and average monthly air temperatures in Belgrade (1961-

2020)

Month Trend (2) Sen’s estimate (B) Level of significance (a)
January 2.45 0.045 *
February 1.88 0.048 +

March 2.44 0.046 *
April 2.98 0.043 **
May 1.95 0.026 +
June 3.68 0.046 *Ex
July 5.20 0.060 Fkk

August 4.95 0.075 Fkk

September 1.89 0.027 +
October 2.09 0.032 *
November 1.29 0.023
December 2.67 0.041 *x
Year 6.07 0.042 Fkk

*#*% _ significance level 0,001; **- significance level 0,01; *- significance level 0,05; +- significance level 0,1
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Figure 2: Trend of average annual air temperature and average temperatures of summer months in Belgrade (1961 -
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Figure 3: Pettit's test results for average annual temperatures in Belgrade (1961-2020)
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The statistically significant changing point vyear
according to the Pettit’s test is 1997 (p=0.0001). The
period after 1997 recorded an average annual air
temperature of 13.4 °C compared to 11.9 °C in the period
from 1961 to 1997 (Figure 3).
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Figure 4: Pettit's test results for mean monthly air
temperatures in June (a), July (b) and August (c)
in Belgrade (1961-2020)

Since the statistically most significant increasing trends
were recorded in the summer months, it was investigated
whether there is a changing point for each of them. The
average June temperature in the sixty-year period is 21.7
°C, and in 1990 there was a change (increase) in the
average monthly temperature from 20.1 °C to 21.9 °C
(p=0.0001). The average monthly temperature in July in
Belgrade in the observed period is 21.5 °C. The statistically
significant year in the average temperature change is 1986
(p p=0.0001). Until the mentioned year, the average
temperature was 21.5 °C, so it corresponds to the sixty-
year average. After 1986, the average July temperature in
Belgrade rose to 23.8 °C. Since 1991 (p=0.0001), the
average air temperature in August has increased by 2.5 °C;
from 21.3 °C to 23.8 °C (Figure 4).

Table 3: Results of Pettit's test for average annual and
monthly temperatures in Belgrade (1961-2020)

'Le.vo:el of Changing Change
Parameters significance . o
point (year) (°C)
(p)

Average annual 0.0001 1997 +1.483
temperature
Average
temperature in 0.0001 1990 +1.845
June
Average
temperature in 0.0001 1986 +2.292
July
Average
temperature in 0.0001 1991 +2.505
August

The results indicate that the temperature in Belgrade
is inevitably rising. An increasing trend without statistical
significance was only observed in November, while in all
other months the results showed a statical significant
increasing trend. Pesi¢ and Milovanovi¢ (2016) used the
same methodology to determine temperature changes in
the area of Sumadija (Serbia) in the period 1961-2010.
They obtained a statistically significant increasing trend of
annual temperature at almost all stations. The second
highest mean annual temperature increase is in Belgrade
(0,03°C/year), which is similar to obtained results in this
paper (0,04°C/year). In Serbia, in the region of Vojvodina
and Kosovo and Metohija positive air temperature trends
were also obtained (Gavrilov et al., 2015; Gavrilov et al.,
2016; Gavrilov et al., 2018). The average temperatures
increasing trend indicates that the warming of the climate
system is present in the entire territory of Bosnia and
Herzegovina according to the results obtained by Trbic et
al. (2017). The warming trend is more pronounced since
1990, the highest values in the period 1961-2015 were
obtained in the warmest part of the year and in the area
of Banja Luka and Bijeljina. In the region, temperature
increase is also dominant in Montenegro (Buri¢ et al.,
2014).



A statistical analysis of temperature and precipitation in Belgrade, Serbia (1961-2020)

Table 4: Average temperature (°C) in Belgrade during two climatic periods 1961-1990 and 1991-2020

Clm_1at|c | ] 1l v \" VI Vil Vil IX X Xi Xl | Annual
periods
1961-
1990 0.4 2.8 7.2 12.4 | 17.2 | 20.1 | 21.8 | 21.4 | 17.7 | 125 7.0 2.3 11.9
1991-
5020 1.9 3.8 8.3 136 | 182 | 21.9 | 23.8 | 23.8 | 185 | 13.3 | 8.1 3.0 13.2

Source: Republic Hydrometeorological Institute of Serbia, Meteorological yearbooks 1961-2020

Since the data of two climatological periods were used,
the data on the average values of air temperature by
period - from 1961 to 1990 and from 1991 to 2020 - are
presented (Table 4). The average temperatures in Belgrade
in the last period are higher during all months compared
to the average temperatures in the period from 1961 to
1990. The biggest difference is in the summer months —
August (2.4 °C), July (2 °C) and June (1.8 °C). In the same
months, trend analysis showed the most significant
increases in temperature. In the period from 1961-2010,
according to research by Bajat et al. (2014), a significant
increase in temperature in the summer period at 22
meteorological stations in Serbia was established

In July 2012, the highest average monthly temperature
(27 °C) in the observed period was recorded. During 2012,
which is characterized as extremely hot and dry vyear,
temperatures in Serbia were above 35 °C for more than 50
days. Temperatures were extremely high in 2007, and

precipitation were unevenly distributed (Zivanovi¢ et al.,
2020). The absolute maximum temperature of 43.6 °C in
Belgrade was measured on July 24, 2007. On the same
date, the highest temperature of 44.9 °Cin the Republic of
Serbia was measured in Smederevska Palanka
(Andelkovi¢, 2007). The largest number of fires (28,548) in
the period from 2000 to 2010 occurred in 2007 (Zivanovié¢
et al., 2020).

Precipitation

The average annual amount of precipitation in
Belgrade in the period from 1961 to 2020 is 691.8 mm. On
average, at monthly level, the highest amount of
precipitation is in June 93 mm and May 71.5 mm, then in
September 55 mm. The "driest" month is February with an
average of 44 mm of precipitation (Table 5).

Table 5: Average amounts of precipitation in Belgrade (1961-2020)

Month 1 1 1l v \' Vi Vil Vil IX X Xl Xl | Annual
Average pre-

cipitation 489 | 440 | 491 | 55.1 | 71,5 | 93.0 | 66.4 | 53.2 | 55.0 | 47.6 | 51.9 | 56.1 | 691.8
(mm)

Source: Republic Hydrometeorological Service of Serbia, Meteorological yearbooks 1961-2020

Table 6. Mann-Kendall test results for annual and monthly precipitation in Belgrade (1961-2020)

Month Trend (2) Sen’s estimate (B) Level of significance (a)

January 0.44 0.128
February 0.59 0.155
March 0.27 0.074
April -1.47 -0.243
May 1.01 0.277
June 0.85 0.386

July -1.65 -0.416 +
August 0.78 0.208
September -0.15 -0.026

October 2.67 0.592 *¥
November -1.39 -0.283
December -0.99 -0.283
Year 0.24 0.345

**%* _ level of significance 0,001;
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**_ level of significance 0,01; *- level of significance 0,05; + - level of significance 0,1
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Figure 5: Precipitation trend in July and October with Sen's estimate in Belgrade 1961-2020

At the annual level, non-significant increasing trend
was observed. In July, there is a decrease in the amount of
precipitation (0.416 mm/year) with a significance level of
0.1. Decreasing precipitation trend is also present in April,
September, November and December, but they are not
statistically significant. The precipitation increase is
observed in January, February, March, May, June, August
but without statistically significance, while in October the
increasing trend (0.592 mm/year) has a level of
significance of 0.01 (Table 6, Figure 5). Changing point
wasn’t detected in the amount of precipitation.

No significant changes in the annual amount of
precipitation were obtained in the work. Lukovi¢ (2013)
obtained the same results at the state level in the period
1961-2009, and Goci¢ and Trajkovi¢ (2013) didn’t found
significant rainfall trend at most station in the period
1980-2010. In current paper, the most significant
increasing trend was obtained in October (autumn),
similar to research by and Goci¢ and Trajkovi¢ (2013) and
Tosi¢ et. al. (2014) which obtained a significant
precipitation increase during autumn and winter.

It is difficult to find similar rainfall results in the
literature over a wider area. The area of south-eastern and
central Europe recorded either decreases in precipitation
from -20 to 0 mm/decade or an increase in precipitation
from 0 to 20 mm/decade, whereby the boundary of
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change from the negative to the positive trend passes
through Serbia to around 22° eastern longitude, but it is a
generalized survey (EEA, 2017; Milentijevi¢ et al., 2020;).
For most parts of Serbia, the mean annual precipitation
trend for the period 1961 to 2010 falls in between -5 and
+5 and +5 and +15 mm/decade (Milovanovic¢ et al., 2017).
Popov and Svetozarevich (2021), analyzed annual rainfall
trend on 15 weather station in Serbia The least increase in
the period 1991-2019 has been observed at the stations
of Belgrade, Novi Sad and Zrenjanin. The highest values
are reported at Kopaonik station (84.5 mm/decade) and
Crni Vrh station (70.1 mm/10 decade).

During the period 1961-2010, a slight positive trend in
the annual precipitation was obtained in the eastern part
of Croatia, while changes in the annual rainfall wasn’t
record in Hungary. (Klapwijk et al. 2013, Gaji¢ - Capka et
al.,2015). During the period 1961-2013 some stations in
western Romania recorded a statistically significant
increase in the mean annual precipitation, on the other
hand, the stations in the southwest of Romania recorded
a statistically significant decrease in the mean annual
precipitation (Croitoru et al. 2016).

The difference in monthly precipitation between the
two climate periods (1961-1990 and 1991-2020) varies. A
decrease in monthly precipitation is observed in the
winter months (December, January and February) and in
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March, April and November. The largest decrease in
monthly precipitation between the two periods is in April
— 7,3 mm (Table 7). The largest increase (14,5 mm) in
monthly precipitation in the second thirty-year period is in
October.

According to the explained methodology, in the period
1961-2020 20 dry years and 17 wet years were observed.
The driest year was 2000, with z score -2.30 and total
amount of precipitation of 367.7 mm. The wettest year

was 2014, when 1095.1 mm of precipitation was recorded
(z=2.86). Three consecutive D years are observed at the
beginning of the period (1961-1963) and in the last
decade of the period (2011-2013). During the entire
period, no more than two consecutive W years were
recorded (1969-1970, 1977-1978, 1980-1981, 2004-
2005, 2009-2010). From 1964-1968 a long sequence of N
years was recorded. From 1998-2020, only five N years
were recorded (Figure 6).

Table 7: Average amount of precipitation (mm) in Belgrade during two climate periods 1961-1990 u1 1991-2020

Cllmatlc | Il I v Vv Vi VI Vil IX X Xl Xl Annual
Periods
1961-1990 | 49.3 | 444 | 495 | 588 | 70.7 | 90.4 | 66.5 | 51.2 | 514 | 40.3 | 54.3 | 57.5 | 684.4
1991-2020 | 48.4 | 435 | 486 | 515 | 72.4 | 95.6 | 66.4 | 55.1 | 58.6 | 54.8 | 49.6 | 54.8 | 699.2
Source: Republic Hydrometeorogical Service f Serbia, Meteorogical yearbooks 1961-2020
Dry years M Normal years B \Wet years
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Figure 6: Annual amount of precipitation and classification of years in Belgrade 1961-2020

Conclusions

In this research, temperature and precipitation data in
Belgrade in the period 1961-2020 were analyzed.
Presented results were obtained using two non-
parametric tests: Mann-Kendall test and Pettit’s test. The
Mann-Kendall test with Sen's estimate indicates the
existence of statistically significant trends and shows
numerical changes on an annual basis. Pettit's test was
used to identify changing points in the observed time
series.

The results indicate an unequivocal increase of average
annual and monthly temperatures. The increasing trend is
statistically significant on annual level (0.042°C/year) and
during all months except November. By applying the
Pettit's test, we came to the result that the changing point
in the increase of the average annual temperature was
1997. The aforementioned trends can be explained by the
effects of global warming, which have an impact on a
regional and global scale.
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The analyzed precipitation data for the same time
series indicate that a trend without greater statistical
significance is established. Statistically significant change
at the annual level was not obtained. A statistically
significant trends were detected in October (0.592
mm/year) and July (-0.416 mm/year). By monitoring the
precipitation data in the research area, it was concluded
that there is no significant changing point in the time
series.

In order to reach a general conclusion about the
change of climate elements, a comparative analysis of the
data of two climate periods (1961-1990) and (1991-2020)
was made. This indicates an increase in both temperature
and precipitation amounts in the second thirty-year period
(1991-2020). The analysis of the inter-annual precipitation
variability has shown that in the last two decades the
number of N years has decreased and the frequency of D
and W years has increased, which points to a possible
increase of extreme climate events.

This research provides an insight into the dynamics of
the climate in recent decades. It can be a firm base for the
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future study of climate changes in the area of Serbia, the
Balkan Peninsula and Europe. Those research, firstly, must
include the analysis of trends at the seasonal level, in
order to accurately observe the time of year when the
greatest trend decrease/increase occurs. In addition, a
more complete analysis of the factors that influenced such
a state of the climate should be done. Presented study
should contribute a better understanding of recent
climate change in Serbia. As recent studies have revealed
(Tvardosz et.al., 2021), Europe continues to experience
extremely cold winter months, which means that today's
warming is a complex and spatially variable process
(Hegerl et al., 2018; Krauskopf & Huth, 2020) that must be
monitored on a continuous basis to assess its economic
and social potential.
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Abstract

River bank erosion within Murshidabad district is a tragedy, which happens haphazardly along the bank of the Padma River
system. The main objective of the study is to analyze the changing river course and its impact on society. By comparing the
toposheet and Landsat (5 and 8) images of the Padma River of the Murshidabad district from the years 1924, 1990, and
2020, it is clearly observed that there have been significant changes on the southern portion of the river since 1924
(Bhagawangola II, Raninagar Il, and Jalangi Block), while less changes occur on the central part of the river, which is near the
Lalgola block. But in the year 2020 significant changes have been found in the northern and middle portion of the district
near Samserganj and Lalgola block. Those parts belong to a highly vulnerable zone of bank erosion. This study analyzed
some factors, such as soil stratification of the river bank and human encroachment as an obstruction to the natural river
flow, also responsible for bank failure. The river has been consuming the vast portions of the right bank every year due to its
increasing sinuosity. The victims are mostly in the Samserganj, Lalgola, Bhagawangola I, Raninagar Il and Jalangi blocks, who
suffered greatly from 1924 to 2020 due to moving of river course by 27% on the right side, which is notified from cross
sectional analysis. Additionally, the predicted erosional impact of the region highlights the socio-economic perspective of

the research area.

Keywords: dynamic river course, cross section, lateral erosion, Landsat, Padma River, socio-economic perspective

Introduction

Murshidabad district is situated in the moribund
deltaic region of the lower Ganga plain in India. The
deltaic rivers have the tendency to oscillate within a wide
limit. The alteration of river channels is almost a universal
occurrence. Murshidabad district's people have probably
been affected by the river for a long time. Murshidabad
was the capital and important Business centre of Bengal,
Bihar and Orissa in the British period. Murshidabad has
lost its earlier glory due to historical and geographical
reasons. Another historic town that perished naturally
was Karnasubarna. The probable cause may be the
severe erosion of the Bhagirathi River or the lack of a
sufficient water supply when the main flow of the Ganga
was diverted through Padma. Researchers have been
studying the geomorphological phenomenon of river
bank erosion and channel shifting for the past few years
(Mukhopadhyay & Das Gupta 2010; Parua, 2006, 2009,
2010; Rudra, 2005, 2010; Ghosh 2015; Islam et al., 2019;
Rahman, 2010; Raman et al., 1986). The changing river
courses also led to river bank erosion, devastating floods,
extensive silt deposition along river beds, meandering
cut-off which are the serious threat to human habitation
as well as environment. The river system is made up of
mainly the Ganges, the Padma, the Bhagirathi, Jalangi,
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and Bhairab. These river systems are constantly altering
their paths, and deltaic rivers do so in a wide range. The
river systems of the district are generally meandering and
braided in nature. Rivers help the systems in dynamic
equilibrium. When river channels are altered due to
naturally dynamic hydrologic conditions, the river
readjusts itself in terms of size, profile, and pattern to re-
establish its previous balance or equilibrium (Couture,
2008). The free-flowing river is always adjusting the
equilibrium condition through erosion, transportation,
and deposition processes. When the deposition process
is underway on one side, the erosion process is underway
on the other bank side. Mid channel bar or char
formation is restricted to mid channel flow pattern and
flow concentrated to bank side, as result of severe bank
erosion. The erosion and deposition of a meandering
river are continuously characterized by the processes of
emergence, submergence, and re-emergence. This
phenomenon has been explained as follows:
“accumulated silt leads to the rise of a sand-bed in the
interfluves (the region of higher land between channels);
being obstructed by this bed of the river then divides into
two channels with the sand-bed in between. This makes
the flow oblique. The flow gets obstructed with the river-
bank eventually causing river bank erosion. The eroded
silt and sediment are carried by the river which again
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accumulates to form a new sand-bed and cycle
continues” (Mukherjee, 2011).

One of the few morphological systems, meandering
streams, provide a rich historical record of changes in
channel design and related erosion and deposition of
flood plains (Panda & Bandyopadhyay, 2010). The
changes of river courses have been contributing to many
international problems such as boundary dispute, land
reallocation problems, identity problems for the people
of charland etc. in the border areas between Bangladesh
and Murshidabad (India). Smuggling is also another social
problem in the border area. Many people are displaced
from their homeland, lost their agricultural land and
property etc. A description of the uses of space-based
remote sensing data for river research was presented by
various researchers. This study has emphasized the most
recent applications of satellite remote sensing data to
studies of river systems. All sorts of these data are
presently available. Malda and Murshidabad, two
districts in West Bengal, are the worst affected and
experiencing a long-term natural disaster as a result of
the Padma river's altered route and ensuing river bank
failure. The present study is significant in the context of
an alarming situation in the district due to changing of
river courses which is aggravated due to human
interferences. Many people lost their homeland,
agricultural land, domestic animals and even their lives.
In such alarming situations people are shifted to other
places as environmental neo-refugees without
permanent houses and proper sanitation and drinking
water. People are forced to migrate to other states for
work or are engaged in illegal activities. Both Central and
State Governments spend huge amounts of money to
tackle these problems. So, this study is significant both
internationally and nationally.

Objectives

The main objectives of this study are:

Tablel: Data source of this Study

i. To analyze the changes of river course from early
1920 to present time.

ii. To identify and analyze the impact of changing river
courses on socio-economic and environmental conditions
on the riverine people.

iii. To identify the predicted erosion impact areas.

iv. Planning and mapping to give suggestions and
remedy measures to tackle these problems.

Data and Methodology

Data and information are collected from primary and
secondary sources. The major sources of primary data
include observation, questionnaire survey and interviews
of the selected displaced households settled in new
areas. The secondary sources of information are satellite
images, old records, published reports and articles
(Tablel).

The following methodology is taken for study work:

e Changes of river channels in early times have been
documented from reports, documents when map is not
available.

e Extensive field investigation was undertaken to
places of river bank erosion areas with the help of
Garmin GPS survey.

e Llateral dynamics of the river channel was
established and mapped from earlier maps which are
available such as SOl Topographical Map (1924), other
thematic maps and LANDSAT Satellite Imagery1990 and
2020, with help of ArcGIS software.

¢ The questionnaire survey and interview method has
been done in the displaced household settled in new
areas in the district such as — Muradpur (Jalangi),
Hasanpur, Mithipur (Raghunathganj -ll), Hasanpur and
Nirmalchar (Bhagawangola Il), Maya and Khandua
(Lalgola), Bamnabad (Raninagar IlI) and Dhusaripara and
Dhuliyan (Samerganj). 600 household samples were
collected using the stratified random sampling approach.
Basically, they belong to a low economic group and a
minority (Muslim) community.

DATA TYPE SOURCE SCALE
GEOMORPHOLOGY National Remote Sensing Centre, Hyderabad 1:50,000
SOIL FAO & UNESCO 1972 1:5000
< RAINFALL Center for Hydrometeorology and Remote Sensing 4km x 4km
g SLOPE CARTO DEM PAN(2.5m) Stereo Data
2| TOPOSHEET US ARMY TOPOSHEET NG 45 -15 & NG 45 -16 1:250000
=
E PATH 138 ROW 43 & DATE 05.06.1990 30m
) LANDSAT 5
PATH 139 ROW 43 & DATE 01.06.1990 30m
PATH 138 ROW 43 & DATE 04.06.2020 30m
LANDSAT 8
PATH 139 ROW 43 & DATE 28.05.2020 30m
NON SPATIAL DATA Primary field survey data
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Study area

The research samples were drawn from the affected
villages in the Jangipur, Lalbagh, and Domkal sub-
divisions of the Murshidabad district of West Bengal
(Figure 1). The Padma and its tributaries are the primary
rivers of the research area. The research area is located
quite near the Bangladesh-India border region. Nine
cadastral units along with the banks of the Padma River
which are prone to erosion were chosen as study units to
satisfy the needs of the study.
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Figure 1: Location of the study area

The study units are Dhulian, Dhusaripara,
Bamnabad, Nirmal char, Khandua, Maya, Mithipur,
Hasanpur and Muradpur. According to the district
statistics handbook for Murshidabad published in 2011,
the district was split into two essentially equal-sized
geographic sections by the river Bhagirathi. But there is a
geological distinction between them. The Western part of
the Bhagirathi River is known as the Rarh region. It is a
sequence of lateritic clay from the Sub-Vindhyan period
characterized by nodular ghuting. Bagri area is located
along the eastern portion of the Bhagirathi River and it is

Table 2: Changing point of Padma River

Bengal (India)

made of Gangetic alluvial sediments of the Quaternary
period. The slope of the entire research area ranges from
0 to 15 degrees. Monsoonal climates have been found in
the area and a huge amount of rainfall (approx. 1500
mm) occurs due to the south west monsoon. The bulk of
the population is employed in agricultural sectors, while
just a tiny fraction is involved in industrial activities,
according to the district statistics handbook,
Murshidabad (2011).

Results and discussion

Lateral dynamics of Padma River course

Most of the dams in India are constructed due to
irrigation and generation of hydroelectric power, but the
construction of Farakka Barrage served different
purposes. The Farakka Barrage (2.64 km long) was
designed to divert 40,000 cubic feet per second (1133
cubic metre per second) of the Ganga water towards the
Bhagirathi river through a feeder canal (38 km long) to
save the Kolkata port. The interface of the Ganga regime
by construction of Farakka Barrage gives many
hydrological and morphological changes of water level,
discharge, sediment movement, bed slope characteristics
etc. (Ghosh, 2015). Such changes of river course have
been analyzed within two temporal windows from 1924
to 1990 and 1990 to 2020 (Figure 2).
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Figure 2: Lateral dynamics of the Padma River (1924 to
2020)
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NO. LONGITUDINAL VALUE NAME BLZECY(ELOPMENT 1924 - 1990
(C.D-BLOCK) |1 999 REAMRKS § REMARKS

(km.) 2020

(k.m.)
1 88°42°00" E, 24°0824" N MURADPUR JALANGI 3.41 Rightside | 6.31 | Leftside
2 88°24'36"' E, 24°18'36" N HASANPUR | BHAGAWANGOLA || 5.11 Rightside | 3.87 | Leftside
3 88°04°48" E, 24°28°48" N MITHIPUR RAGHUNATHGAN || 3.67 Right side | 5.21 Leftside
4 88°10°48" E, 24°25°48" N MAYA LALGOLA 2.3 Rightside | 1.5 | Rightside
5 88°12°00" E, 24°26'24" N KHANDUA LALGOLA 1.8 Rightside | 1.05 | Right side
6 88°27°18" E, 24°19°48" N NIRMALCHAR | BHAGAWANGOLA II 1.3 Left side 141 | Leftside
7 88°41°06" E, 24°17°06" N BAMNABAD RANINAGAR II 1.85 Rightside | 2.11 | Leftside
8 88°00°00 E, 24°37°48"° N | DHUSARIPARA SAMSERGAN) 1.6 Rightside | 1.71 | Rightside
9 88°57°00" E, 24°40°48" N DHULIAN SAMSERGAN) 2.24 Rightside | 1.46 | Right side

The Ganges River split into two major streams once it
reached the northern part of Murshidabad district near
Dhulian before the construction of Farakka Barrage.
Following the construction of Farakka Barrage and feeder
canal (dedicated to Nation 1975), only a small amount of
water flows from the Bhagirathi River through a very
small channel and reaches the Padma River at Mithipur,
although natural flow of the Bhagirathi was started after
crossing the Jangipur Barrage. The northern and eastern
boundaries of the Murshidabad district are defined by
the Padma branch of the river Ganga, which flows
towards the south-east. On the other hand, the
Bhagirathi River branch flows southwards. This section of
the Padma River discharges a large amount of water. The
main channel is constantly shifting except the high bank.
As a result, shoal or island or charland is continually rising
in the channel. The people of the islands such as
Nirmalchar of Bhagawangola -Il block and Bamnabad
char of Raninagar —II block live in temporary huts due to
the annual bank flooding. Within this study area, nine
different locations have been identified where the Padma
River has shifted its course in different directions, on a
distance exceeding one kilometer (Table 2 and Fig. 3).

Lateral dynamics of the Padma River from 1924
to 1990

From Table 2, Figure 2 and Figure 3 it is observed that
the Padma River has been shifted on a maximum
distance of 3 to 5.11 km towards the right side, near
Bhagawangola-ll, Raghunathganj-Il and Jalangi block,
while the minimum distance can be found near Lalgola,
Raninagar, and Samserganj block, while the river shifted
towards east direction or left-hand direction about 1.3
km near Nirmal char of Bhagawangola Il block. During
this time period, significant river bank erosion has been
registered in Bhagawangola Il and Jalangi blocks.
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Lateral dynamics of Padma River from 1990 to
2020

The Padma has been shifted on a maximum distance
from 3 to 7 km towards its left side near Bhagwangola-I,
Raghunathganj-Il and Jalangi block; the minimum
distance where it shifted was registered near Raninagar Il
block, while the river shifted towards west direction or
right hand about 2 km near Samserganj (Dhulian &
Dhusaripara) and Lalgola (Maya & Khandua) block.
During this time period, Samserganj and Lalgola blocks
have seen significant river bank erosion due to right side
sifting of river courses. Figure 4 basically shows the
vulnerable river bank erosion zone after the average
weight analysis of data. The vulnerable river bank erosion
zone along the Padma River bank are Zone |, which
consists of Farakka, Samserganj and Suti-Il block, Zone-II
consists of border area of Raghunathganj and Lalgola
block, Zone-lll consists of Bhagawangola -l and
Bhagawangola-Il block, Zone-IV consists of small area of
Raninagar-1l and Jalangi block. Currently, Samserganj and
Lalgola blocks are the most vulnerable river bank erosion
zone.

It has been observed that average changes of the
Padma River course from 1924 to 1990 is 76.580
metre/year and after the construction of Farakka
Barrage, the river bank erosion is 79.2187 metre/year
from 1990 to 2020. River bank erosion has increased
since the Farakka barrage was constructed. Figure 5 & 6
basically show cross-sections of the minor bed-major bed
along the Padma in 1990 and 2020 which identified the
thalweg shifting of the river. At the block level, the
average changes in river course are greatest (98.75
metre/year) in the Jalangi block following the
construction of the barrage, while river bank erosion is
57.24 metre/year, which is less than the previous phase.
Overall, the highest river course change after the
completion of the dam took place at Suti Il block, 67.5
metre/year (1990 to current years), although river course
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change before dam construction was 38.44 metre/year. gradually decreased after the construction of dam at
Besides, it is also observed that river course changes have  Bhagawangola Il, Bhagawangola | and Raninagar | block.

88°30'F 88°30'E
ILEGEND EGEND
A I PADMA RIVER 1924 B RIVER SHIFTING 1924 - 199
MALDAH I PADMA RIVER 1990 MALDAH E RIVER SHIFTING 1990 - 2020)
o, ADMA RIVER 2020 y
. A ] oo T}.\‘ L D. BLOCK
WA 4 L URSHIDABAD DISTRICT
S ! MURSHIDABAD DISTRICT] /7_/, . ; -
& . L5 rmakka @®  STUDY VILLAGE
\ ®  STUDY VILLAGE ‘w‘\{ H SLNO v I NAME
SLNO  VILLAGE NAME )
a o MUR/ UR MOUZA
a o '\:::l‘\\l::lull‘\‘lll‘:lll,\\ a % v 0 HASANPUR MOUZA
¢ o :
% 03 MITHIPUR MOUZA z AMSFRGRBTS 0 |MITHIPR MOVZA
= % KIANDUAMOUZA ; T B 05 KHANDUAMOUZA
° 0% NIRMAL CHAR A 06 NIRMAL CHAR
~ 07 BAMNABAD MOUZA £ 07 BAMNABAD MOUZA
- o8 DHUSARIPARA MOUZA = /,«:r\ 08 DHUSARIPARA MOUZA
= DHULIAN « ® ™ 09 DHULIAN
=/ = AGHENATHGAN ) * \
_ F .
;f:‘m"“"« S B\ \BAN GLADESH
oo e T N
C / = >
-
SAGARDIGH
BIRBHU R - ) S \L{
G e BIRBHUM 2 =
ot — T T L O g <P
CI \ amca \fipuun\lull!:(.\y I NABAGRAM MURSHIDABAD JIAGANY .
b = e @< Yy ¢
S s = e A\ O Iy
/{ ancrast /muu.m./ = Y senusrons /T
z - [QT— 4 = [T z
= i 2
% Ny N i A g
N v AN < 7 ~
v ] A U
C:') P ommay /NNy e ¢
NAWDA { = “' . B
Y < (\\ ADIA \ L e 4( >
Lo s WoR )t g (R ~o— mEoasean \ /3( NADIA
N~ S e Nl Ry A
L‘ 1 et e
sar) \  WIARATP -y {
@ N & -~ N
R = AW
PURBABURDWAN A PURBABURDWAN
10 0 1020 30KM. 10 0 10 20 30KM.
88°30'E 88°30'E

Figure 3: Major shifting points of the Padma River (1924 to 2020)
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Figure 6: Analysis of cross-sections of the minor bed-major bed along the Padma River, 2020
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Trigger factors of lateral erosion

i. The river channel in moribund deltaic region varies
from braided to meander with limited straight channel.
Within the meandering reach, the river course is sinuous
and deep banks.

ii. Stratigraphy of a bank composed of micaceous
unconsolidated sand at bottom and thin silt clay at top
causes severe bank erosion (Figure 7).

iii. Fluctuation of river water discharge of the Ganga
(from 1,100 a cubic metre per second to 76,000
a cubic metre per second) as well as fluctuation of water
level (10 to 12 metres) causes alternately drying and
wetting of the river bed. As a result, bank materials are
dislodged and bank erosion accelerated.

iv. Seepage of groundwater towards the river leads to
liqguefaction and flowage of basal development of cracks
ultimately accelerated bank erosion in early post
monsoon period.

v. Sediment load of the river water also plays an
important role in bank erosion. Fine sediment in river
water will increase the viscosity of flow, increase the
force, decrease the bed irregularities and bed form
roughness and thus enhance the instability of river bank
resulting in bank erosion.

Bengal (India)

vi. Current and wave action are also important factors
in bank erosion. River current is turbulent in nature and
acts along the bank obliquely and undercut the lower
portion of the river bank. As a result, unconsolidated
bank materials of the upper part have collapsed. If the
velocity, discharge and depth of river water will increase,
the current and wave action are more concentrated
along the river bank. That is why river bank erosion is
more in the rainy season.

vii. Anthropogenic activities along the bank side such
as digging of the land for preparation of brick, furrowing
of land for cultivation, construction for habitation etc.
also accelerate the process of river bank erosion. Brick
fields are concentrated in different parts of Murshidabad
district along the bank side of the Padma and Bhagirathi
River. Digging of land on the river bank also causes bank
erosion at Dhulian and Maya and other places by land
mafia. Apart from the 2.64 km. the long Farakka Dam
which was built across the river during 1962-1971, bank
revetment with boulders, construction of the spurs to
deflect the impinging current, the flood control

embankment, excessive withdrawal of groundwater are
for

all  combined causes river bank failure.

