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T h e  G a n g e s- Br a h m a p utr a- M e g h n a  ( G B M)  d elt a  h a s  b e e n  n a m e d  o n e  of  t h e  w orl d ’s  m o st  v ul n er a bl e  si n ki n g 

d elt a s. It i s al s o o n e of t h e m o st d y n a mi c d elt a s, wit h t h e w orl d ’s hi g h e st s e di m e nt di s c h ar g e a n d t hir d hi g h e st 

w at er  di s c h ar g e,  wit h  s e mi- di ur n al  m e s o s c al e  ( 2 – 4  m)  ti d e s.  T h e  hi g h  fl u vi al  di s c h ar g e  a n d  si g ni fi c a nt  ti d al 

v el o citi e s ( 1 – 2 m / s) cr e at e a n e x p a n si v e fl u vi al-t o-ti d al tr a n siti o n z o n e ( F T T Z) al o n g t h e e ntir e L o w er M e g h n a 

Ri v er ( L M R). Wit hi n t hi s F T T Z, ti d all y el o n g at e d c h a n n el b ar s, l o c all y c all e d ‘ c h ar s ’, r a pi dl y e v ol v e d u e t o t h e 

hi g h s e di m e nt a n d w at er di s c h ar g e s. C h ar s al o n g t h e L M R h a v e a t ot al p o p ul ati o n e x c e e di n g 5 milli o n p e o pl e; 

t h u s,  e v al u ati n g  t h e  i nt er a cti o n s  of  fl u vi al  a n d  ti d al  pr o c e s s e s  al o n g  t h e  F T T Z  i s  cr u ci al  t o  u n d er st a n di n g 

v ul n er a bilit y  a m o n g  c h ar  c o m m u niti e s  wit h  r e s p e ct  t o  fl o o di n g  a n d  s e a-l e v el  ri s e.  H er e,  w e  utili z e  a  m ulti- 

f a c et e d  a p pr o a c h  t o  a s s e s s  t h e  g e o m or p h ol o g y,  s e di m e nt ol o g y,  a n d  h y dr ol o g y  of  t hr e e  c h ar s  l o n git u di n all y 

s p a c e d  wit hi n  t h e  L M R  a n d  o n e  of  it s  di stri b ut ari e s – t h e  T e nt uli a  C h a n n el.  D e c a d al  l a n d  c h a n g e  a n al y s e s 

r e v e al e d t h at t h e F T T Z al o n g t h e u p p er L M R a n d T e nt uli a C h a n n el h a s b e e n g ai ni n g l a n d at a r at e of 4. 7 k m 2 / yr, 

wit h er o si o n b ei n g m o st pr e v al e nt u p str e a m a n d m o st a c cr eti o n o c c urri n g wit hi n 5 0 k m of t h e c o a st. Al m o st all 

t h e str ati gr a p hi c pr o fil e s s h o w fi n e a n d / or m e di u m s a n d s at d e pt h ( 0. 5 – 2 m), i m pl yi n g t h at t h e t hr e e c h ar s ar e 

si mil arl y  s u s c e pti bl e  t o  er o si o n  b y  ti d al  c urr e nt s  a n d  hi g h  ri v er  di s c h ar g e.  T h u s,  w e  attri b ut e  t h e  i n cr e a s e d 

st a bilit y  of  c h ar s  i n  t h e  d o w n str e a m  dir e cti o n  t o  i n cr e a s e d  ti d al  i n fl u e n c e  r at h er  t h a n  s e di m e nt ol o g y.  L a n d 

el e v ati o n a n d w at er l e v el s ur v e y s r e v e al t h at el e v ati o n r el ati v e t o s e a l e v el d e cr e a s e s a s t h e di st a n c e t o t h e m o ut h 

of t h e L M R d e cr e a s e s: fr o m 4. 0 5 m ( 1 3 0 k m fr o m t h e m o ut h), t o 2. 5 6 m ( 1 0 0 k m fr o m t h e m o ut h), a n d 1. 8 5 m 

( 7 0 k m fr o m t h e m o ut h). B y i n c or p or ati n g l o c al w at er l e v el d at a wit h t h e el e v ati o n s ur v e y s, w e c o n cl u d e t h at 

fl u vi al, n a m el y m o n s o o n al, pr o c e s s e s c o ntr ol t h e g e o m or p h ol o g y of t h e c h ar s n e ar t h e c o n fl u e n c e of t h e L M R a n d 

t h e  h e a d  of  T e nt uli a  C h a n n el.  T h e  s hift  b et w e e n  fl u vi al- d o mi n at e d  a n d  ti d al- d o mi n at e d  r e gi o n s  of  t h e  F T T Z 

o c c ur s j u st d o w n str e a m of C h ar 3 ( ~ 7 0 k m fr o m t h e L M R m o ut h). T h er ef or e, c h ar c o m m u niti e s n e ar t h e L M R 

c o n fl u e n c e ar e m o st v ul n er a bl e t o ri v er b a n k er o si o n a n d fl o o di n g a s s o ci at e d wit h t h e m o n s o o n s e a s o n, a n d c h ar s 

pr o xi m al t o t h e c o a st ar e m o st v ul n er a bl e t o er o si o n a n d fl o o di n g r el at e d t o st or m s ur g e s a n d r el ati v e s e a-l e v el 

ri s e.   

1. I nt r o d u cti o n 

T h e G a n g e s- Br a h m a p utr a- M e g h n a ( G B M) d elt a s p a n s ~ 1 5 0, 0 0 0 k m 2 

a n d  i s h o m e t o > 2 0 0 milli o n p e o pl e i n B a n gl a d e s h a n d  W e st B e n g al, 

I n di a. It i s t h e w orl d’s l ar g e st d elt a i n t er m s of s e di m e nt l o a d, wit h 1 

billi o n t o n s of s e di m e nt di s c h ar gi n g i nt o t h e B a y of B e n g al e v er y y e ar 

a n d t h e 3r d l ar g e st i n t er m s of a v er a g e w at er di s c h ar g e ( ~ 3 8, 0 0 0 m 3 / s). 

E v e r y  y e ar,  milli o n s  of  p e o pl e  i n  t h e  d elt a  ar e  n e g ati v el y  aff e ct e d  b y 

ri v er b a n k  er o si o n,  e s p e ci all y  d uri n g  t h e  m o n s o o n  s e a s o n  ( J u n e- mi d 

O ct o b er)  w h e n  t h e  G a n g e s,  Br a h m a p utr a / J a m u n a,  a n d  M e g h n a  ri v er 

b a si n s r e c ei v e 8 0 % of t h eir a n n u al r ai nf all, c a u si n g t h e ri v er s t o s w ell. 

Of t h e 2 0 0 milli o n p e o pl e t h at li v e i n t h e G B M d elt a, a p pr o xi m at el y 2 – 3 
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milli o n ( ~ 1 – 2 %) r e si d e o n c h ar s al o n g t h e L o w er M e g h n a Ri v er ( L M R), 

m a ki n g  t h e m  s o m e of  t h e  m o st  v ul n er a bl e p o p ul ati o n s  ( S ar k er  et  al., 

2 0 0 3 ). I n B a n gl a d e s h, t h e w or d ‘ c h ar ’ or ‘ c h arl a n d ’ i s t h e g e n er al t er m t o 

d e s cri b e ri v er b ar s; t h e y c a n b e att a c h e d or u n att a c h e d t o t h e m ai nl a n d 

a n d e x hi bit v ari o u s st a g e s of v e g et ati o n a n d h u m a n i n h a bit ati o n. C h ar 

a g e,  si z e,  a n d  g e ol o gi c  pr o p erti e s  ( s e di m e nt ol o g y  a n d  str ati gr a p h y) 

d e p e n d s u p o n t h e s e di m e nt ol o gi c al a n d h y dr ol o gi c al c o n diti o n s of t h e 

r e s p e cti v e ri v er c h a n n el s. 

Of t h e t hr e e ri v er s t h at f or m t h e G B M d elt a, t h e G a n g e s a n d M e g h n a 

Ri v er s  h a v e  m e a n d eri n g  pl a nf or m s,  w hil e  t h e  Br a h m a p utr a- J a m u n a 

Ri v er i s br ai d e d ( Fi g. 1 ). T h e Br a h m a p utr a- J a m u n a Ri v er i s t h e gr e at -

e st of t h e t hr e e ri v er s i n t er m s of sl o p e ( 7. 5 × 1 0 − 5 ), m e di a n b e d gr ai n 

si z e ( 2 2 0 μ m; fl n e s a n d), s e di m e nt di s c h ar g e ( 5 9 0 Mt. / a), a n d a v er a g e 

a n n u al  w at er  di s c h ar g e  ( 2 0, 2 0 0  m 3 / s)  ( S a r k e r  et  al.,  2 0 0 3 ).  B y  c o m-

p ari s o n, t h e G a n g e s a n d M e g h n a Ri v er s b ot h h a v e l o w er sl o p e s ( 5. 0 ×

1 0 − 5 f o r b ot h) a n d si mil ar m e di a n b e d gr ai n si z e s of 1 5 0 a n d 1 4 0 μ m 

( fl n e s a n d s) (S ar k er et al., 2 0 0 3 ). H o w e v er, t h e G a n g e s h a s a n a v er a g e 

a n n u al  di s c h ar g e  of  1 1, 3 0 0  m 3 / s  a n d  t r a n s p ort s  5 5 0  Mt.  of  s e di m e nt 

e v er y y e ar, w hil e t h e M e g h n a Ri v er h a s a n a v er a g e a n n u al di s c h ar g e of 

4 6 0 0  m 3 / s  a n d  t r a n s p ort s  o nl y  1 3  Mt.  of  s e di m e nt s  a n n u all y  ( S ar k er 

et al., 2 0 0 3 ). 

