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Abstract

Rapidly changing river systems can impact people, property and infrastructures. This study investigates bank erosion and
accretion of the Padma River in Bangladesh, through space and time, using historical topographic maps, Corona and Landsat
images and navigational charts. A geographic information system (GIS) was utilised to quantify the erosion and accretion
pattern. In addition, volumetric changes in the riverbed were also investigated. Results indicated that the area of erosion
and deposition vary both spatially and temporally. However, erosion was more prominent on the left bank, whilst accretion
was high along the right bank, over the study period. Overall, average annual erosion rates were higher than accretion rates
(17 km? year™! versus 13 km? year™!). The volumes of morphological change for two epochs correspond to a net volume gain
of 338.75 million m? sediment between 1984 and 1992 but a net loss of 295.20 million m* during the period 1992-2008.
Regression analysis between bank erosion and mean annual flow, peak discharge and mean flood flow showed that two of the
three independent variables were significantly associated with bank erosion. The area of large mid-channel bars increased
over time, which may have had a role in shaping erosion and accretion processes of the river. As increased runoff is expected
in the future, as a result of enhanced rainfall under warmer climate, knowledge of this work will help to determine the mor-
phological response of fluvial systems in Bangladesh and elsewhere.
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1 Introduction

River bank erosion and accretion (deposition) are the two
key geomorphic processes of a fluvial system. Bank erosion
is detrimental to riparian areas and has various geomorphic,
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social and economic consequences (Wang et al. 2016),
whereas accretion can reduce conveyance capacity (Bizzi
and Lerner 2015), making navigation potentially more dif-
ficult. Though both processes are common in the deltaic
plains of South Asia, severe erosion is identified as one of
the major causes of arable land loss and population dis-
placement (Thakur et al. 2012). As studies of global change
require a deeper understanding of geomorphic change
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(James et al. 2012), historical investigation of channel
dynamics can provide spatial and temporal insights into the
locations of bank movement and in understanding a chan-
nel’s sensitivity to environmental conditions (Bizzi and
Lerner 2015). Knowledge of the nature, rates and causes of
channel change has considerable implications for minimiz-
ing flood risk (Tiegs and Pohl 2005), conserving biodiver-
sity (Joeckel and Henebry 2008) and providing the basis
for predicting the future evolution of a river (Shields et al.
2000; Surian 1999).

Although the rivers have been a lifeline for millions of
people for millennia, frequent bank migration, resulting
from natural factor such as floods and anthropogenic activi-
ties (e.g., land use change), is one of the causes of substan-
tial land loss and property damages in Bangladesh (CDMP,
2014). For example, BBS (2016) estimated that a total of
428.7 km? of lands were lost to river/coastal erosion between
2009 and 2014, resulting in the loss of 36,409 m Taka (1
US$~78 BD Taka). In contrast, IWFM (2010) estimated
that only 193 km? of lands were accreted by the major riv-
ers during the preceding 10 years. As water-related hazards,
resulting from increased river flow, such as bank erosion,
are expected to increase in the Ganges—Brahmaputra system
(Ikeuchi et al. 2015), knowledge of space—time variation of
morphological change is valuable in supporting and build-
ing the adaptive capacity of the country to climate change.

A number of studies have been conducted, using both
geospatial and, stratigraphic records and observed cross-
section data, to assess channel dynamics of the Ganges (in
the upper reach from the Indo—Bangladesh border to Ari-
cha) (Dewan et al. 2017; CEGIS 2003) and the Brahmaputra
(Sarker et al. 2014; Baki and Gan 2012). Compared with
these works, relatively little is known about the planform
behaviour and morphological response of floods of the
Padma River. Though Dewan et al. (2017) provide some
insights on its channel pattern, their study covered a rela-
tively short-term period (38 years), and from the viewpoint
of regulated versus unregulated rivers. Since short-term sta-
tistics are scattered (Wang et al. 2016) and may not necessar-
ily represent long-term erosion and accretion trends, the use
of records from further back (i.e. 100 years) may contribute
to greater certainty (Scorpio and Rosskopf 2016), and more
accurately delineate the stable and unstable reaches of a flu-
vial system (Winterbottom 2000). In addition, their work did
not include bathymetric information for determining the vol-
ume of morphological change of the Padma. As time-series
sediment data are very sparse for major rivers in Bangladesh,
this study draws information from historical maps, satellite
images and bathymetric records which could shed light on
understanding reach-to-reach channel variability, caused by
the erosion—accretion processes (Li et al. 2007). We, there-
fore, aimed to: (1) analyse patterns of erosion and accretion
of the Padma system over a 100-year timespan; (2) quantify
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river islands and riverbed elevation changes; and (3) explore
the role of floods in accounting for bank erosion.