Figure 7: Trigger factors of lateral erosion - A. Unconsolidated Sand at bottom and thin silt clay soil at top at Maya,
Lalgola; B. Human interference (Brick field) along the river bank at Maya; C. River bank characteristics near
Dhulian; D. Construction of Bank Protection Wall at Dhulian; E. lllegal digging along the river bank at Maya

Socio-economic impact of the river bank erosion

A serious environmental risk caused by river bank
erosion also contributes to social and economic
inequality. Loss of nutrients of soil required for plant
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development, harm to downstream ecosystems by
erosion-generated sediments, and reduction of water
storage capacity are the three main impacts of erosion.
Flood plains are heavily populated since they are fertile
and easily accessible and riverine locations have always
attracted human settlements. Each and every year the
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Padma riverine societies are highly affected by river bank
erosion during the post monsoonal phase. In the eastern
portion of the Murshidabad district, nine severely
affected human settlement areas have been chosen in
order to better understand the extent and degree of river
bank erosion as well as the nature of people's adjustment
with the erosion. Out of these selected areas, two blocks,
namely Samserganj block (Dhusaripara and Dhulian) and
Lalgola block (Khandua and Maya) were severely affected
from 1990 to present and rest of the villages (Muradpur,
Hasanpur, Mithipur, Nirmal char and Bamnabad) were
affected from 1924 to 1990.

Occupational structure

The physical environment provides natural resources,
while human activities create the economic environment.
The occupational structure of inhabitants is greatly
affected by riverbank erosion. The main or marginal
farmers work as day labourers but now their lifestyle and
social status have been changed.
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Figure 8: Occupational status of population, before and
after bank erosion

From Figure 8, it is clear that 22% of respondents are
engaged in agricultural activities and 14% -16% of
respondents are working as daily labourers and
constructional laborers. But after the river bank erosion
this occupational scenario has dramatically changed.
Within a very short time due to the loss of 48% of the
agricultural land, people shifted their jobs from
agriculture to daily labourers, construction labourers or e
- rickshaw drivers. They are also forced to migrate to
other states as construction labourers and other
countries, mainly Saudi Arabia and Dubai as workers.

Educational status

A man can become qualified to serve his country and
live a happy life by getting education. Most often, an
illiterate guy is engaged in basic economic pursuits with
no understanding of how to enhance or change such
pursuits. The majority of them do not know what to do
or how to deal with loss when a tragedy occurs. It is clear
from the data that about 49% of the respondents spend
Rs. 600 on schooling. Among the respondents, just 21%
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spend more than Rs.1000 for education. After river bank
erosion there is a significant change in literacy rate. As a
result, many students are not attending school. Children
and young people must find employment in order to
survive. It is observed from primary data, that the
percentage of illiteracy has climbed from 30% to 43% and
other educational levels (primary, upper primary,
secondary, higher secondary and so on) show a very
badly affected educational system within the study area.
Education is the best option for raising income levels and
improving living conditions, thus individuals should focus
more on this area. Figure 9 clearly shows that 36% of
family members of respondents have only primary
education, 27% secondary education and the rest of 19%,
11% and 7% family members of respondents are engaged
in higher education. But after river bank erosion this
educational scenario has been changed due to loss of
their land, destruction of school buildings and
occupational changes. Currently, 90% of total members
of respondents are engaged in primary education with
the help of ICDS and NGOs, but there is no one with
higher education.
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Figure 9: Educational status of before and after bank
erosion

Housing conditions

Housing conditions are another indicator of social
status. The vulnerability to river bank erosion affects the
strength of the house structure. Residents in the study
region are aware that they may have to leave their home
at any time. Therefore, they build their houses by using
materials which can quickly be moved during calamities.
According to our study, 82% of the homes are kacha
houses (a type of houses which is made of bamboo, mud,
grass, leaves etc.), while 16% houses are semi- pucca (a
house that has fixed walls but roofs are generally made
of hay) and the rest 2% are pucca (a pucca house is one
which has walls and roofs are made of burnt brick and
stones. Losing homesteads makes the population more
vulnerable to leading a good life, which is the serious
consequence of bank erosion. People have little choice
but to stay behind when erosion occurs and deal with the
consequences. Prior to the onset of erosion, they never
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moved their homestead. The primary cause of this
behavior is because their meager income prevents them
from replacing their dwellings before they completely
collapse.

Neo refuges

Many people have been displaced from their
household due to river bank erosion and make them
environmental neo-refugees. River bank erosion causes
continuous forced migration in the following manner
(Figure 10):

Figure 10: Migration Process due to river bank erosion

Data of socio-economic conditions of the displaced
people are collected through household surveys. The
results are explained below: about 40 to 50% of the
displaced people are illiterate. The illiteracy rate also
increases to charland. About 60% people are illiterate at
Mahishmara Char (Nirmal char). The literate people are
mostly below Madhyamik pass such as Tekpara village
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(Hasanpur Mouza) about 46%, Muradpur mouza (Totally)
about 33%. Due to lack of educational institutions and
economic distress, education is the least priority among
these displaced people. It has been observed in these
areas that many children and even teenagers have never
been to school and are illiterate. Medical facilities in the
neo-refugees’ areas are very poor. Most of the areas
even have no primary health centre. Most of the
children suffer from malnutrition, and there are several
reports of children dying due to malnutrition.
Immunizations programmed for children are not properly
done in many resettled areas. Sometimes deaths of
pregnant women were reported because of their delayed
arrival at hospitals. Socio-economic study of erosion
affected displaced people has been done in the different
places in Murshidabad district. Those that are displaced
typically relocate locally, but there are some who migrate
to far-off places. The maximum number of displacements
was four times among the sample respondents. More
than a third (37%) of the population within the study
area has relocated at least once. Approximately 12% of
respondents said they had been affected five to six times.
Due to the erosion, it is utterly difficult for them to
support themselves. According to the field survey, more
than 15% of displaced construction workers are thought
to have relocated to Kochi, Chennai, and Mumbai. Figure
11 shows migration of labourers from the affected river
bank erosional zone to other parts of India and abroad.

Figure 11: Flow path of emigrational labourers from riverine society
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Major Findings

i. The majority of displaced individuals suffer greatly
from poverty, with monthly incomes ranging from Rs
2000 to Rs 5000.

ii. 72% of the homes in the region are kacha.

iii. Previously, agriculture served as the majority of
people's source of income, but due to the loss of all
agricultural land, the situation has changed completely.
The majority of individuals now work as construction
labourers to support their families.

iv. According to the study, 22% of the study area's
residents are at risk for river bank erosion since they
reside close to the bank line (Figure 12).
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v. In the research region, 65% of the population has
lost their homes costing at least Rs1.5 lakh rupees.

vi. 13% of people have lost 2.5 acres of agricultural
land, and 25% have suffered from financial losses up to
Rs5 lakh.

vii. The monthly expenditure of about 81% people is
less than Rs 5000.

viii. 49% of people spend just Rs 600 per month on
education.

ix. 37% of the population in the study region has
relocated once or more.

X. The study has found that most of the construction
labourers have migrated to Kerala, Chennai, Mumbai and
Delhi.

Figure 12: Present status of the Padma River bank erosion — A. Recent River Bank Erosion Ground truth evidence at
Farakka; B, D & E. Recent River Bank Erosion Ground truth evidence at Dhulian (During Bank Erosion); C.
Recent River Bank Erosion Ground truth evidence at Maya (Lalgola); F.Recent River Bank Erosion Ground
truth evidence at Dhulian Municipality ward no 17

Conclusions

The river bank erosion takes place at an alarming rate
due to low level technological adjustment and ill directed
planning. As the district is situated near the border area,
since the independence of India (1947) a large number of
people have emigrated from East Pakistan (Bangladesh),
changing the socio-economic and demographic scenario
in the district, people becoming marginalized. The
environmental neo-refugees of Murshidabad district have
faced multi-dimensional problems and have lacked basic
amenities for survival. In these circumstances, the
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preventive measures and human preparedness must be
undertaken to control the river bank erosion.
Simultaneously basic amenities have to be provided to
environmental neo-refugees for uplifting the socio-
economic condition of these people. The changing river
courses have both positive and negative impacts on
human life. Many landscapes are developed due to
changing river courses in the district such as river cut-off,
charland and alluvial deposition etc. Later river cut-off is
transformed into bills or swampy lands. These bills act as
wetlands. Excessive flood water holds these wetlands
and reduces the flood. These wetlands also produce
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fishes and other aquatic animals and plants and also
recharge the groundwater and use recreation purposes
such as Mothijil. Charlands emerged on the river bank
due to changing river courses. Victims affected by erosion
take shelter at these charlands such as Nirmalchar,
Bamnabadchar etc. Charlands are also used for
agricultural purposes such as vegetables, Pulses,
Turmeric etc. But changing river courses have many folds
negative effect than positive effect. Changing river
courses have badly affected human society. River bank
erosion due to changing river course causes the
displacement of thousands of people in the district every
year, turning them into environmental refugees.

While the total taming of the tremendous eroding
force of the Padma River is impossible, local people have
to learn to live upon continuous adjustment to erosion.
The low-cost house building with easily detachable and
movable materials like corrugated sheets, bamboo, wood
etc. may be provided on chars and vulnerable areas. The
Government should pay more attention to protect non-
displaced people and relief generally provided for
displaced people rather than spending huge amounts of
money for engineering works. Construction of special
type schools in suitable areas which plays a dual role such
as education as well as shelter.

Hectares of agricultural land are also lost due to river
bank erosion and flood. Displaced people live without
proper shelter, sanitation, drinking water, even electricity
such as Nirmalchar, Bamnabadchar etc. They are forced
to migrate to other states and countries to get jobs. Huge
amounts of money every year are used for bank
protection but in many cases bank protection with
boulders is futile. In these circumstances, a holistic
approach with human preparedness will be undertaken
to save the displaced people. Basic needs of the
displaced people are to be ensured with providing
facilities such as housing, food, drinking water, education,
medical, proper sanitation, jobs etc. Establishment of
police outposts or BSF camps may also develop a sense of
security in charland. An arrangement of elevated flood
shelter is absolutely necessary as chars are submerged
during the rainy season. They also granted pattas or right
to the charland for peaceful life of the charland.

Bank protection in this sector is mostly dependent on
engineering work such as concrete spur, net wire
fill boulders, and so on, but never takes into account the
societal aspect. Therefore, better preparedness and
scientific resettlement strategies as well as holistic
planning may improve the socio-economic status of the
thousands of erosion and flood victims lastly, displaced
people are considered as Indian citizens; otherwise, they
are helpless and hopeless.
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Abstract

The study of flood risk in Algerian cities has become essential given the multiple issues at stake (urbanization, urban
sprawl, easements, infrastructure, soil structure, etc.), which constitute vulnerable elements, as well as their fre-
quency and repetition in time and space. This has become a problem for the city and the urban environment, par-
ticularly in large metropolises such as Constantine. The watershed of Oued Ziad located in the northwestern part of
the city of Constantine has experienced exceptional flooding, causing loss of life and property in the Jebli Ahmed ag-
glomeration in the Hamma Bouziane township. The main objective of this research is to identify the factors aggra-
vating the risk of flooding in the Oued Ziad watershed, to analyze the frequency of maximum daily rainfall to deter-
mine peak flows for different return periods of 10, 20, 50, 100 and 1000 years, and to map the extent of the flood
hazard in the Oued Ziad watershed for a centennial flow, using geographic information systems and HecRas soft-
ware. The simulation results show the overflow of Oued Ziad on national road N°27, affecting a part of the agglom-
eration located downstream by a centennial peak flow equal to 50. 98 m3/s and a water height exceeding 3 m,
which confirms the extent of the area exposed to risk during the flood that occurred on 19/9/2018. The field survey
shows that several anthropic factors increase the risk of flooding while the capacity of the existing hydraulic struc-
tures is insufficient to evacuate water during floods, which requires the development of this watercourse and its
banks to protect the population and its property from the risk of flooding and to reduce the impact on the city’s en-
vironment and socio-economic activities.

Keywords: Constantine, Flood risk, hydrological modelling, geographic information system, Hec-Ras, Oued Ziad wa-

tershed

Introduction

Natural hazards constitute a real environmental prob-
lem, threatening people and their property, the environ-
ment, and infrastructure. Among natural hazards, floods
constitute one of the world's worst natural disasters
causing significant human, material, and economic loss-
es. Over the last decade, there have been multiple inves-
tigations carried out utilizing spatial analysis to evaluate
flood and sedimentation management in large geograph-

ical areas. (Rai and Mohan, 2014; Matreata et al., 2016;
Grecu, 2016; Grecu et al., 2017; Costache et al., 2020;
Jalilzadeh and Behzadi, 2020; Nkwunonwo et al., 2020;

Ongdas et al., 2020; Tegenie and Berhe, 2021; Abdelshafy
and Mostafa, 2021; Xafoulis et al, 2022), these extreme
hydro-climatic events due essentially to the complex
interaction and concomitance of several topographical,
geological, hydrological and meteorological factors, are
often intensified by climate change which increases their
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frequency and repetition in time and space (Lasri 2019;
Pravalie and Costache, 2014). The risk of flooding is not a
characteristic of the urban environment. High population
density and soil impermeabilization increase the proba-
bility of flooding due to urban runoff, especially in areas
with steep slopes (Nkwunonwo et al., 2020). In general,
flooding is limited to the overflow of water from river
beds. In the case of cities, flooding includes the amount
of water that appears in public spaces, including water
resulting from non-functioning sewage systems.

Flooding has become one of the most frequent and
devastating natural disasters in Algeria (Derdour et al.,
2017), the country's northern territories being highly
threatened by this phenomenon. Indeed, the main physi-
cal features as well as the natural characteristics of these
territories (aggressive climate, type of fragile plant cover,
soil sealing, nature of the hydrographic network (shape,
density), tend to favour torrential flows (Grecu, 2018a),
which induces the overflowing of wadi beds, thus consti-
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tuting a major constraint for economic and social devel-
opment, by consequence: loss of human life, destruction
of infrastructures (bridges, roads), destruction of housing
and agricultural areas.

The study of flood risk in North-Eastern Algeria has
become a priority in the context of climate change and
the recurrence (frequency and repetition) of extreme
events. The high concentration of the population in
northern Algeria, which is experiencing accelerated and
often poorly controlled urbanization, has led to the es-
tablishment of activities in flood-prone areas, reducing
the permeability of the soil surface to infiltration, and
consequently the formation of flash floods (Gao et al.,
2021). This problem has become a serious concern for
decision-makers and city managers. Intense rainfall is the
main factor in the formation of flash floods, occurring
within a short period (Buta et al., 2017). Several regions
of the country are regularly threatened by these floods,
whose effects are often intensified by anarchic urbaniza-
tion involving the occupation of flooded land and even
wadi banks.

The city of Constantine was severely affected by
flooding, including the historic flooding of the Djebli
Ahmed agglomeration on 19/09/2018, mainly due to the
overflowing of the Oued Ziad watercourse following in-
tense rainfall, causing severe damage to the population
(the death of two people, and 11 others injured), and to
material assets (many cars were swept away by the flood-
ing of the wadi), as well as to infrastructures (blocked
roads, disruption of economic activity) (Fig.1) (Bekhira et
al., 2019). During this exceptional downpour, the rain
gauge at the Hamma Bouziane station, which is the clos-
est to Oued Ziad, recorded 33.5 mm in just 40 min, re-
sulting in a very high flow rate of 60 m3/s and an intensi-
ty equal to 139. 6 I/s/h according to the National Agency
for Hydraulic Resources (ANRH), this strong flow collect-
ed several tree trunks and blocks and deposited them in
the downstream section, where they blocked the culvert
and the water overflowed on the national road 27 (Fig.1).
This event underlines the importance of studying flood
risk in small torrential urban catchments.

The present work aims to highlight the role of torren-
tial precipitation in the flooding of an area subject to
slope runoff, by i) Identifying the factors triggering the
risk of flooding in the Oued Ziad watershed, which has

already been affected by a historical flood of the un-
known return period. ii) Hydrological modelling of flood
risk to determine the extent of the hazard and the height
of water (Uca et al., 2022), also to protect people, their
property, and infrastructure from the risk, and for better
management and prevention of flood risk in the city by:

- The analysis of the hydro-morphometric charac-
teristics of the watershed using geographic information
systems.

- Statistical analysis of maximum daily rainfall us-
ing Hyfran plus software to determine peak flows for
different return periods (10, 20, 50, 100, and 1000 years),
and analysis of short-duration rainfall to determine the
return period of the historic flood that has already oc-
curred in the agglomeration located downstream of the
watershed.

- Hydrological modelling of the flood hazard using
Hec-Ras software, to determine water levels during
floods.

- The autumn flood on 19/09/2018 is used to val-
idate the simulation results, which serve as a decision-
support document for city managers and local authori-
ties, to protect this watercourse from flooding and Pre-
senting a methodology for the strategic management of
floods to mitigate their damage in areas invaded by hu-
man activity by calibrating it and stabilizing its banks
(Bilasco et al., 2022).

Study area

Geographically, the Oued Ziad watershed is part of
the Kebir Rhumel watershed (Benabbas,2006), a tributary
of Oued Rhumel with a surface area of 12.02 km? and a
perimeter of 19.47 km, drained mainly by Oued Ziad with
a length of 7.11 km, it is a mountainous watershed, origi-
nating from the Djebel EI Wahch mountains, a mountain-
ous area marked by a rugged relief varying between 350
and 980 meters characterized by steep to medium
slopes. Oued Ziad crosses National Road N° 27, national
road N° 03, and the urban limits of the Bekira agglomera-
tion and the Constantine-Skikda railroad, it flows into
Oued Rhumel downstream, characterized by a semi-arid
Mediterranean climate (cold winters and hot, dry sum-
mers).

Figure 1. The exceptional flooding of the township Djebli Ahmed caused by the overflow of Oued Ziad, photos taken

by the civil protection of Constantine on 19/09/2018
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Oued Ziad is administratively located in the north-
western part of the city of Constantine, in the Djebli-
Ahmed agglomeration, commonly known as "El-Cantoli",
which lies between the administrative boundaries of the
Hamma-Bouziane municipality and the municipality of
Constantine. Over half of the catchment area is built-up

(Fig.2).

Methodology

The hydraulic efficiency of different adaptation strat-
egies was evaluated by utilizing a simplified two-
dimensional flow model. This model was developed in
HEC RAS Hydrologic Engineering Center River Analysis
System version 6 0 by the US Army Corps of Engineers
(Kashfy et al., 2021). The fundamental concept underly-
ing the utilized modelling approach is that rainwater
quantities usually gather over the urban landscape and
eventually flow into the nearby canal system; a physically
based model for rainfall runoff HEC RAS made its debut in
1995 and since then it has undergone validation through
numerous case studies in similar settings (Yalcin, 2020).
Due to the presence of local data, the entire configura-
tion of the employed model relies on open access input

data which includes freely available topographical and
hydro meteorological information. The research method-
ology is based on 3 stages:

The first step is to study the physical and hydro-
morphometric characteristics of the watershed. Indeed,
knowledge of the physical characteristics of the water-
shed enables the determination of its morphometric
parameters, which form the basic foundation for all hy-
drological studies (Grecu, 2018b). To process this part of
the study, we used a 10 m resolution digital elevation
model obtained by digitizing the contour lines of the
1:25,000 scale topographic map produced by the Nation-
al Institute of Cartography and Remote Sensing (INCT) in
2006 and processed using ArcMap 10.8 software to ex-
tract the various slope, hypsometric and hydrographic
network maps to calculate the morphometric parameters
of the watershed. The second step is to carry out a statis-
tical analysis of flooding. For this, we used observation
data from the National Hydraulic Resources Agency
(ANRH) at the station closest to our watershed, Hamma
Bouziane (Table. 1), and maximum daily rainfall data over
51 years (1968-2021).
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Figure 2. Geographical location of the study area: A) Location in Algeria, B) Location in Oued Rhumel Watershed, C)

Google-Earth location of the Oued Ziad watershed
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Table 1. Characteristics of the Hamma Bouziane rainfall station

Station Code Longitude Latitude Altitude (Z) | Years of obser- | Average annual rainfall (mm)
(X) (Y) vation

Hamma 10-06- | 848.5 352.8 460 51 years 528

Bouziane 03

Source: national water resources agency

For rainfall adjustment, we used HYFRAN Plus soft-
ware. HYFRAN Plus is a statistical data analysis program
that can be used to fit a large number of statistical distri-
butions to a series of data observations and to check
hypotheses of independence, homogeneity, and station-
arity. It has been designed for frequency analysis in hy-
drology, especially for extreme events, or for flows for
each return period recorded.

We used the Normal, Log-Normal, and Gumbel laws to
analyze flood frequency. Then, we calculated the Intensi-
ty, Duration, and Frequency (IDF) curve.

IDF curves represent the evolution of rainfall intensity as
a function of duration and frequency, expressed in return
periods. The development of IDF curves is an extremely
important tool in flood risk management and prevention.
They help us to design hydraulic protection structures.
The intensity duration frequency relationship is given by
the formula:I(t,T) = a(T)/t"b

I: intensity mm / h

a (T): maximum intensity in mm/h for a rainfall return
period T

b: Montana coefficient

According to the National Hydraulic Resources Agency
(ANRH), the Montana coefficient for El Hamma station is
equal to 0.63. We then proceed to determine short-
duration rainfall, time of concentration and peak flows
for the various return periods using empirical formulas.
The third stage is devoted to the hydrological modelling
of peak flows using HEC RAS (Hydrological Engineering
Centers - River Analysis System) software, designed by
the US Corporation Engineers Hydraulic Engineering
Centre to model river flow (Brunner, 2016). This program
calculates water level and velocity in rivers and builds
one- or two-dimensional models to simulate water
movement, whether in a stable or unstable state, includ-
ing sediment transport modelling (Zellou and Rahali,
2016; AL-Hussein et al., 2022).

To generate the flood hazard map, we used the topo-
graphic survey (Sunilkumar and Vargheese, 2017; Thapa
et al., 2020) of Oued Ziad, obtained from the hydro pro-
ject East engineering company of Constantine. The data
required for this hydraulic modelling are the flows result-
ing from the hydrological study and the geometry of the
watercourse. Wadi modelling is based on cross-sections,
as well as longitudinal slope and bed and bank roughness
at the various calculation points.

The integration of HEC-RAS (Hydrologic Engineering Cen-
ters River Analysis System) and GIS (Geographic Infor-
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mation System) technologies to obtain scientifically de-
rived information has been effective in the simulation,
identification, and analysis of flood events in a geospatial
environment (Yerramilli, 2012; Lasri, 2019; Tegenie and
Berhe, 2021; Awad et al., 2022).

Results

Determination of watershed physical characteristics
and morphometric parameters

The study of the physical characteristics (slope, hyp-
sometry, hydrographic network) of the Oued Ziad water-
shed is essential for the calculation of the morphometric
parameters required for our hydrological study, as well as
for the study of river dynamics (Benabbas et al., 2011;
Grecu et al., 2021).

The study of the slope is fundamental to any hydro-
logical study, it enables us to determine the type and
characteristics of runoff, the type of surface runoff, and
the areas affected by flood risk.

According to the slope map (Figure. 3), our terrain is
dominated by steep slopes ranging from 12% to 25%, the
steep slope that dominates the watershed accelerates
flow velocity, reducing the time of concentration (table.
2).
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Figure 3. Slope map

Basin morphology is an essential element. It enables
us to determine the areas likely to be affected by flooding
and therefore to combat this risk. The longitudinal profile
is traced using the Oued Ziad topographic survey and is
presented by the altitude and length of the watercourse.
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Table 2: Slope Classes and area percentage

Slope classes Area (Km?) Area (%)
0% - 3% 0.59 0.07
3% - 6% 2.02 0.24
6%-12% 17.97 2.16
12% - 25% 68.97 8.29
25% - 83.6% 10.44 1.25
Total 12.02 100

It can include major infrastructures (railroads, dams)
and various tributaries. From the longitudinal profile
below (Figure. 4), we can see that there is a variation in
slopes; the further north-east we go, the steeper the
slopes (corresponding to areas of high relief). The further
south we go, the steeper the slopes (corresponding to
the watercourse).

Relief is one of the physical characteristics of the wa-
tershed, defined as the variation in altitude; these varia-
tions influence runoff, precipitation, vegetation, etc. To
characterize the relief of the study area, we produced a
hypsometric map (Figure. 5), then we calculated the
distribution of the watershed surface according to the
altitude, using Arcmap 10.8 to produce the hypsometric
curve.

The relief of the Oued Ziad watershed is too rugged
(Benabbas, 2006), with altitudes ranging from 350 m to
980 m and a relatively steep slope.

The hypsometric curve in (Figure. 6) provides a syn-
thetic view of the slope of the watershed, hence its relief.
This curve represents the distribution of the watershed's
surface area as a function of its altitude. The results are
detailed in (table 3).
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Figure 4. Longitudinal profile of Oued Ziad
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Table 3: Hypsometric characteristics of the Oued Ziad watershed

Elevation (m) Area between curves Cumulative areas
Km? % Km? %
350 — 450 0,58 4,83 0,580 4,83
450 - 550 1,87 15,58 2,450 20,41
550 — 650 3,1117 25,93 5,562 46,34
650 — 750 3,0153 25,12 8,577 71,46
750 — 850 2,26 18,83 10,837 90,29
850 — 950 1,113 9,27 11,950 99,57
950 - 980 0,052 0,43 12,002 100,00
12.02 100

This table shows the percentage of accumulated surface area above a certain altitude.

Hypsometric curve of Oued ziad Watershed
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Figure 6. The hypsometric curve of the Oued Ziad watershed

The Oued Ziad watershed is characterized by a well-
developed hydrographic network (Figure. 7), with an
average drainage density of 2.43 km/km?. Its main water-
course (Oued Ziad) is torrential, with an estimated length
of 7.11 km, and starts flowing at an altitude of 980 m,
reaching its outlet at an altitude of 350 m. The main
direction of the watercourse is North-East to South-West
upstream and becomes East-West downstream, the wa-
tercourse is not very sinuous and seems to follow seg-
ments of linear accidents.

The physical characteristics of the Oued Ziad water-
shed have enabled us to calculate its morphometric pa-
rameters (Table. 4), which help us to understand its be-
haviour and hydrological response, as well as the factors
that aggravate hydrological risks.

Concentration-time calculation

The time of concentration (Tc) is defined as the time
required for the raindrop falling at the furthest point in
the watershed to reach the stream outlet; based on the
physical characteristics of the watershed, we calculated
the time of concentration using various empirical formu-
las that are adapted to the characteristics of our water-
shed (Ventura's formula, Turraza's formula, Passini's for-
mula and Giandotti's formula), then calculated the aver-
age of the values obtained (Table. 5).
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Statistical analysis of rainfall data

Statistical analysis of hydrological data aims to deter-
mine the extent of extreme events in terms of their fre-
quency of occurrence, using probability laws (Zegait et
al., 2022). The analysis of maximum daily rainfall is nec-
essary for estimating peak flood discharges, and we used
the most recent maximum daily rainfall ANRH data from
the Hamma Bouziane station for the entire observation
period (1968-2021), which is long enough to carry out
our study.
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Figure 7. Hydrographic network of the Oued Ziad water-
shed
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Table 4: Morphometric characteristics of the Oued Ziad watershed

Morphometric parameters Units Oued Ziad watershed
Area (A) Km? 12.02
Perimeter (P) Km 19.46
Main Talweg Length (L) Km 7.11
Compactness index (the GRAVILIUS capacity coefficient) / 1.58
Equivalent Length (L) Km 8.37
Rectangle Width (W) Km 1.43
elevation at 5% m 900
elevationat 95% m 455
Maximum elevation (Hmax) m 980
Elevation Minimum elevation (Hmin) m 350
Characteristics Average elevation 667
Overall slope index (Ig) m/Km 53.76
Useful height difference (Du) m 450
Specific height difference (Ds) m 186.4
Watershed relief (R) / Relief Fort
Drainage density (Dd) Km/Km? 2.43
Table 5: Result of concentration time calculation
Empirical Giandotti Turazza Passini Ventura Mean
formulas
Tc
re Tc = 0.108 Tc
3 1/3
VA XL AXL
4/A + 1.5L =0.108 X Q =0.13 é
— 05
~ 0.8VHmedian — Hmi VP y S
. median — Hmin ) .
Where A: Area (km?) Where A Area (Ha) Where AZ. Area Where A:
Equa- ) L: Main Talweg (km?) A km2 /
. L: length of the equivalent . rea (km?)
tions Length (m) L: Main Talweg g
Rectangle (m) S: Slope
S: Slope (m/m) Length (km) (m/m)
S: Slope (m/m)
Tc(hour) 1.44 1.5 1.94 1.59 1.62

The value adopted is the result closest to the averages of the results of the four formulas used. The concentration
time is 1.59 h.
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Figure 8. Maximum annual daily rainfall of Hamma Bouaziane station from 1968 to 2021
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The highest value recorded of the maximum daily
rainfall is equal to 76.9 mm/day, for the hydrological year
1984, and the lowest value recorded of the maximum
daily rainfall is equal to 22.8 mm/day, for the hydrological
year 1996 (Figure. 8).

Statistical adjustment to the Gumbel probability law
Algeria is subject to a highly unpredictable and irregular
climate; however, the choice of an asymmetrical statisti-
cal law is essential for the statistical analysis of maximum
daily rainfall. To obtain more accurate results, we adjust-
ed the series of observations of maximum daily rainfall at
the rainfall station in our study to the Gumbel, Normal
and Log-Normal laws (Kim et al., 2020), which are well
adapted to the Mediterranean hydrological climate. The
maximum daily rainfall series is adjusted by Hyfran plus
software, using the (maximum likelihood) method.

The results obtained show that the best-fitting law is
Gumbel's law, which gives good frequency values (Figure.
9). This result has been validated by the National Hydrau-
lic Resources Agency (ANRH) of Constantine for the se-
lected Hamma Bouziane station, then we obtained the
peak flows by Gumbel adjustment using the maximum
likelihood method (table 6).

Calculation of Intensity - duration - frequency curve

The IDF curve is a relationship between rainfall, return
period, and duration: for each selected return period,
rainfall is plotted against duration. It has the practical
advantage of lending itself well to interpolation for dif-
ferent durations. To produce IDF curves, we transform
maximum daily rainfall into short-duration rainfall ex-
pressed in (mm), using K. Body's formula (ANRH, 1984).
The figure 10 gives us the different intensity values for
different return periods.
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Figure 9. Adjustment to the Gumbel low (Source; HYFRAN software, june 2023)

Table 6: Statistical results of peak flows by Gumbel adjustment using the maximum likelihood method, between

(1968 and 2021)

Return . . - :
Period Probability of not being flow for different return periods Star?da'wrd Confidence interval
M exceeded deviation (95%)
0 100 0.999 472 36.3 401- 543

100 0.99 370 25.3 320-419

50 0.98 339 22.0 296-382

20 0.95 298 17.6 263-333

10 0.9 266 14.4 238-294

5 0.8 233 11.2 211-255

2 0.5 183 7.24 169-197
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Figure 10. Intensity-Duration-Frequency (IDF) curve for Hamma Bouziane station

Determination of short-duration rainfall

The event of 19-09-2018 was recorded at the Hamma
station, according to ANRH sources. An important value
of 33.5 mm during 40 minutes, that is to say, an intensity
of 139.6 I/s/h, made an exceptional flood, which caused
important human and material damages. Using the fol-
lowing relationship, we transform maximum daily rainfall
into short-duration rainfall of the same frequency: Ptc =
DR max(tc / 24)®

Where:

Ptc: short-term rainfall of given frequency, (mm).