W hil e c h ar s ar e m o st pr oli fi c i n t h e br ai d e d Br a h m a p utr a- J a m u n a 

Ri v er u p str e a m of t h e P a d m a Ri v er c o n fl u e n c e ( > 2 0 0 c h ar s), t h e hi g h 

di s c h ar g e a n d r el ati v el y l ar g er gr ai n si z e l e a d t o ri v er b a n k i n st a bilit y 

a n d er o si o n, r e s ulti n g i n a n a v er a g e c h ar lif e s p a n of o nl y 5 y e ar s ( A s h -

w ort h et al., 2 0 0 0 ; B e st et al., 2 0 0 3, 2 0 0 7 ; K h a n a n d I sl a m, 2 0 0 3 ; R u k n ul 

F er d o u s et al., 2 0 1 8 ). Alt er n ati v el y, c h ar s i n t h e l o w er- gr a di e nt, G a n g e s 

a n d M e g h n a m e a n d eri n g ri v er s u p str e a m of t h eir r e s p e cti v e c o n fl u e n c e s 

(t h e P a d m a Ri v er a n d L o w er M e g h n a Ri v er c o n fl u e n c e s) ar e r el ati v el y 

m or e st a bl e, h a vi n g a v er a g e lif e- c y cl e s ≥ 1 0 y e ar s ( S ar k er et al., 2 0 0 3 ; 

O b er h a g e m a n n et al., 2 0 2 1 ). Ulti m at el y, t h e G a n g e s a n d Br a h m a p utr a- 

J a m u n a  Ri v er s  c o al e s c e  t o  f or m  t h e  P a d m a  Ri v er,  w hi c h  c o nti n u e s 

fi o wi n g s o ut h e a st ( Fi g. 1 ). It i s wit hi n t h e ~ 1 1 0 k m P a d m a Ri v er t h at a 

c h a n g e i n t h e h y dr ol o gi c r e gi m e b e gi n s a s fi u vi al pr o c e s s e s ar e i m p a ct e d 

b y ti d al f or ci n g s, wit h t h e i nl a n d ti d al li mit l o c at e d ~ 6 0 k m d o w n str e a m 

of t h e P a d m a c o n fl u e n c e ( ~ 2 1 5 k m fr o m ri v er m o ut h; s h o w n i n Fi g. 1 ). 

T h e P a d m a c o nti n u e s fl o wi n g d o w n str e a m, c o al e s ci n g wit h t h e U p p er 

M e g h n a Ri v er t o f or m t h e L o w er M e g h n a Ri v er ( L M R), w hi c h e v e nt u all y 

bif ur c at e s i nt o 3 m ai n di stri b ut ar y c h a n n el s t h at di s c h ar g e i nt o t h e B a y 

of B e n g al. Fr o m t h e i nl a n d ti d al li mit i n t h e P a d m a Ri v er t o t h e B a y of 

B e n g al, t h e G B M d elt a i s si m ult a n e o u sl y aff e ct e d b y v ar yi n g fl u vi al a n d 

ti d al f or ci n g s, cr e ati n g a c o m pl e x d e p o siti o n al e n vir o n m e nt c o m m o nl y 

r ef err e d t o a s t h e fl u vi al t o m ari n e tr a n siti o n z o n e or t h e fl u vi al t o ti d al 

tr a n siti o n z o n e ( F T T Z) z o n e, a s it will b e r ef err e d t o i n t hi s st u d y. 

Pr e vi o u s  st u di e s  of  t h e  F T T Z  z o n e  i n  m e s o-  t o  m a cr o-ti d al  d elt a s 

c o n cl u d e t h at ar e a s of hi g h l at er al mi gr ati o n (i. e. ri v er b a n k er o si o n) a n d 

si n u o sit y ar e dri v e n b y m a s s e xtr a cti o n of s e di m e nt s, wit h a si g ni fl c a nt 

fl ni n g  d o w n str e a m  ( D alr y m pl e  a n d  C h oi,  2 0 0 7 ; B o m er  et  al.,  2 0 1 9 ). 

M a s s  e xtr a cti o n  of  s e di m e nt s  o c c ur s  w h e n  t h e  c arr yi n g  c a p a cit y  i s 

r e d u c e d,  c a u si n g  c o ar s er  gr ai n s  t o  f all  o ut  of  s u s p e n si o n,  oft e nti m e s 

li n k e d t o eit h er a c h a n g e i n sl o p e or o p p o si n g ti d al c urr e nt f or c e s. I n t h e 

c a s e of t h e m e s o-ti d al a n d m a cr o-ti d al s c al e d elt a s, m a s s e xtr a cti o n o c -

c ur s at t h e u p str e a m li mit of t h e ti d e s ( o p p o si n g f or c e s) a s w ell a s t h e 

u p str e a m li mit of t h e b a c k w at er z o n e ( d e cr e a s e i n sl o p e). I n t h e G B M 

d elt a, it i s dif fl c ult t o c o n str ai n t h e r e gi o n s of m a s s e xtr a cti o n a s ti d al 

li mit s a n d b a c k w at er z o n e s ar e n o n- st ati o n ar y, b ot h b ei n g i n fl u e n c e d b y 

s e a s o n al fl u ct u ati o n s i n fl u vi al di s c h ar g e, m o n s o o n al wi n d p att er n s, a n d 

c y cl o n e s a n d a s s o ci at e d st or m s ur g e s ( B ar u a, 1 9 9 0 ; Al a m, 1 9 9 6 ; El a hi 

et al., 2 0 2 0 ). T h u s, wit h t h eir pr o xi mit y t o t h e c o a st, c h ar s ar e n ot o nl y 

v ul n er a bl e t o ri v er b a n k er o si o n fr o m hi g h w at er di s c h ar g e d uri n g t h e 

m o n s o o n b ut al s o t o s e a-l e v el ri s e ( S L R) a n d c y cl o n e s. A d diti o n all y, t h e 

b a c k w at er e xt e nt i n t h e G B M d elt a i s o nl y m o d er at el y d o c u m e nt e d d u e 

Fi g. 1. ( A) C o a st al D E M of t h e G a n g e s- Br a h m a p utr a- M e g h n a D elt a i n B a n gl a d e s h. T h e st u d y ar e a ( o utli n e d b y y ell o w d a s h e s i n A) i s l o c at e d al o n g t h e L o w er M e g h n a 

Ri v er a n d t h e T e nt uli a Ri v er, a n off s h o ot of t h e L o w er M e g h n a Ri v er. ( B) T hr e e d et ail e d st u d y ar e a s a n d t h eir c h ar s ar e hi g hli g ht e d i n y ell o w ( C 1, C 2, C 3), a n d t h e 

li g ht gr a y b o x e s ar e a d diti o n al st u d y sit e s of e q u al ar e al e xt e nt ( 2 2 5 k m2 ) u s e d t o a s s e s s g e n er al er o si o n a n d a c cr eti o n al o n g t h e fl u vi o-ti d al tr a n siti o n z o n e ( F T T Z) 

wit hi n t h e L o w er M e g h n a Ri v er. A p pr o xi m al ti d al li mit fr o m F A O, 1 9 8 5. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o 

t h e w e b v er si o n of t hi s arti cl e.) 

L. A. V al e nti n e a n d C. A. Wils o n                                                                                                                                                                                                              
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to a paucity of available bathymetric data (Bricheno et al., 2016; Bomer 
et al., 2019; Gugliotta and Saito, 2019). Gaining a better understanding 
of mass extraction and sedimentation patterns in the Lower Meghna 
River has significant implications for riverbank erosion within the FTTZ, 
but to date, previous studies have only been 2-dimensional (x,y 
direction). 

Assessments of flood risk across the FTTZ within the GBM delta have 
been considerably limited by outdated, low-resolution elevation data as 
the last large-scale survey was completed over 20 years ago (though 
recently corrected by Kulp and Strauss, 2019, original SRTM data was 
collected in 2000). In a delta that discharges over 1 billion tons of 
sediment every year, the amount of accretion and erosion that can occur 
in 20 years is immense. To quantify the amount and variability of 
riverbank erosion in the relatively understudied Tentulia River, this 
study provides 3-dimensional (lateral, x and y, and vertical, z, mea
surements) geological analyses of char stability along the FTTZ in the 
GBM delta. The main thrust of our study is to assess char stability and 
flood risk in terms of riverbank erosion and land surface elevations for 
the FTTZ of the Lower Meghna River. Our study focuses on 3 regions 
longitudinally spaced along the Lower Meghna River and Tentulia River 
using a multifaceted approach that enlists: (1) remote sensing data to 
document riverbank erosion on a decadal scale over the past 40 years, 
(2) shallow ( 5 m) sediment cores in areas of active erosion and ac
cretion to incorporate sedimentology into the riverbank erosion anal
ysis, and (3) new, localized land and water elevation surveys to assess 
future riverbank erosion and flood risk. 

2. Study area 

Three regions longitudinally spaced within the FTTZ of the Lower 
Meghna River (LMR) and the char islands contained within are the focus 
of this study, hereafter named C1, C2, and C3 (Fig. 1). Most riverbank 
erosion, especially in the upstream reaches of the FTTZ (i.e., near C1) 
occurs when fluvial discharge increases during the monsoon season 
every year, with maximum monthly peak discharges occurring from July 
to October (Barua, 1990; Ahmed and Louters, 1997; Kale, 2003; Soko
lewicz et al., 2008). The Padma River (Ganges R. Brahmaputra R., 
Fig. 1), which is the main source of water and sediment for the LMR, has 
an annual mean flow of 30,000 m3/s with a bankfull flow of ~75,000 
m3/s (Neill et al., 2013). A bankfull flow is the maximum discharge a 
channel can carry without overflowing, and the Padma discharge can 
exceed 100,000 m3/s during the monsoon season, which puts it well 
over the bankfull threshold, effectively flooding adjacent lands. During 
bankfull flow, average river velocities at the Padma Bridge (~43 km 
upstream of the confluence of the Padma and Meghna Rivers) range 
from 1.2 to 1.6 m/s, with maximum vertically-averaged velocities 
ranging from 2.1 to 2.7 m/s (Ahmed and Louters, 1997). The Upper 
Meghna River coalesces with the Padma to form the LMR, contributing 
an average flood discharge of 13,700 m3/s, with modeled current ve
locities exceeding 1.5 m/s during the wet season (Alam, 2014; Syed 
et al., 2018). 