2 Materials and methods
2.1 Study area

This study was conducted on a 112-km reach of the river
Padma in Bangladesh (Fig. 1). It is a relatively young river
that formed approximately 200 years ago (FAP 4 1993). Ini-
tially, it maintained its course through the Ganges along the
Arial Khan River but, during a major avulsion between 1830
and 1857, it broke through the Chandina Alluvium to join
the Meghna near Chandpur (FAP 16 1995). The total catch-
ment area of the river is 1.7 million km?, and includes the
combined catchments of the Ganges and Brahmaputra (Nip-
pon Koei Co. Ltd. 2005). It is a highly dynamic system, sub-
ject to erratic bank line shifting due to its annual high sedi-
ment load of about one billion metric tonnes (FAP 4 1993).
The discharge of the river ranges from 4800 to 30,000 m*
s~! with a substantial bankfull flow of about 72,500 m* s™",
making it the fourth largest river in the world in terms of
flow (FAP 24 1996). The annual hydrograph of the river
is characterised by low flows during the winter and high
flows during monsoon, and the water level differences in
a year are found to be 5-6 m (Nippon Koei Co. Ltd. 2005).
Peak discharges during the floods of 1987, 1988, 1998 and
2004 were 118,000, 87,300, 116,011 and 103,358 m> s7!,
respectively.

2.2 Data acquisition and preparation

This study uses topographic maps, digital elevation mod-
els and multi-temporal remotely sensed data (Table 1). In
addition, 4-week fieldwork was carried out in study area
in 2015 to determine the location of the river boundary in
support of bank delineation of 2015. Twenty sites, extend-
ing throughout the reach, were visited, and the number and
location of bank failures, floodplain characteristics, bank
protection types, and the exposure of land to flooding were
recorded, as well as sampling of mid-channel bars. Further,
three focus group discussions (FGD) and five key informant
interviews (KII) were conducted to understand social issues
and damage to property.

Fourteen navigational charts were collected from the
Bangladesh Inland Water Transport Authority (BIWTA)
to examine morphological processes. In addition, sixteen
topographic maps (1:50,000), comprising the first (1960s)
and fifth editions (2010s) were obtained from Survey of
Bangladesh (SOB).

Long-term daily flow data for two gauge stations on
the Padma were collected from the Bangladesh Water
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Table 1 Source, types and

N . Type of data
scales/resolution of data used in

Sources

Scale/resolution Year

this study Topographic maps British Library, Univer-  1: 253,440 1911, 1930, 1944, 1955
sity of Texas

Topographic maps Survey of Bangladesh 1:50,000 First (1960s) and Fifth
(2010s) editions

Corona photographs USGS 10 m 1967

Landsat MSS USGS 79 m 1977, 1984

Landsat TM USGS 28.5m 1995, 2005

Landsat 8 USGS 28.5m 2015

Navigational charts BIWTA 1: 50,000 and 1:25,000 1984, 1992, 2008

Water level/discharge BWDB Daily/monthly 1965-2014

Development Board (BWDB). These stations are Baruria
(Station ID: SW91.9L) and Mawa (Station ID: SW93.5L).
Since 1987, the Mawa station included only monsoonal
(June—Oct) flow data.

2.3 Analytical techniques

Historical topographic maps were georeferenced and like-
wise, all navigational charts were rectified. Five Corona pho-
tographs and 10 cloud-free Landsat scenes were then geo-
referenced to the topographic maps which resulted in a Root
Mean Square Error of < 0.5 pixels. Using the nearest neigh-
bour technique, the images were resampled to 30-m pixel.
Upon rectification, Corona and Landsat scenes were used
to form an individual mosaic image for a year. Radiomet-
ric corrections of Landsat images included an image-based
approach (Chavez 1996) to minimize the effect of changes in
reflectance as well as varying sun angles. An area of interest
(AOI) file, derived from a vector dataset, was subsequently
utilised to clip individual datasets to the study area.

Visual interpretation of the river boundary from topo-
graphic maps and Corona data was undertaken assuming
that the water surface depicted on the maps and photographs
delineated the channel; however, this was not possible with
Landsat data. Because of varying water levels and the pres-
ence of narrow and shallow channels, separation of land/
water boundary from Landsat was a challenging task. To
overcome this difficulty, a combination of Landsat bands
(1-6-7) (Yang et al. 1999) and a soil-vegetation limit
approach (Gurnell 1997) was employed to identify the river
boundary. Previous studies (Winterbottom 2000; Yang et al.
1999) suggest that these approaches are effective to distin-
guish river planform, resulting from varying water levels
within a channel. A single operator digitised the channel
boundary, sandbars, and in-channel islands on screen at a
scale of 1:5000 to maintain methodological consistency
and precision. Spot heights (typical spacing between survey
points, on average, is 150 m), and contours from naviga-
tion charts, representing active channel (e.g., both deep and
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shallow waters), were encoded using the same procedure
but no side bar was taken into account. We then divided
the 112 km of the river into 1-km profiles/transects (“pro-
file” and “transect” are used interchangeably here) (Fig. 1).
The profiles were developed perpendicular to the channel
midline.