DR max: maximum daily rainfall of the same frequen-
cy, (mm).

Tc: time of concentration, (hours).

b: climatic exponent = 0.34.

Short-term rainfall values are shown in the following
table: 07 The results obtained in the table above show
that the flooding event that occurred on September 19,
2018, has a return period of 100 years.

Determining maximum point flows

Flow rates can be calculated using several empirical
formulas. The empirical formulas used for this study are
often applied to basins in northern Algeria (Zegait et al.,
2022), and these formulas are also well adapted to the
conditions of our watershed: (the Turraza formula, the
Rational formula, the Giandotti formula, and the Mallet
Gautier formula) (Table. 8).

Flood hydrograph

Flood hydrographs are determined using the
SOKOLOVSKY method. From the graph, we can determine
the three times: time of flood rise, time of flood fall, and

Table 7: Short-duration rainfall of different frequencies

the base time as well as the peak flow for each return
period. The rising flow reaches an estimated value of
50.98 (m?3/s) for a return period of 100 years, this rise has
atime of 1.59 h.

Hydraulic modeling of Hec Ras flooding hazard

To achieve the objectives of the study, we first built an
HEC-RAS model of the entire Oued Ziad, made up of 39
cross-sections distributed over the entire length of the
main watercourse (7 kilometers) (Figure 11). The profiles
chosen are perpendicular to the direction of water flow,
do not cross each other, cross the entire alluvial plain and
take account of geomorphological changes in the major
bed. Manning's coefficient or bed roughness coefficient
provides the closest possible model to reality, taking into
account water velocity on the Wadi bed and banks. On
each cross-sectional profile, Manning's coefficient is set
at 0.028 for the Oued Ziad banks and 0.035 for the main
watercourse.

The cross-sections (in figure 12) shows the water level
reached as a function of distance, and the flow velocity
varies with the slope of the wadi, the values of these
velocities show that the flow has a torrential regime,

The different cross-sections tell us about a series of
elements:

1/ The asymmetry of the banks

2/ The narrowing and deepening of the bed of the
Oued in certain sectors.

These particularities would be intimately linked to the
active geological context of this region.

The elevation of the water line exceeds the minimum
elevation of the Wadi Canal. Consequently, the wadi
overflows on both banks.

Frequency 0.999 0.99 0.98 0.95 0.90
Return period (years) 1000 100 50 20 10
Ptc (mm) 44.44 34.73 31.84 27.97 24.99
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Table 8: Peak flow in m3/s for different return periods

Frequency 0.90 0.95 0.98 0.99 0.999
Return period 10 20 50 100 | 1000 Equations
(year) years | years years | years years
Rc X Ptc X A
Omax = — 36
Rc: Runoff Coefficient
Turraza 28.82 | 3519 | 4339 | 50.98 | 74.55 Pct.s hort-term rainfall for t=Tc, (mm)
A: Area in (Km?2)
Tc: Time of concentration (H)
Rational For- (? rrrllf::)f;cge?filci:n{:.
mula 23.77 31.04 40.37 49.55 70.45 L - .
i rain intensity in (mm/h) of a given frequency.
A: area of the watershed in (Km2).
J(Hmedium — Hmin)
Qmax = 3 X A X Ptc X
4A
+15%XL
A: area of the watershed in (Km?).
L: length of the main thalweg in (m).
. . Ptc: short duration rainfall for a given frequency (m)
Giandotti 34.51 38.63 43.97 47.96 61.37 . .
Hmedium: mean elevation of the watershed.
Hmin: minimum elevation of the watershed.
K: coefficient depending on the climatic and physical
parameters of the watershed (A= 0.16)
Qmax = 2K x Log(1
A
+ 20H) \/Z\/l + 4LogT — LogA
K: constant depends on the characteristics of the
Mallet- bfa\sin between 1 a.nf:I 3.. .
Gautier 37.76 | 43.17 49.42 53.67 | 65.84 H: average interannual precipitation in (m).
A: area of the watershed in (Km2).
L: length of the main thalweg in (Km).
T: return period (years)
Averagefor- | 51 51 | 3701 | 4420 | 50.54 | 68.05 /
mulas
Maximum | e 65 | 3519 | 4339 | 5098 | 74.55 /
flow (Qmax)

The results that are closest to the average of the calculated methods will be used as frequency flood flows in our
study: Q1000yr = 74.55 m3/s; Q100yr = 50.98 m3/s; Q50yr = 43.39 m3/s; Q20yr = 35.19 m3/s; Q10yr = 28.82 m3/s

The results of the hydrological modelling of Oued Ziad
during the centennial flood show the overflow of the
Oued Ziad on the national road N ° 27, affecting part of
the agglomeration located downstream (Fig. 13 B). These
overflows, combined with high velocities ranging from
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0.03 m/s to 3.76 m/s, threatened homes, and flooded
areas, particularly downstream, are significant (Fig. 13 A);
hence, the hydraulic section is insufficient to evacuate
these flows during flood periods. The height of water
varies between 0 and 15m.
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Figure 11. Cross-sections on the Oued Ziad Watercourse

Source; Hec-Ras software, june 2023

Discussion

Morphometric analysis is used to characterize the hy-
drological behaviour of the watershed. The surface area
of the watershed is the most important parameter be-
cause it controls the intensity of several hydrological
phenomena such as flow, precipitation volume, and infil-
tration. For this watershed, the surface area is equal to
12.02 km2, and the perimeter is equal to 19.46 km.

The compactness index and the equivalent rectangle
show that the Oued Ziad watershed has an elongated
shape (Kc = 1.53, L = 7.64 km, | = 2.53 km), which means
that it is more drained. The overall slope index is 53.76 m
/km and the drainage density is equal to 2.43 Km / Km2,
reflecting the dynamics of the watershed, the stability of
the hydrographic network, and the type of surface runoff
(Table.4).

The time of concentration determines the speed at
which the water reaches the watershed outlet, so this
variable influences the maximum flow. The result shows
that the time of concentration in this catchment is very
short (Tc = 1.59 h) (Table 5).

The HEC-RAS simulation is used to calculate the water
level based on a specified flow rate (simulation of the
100-year flow rate). For a flow rate of 50.98 m%/s, we can
observe (Table 9):

- A rise in water level to an altitude exceeding that of
the sills, and consequent overflow along the channel.

- Flow velocity values vary from upstream to down-
stream, until cross-section number 28, where they in-
crease to reach a maximum value of 3.76 m/s. (Table 9)
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The results obtained from this simulation are close to
the extent of the surface overflowed by water during the
flood that occurred in September 2018 in the same study
area, which confirms that this extreme hydroclimatic
event has a return period of 100 years. This simulation
shows that the capacity of the existing hydraulic struc-
tures is insufficient to handle the 100-year flood.

Assessment of factors aggravating the risk of flood-
ing from the Oued Ziad overflow channel

Based on field investigations, we have observed that
several factors are responsible for triggering the risk of
flooding in the downstream part of the watershed, thus
affecting the Djebli Ahmed agglomeration even during
low rainfall, thus causing low peak flows. Based on this
field investigation, we have identified the following con-
clusions:
- Anarchic urbanization and the positioning of buildings
and commercial activities close to the minor bed of Oued
Ziad in its downstream part of Djebli Ahmed agglomera-
tion without taking into consideration the distance nec-
essary for the easement (Oued), make the soil imperme-
able and cause an increase in the volumes of water run-
off, consequently increasing the vulnerability of people
and their property to the risk of flooding, which even
risks collapsing their very vulnerable dwellings (Fig. 14.
A).
- lack of flood protection
oped/uncalibrated wadis).
-the steepness of the watershed accelerates runoff and
water concentration, which can exacerbate flooding.

facilities (undevel-
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- Lack of cleaning, maintenance, and effective manage-
ment of the problem of waste deposited in the minor
bed, due to ignorance and lack of awareness on the part
of the population (Fig. 14 B).

- The high flow rate and velocity of the water transport
the waste and soil particles removed by the erosion pro-
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cess, depositing them downstream and clogging the
wadi's drainage channels. The lack of maintenance of the
wadi is worsening the situation, and the size of the cul-
vert of the Wadi is insufficient to transport these dumps.
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Figure 12. Cross-sections and water levels during the 100-year flood.

Source: Hec-Ras software, June 2023
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Table 9: Simulation results on Hec Ras

Reach | River QTotal | Min W.S. Crit E.G. E.G. Velocity | Flow Top Water
Station | (m3/s) Ch El Elev W.S. Elev Slope Chnl Area Width | level
(m) (m) (m) (m) (m/m) (m/s) (m?) (m) | (m)
AVAL | 39 50.98 886.92 | 888.14 | 888.14 | 888.65 | 0.011952 | 3.2 16.18 16 1.22
AVAL | 38 50.98 832.24 | 834.53 | 834.53 | 835.11 | 0.012476 | 3.36 15.18 13.26 2.29
AVAL | 37 50.98 819.93 | 821.36 | 821.36 | 821.66 | 0.008033 | 2.74 22.09 34.99 1.43
AVAL | 36 50.98 775.23 | 777.63 | 777.63 | 778.24 | 0.012609 | 3.46 14.75 12.28 2.4
AVAL | 35 50.98 762.55 | 765.08 | 765.08 | 765.72 | 0.012809 | 3.55 14.38 11.38 2.53
AVAL | 34 50.98 711.71 | 712.76 | 712.76 | 713.17 | 0.013238 | 2.84 17.95 22.07 1.05
AVAL | 33 50.98 675.95 | 676.71 | 676.71 | 677.02 | 0.014647 | 2.45 20.83 34.84 0.76
AVAL | 32 50.98 652.75 | 654.07 | 654.07 | 654.53 | 0.012896 | 3 16.99 18.78 1.32
AVAL | 31 50.98 610.38 | 612.22 | 612.22 | 612.68 | 0.012719 | 3 16.97 18.48 1.84
AVAL | 30 50.98 606.23 | 607.43 | 607.43 | 607.88 | 0.012902 | 2.97 17.15 19.07 1.2
AVAL | 29 50.98 593.62 | 594.3 | 594.3 594.55 | 0.015579 | 2.2 23.19 47.87 0.68
AVAL | 28 50.98 576.78 | 579.64 | 579.64 | 580.36 | 0.013474 | 3.76 13.55 9.49 2.86
AVAL | 27 50.98 561.25 | 562.75 | 562.75 | 563.29 | 0.012478 | 3.26 15.64 14.47 1.5
AVAL | 26 50.98 555.02 | 557.13 | 557.13 | 557.68 | 0.012576 | 3.26 15.62 14.56 2.11
AVAL | 25 50.98 548.29 | 550.03 | 550.03 | 550.4 | 0.013854 | 2.7 18.9 25.44 1.74
AVAL | 24 50.98 541.81 | 543.97 | 543.97 | 544.65 | 0.012505 | 3.68 14.11 10.68 2.16
AVAL | 23 50.98 537.38 | 538.88 | 538.88 | 539.22 | 0.009446 | 1.61 20.02 29.8 1.5
AVAL | 22 50.98 516.97 | 519.1 519.1 519.64 | 0.012405 | 3.23 15.77 14.78 2.13
AVAL | 21 50.98 507.21 | 509.52 | 509.52 | 510.17 | 0.012444 | 3.6 14.18 10.79 2.31
AVAL | 20 50.98 489.03 | 492.16 492.26 | 0.00122 1.4 36.4 20.76 3.13
AVAL | 19 50.98 489.38 | 490.8 490.8 491.25 | 0.010267 | 3.01 17.24 19.55 1.42
AVAL | 18 50.98 474.88 | 476.93 | 476.93 | 477.53 | 0.012236 | 3.41 14.93 12.53 2.05
AVAL | 17 50.98 463.84 | 465.87 | 465.87 | 466.5 | 0.012535 | 3.52 14.49 11.67 2.03
AVAL | 16 50.98 447.09 | 449.35 | 449.35 | 449.82 | 0.01352 | 3.03 16.83 18.41 2.26
AVAL | 15 50.98 441.73 | 444.11 | 444.11 | 444.84 | 0.012474 | 3.8 13.46 9.39 2.38
AVAL | 14 50.98 425.34 | 427.3 | 427.3 | 427.89 | 0.012518 | 3.4 15 12.97 1.96
AVAL | 13 50.98 401 416.06 416.06 | O 0.03 1781.57 | 87.79 15
AVAL | 12 50.98 413.66 | 415.45 | 415.45 | 416 0.01284 | 3.29 15.51 14.39 1.79
AVAL | 11 50.98 407.77 | 409.67 | 409.67 | 410.23 | 0.009389 | 3.39 15.9 14.75 1.9
AVAL | 10 50.98 384.65 | 387.46 | 387.46 | 387.88 | 0.007782 | 3.08 19.17 23.17 2.81
AVAL |9 50.98 374.75 | 376.31 | 376.31 | 376.77 | 0.0129 2.99 17.05 18.75 1.56
AVAL | 8 50.98 367.55 | 370.93 | 370.93 | 371.3 | 0.006173 | 2.82 20.98 28.46 3.38
AVAL |7 50.98 363.92 | 365.97 | 365.97 | 366.56 | 0.011085 | 3.44 15.11 12.84 2.05
AVAL | 6 50.98 360.89 | 363.75 363.99 | 0.003029 | 2.2 23.18 12.15 2.86
AVAL |5 50.98 359.85 | 362.57 363.14 | 0.00761 | 3.4 15.56 8.93 2.72
AVAL | 4 50.98 359.28 | 361.2 | 361.2 361.9 | 0.012728 | 3.68 13.84 10.05 1.92
AVAL |3 50.98 356.75 | 358.53 | 358.53 | 359.02 | 0.011309 | 3.11 16.62 18.38 1.78
AVAL |2 50.98 354.92 | 355.68 | 355.68 | 356.01 | 0.008066 | 1.99 21.36 30.97 0.76
AVAL |1 50.98 349.79 | 352.03 | 352.03 | 352.3 | 0.005691 | 2.62 25.09 43.94 2.24

These results confirm the need for additional preventive  allow water to flow away during extreme floods, to raise
measures to protect people and property from the risk of  public awareness of the risk of flooding, and to clean and
flooding. Hence the need to install additional gutters to  maintain the Oued and its banks on an ongoing basis.
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Figure 13. A/Flood hazard modelling map during the centennial return period of Oued Ziad; B/ the overflow of Oued
Ziad on national road 27
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Figure 14. Status of Oued Ziad and causal factors; A) Anarchic urbanization occupying the right bank of the Wadj;
B) waste deposited in the minor bed of the Wadi
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Conclusions

This study enables us to determine the overflow areas
in the Oued Ziad watershed. Hydraulic modelling using
HEC-RAS software allows us to simulate the 100-year
flood and determine that protection against floods re-
quires forecasting and prevention measures, which inte-
grate the various factors likely to influence the risk of
flooding. It is not only a question of mapping flood-prone
areas, but also regulating land use, maintaining water-
ways and minimizing anthropogenic factors, and manag-
ing watersheds (Lahsaini & Tabyaoui, 2018).

This work has shown that flooding has also become a
critical risk in Constantine. They must be taken seriously
into account in development programs.

The use of geographic information systems (Arcmap)
in conjunction with Hec Ras hydrological modelling soft-
ware provides a powerful spatial decision support system
that enables flood risk to be mapped effectively, provid-
ing a clear understanding of the extent and height of the
water, as well as identifying the factors aggravating its
dynamics for better management and maintenance of
water resources, which are a non-renewable natural
resource.
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Abstract

The Land use/Land cover (LULC) has a substantial role in planning and monitoring natural resource utilization, in the
framework of the ongoing surge in human demands in the current ecosystem. Satellite remote sensing provides
modern methods for locating and mapping Land use/Land cover patterns and their spatial changes. This paper
discusses the evaluation of the LULC classes characteristic of Keti Bunder during the years 2015 and 2020, by using
satellite remote sensing; the paper also uses Geo-informatics to study and investigate the temporal LULC variations
that occurred over time. According to the empirical findings, there have been significant spatial changes, with less
dry mudflats and unoccupied land overall. In comparison, the findings of the research point to inter-conversion of
the area between LULC classes, i.e. mangrove areas, turbid water, wet mudflat, dry mudflat and barren land/vacant
land. Overall, these geographical alterations show that the environment has been significantly impacted due to

recent extreme weather events in the region.

Keywords: GIS, satellite remote sensing, environment, mangrove, ecology

Introduction

Studies on the patterns of land use and land cover
have made extensive use of Satellite Remote Sensing
technology. It is essential for locating and measuring
various physical characteristics on the planet's surface.
Digital mapping with Geomatics enables the collection of
recurring data over a predetermined period, has a digital
format that can be processed by computers, and has
locational precision (Jensen, 1996; Rehman et al., 2016).
Satellite Remote Sensing (SRS) offers several spectral and
synoptic evaluations. It is also useful for observing coastal
changes and land degradation, as well as sea tides, wave
currents, shallow water, suspended materials, mudflats,
wetlands, mangroves, vegetation, and land degradation
(SCCDP, 2013; Rehman & Kazmi, 2018).

To observe environmental changes, Satellite Remote
Sensing (SRS) and Geographic Information System (GIS)
technology offer a set of potent tools that allow us to
perform spatial analysis using both spatial and non-
spatial information (Osei et al., 2006; Ibrahim, 2008; Tariq
et al.,, 2020). These tools are used in environmental
monitoring studies, notably for mapping the spatial
distribution of biophysical restrictions on the surfaces
that significantly affect climate (Henderson, 1999). SRS
and GIS technologies are now widely used.
Comprehensive monitoring of LULC changes is provided
by SRS in conjunction with GIS and GPS. In Satellite
Remote Sensing, comparing two or more satellite
pictures is a typical practice to find LULC changes.
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Change detection commonly uses pixel-to-pixel
comparison and post-classification comparison (Nelson et
al., 1983; Martin, 1989; Green et al.,, 1994; Raza et al,,
2020). The first method (pixel-by-pixel) combines satellite
images taken at various times and dates. Image
classification is not involved. In these studies, the pixel-
to-pixel comparison is typically used. In the post-
classification detection technique, two or more classed
satellite images from various times and dates are
examined (Pylon, 1988; Fung & Zhang, 1989; Johnson &
Howarth, 1989; Frihy et al., 1998).

This approach is the most widely used and it is
regarded as one of the most effective approaches to
identify LULC alterations (Jensen et al., 1993; Dewidar K.
M., 2004). Human activities that have an impact on a
specific area of land can be linked to changes in land
cover, whereas changes in land usage are directly
impacted by changes in land cover (Jensen, 2007; Abbas,
2012; Jackson & Attia, 2013). The changes in LULC are
related to various environmental and landscape
characteristics of the land surface, such as the land,
water quality, and air resources, as well as the living
conditions, method, practices, and functions (Jackson &
Attia, 2013).

Keti Bunder is situated in the deltaic zone of the Indus
River, at about 200 km southeast of the port city of
Karachi, Sindh. Administratively, Keti Bunder is a taluka
(tehsil) of the Thatta district, it is spread over 60,969
hectares and consists of 42 dehs (clusters of villages).
Historically, Keti Bunder was the main port city of this
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part of the world, connecting the Indus Valley with
international sea trade routes before the dams and
barrages were constructed over the Indus River, which
caused the insufficient discharge of the Indus waters into
the sea (delta zone).

This area has four major creeks, i.e. the Chann, the
Hajamro, the Khobar, and the Kangri, as well as
numerous small creeks. This area has been exposed to
sea intrusion, which has caused severe environmental
degradation and loss of livelihood opportunities for the
locals. WWF mentioned that the sea has engulfed around
46,137 hectares in 28 dehs of Keti Bunder (WWF
Pakistan, 2004). The progressive seawater intrusion and
freshwater scarcity in the rivers of these lands have
caused resettlements and migration flows in the study
area, where the smaller villages had to shift their location
more than once in the last 70 years because of the
increased salinity in their agricultural land. The study
region for this research is Keti Bunder, Sindh (Figure 1).

For many decades, in the Indus Delta region, the
mangrove ecosystem has been adversely affected by the

acute freshwater scarcity downstream of the last barrage
on the Indus River and by water diversion for inland
agriculture in upstream areas, as well as by coastal
urbanization, population increase and industrialization
and pollution. Overall, out of eight mangrove species
previously found in the Indus Delta, four have been
completely depleted; currently, three of the remaining
four are on the verge of extinction (Rhizophora
mucronata 8%, Aegiceras corniculatum 1.5% and Ceriops
tagal 0.5%), whereas Avicennia covers 90% of mangroves
in this region (Figure 1).

The main objectives of the paper are the following:

1. to extract the Keti Bunder land use/land cover
classification for the years 2015 and 2020, by using
Satellite Remote Sensing;

2. to explore temporal land-use / land cover (LULC)
changes of Keti Bunder between 2015 and 2020, by using
Geo-informatics;

3. to investigate the LULC classes in relation to ground
realities.

PAKISTAN

Jammu & Kashmir

Indus Delta

LEGEND

Study Area

Miles
160

0 20 40 80 120

Keti Bunder

Figure 1: Location of the study area

Data and methods

Data

This study particularly attempts to identify and
interpret the land use/land cover changes over five years
(2015 - 2020 period) through satellite remote sensing
and ground-truthing. The methodological framework is
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shown in Figure 2. For this, Landsat-8 OLI/TIRS datasets
of 21-11-2015 and 18-11-2020 were extracted from the
online archives of USGS Earth Explorer, which covers the
study area (path 152 and row 043). There are nine (1-9)
spectral bands with 30 m spatial resolution in the
Landsat-8 OLI dataset, while Landsat-8 TIRS dataset has
two spectral bands (10 and 11), with 100 m spatial
resolution.
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Figure 2: Methodological framework

Techniques and analysis

Maximum likelihood classification

In satellite image classification, there are three main
classification  techniques: supervised classification,
unsupervised classification, and object-based image
classification. The supervised classification was chosen
for this study, where particularly the Maximum
Likelihood Classifier (MLC) algorithm was used. This
approach has been widely applied by many scholars for
the classification of medium-resolution satellite datasets
(Ratnaparkhi et al., 2016; Zaidi et al., 2017; Zubair &
Javed, 2018).

Based on the visual interpretation of land use features
on the satellite image and Google Earth, the sample
polygons were marked as training areas. Based on their
spectral signature, seven major LULC classes were
delineated, namely dense mangrove, sparse mangrove,
barren/vacant land, wet and dry mudflat, deep water and
turbid water. The maximum likelihood of unknown pixels in
each class would be computed and assigned to these seven
main land use classes.

Accuracy assessment

The satellite image classification process is followed
by accuracy assessment, which evaluates to what degree
the ground features are truly classified to the
corresponding LULC class (Foody, 2002). The ERDAS
imagine software and its toolset, i.e. the accuracy
assessment tool of the supervised classifier, have been
used to perform this procedure. Using stratified random
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sensing techniques

sampling approach, random reference points were
generated (i.e. 187 in 2015 and 294 in 2020). The
associated class of the point on the classified image was
matched with the visually interpreted point on Google
Earth. The kappa statistics and error matrix for both 2015
and 2020 classified images were generated from ERDAS
Imagine. In the error matrix, the rows denote the points
where the pixels are classified to certain LULC classes and
the columns show the LULC classes recognized by the
user from the referenced data.

The diagonal cells show the correctly recognized
pixels for each land use class of classified and reference
data. The pixels incorrectly designated to the right LULC
class do not occur in diagonal and indicate inaccuracy
between reference and classified data.

Ground survey

Field surveys were conducted to assess the socio-
economic conditions of the selected area through
interviews; this went along with the GPS survey of
ground features for image classification.

Change detection

Because of its cost-effectiveness and accessibility of
high temporal resolution, RS and GIS-based change
detection methods are widely used across the Globe.

Some researchers have used the post-classification
comparison technique, employing maximum likelihood
supervised classification, with overall greater classification
accuracy (Torahi & Rai, 2011; Muttitanon & Tripathi, 2005).

The classification of satellite images and the
comparison of the related individual classes allow for the
spatial identification of the locations where the change
occurred.

Results and discussion

Kappa coefficient and overall accuracy for the 2015
and 2020 images

The accuracy assessment was performed for the LULC
classification maps of 2015 and 2020. In the case of the
2015 LULC map, 187 points were randomly selected. The
overall kappa statistics value for the 2015 LULC map was
found at 0.9280, whereas the overall accuracy was
computed at 90.67% (Table 1). The producer’s accuracy
for each LULC class was found to be equal to or higher
than 85.75% and the user’s accuracy for each LULC class
was observed to be equal to or higher than 76.42%.

In the case of the 2020 LULC classification, there were
selected 294 random points. The overall kappa statistics
and LULC classification accuracy were found to be 0.9670
and 96.82%, respectively (Table 2). The producer’s
accuracy of all individual LULC classes was higher than
92%. The user’s accuracy of all LULC classes was more
than 90%, except for the dense mangrove (87.50%).
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Overall, in both LULC classification maps, the accuracy
of each LULC class was found to be satisfactory. The
general accuracy results and kappa coefficient for the

LULC classification maps of 2015 and 2020 are presented
in Tables 1 and 2, respectively.

Table 1. The accuracy assessment of classified image 21-11-2015

S. no. LULC Class Name Producers Accuracy (%) Users Accuracy (%) Kappa Atatistics

1 Dense mangrove 99.20 99.54 0.9017

2 Sparse mangrove 93.71 88.00 0.7378

3 Wet mudflat 87.50 100.00 1

4 Dry mudflat 100.00 82.61 0.8009

5 Barren/Vacant Land 85.75 76.42 0.8504

6 Turbid water 100.00 100.00 1

7 Deepwater 94.00 98.15 0.8352

Overall Classification Accuracy = 90.67%. Overall Kappa Statistics = 0.9280

Table 2. The accuracy assessment of classified image 18-11-2020

S. no. LULC Class Name Producers Accuracy (%) Users Accuracy (%) Kappa Statistics

1 Dense mangrove 100.00 87.50 0.8689

2 Sparse mangrove 100.00 100.00 1

3 Wet mudflat 92.31 92.31 0.9069

4 Dry mudflat 96.43 90.00 0.877

5 Barren/Vacant Land 100.00 100.00 1

6 Turbid water 100.00 100.00 1

7 Deepwater 100.00 94.74 0.9402

Overall Classification Accuracy = 96.82%. Overall Kappa Statistics = 0.9670

Land use/land cover classification

Land use/land cover pattern of Keti Bunder in
2015

The LULC classification map of 2015 generated from the
Landsat-8 data set is depicted in Figure 3. The largest
category was found to be the turbid water, which covered
14,265.7 ha (as shown in Figure 4) (31.19% of the total

area), whereas the deep water accounted for 2,417.31 ha
(5.28%), and the wet mudflat for 12,631.2 ha (27.61%). The
sparse mangrove accounted for 5,324.76 ha (11.64%) and
the area under dense mangroves covered 197.55 ha
(0.43%).

On the other hand, the barren land/vacant land
covered 6,508.8 ha (14.23%) and the dry mudflats,
including Goths and villages, accounted for 4,398.84 ha
(9.62%).

Land Use / Land Cover Classification of Keti Bunder 21-11-2015

LULC Class

I Dense Mangrove
i Sparse Mangrove
I Wet Mudfat

] Dry Mudfiat

[ Barren / Vacant Land
[ Turbid Water

I Deep Water

8
Miles

Figure 3: LULC map of the study area in 2015
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LULC Classes of Keti Bunder 21-11-2015
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Figure 4: LULC characteristics of Keti Bunder in 2015

deep water covered over 3,860.01 ha (8.44%), while the
Land use/land cover pattern of Keti Bunder in area under wet mudflat accounted for 487.80 ha (1.07%).
2020 The sparse mangroves covered 12,113.10 ha
(26.48%), while the dense mangroves covered 335.61 ha
(0.73%). In the same year, the dry mudflat covered
7,210.80 ha (15.76%) and the barren/vacant land
accounted for 692.73 ha (1.51%).

According to the 2020 LULC classification dataset
(Figure 5), the turbid water accounted for 21,044.20 ha
(as shown in Figure 6), i.e. 46% of the study area, the

Lancil“Use / Land Cover Classification of Keti Bunder 18-11-2020

LULC Class
[ Dense Mangrove
[0 sparse Mangrove
I wet Mudtat
[ Dy Mudtat
[""] Barren  vacant Land
[ Turbid Water
I Ocep Water

0 1 2 4

Figure 5: LULC map of the study area in 2020
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LULC Classes of Keti Bunder 18-11-2020
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Figure 6: LULC characteristics of Keti Bunder in 2020
LULC classification comparative analysis and Wet mudfiat
change detection between 2015 and 2020 The area under the wet mudflat decreased

The area under the LULC classes and its changes
between 2015 and 2020 are presented in Table 3, Figure
7, and Figure 8. During these five years, significant
changes were observed among the LULC classes within
the area under study. The wet mudflat and the
barren/vacant land use categories revealed a
considerable decrease in their covered area, while the
mangroves (dense and sparse) and the water bodies,
particularly the turbid water category, exhibited an
increase.

Dense mangrove

The area under dense mangroves increased from
197.55 ha in 2015 to 335.61 ha in 2020, representing a net
increase of 138.06 ha (shown in Table 3, Figure 7, and
Figure 8). Figure 8 shows that the dense mangrove
converted to sparse mangrove represents about 61 ha
(0.13%). At the same time, the dense mangrove area that
shifted to barren/vacant land represented about one ha
(0.01%). Some dense mangrove was converted to dry
mudflat.

Sparse mangrove

The area under sparse mangroves increased from
5,324.76 hain 2015 to 12,113.1 ha in 2020, which
represents a net increase of 6,788.34 ha (shown in Table
3, Figure 6, and Figure 7). Figure 8 and Figure 9 show the
sparse mangrove area conversion to other LULC classes.
About 72 ha (0.16%) were converted to dense
mangroves, 23 ha (0.05%) to wet mudflat, 778 ha (1.70%)
to turbid water, 107 ha (0.23%) to dry mudflat, while
about 5 ha (0.01%) shifted to barren/vacant land.

significantly about 12,143.40 ha, from 12,631.20 ha (in
2015) to 487.8 ha (in 2020) (Table 3, Figure 8, and Figure
9). It is important to mention the conversion of wet
mudflats to certain other LULC categories, i.e. about
7,392 ha (16.16%) to turbid water, 4,408 ha (9.64%) to
sparse mangroves, 599 ha (1.31%) to dry mudflat, while
some 5 ha (0.01%) of wet mudflats shifted to
barren/vacant land.

Dry mudflat

The area under dry mudflat increased significantly,
namely with circa 2,811.96 ha, from 4,398.84 ha (in
2015) to 7,210.80 ha (in 2020). Figure 9 shows the
conversion of dry mudflat into other LULC classes. About
2,686 ha (5.87%) of dry mudflat were converted to wet
mudflat, 1411 ha (3.08%) to sparse mangroves, and 58 ha
(0.13%) to wet mudflat.

Barren/Vacant land

The area under barren/vacant land decreased from
6,508.80 hain 2015 to 692.73 hain 2020, which
represents a net decrease of 5,816.07 ha. This decrease is
due to the rise in the plantation of mangroves.

Figure 9 shows the area under barren/vacant land
that was converted to other LULC classes. About 2,257 ha
(4.93%) were converted to dry mudflat, 1,671 ha (3.65%)
to sparse mangrove cover, 1,591 ha (3.48%) to turbid
water, 212 ha (0.46%) to wet mudflat, and 128 ha (0.28%)
to dense mangrove.
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Turbid water

The area under turbid water increased around
6,778.50 ha, from 14,265.70 ha (in 2015) to 21,044.20 ha

sensing techniques

(in 2020). Figure 9 shows the area under turbid water
that was converted to other LULC classes. About 3,738 ha
(8.17%) were converted to deep water, while 223 ha
(0.49%) shifted to sparse mangrove cover.