Approximately 30 km downstream of its confluence, the LMR bi
furcates, sending 7 20 % of its flow to the western distributary, the 
Tentulia Channel (C2; Fig. 1). The mainstem LMR continues south for 
~40 km before splitting into the central Shahbazpur and eastern Hatia 
distributary channels near the coastline. Large chars ( 100 km2) are 
present along the central and eastern Meghna Estuary, while chars along 
the Tentulia River are considerably smaller (Fig. 1). Chars along the 
upper LMR and Tentulia Channel were selected for analyses because the 
average population density of these areas is 1000 persons/km2, while 
chars in the Shahbazpur and Hatia Channels typically have population 
densities of 500 1000 persons/km2 (Becker et al., 2020). Data from 
1996 to 1998 show that the Tentulia River discharge varies from ~3000 
m3/s during the dry season to ~15,000 m3/s during the monsoon an 
increase of 400 % (Ahmed and Louters, 1997). Approximately ~20 km 
downstream of C2 (and ~ 10 km north of C3), measured discharge data 

from 1990 to 1992 recorded maximum velocities in the Tentulia 
Channel ranging from 1.1 to 1.4 m/s during spring tides in the monsoon 
season (Ahmed and Louters, 1997). These flow velocities are similar to 
other fluvio-tidal to tidal-dominated estuaries like Amazon, Fly, and 
Mekong river deltas, in which maximum flow velocities exceed 1.5 2 m/ 
s in the estuaries (Harris et al., 2004; Barros et al., 2011; Nowacki et al., 
2015). 

3. Methods 

3.1. Shoreline analyses and geometric calculations 

Net land change (erosion vs accretion) was assessed for the FTTZ that 
encompasses the three study regions and their chars, from the upper 
section of the Lower Meghna River (LMR) to the Tentulia River (an 
offshoot channel of the LMR) to the Bay of Bengal (Fig. 1). In total, this 
comprised 19 study boxes of equal areal extent (225 km2), including the 
3 specific study chars and their respective buffer zones (C1, C2, C3). 
Landsat imagery (resolution 30 m) was downloaded from Earth Explorer 
and used for the analyses for the years 1978, 1991, 2000, 2010, and 
2019. The Landsat images were cross-referenced with tide data from 
Bangladesh Water and Development Board (BWDB) and Bangladesh 
Inland Water Transport Authority (BIWTA) to ensure all images were 
representative of low tide stages this is important as the southern study 
areas, C2 and C3, experience tidal ranges 2 m during spring high tides. 
The Tabulate Area tool in ArcMap was used for binary classifications, 
based on the pixel values for each image (water will appear black and 
land white in short-wave infrared images). After determining land and 
water classification for each pixel in the study box, the values for the two 
classes ( land and water ) were summed and expressed in terms of 
Water (km2) and Land (km2) . By comparing the Land (km2)

values for different years, net land change was calculated, where 
negative values represent land loss and positive values represent land 
gain. The binary classification analyses provide a general idea of sedi
mentation within the fluvio-tidal regime, and they also aid in deter
mining if small-scale patterns observed at the three study chars (C1, C2, 
C3) are anomalous or representative of the entire study region. 

Detailed accretion and erosion of the three study chars (C1, C2, C3) 
were analyzed using the same historical imagery as the binary classifi
cations. For the three study sites, study boxes of equal areal extent (225 
km2) were created from the centermost point of the chars; similar to 
above, having equal areal extent allows for standardized calculations 
given different dimensions of the chars going from upstream to down
stream. Within each 225 km2 box, waterbodies were manually traced in 
ArcMap using the polygon feature, and the Calculate Geometry tool 
was used to calculate the areas of the waterbodies for each year. The 
area of land within each box was calculated by subtracting the water
body areas from the total area (225 km2). Erosion and accretion mea
surements for each time interval (1978 to 1991, 1991 to 2001, 2001 to 
2010, and 2010 to 2019) were obtained by using the Union tool to 
classify land change between the two respective years. Erosion rates for 
each time interval along with the overall erosion rates for each site were 
then calculated. Manually digitizing shorelines is more accurate than 
binary classification, especially in the lower-resolution Landsat 4 and 5 
images (30 m resolution), as image noise (isolated pixels) corrections 
can be made. 

3.2. Coring and sedimentological analyses 

Aerial imagery analyses identified specific areas on all 3 chars that 
had recently experienced erosion or accretion, and sediment cores were 
taken in these areas to determine if there were significant differences in 
sedimentology between erosional and accretional areas. Additionally, 
sediment cores were collected along longitudinal and lateral transects 
on the chars to assess spatial variability in sedimentology. The number 
of cores collected per study site are as follows: 3 cores on Char 1 (C1), 5 
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cores on Char 2 (C2), and 4 cores on Char 3 (C3), for a total of 12 cores. 
Auger cores were extracted by hand using a 5.08-cm diameter Edelman 
combination auger to an average depth of 2.9 m, subsampled in the field 
at 20 cm intervals. Compaction during auger coring was minimal. All 
core samples were then shipped and analyzed at Louisiana State Uni
versity Sedimentology lab for bulk density, organic content via loss-on- 
ignition, and grain size using the same methods as Valentine et al. 
(2021). 

Erodibility of Sediments. 
Erodibility of chars was quantified by calculating and comparing the 

bed shear stresses and critical erosional shear stresses of sediment in
tervals (~20 cm) of each collected core using the Shields diagram. On 
the diagram, the Boundary Reynold s number (Re*) is plotted on the x- 
axis and the Critical Shields Stress ( c) is plotted on the y-axis. To plot 
the samples on a Shield s diagram, the following equations were used: 

*

( )

*

( )

*
*

where U* is bed shear velocity (m/s), D is the median grain size (m), h is 
the average channel depth (m), U(h) is the current speed (m/s) at depth 
(h), 0 is the bed shear stress (N/m2), s is the sediment density (kg/m3), 

f is the fluid density (kg/m3), g is the acceleration due to gravity (m/s2), 
and v is the kinematic viscosity of water (m2/s). The median grain sizes 
were calculated using the methods listed previously and the average 
channel depths and current speeds are from observed and modeled data 
(Ahmed and Louters, 1997; Bricheno et al., 2016; Hale et al., 2019). We 
assume that the erosion is critical to the sand and cohesion may be 
negligible as discussed below in Section 4.4 Sedimentological Ana
lyses and Section 5.1.2 Sedimentology and Flow Regimes Implica
tions for Char Stability in the Downstream FTTZ . 

3.3. Surface and water elevation data 

Elevation transects were measured (relative to elevation datum EGM 
96) using an RTK (real-time kinematic) GPS system with a Leica GS16 
base antenna and GS18T rover. Kriging contour maps were created from 
the measured GPS points within all 3 study areas chars (C1, C2, C3) 
using Surfer®17. 

For each study char, multiple GPS surveys were conducted typically 
at erosional and accretionary areas; an average of 450 GPS points per 
survey was measured. Once the points were measured, elevation and 
stratigraphic profiles were created using kriging interpolation in Surfer 
17® and Adobe Illustrator. Studies have shown kriging is useful in small 
areas as it distributes weight based on statistical autocorrelation, and the 
result is a smoother grid/3D surface than that of other commonly used 
interpolation methods (e.g., nearest neighbor or bilinear (Arun, 2013)). 
To obtain the relative water surface elevations, HOBO® pressure sensors 
were deployed at locations that received tidal input. Then, water surface 
elevations (relative to EGM 96) were measured with the Leica GPS 
system from the shoreline, noting the time. Thus, the water surface 
measurements taken with the Leica GNSS system were cross-referenced 
with the relative water surface elevations (HOBO®) to calculate abso
lute water surface levels at different tide stages relative to EGM 96. 

Elevation data collected in 2019 was then compared to elevation 
data from CoastalDEM90 v2.1, a DEM derived from Shuttle Radar 
Topography Mission (SRTM; February 2000) data. CoastalDEM90 v2.1 
has a resolution ~90 m, with significant improvements (from 

CoastalDEM 1.1 and other publicly available DEMs) in vertical bias due 
to vegetation, artificial structures, and noise, especially in areas with 
maximum elevations of 5 m above MSL (Kulp and Strauss, 2019, 2021). 
In ArcMap, the XYZ points collected in 2019 were added as a layer on 
top of the CoastalDEM from 2000, and polygons were created for each 
individual survey site. The polygons were created by outlining the sur
vey grids, excluding XYZ points that were water (elevations at or below 
0 m) in the CoastalDEM. Then, the Zonal Statistics tool was used to 
calculate the mean elevations for each survey site, using the polygons 
and DEM as the inputs. As the 2019 survey sites only cover a small 
portion of the chars, average char elevations were calculated using both 
the CoastalDEM data and the 2019 measurements. 

4. Results 

4.1. Geospatial analyses binary calculations for the Lower Meghna and 
Tentulia Rivers 

The binary classification geospatial analyses provided an overall 
trend of the sedimentation processes within the FTTZ of the LMR and 
Tentulia River (offshoot channel of the LMR). While the calculated 
values are presented as total area of land (km2), the Tabulate Area tool 
in ArcMap was used, which can only calculate geodetic distances as 
opposed to planimetric distances. The distortion between the two co
ordinate systems (WGS 84 Web Mercator and WGS84 UTM Zone 46N) is 
estimated using the equation: 1/cos(latitude) (Snyder, 1997). All the 
study areas are within latitudes of 21.9 N and 23.3 N, thus the scale of 
distortion ranges from 1.08 and 1.09, respectively; that is, the geodetic 
distance is 1.08 or 1.09 times that of the planar distance (the distance 
measured on the ground). The distortion is represented as error in 
Table 1. 

Overall, 13 of the 19 areas experienced net accretion from 1978 to 
2019, with net land gain ranging from 0.7 to 52.7 km2, which is a net 
land change of 0.3 to 23 %, respectively (Fig. 2, Table 1). The average 
net land gain for the 13 sites was 23.8 km2 or ~ 11 %. Of the remaining 6 
of 19 areas, the net erosion ranged from 3.3 to 38.4 km2, or 2 to 17 %, 
respectively (Table 1). Therefore, the average net erosion from 1978 to 
2019 for the six sites was 19.5 km2, which is 20 %. Five of the six sites 
with net erosion are within 50 km of the confluence of the Padma and 
Meghna Rivers, with the sixth site being proximal to the Bay of Bengal 
(Fig. 2). 