To estimate erosion and accretion patterns of the both
banks, a new polygon was initially produced by taking the
spatial union of two successive river polygons (e.g. 1911 and
1930) of a transect. The definition of each epoch is provided
in Table S1. A negative value was assigned to denote ero-
sion, indicating expansion of channel towards land. On the
other hand, a positive value was used to characterise accre-
tion, if a polygon decreased, i.e. retraction into the river. In
case of no change between two dates, we assigned a zero
value. This procedure was utilised for all segments in one
epoch, and then repeated for each subsequent period. Note
that we estimated total eroded and accreted areas for the
entire channel as well as for the two banks separately, when
determining both the spatial and temporal variations. To cal-
culate annual rates of bank erosion and accretion for each
epoch, the number of years in the epoch was considered.

To investigate channel topography, we constructed digital
elevation model (DEM) of the riverbed using the inverse
distance weighted method for 3 years (1984, 1992 and 2008)
which were used to compute changes in volumes (Lane et al.
2003). Sandbars within the channel were masked out since
they do not have elevation value attached. Average of low-
est low water level (LLW) figure was used to derive riv-
erbed topography. Two types of analyses were conducted.
One involved the determination of net loss and gain to the
riverbed through cut and fill analysis. In addition, cross-
sectional change of the riverbed was examined using the
same 1-km profiles. This was done by converting each tran-
sect to a point shape with a 50-m interval, so that detailed
bathymetric change could be mapped.

In addition, morphological changes to islands in the river
were calculated using their areas, shapes and sizes for different
years. Total channel area for each period, including the area
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occupied by mid channel bars, was calculated. The width of
ariver was defined as being the distance between the extreme
right and left banks, which included the width of any mid-
channel bars. The mean channel width for each reach was then
computed from the sum of the appropriate widths. The ratio
of island to channel area was analysed using both channel area
and the sum of bar areas in an epoch.

Historical daily water level records were used to deter-
mine flood danger level (DL) (established by BWDB based
on ground elevation of an area). This was then used to obtain
corresponding discharge. This procedure helped us to define
the Peak Over Threshold (POT) for Mawa station on the river.
Based on the POT, flood frequencies and magnitudes were
derived. Only valid data for each epoch for Mawa station were
used for this purpose. Consideration was made for the fact
that the geospatial data were representative of normal flow
for the respective year, whilst floods take place in the earlier/
later part of the year. Since the DL information for Baruria
station was not available, the POT for this station was not
attempted. However, mean annual flow for Baruria and Mawa
stations was computed using monthly discharge data. Mean
flood discharge for Mawa was obtained by dividing monsoonal
flow (July—October) by the number of years of each interval.
To understand the relative contribution of floods and water
flow to bank erosion, linear regression between variables was
performed.

To evaluate any propagation of errors or any uncertainty
associated with morphological assessment, we adapted a
method suggested by Yao et al. (2011). There were two main
assumptions for this analysis. First, allowable systematic
error (i.e. the georeferencing component), or the offset (dr), is
approximately half of a pixel and uniform across the datasets;
and secondly, the precision of feature identification (i.e. ran-
dom error) is about 0.5 mm and invariant for both banks. Yao
et al. (2011) noted that positional accuracy is influenced by
area (), perimeter (L) of a patch, and resolution of data (dr).
A fishnet tool in a GIS was used to derive these parameters.
The offset (dr) was multiplied by the perimeter to obtain the
absolute area error (ds). The relative area error was then cal-
culated by dividing the ds by the area of a patch. This method
was applied for both banks separately. To quantify the vertical
accuracy of riverbed elevations, the 95th-percentile technique
was utilised, involving the construction of training and test
datasets from the original elevation datasets (Bennion 2009).
For each year, 10% of data from the original were randomly
sampled and used as test points. The RMSE was then com-
puted to provide a single error statistic for each year (FGDC
1998).

3 Results
3.1 Planform configuration

Successive channel planform maps are shown in Fig. 2,
which demonstrates that the river experienced contrac-
tion and expansion as well as shape adjustments to its
planform. Channel widening, for instance, was prominent
during the first epoch (1911-1930), when the channel
appeared to encroach onto the floodplains through lat-
eral migration. Between 1944 and 1955, however, a small
amount of channel contraction occurred due to deposi-
tion within its active corridor. Except for the epoch of
1977-1984, channel widening was pronounced but with
varying rates (Fig. 2).

3.2 Riverbank shifting

Figure 3a highlights locational distribution of erosion
and accretion areas along the left bank. For example, the
erosion tendency of 19-46 km is relatively high, but is
reduced between 49 and 63 km, and then increased down-
stream from 73 km until the confluence with the Meghna
at Chandpur (Fig. 3a). The most unstable area, in terms
of maximum erosion, is located between 96 and 111 km,
where the erosion rate can be as high as 44 km? (100 km).
Conversely, accretion was low between 6 and 25 km, and
slightly increased from 26 to 32 km, 37 to 46 km and from
90 to 101 km.