Table 3: The area under each LULC class in the 2015 and 2020 data sets, along with changes in the area of each LULC

class over the five years

S. no. LULC classes 2015 2020 Change (2015-2020) Area
Area (hectares) Area (hectares) (hectares)
1 Dense mangrove 197.55 335.52 138.15
2 Sparse mangrove 5324.76 12113.1 6788.34
3 Wet mudflat 12631.2 487.8 -12143.4
4 Dry mudflat 4398.84 7210.8 2811.96
5 Barren/vacant Land 6508.8 692.73 -5816.07
6 Turbid water 14265.7 21044.2 6778.5
7 Deep water 2417.31 3860.01 1442.7
TOTAL 45744.16 45744.16
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Figure 7: Comparison of LULC classes specific to different years

Deepwater

As shown in Figure 8, the area under deep water
increased 1,442.70 ha (from 2,417.31 hain 2015 to
3,860.01 hain 2020). Around 2,298 ha (5.02%) of the
area underwater shifted to the turbid water class.

The field surveys revealed that certain drastic changes
in the socio-economic conditions have been triggered by
climate change impacts associated with the LULC
transformations in the Indus Delta regions. The
agricultural land, mangroves and biodiversity of this
region face severe conditions. During the survey, the
responses regarding the last few decades revealed that
red rice used to be grown in the area, but it has almost
become non-existent at present. Apart from rice, this
area was also suitable for producing different types of
fruits, i.e. bananas, coconuts, and melons. Over the
years, because of a number of factors, among which the
reduced water flows of rivers and the sea intrusion,
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which caused water logging and salinity, it was estimated
that more than 117,823 acres of agricultural land have
been affected.

Because of climate changes, the Indus Delta region is
more prone to floods, droughts, and cyclones. Keti
Bunder is also vulnerable to cyclones and tsunamis. In
the last 30 years, because of global warming, the
intensity and frequency of cyclones have particularly
increased. The migration within local communities is
obvious over time, this also being an effect of extreme
weather incidents, which may increase in the coming few
years because of the impacts of storms, rising sea levels,
and other expected effects of climate change (Gowdy &
Salman, 2010). The climate projection indicates that at
least a 5°C rise will occur in the Indus Delta by the end of
the 21% century (Rehman et al., 2015).

In the year 2020, the rainfall was 38% above the
average precipitation specific to Pakistan (the 4" wettest
year since 1961), while Sindh received 105.5% additional
annual rain as compared to its average rainfall.
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Particularly in August, the monsoon rains were the
highest ever recorded, as 363% of the average rain fell
during this month. The seasonal rain from July to
September accounted for 332 mm, which was 148%
more than the seasonal average of 133 mm. This led to
floods along the Indus River in August and September.
The same has been reflected in the inter-conversion of
land cover classes, where a significant area under wet
mudflats was converted into turbid water, while a
substantial proportion of barren/vacant land has been
transformed into sparse mangroves, turbid water, and
dry mudflats. In the case of mangroves, a significant

proportion of dry and wet mudflats contributed 3% and
9.6% of their respective area in 2015 to the sparse
mangroves.

For the last decade, on administrative grounds, the
Provincial Forest Department and nongovernmental
organizations have been aggressively working for the
plantation and conservation of mangroves in the Indus
Delta region (IUCN, 2018; WWF Pakistan, 2021).

Generally, these geographical alterations in the Indus
Delta area show that the environment has been
significantly impacted because of recent extreme
weather events in the region.
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Figure 9: Post-classification changes of LULC classes between 2015 and 2020
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Conclusions

This work has quantified the spatial variations in LULC
between 2015 and 2020, based on GIS and remote
sensing methods. The methods used in this investigation
are reasonably straightforward and inexpensive.

The multi-temporal satellite imagery has been used in
order to determine the extent of land use changes in Keti
Bunder. The overall classification accuracy for the present
analysis was determined to be within acceptable limits.
In the post-classification comparison, significant changes
were seen in the LULC of the region under study, during
the research period.

Over the course of these five years, an increase in the
area under thick mangroves, sparse mangroves, murky
water, and deep water was observed, while the effects of
extreme weather events in recent months have also been
noticed. Mangrove species were abundant, but now only
four species survived because of the lack of fresh water,
along with the sea water intrusion. The findings could be
used in the ecological management and planning.
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Abstract

Land-use change is one of the challenges that exacerbate environmental problems. Understanding the scope of land-
use and land-cover change, past and present drivers and consequences is crucial for properly managing land
resources. This study applies the supervised classification maximum likelihood algorithm in ArcGIS 10.8 software to
detect changes in land use and cover in Hoa Binh city, Hoa Binh province, Vietnam using multimedia satellite data
obtained from Landsat 7-ETM+, Landsat 5-TM and Landsat 8-OLI for the years 2000, 2010 and 2020 respectively. In
addition, for each satellite scene we also applied spectral indices (NDVI-Normalized Differential Vegetation Index and
NDWI-Normalized Differential Water Index) to classify and evaluate the change of LULC. The study area, located in the
Northwest mountainous region of Vietnam, is classified into five land-use/cover classes: Agriculture, Forest, Water,
Urban or built-up land and Bare soil or rock. The results reveal significant changes in the study area between 2000 and
2020. Accounting for the largest proportion of total area, the forest area has decreased from 243.20 km?2 in 2000 to
217.40 km?2 in 2020. Conversely, the urban/built-up land area has increased continuously for the last 20 years, from
9.31 km2 in 2000 to 13.27 km?2 in 2010 and 51.80 km?2 in 2020. Changes in land use and cover have severe
environmental impacts, such as climate change, loss of biodiversity, deterioration of water availability and quality, and
reduced crop yields. Therefore, appropriate measures must be taken to limit drastic land-use changes and harmonize

environmental conservation and human livelihoods.

Keywords: Land use/cover change, Remote Sensing, GIS, Northwest Vietnam, Hoa Binh city

Introduction

Land is an essential natural resource with numerous
economic, social and ecological uses. A change in land use
denotes the conversion of an area of land for a specified
purpose and is caused by anthropogenic activities, while a
change in land cover describes alterations in the
characteristics of the land surface (Patel et al., 2019).
Changes in land use/land cover (LULC) on the earth's
surface are significant drivers of biodiversity loss and
environmental problems worldwide (Homer et al., 2020;
Field & Barros, 2014). LULC also impacts climate variability
(Pielke Sr, 2005; Deng et al., 2013), land degradation
(Meaza et al.,, 2016) and hydrology (Garg et al., 2019),
affecting the capacity of ecosystem services (Arowolo et
al., 2018; Rimal et al., 2019). Driven by changes in LULC,
continuous environmental changes and their associated
adverse impacts are becoming central issues globally (Li et
al., 2020). Consequently, studying LULC dynamics is
fundamental for the proper planning and use of natural
resources as well as their management (Ahmad, 2012;
Kotoky et al., 2012; Fonji & Taff, 2014; Rawat & Kumar,
2015; Belete et al., 2021; Thien et al., 2022a).

54

Remote Sensing (RS) and Geographic Information
Systems (GIS) are effective tools to promote
transboundary studies and explore transboundary data
opportunities. Using overlays, they permit the detection
and analysis of LULC variations over a given period to
improve the selection of sites for agricultural, urban or
industrial development (Selcuk et al., 2003; Dewan &
Corner, 2013; Thien et al.,, 2022b). Remote sensor data
allows for studying land cover changes in less time, with
lower costs and higher accuracy (Kachhwala, 1985).
Combined with GIS, RS provides a suitable platform for
data analysis, updating and retrieval (Cihlar, 2000).
Consequently, RS and GIS help stakeholders map where
changes are occurring and gain insight into how
development patterns are affected by human actions and
climate change. Natural climates and seasonal landscapes
can vary over time; hence, evaluating current actions and
policies while anticipating and planning for appropriate
changes in the future is critical (Mubako et al., 2018).

The study area is located in the Northwest
mountainous region of North Vietnam, sharing the border
with Laos and China. The terrain in this area is rugged, with
numerous block-fault mountains and high mountain
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ranges running in the northwest-southeast direction. The
highest peaks range from 2,800 to 3,000 m in altitude. The
Northwest has a total area of 50,728 km?, accounting for
15% of Vietnam's land area. However, the land area used
for agricultural production is limited to around 7,000 km?,
about 13% of the region’s total land area. The unused flat
and forest production land area is approximately 6,000
km? or 12% of the total land area. Hence, there remains a
significant potential for expansion of agricultural
production in this region. However, agricultural
production faces numerous challenges in the region. The
productive land is scattered due to the strongly
fragmented terrain, the rate of erosion in the area is
increased, and the weather and climate are challenging,
with prolonged droughts and unpredictable salt fog. While
the irrigation system has been developed, the amount of
water available for irrigation remains low. In the
Northwest, the land, forest and water resources have a
significant influence on land cover changes (Trincsi &
Turner, 2014; Ngo et al., 2015; Phuong & Son, 2017; Son &
Binh, 2020).

Therefore, our goal is to integrate open access RS data
and GIS to examine the spatial trends of LULC change in
the Northwest mountainous region (Hoa Binh city, Hoa
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Binh province, Vietnam) over a 20-year period (2000-
2020). This study aims to provide basic information to
support informed land use planning in the mountainous
region of northwest Vietnam. Our specific objectives are
as follows: (1) identify and delineate different types of
LULC and patterns of land use change in the area of Hoa
Binh city between 2000 and 2020, (2) determine the
potential of integrating RS and GIS to study the spatial
distribution of different LULC changes, and (3) identify
shifts in LULC classes through the spatial comparison of
maps.

Materials and methods

Study Area

The study was carried out in Hoa Binh city, Hoa Binh
province, in the Northwest mountainous region of
Vietnam. The geographical position of the study area lies
in the coordinates of latitude 20°44'34.88"N—
21°1'16.53"N and longitude 105°15'47.42"E-
105°27'48.50"E (Fig. 1). Hoa Binh city has an average
mountain topography with elevations ranging from 200 to
700 m, craggy, fragmented terrain, and steep slopes.
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Figure 1. Map of the study site in Hoa Binh city, Hoa Binh province, Viet Nam
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The study area has a humid subtropical climate: cold,
dry, non-tropical winters with little rain and hot, rainy
summers, with average rainfall from 1,400 mm to 2,800
mm per year. The average annual temperature is above 24
°C. June has the highest temperature of the vyear,
averaging 30-32 °C, whereas January has the lowest
temperature, averaging 17.4-19.5 °C (HoaBinh Statistics
Office, 2021) (Fig. 2).

Temperature (°C)
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Rainfall (mm)
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B Rainfall in mm ——Temperature in °C

Figure 2. Mean monthly rainfall and temperature values
of the study area

The Da River is the largest confluence of the Red River
flowing through the study area. The river has a large
volume of water and is considered a critical resource for

Table 1: Satellite data specifications of the study area

sensing techniques

the Vietnamese electricity industry. The Hoa Binh Dam,
constructed between November 6, 1979 and December
20, 1994, was the largest hydroelectric plant in Vietnam
and Southeast Asia from 1994 to 2012. The Hoa Binh
hydroelectric plant is the main power supply for the entire
Vietnamese electricity system. It is also the primary flood
protection facility of the northern delta, facilitating
transport in the downstream river and providing irrigation
water.

Data Collection

The data used in this study were divided into satellite
data and ancillary data. Ancillary data include accurate
ground-truth data, aerial images of the study area and its
vicinity, and topographic maps. The ground-truth data
were collected using a Global Positioning System (GPS)
from May to December 2020. An image from 2020 was
used for image classification and assessment of the overall
accuracy of the classification results. Landsat satellite data
for three vyears, including multispectral data, were
obtained free of charge from USGS EarthExplorer
(http://earthexplorer.usgs.gov/) and USGS GloVis
(http://glovis.usgs.gov/). The ArcGIS 10.8 software was
used for image classification and zoning of the study area.
The acquisition dates, sensors, path/row resolutions and
image sources used in this study have been summarized in
Table 1.

Image pre-processing and classification

Image pre-processing was performed to extract
meaningful information from satellite data so that they
may become easier to interpret (Thien & Phuong, 2023).
This process is used for the initial processing of the raw
data and typically involves procedures like geometric
corrections, image enhancement, noise removal, and
topographic corrections (Jianya et al., 2008). All satellite
images were geometrically corrected to the Universal

Satellite image Sensor Path/row Resolution (m) Acquisition data Source
Landsat 7 ETM+ 127/46 30*30 17/09/2000 USGS GloVis
Landsat 5 ™ 127/46 30*30 17/06/2010 USGS GloVis
Landsat 8 oLl 127/46 30*30 28/06/2020 USGS EarthExplorer
Transfer Mercator (UTM) coordinate system and

georeferenced to the data for the study area selected by
the World Geodetic System (WGS) zone 48N. Data were
processed in ArcGIS 10.8 to stitch and crop images based
on existing study area boundaries. Satellite data were
processed by assigning signatures per pixel and
categorizing watersheds into five classes depending on the
specific numerical values of various landscape elements:
Agriculture, Forest, Water, Urban or built-up land and Bare
soil or rock (Table 2).

Table 2: Classes delineated on the basis of supervised classification

No. Class name Description
. Cultivated outfields, homestead garden fields and small scattered plots
1 Agriculture .
of grazing lands
2 Forest Land covered with natural and plantation forests
3 Water River, open water, lakes, ponds and reservoirs
4 Urban/built-up land Residential, commercial, industrial, transportation, roads, mixed urban
. Land areas of exposed soil and barren area influenced by human
5 Bare soil/rock .
influence
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For each predefined LULC class, training samples were
selected by delineating polygons around representative
locations. Spectral signatures for the respective types of
land cover obtained from satellite images were recorded
using the pixels within these polygons. A satisfactory
spectral signature ensures “minimum confusion” among
the land cover types (Gao & Liu, 2010).

The study has used the rule-based supervised
classification - maximum likelihood classifier (MLC)
algorithm for LULC classification for acquired images of
1992, 2010, and 2022 (Rawat & Kumar, 2015; Thien et al.,
2022b). The analyst controls this picture classification
method by choosing the appropriate classes of pixels.
Therefore, due to its simplicity and efficacy, post-
classification refinement was employed to enhance
classification accuracy and decrease misclassifications
(Harris & Ventura, 1995). The approved LULC
categorization characteristics defined class boundaries
and consistent category definitions based on
anthropogenic and natural factors changes within the
study area. Additionally, as a size-independent, this
categorization strategy can be successfully used at any
spatial scale or level of detail. The LULC differences
between the categorized photos were found utilizing a
post-classification comparison method that used change
detection comparison (pixel by pixel) to measure the
change in LULC (Thien et al., 2022b). The methodology for
classification is shown in Fig. 3.

Data collection (i.c. Land use maps,
Landsat images, Google Earth, etc)
T

¥ K 2
Landsat 7-ETM+ (2000), Landsat 5-TM (2010),
and Landsat 8-OLI (2020)
T

Actual land-use

maps, training ¥ ¥
samples, and . T _—
s PI b 1 « Image fusion Pre-processing and
joogle Earth * Image resampling calculating the time
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= Clip
= G
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Image classification the NDVI the NDWIL
techniques: annual index in annual index in
Maximum Likelihood the years 2000, the years 2000,
2010, and 2020 2010, and 2020
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processing:
Majoriry Analysis

Classification
accuracy assessment
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i
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Figure 3. Overall process of land use/land cover change

technique

Analysis and detection
of land use/land cover
change in the period
2000-2020

maps in the periods 2000-2010,
2010-2020, and 2000-2020

Accuracy Assessment

The classification accuracy of 2000, 2010 and 2020
images were evaluated to determine the quality of the
information obtained from the data. We sampled the
reference points using a stratified random sampling
approach, a probabilistic sampling method applied to
assess the precision of each class (Olofsson et al., 2014;
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Thien & Phuong, 2023) that allows the selection of a
relative number of points proportional to the size of each
type of land cover. This ensures that each land cover is
accurately represented by reference points to reduce bias
in accuracy estimates. The accuracy assessment was
conducted using 700 validation points on Google Earth Pro
satellite images for the years 2000, 2010 and 2020. A
comparison of reference data and classification results
was performed to generate an error matrix. In addition,
the accuracy of the classifier was measured using a
nonparametric kappa test that considers not only the
diagonal elements but also all elements in the error matrix
(Rosenfield & Fitzpatrick-Lin, 1986; Ariti et al., 2015). The
kappa coefficient is a measure of agreement between a
predefined manufacturer rating and a user specified rating
(Viera & Garrett, 2005). According to (Cohen, 1960), the
kappa coefficient is calculated using the formula (Equation
(1):

Kappa coef ficient (K) = “—s

1-Pe (1)

where Pois the number of times the k raters agree, and
Pe is the number of times the k raters are expected to
agree only by chance.

NDVI and NDWI analysis

The Normalized Difference Vegetation Index (NDVI) is
suitable to detect vegetation cover of the study area (Gao,
1996; Cao et al., 2014). NDV!I is a satellite-based index to
quantify vegetation greenness and to understand plant
density and health. The NDVI of an area can be obtained
from a range of numerical values from -1 to 1, depending
on the response of photosynthetic activity carried out by
green vegetation. High values of NDVI represent high
vegetation density, and negative values indicate water.
The more active the NDVI, the greener the vegetation
within a pixel and the NDVI index calculated using
equation (2) given below:

NDVI = NIR-RED (2)
NIR+RED

where NIR is the reflectance radiated in the near-
infrared wave band, and RED is the reflectance radiated in
the visible red wave band of the satellite radiometer.

Similarly, the Normalized Disparity Water Index
(NDWI1) is an index developed to analyze the features of
open water and the water content of vegetation (Huete,
2012). The NDWI is a valuable indicator for monitoring
drought, water stress and land degradation. NDWI has no
dimensions and its value ranges from -1 to +1. High values
of NDWI represent water content in vegetation and high
open water features, and low values indicate lower water
content, and the NDWI index is calculated using equation
(3) given below:

NDWI = GREEN-NIR (3)
GREEN+NIR

where NIR is the reflection in the near-infrared
spectrum, GREEN is the reflection in the green range
spectrum.
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Land use/land cover Change Detection

The post-classification change detection technique
was applied using the ArcGIS 10.8 software. Information
that changes on a pixel-by-pixel basis was generated using
a pixel-based comparison. Therefore, the changes were
interpreted more efficiently by taking advantage of “from-
to” information. Pairs of categorical images of two
different data were compared using cross-tabulation to
identify qualitative and quantitative aspects of changes
between 2000 and 2020. This procedure generated a two-
way cross-matrix that was used to characterize the main
patterns of change in the study area.

Results and discussion

Results of Classification and Analysis

The classification results of the pre-processed images
for the years 2000, 2010 and 2020 are presented in Fig. 4.

The three-year statistics of the land-use classes and
their corresponding importance rates are shown in Table
3. The classification results shown in 2000, most of the
study area was covered by forest, accounting for 69.75%
(243.20 km?), followed by agriculture area with 22.78%
(79.41 km?), water area with 4.61% (16.09 km?), and
urban/built-up land and bare soil/rock area with at least
2.67% (9.31 km?) and 0.18% (0.64 km?), respectively (Table
3). In 2010, the size of the forest and water class all
decreased by 64.22% (223.90 km?) and 4.12% (14.35 km?),
respectively (Table 3). On the other hand, in terms of
agriculture, urban/built-up land, and bare soil/rock, the
class increased by 27.29% (95.13 km?), 3.81% (13.27 km?),
and 0.57% (2.00 km?), respectively (Table 3). In 2020, the
forest, agriculture, water and bare soil/rock classes area
decreased by 62.36% (217.40 km?), 18.34% (63.95 km?),
4.04% (14.09 km?) and 0.40% (1.41 km?), respectively.
Meanwhile, the area of the urban/built-up land class
increased sharply by 14.86% (51.80 km?) (Table 3).

sensing techniques
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Figure 4. Maps of classified land use/land cover in Hoa
Binh city (a) in 2000, (b) in 2010 and (c) in 2020

A total of 700 points were randomly selected to assess
the accuracy of three land-use status maps in 2000, 2010,
and 2020. The confirmation data were manually and
randomly selected using Google Earth Pro. The overall
classification accuracy was 95.56%, 95.09% and 94.07%
and the overall kappa coefficients were 0.944, 0.938 and
0.926 for 2000, 2010 and 2020, respectively. The study
requirements were met, as evidenced by the overall
classification accuracy of more than 90% and kappa
coefficients over 0.9 (Lea & Curtis, 2010).

Table 3: Area statistics land use/land cover in Hoa Binh city for 2000, 2010 and 2020

2000 2010 2020
LULC classes Area Area Area Area Area Area
(km?) (%) (km?) (%) (km?) (%)

Agriculture 79.41 22.78 95.13 27.29 63.95 18.34
Forest 243.20 69.75 223.90 64.22 217.40 62.36
Water 16.09 461 14.35 4.12 14.09 4.04
Urban/built-up land 9.31 2.67 13.27 3.81 51.80 14.86
Bare soil/rock 0.64 0.18 2.00 0.57 1.41 0.40
Total 348.65 100.00 348.65 100.00 348.65 100.00

Analysis of land-use/land cover changes

Table 4 presents statistics on LULC in Hoa Binh city in
the periods 2000-2010, 2010-2020, and 2000-2020. The
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results in Table 4 and Fig. 5a show that between 2000 and
2010, the forest area exhibited the most significant
change, losing 19.30 km? or 5.54% of its area. During this
period, the agricultural land area increased the most, with
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the total area of 15.72 km?, showing an increase of 4.51%
increase in 2000 as compared to 2010. The water area
decreased by 1.74 km? or 0.50%. In addition, urban/built-
up land and bare soil/rock areas showed a slight increase
of 3.96 km? and 1.36 km?, respectively, equivalent to
1.14% and 0.39%.

The results presented in Table 4 and Fig. 5b give an
overview of the change in land cover from 2010 to 2020.

During this period, the urban/built-up land area displayed
the largest increase, with its total area increasing by
11.05% or 38.53 km?2. Agricultural land decreased the
most, with a loss of 31.18 km? or 8.94% as compared to
the previous period. Land areas covered by forest, water
and bare soil/rock were reduced by 6.50 km?(1.86%), 0.26
km? (0.07%) and 0.59 km? (0.17%), respectively in the
period 2010-2020 mentioned above (Table 4).

Table 4: Table of area land use/land cover changes in Hoa Binh city from 2000 to 2010, 2010 to 2020, 2000 to 2020

2000-2010 2010-2020 2000-2020
LULC classes Area Area Area Area Area Area
(km?) (%) (km?) (%) (km?) (%)
Agriculture 15.72 451 -31.18 -8.94 -15.46 -4.43
Forest -19.30 -5.54 -6.50 -1.86 -25.80 -7.40
Water -1.74 -0.50 -0.26 -0.07 -2.00 -0.57
Urban/built-up land 3.96 1.14 38.53 11.05 42.49 12.19
Bare soil/rock 1.36 0.39 -0.59 -0.17 0.77 0.22
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Figure 5. Land use/land cover changes maps in Hoa Binh city from (a) 2000 to 2010, (b) 2010 to 2020

Based on Table 3 and Table 4, the results for the period
2000-2020 show a considerable decline in the land cover
area for the Forest, Agriculture and Water classes while
the area of the Urban/built-up and Bare soil/rock classes
increased. Forest land decreased from 69.75% to 62.36%
of the total area and agricultural land decreased from
22.78% to 18.34%. Although the water surface area was
relatively small in 2000, it was further reduced from 4.61%
to 4.04%. The proportion of urban/built-up land was
2.67% of the total area in 2000, substantially increasing to
14.86% in 2020. The bare soil/rock area has also increased
from 0.18% to 0.40% (Table 3).
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The comparison of each class showed a marked change
in LULC over the 20-year study period (Fig. 6). Between
2000 and 2020, the percentage of the area belonging to
the Urban/built-up class in the study area increased by
12.19% (Table 4), an increase attributable to residential,
farm and recreational projects that have been flourishing
in the city center and surrounding areas. In addition, the
dynamism of residential areas is closely related to urban
population growth, specifically an increase in population
size due to natural increase and higher fertility as well as
migration from rural areas out into the city. According to
the Department of Statistics of Hoa Binh province, the
study area reached 92,754 people in 2014, and by 2020
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the population has increased to 137,091, with an increase
of nearly 7,400 people/year. Hoa Binh city is the political,
administrative, economic, cultural and social center of
Hoa Binh province, so the city attracts the most
investment in the province with 203 projects, mainly in the
public sector industry, infrastructure and cities. Along with
these developments, infrastructure to access the area,
such as new sidewalks, highways and roads, has been
constructed (Zhang et al., 2018). The Bare soil/rock class
exhibited a total increase of 0.22% during the study period
(Table 4). This increase in the Bare soil area is associated
with the loss of agricultural land, with previously
cultivated land becoming barren open space, as farmers
abandoned unproductive land due to economic
inefficiencies. In addition, several construction site
planning projects, where the land has been cleared but is
left unconstructed, contribute to this increase in vacant
land. The area covered by the Forest class decreased by
7.40% from 2000 to 2020 (Table 4). The main drivers of
forest depletion in this typical study area are human
activities such as illegal logging of high-value forest wood
(Malhi et al., 2008). In addition, the lack of effective and
strict forest fire management played an important role in

sensing techniques

forest decline. The area of Agricultural land decreased by
4.43% from 2000 to 2020 (Table 4), primarily due to
challenges in land cultivation. In addition, rapid
urbanization caused a large area of Agricultural land to be
converted to Urban/built-up land, further contributing to
the decline in the agricultural land area (Peerzado et al.,
2019; Youssef et al., 2020). Therefore, the increase in the
settlement land can be termed a positive increase,
whereas the decrease in the agricultural land can be called
a negative change. In addition, plowing, improper farming
practices, and overgrazing are the leading causes of
anthropogenic soil erosion, which drives decreases in
agricultural land area. The area covered by water has
decreased by 0.57% between 2000 and 2020 (Table 4).
Water depletion, drought or little precipitation and
intense evaporation in downstream river basins were
factors in this decrease, as were the impacts of global
climate change, the El Nifio phenomenon and human
activities (Haddeland et al., 2014; Gosling & Arnell, 2016).
Moreover, the Hoa Binh hydroelectric power plant and
irrigation efforts caused a considerable change in the
water regime, water quality and aquatic systems in both
upstream and downstream rivers (Young et al., 2011).
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Figure 6. Land use/land cover changes map in Hoa Binh city from 2000 to 2020

Post-classification comparison of the detected change
was conducted using GIS by mapping change to
understand its spatial pattern (Fig. 5, Fig. 6). The 2000,
2010 and 2020 classified maps were overlaid in stages to
create a map of LULC changes. The cross-tabulation matrix
was also generated to assess the “from-to” transition
between land covers.
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The cross-tabulation matrices (Table 5) show the shift
in the land cover classes. Out of the 243.79 km? that was
Forest area in 2000, 199.38 km? was still Forest area in
2020 but 43.58 km? was converted to Agriculture and
Urban/built-up, and rest to Water and Bare soil/rock. At
the same time the increase of Forest, from 2000 to 2020,
was mainly from Agriculture (16.53 km?). Agriculture out
of 78.81 km? in 2000 lost area mainly to Forest as
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mentioned before, Bare soil/rocks, a small part to
Urban/built-up and Water, and retained 38.56 km? of total
in 2020. Urban/built-up increased from 9.32 km? in 2000
to 51.80 km? in 2020. It retained 6.46 km? of it and was
mainly replaced by Agriculture and Forest. The class which
Urban/built-up mainly replaced in 2020 was Agriculture
(23.09 km?) (Table 5). Water class retained 13.18 km? of

the total 16.09 km? in 2000. It was reduced to 14.09 km?
and mainly replaced by Agriculture and Urban/built-up.
The area of other land cover classes replaced by Water
was small. Bare soil/rock area increased from 0.64 km? in
2000 to 1.41 km? in 2020. Bare land/rock only retained
0.05 km? of the total area in 2000 and was mainly replaced
by Water (Table 5).

Table 5: Crosstabulation of the change in land cover between 2000 and 2020 (area in km?)

2000 0 5— é

=} - — b=t -

E ¢ £ 32 | 3 g
2020 < £ kS
Agriculture 38.56 22.14 1.86 1.33 0.06 63.95
Forest 16.53 199.38 0.09 1.40 0.00 217.40
Water 0.31 0.04 13.18 0.06 0.50 14.09
Urban/built-up land 23.09 21.44 0.78 6.46 0.03 51.80
Bare soil/rock 0.32 0.79 0.18 0.07 0.05 1.41
Total 78.81 243.79 16.09 9.32 0.64

This study emphasizes the importance of incorporating
RS and GIS for LULC change detection. This method offers
crucial information about the spatial distribution as well
as the nature of changes in land cover. The 90% overall
accuracy of LULC maps indicates that integrating
supervised classification of satellite imagery with visual
interpretation is an effective method for characterizing
and analyzing LULC change in an area such as the
Northwest mountainous region of Vietnam.

Spatial distribution of NDVI and NDWI over 2000 to
2020

The study area was also analyzed with two widely used
NDVI and NDWI indices. Both indices produce similar
types of results. The selected five land cover features are
distinguishable by both indices. The values of NDVI show
the amount of chlorophyll content present in vegetation,
where the greater NDVI value shows healthy and dense
vegetation, but a lower NDVI value shows sparse
vegetation. Fig. 7 represents the spatial distribution of
NDVI values for three specified years (2000, 2010 and
2020) and values range between -0.53 to 0.66. The NDVI
values in 2000 ranged from -0.53 to 0.45; in 2010, the
NDVI value indicated the minimum value that is -0.20 and
maximum 0.62; while in 2020, the NDVI value indicated
the minimum value that is -0.19 and maximum 0.66. The
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highest values of NDVI were found in 2020, while the
lowest were in 2000. Higher values showed the most
productive areas like forest and crops. Similarly, lower
values showed fewer and least productive areas like built-
up area, water and bare soil. The NDVI analysis also
revealed that urban/built-up land areas have risen
dramatically while forest areas have significantly been
reduced over time period.

The study area was also investigated with the NDWI,
and the results are quite similar to the NDVI results. Fig. 8
represents the spatial distribution of NDWI values of three
specified years. The NDWI values range between -0.58
and 0.56 in the specified period. The NDWI values in 2000
ranged from -0.33 to 0.56. In 2010, the NDWI value
indicated a minimum of -0.58 and a maximum of 0.18. In
2020, it slightly increased from -0.58 to 0.29. The spatial
variation of the NDWI values is evident across different
years. The NDWI analysis also shows that the forest area
shown in red has shrunk significantly between 2000 and
2020, and the urban/built-up land area shown in green has
expanded centrally and along the length of the foot of the
mountain over time, as can be seen in Figure 8. From these
results, we can conclude that both NDVI and NDWI are
good indicators that can effectively support the
classification and spatial mapping of LULC layers in Hoa
Binh city, especially to quickly assess the fluctuation of
LULC layers.
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Figure 8: Spatial distribution of NDWI for 2000, 2010 and 2020

Relationships between NDVI and NDWI were created
using linear regression analysis. In Hoa Binh city, the
consequences of urban expansion were visible in both the
calculated NDVI and NDWI. To determine how variations
in LU intensity inside LULC units vary across space and lead
to intra-LU fluctuation of NDWI, regression analysis (R?) is
conducted. However, NDVI and NDWI had a negative
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connection, as shown in Fig. 9, between the vegetation
index (NDVI) and NDWI-derived built-up fractions, with
correlation coefficients of R = 0.9737 for 2000, 0.9656 for
2010, and 0.9639 for 2020 displayed in all images.
Regression analysis reveals that NDWI values were lowest
in the area with the highest NDVI values.
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Figure 9: Regression analyses between NDVI and NDWI in the study area

Limitation of the study

This study faced some limiting factors that need to be
highlighted. Firstly, the satellite data used in this
investigation has a resolution of 30 m. Although it might
work for small-scale studies, it isn't the best option for in-
depth research. The investigation had to be done with
free, average-quality Landsat pictures because the current
study couldn't access high-resolution images. Since small-
scale green spaces cannot be seen due to the 30 m pixel
size, many rooftop gardens or plants growing along
roadways may have gone unnoticed throughout the
investigation, leading to errors. Second, the land cover
map was produced using maximum likelihood
classification algorithms, but due to Vietnam's diverse and
complex land use pattern, the Landsat pictures may have
been misclassified or significantly incorrectly classified.
We used the post-classification feature in the ArcGIS 10.8
program to get the most out of this restriction. To address
the aforementioned issues and employ a different and
multi-model approach for further elucidation, more study
is required.