The period with the greatest net accretion occurred between 1978 
and 1991, with 13 sites having a combined accretion of 218.4 km2, an 
average gain of 16.8 km2 (7.5 %) per site. Area D (Table 1) had the 
highest net accretion during this period, and this area is located on the 
west bank of the Lower Meghna River, just north to the Tentulia River 
offshoot. In subsequent periods, this area would experience net erosion 
of 21.6 km2 from 1991 to 2010, followed by a land gain of 7.6 km2 

from 2010 to 2019. Area R , which is at the mouth of the Tentulia River 
experienced net accretion for all periods leading up to 2010 (total net 
land gain of 28.6 km2). Then, from 2010 to 2019, over 60 km2 (~27 %) 
of the land was eroded. As a whole, the Lower Meghna and Tentulia 
Rivers are accreting, having experienced a net land gain of 192.7 km2 

from 1978 to 2019, with most accretion occurring within 50 km of the 
Bay of Bengal in the Tentulia Channel (Fig. 2). 

4.2. Geospatial analyses detailed calculations for three chars (C1, C2, 
and C3) 

More detailed land change analyses were conducted for the 3 study 
chars C1, C2, and C3 ( A , H , and K squares); C1 and C2 experi
enced net erosion, while C3 experienced net accretion. This is in 
agreement with the binary classifications for C1 and C2; as noted in 
Table 1, image noise skewed the binary measurements for total land for 
site C3 (square K) for 1978, thus the two methods cannot be accurately 
compared for C3. The manual shoreline classifications allow for analyses 

L.A. Valentine and C.A. Wilson                                                                                                                                                                                                              



G e o m or p h ol o g y 4 3 2 ( 2 0 2 3 ) 1 0 8 6 9 2

5

hi g hli g hti n g t h e e xt e nt a n d l o c ati o n of a c cr eti o n a n d er o si o n f or e a c h 

ti m e i nt er v al. F or e x a m pl e, w hil e C 1 h a d n et l a n d g ai n of − 3. 3 k m 2 f r o m 

1 9 7 8 t o 2 0 1 9, 5 8 k m 2 of l a n d a c c r et e d d uri n g t hi s ti m e a n d 6 1. 2 k m 2 

w a s e r o d e d; t hi s m e a n s ~ 3 0 % of t h e l a n d wit hi n t h e sit e e x p eri e n c e d 

l a n d  c h a n g e  ( er o si o n  a n d / or  a c cr eti o n).  Sit e  C 2  h a d  t h e  m o st  l at er al 

m o bilit y, wit h 8 2. 6 k m 2 of a c c r eti o n a n d 8 4. 9 k m 2 of e r o si o n f r o m 1 9 7 8 

t o 2 0 1 9, wit h ~ 4 8 % of t h e ar e a e x p eri e n ci n g er o si o n a n d / or a c cr eti o n 

fr o m 1 9 7 8 t o 2 0 1 9. Sit e C 3, w hil e b ei n g t h e o nl y sit e wit h n et a c cr eti o n, 

e x p eri e n c e d t h e l e a st a m o u nt of l a n d c h a n g e, alt h o u g h it w a s still s u b -

st a nti al:  t h e  t ot al  a m o u nt  of  a c cr eti o n  w a s  3 8. 2  k m 2 a n d  t h e  t ot al 

a m o u nt of er o si o n w a s 3 6. 0 k m 2 , t h e r ef o r e ~ 2 5 % of t h e sit e u n d er w e nt 

l a n d c h a n g e. 

T h e m a n u all y di giti z e d s h or eli n e s all o w e d u s t o i d e ntif y ar e a s of t h e 

c h ar s ( wit hi n t h e 2 2 5 k m 2 ) t h at h a v e b e e n a cti v el y a c cr eti n g or er o di n g, 

w hi c h i s i m p ort a nt f or p o p ul ati o n c e nt er s a n d e n vir o n m e nt all y-f or c e d 

mi gr ati o n. F or C h ar 1 ( C 1), j u st d o w n str e a m of t h e c o n fl u e n c e of t h e 

P a d m a a n d M e g h n a Ri v er s, t h e n ort h a n d n ort h- e a st er n si d e s of t h e c h ar 

ar e  a cti v el y  er o di n g,  w hil e  t h e  s o ut h er n  e n d  of  t h e  c h ar  i s  a cti v el y 

a c cr eti n g ( Fi g. 3 ). C h ar 2 ( C 2) i s l o c at e d n e ar t h e h e a d of t h e T e nt uli a 

Ri v er, w hi c h i s a n off s h o ot of t h e L o w er M e g h n a Ri v er. At C 2, m o st of 

t h e er o si o n i s l at er al – al o n g t h e w e st er n a n d e a st er n si d e s, w hil e m o st 

a c cr eti o n i s o c c urri n g al o n g t h e s o ut h er n a n d n ort h e a st er n e n d s of t h e 

c h ar ( Fi g. 3 ). F or C h ar 3 ( C 3), w hi c h i s t h e s o ut h er n m o st c h ar l o c at e d i n 

t h e T e nt uli a Ri v er, b ot h t h e n ort h er n a n d s o ut h er n b o u n d ari e s of t h e 

c h ar ar e er o di n g, w hil e t h e c e ntr al w e st er n s e cti o n i s a c cr eti n g ( Fi g. 3 ). 

4. 3. El e v ati o n d at a 

El e v ati o n s ur v e y s w er e c o n d u ct e d at e a c h c h ar pr o xi m al t o er o di n g 

a n d  a c cr eti n g  s h or eli n e s;  a s  a  g e n er al  tr e n d,  a v er a g e  c h ar  el e v ati o n 

d e cr e a s e d wit h pr o xi mit y t o t h e B a y of B e n g al. H o w e v er, t h e el e v ati o n 

s ur v e y s o nl y c o v er a s m all ar e a of t h e c h ar s; t h u s, t h e s ur v e y d at a w er e 

c o m bi n e d  wit h t h e C o a st al D E M 9 0  d at a t o c al c ul at e a v er a g e  c h ar el e -

v ati o n s. F or C 1, t h e s ur v e y el e v ati o n d at a c oll e ct e d i n 2 0 1 9 w a s u s e d t o 

c al c ul at e t h e a v er a g e c h ar el e v ati o n ( 4. 1 m), a s t h at ar e a u n d er w e nt a 

l ot of m or p h ol o gi c al c h a n g e b et w e e n 2 0 0 0 a n d 2 0 1 9, wit h n e arl y 4 0 % 

of t h e 2 0 1 9 l a n d ar e a a c cr eti n g aft er 2 0 0 0 ( s e e Fi g. 3 ; Fi g. 4 ). Sit e C 2, 

l o c at e d 5 0 k m d o w n str e a m of C 1, w a s m or e st a bl e, a n d a v er a g e c h ar 

el e v ati o n s of b ot h d at a s et s w er e ~ 2. 5 m ( Fi g. 4 ). Sit e C 3 w a s t h e m o st 

l at er all y st a bl e c h ar, wit h cl o s e a gr e e m e nt b et w e e n a v er a g e el e v ati o n s 

of s ur v e y ar e a s fr o m t h e st a bl e i nt eri or s, sit e s C 3- N a n d C 3- S ( T a bl e 3 ). 

A s m u c h of t h e c h ar w a s st a bl e t hr o u g h o ut 2 0 0 0 – 2 0 1 9, t h e a v er a g e c h ar 

el e v ati o n ( ~ 2. 0 m) w a s c al c ul at e d fr o m t h e C o a st al D E M a n d el e v ati o n 

m e a s ur e m e nt s fr o m t hi s st u d y ( Fi g. 4 ). O v er all, t h e r e gi o n al l a n d s urf a c e 

sl o p e al o n g t h e L o w er M e g h n a Ri v er i s ~ 2. 1 × 1 0 − 5 (Fi g. 4 ). 

W hil e a v er a g e el e v ati o n d e cr e a s e s wit h pr o xi mit y t o t h e c o a st w h e n 

a s s e s si n g t h e L o w er M e g h n a Ri v er a s a w h ol e, a g e a p p e ar s t o c orr el at e 

wit h el e v ati o n o n a s m all er s c al e a cr o s s i n di vi d u al c h ar s. T h at i s, c h ar 

i sl a n d s ar e a c o m p o sit e ( al m o st p at c h- w or k q uilt) of y o u n g er a n d ol d er 

s e cti o n s ( s h o w n i n Fi g. 3 ), wit h t h e ol d er s e cti o n s m e a s uri n g hi g h er i n 

el e v ati o n, a n d y o u n g er s e cti o n s m e a s uri n g l o w er i n el e v ati o n ( T a bl e 3 ). 

F urt h er m or e, ol d er ar e a s t h at ar e cl o s e t o er o di n g s h or eli n e s a p p e ar t o 

b e hi g h er i n el e v ati o n t h a n n e wl y a c cr et e d s e cti o n s of c h ar s. I nt er e st -

i n gl y,  t h e  el e v ati o n  s ur v e y s  al s o  el u ci d at e d  a v er a g e  el e v ati o n s  al o n g 

er o si o n al  s h or eli n e s w er e al w a y s  gr e at er t h a n el e v ati o n s  al o n g a c cr e -

ti o n ar y s h or eli n e s o n t h e s a m e c h ar, e v e n if t h e er o si o n al s h or eli n e w a s 

f urt h er d o w n str e a m (T a bl e 3 ). F or e x a m pl e, 3 el e v ati o n s ur v e y s w er e 

c o n d u ct e d  f or  C 3,  t h e  s o ut h er n m o st  c h ar;  t h e  n ort h er n  a n d  s o ut h er n 

s h or eli n e s of C 3 w er e b ot h er o si o n al, w hil e t h e w e st er n s h or eli n e w a s 

a c cr eti o n ar y ( Fi g. 3 ). T h e s o ut h er n s h or eli n e h a d t h e hi g h e st a v er a g e 

el e v ati o n at 2. 3 ± 0. 1 m ( wit h a m a xi m u m r e c or d e d h ei g ht of 2. 9 m), 

f oll o w e d b y t h e n ort h er n s h or eli n e ( a v er a g e el e v ati o n of 2. 0 ± 0. 1 m) 

a n d  l a stl y  t h e  w e st er n  s h or eli n e  ( a v er a g e  el e v ati o n  of  1. 4 ± 0. 3  m) 

(T a bl e 3 ). Fi g. 3 s h o w s t h at t h e s o ut h er n a n d n ort h er n r e gi o n s of t h e 

c h ar pr e- d at e 1 9 7 8, h o w e v er t h e w e st er n r e gi o n of t h e c h ar d e v el o p e d 

b et w e e n 1 9 7 8 a n d 2 0 1 9. 