The right bank of the river appears to be highly variable
compared to the left bank (Fig. 3b). Interestingly, neither
of the processes can be attributed to a specific direction.
Bank erosion appears to be concentrated between 13 and
99 km which systematically increases from 103 to 112 km.
In contrast, accretion occurs within the first few profiles
(1-22 km) and then decreases slightly between 26 and 41
km.

Areas of erosion for both banks are shown in Table 2,
which show that the right bank eroded more than the
left bank of the Padma. With the exception of the first
(1911-1930) and last (2005-2015) epochs, erosion was
consistently higher along the right bank than the left bank.
An estimated total 1749 km? of lands were eroded from
1911 to 2015 of which 807 km? were on the left bank,
whilst 942 km? were on the right bank. The annual aver-
age bank erosion rate over the study period (1911-2015)
was about 17 km? year™!. Out of the 112 polygons, 35 on
the left bank and 41 on the right bank experienced varying
degrees of erosion during 1911-2015 (Table S2).

Table 3 presents the areas of accretion for both banks
during nine epochs. It shows that a total of 1316 km?
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lands were accreted, of which the contribution of the
right bank was 1062 km? and the left bank was 254 km?.
Interestingly, the right bank accreted higher amounts than
the left bank, even though the right bank erodes highly
(Table 2). The annual average accretion rate was approxi-
mately 13 km? year™! from 1911 to 2015. The distribution
of bank accretion figures is shown in Table S3.

FGDs and KII demonstrated that bank erosion is lead-
ing to a number of social issues, including loss of prop-
erty and livelihood, particularly to marginalised groups.
We interviewed a number of people who experienced
bank erosion more than six times at Mawa and further
downstream. This phenomenon frequently forcing them to
move away, and property loss over three—four generations
was substantial. In addition, a number of business centres,
many buildings, both private and public, either had to
relocate or washed away due to the devouring effect of
the river. Local people assert that increasing river train-
ing works linked with construction of the Padma Bridge
may be accountable for gobbling of properties and lands,
particularly in recent times.
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3.3 Changesinriverbed elevation

Riverbed elevation models along with corresponding longi-
tudinal profiles for 3 years are shown in Fig. 4, which indi-
cates that the range of elevations in 1992 (—27 to 8 m) was
generally higher than in 1984 (—35 to 3 m). In contrast,
bottom elevations decreased from 1992 to 2008 (from — 30
to 2 m). The cut and fill analysis indicates that the Padma
gained a net volume of 338,752,966 (339 m) m? of sediment
between 1984 and 1992 with an average of 42 m m*/year
over the 8 years; however, in the latter period, the river lost
a volume of 295,196,067 (295 m) m? with an average of
18 m m? sediment per year (Table 4). Note that this calcula-
tion was heavily impacted by the lack of common surfaces
between survey years (63.7% areas were common during
1984-1992 and 61.3% in 1992-2008), and therefore, may
have estimation errors attached.

Of the 112 transects analysed, a few representative ones
were sampled, covering upper, middle and lower reaches of
the river (Fig. 5a—c). A typical profile (transect # 4 centred at
89.82 E and 23.76 N), covering the upper reach, is shown in
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the river

Fig. 5a. This indicates that the deepest channel in 1984 was
around the mid-point of the river but shifted towards the left
bank in 1992. During 1992-2008, both banks experienced
substantial siltation, which resulted in a further change in
thalweg position. The movement of the thalweg is highly
erratic at transect # 49 (90.29E and 23.43N), represent-
ing the middle reach, between survey dates (Fig. 5b). For
instance, the deepest point was located around the mid-point

of the channel in 1984, but moved 1.9 km towards the right
bank by 1992, then shifted again towards the left bank by
about 3.5 km during 1992-2008, due to channel shrinkage
in 2008. The last transect (ID=112, 90.48E and 23.36N)
(Fig. 5¢) was located near the confluence of the Padma and
Meghna, and indicates that the roughness of the riverbed
was higher than the other transects across 3 years analysed
but that both banks experienced erosion and accretion. The
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Table2 Areas of bank erosion along the right and left banks of the
Padma, 1911-2015

Epochs Area of erosion (km?)

Left Bank Right Bank Total
1911-1930 317 62 379
1930-1944 76 219 294
1944-1955 37 75 112
1955-1967 44 152 196
1967-1977 40 61 101
1977-1984 56 62 119
1984-1995 79 118 197
1995-2005 58 149 207
2005-2015 98 44 142
Total (1911-2015) 807 942 1749

Table 3 Areas of bank accretion along the right and left banks of the
Padma, 1911-2015

Epochs Area of accretion (km?)