Conclusion

Since the 2000s, the land use of Hoa Binh city, located
in the Northwest mountainous region of Vietnam, has
substantially changed due to economic development and
the impact of human activities. In this study, Landsat 7-
ETM+, Landsat 5-TM and Landsat 8-OLI image data were

used to obtain LULC maps for 2000, 2010 and 2020. The
results obtained by integrating RS and GIS analysis
demonstrate that LULC has changed significantly in Hoa
Binh city between 2000 and 2020. According to the
classification results, the land cover class with the largest
area was forest, with 234.20 km?in 2000, 223.90 km? in
2010 and 217.40 km? in 2020. The area of urban/built-up
land increased steadily from 2000 to 2020, while changes
in the Water, Agriculture, and Bare soil/rock classes were
closely related to human activities. The NDVI and NDWI
indices have also contributed to clarifying notable changes
in land cover characteristics between 2000 and 2020.
Persistence of this trend of LULC change will result in
severe environmental and economic consequences,
impacting the livelihood of the local people. The outcome
of the study shows that the policy maker and stakeholder
of this region need to be conscious about the rapid
development and changes in the land use pattern in Hoa
Binh city. Implementing appropriate measures to ensure
the sustainable use of natural resources and the efficient
use of land is, therefore, critical. Moreover, this study
offers evidence that integrating open-access RS and GIS
constitutes a valuable approach for providing baseline
spatial information. Therefore, it is suggested that RS and
GIS techniques be used to detect the change in LULC in
other parts of Vietnam as well as the world. Such spatial
information is vital to informed land use and sustainable
regional development worldwide. In addition, the
complementary future studies may integrate quantitative
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and qualitative methods to understand and discuss the
reasons for these quantitative descriptive results.
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Abstract

The major focus of the current study is a spatio-temporal analysis of land use and land cover changes in Balurghat
Municipality, West Bengal, using remote sensing and geographic information systems (G.l.S.) from 1990 to 2020. The
primary goals are to identify changes in land use and land cover and to look at the key influences and how they
affect the dynamics of the landscape. The Landsat images of the study area are classified into five categories with
the help of GIS software and Google verified and validated by the process of accuracy assessment. An image has
been classified digitally with the help of the Supervised Image Classification method under Maximum Likelihood
Classification techniques which also helps to identify the transformation of land from vegetation cover to built up
area.

Keywords: Change detection, Transformation of land, Supervised Image Classification, Maximum likelihood

classification, Land use and Land cover.

Introduction

The land is a product of nature and it is an example of
three-dimensional dynamic complex bodies. A part of
land developed through the interaction of lithology,
structure, drainage, climate, vegetation, and the
geomorphological processes operating through time. As a
result, different types of landforms have evolved in
different parts of the earth (Roy& Shaikh, 2021). Top
most solid layer of earth surface which is known as land
and Land cover is the biophysical state of the earth’s
surface particularly immediate surface (Turner et al.,
1995). Land cover refers to the natural vegetative cover
types that characterize a particular area. These are
generally a reflection of the local climate and landforms,
though they too can be altered by human actions.
Therefore, land use change may involve either
Conversion from one type of use to another, or,
Modification of a certain type of land use. We have
already noted that Land Use describes human uses of the
land, or immediate actions modifying or converting land
cover and includes such broad categories as human
settlements, protected areas and agriculture. The land
use change may involve either (a) conversion from one
type of use to another or (b) modification of a certain
type of land use (Briassoulis, 2002, Roy& Shaikh, 2021).
Changes in Land Use and Land Cover have significant
impacts on local physical environmental conditions and
economic and social welfare. A landscape is a natural
arrangement on interrelated tracts of land which is very
complicated in nature, the study of landscape dynamics it
is very much relevant for land use land cover planning
management (De & Jana, 1997). Recent research on land
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use and land cover change detection has drawn attention
of many researchers (Liang et al. 2002; Ayele et al.
2016).Change detection has a significant process for
managing and monitoring natural resources and urban
development mainly due to the provision of quantitative
analysis of the spatial distribution based on a temporal
scale. There are a lot of available techniques that serve
the purpose of detecting and recording differences and
might also be attributable to change (Singh, 1989).
Remote Sensing (RS) and Geographic Information System
(GIS) are now providing new tools for advanced
ecosystem management. The collection of remotely
sensed data facilitates the synoptic analyses of Earth —
system function, patterning, and change at local, regional
and global scales over time; such data also provide an
important link between intensive, localized ecological
research and regional, national and international
conservation and management of biological diversity
(Wilkie & Finn 1996, Patra &Gavsker,2021). Balurghat is
the headquarter of the Dakshin Dinajpur district but in 60
years ago it had been a mere village, in the historical
context of the partition of India and East Pakistan(1971),
overnight made its appearance as a town and today it has
been turned into a Class-I urban centre of district. Due
rapid urbanization, still different problems such as
population growth, dramatically changed land cover and
land use pattern, urban environmental degradation and
gaps are related to the development, don’t use any kind
statistical based and satellite image based study on urban
growth and landscape dynamics of this town are
(Kundu,2018).
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Objectives:

The present study focused on the following major
objectives-

a) To examine the pattern of population growth.

b) To identify the land use and land cover change
detection.

c) To identify major land use and land cover problems

and provide some probable solutions.

Study area

The name of the town Balurghat has been probably
derived from 'BALUKAKIRNAGHAT' meaning a 'ghatfull of
sand' (Roy, 2000). The study area is Balurghat
municipality under Balurghat community development
block of South Dinajpur district. Balurghat, Khadimpur,
Bongi, Narayanpur, Barargunathpur, part of Hosseinpur,
and Dakra are all included in the Balurghat municipal
area. It is lies between 25°12°29” N to 25°16’17” N and
88°44’A8E to 88°47'27" E (Figurel). The study area had
151,299 people living there as of the 2011 Census,
covering an area of just under 10.74 sq. km. 23wards are
available in this municipality and river Atreyee runs
across the city, dividing it into disproportionate halves.
On the eastern bank of the river is where the city's vital
administrative, cultural, and entertainment units are
located. The border between India and Bangladesh is 3
km away from the township (Kundu,2018).
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Figurel.Map of study area

Materials and methods

This research is based on cloud free, error free
satellite images from USGS data archive on various dates
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(Tablel). For the improving the image accuracy, satellite
images should be preprocessed before using. GIS
mapping techniques, cartographic techniques and
various statistical analyses have been done to fulfill our
research objectives. Arc GIS 10.2 and QGIS 2.18 have
been used for location map, supervised image
classification with maximum likelihood algorithm and
transformation of land characteristics. MS-Excel (07) and
Power Bi software have been used for statistical
calculation and cartographic techniques. Figure 2's flow
chart illustrates the approach used in the current study.

Supervised Image Classification

The goal of image classification is to classify all of the
pixels in digital image into various landuse and landcover
classes. There are two forms of classification, depending
on how the computer and interpreter interact during the
process. When an analyst has extensive expertise of the
field, supervised classification—one of the two main
approaches of picture classification—is typically selected.
The analyst performs these classifications using a three-
stage method that includes training, classification, and
output. The analyst chooses training sites to reflect
regions with well-known cover kinds throughout the
training phase. In this process, the analyst selects training
pixels that are representative of the desired land use
classes. In the present study, for each class around 25
training samples are taken into account. The sample
selection sites from various landuse and land cover
categories are shown in Table 1.The classification stage is
the second step in supervised classification; it involves
categorizing a variety of spectral bands into precise
categories of land use and land cover. The output stage is
the final outcomes of the image which are presented,
visualized, and interpreted using output products. In this
research supervised image classification method has
been adopted to demonstrate the change detection over
a 30-year period. In this classification five different
landuse and landcover features have been identify to
validate our research goal. Each and every image is
independently classified in a supervised classification
method with the help of a maximum likelihood algorithm
using Arc GIS (10.2) software.

COLLECTION OF SECONDARY DATA

SATELLITE IMAGE ADMINISTRATIVE DATA

LAYER STACK. PANSHAPPING & CLIP
SELECTION OF Tl;—&\'L\'G SAMPLE
SUPERVISED IMAGE CLASSIFICATION W'I!l'H MAXIMUM LIKELIHOOD ALGORITHM
LULC MAP ;990 & 2020
ACCURACY ;SSESSMENT
CHANGE DETEC!l'ION ANALYSIS
STATISTIC.—\;. ANALYSIS

v
FINAL REPOT ON CHANGE DETECTION

Figure 2.Flowchart of methodology
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Table 1: Secondary Data source of this research

SPATIAL DATA DATA DATA SOURCE DATE OF ACQUISITION

SATELLITE IMAGE Landsat 5 TM USGS Earth Explorer 30.01.1990
Landsat 8 OLI/TIRS PATH : 138/ ROW:48 20.02.2020

ADMINISTATIVE
AREA Village Shape file https://sedac.ciesin.columbia.edu 01.07.2022

South Dinajpur District Census Hand Book,2001 & 2011
NON SPATIAL DATA
District Statistical Hand Book South Dinajpur 2014

Source: Prepared by author, 2022.

Table 2: Land use and land cover classes of the study area

LANDUSE AND
LAND COVER CLASS DESCRIPTION
Waterbody Rivers, Canals, Ponds.
Sand Riverian Sands.

Vegetation area
areas etc.

Deciduous Forest Lands,Gardens, Mixed ForestLands, Roadside or Riverside vegetation

Stadium, Play Ground, Park,

Open space permanent or current fallow.

Recreational spot and Project area under construction,

Builtup area

Residential,Commercial and Services lands.

Source: Prepared by author, 2022.

Accuracy Assessment

The term 'accuracy' is often used to indicate the measure
of correctness of a derive map which can be tested by
using an error-matrix. Remote sensing studies have been
focused on accuracy assessment as a key component. It is
necessary to gather some in-situ data or a priori
knowledge about specific features before comparing
them to the classification map produced by remote
sensing in order to quantitatively evaluate classification
accuracy. Consequently, comparing two classification
maps is required to evaluate classification accuracy. 1)
The map obtained from remote sensing, and 2) real map.
The presumed genuine map may be from on-the-ground
research or, more frequently, from the interpretation of
remotely sensed data collected at a greater scale or
resolution. The most popular method for determining
accuracy is error matrix analysis (Khorram et al. 2013).
The change detection process relies heavily on individual
classifications.

As a result, a thorough examination of accuracy must

include a report on overall accuracy, user accuracy, and

producer accuracy, all of which were examined using the

Kappa coefficient (Table3).

Statistical Calculation

Correlation analysis is a statistical analysis which allows

researchers to explore the degree of association within
independent and dependent
(Schober&Schwarte, 2018; Senthilnathan, 2019).

L(Xi-X)(Yi-y)

= T iy

Where, ‘r’ is the Pearson’s product moment correlation
coefficient, ‘xi’ is values of x variable in a sample, %/ is
mean values of x variable, yi is the value of y variable in a
sample and ‘yi'is mean values of y variable.

variables

Table 3: Status of Kappa (Rwanga, 2017)

VALUE OF KAPPA STATUS OF KAPPA
<0 Poor
0-0.2 Slight
0.21-0.4 Fair
0.41-0.6 Moderate
0.61-0.8 Good
>0.81 Very good

Source: Prepared by author, 2022 & Das &Sahu, 2020
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Scatter plots were created by using regression analysis to
demonstrate the pattern of transformation of land from
the year 1990 to 2020. Pearson’s product-moment
correlation coefficient (PPMCC) has been used to
measure the direction and strength of the relationship
between two variables and regression analysis
established the functional relationship between
independent (x) and dependent (y) variables (Zhao,
2013). Linear regression is used to ascertain the impact
of several numbers of independent variables like X1,
X2,X3...Xi on a single dependent variable y Symbolically.
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y =Po + X1 B1+.Xp Ppt €

Where, ‘B’ reflects how much x effects on yand ‘€’ is the
error term.

Results and discussion

Population Growth

The political reasons for the country's split in 1947
and in 1971 as a result of the Bangladesh war are the key
factors that led to the formation of Balurghat Town. This
area was first incorporated in East Pakistan by British
attorney Sir Radcliff. Later, Radcliff was forced to reverse
his choice as a result of the persistent efforts of Mr.
Satindranath Basu and Dr. Sushil Ranjan Chatterjee. So,
three days later, on August 18, 1947, Balurghat
experienced the taste of independence and it was
designated as the administrative centre of the West
Dinajpur District. Previously a little settlement patches
were converted into Balurghat municipality status in
1951 at a small room of the "1928 Club" by Notification
No. M1M-40/50 (1) dt. 24th May, 1951 with a population
of 18,121 and an area of 6.37 sq. km. The Municipality
began operations formally on June 18, 1951, with five
wards operating under a nominated authority
(Kundu,2018). The population data are collected from
census handbook of South dinajpur district showing the
continuous population growth in Balurghat municipality
from 1951 to 2011 and r2 value showing the population
growth over time.

According to Census (2011), present Municipality has 23
wards with 10.74 sq.km total area and total population is
1, 53279. The town is primarily an administrative town
having overall population density 6213 persons per sq
km. According to census highest decadal growth rate had
been recorded in the year 1971, which was 148.48% due
to independence war of Bangladesh. Figure 3 line graph
illustrates the continuous flow of population growth.

Infrastructural development is the major threshold
area on which developments depends upon in an area
(Arif, 2018). It is one of the most significant pull factor for
the migrate people. The phenomenon of urbanization
therefore occurs on an area and involves links and nodes
to create a total system (Sharma, 2012). We are classified
urban service basic on their functionality in to six
categories such as administrative sector, educational
sector, health sector, transport sector, market and
recreational sector. The degree of urbanization generally
refers to the relative or absolute number of people who
live in places defined as urban (Kundu, 2013).

. . Urban Population
Degree of urbanization=—————x* 100
Total Population)

=(153279/248907)*100= 61%

The rate of urbanization is 61 percent, which is
significantly greater than India's rate of urbanization. Due
to a lack of adequate urban infrastructure, Balurghat is
getting increasingly crowded and congested.
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Figure 3: Population Growth of Study Area from 1951 to 2011

Land use and Land cover Change

Detection of changes in the land use / land cover
involves use of at least two period data sets (Jenson,
1996). Therefore, spatial changes including surface
organization of the land use and land cover and their
inter-relationship with a focus on direction and spread
are well explained (Patra and Gavsker, 2021). A
substantial portion
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of the research region is revealed to be urban in nature,
with little in the way of greenery or open space (Figure4)

Land use and Land Cover Classification 1990

Land use land cover classification was done in the
study area under the supervised classification method
using maximum likelihood algorithm. On the basis of the
number of pixels, the area of each class was calculated
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(Das & Sahu, 2020). Based on the land use land cover
map of 1990 the area and percentage of areas as
classified are water bodies 2.88 % (0.31 Sq.Km.), sand
0.93%(0.1Sg.Km.), vegetation area 33.79 % (3.635q.Km.),
open space 16.79 % (1.85q.km.) and built up area 45.62%
(4.9 Sq.Km.). The dominated land use class was built up
area and main land cover type was vegetation cover.

Land use and Land Cover Classification 2020

In other hand based on the land use land cover map
of 2020 the area and percentage of areas as classified are

water bodies 4.18 % (0.45Sg.Km.), sand 1.86 %( 0.2
Sg.Km.), vegetation area 14.05 % (1.51 Sg.Km.), open
space 18.43 % (1.98 Sq.Km.), and built up area 61.45%
(6.6 Sg.Km.). The dominated land use class was built up
area and main land cover type was vegetation cover. In
case of spatio temporal change it is very indicated that
most part of the vegetation cover and open space are
transform into or built up area.
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Figure 4: Land use and Land cover map of the study area from 1990 to 2020

Accuracy Assessment:

Accuracy assessment is one of the most crucial stages of
the research to confirm our work with genuine earth.
Kappa coefficient analysis is one of the most helpful
approaches to determine the accuracy evaluation of a
study. For the accuracy assessment random sampling
method has been used over 100 samples, collected

samples are compared between Google Earth image and
Landsat images and Table 4 are represent the kappa
value which was express the level of accuracy of our
research (Kaimais& Patidar,2016). According to Rwanga’s
(2017) classification (Table 3) the values of kappa are
under good to very good scale.

Table4:Summary of Accuracy Assessment from 1990 to 2020

1990 2020

LU/LC CLASSIFICATON TYPE USER'S PRODUCER'S USER'S PRODUCER'S
ACCURACY ACCURACY ACCURACY ACCURACY

WATERBODY 0.78 0.88 0.8 0.94
SAND 0.8 0.75 0.82 0.87
VEGETATION 0.76 0.76 0.8 0.92
OPEN 0.8 0.85 0.85 0.85
BUILUP 0.92 0.81 0.92 0.81
OVERALL ACCURACY 0.815 0.881
KAPPA 0.769 0.834

Source: Prepared by author, 2022
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Change detection

Boriah et al., (2008) have performed a new change
detection technique for the landcover change detection,
especially for remote sensing data. An important aspect
of change detection is to determine, which is actually
changing to what extent, in other words to check, which
landuse class is changing. The outcome results will reveal

both the desirable and undesirable changes along with
relatively stable categories overtime. This information
works as a vital tool in management decisions (Opeyemi,
2006). In this section the attempt is made to check the
trend, rate and magnitude of changes in land use / land
cover of study area. Table 5 and Figure 5 are representing
the spatial change over study area.

Table 5: Summary of Accuracy Assessment from 1990 to 2020

1990 2020 Area Change
LU/LC CATEGORIES & VALUE OF R
Area % Area % Area % SQUARE
WATERBODY 0.31 2.88 0.45 4.18 0.14 1.3 0.826
SAND 0.1 0.93 0.2 1.86 0.1 0.93 0.89
VEGETATION COVER 3.63 | 33.79 1.51 | 1405 | -2.12 | -19.74 0.858
OPEN SPACE 1.8 | 16.79 1.98 | 18.43 0.18 1.64 0.79
BUILTUP AREA 49 | 45.62 6.6 | 61.45 1.7 15.83 0.811
Source: Prepared by author, 2022
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Figure 5: A. Change Detection of land characteristics of the study area from 1990 to 2020 and B. Expansion Built up
area

Water body

A river called River Atreyee flows from north to south
direction in this region and there are many lakes, ponds
and tanks etc have been found. In 1990 the water bodies
hold 0.31 sg.km areas which were almost 2.88 % of the
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total area. But in 2020 the water bodies hold 0.45 sq.km
areas which were almost 4.18 % of the total area. So it’s
clear that from 1990 to 2020 total areas of water bodies
continuously increasing nearly 1.3% and the r2 value of
water body is 0.826 which indicates the rate growth of
water body within this time (Table 5 and Figure 6).



Forum geografic. Studii si cercetari de geografie si protectia mediului
Volume XXII, Issue 1 (June 2023), pp.67-77; DOI: 10.5775/fg.2023.022.i

20 - LEGEND
L = WATERBODY
o
Z 10 -
< SAND
O 0
3 = VEGETATION
@ -10 - COVER
OPEN SPACE
S -20 -
N
= 20 = BUILTUP AREA
LU/ LC CLASSIFICATION TYPE

Figure6: Change detection of the study area from 1990
to 2020

Sand

Sand area mainly found in the river floodplain. Sand
covered 0.1 sg. km in 1990, or roughly 0.93 percent of
the total area but in the 2020 sand holds 0.2 sg.km areas
which were almost 1.86 % of the total area. Therefore, it
is evident that total sand areas was increased by roughly
0.93 percent between 1990 and 2020, and the r2 value
0.89, so it is shows the pace at which sand will expand
during this period (Table 5 and Figure 6).

Vegetation cover

North Eastern, South and South Western parts of the
region are covered by dense forest (Figure4). In 1991the
vegetation cover was 3.63 km2 areas, about 33.79 % of
the total area. But the area decreased to 1.51 km2
(14.05%) in 2020. Hence it’s clearly analyzed that from

1990 to 2020 the amount of vegetation cover
continuously decreased nearly 19.74 percentage of area.
Also the r2 value of vegetation cover is 0.858 which
indicates the rate of extensive declining of vegetation
cover within this time (Table 5 and Figure 6).

Open space

Stadium, Play Ground, Park, Recreational spot, Project
area and under construction area etc are categorized as
open area in LULC map. Generally this natural open area
has been converted into urban sector and few of them
remain static. This area experience a little change with an
aerial extent of 1.8 km2 in 1990 which was 16.79% of the
total area and 1.98 km2 (18.43%) in 2020. Value of r2
open area is 0.79 indicating the low positive value and
showing its significant level of complexness according to
time (Table 5 and Figure 6).

o Builtup area
An urban sector's area are includes residential,
commercial, and other administrative buildings.

Accordingly the area included under built up area was 4.9
km2 in 1991 which was 45.62 % of the total area and in
the year 2020 the area is 6.6 km2 (61.45%) of the total
area respectively. The transformation and growth of built
up areas mainly from eastern to south eastern part of the
municipality area (Figure 4). Value of r2 built up area is
0.811 is the indication of highly positive development of
built up area within time and roughly 15.83 percentage
area had been take a positive change(Table 5 and
Figure6).

WATERBODY

BUILT UP
AREA

SAND

_~— OPENSPACE

- VEGETATION
COVER

Figure 7: Transformation of land characteristics of the study area from 1990 to 2020

Figure 7 is useful for determining the rate of change,
whereas Table 5 and Figure 6 primarily aid in identifying
the region of change during the course of the research.
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The primary land characteristics have shifted from
vegetation cover (2.44%) and open space (0.63%) to
built-up area.
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Figure 8: Spatial distribution of land characteristics of the study area from 1990 to 2020

The spatial transformation of each significant land use
and land cover characteristic over the study area is
plotted in Figure 8. Positive changes have been
discovered in land use and land cover elements such
water body (1.3%), open space (1.64%), and built-up
areas (15.83), while negative changes have been
recorded in vegetation cover (almost 19.74%).

Major problem associated with land use and land
cover changes

eClearing of forest areas in some parts of Balurghat city
has increased the level of carbon-di-oxide is what is
called greenhouse gas. It causes a general rise in
temperature. It is also observed that due to
concretization of the open land the area is now becoming
heat islands.

eWater logging in the rainy season is one of the most
important problems in the town as a result of unplanned
rapid urbanization.

eConstruct residential apartment is major crime to
encroaching of water bodies in my study area.

eLand is one of the most precious natural resources on
the planet. Due to the sprawling and unplanned growth
the fetching of ground water increased and it affects the
soil character of the land. Due to the improper
management system the soil gets polluted and it affects
the soil health and microbial statues of the soil, and the
quality of soil is degraded over time.

eOvercrowding refers to the situation in which more
people are living within a single dwelling. It is observed
from the current study that, the central portions (Ward
No.4,6,9, 11, 12, 14 &17) have over crowded rather than

others.

74



Forum geografic. Studii si cercetari de geografie si protectia mediului
Volume XXII, Issue 1 (June 2023), pp.67-77; DOI: 10.5775/fg.2023.022.i

eTransport plays an important role in economic growth
and globalization, but has a deteriorating impact on the
congestion, particularly in portions where there are
encroachments. Most of the traffic in Balurghat is made
up with slow moving vehicles.

*Solid waste is the waste matter which is generated by
domestic, commercial, industrial healthcare, agricultural
activities etc and accumulates in study area. It is another
burning issue in study area.

Probable solution

*The new underground drainage system should be made
to control the hygienic condition of the environment

environment. Many areas of the study area have traffic

*The system of collection and management of solid
wastes should be improved.

eUrban sprawl and expansion of the city should be
controlled.

elarge scale afforestation programmes should be
undertaken by the Balurghat municipality.

*Proper manage the urban wetland to check the water
scarcity in summer and urban flood.

eNew automatic traffic system should be made to control
the traffic system.

*One way transportation system should be made to
control the overcrowding.

Picture Platel: Major problem associated with land use and land cover changes

A. Soil pollution &degradation; B. Slum &overcrowding; C. Water logging; D. Traffic congestion; E. Urban waste
and F. Drainage problem

Conclusions

This study pinpoints the fundamental issue and
suggests some potential solutions. It mostly focuses on
change detection from 1990 to 2020. With the use of
satellite images and statistical measurements, supervised
image classification, accuracy assessment and Pearson's
Product Moment Correlation coefficient(r) are used to
detect the current situation. It is vital to note that
changes in land use and land cover, as well as prompt
corrective actions, are crucial for the best and most
sustainable use of land resources and the prevention of
additional unfavorable degradation. According to the
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research, Balurghat municipal policy makers should be
concerned about future urban growth and create a
detailed strategy for  environmentally friendly
constriction. The study also projected that Land use and
land cover change detection can improve the overall
urban health and environment and there is further scope
for research in this arena to look into population growth,
correlation among NDVI, NDWI and NDBI, Land surface
temperature and solid waste management program etc.
This may be further studied in relation to overall
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biophysical and human-induced changes in the region
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Abstract

In this article, we provide a review of research that explores the extensive history of wildfires across Europe, focusing
specifically on Romania's territory. Lakes and peatlands serve as ideal sources for reconstructing charcoal fluxes
resulting from vegetation burning. These natural resources are extremely sensitive to local environmental changes,
and the deposition of allochthonous material is exclusively atmospheric. The analysis of macro-charcoal is the primary
method for reconstructing local and regional wildfires. This article aims to emphasize the significant studies on
paleofires, and the processing and identification methods of macroscopic charcoal particles, which include charcoal
number, morphology, and CharAnalysis. The review of scientific achievements in Europe and Romania provides
valuable insights into these methods. We aim to investigate the potential of modern international paleofire databases,
such as the Global Charcoal Database and Reading Palaeofire Database, which provide updated information on local
and regional paleofire occurrences during the Holocene period. We will also make use of software tools that generate
maps based on network data, such as VOSviewer Bibliometric Analysis, to visualize and study the wildfire in Romania.
Furthermore, we will analyze the publications related to this topic that are available in the Web of Science database.
We analyzed the results of paleofire studies in Europe and Romania to determine the primary research directions
linked to fire reconstruction. Our review revealed that most of the study sites in Romania are in the Carpathians,
particularly at higher elevations, followed by mid-elevation areas. However, lowlands have been less investigated up

to this date.

Keywords: macro-charcoal analysis, lake and peatland sediments, Holocene, paleofire

Introduction

Charcoal is the result of incomplete combustion of
organic matter by a natural or anthropogenic fire
(Whitlock & Larsen, 2001). In most cases, charcoal data
from lake sediments and peat cores have been used to
examine the links between fire and past climate,
vegetation, and sometimes anthropogenic activities (Bal
et al., 2011; Blarquez et al., 2015; Leys & Carcaillet, 2016;
Vanniere et al., 2016). The charcoal layers detected in the
thickness of lake and peat deposits can indicate large local
fires in certain areas, although they may not entirely
reflect all the fires that have occurred in the region.
Modern methods of investigation make it possible to
reconstruct past fire activity in the local and regional
landscape based on data from macro-charcoal analyses of
lake and peatbog sediments (Mooney & Tinner, 2011).
Moreover, approaches for researching past wildfires also
rely on using dedicated software to determine local fire
episodes, such as “CharAnalysis” (Higuera, 2009).

The increasing use of fire activity reconstructions
based on charcoal analysis over the last millennium
reflects the growing interest within the palaeoecological
scientific community to consider fire as an ecosystem
process operating at both long- and short-time scales, as
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well as the need for forest managers to understand past
fire regimes to identify sustainable management
strategies for current and future landscapes (Whitlock &
Larsen, 2001; Whitlock et al., 2018). Numerous global
studies based on fossil charcoal analysis reflect the need
for an understanding of past vegetation fires, particularly
during the Holocene (Whitlock et al., 2003; 2010), which
represents a key interval for the reconstruction of
paleofire activity due to the greater human impact on the
environment and the ability to more accurately assess its
influence on the fire regime. In recent years, several
papers (Mooney & Tinner, 2011; Mustaphi & Pisaric, 2014)
have reviewed methods for charcoal analysis in lake
sediment and peat cores and their use as a tool for
reconstructing fire history. The aim of our research is to
review modern methods, achievements, foundations, and
perspectives in the study of the long-term dynamics of
past fires based on macro-charcoal analyses of various
natural archives (lake and peat sediments), and to present
a bibliometric analysis of Web of Science paleofire studies
linked to climate change. To assess the performance of
VOSviewer, paleofire simulations were performed and
compared with proxy-based data. Although VOSviewer is
primarily designed to analyze bibliometric networks, it can
also be used to create, visualize, and explore maps based
on any type of network data (Van Eck et al., 2018). Our
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research on paleofires contributes to understanding the
long-term variations in fire occurrence, by complementing
historical records (Feurdean et al., 2015).

Long-term history determination methods for
paleofires

The formation and evolution of environments are
affected by any fire, natural or anthropogenic. After fires,
"traces" in the form of ash and charcoal particles are
dispersed by air and water currents and then deposited in
peat sediments, preserving palaeoecological information
for millennia. Such dispersed charcoal particles can be
found and counted in fossil peat sediments using specific
methods (macro-charcoal analysis) (Whitlock & Larsen,
2002; Mooney & Tinner, 2011). Peat records are
considered the most suitable for reconstructing fire
history because sedimentation is continuous, and these
sediments preserve palaeodata for many thousands of
years in their thickness (Conedera et al., 2009).

Macro-charcoal and dating analysis

In the international literature, two terms are used to
designate the same method — macroscopic charcoal
analysis (Whitlock & Larsen, 2002) or macro-charcoal
analysis (Feurdean et al.,, 2020). Macroscopic charcoal
particles (> 90/150 um) are transported by the wind over
short distances from the fire perimeter (up to 1-2 km), and
within the local catchment area and deposited on the
surface (Mindrescu et al., 2013; 2023). Over time, they are
buried under new layers of sediment in peat bogs where
soil accumulates. Large macro-charcoal particles
preserved in post-fire sediments indicate local wildfire
activity (Whitlock & Larsen, 2002; Mooney & Tinner,
2011).

There are two main methods for quantification of
macroscopic charcoal in lake and peat sediments, namely
charcoal number and charcoal area. The use of the
charcoal area can reduce uncertainties in the charcoal
analysis due to taphonomic processes and breakage
during sample preparation. However, it can also introduce
measurement errors due to very large individual particles
that cannot be associated with a fire event (Finsinger et
al., 2014). Therefore, in environments where taphonomic
processes are considered important, such as the
Mediterranean (Leys et al., 2013; 2016), charcoal areas
may be preferred. Conversely, taphonomic processes may
be at a minimum in environments at higher latitudes or in
ombrotrophic peatlands (Mustaphi & Pisaric, 2014;
Florescu et al., 2018).