I n a d diti o n t o l a n d s urf a c e el e v ati o n d at a, w at er s urf a c e el e v ati o n 

d at a w er e c oll e ct e d at all 3 sit e s. At Sit e C 2, l o c at e d n e ar t h e h e a d of t h e 

T a bl e 1 

T h e 1 9 diff er e nt st u d y b o x e s wit h t h eir r e s p e cti v e Ri v er I d, S q u ar e I d, a n d L a n d c h a n g e c al c ul ati o n s. T h e r e d v al u e s i n di c at e 

n et er o si o n fr o m 1 9 7 8 t o 2 0 1 9. * F or “ A ” , w hi c h i s w h er e sit e C 1 i s l o c at e d, t h e e sti m at e f or t ot al l a n d f or 2 0 0 1 i s i n a c c ur at e d u e 

t o cl o u d c o v er. F or “ K ” , w h er e sit e C 3 i s l o c at e d, t h e e sti m at e f or t ot al l a n d i n 1 9 7 8 i s i n a c c ur at e d u e t o i m a g e n oi s e. A d di-

ti o n all y, 2  s e p ar at e L a n d s at i m a g e s w er e  stit c h e d t o g et h er f or a n al y s e s, w hi c h l e d  t o i n a c c ur at e cl a s si fl c ati o n d u e t o  di s -

cr e p a n ci e s b et w e e n pi x el v al u e s. F urt h er d et ail e d s h or eli n e a n al y s e s r e v e al t h e n et l a n d g ai n t o b e cl o s er t o 2. 2 k m 2 ( s h o w n i n 

Fi g. 3 & T a bl e 2 ). 
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T e nt uli a C h a n n el, a H O B O pr e s s ur e s e n s or w a s d e pl o y e d i n M ar c h 2 0 1 8 

a n d r e c o v er e d i n A pril 2 0 1 9, pr o vi di n g l o n g-t er m ( 1 y e ar; 3 0- mi n i n -

t er v al) w at er el e v ati o n d at a. T h e M S L (r el t o E G M 9 6) f or Sit e C 2 i s 1. 6 3 

m, wit h a m e a n ti d al r a n g e of 1. 4 5 m ( Fi g s. 4, 5 ). T h e d at a s h o w s cl e ar 

ti d al si g n al s a s w ell a s a m o n s o o n al si g n al. T h e i n cr e a s e d w at er el e v a-

ti o n s fr o m t h e m o n s o o n p e a k e d i n A u g u st 2 0 1 8, wit h a m a xi m u m w at er 

l e v el of ~ 3. 5 m, b ut t h e m o nt hl y m e a n hi g h w at er l e v el d uri n g A u g u st 

w a s  ~ 2. 1  m,  a p pr o xi m at el y  0. 5  m  hi g h er  t h a n  t h e  M S L  ( Fi g.  5 ). 

F e br u ar y e x p eri e n c e d t h e l o w e st w at er l e v el s, wit h a m o nt hl y m e a n hi g h 

w at er of ~ 0. 9 m. L o n g-t er m w at er s urf a c e d at a c o ul d n ot b e c oll e ct e d f or 

Sit e s C 1 a n d C 3, b ut s h ort-t er m w at er el e v ati o n d at a w a s c o m p ar e d t o 

pr e di ct e d w at er l e v el s ( BI W T A ti d e t a bl e s) t o i nt er p ol at e t h e m e a n ti d al 

r a n g e a s w ell a s t h e M S L f or b ot h sit e s. T h e M S L f or C 1 i s e sti m at e d t o b e 

3. 5 m (r el t o E G M 6) a n d t h e ti d al r a n g e i s ~ 0. 6 m; C 3 h a s a m u c h l o w er 

M S L of 1. 2 m (r el t o E G M 9 6) b ut a m u c h l ar g er ti d al r a n g e of 1. 7 m. 

4. 4. S e di m e nt ol o gi c al a n al ys es 

M o st  c or e s  ar e  silt- d o mi n at e d  wit h  fl ni n g- u p w ar d  s e q u e n c e s,  wit h 

s a n d  c o nt e nt  i n cr e a si n g  wit h  d e pt h  ( Fi g s.  6 a n d  7 A, B, C).  T h e  m o st 

n ot a bl e str ati gr a p hi c diff er e n c e b et w e e n t h e c h ar s w a s t h e d e cr e a s e i n 

a v er a g e s a n d c o nt e nt a n d m e di a n gr ai n si z e fr o m t h e fl u vi al- d o mi n at e d 

c or e i n t h e L M R, C 1, t o t h e m or e ti d all y i n fi u e n c e d c or e s of t h e T e nt uli a 

C h a n n el, C 2 a n d C 3 ( Fi g s. 6 a n d 7 A, C). C 1 h a d a n a v er a g e m e di a n gr ai n 

si z e of 6 2. 6 μ m ( v er y fl n e s a n d) a n d a v er a g e s a n d c o nt e nt of 4 1 %. T h er e 

w a s n e arl y a 5 0 % r e d u cti o n i n gr ai n si z e a n d s a n d c o nt e nt f or C 2, w hi c h 

h a d  a n  a v er a g e  m e di a n  gr ai n  si z e  of  3 4. 5 μ m  ( c o ar s e  silt)  a n d  s a n d 

c o nt e nt of 2 1 %. C 3 h a d si mil ar v al u e s w h e n c o m p ar e d t o C 2, wit h a n 

a v er a g e m e di a n gr ai n si z e of 4 0. 0 μ m ( c o ar s e silt) a n d s a n d c o nt e nt of 

2 6  %.  T h er e  w a s  n o  di s c er ni bl e  diff er e n c e  i n  str ati gr a p h y  b et w e e n 

a c cr eti o n ar y a n d er o si o n al r e gi o n s o n e a c h c h ar, b ut t h er e w er e n u a n c e d 

c h a n g e s  o b s er v e d  wit h  d e pt h  f or  e a c h  c or e  l o c ati o n  (r e pr e s e nt e d  i n 

Fi g. 6 ). F or all sit e s at C 1, t h e a v er a g e silt c o nt e nt d e cr e a s e d wit h d e pt h 

Fi g. 2. N et l a n d c h a n g e ( k m 2 ) f r o m 1 9 7 8 t o 2 0 1 9, f or t h e u p p er r e a c h of t h e L o w er M e g h n a a n d T e nt uli a Ri v er s. T h e s e a n al y s e s ar e b a s e d o n bi n ar y cl a s si fl c ati o n s 

(l a n d v s w at er) of L a n d s at i m a g e s. T h e ti m e st a m p s of t h e i m a g e s w er e cr o s s-r ef er e n c e d wit h ti d e t a bl e s t o e n s ur e t h e i m a g e s ar e r e fl e cti v e of l o w ti d e st a g e s, w hi c h i s 

i m p ort a nt a s t h e s o ut h er n sit e s e x p eri e n c e ti d al r a n g e s > 2 m, e s p e ci all y d uri n g s pri n g hi g h ti d e s. E a c h s q u ar e i s 2 2 5 k m 2 , a n d t h e r e s p e cti v e C sit e s ar e o utli n e d i n 

y ell o w. W ar m er c ol or s r e pr e s e nt n et er o si o n, w hil e c o ol er c ol or s r e pr e s e nt n et a c cr eti o n. O v er all, t h er e w a s n et a c cr eti o n, e s p e ci all y i n t h e T e nt uli a C h a n n el. C 1 a n d 

C 2 e x p eri e n c e d n et er o si o n of − 3. 3 k m 2 a n d − 4. 4 k m 2 , r e s p e cti v el y. C 3 e x p eri e n c e d n et a c cr eti o n of 2. 2 k m2 . W hil e t h e bi n ar y c al c ul ati o n s ar e n ot a s a c c ur at e a s t h e 

m a n u all y- d eri v e d c al c ul ati o n s ( s h o w n i n Fi g. 3 , di s c u s s e d i n t h e t e xt), t h e bi n ar y cl a s si fi c ati o n i s a r el ati v el y q ui c k w a y t o a s s e s s t h e n et er o si o n or a c cr eti o n of a n 

ar e a a n d gi v e s a n i d e a of t h e s e di m e nt b al a n c e t hr o u g h o ut t h e fi u vi o-ti d al r e gi m e of t h e G B M d elt a. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fl g ur e 

l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 

L. A. V al e nti n e a n d C. A. Wils o n                                                                                                                                                                                                              
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( 7 0 t o 4 0 %), w hil e t h e a v er a g e s a n d c o nt e nt c o m m e n s ur at el y i n cr e a s e d 

wit h d e pt h ( 2 2 t o 5 5 %). T h e s o ut h er n m o st c h ar, C 3, al s o f oll o w e d a 

si mil ar p att er n wit h a v er a g e silt c o nt e nt d e cr e a si n g fr o m 7 9 % t o 6 2 % 

a n d a v er a g e s a n d c o nt e nt i n cr e a si n g fr o m 1 0 t o 3 3 % wit h r e s p e ct t o 

d e pt h. W hil e C 2 al s o f oll o w e d t hi s tr e n d, t h e c h a n g e s ar e m or e n u a n c e d. 

T h e a v er a g e silt c o nt e nt d e cr e a s e d o nl y sli g htl y fr o m 7 4 t o 7 0 % w hil e 

t h e a v er a g e s a n d c o nt e nt i n cr e a s e d fr o m 1 3 t o 2 2 %. F or all c or e s, cl a y 

pl a y e d a mi n or r ol e, wit h a v er a g e cl a y c o nt e nt r a n gi n g fr o m 4 – 7 % f or 

C 1, 6 – 1 2 % f or C 2, a n d 7 – 9 % f or C 3. W hil e s m all- s c al e s e di m e nt ar y 

str u ct ur e s ar e o b s c ur e d b y t h e s a n d a u g er m et h o d, str u ct ur e s s u c h a s 

l a mi n ati o n s,  b e d s,  cr o s s- b e d di n g,  a n d  d ef or m ati o n  str u ct ur e s  ( fl a m e 

str u ct ur e, di s h a n d pill ar) h a v e b e e n o b s er v e d i n tr e n c h e s a n d o ut cr o p s 

( S u p pl e m e nt al  Fi g.  S 3).  B ul k  d e n sit y,  L OI,  a n d  er o di bilit y  d at a  i s 

a v ail a bl e i n S e cti o n 2 of t h e S u p pl e m e nt al M at eri al. 