Left bank Right bank Total
1911-1930 5 175 180
1930-1944 13 33 47
1944-1955 12 142 154
1955-1967 49 255 304
1967-1977 65 174 240
1977-1984 16 68 84
1984-1995 5 64 69
1995-2005 60 50 110
2005-2015 28 101 129
Total (1911-2015) 254 1062 1316

deepest point moved about 2.6 m to the right and the right
bank accreted more than the left bank from 1984 to 1992.
Between 1992 and 2008, erosion along the left bank was
high, as was the level of scouring.

Changes in mean elevation, between years, for each
profile, can be found in Fig. 6. The magnitude of change
for the entire channel was approximately 7 m during
1992-2008 and riverbed erosion was higher in this period
compared with 1984-1992, reflecting roughness of the riv-
erbed. There are certain locations where elevation change
occurred in an opposite fashion during the two periods stud-
ied. For instance, at 22—34 km, mean elevation decreased in
1984-1992 but reversed during 1992-2008.

3.4 Growth of bars and islands
Statistics on the growth of islands and their areas are

shown in Table 5, which indicates that the number of
islands (sum of vegetated islands and sandbars) was a
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maximum in 1967; however, this may be related to the
resolution of Corona data. The relationship between the
mean river width and areas of mid-channel bars over time
was found to be positively correlated (r*=0.62) (Fig. 7).
The ratio of island area to channel area, although varied
between 1911 and 1984, has generally increased since
1911 (Table 5). Interestingly, this variability has strong
similarities to the fluctuations of the river width. Figure 8
shows that islands having an area of >5 km? increased
consistently since 1977, indicating that the river was domi-
nated by the growth and accretion of large islands.

3.5 Role of floods on bank erosion

Analysis of the role of flood discharge (July—October)
on the annual rate of erosion and accretion is shown in
Table 6. This indicates that flood has had a significant role
in the erosion—accretion processes. For example, except for
the epoch of 1967-1977, bank erosion tended to increase
as discharge went up. However, an opposite relationship
was observed for the annual accretion rate and peak flood
discharge.

The relationship between annual peak flow and mean
flood discharge at Mawa, and annual average discharge at
Baruria and the annual rate of bank erosion indicates that
annual average discharge at Baruria is strongly related to
bank erosion (r2 =0.85, p=0.05). A strong correlation was
also found between mean flood discharge at Mawa and
bank erosion (r2 =0.92, p=0.01); however, the relation
between annual erosion rate and peak flow appears to be
non-linear but insignificant (> = 0.90, p=0.24).

Analysis of the maximum annual flow on the Padma at
Mawa station shows that the river experienced 33 floods
in the 50 years (1965-2014) for which data are available.
The number of flood events for each of the epochs under
study is presented in Table 7. It shows that overall flood
frequency is 70%, and has been exceeded in 3 out of the
6 epochs studied. Because of incomplete records or una-
vailable information over the study period, the dataset is
somewhat marred.

3.6 Evaluation of accuracy

The interpretation of positional error associated with chan-
nel movement revealed that the mean relative area error is
ranging from 7 to 12% for the left bank. The corresponding
values for the right bank were 7-14%. The result of vertical
accuracy in terms of RMSE between 1984 and 2008 indi-
cated that the RMSE was relatively lower for 2008 than for
1984 and 1992 (RMSE for 2008 was 0.30, and 0.35 and 3.39
for 1984 and 1992, respectively).
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Tablf" 4 Quantiﬁcgt.ion of Before year  After year ~ Amount fill (m?) Amount cut (m?) Overall Change®  Average
erosion and deposition for the change per
Padma between 1984 and 2008 year (m°)
1984 1992 673,605,847 334,852,881 338,752,966 42,344,121
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Fig.5 Representative cross-section changes from 1984 to 2008
derived from DEMs; Cross-section shown from left to right bank: a
Transect 4 represents the upper reach; b Transect 49 covers the mid-
dle reach; ¢ Transect 112, represents the lower reach. Location of
transects is indicated in Fig. 5
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4 Discussion
4.1 Planform dynamics

The derived planform evolution illustrates that contraction
and expansion of the river varied over time (Fig. 2) which
may be attributed to a range of factors, including magnitude
and duration of floods (see Fuller 2008; Wallick et al. 2007).
Whilst channel narrowing may be related to recovery from
flood-induced change (Friedman et al. 1996) and growth of
mid-channel bars (Tiegs and Pohl 2005), prolonged and/or
intense flooding may enhance channel widths considerably
(Rozo et al. 2014; Fuller 2008) due to the capacity of the
channel being frequently exceeded (Mount 1995). Conse-
quently, a channel tends to adjust by expanding its cross-
sectional area with increasing flood frequency (Winterbot-
tom 2000).