For reliable reconstructions of fire activity, several
studies (Finsinger et al., 2014; 2018) recommend
combining both methods. Despite this, there are few
studies in Europe (e.g., Leys et al., 2013, 2016; Finsinger et
al., 2014; Carter et al., 2018) that compare number- and
area-based macroscopic charcoal methods for fire activity
reconstruction. Furthermore, there are only two studies in
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Romania (Retezat Mts.) that reconstruct fire regimes
based on both charcoal number and charcoal area
(Finsinger et al., 2014; 2018). Macro-charcoal particles are
therefore reliable indicators of palaeofires that are specific
in systems. The statistical processing of the data obtained
on the concentration of macro-charcoal preserved in
sediments is carried out using the "CharAnalysis" software
(Higuera, 2009), adapted for the R-space. The program
uses calculations on a chronological basis to age the
samples according to the depth-aged model of sediments
based on available radiocarbon dates for the sediment
section studied. In general, the data obtained from macro-
charcoal analysis make it possible to reconstruct the local
history of fire activity in each area, to identify relationships
between changes in vegetation, climate, and fire, and to
identify the possible causes of wildfire activity and its
effects on the surrounding areas (Whitlock et al., 2010;
Feurdean et al., 2020).

Current state of research on vegetation fires in
Europe

Interest in studying paleofire appeared in the 1960s
when the concept of fire regime was first introduced to
the scientific community. The main issue on which the
concept was based was the study of the ecological role of
fires (Conedera et al., 2009). These first studies on the
long-term history of paleofire were published in the 1970s
and were based on novel methods for identifying paleofire
in peatbog sediments using macro-charcoal analysis
(Clark, 1983; Patterson et al., 1987). The studies focusing
on the reconstruction of paleoecological and paleofire
conditions (e.g., Barnosky, 1984) and the progress of
charcoal analysis (Patterson et al.,, 1987; Whitlock &
Larsen, 2002; Mooney & Tinner, 2011) describe the
general features and properties of charcoals, the
conditions for their deposition and accumulation, possible
relationships between the components of systems, and
the probable causes of fires (Whitlock & Larsen, 2002;
Mooney & Tinner, 2011).

In several works (e.g., Enache & Cumming, 2006;
Mustaphi & Pisaric, 2014; Feurdean et al., 2017) various
morphotypes of charcoal particles are distinguished, such
as wood, roots, needles, etc., revealing the type of burned
vegetation. As these research methods become
widespread, technologies for identifying fire episodes are
being modernized through the development of software
tools, such as CharAnalysis (Higuera, 2009), which allows
for the calculation of the rate of accumulation of macro-
charcoal particles, the background and threshold values of
the concentration of charcoal in sediments and the
identification of local fire episodes, and CharTool (The
Charcoal Quantification Tool) dedicated to determining,
identifying, and classifying the morphological type of
charcoal (Snitker, 2020; Pupysheva et al., 2023).

The increasing interest in the reconstruction of
wildfires in different parts of the world using macro-
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charcoal analyses indicates the relevance of this field of
research. In addition to general issues of reconstructing
the history of vegetation, fires, and climate in certain
areas, possible links between components are considered
(Marlon, 2020). In these studies, fire is seen as a natural
evolutionary factor contributing to the maintenance and
increase of biodiversity, and as a response to changing
climatic conditions. In addition, the authors question the
dominant role of humans in the increase in modern fire
activity, emphasizing the climatic factor. Fire control
through changes in land use is considered, since it leads to
the elimination of fires and the reduction of the
consequences of fires for human infrastructure, while it
also introduces an imbalance in the natural process of
ecosystem development, sometimes creating favorable
conditions for more powerful fires (Harrison et al., 2010;
2021). Another relevant area of wildfire research is to
identify the mechanisms of control and variability of fires
and their modelling to make probable forecasts on the
dynamics of fires (Harrison et al., 2010; 2021). It is
recognized that burning biomass has an impact on the
climate itself and is a component of regional climate
dynamics, as well as a key link in human interaction with
the climate.

The purpose of the Global Paleofire Working Group
(GPWG) was to collect and analyze data on the content of
dispersed charcoal in sediments of different genesis
around the world by creating the Global Charcoal
Database (GCD) (Power et al., 2008; Harrison et al., 2022;
Pupysheva et al., 2023). The main directions of paleofire
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studies include reconstructing local and regional paleofire
events to reveal the dynamics of fires in the Holocene;
accumulating a database on paleofire history to identify
local and global patterns; identifying relationships
between fires and other components of environments
including assessing anthropogenic impacts; contributing
to the improvement of research methods including
software development.

A review of palaeoenvironmental reconstruction
research in Romania

Many studies on  paleoenvironmental and
paleoclimatic reconstructions in Romania have been
carried out based on the analysis of sediments from lakes
and peatbogs, due to their property of integrating and
preserving climatic signals (Feurdean et al., 2012; 2017;
2020; Tantau et al.,, 2011; 2014; Farcas et al., 2013;
Florescu et al., 2017; 2018; Finsinger et al., 2014; 2018;
Peters et al., 2020). This research was mostly conducted to
understand the evolution of climate change, including the
manner in which climate variability and anthropogenic
disturbances relate to past fire history. In Romania, studies
have been carried out at 15 sites to reconstruct the regime
and impacts of wildfires in central and northwestern
Transylvania, Retezat Mts. (Taul betwen Brazi and Gales),
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Mts. (Feurdean et al., 2012, Mindrescu et al., 2023) (Fig. 1
and Table 1).

30°0"0"E
!

N

A

48°0"0"N

47°0'0"N

W

Apuseni
Mountains

8
IPE
10

46°0'0"N

12

w

45°0'0"N

Elevation (m a.s.l.)

[ Jo-1s0
[ J1s0-350

| 350 - 550
[ ] s50-750
4 [ 750- 1,050
[ 1,050 - 1,500
[ 11500-2510

7&( Study sites

44°0'0"N

11 7’?;‘{ Southern Carpathians

14

48°0'0"N

T
47°0'0"N

46°0'0"N

T
45°0'0"N

Bucharest
@

Black Sea

44°0'0"N

120 160 Km
L | | | |

T
25°00"E

Figure 1. Map of sites where reconstructions of the paleofire regime have been carried out: 1. Taul Negru; 2. Poiana
Stiol; 3. Taul Muced; 4. Preluca Tiganului; 5. lezerul Feredeu; 6. Turbuta; 7. Stiucii; 8. Padis Sondori; 9. Pietrele
Onachii; 10. Molhasul Mare; 11. Brazi (Taul dintre Brazi); 12. Gales; 13. Lia; 14. Bucura; 15. Oltina
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Table 1. Lacustrine sites investigated in Romania for various proxies, including charcoal

No. Site name

Geographic location

General information

(Elevation, area, maxi-
mum water depth,
thickness of sediment
sequence, age yrs. cal.

Type of investigated site

Proxies

References

1 Tdul Negru

Eastern Carpathians-
Lapus Mts.
47°39'38.39" N
23°55'58.43" E

BP)
Elev.=1143 ma.s.|
Site =2 ha

Age = 10500 at 5.54 m

Peat bog
Late Pliocene volcanic
rocks (andesites)

Micro and macro-
charcoal, lithostra-
tigraphy, pollen.

Peters et al. 2020

2 Poiana Eastern Carpathians- Elev. = 1540 m a.s.l. Peat bog Charcoal, lithostra-  Tantdu et al. 201l a
Stiol Rodna Mts., northern St=3.20m Located in a cirque floor  tigraphy, pollen. Tantdu and Farcas
slope Site =0.6 ha sinkhole 2004
47°35'14" N CA=10ha Rock type = crystalline Tantdu 2006
24°48'99" E Age =10380at2.93 m limestone Farcas et al. 2006
Feurdean et al
2017
3 Taul Eastern Carpathians- Elev. = 1360 m a.s.l. Peat bog Charcoal, lithostra- Feurdean et al
Muced Rodna Mts. St=5.6m tigraphy, pollen. 2015
47°34' 26" N Site=2h Gatka et al. 2016
24°32'42" E Age =8850at 5.15m Diaconu et al. 2017

4 Prelipca Eastern Carpathians- Elev. =830 ma.s.| Peat bog Charcoal, lithostra-  Feurdean and
Gutai Mts.,, western Site =2.374 ha Located in rock slope tigraphy, pollen, Beimike 2004
slope CA=29 failure (sackung) plant macrofossil, Feurdean 2005
47°48'83" N St = 10 m (hiatus) mineral magnetic  Feurdean and Asta-
23°31'91"E Age = 14400 at 9.88 m analyses  (SIRM), los 2005 Feurdean

organic mattercon- et al. 2007a, b,
tent via LOI, and 2008
petrographic anal-
yses (clay mineral-
ogy and grain size
measurement).
5 lezerul Sa-  Eastern Carpathians-  Elev. =930 m a.s.l. Lake Charcoal, lithostra-  Florescu et al. 2017
dovei Western part of the Site=0.70 ha Landslide-dammed lo-  tigraphy,  pollen,
Feredeu Mts., southern CA=2ha cated at the bottom of plant macrofossil,
Bucovina St=44m the valley mineral magnetic
47°36'13" N Age =1300at 0.98 m analyses  (SIRM),
25226'58" E organic matter con-
tent via LOI, and
petrographic anal-
yses (grain size
measurement).

6 Turbuta Transylvanian  Basin, Elev.=275m a.s.l. Paleolake landslide  Micro-charcoal, Feurdean et al
northwestern part Site=1.5 ha dammed lithostratigraphy, 2007a
47°15'26.5" N St =1.9 m (hiatus) pollen, total carbon
23°18'429"E analyses.

7 Stiucii Transylvanian  Basin, Elev.=239m a.s.l. Lake Micro and macro- Hutchinson et al.

northern part
46° 58' 044" N
23°54'106" E

Site =38 ha
St=7.27m

Mixed origin: salt karst
and landslide-dammed

charcoal, lithostra-
tigraphy, pollen, or-
ganic matter con-
tent via LOI, mag-
netic susceptibility,

elemental geo-
chemistry; sedi-
mentation rates
(SR) using %°Pb,
226Ra, 17Cs, and
Z41Am.

2015
Feurdean et al
2015

8 Padis Son-

Western Carpathians-

Elev. =1290 m a.s.l.

Peat bog, infilled sink-

Charcoal, lithostra-

Feurdean and Wil-

dori Apuseni Mts. Site=1ha hole tigraphy, pollen. lis 2008b Feurdean
46° 35'44.86" N St=0.76 m Located on plateau et al. 2009
22°44'00.96" E
9 Pietrele Western Carpathians-  Elev. = 1055 m a.s.l. Forested peat bog, in- Charcoal, lithostra- Feurdean and Wil-
Onachii Apuseni Mts. Site=3.5 ha filled sinkhole tigraphy, pollen. lis 2008b
46° 38'33" N St=1.85m Located on plateau
22°50'43"E
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10 Molhasul Western Carpathians- Elev. =1360 m a.s.l. Peat bog, infilled sink- Charcoal, lithostra- Feurdean and Wil-
Mare Apuseni Mts. Site=1ha hole tigraphy,  pollen, lis 2008b
46° 35'24" N St=2.24m Located on plateau magnetic suscepti-
22°45'51"E bility, organic mat-
ter content via LOI.
11 Taul dintre  Transylvanian Alps-Re- Elev.=1730m a.s.l. Lake Charcoal, lithostra- Magyari et al.
Brazi tezat Mts., northern Site=0.11ha Located on the bottom tigraphy, elemental 2009a, b, 2011,
slope CA=5.28 ha of a glacial valley geochemistry, or- 2013
45° 23'49.58" N Water depth=1.1m ganic matter con-  Finsinger et al.
22°54'11.43"E St=49m tent via LOI, pollen, 2016
Age =13620at 5.78 m macrofossils, coni-
fer stomata, dia-
toms, ostracode,
chironomids, an-
cient DNA.
12 Gales Transylvanian Alps-Re-  Elev.=1973 m a.s.l. Lake Charcoal, pollen, Magyari et al
tezat Mts., northern Site=3.68 ha Located in glacial cirque macrofossils, coni- 2009a, b
slope CA=1775ha fer stomata, dia-
45° 23'09.69" N Water depth =20 m toms, Cladocera,
22°54'38.51"E St=3.28 chironomids.
Age =13540at 2.80 m
13 Lia Transylvanian Alps-Re-  Elev.=1910 m a.s.| Lake Charcoal, diatoms  Buczké et al. 2013
tezat Mts.,, southern Site=1.3 ha Located in glacial cirque  (siliceous algae), Finsinger et al
slope CA=4319 pollen, macrofos- 2016
45°21'08.73" N Water depth=4.3 m sils, cladoceran,
22°52'44.24"E St=7.62 and chironomids.
Age = 14200 at 7.62
14 Bucura Transylvanian Alps-Re-  Elev. =2040 m a.s.l. Lake Charcoal, pollen, Buczké et al. 2013
tezat Mts., southern Site=10ha Located in a complex macrofossils, cla- Magyarietal 2018
slope CA=201.4ha glacial cirque docera, chirono- Hubay et al. 2018
45°21'38.58" N Water depth = 17.5 mids.
22°52'34.15" E
15 Oltina Floodplain in Danube Elev.=7ma.s.l. Lake Macro-charcoal, Feurdean et al
River, the lower Dan- Site = 33 km? Has a major tributary, lithostratigraphic, 2021

ube Plain, in southeast-
ern
44°09' 16" N

Age = 6000 at 9.62

27°38'13"E

Canaraua Fetii, and is
connected to two
smaller lakes, Ceamurlia

LOI, AMS C, 21%pp
and ¥7Cs, pollen, n-
alkanes.

and lortmac

According to the results of these investigations, the
most significant short-term climatic events were recorded
in lake and peat sedimentary archives on the Romanian
territory within the framework of a regional comparison

(Fig. 2).
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Figure 2. Summary of inferred climatic changes between
14400 and 550 cal. yr BP at reviewed sites from
Romania (adapted after Mindrescu et al. 2017)
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These climatic events are further related to the
Intimate event stratigraphy (Blockley et al. 2012) from
14400 to 8000 cal. yr BP, whereas the 8000 cal. yr BP to
the present period is roughly related to the regional
climatic changes documented by Mayewski et al. 2004 and
Magny & Haas 2004 cited by Mindrescu et al. 2013. The
characteristics of the climatic stages identified in this area
based on the multi-proxy analyses carried out at the sites
described in Table 1 and presented in Figure 3 are
summarized below according to Blockley et al. 2012 cited
by Mindrescu et al. 2017.

14.4 - 11.7 ka cal. BP. A pollen-based quantitative
temperature reconstruction (Feurdean et al., 2008)
showed a 2 °C increase in annual temperatures, which
reached 4 °C at 14.8 kyr cal. BP. During this period, in the
Northern, Eastern, and Southwestern Carpathians, the
temperature increase was documented in winter
temperatures, whereas summer temperatures remained
unchanged. This event is equivalent to the GS-2/Gl-le
transition in the Greenland ice core isotope record, which
shows an increase in temperature amplitude (Blackley et
al., 2012).

11.7 - 8 ka cal. BP. In European regions, climate
warming at the Holocene transition resulted in enhanced
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vegetation competition and diversity. This major and
abrupt climate shift triggered a visible response in
vegetation at both lowland and upland sites (Farcas et al.
1999, 2006; Bjorkman et al. 2002; Tantdu et al. 2003, 2006;
Feurdean, 2005; Feurdean et al. 2007a, b) which
demonstrates that all elevations were comparably
vulnerable. Biomass burning reached maximum values
due to fire conditions and biomass availability. Charcoal
records revealed lower fire activity between 12 and 10.7
kyr cal. BP in the lowland of northern Transylvania due to
a shortage in fuel availability against the background of
arid and strongly seasonal climatic conditions, i.e., higher
summer temperature (4 °C above current mean
temperature) and lower precipitation (by 33 %) compared
to the present (Feurdean et al., 2013b). Between 9900 and
9500 cal. yr BP, higher lake levels accompanied by
decreasing productivity and change in sediment
geochemistry, and vegetation (Buczkd et al. 2012, 2013;
Magyari et al., 2009b, 2011; Soroczki-Pinter et al., 2015),
appear to reflect the shift towards drier conditions from ~
9200 cal. yr BP.

8.2 - 3 ka cal BP. Between 8000 and 3000 cal. yr BP, in
the western sector of the Northern Carpathians, coldest
month and annual temperatures were lower compared to
current conditions, whereas summer temperatures and

precipitation showed increased values, comparable to the
present; more stable conditions prevailed compared to
the Early Holocene were interrupted by several short-term
climate events (Schnitchen et al. 2006; Feurdean et al.
2008). In the SW Carpathians event between 6300 and
5800 cal. yr BP, characterized by summer cooling, a
decrease in winter ice-cover season, and an augmenting
size of the water body, because of cooler and moister
conditions (Buczké et al., 2013; Magyari et al., 20093, b).
The event is synchronous with a short climatic change
recorded in SE Europe and the Northern Mediterranean
Region known as 6000-5000 cal. yr BP cold anomaly
(Mayewski et al., 2004) characterized by cooler summers
and warmer winters (Tantau et al., 2011a). This anomaly
was also identified, albeit with even greater amplitude, in
the Eastern Carpathians, at Poiana Stiol peatbog (Tantau
and Farcas 2004; Tantau et al.,, 2011a), in Buzau
Subcarpathians (Tantdu et al., 2009) and Southern
Transylvania-Fagaras Depression (Tantdu et al., 2006,
2011b).

3 ka cal. BP to Present. In the Northern Carpathians
the last 3000 cal. yr BP was characterized by warm winters
(0-1 °C mean temperature of the coldest month) and
elevated annual temperatures (7-8 °C), while precipitation
decreased by about 100 mm (Mindrescu et.al., 2017).

Figure 3. Pictures of study sites, upper left corner (lezerul Sadovei, Molhosul Mare, Poiana Stiol), upper right corner
(Taul dintre Brazi, Lia, Oltina, Gales), bottom left corner (Bucura, Stiucii, Taul Muced, Taul Negru)
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Figure 4. Photographs of representative charcoal
morphotypes under a stereomicroscope: a)
wood; b) grass (Poaceae) and c) conifer needles

Figure 4 shows the different categories of sedimentary
charcoal pieces found in studies. Macroscopic charcoal
present in sedimentary records can be classified into these
categories. Charcoal morphology can reflect fuel sources
with varying degrees of certainty (Scott et al., 2000). As a
result, charcoal morphological data can be used to
indicate past vegetation assemblages (Mustaphi & Pisaric,
2014) and investigate the different contributions of
vegetation types to biomass burning.

Bibliometric analysis on keywords using VOSviewer

The study provides an analysis of recently published
literature on paleolimnological studies of wildfires related
to ongoing climate change carried out in Romania. The
analysis considers papers published from 2004 to 2022 in
Web of Science or Scopus (Figure 5).

Study made in Romania

P = T T R R = = T T I

& &8 8 8 & 8 & & ®& & &

Figure 5. Distribution of review sources from 2004 to
2022 covering studies on paleofires,
environmental and climate change carried out in
Romania

The study identifies the keywords involved in the
selection of the materials, which are necessary for an
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understanding of the importance of peatbog fire in climate
change and how the change of landscape can be
influenced by anthropogenic activities. The study also uses
bibliographic data and abstracts from Web of Science and
Scopus to construct the map based on the data text. The
application creates classes of terms, allowing us to
preview the selected items, highlighting the links and
where they appear in the database.

Climatic and palaeoenvironmental data

The analysis of sediment records from lakes and
peatbogs in Romania suggests that the climate during the
late Holocene was predominantly affected by natural
factors. However, during the late Holocene, it was
impacted by a combination of natural and anthropogenic
factors. The deforestation of the Romanian Carpathians
took place much later than the rest of Europe during the
Holocene, resulting in a different pattern of biomass
burning in the lowlands compared to the highlands. In
Figure 6, the authors who have studied fire regimes in
Romania from 2004 to 2022 are highlighted. The figure
focuses on identifying climate changes and their impact on
the fire regime over time, as well as reconstructing
paleofire history. It shows the most relevant contributors
in this field, including Feurdean, Tantdu, Farcas,
Hutchinson, Peters, Magyari, Mindrescu, Florescu, and
Haliuc. The density of the figure is related to the
occurrence. The authors' work on climate change and
vegetation fires has evolved in terms of research methods
over the period in question.

Figure 6. Network visualization map of the main authors
who studied wildfires in Romania, showing the
evolution from 2004 to 2022

Spatial distribution of wildfires studied in
Romania

According to VOSviewer software, the spatial
distribution of wildfires studied in Romania is represented
by purple dots, which are correlated between articles on
the main topic of reconstructing wildfire in the context of
climate change using charcoal as the main proxy. Figure 7
illustrates that in 2006, there was a focus on studies
related to climate change in Romania, specifically in the
Carpathians. The maximum green color in 2014 is followed
by a slight decrease in the number of studies, which can
be attributed to the studies carried out earlier. Figs. 5 and
7 show that the maximum color, followed by a sharp



Forum geografic. Studii si cercetari de geografie si protectia mediului
Volume XXII, Issue 1 (June 2023), pp. 78-91; DOI: 10.5775/fg.2023.086.i

decrease in the number of studies, can be observed in the
years 2016-2017 and 2019. It seems that the highlighted
studies were conducted in Romania, focusing on the
Holocene period and forest areas marked with yellow
dots. Other relevant topics include climatic change, core
and lake sediment analysis, fire activity, macro-charcoal
and charcoal particle analysis, land clearance, and studies
conducted in the southern Carpathian Mountains, with Lia
and Bucura sites, (Finsinger et al. 2018; Pal et al. 2018;
Orban et al. 2018; Buczko et al. 2013; Magyari et al. 2018;
Hubay et al. 2018). In the map with green dots, the
smallest items represent the sites in northwest Romania
from the Transylvania Basin where studies have been
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carried out on paleofire regime reconstruction in the
Turbuta and Stiucii sites (Feurdean et al. 2007, 2015), in
Apuseni National Park, studies have been conducted on
the following sites: Padis Sondori (Feurdean et al. 2008,
2009), Pietrele Onachii and Molhasul Mare sites
(Feurdean et al. 2004, 2008), Gutai Mts., with Preluca
Tiganului site (Feurdean et al. 2004, 2005a, b, 20073, b,
2008), Rodna Mts., with Poiana Stiol and Taul Muced sites
(Farcas et al. 2004; Tantau et al. 2006; 2011, Feurdean et
al. 2015, 2017), and Lapus Mountain with Taul Negru site
(Peters et al. 2018). Blue dots indicate reconstruction and
environmental change. Human settlements have
impacted the landscape and environment in these areas.
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Figure 2. Bibliometric visualization map of studies carried out in Romania from 2004 to 2022

Discussion

In Romania, climate variability has varied by region in
the late Holocene. Climate change has led to an increase
in extreme weather conditions such as prolonged
droughts and wildfires (Beniston et al. 2007, Begovic et al.
2020, Vacek et al. 2023). Studies suggest that droughts will
become more intense and frequent in central and
southern Romania in the foreseeable future. This will
affect lakes and peatbogs, which will be more vulnerable
to lengthy droughts and frequent wildfires (Vacek et al.
2023). Human activities such as deforestation and mining,
as well as landscape changes, will contribute to the
occurrence of wildfires. Research conducted over the last
two decades should inform the development of
sustainable landscape management and environmental
protection policies based on scientific evidence.
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Studies in low-altitude areas (steppe, forest-
steppe)

Feurdean et al. (2021) conducted a study on Lake
Oltina, located on the Danube floodplain. The results
showed that the lake was formed between 6000 and 2500
cal. yr BP, during a period when there was a vast canopy of
xerothermic (C. orientalis and Quercus) and temperate
(Carpinus betulus, Tilia) tree taxa. Over time, due to
agricultural activities, the tree cover started to decline,
while the climate remained humid. At around 2500 cal. yr
BP, there was an increase in biomass burning, which
suggests that fire was used as a management tool. Over
the last millennium, there has been a significant decline in
the amount of wooded areas. The landscape openness at
Lake Stiucii (239 m a.s.l.) during the late Holocene was
estimated to be about 20% higher than the actual data.
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The open coniferous forest was reduced during the late
Holocene, likely indicating a transition. This was due to a
higher cover of Poaceae and Picea and lower values for
Pinus and Artemisia. The Bronze Age was characterized by
human activities, including extensive forest clearance
after 3700 cal. yr BP, indicating that the Transylvanian Plain
was more wooded in the past. However, the forests were
never completely closed due to dry growing season
conditions, recurrent fires, and anthropogenic impacts
that favoured the persistence of grasslands throughout
the late Holocene, according to Feurdean et al. 2015. At
Turbuta palaeolake in the Transylvanian Basin, the
presence of Pinus and Betula open woodlands with small
populations of Picea, UImus, and Alnus is indicated before
12000 cal. yr BP. The vegetation dynamics at Turbuta,
along with other sites in Romania, suggest a response of
the vegetation to regional climatic changes, which indicate
that the forests in the lowlands of Turbuta were never
closed, as reported by Feurdean et al. 2007b.

Studies in mid-altitude areas (deciduous forest,
mixed forest)

At paleolake, Preluca Tiganului (730 m a.s.l.) from
Gutai Mts., the current vegetation types in the area
include Picea and Pinus, and the climate has been
relatively stable. Small climate oscillations are recorded at
mid-altitude sites because these areas are close to the
tree-line ecotone. The development of vegetation shows
different responses and amplitudes of response to climatic
changes, with local factors determined by the altitude and
topography of the study site, as described in Feurdean et
al. (2007a). According to Florescu et al. (2017), the data
collected from lake lezerul Sadovei provides the first
evidence of environmental changes that have taken place
in the mountainous region of Southern Bucovina in the
past ~ 950 years. The environmental degradation in this
area and its surroundings is primarily caused by human
activities such as deforestation. However, it is also
influenced by climate-related hydrological conditions such
as flooding and the evolution of slope processes. At the
Taul Negru peatbog, there has been a continuous increase
in indicators of human activity, such as the presence of
Plantago lanceolata and Chenopodiaceae, and an increase
in the abundance of Poaceae, Rumex, and Urticaceae
(Peters et al. 2019). The increase in charcoal content is
particularly significant in this area, indicating further
opening of forests and increasing forest exploitation
(charcoal burning) and grazing pressure. The first signs of
anthropogenic activity were detected around 6000 cal. yr
BP. This pressure was observed in the development of a
cultural landscape, which progressed during the Middle
Ages and became even more pronounced in modern
times. Local disturbances increased during periods of
mining activity. It is possible that people used fire to clear
forests and open access to mining sites or pastures (Petras
et al. 2021).
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Feurdean et al. (2008) conducted a study in the
Apuseni National Park, NW Romania, to reconstruct the
long-term dynamics of A. alba. Three sites — Molhasul
Mare, Pietrele Onachii, and Padis Sondori — were selected
for this purpose. The study found that the concentrations
of micro-charcoal recorded in Molhasul Mare and Padis
Sondori were highest between 6000 and 4200 cal. yr BP,
followed by a decrease and overall low values between
4200 and 500 cal. yr BP. Subsequently, the levels steadily
increased again during the last 300-500 years. The study
reveals that A. alba has existed in Romania since at least
5700 cal. yr BP. These stands grew in mixed formations
until approximately 300 years ago when they were
reduced to their present state.

Studies in high altitude areas (coniferous forests,
the ecotone at the upper limit of the forest,
subalpine and alpine areas)

Gatka et al. (2016) and Diaconu et al. (2017) have
reported that Taul Muced is an ombrotrophic raised bog
located in the Eastern Carpathians in Rodna National Park
at an altitude of 1.360 m a.s.l. The bog covers an area of
approximately 2 hectares, of which about 0.5 hectares has
been designated as a scientific reserve under the IUCN
category. The bog's surface is mostly covered by spruce
trees with small patches of dwarf pine (Pinus mugo)
scattered around. The dominant species in the moss
communities are  Sphagnum  russowii and S.
magellanicum, along with Vaccinium microcarpum, Carex
pauciflora, Vaccinium myrtillus, Drosera rotundifolia,
Listera cordata, and Polytrichum strictum (Diaconu et al.
2017; Feurdean et al. 2015). The pollen sequence
indicates that Sphagnum magellanicum was the most
prominent species in the formation of peat for around
8000 years. However, it also reveals ten stages where
Eriophorum vaginatum had a higher representation at the
following times: 8100, 7550, 6850, 6650, 5900, 4650,
3150, 1950, 1450, 750 cal. yr BP. The cyclical analysis of
Sphagnum magellanicum and Eriophorum vaginatum at
Taul Muced suggests that this could be due to regional
changes in climatic conditions or the result of autogenic
succession (Gatka et al. 2016). Between 4300 and 3300
years ago, there was low fire activity and Sphagnum
macrofossils were dominant (Gatka et al. 2016). From
2750 to 1300 years ago, the peatland surface conditions
were dry, and the air temperature reconstructions suggest
relatively warm summers of approximately 14 °C. Charcoal
supports the dry conditions with six centennial-scale
temperature changes over the last 6550 years. The
summers were relatively cold during the periods 6550-
5600, 4500-3150, and 1550-600 years ago. However,
warm air temperatures were experienced from 5600-
4500, 3150-1550, and 100 years ago to the present
(Diaconu et al. 2017). Lake Brazi (Taul dintre Brazi) is
situated on the northern slope of the Retezat Mountains
at an altitude of 1.740 m a.s.l in the Gales valley. On the
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other hand, Lake Lia is situated at 1.910 m a.s.| on the
southern slope. It is noteworthy that the number of fires
on the northern slope was relatively lower compared to
the southern slope. In the past, the forests on the
northern slope around Lake Brazi were mainly dominated
by Picea abies and they persisted for a long time. During
this time, the intervals between fires were comparatively
longer, ranging from 1000 to 4000 years. On the other
hand, the forests on the southern slope around Lake Lia
had a higher abundance of Pinus mugo and their fire-
return intervals were significantly shorter, ranging from 80
to 1650 years. Forest clearance through burning to
increase pasture was moderate compared to the rest of
the region. The frequency of fires differed in various areas
due to the different microclimates of the northern and
southern slopes, and the location of sites above the tree
line ecotone. During the last 2000 cal. yr BP,
anthropogenic vegetation changes increased, particularly
on the southern slope, and were associated with a
moderate rise in biomass burning until ~ 1300 cal. yr BP
(Finsinger et al., 2016).

It has been suggested by a palaeolimnological
investigation that the glacial lakes of the Southern
Carpathians — Lia, Bucura, and Gales — had oligotrophic
and oxygenated waters from the late Holocene to the
present. This could indicate that forest clearance through
burning to reduce pasture was carried out moderately,
according to Buczké et al. 2013. According to Tantau et al.
(2011), the area was covered by dense woodlands
containing various tree species such as Betula, Pinus, Picea
abies, and Alnus. During this period, Picea abies was the
dominant species. The peat sequence from Poiana Stiol
provides a detailed account of the forest dynamics and
climate history of the Holocene period. The study suggests
that human impact on the area became evident
approximately 3200 years ago and was mainly due to
deforestation and forest grazing (Tantau et al. 2011).