D uri n g  t h e  m o n s o o n  s e a s o n,  a v er a g e  m o d el e d  fl o w  s p e e d s  at 

C h a n d p ur ( cl o s e t o sit e C 1) e x c e e d 2. 2 5 m / s ( U d di n et al., 2 0 1 5 ); at t hi s 

s p e e d,  all  s e di m e nt s  s a m pl e d  t o  d e pt h s  of  ~ 2. 5  m  ar e  s u s c e pti bl e  t o 

er o si o n a s b e d s h e ar str e s s e s e x c e e d t h e criti c al er o si o n al s h e ar str e s s e s 

(Fi g.  6 ).  D uri n g  t h e  dr y  s e a s o n,  a v er a g e  m o d el e d  fi o w  s p e e d s  ar e 

1. 2 5 – 1. 5  m / s,  a n d  all  s h all o w  ( < 5  m)  s e di m e nt s  ar e  s u s c e pti bl e  t o 

er o si o n ( Fi g. 6 ). F or sit e C 2, a v er a g e m o d el e d fl o w s p e e d s d uri n g t h e 

m o n s o o n r a n g e fr o m 1. 5 t o 1. 7 5 m / s ( U d di n et al., 2 0 1 5 ), l e a vi n g all 

s e di m e nt s t o d e pt h s ~ 3 m v ul n er a bl e t o er o si o n ( Fi g. 6 ). T h e a v er a g e 

m o d el e d fl o w s p e e d s f or t h e dr y s e a s o n ( 1 – 1. 2 5 m / s; U d di n et al., 2 0 1 5 ) 

al s o l e a v e all s h all o w s e di m e nt s v ul n er a bl e t o er o si o n ( Fi g. 6 ). U nli k e C 1 

a n d  C 2,  fl o w  s p e e d s  at  C 3  ar e  gr e at e st  d uri n g  t h e  dr y  s e a s o n,  wit h 

a v er a g e m o d el e d s p e e d s r a n gi n g fr o m 1. 2 5 t o 1. 5 m / s, a n d t h e m o n s o o n 

a v er a g e m o d el e d fi o w s p e e d s f or C 3 ar e t y pi c all y ~ 1 – 1. 2 5 m / s. H o w -

e v er, t h e t hr e s h ol d f or i niti ati o n of m oti o n i s still e x c e e d e d d uri n g b ot h 

s e a s o n s, l e a vi n g C h ar 3 v ul n er a bl e t o er o si o n y e ar-r o u n d. 

Fi g. 3. D et ail e d l a n d c h a n g e m a p s f or sit e s C 1, C 2, a n d C 3, i n cl u di n g c or e l o c ati o n s f or e a c h st u d y c h ar. C o m p ari n g e n d m e m b er s ( y e ar s 1 9 7 8 a n d 2 0 1 9) d o e s n ot 

r e fi e ct h o w m u c h er o si o n h a s t a k e n pl a c e t hr o u g h o ut t h e y e ar s. All 3 sit e s e x p eri e n c e d e xt e n si v e l a n d c h a n g e ( s e e T a bl e 2 ) a n d er o si o n al r at e s > 2 k m 2 y r − 1 . 

Fi g. 4. A v e r a g e el e v ati o n s of t h e t hr e e c h ar s a n d t h eir r e s p e cti v e l atit u di n al l o c ati o n s al o n g t h e F T T Z i n t h e L o w er M e g h n a Ri v er. T h e o v er all sl o p e i s 2. 1 × 1 0 − 5 , 

wit h a v e r a g e el e v ati o n s r a n gi n g fr o m ~ 4 m r el ati v e t o E G M 9 6 f or C 1 t o ~ 2 m r el ati v e t o E G M 9 6 f or C 3. T h e s oli d bl u e li n e s r e pr e s e nt t h e M S L f or t h e 3 c h ar s, a n d 

t h e d ott e d bl u e li n e s r e pr e s e nt t h e ti d al r a n g e s. It i s e vi d e nt t h at pl atf or m el e v ati o n i s di ct at e d b y s e a s o n al m o n s o o n hi g h w at er i n t h e u p p er ( fl u vi al- d o mi n at e d) 

r e gi o n of t h e F T T Z, w hil e t h e pl atf or m h a s a g gr a d e d t o ~ M H W i n t h e l o w er (ti d e- d o mi n at e d) r e gi o n. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fl g ur e 

l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 

L. A. V al e nti n e a n d C. A. Wils o n                                                                                                                                                                                                              
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Fi g. 5. W at er l e v el d at a f or C 2 fr o m A pril 2 0 1 8 – A pril 2 0 1 9. T h e bl u e d ot s ar e i n di vi d u al w at er l e v el s c oll e ct e d e v er y 3 0 mi n. T h e w at er l e v el d at a w er e c o n v ert e d t o 

t h e E G M 9 6 d at u m b y m e a s uri n g t h e w at er s urf a c e wit h t h e L ei c a R T K i n A pril 2 0 1 9. T h e m o n s o o n al a n d s pri n g- n e a p ti d al si g n al s ar e cl e arl y o b s er v e d i n t h e gr a p h – 

wit h hi g h er fr e q u e n c y p e a k s i n di c ati n g s pri n g hi g h ti d e s ( ~ e v er y 2 w e e k s) a n d t h e l o w er fr e q u e n c y s w al e i n di c ati v e of t h e m o n s o o n hi g h di s c h ar g e (fr o m M a y t o 

O ct o b er 2 0 1 8). ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fl g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b v er si o n of t hi s arti cl e.) 

Fi g. 6. C or e str ati gr a p h y at 3 r e pr e s e nt ati v e c or e s f or e a c h c h ar. U si n g t h e e q u ati o n s li st e d i n S e cti o n 3. 2 , t h e er o di bilit y of e a c h s a m pl e f or e v er y c or e w a s a s s e s s e d. 

F or all sit e s, t h e ri v er b a n k s e di m e nt s ar e v ul n er a bl e t o er o si o n d uri n g b ot h t h e m o n s o o n a n d dr y s e a s o n s. T h e a v er a g e fl o w s p e e d s f or t h e m o n s o o n a n d dr y s e a s o n s 

f or  e a c h  l o c al e  ar e  li st e d  t o  t h e  ri g ht  of  t h e  c or e s,  a n d  t h e  d at a  ar e  fr o m  (U d di n  et  al.,  2 0 1 5 ).  S hi el d s  di a gr a m s  f or  e a c h  sit e  ar e  i n  S e cti o n  2  of  t h e  S u p pl e -

m e nt al M at eri al. 

L. A. V al e nti n e a n d C. A. Wils o n                                                                                                                                                                                                              
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5. Discussion 

5.1. Morphological and sedimentological changes of chars along the FTTZ 
in the Lower Meghna and Tentulia Rivers 

The entirety of the Lower Meghna River, from its confluence near 
Chandpur to its mouth at the Bay of Bengal, is in the FTTZ Zone, as both 
fluvial and tidal processes shape the landscape. It is characterized by a 
network of chars spaced throughout its three distributary channels the 
Tentulia to the west, the Shahbazpur in the central region, and the Hatia 
to the east. The FTTZ zone not only migrates within individual distrib
utary channels due to seasonal fluvial discharge but also across the es
tuary, as each channel has distinct fluvial and tidal conditions (Ahmed 
and Louters, 1997; Sokolewicz et al., 2008; Alam, 2014). This project 
focuses on chars along the upper LMR and Tentulia Channel as their 
population densities can exceed 1000 people per km2 (Becker et al., 
2020). Thus, while this study provides insight into char evolution and 
riverbank stability along the FTTZ zone of the western LMR, the results 
are not longitudinally applicable to the central and eastern LMR. Given 
the larger magnitudes of seasonal fluvial discharge and tidal influence in 
the Shahbazpur and Hatia channels (Ahmed and Louters, 1997; Alam, 
2014), the transition zone of the FTTZ will cover a larger area (longi
tudinally speaking). With greater flow speeds (Alam, 2014; Uddin et al., 
2015) and grain sizes (Ali et al., 2007), erosion and therefore char 
vulnerability in the central and eastern LMR is more widespread than 
the western LMR. Overall, this study highlights three geomorphological 
trends among chars in the western LMR FTTZ: (1) char riverbank erosion 
decreases downstream, (2) average char elevation decreases down
stream, and (3) monsoonal flooding is the main driver of sediment and 
elevation dynamics in the upper LMR while tidal processes control 
morphodynamics in the lower Tentulia Channel. 

5.1.1. Land change along the FTTZ a 2-dimensional analysis 
The GBM delta has been prograding over the last 9 millennia, with 

30 % of its annual sediment budget being stored in the floodplain, 40 % 
being deposited on the prograding delta clinothem, and the remaining 
30 % being shunted into the Deep Bengal Basin via the Swatch of No 
Ground canyon (Goodbred and Kuehl, 1999; Rogers et al., 2013). This 
deltaic advancement is still observed today in the Meghna Estuary, with 
most accretion occurring in the eastern regions (Akhter and Mahmud, 
2007; Sarwar and Woodroffe, 2013; Alam, 2014; Brammer, 2014; Roy 
et al., 2021). Previously calculated annual accretion rates for the entire 
Meghna Estuary range from 4.4 km2 for the late 19th and early 20th 
centuries (Allison, 1998a) to 18.8 km2 (Ahmed and Louters, 1997), 19.6 

km2 (Brammer, 2014), and 39.4 km2 (Mikhailov and Dotsenko, 2007) 
for the past 40 years. The uptick in accretion for the latter part of the 
20th century is commonly attributed to an increase in the Brahmaputra- 
Jamuna s sediment load, resulting from the 1950 Assam Earthquake 
(Sarker and Thorne, 2006; Brammer, 2014; Paszkowski et al., 2021). We 
calculate that for the western LMR (including the Tentulia Channel as 
well as the upstream LMR prior to its bifurcation), there was a net land 
gain of ~192 km2 from 1978 to 2019, which is an annual accretion rate 
of 4.7 km2/year (Table 1; Fig. 2). While the GBM is prograding and 
experiencing net accretion, erosion is simultaneously occurring and is 
observed as lateral migration in the land change analyses (Figs. 2, 3). 
Approximately 70 % of the total erosion occurred 50 km downstream 
of the LMR confluence (between sites C1 and C2) while ~57 % of the 
total land gain occurred near the Tentulia mouth, downstream of C3 
(Fig. 2, Table 1). Therefore, the upstream portion of the FTTZ (where 
fluvial processes dominate) is generally erosional, while the down
stream (more tidally influenced) region favors accretion (Fig. 2), which 
has been documented by previous authors in this delta (Inman, 2009; 
Jarriel et al., 2020). However, this study provides a more detailed 
analysis of land change by providing 5 land change classifications as 
opposed to the binary classifications for the 3 study sites as well as 
quantifying land change on the decadal scale dating back to 1978 
(Figs. 2, 3). 