Historical information indicates that the Padma expe-
rienced a number of moderate to severe floods during
1910-1922 (Mahalnobis 1927) which may have caused
channel expansion in early epochs though we have no data
to verify this. Because of many large floods occurring since
1954 in Bangladesh (Mirza 2011), channel widening seems
to have been prominent, particularly after 1984 (Fig. 2),
which may possibly have been controlled by increasing vari-
ations in discharge. Although the role of floods in planform
change is debatable (Lewin 1989), it is likely to be one of
the major drivers in shaping the Padma’s planform. Hickin
(1983) indicated that large floods may introduce long peri-
ods of channel instability and can lead to a flood-dominated
channel morphology, and this observation appears to support
our findings. However, more works are required to confirm
this. Further, the hydrological cycle of Bangladesh is charac-
terised by a long period (about 8 months) of low flow and a
much shorter period of very high discharge (July—October).
Hence, inter-annual climatic variations might have influ-
enced observed planform dynamics of the Padma (FAO
2007).

4.2 Pattern of erosion and accretion
Although comparable work is lacking due to differences

in methods, the study shows that overall erosion surpassed
accretion over the last 100 years (1749 km? erosion to
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Table5 Temporal variations in islands area, channel area, mean
width and ratio of island area to channel area in the study reach

Year Channel Islands area Mean Ratio of island
area (km?)  (km?) width (km) area to channel
area
1911 193 349 4.9 0.6
1930 307 433 6.8 0.7
1944 297 691 8.9 0.4
1955 282 663 8.6 0.4
1967 381 457 7.9 0.8
1977 279 420 7.0 0.7
1984 323 411 7.1 0.8
1995 459 404 8.4 1.1
2005 545 415 9.3 1.3
2015 559 415 9.2 1.3
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Fig. 7 Relationship between mean channel width and area of mid
channel bars, 1911-2015
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Table 6 Mean flood discharge at Mawa versus annual rate of bank
erosion and accretion, 1967-2015

Epoch Mean flood discharge Erosion rate  Accretion rate
(Jul-Oct) at Mawa (km? year") (km? year‘l)
station

1967-1977 74,159 10 24

1977-1984 68,268 17 12

1984-1995 79,440 18 6

1995-2005 76,790 21 11

2005-2015 66,305 14 13

1316

km? accretion =433 km? loss of land) (Tables 2, 3).

This finding generally agrees with other works conducted
on the same river (see Rahman and Alam 1980; FAP 16

1995;

Nippon Koei Co. Ltd. 2005) but differs in magnitude.
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Table 7 Flood frequencies for the Padma (floods were categorised as
being discharges greater 79,500 m3/s at Mawa gauging station)

Epoch Number of floods Frequency (%)
1965-1967 2 100.0
1967-1977 6 66.7
1977-1984 2 28.6
1984-1995 9 81.8
1995-2005 8 80.0
2005-2014 6 60.0
Total 33 69.5

Compared with large alluvial systems such as the Yellow
and the Upper Amazon (Rozo et al. 2014), the magnitude of
erosion and deposition of the Padma is not negligible. For
example, Yao et al. (2011) observed a maximum erosion
rate of 27 km? year™!, compared with an accretion rate of
18 km? year™! for the Yellow River, but we obtained a maxi-
mum erosion rate of 17 km? and accretion rate of 13 km?
year™!. Studies have shown that bank erosion is the outcome
of long-term channel change, floodplain development and
destruction (Couper 2004), channel adjustment in response
to changes in environmental conditions (Fuller 2008), sedi-
ment redistribution (Croke et al. 2013), modified flow con-
ditions and/or bank resistance (Lane et al. 2003). Although
human history is relatively short, increased human—environ-
ment interaction, especially in recent years, in concert with
frequent large floods may have contributed to bank erosion
in the Padma, although understanding the impact of human
activities on channel change is beyond the scope of this
work. A similar observation has been reported elsewhere
(Wallick et al. 2007, Surian 1999).

Apart from overall erosion and deposition pattern
observed in the channel, the location and magnitude of ero-
sion and depositional contradicts with previous studies on
the Padma for individual banks, perhaps owing to the scale
of digitization (1:5000) to capture channel geometry and
mid-channel bars. Both Tiegs and Pohl (2005) and Rozo
et al. (2014) pointed out that the scale of data capture is an
important issue that could seriously affect the estimation
of erosion and deposition rate. Nonetheless, bank erosion
seems to be confined, largely, to a few locations along the
left bank compared to the right bank though a few locations
exhibited simultaneous increase/decrease of erosion and
accretion. A number of factors may be accountable for such
pattern. For instance, the right bank is composed of recently
deposited unconsolidated sediments that are made up of fine
sand and silt. Additionally, this bank has a lower elevation
than its counterpart, which possibly contributes to high rates
of both erosion and accretion (Leopold and Wolman 1957).
Floodplains along the left bank are few hundreds to several
thousand years old, except at the locations of Mawa and
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Harirampur (Figs. 2, 3b), where the erosion rate is extremely
high (Nippon Koei Co. Ltd. 2005). As the composition of
bank materials determines the stability of riverbanks, lack
of cohesive materials may facilitate bank failure, and this is
also observed elsewhere (Li et al. 2007). A hydrodynamic
and morphological study indicated that erosion and deposi-
tion pattern of the river is largely determined by sediment
transport rate which depends on seasonal variation of veloc-
ity and tides (Roy et al. 2016). Apart from this, we noticed,
during fieldwork, that both banks have various kinds of man-
made structures in place, including road-cum-embankments,
revetments, guide bunds etc. Since bank protection is det-
rimental to the channel and constriction increases stress
on the riverbed (Yao et al. 2011), existing bank protection
possibly greatly influences erosional and accretion patterns
in the Padma. Other important factors could be changes in
water—sediment ratio (Schumm 1977) or the straightening
effect of large floods (Winterbottom 2000). As existing bank
protection measures are based on a stationary climate, they
may be of little help to save life and property from extreme
events resulting from global change (Milly et al. 2008).
Fieldwork indicates that local bank failure at various sites
on the river is quite common which could be a major source
of sediment transfer to the river in addition to materials from
the upstream points.