~

Conclusions

Paleoenvironmental studies around the world are
increasingly focusing on the long-term dynamics of fire,
vegetation, and climate. These studies analyze macro-
charcoal to better understand the relationship between
vegetation fires, anthropogenic impact, and climate
changes during the Holocene. The sediment record-based
environmental reconstructions highlight the spatial and
temporal manifestation of vegetation fires, which is
especially relevant given the current global climate change
and catastrophic events. Our study is a focused literature
review that examines published literature on paleofire
reconstruction in lakes and peatbogs in relation to climate
variability, both past and present. The impact of global
climate change is a significant challenge for Romania. It is
important to take timely and appropriate measures to
reduce its impact and to adapt ecosystems to the
projected changes in environmental conditions. To
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minimize the ongoing susceptibility of forests, it is
necessary to establish and change the species
composition of trees in the stand and select suitable tree
species that are resistant to adverse abiotic factors such as
drought and wildfire. It is crucial to conduct further
research to enhance the connection between scientific
research and action while developing adaptive responses
that are specific to the context of climate change and
disturbance regimes. The risk of wildfires is anticipated to
increase in the coming years, even in areas that were
previously unaffected, like the high and mid-altitude
mountain ranges of the Carpathians, leading to expensive
economic and environmental consequences.
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Abstract

The present study has made a thorough investigation into the spatial clustering, trend, and intensity of
multidimensional poverty in India between 2005-2006 and 2021. Data has been obtained from the global
multidimensional poverty report [developed by the Oxford Poverty and Human Development Initiative (OPHI) and
UNDP] and the national report of the Multidimensional Poverty Index (MPI) for 2021 [prepared by NITI Aayog] for
India based on the NFHS-3 and NFHS-4 datasets. The study shows that, despite significant interstate disparities,
multidimensional poverty in India has decreased from 0.279 in 2005-2006 to 0.118 in 2021. States like Bihar,
Jharkhand continue to experience extreme multidimensional poverty. The study demonstrates that even though the
intensity of poverty has remained relatively constant, the poorer states are significantly more advanced in reducing
poverty than the nation's wealthier states. This suggests a pattern of pro-poor poverty reduction. Besides the study
explores indicator-wise deprivation of MPl among the states and it is witnessed that Chhattisgarh, Jharkhand, Tripura,
and Bihar have made splendid progress in reducing deprivation in different indicators (antenatal care, electricity,
drinking water, assets) of multidimensional poverty, while the magnitude of deprivation is acute in several indicators
like nutrition, cooking fuel, sanitation, and housing in these states. Based on the analysis, the present study suggests
that India should undertake target-based interventions in poverty-prone regions to reduce poverty.

Keywords: poverty in India, multidimensional poverty, Multidimensional Poverty Index (MPI), spatial pattern of

poverty, decomposition, deprivation

Introduction

During the previous two decades, India has attained
remarkable progress in its growth trajectory (World Bank
2018). However, the growth performance of the Indian
subcontinent has been exclusive and inconsistent. As a
result, regional disparities, the rural-urban divide, and
socio-economic and gender inequities have all worsened
(Dev, 2010). Various studies (Das & Barua, 1996; Ohlan,
2013) have discussed that over the vyears, regional
disparities in India have been increasing at an alarming
rate. Even after seven decades of independence, a large
section of Indian society does not have access to essential
services including health, education, housing, and safe
drinking water. The government of India faces challenges
to overcome the problem of inter-regional poverty and
income disparity that are not explicit at aggregative levels.

During the first four decades of development studies
(1950-90), poverty was mainly measured in money-metric
terms, either from household income or consumption
expenditure. The World Bank sets poverty line at $2.15 a
day in 2017 PPP (Purchasing Power Parity). Although the
monetary-based poverty estimates have provided
valuable insights into poverty, they have some flaws. The
major limitation of money-metric poverty is its inability to
express the multiple deprivations of human life. Sen
(1980, p-198) stated that "income may not be translated

92

into basic needs. As a result, deprivations in education,
health, social, and political dimensions are critical in
determining poverty because they are difficult to define
through price". Moreover, there is ample possibility of
inaccurate measurement of a household’s income and
expenditure (Deaton, 1997). Apart from income, poverty
measure fails to consider the spatiality of living costs,
which are considerably higher in urban areas than in rural
areas (Wratten, 1995). These limitations of money-metric
poverty put emphasis on developing the multidimensional
approach to poverty measurement, which considers
poverty as i) capability deprivation (Sen, 1993) and ii) a
counting measure of deprivation (Atkinson, 2003). The
emergence of the human development paradigm during
1990 provided a solid theoretical framework for
measuring multidimensional poverty. The United Nations
Development Programme (UNDP) developed a set of
composite indices such as the Capability Poverty Measure
(CPM), Human Poverty Index 1 (HPI-1), and Human
Poverty Index 2 (HPI-2) to compute multidimensional
poverty (UNDP, 1996). The Multidimensional Poverty
Index (MPI) differs from the HPI in that it identifies people
at the micro level who are disadvantaged in a variety of
overlapping ways and captures both the amount and
intensity of poverty in a more appropriate way (Alkire &
Santos, 2010). The Oxford Poverty and Human
Development Initiative (OPHI), jointly with UNDP,
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developed the Multidimensional Poverty Index (MPI) in
2010. The major goal of MPI was to identify those who
were unable to meet a certain level of resources,
requirements, or functioning in order to maintain a
minimum standard of living (Alkire & Santos, 2014; Walker,
2015). MPI has grown into a formidable instrument that is
now used by over 18 nations to track poverty alleviation
(UNDP, 2019). The index's strength comes from its capacity
to disaggregate the MPI into numerous categories,
ensuring that no region is left behind. It also serves as a
powerful tool for assessing a country's progress toward
reaching the Sustainable Development Goals (UNDP,
2019).

The study of multidimensional poverty and deprivation
on a regional scale is critical in such a large country as
India. The extant seam of literature on multidimensional
poverty has significantly expanded in recent vyears
following the ground breaking contributions of Atkinson
and Bourguignon (1982), Bourguignon and Chakravarty
(2003), and later the significant theoretical as well as
empirical contributions of Alkire and Foster (2011), Alkire
and Seth (2015), Das et al. (2021), and Alkire et al. (2021).
In order to measure and estimate multidimensional
poverty, a number of researchers (Chakravarty &
D'Ambrosio, 2006; Alkire & Foster, 2008, 2011; Calvo,
2008; Wagle, 2008; Alkire & Santos, 2010; Mohanty, 2011;
Mishra & Ray, 2013; Alkire & Seth, 2015) around the world
have made significant contributions. Most of these studies
used education, health, and standard of living as criteria
for defining multidimensional poverty, while a few studies
also took into account subjective well-being factors like
fear of hardship (Calvo, 2008). Regarding measurement of
multidimensional poverty, some researchers have
considered the "union" (poor in any dimension) approach
(Bourguignon & Chakravarty, 2003); while others have
applied the ‘"intersection" (poor in two or more
dimensions) or "relative" approach (Wagle, 2008).

Though a large number of studies have delved into the
dynamics of multidimensional poverty at the global level,
studies on multidimensional poverty at a regional level for
developing nations in general and India, in particular, are
few and far between. Following the methodology of Alkire
and Foster (2011), Alkire et al. (2015), Das et al. (2021),
and Alkire et al. (2021), this paper revisits the
measurement of multidimensional poverty in the Indian
context during two different periods of time: 2005-2006
and 2021.

The contribution of the paper is threefold. The primary
objective of this study is to investigate the spatial
disparities in the concentration of multidimensional
poverty among the different states of India during two
distinct periods, i.e., 2005-06 and 2021. In addition, the
study has attempted to investigate the trends of changes
in the MPI's absolute and relative dimensions, headcount
ratio (H), and poverty intensity (A), over these periods,
across the states of India. The paper's final section further
explores the disparities in MPI indicators across the states.
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The study will make a novel contribution to understanding
the recent scenario of multidimensional poverty, intensity,
and deprivation across the states of India, which may be
helpful for the easy formulation of state-level policies.

Literature review

The existing literature on development economics
suggests that assessing poverty across several dimensions
of deprivation provides a more comprehensive picture of
poverty. In India a plethora of studies have addressed the
relevance of multidimensional poverty measurement
using variety of indicators.

Alkire and Seth (2008) calculated the MPI in the
context of India using the Below Poverty Line (BPL), 2002
methodology, with the help of NFHS (National Family
Health Survey) dataset. Mohanty (2011) tried to assess
multidimensional poverty using NFHS-3 unit-level data
and discovered that infant mortality and under-five
mortality rates are particularly high among people living in
abject multidimensional poverty. Sarkar (2012) calculated
multidimensional poverty using data from the National
Sample Survey Organization (NSSO) and concluded that
while rural poverty has declined over time in India, it is still
very acute among socially vulnerable groups. Using NFHS
data, Alkire and Seth (2013) looked at how multi-
dimensional poverty changed in India between 1999 and
2006 and found that some indicators of the standard of
living—like access to electricity, decent housing, safe
drinking water, and improved sanitation—were
comparatively more significant than other social indicators
in promoting national poverty reduction. However, the
reduction was not consistent across different population
subgroups, and the pattern of reduction among states was
less pro-poor than the pattern of income poverty. Mishra
and Ray (2013) performed a wide-ranging analysis of the
Indian population's living standards using NFHS and NSSO
data between 1992 and 2005 and concluded that the
decomposable dimensions of poverty deprivation
explained vulnerability across socio-economic groups
better than total deprivation levels. Using NFHS data,
Alkire and Seth (2015) observed that although poverty
level in India has decreased during 1999 to 2006, the
reduction in poverty among the lower sub-groups has
been modest, resulting in a widening of the income gap
throughout the population. Gathering data from several
issues of periodic reports produced by OPHI as well as
various other research reports, Kumar et al. (2015) have
calculated the MPI for India based on health and
household status and contend that Kerala is the most
secure in multidimensional poverty, while Goa, Punjab,
Himachal Pradesh, and Tamil Nadu are the most
susceptible. While the rest of the states are in a miserable
state of affairs. Dehury and Mohanty (2015) estimated and
decomposed multidimensional poverty in 82 natural
regions of India using unit data from the Indian Human
Development Survey (IHDS), 2011-2012. According to the
findings, around 43 per cent of India's population is
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multidimensionally poor, with considerable regional
differences. Based on data from three NFHS rounds: 1992—
1993, 1998-1998, and 2005—-2006, Chaudhuri et al. (2017)
determined the state-level MPI in India and revealed that
the country's progress has been unbalanced, with poorer
states (like Bihar) continuing to stay impoverished and
there is a prevalence of intra-urban inequities and female
multi-dimensional destitution. Using the NFHS-3 and
NFHS-4 datasets, Alkire et al. (2018) attempted to analyze
the changes in the MPI from 2005—-2006 to 2015-2016 and
found that multidimensional poverty in India decreased
from 54.7 percent in 2005-2006 to 27.5 percent in 2015—
2016. As per their observation, the reductions in MPI are
rarely connected with GDP growth at the state level. Using
NSSO data on consumer expenditure Tripathi and Yenneti
(2020) tried to estimate multidimensional poverty across
Indian states and disclosed that household members' lack
of education, followed by their income, was the biggest
factor contributing to their poverty. Between 2005-2006
and 2015-2016, Alkire, et al. (2021) looked at how poverty
levels changed across socioeconomic groups and among
the poorest of the poor in India. Using NFHS-4 datasets,
Vasishtha and Mohanty (2021) investigated the spatial
clustering and association of multidimensional and
consumption poverty in Indian districts and unveiled that
in comparison to consumption poverty, multidimensional
poverty is spatially more concentrated. Based on the
results, they suggested multidimensional poverty
measures should be integrated with consumption poverty
measures and those districts with high levels of
multidimensional and consumption poverty should be
prioritized for evidence-based planning. Das et al. (2021)
used NSSO data to examine how consumption and
multidimensional poverty changed in India between
2004-2005 and 2011-2012 as a result of changes in
population subgroups and household characteristics.
According to their observations, multidimensional poverty
has dropped for both consumption-poor and non-poor
people, but the decline is more rapid among the poorest
segments, which is encouraging. Additionally, they
concluded that a sizable portion of Indians is
multidimensionally poor but not consumption poor,
making it ineffective to combat poverty using conventional
methods due to exclusionary bias. Mohanty and Vasishtha
(2021) estimated and decomposed multidimensional
poverty in urban India using the urban sample from the
NFHS-4. According to the findings, approximately one-
third of the urban Indian population is multidimensionally
poor, one-sixth is vulnerable to multidimensional poverty,
and poverty is more prevalent among large households,
female-headed households, widowed individuals, and
scheduled tribes. Based on NFHS-4 dataset Mondal et al.
(2023) tried to estimate the spatial pattern of
multidimensional poverty in both rural and urban context
across the states of India and confirms that the magnitude
of poverty and deprivation is acute in most of the poverty
indicators in the poorer states of India like Bihar,
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Jharkhand, Uttar Pradesh, Madhya Pradesh etc. The study
further revealed that in both rural and urban space among
the dimension health and among the indicators nutrition
have made most significant contribution in overall score of
multidimensional poverty in India. Not only at national
level but also at micro level several studies have been
performed in India to investigate the pattern and intensity
of multidimensional poverty. Like Mondal and Mishra
(2021) in their study have tried to explore and analyze
spatial interlinkages of poverty in Hooghly district of West
Bengal with the help of twelve indicators and unveiled that
geographical dimension of poverty has many linkages with
the socio economic and cultural aspects of society.

Even though numerous studies have been carried out
at the national level, no comparisons between the states
using the MPI for the years 2005-2006 and 2021 have
been made so far in India. The current study aims to fill
this significant gap in the body of existing literature. This
type of research will shed light on the spatial and temporal
dimensions of multidimensional poverty in the context of
a vastly dispersed country like India.

Data and methods

The present study is based on secondary sources of
data. The data relating to the MPI of India for the year
2005-2006 has been obtained from the Global
Multidimensional Poverty Index prepared by UNDP and
OPHI using the Alkire—Foster (A—F) Method. The data on
multidimensional poverty in India for 2021 is gathered
from the report prepared by the National Institution for
Transforming India (NITI) Aayog using the same
methodology as UNDP and OPHI. The widely used Foster-
Greer-Thorbecke (FGT) class of poverty measures is
extended by the A-F methodology, which has several
technical and practical benefits that make it suitable for
use in non-monetary poverty estimation. While the MPI of
2021 has used the NFHS-4 dataset collected during 2015—
16, the MPI of 2005-06 is based on NFHS-3 datasets. The
NFHS is conducted by the International Institute of
Population Sciences (lIPS), Mumbai and is the major
source for demographic and health indicators in India with
support from the ICF International, the National AIDS
Research Institute (NARI) and Demographic Health
Surveys (DHS). It should be noted that it will be NFHS 4
which is representative at both the state and district
levels, as opposed to NFHS 3, which is only representative
at the state level. The sample size thus increased almost
six-fold between NFHS-3 and NFHS-4. Both surveys use a
two-stage stratified sampling design. The two datasets are
thus comparable at the state level, though not at the
district level. Therefore, we have used these two data sets
for inter-spatial and temporal comparisons.

According to the UNDP's Human Development Reports
(2015 and 2019), the MPI of 2005-2006 and 2021 both
have considered three dimensions, namely health,
education, and standard of living. The global MPI used 10
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indicators (two from health, two from education and six
from standard of living) for the construction of MPI for
India in 2005-06 while NITI Aayog has used twelve
indicators with the inclusion of two new indicators (Child
and adolescent mortality from health and bank account
from standard of living) for 2021 (Fig. 1).

Three
Dimensions of
Poverty

Twelve Indicators

Nutrition

Health

Child & Adolescent Mortality

Antenatal Care

Years of Schooling
Education

School Attendance

Cooking Fuel

Sanitation

Drinking Water

Electricity

Housing

Assets

Bank Account

Figure 1. Dimensions and indicators of MPI for India
2021 Source: Prepared by the authors based on
NITI Aayog Report of MPI, 2021

These indicators reflect different Sustainable
Development Goals (SDGs). The descriptions of the
dimensions, the indicators, and the cut-off point that have
been considered by NITI Aayog have been enlisted in Table
1. Equal weights were assigned to each dimension, and
within each dimension, equal weights were given to each
indicator (Alkire & Santos, 2010; Alkire & Seth, 2015;
UNDP, 2015, 2019). The percentage of weighted
deprivations that the state's population experiences is
shown in the deprivation score, which adds up the weights
on each indicator of deprivation and summarizes the
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state's deprivation profile. After Sen (1976), the next step
is to determine who is poor using the poverty cut-off. If
they experience one-third of the weighted deprivations or
more, they are identified as MPI poor.

Thereafter, the proportion of multidimensionally poor
individuals in the total population has been determined
which is known as the Headcount Ratio (H) of
multidimensional poverty and is the first of two partial
indices used to determine the MPI.

Percentage of multidimensionally poor is denoted by H
and defined as

H=24100
n

Where, q is the number of multidimensional poor
households and n is the total population.

Thereafter intensity of poverty (A) which is the second
partial index to formulate MPI has been calculated. The
intensity of poverty (denoted by A) is the average
proportion of deprivations which is experienced by
multidimensionally poor individuals.

In percentage form, it is expressed as

A= ! qg Ci(k)
= - i
q &
=1

Where, Ci(k) is the deprivation score of
multidimensionally poor individuals up to the ith
individual and q is the number of multidimensionally poor
individuals.

The Multidimensional Poverty Index (MPI) is the
product of the two partial indices, the (H) and (A). Hence,
the index reflects both the incidence and the intensity of
poverty.

Thus MPI is calculated as

MPI =H %A

Further we have decomposed the MPI by dimensions
and indicators to assess the contribution of the various
dimension/indicators to overall poverty. The contribution
of a particular indicator to overall multidimensional
poverty is computed as
WiCHi
MPle x 100

Where wi is the weight of the ith indicator (Table 1) CHi
is the censored headcount ratio of the ith indicator and
MPIc denotes the India’s national MPI.

Contribution of indicator i to MPI =

The study has made use of a variety of analytical tools,
including tabular analysis, absolute and relative change
detection, scatter plots, bubble charts, etc. With the aid of
ArcGIS 10.5, SPSS 22, and MS-Excel 2010 software, a
number of maps, charts, and diagrams have been
prepared for better visual representation.
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Table 1. Dimensions, indicators, deprivation cut-offs and weights of the multidimensional poverty

Dimension Indicator Deprivation cut-off
(Weight)
Health Nutrition A household is considered deprived if any child between the ages of 0 to 59
(1/3) (1/6) months, or woman between the ages of 15 to 49 years, or man between the
ages of 15 to 54 years -for whom nutritional information is available - is found
to be undernourished.
Child and | A child/adolescent under 18 years of age has died in the family in the five-year
Adolescent period preceding the survey.
Mortality
(1/12)
Antenatal A household is deprived if any woman in the household who has given birth in
Care(1/12) the 5 years preceding the survey, has not received at least 4 antenatal care visits
for the most recent birth, or has not received assistance from trained skilled
medical personnel during the most recent childbirth.
Education Years of | Not even one member of the household aged 10 years or older has completed
(1/3) Schooling six years of schooling.
(1/6)
School Any school-aged child is not attending school up to the age at which he/she
Attendance would complete class 8.
(1/6)
Standard Cooking Fuel A household cooks with dung, agricultural crops, shrubs, wood, charcoal or coal.
of Living (1/21)
(1/3) Sanitation The household has unimproved or no sanitation facility or it is improved but
(1/21) shared with other households.
Drinking Water The household does not have access to improved drinking water or safe drinking
(1/21) water is at least a 30-minute walk from home (as a round trip).
Electricity The household has no electricity.
(1/21)
Housing The household has inadequate housing: the floor is made of natural materials,
(1/21) or the roof or walls are made of rudimentary materials.
Assets The household does not own more than one of these assets: radio, TV,
(1/21) telephone, computer, animal cart, bicycle, motorbike, or refrigerator; and does
not own a car or truck.
Bank Account No household member has a bank account or a post office account.
(1/21)

Source: National Multidimensional Poverty Index, 2021 Based on NFHS-4 (2015-16), NITI Aayog

Results and discussions

Spatial pattern of MPI, H and A of poverty in 2005-
2006 and 2021

India has achieved a momentous progress in reducing
multidimensional poverty and headcount ratio in between
2005-06 and 2021. The headcount ratio has dropped
down from 54.7 percent in 2005-2006 to 25.0 percent in
2021. The MPI score has more than halved during this
period from 0.279 to 0.118. Though intensity of poverty
has remained more or less the same during 2005-2006
(51.1 percent) and 2021 (47.1 percent) which is a serious
concern among the policy makers and social scientists in
respect to poverty in India. Though poverty has been
reduced at the national level, large interregional
disparities in the pattern of multidimensional poverty
persist in our country. The section that follows provides an
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example of a comparative analysis of the regional variation
in  multidimensional poverty, headcount Ratio, and
poverty intensity over two distinct time periods, namely
2005-2006 and 2021.

State wise pattern of poverty in 2005-2006

Table 2 and Figure 2 reveal that during 2005-2006 very
high multidimensional poverty (MPI>0.198) persisted in
16 out of 28 states in India. Among the states Bihar was
the poorest in multidimensional poverty followed by
Jharkhand and Uttar Pradesh. Lack of education, a high
rate of illiteracy, a lack of infrastructure and industries,
unequal land distribution, caste-based politics, a heavy
population burden on natural resources, a problem with
youth unemployment, and a lack of urbanization are the
main causes of the high incidence of poverty in these
states (Mondal et al., 2023).
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Table 2. State wise MPI, Headcount Ratio (H) and Intensity (A) in 2005-2006 and 2021

State 2005/06* 2021%*
MPI .H A . MPI .H A .
Incidence Intensity Incidence Intensity

INDIA 0.279 54.7 51.1 0.118 25.0 47.1

Andhra Pradesh 0.234 49.9 47.0 0.053 12.3 43.2
Arunachal Pradesh 0.309 59.7 51.8 0.115 24.3 47.3
Assam 0.312 60.7 514 0.156 32.7 47.9
Bihar 0.446 77.1 57.8 0.265 51.9 51.0
Chhattisgarh 0.353 70.0 50.5 0.134 29.9 44.6
Goa 0.087 20.4 42.5 0.015 3.8 40.2
Gujarat 0.185 38.5 48.0 0.084 18.6 45.0
Haryana 0.182 38.5 47.2 0.055 12.3 44.4
Himachal Pradesh 0.129 31.1 41.5 0.03 7.6 39.4
Jammu & Kashmir*** 0.189 40.8 46.4 0.055 12.6 44.1
Jharkhand 0.425 74.7 57.0 0.202 42.2 47.9
Karnataka 0.224 48.1 46.5 0.056 13.2 42.7
Kerala 0.052 13.2 39.6 0.003 0.7 39.0
Madhya Pradesh 0.358 67.7 52.8 0.173 36.7 47.3
Maharashtra 0.182 394 46.2 0.065 14.9 43.8
Manipur 0.207 45.1 45.8 0.08 17.9 44.4
Meghalaya 0.334 60.5 55.2 0.157 32.7 48.1
Mizoram 0.139 30.8 45.0 0.046 9.8 47.4
Nagaland 0.294 56.9 51.6 0.117 25.2 46.3
Odisha 0.330 63.5 52.0 0.136 29.4 46.4
Punjab 0.108 24.0 45.0 0.024 5.6 43.8
Rajasthan 0.327 61.7 52.9 0.140 29.5 47.4
Sikkim 0.176 37.6 46.7 0.016 3.8 41.2
Tamil Nadu 0.155 37.0 41.8 0.02 4.9 40.0
Telangana - - - 0.059 13.7 43.2
Tripura 0.265 54.4 48.6 0.075 16.7 45.0
Uttar Pradesh 0.360 68.9 52.2 0.180 37.8 47.6
Uttarakhand 0.179 38.7 46.1 0.079 17.7 44.4
West Bengal 0.298 57.3 52.0 0.097 21.4 45.5

Source: * Global Multidimensional Poverty Index 2018, Oxford Poverty and Human Development Initiative (OPHI),
University of Oxford, P. 31 ** National Multidimensional Poverty Index, 2021 Based on NFHS-4 (2015-16), NITI Aayog

*** Value of Jammu & Kashmir includes J & K and Ladakh UT

Table 2 also shows that during the years 2005-2006,
11 of the 16 states with the highest rates of poverty
exceeded the national MPI value of 0.279. As shown in Fig.
2, these states are primarily located in India's central and
eastern regions. Table 2 further reveals that high MPI
(considering cut off 0.133) is observed in eight states in the
country during 2005-06 with highest MP10.189 for Jammu
and Kashmir to 0.139 MPI of Mizoram falling in this
category. These states do not follow any spatial clustering,
rather they are scattered. Only three states, Goa, Punjab,
and Himachal Pradesh, fall within the MPI's moderate
category (considering cut off 0.068). While only the state
Kerala having the lowest MPI value of 0.052 falls under the
low poverty category (Fig. 2 and Table 2).

Table 2 also portrays the spatial pattern of the
headcount ratio of multidimensional poverty in India
during 2005-2006. As shown in Table 2, 12 states have
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surpassed the country's headcount ratio of 54.7 percent.
Similar to MPI, Bihar (77.1%) had the highest headcount
ratio, followed by Jharkhand, Chhattisgarh, and Uttar
Pradesh. In contrary, Kerala (13.2%) had the lowest
multidimensional poverty headcount ratio in 2005—-2006
(Table 2). Figure 3 exhibits that, of the 28 states in our
nation, 18 had very high multidimensional headcount
ratios (using a cut-off of 39.10 percent) at that time. While,
seven states continued to have high multidimensional
poverty headcount ratios (using 26.31 percent as the cut-
off). As witnessed in Figure 3, these states are primarily
located in the country's central, eastern, and north-
eastern regions, with a few small pockets in the western
and northern regions. The remaining three states had a
moderate or low multidimensional headcount ratio in
2005-06.
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Figure 2. Spatial pattern of MPI in 2005-2006 and 2021
Source: Prepared by authors
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Figure 3. Spatial pattern of Headcount Ratio of
Multidimensionally Poor in 2005-2006 and 2021
Source: Prepared by authors

Table 2 further reveals that Bihar had the highest
intensity of poverty, at 57.8 percent in 2005-06, followed
by Jharkhand and Meghalaya. While, Kerala had the
lowest intensity, followed by Himachal Pradesh and Tamil
Nadu. The spatial pattern of poverty intensity shows that
intensity is not always associated with the MPI and
headcount ratio. Even though Chhattisgarh has an MPI
score of 0.353 and a headcount ratio of 70.0 percent, its
poverty intensity is lower (50.5 percent) than the national
average. It may be due to the result of focusing on the
poorest of the poor (OPHI, 2018). Likewise in Tripura, the
headcount ratio is 54.4 percent and the poverty intensity
is 48.6 percent. Figure 4 portrays state-wise intensity of
poverty in India during 2005-2006, and it is observed that
a very high intensity of poverty (considering the cut-off
point of 48.02 percent) is concentrated among the states
located in the central and eastern parts of our country,
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while the low intensity of poverty is found in the southern
portion (Kerala and Tamil Nadu) of the country with an
isolated patch in the northern part (Himachal Pradesh).
During 2005-2006, out of 28 states, 11 states exceeded the
national intensity of poverty, which was 51.1 percent.
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Figure 4. Spatial pattern of Intensity (A) of Poverty in
2005-2006 and 2021 Source: Prepared by authors

State wise pattern of poverty in 2021

This section of our study focuses on exposing regional
disparities in the pattern of multidimensional poverty,
headcount ratio, and intensity of poverty in India
according to the most recent report from NITI Aayog,
2021. According to Table 2, Bihar has achieved the highest
MPI score in 2021 (0.265), while Kerala has the lowest
(0.003). Among the states except for Bihar, a very high
level of multidimensional poverty (>0.198) also persists in
Jharkhand (Table 2). Consequently, only two Indian states
have  experienced extremely high levels of
multidimensional poverty in 2021, as opposed to sixteen
states in 2005-2006. In addition, high poverty (0.133-
0.198) persists in seven states, ranging from Chhattisgarh
(0.134) to Uttar Pradesh (0.180) in terms of MPI scores.
Figure 2 shows that, even in 2021, the central and eastern
parts of India have remained significantly poorer than the
rest of the country. As shown in Table 2, eight states—out
of the total 29 states, including Jammu and Kashmir—have
crossed the national MPI threshold of 0.118 in 2021,
necessitating special attention. The spatial pattern of MPI
reveals that severe conditions of poverty are still being
persisted in 28 percent of areas of India. Six states—
Nagaland, Arunachal Pradesh, West Bengal, Gujarat,
Uttarakhand, and Tripura—fall into the moderate MPI
(0.068—0.133) score category in 2021 (Fig. 2). The
remaining 14 states are under the low MPI score category,
with a score of less than 0.068. According to Figure 2, most
of the states located in the southern and northern parts of
India have a low concentration of multidimensional
poverty. It should be noted that only the state of Kerala fell
into the low MPI category in 2005-06; whereas during
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2021, nearly half of the states in India fall into this
category.

In terms of headcount ratio, Bihar has the highest
percentage (51.9 percent) in 2021, followed by Jharkhand.
In India, the patterns of MPIl and headcount ratio are more
or less similar in 2021. According to the NITI Aayog report,
25.0 percent of Indians are now multidimensionally poor.
A state-by-state analysis shows that 10 out of the 29 Indian
states have surpassed this threshold. Kerala, on the other
hand, with a poverty rate of just 0.7 percent, has the
lowest headcount ratio of multidimensional poverty. It is
encouraging from the standpoint of India's poverty that
during 2021 few states like Goa, Sikkim, and Tamil Nadu
have multidimensional poverty headcount ratios of less
than 5 percent. Figure 3 also shows that in 2021, the
central, eastern, and north-eastern parts of India have a
moderate to high poverty headcount ratio, while the
southern and northern parts have a low multidimensional
headcount ratio.

To comprehend the ground reality of poverty
disparities, it is necessary to discuss the spatial pattern of
poverty intensity among India's states. As per the latest
estimate, the highest intensity of poverty is observed in
Bihar, followed by Meghalaya (Table 2). Besides these two
states, a high intensity of poverty is noticed (Fig. 4) in
eleven states ranging from Jharkhand (47.9 percent) to
Tripura (45.0 percent). According to NITI Aayog estimates
for 2021, nine Indian states have exceeded the national
intensity of poverty, i.e., 47.1 percent, while the remaining
19 states are below the national average. Table 2 shows
that even in states with low multidimensional poverty
rates (less than 15 percent), such as Mizoram, Punjab,
Haryana, Jammu and Kashmir, and Karnataka, the intensity
of poverty is higher than average (more than 42 percent).
The spatial analysis of poverty explains that poverty
intensity often deviates from the pattern of the MPI and
headcount ratio and is associated with other
socioeconomic and cultural dynamics.

Changes in Multidimensional Poverty Index,
Headcount Ratio and Intensity of Poverty between
2005-2006 and 2021

The spatial pattern of absolute and relative changes in
multidimensional poverty, headcount ratio, and intensity
of poverty from 2005-06 to 2021 is more relevant to
understanding the poverty scenario in India in greater
detail. According to Table 3, between 2005-2006 and
2021, India has succeeded to reduce MPI by more than
half (from 0.118 to 0.279), which represents a significant
accomplishment. Similar to MPI, the multidimensional
poverty headcount ratio has significantly decreased over
the same period, falling from 54.7 to 25.0 percent, or 29.7
percent. In addition, Table 3 further shows that during this
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time, the intensity of poverty has also lessened from 51.1
percent to 47.1 percent, or 4 percent, which is not
particularly impressive. To further explain the interstate
disparities in the reduction of poverty in India from 2005—
2006 to 2021, the study also makes an effort to assess the
state-by-state pattern of changes in absolute and relative
terms.