Calculating the net accretion/erosion rates for endmember years is a 
quick and efficient way to assess overall land change, but the true 
mobility of chars and the prevailing hydrological processes are under
represented. We addressed this issue in two ways: (1) we compared 
imagery on a decadal scale, not just the endmember years, to get a more 
thorough understanding of the timing of erosion and accretion within 
the FTTZ; (2) we chose three representative chars spaced along the FTTZ 
for more intensive land change analyses Char 1 (C1) which is fluvial- 
dominated but tidally influenced with a tidal range of 0.6 m, Char 2 (C2) 
which is still fluvial-dominated but more tidally influenced with a tidal 
range of 1.5 m, and Char 3 (C3) which is tidal- dominated but fluvially 
influenced with a tidal range of 1.7 m. When comparing end member 
years, the net land change for all 3 sites was 10 %. However, after 
tracing and analyzing shorelines on a decadal scale, the composite 
shoreline change was much larger, with a cumulative land loss of 182.1 
km2 between the three sites (Fig. 3; Table 2). The site with the most land 
change was C2, with ~85 km2 of the land being eroded from 1978 to 
2019. So, while a net land loss of 2.5 km2 for C2 may not appear sig
nificant, in reality, over 37 % of the area experienced riverbank erosion 
at some point (Fig. 3). By comparison, C3, which is ~30 km downstream 
of C2, experienced less than half that erosion 36.0 km2. By combining 

Table 2 
Accretion (km2) and erosion (km2) for all 3 sites for the 4 time intervals. Net Land Change (km2) for 
1978 to 2019 for each site was calculated, with C1 and C2 experiencing an overall loss in land while 
C3 experienced overall gain in land. The Total Erosion column lists the amount of land within the 
225 km2 sites that experienced erosion from 1978 to 2019. Some of the eroded land accreted again 
by 2019, and some of the eroded land remains water. 

L.A. Valentine and C.A. Wilson                                                                                                                                                                                                              
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Fi g. 7. Gr ai n si z e di stri b uti o n b y ( A) 

H y dr ol o gi c R e gi m e a n d ( B) D e pt h a n d 

( C) Sit e. Sit e s l a b el e d wit h “ (i n)” ar e 

i nt eri or sit e s t h at ar e n ot pr o xi m al t o 

t h e  c h ar  s h or eli n e.  T h e  sit e s  ar e  i n 

or d er  fr o m  t h e  n ort h er n  m o st  sit e s 

n e ar t h e c o n fl u e n c e of t h e P a d m a a n d 

M e g h n a  Ri v er s  t o  t h e  s o ut h er n m o st 

sit e s,  pr o xi m al  t o  t h e  B a y  of  B e n g al. 

A s a g e n er al r ul e, s a n d d e cr e a s e s wit h 

pr o xi mit y t o t h e B a y of B e n g al (fr o m 

5 0  t o  2 5  %;  A)  a n d  i n cr e a s e s  wit h 

d e pt h (fr o m 1 5 t o 4 5 %; B). Sit e C 1 i s 

t h e  s a n di e st  of  t h e  t hr e e  c h ar s  ( A). 

Cl a y  p er c e nt a g e s  s h o w  a  s m all  i n -

cr e a s e  ( < 5  %;  fr o m  5  t o  8  %)  wit h 

r e s p e ct t o di st a n c e d o w n str e a m a n d a 

s m all d e cr e a s e ( < 1 0 %; fr o m 1 1 t o 6 

%) wit h i n cr e a si n g d e pt h. T h er e w a s 

n o  di s c er ni bl e  r el ati o n s hi p  b et w e e n 

silt  a n d  d e pt h  ( B),  b ut  t h er e  w a s  a n 

i n cr e a s e of ~ 3 4 % silt fr o m C h ar 1 t o 

C h ar 2 (fr o m 5 3 t o 7 1 %; A). C h ar s 2 

a n d 3 h a d c o m p ar a bl e a m o u nt s of silt 

a n d s a n d. ( C) i s a b o x pl ot s h o wi n g t h e 

di stri b uti o n of m e di a n gr ai n si z e s b e -

t w e e n  t h e  3  c h ar s.  T h er e  i s  a n 

o b s er v a bl e  d o w n str e a m  fl ni n g  of 

s e di m e nt s  fr o m  C 1  t o  C 2  fr o m  6 3  t o 

3 4 μ m.   
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t h e bi n ar y cl a s si fl c ati o n wit h t h e d et ail e d cl a s si fl c ati o n s, w e c a n s e e t h at 

e v e n  t h o u g h  C 2  e x p eri e n c e d  m or e  er o si o n  t h a n  C 1,  t h e  o v er all  tr e n d 

al o n g t h e F T T Z r e v e al s a d e cr e a s e i n er o si o n ( a n d t h er ef or e a n i n cr e a s e 

i n c h ar st a bilit y) i n t h e d o w n str e a m dir e cti o n. T o p ut t h e t ot al er o si o n 

i nt o p er s p e cti v e fr o m a s o ci ol o gi c al st a n d p oi nt, t h e c h ar s h a v e p o p ul a-

ti o n d e n siti e s n e ar or e x c e e di n g 1 0 0 0 p er s o n s / k m 2 , m e a ni n g p ot e nti all y 

1 8 2, 1 0 0  p e o pl e  ( 1 8 2. 1  k m 2 × 1 0 0 0  p e r s o n s / k m 2 )  w e r e  aff e ct e d  b y 

ri v er b a n k er o si o n o v er t h e p a st 4 0 y e ar s j u st wit hi n t h e t hr e e st u d y sit e s 

(B e c k er et al., 2 0 2 0 ). 

It’s al s o w ort h n oti n g t h at e v e n t h o u g h t h e L M R h a s t h e 3r d l ar g e st 

w at er  di s c h ar g e  w orl d wi d e,  t h e  G B M  d elt a  i s  c o n si d er e d  t o  b e  ti d e- 

d o mi n at e d, wit h ti d al r a n g e s i n cr e a si n g e a st w ar d i n t h e M e g h n a E st u -

ar y  ( B ar u a,  1 9 9 0 ; A h m e d  a n d  L o ut er s,  1 9 9 7 ; Alli s o n,  1 9 9 8 b ; Al a m, 

2 0 1 4 ; Wil s o n a n d G o o d br e d, 2 0 1 5 ; H oiti n k et al., 2 0 1 7 ; G u gli ott a a n d 

S ait o, 2 0 1 9 ). Pr e vi o u s st u di e s of s h or eli n e er o si o n a n d a c cr eti o n wit hi n 

t h e G B M d elt a t y pi c all y utili z e p h ot o i m a g er y c oll e ct e d i n t h e dr y s e a -

s o n s (t h e cl o u d c o v er i s t o o e xt e n si v e d uri n g t h e w et s e a s o n s f or cl e ar 

i m a g e s) r e m ar ki n g eit h er t h at t h e w at er l e v el s ar e si mil ar or t h er e ar e 

u n c ert ai nti e s  p ert ai ni n g  t o  t h e  ti d al  fi u ct u ati o n s  ( Br a m m er,  2 0 1 4 ; 

Cr a wf or d et al., 2 0 2 0 ; J arri el et al., 2 0 2 0 ; A n w ar a n d R a h m a n, 2 0 2 1 ). 

H o w e v er, a n al y zi n g i m a g er y t a k e n at diff er e nt ti d e st a g e s or at hi g h t o 

mi d ti d e st a g e s c a n l e a d t o si g ni fl c a nt i n a c c ur a ci e s w h e n a s s e s si n g l a n d 

c h a n g e  a s  i nt erti d al  l a n d  will  n ot  b e  vi si bl e  e x c e pt  at  l o w  ti d e.  F or 

e x a m pl e, t w o i m a g e s fr o m C 3 f or 2 0 1 9 w er e c o m p ar e d – o n e i m a g e w a s 

c a pt ur e d mi d-ti d e w hil e t h e ot h er w a s fr o m l o w ti d e; w h e n c o m p ari n g 

t h e t w o s h or eli n e s, n e arl y 5 k m2 of i nt e rti d al l a n d w a s n ot vi si bl e i n t h e 

mi d-ti d e i m a g e ( Fi g. 8 ). I nt erti d al l a n d s pl a y a l ar g e r ol e i n c o a st al d y -

n a mi c s a s t h e y aff e ct l o c al h y dr o d y n a mi c s ( Kl ei n, 1 9 8 5 ; L e Hir et al., 

2 0 0 0 ; Prit c h ar d et  al.,  2 0 0 2 ) a n d  ar e  oft e n  sit e s  f or  l a n d  r e cl a m ati o n 

(H e al y a n d Hi c k e y, 2 0 0 2 ; W a n g et al., 2 0 1 2 ). T h u s, w e s h o w h er e it i s 

criti c al  t o e n s ur e  i m a g er y w a s  c a pt ur e d  at l o w  ti d e  w h e n p erf or mi n g 

r e m ot e s e n si n g a n al y s e s of m e s o- or m a cr o-ti d al c o a st al r e gi o n s, s u c h a s 

t h e G B M d elt a (t his st u d y; S ar w ar a n d W o o dr off e, 2 0 1 3 ; M a h m o o d et al., 

2 0 2 0 ; R o y et al., 2 0 2 1 ). 