4.3 Bathymetric change

Bathymetric analysis indicated that the thalweg changed
markedly between years, due to the influence of erosion
and accretion dynamics. For example, both banks expe-
rienced significant erosion during 1984—1995 as inferred
from Landsat data (Tables 2, 3), and this may be reflected
by sediment deposition in the riverbed during 1984-1992
(Fig. 5a—c, Table 4). Also, the river experienced seven
floods (> 79,506 m> s™!) in the same period, of which three
exceeded discharge of > 100,000 m> s, The stability of the
right bank, relative to the left bank, may also have affected
this bathymetric change, since the right bank experienced
considerable erosion from 1984 to 1995 (Table 2), poten-
tially related to non-cohesive bank materials as well as shear
stress of waters. While a similar mechanism for channel
migration was reported by Coleman (1969), little effect of
flooding on elevation of the channel bed in the Eel River,
California, USA was documented by Sloan et al. (2001).
However, our result is in agreement with FAP 9 (1992) and
Nippon Koei Co. Ltd. (2005). Their studies showed that the
channel dynamics of the middle and lower reaches of the
Padma are controlled by thalweg but this study exhibited
that this is a common feature for the Padma (Figs. 4, Sa—c,
6).

Cross-sectional analysis indicated that changes in the
thalweg and movement of bottom materials are likely to play
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an important role in bank shifting. All these factors con-
tribute to channel adjustments in response to environmental
conditions. For example, Li et al. (2007) state that changes
in hydrological regime can considerably affect fluvial pro-
cesses, which may in turn induce floodplain deposition
and bed scouring. Fuller (2008) noted that the geomorphic
impact of flooding on the channel is spatially discontinuous
and dependent on the timing of flow. While erosion occurs
during peak flooding, falling stages may lead to riverbed
deposition accompanied by migration of the thalweg (Cole-
man 1969), signifying the contribution of bank erosion to
catchment sediment budget. Note that we had no information
on sediment distribution during the peaks and recessions of
flood events, so that no detailed analysis can be presented
here. Hence, the results of the morphological budgeting
and its association with thalweg shifting and floods may
be inconclusive, given limitation of our data with regard
to fluvial dynamics. Nevertheless, the analysis of locations,
magnitudes and trends with comparative elevation changes
and the indicative geomorphic processes at work are useful
to identify zones of instability both at upstream and down-
stream locations (Milan et al. 2011).

4.4 Impact of floods on bank erosion

Regression analysis showed that mean flood discharge, peak
flow at Mawa and annual average discharge at Baruria is
strongly correlated with the annual rate of bank erosion
which contradicts the study of Nippon Koei Co. Ltd. (2005),
who reported that large floods of 1987, 1988 and 1989 had
negligible impact on bank erosion of the Padma. Our result
suggests a direct relationship between discharge and erosion
(e.g. Yao et al. 2011; Fuller 2008). Additionally, floods of
large magnitude may trigger disturbance cascades (Naka-
mura et al. 2000), meaning that one impact can introduce a
series of subsequent adjustments (Wallick et al. 2007).
Analysis revealed that the banks of the Padma expe-
rienced about 433 km? of land loss over the study period
(1911-2015), indicating a considerable loss of material from
the channel banks. Floods could be one of the major fac-
tors affecting this land loss as the river had many floods
since 1965. Others (Wallick et al. 2007; Shields et al. 2000)
observe the relation between bank migration and floods,
suggesting that stream power associated with moderate to
large floods have the potential to trigger bank migration.
Fuller (2008) observed that localised confinement of flows
and enhanced stream powers during large floods can allow
a fluvial system to adjust morphologically, which may be
the case for the Padma. Although we lack sediment flow
data, analysis of flood frequency and water level records may
provide some insights. The Padma has experienced 33 floods
since 1965 of which 10 events had discharge > 100,000 m’
s~!. Furthermore, daily water level records at Mawa revealed