It is noteworthy that all Indian states have been
successful in lowering MPI, H, and A. However, large
interstate disparities persist in poverty reduction. Fig. 5
plots the absolute change in MPI on the vertical axis and
the initial 2005-06 levels of MPI at the state level
horizontally. It demonstrates that between 2005-2006
and 2021, 14 of 28 states were successful in reducing MPI
at an apprehending rate (>0.165). During this period, it is
clear that the poorer states of India are far ahead of the
better-off states in terms of poverty reduction. The state’s
highest absolute change in MPI is observed in Jharkhand
(-0.223), followed by Chhattisgarh and West Bengal (Table
3). Alkire and Seth (2015) in their study revealed that from
1998-99 to 2005-06, the reduction of monetary poverty
had been faster among the slowest states, and progress in
terms of the MPI headcount ratio, as well as the MPI value,
had been slower for the poorer states.
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Figure 5. Absolute changes in MPI across Indian states
between 2005-06 and 2021, Source: Prepared by
authors

Several states like Arunachal Pradesh, Odisha, Tripura,
Rajasthan, Madhya Pradesh, Andhra Pradesh, Uttar
Pradesh, Meghalaya, Nagaland, and Karnataka have also
made significant advancements in the absolute change of
MPI (Fig. 5). On the other hand, Kerala (-0.049) has the
lowest MPI reduction in absolute terms, followed by Goa
and Punjab (Table 3). As a result, we can conclude that the
rate of poverty reduction is much faster in poverty striken
states compared to the less poorer states of India. It is
mainly because the rate of absolute change is capped in
less poor areas. Most Indian states attempt to explain this
emerging dynamics of poverty through their spatial
patterns.



Geographical analysis of multidimensional poverty in India from 2005-2006 to 2021: An emerging scenario

Table 3. State wise Absolute and Relative Change in MPI, H and A

State Absolute Change Relative Change
MPI H A MPI H A

INDIA -0.161 -29.7 -4.0 -57.7 -54.3 -7.8
Andhra Pradesh -0.181 -37.6 -3.8 -77.4 -75.3 -8.0
Arunachal Pradesh -0.194 -35.4 -4.5 -62.8 -59.4 -8.7
Assam -0.156 -28.0 -3.5 -50.0 -46.2 -6.8
Bihar -0.181 -25.2 -6.8 -40.6 -32.7 -11.7
Chhattisgarh -0.219 -41.0 -5.9 -62.0 -57.3 -11.6
Goa -0.072 -16.6 -2.3 -82.8 -81.6 -5.5
Gujarat -0.101 -19.9 -3.0 -54.6 -51.7 -6.3
Haryana -0.127 -26.2 -2.8 -69.8 -68.1 -5.9
Himachal Pradesh -0.099 -23.5 -2.8 -76.7 -75.5 -5.0
Jammu & Kashmir* -0.134 -28.2 -2.3 -70.9 -69.2 -4.9
Jharkhand -0.223 -32.5 9.1 -52.5 -43.6 -16.0
Karnataka -0.168 -34.9 -3.8 -75.0 -72.6 -8.2
Kerala -0.049 -12.5 -0.6 -94.2 -94.6 -1.5
Madhya Pradesh -0.185 -31.1 -5.6 -51.7 -45.9 -10.5
Maharashtra -0.117 -24.6 -2.4 -64.3 -62.3 -5.2
Manipur -0.127 -27.2 -1.4 -61.4 -60.3 -3.0
Meghalaya -0.177 -27.8 -7.1 -53.0 -46.0 -12.9
Mizoram -0.093 -21.0 2.4 -66.9 -68.2 5.3
Nagaland -0.177 -31.7 -5.3 -60.2 -55.7 -10.2
Odisha -0.194 -34.2 -5.6 -58.8 -53.8 -10.7
Punjab -0.084 -18.4 -1.3 -77.8 -76.7 -2.8
Rajasthan -0.187 -32.2 -55 -57.2 -52.3 -10.3
Sikkim -0.160 -33.8 -5.5 -90.9 -89.8 -11.8
Tamil Nadu -0.135 -32.1 -1.8 -87.1 -86.8 -4.4
Tripura -0.190 -37.8 -3.6 -71.7 -69.4 -7.4
Uttar Pradesh -0.180 -31.1 -4.6 -50.0 -45.2 -8.8
Uttarakhand -0.100 -21.0 -1.7 -55.9 -54.2 -3.8
West Bengal -0.201 -35.9 -6.5 -67.5 -62.6 -12.5

* Value of Jammu & Kashmir includes J & K and Ladakh UT

Source: Authors’ own calculation

INDIA
State wise Absolute and Relative Change in MPT (2005/06 - 2021)
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Figure 6. Absolute and relative changes in MPI across
Indian states from 2005-2006 to 2021 Source:
Prepared by authors

However, the scenario is completely different if we
consider the relative change in poverty reduction. A
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relative measure shows what percentage of change
occurred in the present year compared to the previous
year. Table 3 shows that from 2005—-06 to 2021; Kerala was
able to reduce its MPI by approximately 94.23 percent. In
a similar vein, Sikkim has dramatically decreased its MPI
during that time by 90.91 percent. Figure 6 shows that
eight states have been able to reduce poverty by more
than seventy-five percent. It should be noted that eight of
the nine states with the lowest levels of per capita income
in 2021, including Chhattisgarh, Odisha, Rajasthan,
Meghalaya, Jharkhand, Madhya Pradesh, Assam, and
Uttar Pradesh, have been able to reduce their starting MPI
levels by more than 50 percent (Table 3). In terms of the
relative change in multidimensional poverty, the majority
of the southern states and some of the northern states in
India are significantly ahead than the rest of the states of
India. On the other hand, from 2005-2006 to 2021, the
central and some eastern states of the nation lag behind
in terms of relative poverty reduction.
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Is this same result noticeable if we consider Headcount
Ratio (H), instead of the MPI? To solve this dilemma here
we have plotted state-level absolute changes of H in Y-axis
and level of H in 2005-06 on X-axis (Fig. 7).
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Figure 7. Changes in Headcount ratio (H) across Indian
states between 2005-2006 and 2021, Source: Pre-
pared by authors

After plotting, the true picture of poverty becomes
more visible. Table 3 displays the type and pattern of
India's absolute change in the number of people living in
poverty, which decreased from 54.07 in 2005-2006 to
25.01 in 2021. Chhattisgarh (-40.09 percent), followed by
Tripura and Andhra Pradesh, has experienced the highest
absolute headcount ratio reduction (Table 3). In addition,
states like West Bengal, Arunachal Pradesh, Karnataka,
and Odisha have fair headcount reductions. In contrast,
Kerala (-12.49 percent) has the lowest reduction in
absolute headcount, followed by Goa and Punjab.
Additionally, the rate of reduction is modest in states like
Gujarat, Uttarakhand, Mizoram, Himachal Pradesh,
Maharashtra, and Bihar (Fig. 7). While the highest relative
change of His found in Kerala (94.62 percent), then Sikkim,
Tamil Nadu, and Goa (Table 3). Contrarily, Bihar (32.67
percent) has the lowest relative change in H reduction,
followed by Jharkhand, Uttar Pradesh, and Madhya
Pradesh (Table 3). Thus, the study shows that between
2005-2006 and 2021, the states with the highest levels of
poverty performed worse in terms of the relative change
of H reduction among the states of India.
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Figure 8. Changes in intensity of poverty (A) across
Indian states between 2005-2006 and 2021
Source: Prepared by authors
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Why are these two depictions of MPl and H changes so
dissimilar? Which is the correct one? To answer this
conundrum, we look at trends in poverty intensity (A), the
overlapping deprivations among the poor, which is the
second component of the MPI after H. Figure 8 displays
the absolute change in poverty intensity (A), which has
been plotted on the Y-axis against the baseline level of
poverty intensity in 2005/06 on the X-axis.

According to Figure 8, the poorest states are
experiencing a markedly faster decline in poverty
intensity. Jharkhand, for example, leads all other Indian
states in terms of reducing the intensity of poverty (A),
followed by Meghalaya, Bihar, and then West Bengal in
both absolute and relative terms (Table 3). On the other
hand, Kerala has experienced the smallest reduction in the
severity of poverty (Table 3), followed by Punjab, Manipur,
and Uttarakhand (Fig. 8). It should be noted that the
intensity of poverty in Mizoram has increased from 45 to
47 percent (Table 3), despite decreases in MPl and H from
2005-06 to 2021.

Indicator wise Deprivation of Multidimensional
Poverty

Even though we looked at how multidimensional
poverty changed in terms of its distribution across the
states of India from 2005-2006 to 2021, we still need to
understand how deprivations varied by indicator over
these years to fully grasp the situation. As opposed to the
headcount ratio, the MPI can be broken down into its
component indicators, and hence there is a direct
relationship between each indicator and the MPI. So how
did the indicators of deprivation change among the poor
in India? To answer this question, a comparison of each
indicator's censored headcount ratio between 2005-2006
and 2021 was performed because the censored
headcount ratio indicates the proportion of the
population that is MPI poor and deprived for each
indicator.
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Figure 9. Change in censored headcount (CH) ratios of
10 indicators, Source: Prepared by authors

Figure 9 shows how each of the ten indicators has
contributed to India's progress in  reducing
multidimensional poverty. Malnutrition is one of the
indicators that are typically high in India, despite having
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decreased by half between 2005-2006 and 2021. With at
least one malnourished child or adult in the household in
2005-2006, 43 percent of India's population was

multidimensionally poor (Table 4); however, by 2021, this
proportion has dropped to 19.9 percent (Table 5).

Table 4. Censored Headcount Ratio by Indicator (in Percentage Points) in 2005-2006

Censored Education Standard of Living
Headcount — . " P o —
Ratio Nutrition Child & Years of School Cooking | Sanitation Drinking Electricit | Hous | Assets
Adolescent | Schoolin | Attendance Fuel Water y ing
Mortality g

INDIA 43.0 4.2 23.0 19.4 49.8 47.1 15.9 28.7 419 36.9
Andhra 36.7 2.2 12.7 43.2 42.1 11.9 8.7 29.4 34.8
Pradesh ) 24.3

Arunachal 39.0 6.1 31.0 54.0 44.6 16.0 20.9 55.9 47.1
Pradesh ’ 31.1

Assam 45.9 4.6 24.8 15.4 55.8 47.2 22.1 51.0 55.6 | 43.4
Bihar 63.9 7.5 39.8 42.7 74.9 70.4 6.6 63.7 67.3 55.8
Chhattisgarh 51.9 5.5 29.5 19.8 62.1 60.9 29.1 23.8 58.0 41.5
Goa 14.9 0.4 58 5.9 15.6 14.5 9.7 2.3 12.6 11.9
Gujarat 30.0 2.8 15.0 11.0 32.7 32.1 11.7 8.8 23.7 27.0
Haryana 334 2.9 13.6 15.6 38.6 33.7 12.6 7.5 27.6 23.6
Himachal 6.8 1.2 4.7 29.3 26.9 9.2 1.5 235 19.0
Pradesh ) 6.4

Jammu & 0.4 2.8 17.1 35.7 37.5 17.7 4.8 30.7 254
Kashmir* ) 10.5

Jharkhand 57.3 7.0 329 33.9 70.0 67.6 46.5 55.0 59.8 50.9
Karnataka 38.6 2.2 14.6 15.3 42.1 41.3 17.5 8.4 32.0 321
Kerala 10.7 0.5 23 2.4 12.7 4.0 8.1 4.4 6.1 10.3
Madhya 52.6 5.6 24.1 62.2 60.8 40.0 253 57.8 47.6
Pradesh ) 29.4

Maharashtra 33.1 1.9 10.6 10.9 34.0 35.2 10.1 13.7 29.6 26.8
Manipur 29.3 2.3 9.0 18.4 37.4 33.2 26.9 9.5 40.0 23.2
Meghalaya 41.8 3.8 31.8 38.0 58.9 443 324 27.3 46.2 51.6
Mizoram 235 2.4 8.7 11.1 24.1 13.0 8.7 6.1 29.2 27.9
Nagaland 39.7 4.8 23.1 314 54.6 36.8 28.6 17.5 54.3 46.8
Odisha 45.6 4.0 29.6 15.8 57.1 56.0 26.4 43.9 48.2 47.0
Punjab 16.5 1.4 11.9 10.2 20.2 19.5 1.1 2.5 16.1 10.9
Rajasthan 46.9 5.6 28.7 253 57.9 56.6 29.5 304 40.9 443
Sikkim 17.9 1.3 21.8 17.4 31.8 21.3 15.5 7.5 29.0 32.0
Tamil Nadu 26.6 0.8 13.8 3.9 32.7 33.7 1.1 8.2 18.8 26.6
Tripura 41.0 3.0 22.4 11.2 49.8 27.4 27.3 26.6 50.6 | 39.4
Uttar Pradesh 56.5 7.2 26.2 27.9 62.8 58.9 9.2 48.2 56.0 40.0
Uttarakhand 329 2.5 125 9.1 37.8 324 12.2 14.6 32.8 26.0
West Bengal 42.8 3.1 303 16.7 52.3 42.4 11.6 414 44.6 413

Source: Author’s calculation based on Alkire et al. (2021)

In terms of health, the censored headcount ratio of
child mortality has decreased from 4.18 percent to 1.88
percent in only 15 years during the same period. A notable
improvement in education is also readily apparent:
between 2005-2006 and 2021, the censored headcount
ratios for years of schooling and school attendance have
more than halved. Similarly, the censored headcount ratio
of each indicator of standard of living has improved during
this period. The proportion of people who are deprived of
housing has decreased from 41.9 percent to 20.6 percent.
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While deprivation in drinking water has reduced from 15.9
percent to 5.5 percent, the percentage of people using
solid cooking fuel has lessened from 49.8 percent to 23.1
percent (Tables 4 and 5). Similarly, the sanitation sector's
censored headcount ratio has dropped from 47.1 to 21.3
percent. The lack of access to electricity and asset
ownership also more than halved between 2005-2006
and 2021.
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Table 5. State wise Censored Headcount Ratio of MPI Indicators in 2021

Censored Health Education Standard of Living
Headcount Nutrit Child & Matern | Yearsof | School | Cooki | Sanita | Drinking | Elect | Housi | Asse Bank
Ratio ion Adolesce al Schoolin | Attend ng tion Water ricit ng ts Accou
nt Health g ance Fuel y nt
Mortality
INDIA 19.9 1.9 14.7 10.7 5.2 23.1 21.3 5.5 8.3 20.6 8.9 5.4
Andhra 9.2 0.9 4.8 7.7 1.5 9.7 10.5 4.4 0.6 5.7 4.8 1.7
Pradesh
Arunachal 13.8 1.2 14.9 135 5.9 21.3 16.7 6.2 7.2 23.3 12.9 9.2
Pradesh
Assam 25.5 2.2 17.8 14.3 5.6 31.6 24.4 8.3 147 | 314 | 139 10.5
Bihar 41.6 3.9 36.5 24.7 11.6 50.2 46.6 1.6 28.8 47.1 18.7 19.6
Chhattisgarh 24.0 2.3 17.0 10.9 4.3 29.1 26.6 10.2 2.8 26.8 10.4 3.4
Goa 3.0 0.2 14 2.2 0.6 2.1 2.8 0.3 0.0 1.8 0.9 0.8
Gujarat 15.4 1.1 8.7 6.7 4.8 17.3 15.5 4.7 29 11.4 8.2 4.4
Haryana 10.4 1.2 9.4 4.6 2.8 10.2 6.2 3.4 0.8 7.4 2.6 2.9
Himachal 6.8 0.6 5.7 1.5 0.4 7.1 4.8 1.4 0.2 5.2 2.2 0.7
Pradesh
Jammu & 9.7 0.9 6.1 4.5 2.5 11.3 10.6 5.0 1.7 9.4 6.7 1.4
Kashmir*
Jharkhand 34.4 2.7 26.5 16.5 7.2 41.3 39.4 17.5 13.6 35.9 15.5 6.6
Karnataka 10.1 0.7 5.4 5.5 2.4 11.6 11.0 3.5 1.0 9.4 5.0 3.4
Kerala 0.6 0.0 0.2 0.2 0.2 0.6 0.3 0.1 0.2 0.4 0.3 0.2
Madhya 29.1 2.7 20.9 14.0 7.3 34.9 33.2 17.6 6.5 32.7 13.7 7.4
Pradesh
Maharashtra 12.4 0.8 7.1 4.3 3.0 12.5 12.5 5.3 3.1 10.1 6.7 3.8
Manipur 13.4 1.0 10.1 4.7 1.8 16.3 11.7 13.6 3.5 17.3 6.9 8.9
Meghalaya 23.8 2.1 22.5 16.7 53 31.8 18.6 13.7 6.4 233 19.4 12.9
Mizoram 6.2 0.6 6.0 5.5 2.3 8.7 5.7 2.8 3.0 7.6 6.7 2.7
Nagaland 17.2 1.4 18.3 11.3 3.7 24.0 8.7 6.9 2.5 24.0 16.7 15.8
Odisha 22.4 1.5 12.8 13.8 4.3 28.8 27.1 9.9 8.9 24.9 13.3 6.5
Punjab 4.4 0.5 3.1 3.4 1.4 4.2 3.0 0.3 0.2 3.3 0.6 1.0
Rajasthan 233 2.1 17.1 13.4 7.2 27.7 24.8 13.1 6.6 18.7 13.3 2.2
Sikkim 2.9 0.3 1.8 2.5 0.4 2.9 1.1 0.2 0.1 2.3 1.8 1.1
Tamil Nadu 3.6 0.3 1.7 2.3 0.5 3.6 4.5 1.2 0.4 2.6 1.4 1.5
Telangana 10.2 0.8 0.1 8.5 1.1 10.5 12.2 4.5 0.9 8.3 6.0 2.7
Tripura 12.0 0.9 7.8 8.1 1.7 15.5 11.1 7.3 4.3 16.2 9.4 2.2
Uttar Pradesh 30.5 3.8 253 15.1 10.0 343 31.8 2.4 18.4 334 8.9 33
Uttarakhand 14.7 1.6 13.1 6.7 3.2 15.8 11.2 3.2 1.4 12.4 6.2 3.2
West Bengal 16.2 1.0 9.4 11.3 2.8 20.8 16.9 4.4 3.7 18.8 8.7 7.1

Source: National Multidimensional Poverty Index, 2021 Based on NFHS-4 (2015-16), NITI Aayog * Value of Jammu

& Kashmir includes J & K and Ladakh UT

In Figure 9, the Y-axis represents the change in the
censored headcount ratio in absolute terms, and the 45-
degree line represents the change necessary to achieve a
100 percent decrease in each indicator. Therefore, the
distance between each indicator bubble and the 45-
degree line represents the amount required to completely
remove the deprivation. Additionally, it offers details on
the relative decline of each indicator. The larger the
relative reduction, the closer the bubble is to the line. For
example, despite the small absolute change in child
mortality, the relative rate of reduction has been
enormous. Large deprivation is still present across several
indicators, including housing, sanitation, cooking fuel, and
nutrition, which call for special attention if India wants to
end multidimensional poverty in near future.
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Though India has made sensational improvements in
reducing deprivation in each indicator of MPI, the
question still arises: have all the states been equally
successful in reducing multidimensional deprivation? A
comparison of the state-by-state censored headcount
ratios for each MPI indicator between 2005-2006 and
2021 is necessary to provide the answer (Fig. 10 and 11).

Among the states, Tripura, Karnataka, Chhattisgarh,
and Andhra Pradesh have made outstanding strides in
terms of the magnitude of the reduction in nutritional
deprivation (Table 6). Arunachal Pradesh and Jharkhand
have made significant progress in lowering child and
adolescent mortality. In a similar vein, Table 6 shows that
Sikkim, West Bengal, and Chhattisgarh have greater
reductions in the deprivation of school years. In school
attendance criteria, states like Meghalaya, Nagaland, and
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Jharkhand have made notable progress. When it comes to
cooking fuel, Tripura, Andhra Pradesh, and Chhattisgarh
have been able to significantly reduce deprivation (Table
6). Similar improvements in sanitation have been
countersigned by Chhattisgarh, Rajasthan, and Andhra
Pradesh. Among the states, Jharkhand, Madhya Pradesh,
and Nagaland have made a notable advancement in the
degree of reduction in the lack of access to clean drinking
water (Table 6). Deprivation from electricity has been
reduced mostly in states like Jharkhand, West Bengal,
Assam and Odisha. Table 6 also depicts that Tripura,
Arunachal Pradesh and Chhattisgarh had larger reductions
in housing. While magnitude of asset deprivation has
reduced sharply in states like Bihar, Jharkhand and

Arunachal Pradesh (Table 6). Overall we can state that in
between 2005-06 to 2021 among the states of India 5
states, namely Chhattisgarh, Jharkhand, Tripura, Bihar and
Andhra Pradesh have made splendid progress in reducing
deprivation in different indicators of multidimensional
poverty.

Even though the indicator-wise reduction rate of the
censored headcount ratio is discernible among the poorer
states, the situation of extreme deprivation still exists in
these states that require serious attention. Figure 10 and
Figure 11 illustrate the scenario of state-by-state censored
headcount ratios in various MPI indicators between 2005—
2006 and 2021.
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Figure 10. Indicator wise censored headcount ratio in states of India, 2005-2006, Source: Prepared by authors
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Figure 11. Indicator wise censored headcount ratio in states of India, 2021, Source:
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Table 6. Indicator Wise Reduction in Censored Headcount Ratio across the States of India from 2005-2006 to 2021

Nutri- Child & Years of School At- | Cooking Sani- Drinking Elec- Hous-
States . Adolescent | School- . . . . Assets
tion . . tendance Fuel tation Water tricity ing
Mortality ing
India 23.1 2.3 12.3 14.2 26.7 25.8 10.4 20.4 21.3 28.0
Andhra Pradesh 27.5 1.3 16.6 11.2 33.5 31.6 7.5 8.1 23.7 30.0
Arunachal Pradesh 25.2 4.9 17.6 25.1 32.7 27.9 9.8 13.7 32.6 34.2
Assam 20.4 2.4 10.5 9.8 24.2 22.8 13.8 36.3 24.2 29.5
Bihar 22.3 3.6 15.1 31.1 24.7 23.8 5 34.9 20.2 37.1
Chhattisgarh 27.9 3.2 18.6 15.5 33.0 34.3 18.9 21.0 31.2 31.1
Goa 11.9 0.2 3.6 5.3 13.5 11.7 9.4 2.3 10.8 11.0
Gujarat 14.6 1.7 8.3 6.2 15.4 16.6 7.0 5.9 12.3 18.8
Haryana 23.0 1.7 9.0 12.8 28.4 27.5 9.2 6.7 20.2 21.0
Himachal Pradesh 20.0 0.6 4.9 43 22.2 22.1 7.8 1.3 18.3 16.8
Jammu & Kashmir* 19.7 1.9 6.0 14.6 24.4 26.9 12.7 3.1 21.3 18.7
Jharkhand 22.9 4.3 16.4 26.7 28.7 28.2 29.0 41.4 23.9 35.4
Karnataka 28.5 1.5 9.1 12.9 30.5 30.3 14.0 7.4 22.6 27.1
Kerala 10.1 0.5 2.1 2.2 12.1 3.7 8.0 4.2 5.7 10.0
Madhya Pradesh 23.5 2.9 15.4 16.8 27.3 27.6 22.4 18.8 25.1 33.9
Maharashtra 20.7 1.1 6.3 7.9 21.5 22.7 4.8 10.6 19.5 20.1
Manipur 15.9 1.3 4.3 16.6 21.1 21.5 13.3 6.0 22.7 16.3
Meghalaya 18.0 1.7 15.1 32.7 27.1 25.7 18.7 20.9 22.9 32.2
Mizoram 17.3 1.8 3.2 8.8 15.4 7.3 5.93 3.1 21.6 21.2
Nagaland 22.5 3.4 11.8 27.7 30.6 28.1 21.7 15.0 30.3 30.1
Odisha 23.2 2.5 15.8 11.5 28.3 28.9 16.5 35.0 23.3 33.7
Punjab 12.1 0.9 8.5 8.8 16.0 16.5 0.8 2.3 12.8 10.3
Rajasthan 23.6 3.5 15.3 18.1 30.2 31.8 16.4 23.8 22.2 31.0
Sikkim 15.0 1.0 19.3 17.0 28.9 20.2 15.3 7.4 26.7 30.2
Tamil Nadu 23.0 0.5 11.5 3.4 29.1 29.2 9.9 7.8 16.2 25.2
Tripura 29.0 2.1 14.3 9.5 34.3 16.3 20.0 22.3 34.4 30.0
Uttar Pradesh 26.0 3.4 11.1 17.9 28.5 27.1 6.8 29.8 22.6 31.1
Uttarakhand 18.2 0.9 5.8 5.9 22.0 21.2 9.0 13.2 20.4 19.8
West Bengal 26.6 2.1 19.0 13.9 31.5 25.5 7.2 37.7 25.8 32.6
Source: Author’s own calculation
Tables 4 and 5 portray that between 2005-2006 and  Rajasthan, none of the western states' censored

2021, the poorer states in India display acute deprivation
in the majority of the indicators. Bihar has the worst
situation of the states, with the highest deprivation in ten
out of twelve indicators, including nutrition, child and
adolescent mortality, maternal health, years of schooling,
school attendance, cooking fuel, sanitation, electricity,
housing, and bank account in 2021. Except for electricity,
assets, and bank accounts, Jharkhand's level of
deprivation is similarly severe to Bihar's in most MPI
indicators (Table 5). Uttar Pradesh, the most populous
state of India is also facing the problem of intense
deprivation in most of the indicators except drinking
water, assets and bank account. According to Table 5,
Madhya Pradesh has the highest level of drinking water
deprivation in 2021. In Madhya Pradesh, the magnitude of
deprivation is also severe in indicators like child mortality,
cooking fuel, and sanitation. Meghalaya and Assam are
the two northeastern states where the situation is the
worst (Fig. 11). Table 5 portrays that in 2021, among the
states of northeast India, the highest deprivation in assets
is observed in Meghalaya. The opposite scenario is
observed in all the southern states like - Kerala, Karnataka,
Andhra Pradesh, Tamil Nadu and Telangana (Fig. 11). The
magnitude of deprivation in all the indicators in these
states is far below the national average. Except for
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headcount ratios are particularly extreme (Table 5).

Therefore, it can be said that the poorer states of India
(Bihar, Jharkhand, Uttar Pradesh, Madhya Pradesh, and
Chhattisgarh) require special attention in order to
overcome multidimensional poverty, despite the
significant decrease in the censored headcount ratio even
after seven decades of independence. In addition,
indicator-based special assistance programs must be
developed in the country's poorest states.

Decomposition of Multidimensional Poverty

All of the indicators are crucial to the final MPI value.
However, it may be a significant task for researchers to
determine which indicators are more important to the
final MPI score during these two distinct time periods
(2005-06 and 2021). The contribution of an indicator
offers insight into the relative deprivation of a particular
indicator based on the weight assigned to that indicator,
which is crucial to understanding where interventions
would lead to a decrease in the overall MPI. The
contribution of a particular indicator to overall
multidimensional poverty can be estimated with the help
of decomposition analysis.
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Table 7. Indicator wise contribution to MPI for 2005-
2006 and 2021

Indicators Contribution in % Contribution in %
(2005-2006) (2021)
Nutrition 25.89 28.14
Child-Adolescent 2.75 1.33
Mortality
Maternal Health - 10.40
Years of Schooling 14.22 15.14
School Attendance 12.04 7.39
Cooking Fuel 10.13 9.34
Sanitation 9.59 8.61
Drinking Water 3.38 2.23
Electricity 5.92 3.35
Housing 8.54 8.31
Assets 7.55 3.58
Bank Account - 2.17

Source: Compiled by authors based on NITI Aayog Report
on MPI, 2021

Table 7 shows that, between 2005 and 2006, undernu-
trition contributed the most (about 26 percent) to multi-
dimensional poverty, followed by years of schooling (14.22
percent) and school attendance (12.04 percent). The least
significant factors in multidimensional poverty were found
to be unimproved access to water and electricity, at 3.38
percent and 5.92 percent, respectively. Similarly, in 2021,
undernutrition (28.14 percent) has become the MPI indi-
cator with the highest influence, followed by years of ed-
ucation (15.14 percent) and maternal health (10.40 per-
cent). Child and adolescent mortality (1.33%) and bank ac-
count (2.17%), on the other hand, are the least important
contributors to MPI in 2021. If we look at contribution in
terms of dimensions, the highest contribution among the
three domains in 2005 belonged to standard of living,
while the highest contribution to MPI in 2021 came from
the health dimension. This change may be the result of the
addition of two new indicators, such as maternal health in
the "health" dimension and banking access in the "stand-
ard of living" dimension. This type of addition leads to a
change in the weights assigned to the indicators, as the
overall weight of MPl is now distributed among twelve in-
dicators. This lessens the significance of each of the seven
indicators in terms of both the health and standard of liv-
ing dimensions (Maiti & Mehrotra, 2022).

Conclusions

The present study has made a thorough comparative
assessment of the pattern of multidimensional poverty
across the states of India between two different periods,
namely 2005-2006 and 2021. The major findings of our
study are as follows:

Firstly, the study looked at the spatial distribution of
multidimensional poverty in India throughout the
aforementioned two time periods. It is found that, while
India has made significant progress in lowering its MPI
score from 0.279 in 2005—2006 to 0.118 in 2021, there are
still significant interstate disparities in the country. The
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spatial pattern indicates that, despite nearly seven
decades of independence, extreme multidimensional
poverty persists in several Indian states, including Bihar,
Jharkhand, and others. Geographically, India's central and
eastern regions continue to be the poorest.

Secondly, the paper also focuses on the state-level
absolute and relative changes in the multidimensional
poverty, headcount ratio, and intensity of poverty over the
period of 2005-2006 to 2021. The study unveils that the
poorer states are much ahead in reducing poverty than
the better-off states of India which implied a pattern of
pro-poor poverty reduction. According to the study, while
most states were able to reduce MPI and headcount ratios
during this period, the intensity of poverty remained
relatively constant, requiring special attention from
policymakers and practitioners.

Thirdly, the study investigates indicator-wise
deprivation in 2005-06 and 2021, not only at the national
level but also among the states. The analysis claims that
during this period, most of India's states have succeeded
in reducing the severity of deprivation in several indicators
like nutritional security, educational opportunities, access
to electricity, and housing facilities. The Indian
government has implemented a number of development
initiatives, including the Integrated Child Development
Service, Rashtriya Swasthya Bima Yojana, Mission
Indradhanush, Pradhan Mantri Swasthya Suraksha Yojana,
Mid Day Meal Programme, Universalizing Education and
Enacting the Right to Education for All (2009), Beti Bachao
Beti Padhao, Swachh Bharat Mission, National Rural
Drinking Water Program, etc., which have played a crucial
role in reducing deprivation in MPI (Das et al. 2021).
Although India has made outstanding progress in reducing
deprivation in the censored headcount ratio for the
majority of the indicators, the study discloses that
significant deprivation is still present in indicators like
nutrition, cooking fuel, sanitation, and housing, which
calls for further research.

Fourthly, the current study investigates whether or not
all the states have equally succeeded in lowering the
deprivation of the multidimensionally poor. And it has
been revealed that, compared to the other states,
Chhattisgarh, Jharkhand, Tripura, Bihar, and Andhra
Pradesh have made excellent progress in reducing
deprivation in various indicators of multidimensional
poverty between 2005—-2006 and 2021. Nevertheless, the
severity of poverty is particularly acute in India's poorer
states (Bihar, Jharkhand, Uttar Pradesh, Madhya Pradesh,
and Chhattisgarh).

Finally, the decomposition analysis of each MPI
indicator sheds additional light on the study and
demonstrates that undernutrition played a major role in
multidimensional poverty in both 2005-06 and 2021.
While, dimension-wise, the highest contribution among
the three domains during 2005-06 belonged to standard
of living, for 2021 the highest contribution is made by the
health dimension to MPI.
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Based on the above mentioned findings targeted
interventions at the grassroots level in the deprived
regions of our country should be introduced with special
emphasis on several dimensions like health, education and
standard of living to reduce poverty and inequality. This
study, apart from contributing to the growing literature on
poverty studies in the context of India, has identified the
geographic dimension of multi-dimensional poverty over
space and time. The study ensures that in addition to
social and economic dimensions, policymakers should
additionally incorporate spatial dimensions and spatial
interventions into poverty eradication programs during
plan formulation.
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