that the river was above the high water stage (DL =6.10 m)
for 22 times in 50 years (1965-2014), and on many occa-
sions, the flood duration was long enough to impact the
channel morphology (Mirza, 2011), particularly those occur-
ring in the 1990s and 2000s. It is, therefore, reasonable to
assume that prolonged and frequent flooding drives bank
erosion in the Padma as a strong correlation was observed
between bank erosion and mean flood flow. A number of
studies (e.g. Ikeuchi et al. 2015; Yu et al. 2010) have pre-
dicted that monsoonal discharge is likely to increase, as a
result of increased rainfall under warmer climate, which
could enhance runoff and sediment load in the rivers (Zhu
et al. 2008). Consequently, erosion could be aggravated, par-
ticularly in the Ganges—Brahmaputra systems.

4.5 Changes in mid-channel bars

As observed in this study, the nature of erosion and deposi-
tion appears to be associated with channel widths and chan-
nel areas, which in turn are related to the growth of islands
and to flooding. This has also been observed by others
(Joeckel and Henebry 2008; Nanson and Knighton 1996).
Analysis of bar growth over time revealed that smaller
islands are generally very unstable compared to the larger
ones (Fig. 8), a phenomenon common in other systems (Baki
and Gan 2012). Further, the dynamic nature of islands and
mid-channel bars may also affect areas of erosion and accre-
tion (Goswami et al. 1999) and a careful examination of
Table 5 and Fig. 8 supports this observation. The presence
of mid-channel bars within a river, for instance, may lead to
flow divergence, and as a result, more rapidly rising waters
affecting water and sediments dispersal, especially during
floods. This factor could yield high erosion rates by concen-
trating flow towards the banks—this has been observed in the
Yellow River study by Li et al. 2007. However, bar dynamics
may also be related to sedimentological readjustment (Sinha
and Ghosh 2012). Mikhailov and Dotsenko (2007) argue that
riverbed sedimentation in the Ganges system helps to offset
basin subsidence or to compensate for sea level rise, possibly
leading to the rise of mid-channel bars.

4.6 Evaluation of accuracy

The maximum measurement error of bank locations was
estimated to be + 0.5 mm, corresponding to + 127 m (14%)
on the 1:253,440 topographic maps. A 15-m (+2.5 m)
error margin was also obtained between the manually dig-
itised channel boundary of 2015 and field-derived river
locations. Since the magnitude of observed channel change
is considerably larger than the error values, the results of
this study are still useful (Mount and Louis 2003; Gurnell,
1997). In terms of the vertical accuracy of the bottom ele-
vation models, our analysis demonstrated that the RMSE
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was lower for 1984 and 1992 than 2008 DEM, highlighting
the effect of high-density datasets in estimating volume
changes. Apart from density of survey points, topographic
variability and interpolation methods are also believed to
influence DEM uncertainty (Saksena and Merwade 2015;
James et al. 2012; Bennion 2009).

5 Conclusion

This is a comprehensive work involving two- and three-
dimensional datasets to quantify erosion and accretion pat-
terns of the Padma, for a period of more than 100 years.
The analysis indicated that the planform of the Padma is
highly variable, in both space and time, owing to the fact
that it drains massive monsoonal discharges. Over the
study period, both narrowing and widening of the channel
occurred but channel expansion became a regular phenom-
enon from 1984 onwards, but at a varying rate. Variations
in discharge appear to be largely accountable for geomor-
phic changes to the river. The study reinforces that floods
are an active agent in determining channel migration and
changes in volume, especially for the Padma. We believe
the outcomes of this work will be useful in determining
the morphological responses to increased runoff and vary-
ing flows, so that future modes of planform change and
bank erosion can be estimated. Appropriate strategies can
subsequently be developed to protect important river func-
tions and natural resources, which will eventually help to
minimise the effect of erosion on properties.

The study is not without limitations. A major limitation
in capturing bank lines around mid-channel bars is asso-
ciated with identifying cultivable lands. Since these bars
are generally cultivated during the dry season, we had no
method of detecting and including them in the analysis.
Another possible uncertainty may be related to volumet-
ric change analysis. Since common surfaces between two
DEMs of the riverbed were lacking, we could not esti-
mate errors related to volumetric change. Further work
is, therefore, warranted. Finally, possible positional and
elevation inaccuracy may have inherited from the use of
large-/small-scale maps and navigational charts. There-
fore, various spatial resolutions along with differing
epoch intervals may have an effect on the calculation of
erosion and accretion reported in this work. In spite of
these limitations, this work provides up-to-date informa-
tion on channel morphology together with key locations
of erosion along the Padma in Bangladesh. Information on
several other factors could have enhanced understanding
of the observed erosion patterns such as data on riparian
land use change, and the spatial and temporal dynamics
of sediment flow.

@ Springer
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