5. 1. 2. S e di m e nt ol o g y a n d fl o w r e gi m es – i m pli c ati o ns f or c h ar st a bilit y i n 

t h e d o w nstr e a m F T T Z 

T w o  k e y  fl n di n g s  e m er g e d  fr o m  t h e  d at a – ( 1)  gr ai n  si z e s  fi n e 

d o w n str e a m fr o m t h e L M R t o t h e T e nt uli a C h a n n el ( Fi g. 7 A, C) a n d ( 2) 

c h ar ri v er b a n k er o si o n d e cr e a s e s d o w n str e a m i n t h e F T T Z a s s h o w n b y 

t h e bi n ar y l a n d c h a n g e a n al y s e s (Fi g. 2 ). T h e d e cr e a s e i n gr ai n si z e w a s 

m o st a p p ar e nt w h e n c o m p ari n g C 1 t o C 2. T h e l ar g e diff er e n c e i n gr ai n 

si z e  b et w e e n  t h e  c h ar  n e ar  t h e  L M R  c o n fi u e n c e  a n d  t h e  c h ar s  i n  t h e 

T e nt uli a  c a n  b e  attri b ut e d  t o  m a s s  e xtr a cti o n  of  s e di m e nt s  n e ar  t h e 

T e nt uli a  h e a d  d u e  t o  r e d u c e d  fl u vi al  c urr e nt  v el o citi e s;  t h er e  f ar  l e s s 

r e d u cti o n i n v el o cit y i n t h e m ai n st e m L M R, a s e vi d e n c e d b y l ar g er gr ai n 

si z e s ( 6 3 – 1 0 0 μ m) at l o c ati o n s t h at ar e al o n g t h e s a m e l atit u d e a s C 2 a n d 

C 3 ( Ali et al., 2 0 0 7 ). Sit e C 1 i s d o mi n at e d b y fl u vi al pr o c e s s e s, wit h hi g h 

di s c h ar g e s ( > 1 0 0, 0 0 0 m 3 / s) a n d fl o w v el o citi e s ( > 1. 5 m / s) d uri n g t h e 

m o n s o o n s e a s o n ( S o k ol e wi c z et al., 2 0 0 8 ; M a h m u d et al., 2 0 1 7 ). T h e 

T e nt uli a Ri v er r e c ei v e s o nl y a fr a cti o n ( 7 %) of t h e fl o w fr o m t h e L M R 

d uri n g t h e m o n s o o n, wit h m u c h l o w er m o n s o o n di s c h ar g e s ( ~ 2 0, 0 0 0 

m 3 / s)  a n d  a s s o ci at e d  v el o citi e s  ( 1. 0 – 1. 5  m / s)  ( A h m e d  a n d  L o ut er s, 

1 9 9 7 ; Al a m, 2 0 1 4 ). 

E v e n t h o u g h t h e T e nt uli a c h ar s h a v e a v er a g e gr ai n si z e s of ~ 4 0 μ m 

( m e di u m silt), w hi c h i m pli e s c o h e si v e s u b str at e s, s a n d c o nt e nt i n cr e a s e s 

wit h d e pt h ( Fi g. 7 B, C). Wit h t h e si g ni fl c a nt p orti o n of s a n d at d e pt h s > 1 

m, t h e c h ar s ar e v ul n er a bl e t o er o si o n t hr o u g h b a n k u n d er c utti n g; t h at 

i s, a s t h e d e e p er, s a n di er l a y er s ar e er o d e d, t h e o v er h a n gi n g u p p er l a y er s 

c oll a p s e d u e t o t h eir w ei g ht. W hil e s a n d c o nt e nt c a n h a v e i m pli c ati o n s 

f or c h ar m o bilit y a s s a n d i s m or e er o di bl e t h a n c o h e si v e silt s a n d cl a y s 

(S o ul s b y,  1 9 9 7 ),  h y dr o d y n a mi c  c o n diti o n s  a p p e ar  t o  pl a y  a  m or e 

d o mi n a nt  r ol e  h er e.  T h e str ati gr a p h y  ar o u n d C 2  a n d  C 3  h a v e  si mil ar 

s e di m e nt c h ar a ct er a n d gr ai n si z e s, l e a di n g o n e t o e x p e ct c o m p ar a bl e 

ri v er b a n k er o si o n ( Fi g. 7 A, B, C; Fi g. S 4). H o w e v er, C 2 h a s m u c h hi g h er 

l at er al mi gr ati o n (Fi g. 3 , T a bl e 2 ). T h er ef or e, t h e m o st li k el y e x pl a n ati o n 

f or t h e hi g h er st a bilit y of C 3 i s it s gr e at er ti d al i n fl u e n c e – w hi c h b ot h 

att e n u at e s fl u vi al fl o w d uri n g fl o o d ti d e s a n d r e d u c e s t h e d ur ati o n of 

m a xi m u m fl o w s p e e d s a s t h e v el o citi e s w a x a n d w a n e d e p e n di n g o n t h e 

ti d e st a g e (R o s si et al., 2 0 1 6 ; H oiti n k et al., 2 0 1 7 ; G u gli ott a a n d S ait o, 

2 0 1 9 ; I w a nt or o et al., 2 0 2 2). C 2 i s ~ 1 0 0 k m fr o m t h e L M R m o ut h, wit h a 

ti d al r a n g e of 1. 5 m, a n d a v er a g e fl o w v el o citi e s of 1. 5– 1. 7 5 m / s d uri n g 

t h e m o n s o o n, a n d C 3 i s ~ 7 0 k m i nl a n d fr o m t h e L M R m o ut h, wit h a n 

a v er a g e ti d al r a n g e of 1. 7 m a n d a v er a g e fl o w v el o citi e s of 1. 0 – 1. 2 5 m / s 

d uri n g  t h e  m o n s o o n  ( A h m e d  a n d  L o ut er s,  1 9 9 7 ; Al a m,  2 0 1 4 ; U d di n 

et al., 2 0 1 4 ; Bri c h e n o et al., 2 0 1 6 , t his st u d y). D uri n g t h e dr y s e a s o n, C 3 

h a s  fi o w  s p e e d s  ~ 1. 5  m / s,  w hi c h  c o ul d  er o d e  all  c o h e si v e  a n d  n o n -

c o h e si v e  s e di m e nt s  t o  d e pt h s  of  ~ 3  m.  H o w e v er,  a s  C 3  i s  ti d e- 

d o mi n at e d,  t h e  d ur ati o n  of  m a xi m u m  fl o w  s p e e d s  i s  li mit e d,  wit h 

fl o o d st a g e s l a sti n g ~ 5. 5 h a n d e b b st a g e s l a sti n g ~ 6. 5 h i n t h e T e nt uli a 

Ri v er ( t his st u d y). T h er ef or e, w hil e m a xi m u m fl o w s p e e d s at b ot h C 2 a n d 

C 3 ar e gr e at e n o u g h t o er o d e all s e di m e nt s t o d e pt h s of ~ 3 m, C 3 i s m or e 

st a bl e a s t h e d ur ati o n of it s m a xi m u m fl o w s p e e d s i s c o ntr oll e d b y ti d al, 

n ot fl u vi al pr o c e s s e s. 

5. 1. 3. I n c or p or ati n g el e v ati o n d at a – a 3- di m e nsi o n al a n al ysis of t h e F T T Z 

Cr e ati n g  l a n d  c h a n g e  m a p s  fr o m  a eri al  i m a g er y  i s  u s ef ul  f or  pr e -

di cti n g  ri v er b a n k  er o si o n  b ut  a s s e s si n g  fl o o d  v ul n er a bilit y  r e q uir e s 

w at er  s urf a c e  a n d  l a n d  s urf a c e  el e v ati o n  d at a.  R e c e nt  l ar g e- s c al e 

el e v ati o n d at a of t h e G B M i s s e v er el y l a c ki n g, wit h m o st st u di e s u si n g 

t h e S h uttl e R a d ar T o p o gr a p h y Mi s si o n ( S R T M) Di git al El e v ati o n M o d el 

( D E M)  t a k e n  i n  2 0 0 0.  A s  e vi d e n c e d  t hr o u g h  g e o s p ati al  s h or eli n e 

Fi g. 8. Sit e C 3 ( “ B o x H") wit h a 1 5 k m s q u ar e b uff er ( 2 2 5 k m 2 ). S h o r eli n e a n al y s e s w a s c o n d u ct e d f or t w o i m a g e s fr o m 2 0 1 9 – o n e c a pt ur e d at mi dti d e a n d t h e ot h er 

at l o w ti m e. D uri n g mi dti d e, ~ 5 k m 2 of i nt e rti d al l a n d i s u n a c c o u nt e d f or. 
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analyses from this study (which utilized Coastal DEM2.1v), chars in the 
LMR are highly mobile, and can have radically different shorelines in the 
span of 20 years (Fig. 3; Table 2). By incorporating new, small-scale 
elevation survey data with CoastalDEM data and land change ana
lyses, we elucidate flood vulnerabilities of chars in the western LMR. 

Using recent elevation data in combination with CoastalDEM 2.1v, 
we note that average char elevation decreases downstream, giving the 
LMR an overall slope of 2.1 10 5. Both SRTM data and elevation 
surveys from this study are referenced to EGM 96, which presents a 
unique challenge when assessing flood vulnerability as tide and water 
level data in Bangladesh is referenced to either Public Works Datum 
(PWD) or a local Chart Datum (CD). Neither datums have a clearly 
defined relationship to EGM 96. Therefore, when collecting water 
pressure data in the field, we measured the water surface elevations with 
the Leica RTK to have all three datasets referenced to EGM 96. 

Having the surface and water elevation data in the same geoid allows 
for flood risk assessments, but it also sheds light on the shift in hydro
logic regimes along the FTTZ. Three key findings illustrated in Fig. 4 are 
as follows: (1) char elevation decreases downstream, (2) tidal range 
increases downstream, and (3) elevation dynamics at C1 are controlled 
by fluvial processes while elevation dynamics at C3 are controlled by 
tidal processes. C2 lies within this continuum, with both processes 
significantly contributing to the morphology. The third finding, which is 
potentially the most important with regards to flood vulnerability and 
land change, is based on floodplain hydrodynamics. In a floodplain 
setting, the surrounding landscape aggrades to the highest flood extent. 
For fluvial settings, this is controlled by the river flood stages (Törnqvist 
and Bridge, 2002; Shen et al., 2015), and in tidal settings, floodplains 
aggrade to the tidal mean high water (MHW) (Kirwan and Guntens
pergen, 2010; Bomer et al., 2020). In deltaic settings where fluvial and 
tidal forcings interact, parsing out the dominant hydrologic regime can 
be more challenging. 

At Char 1, the average MHW is ~0.3 m below the char s average 
elevation and 1.9 m below its maximum elevation (Fig. 4, Table 3). Tide 
tables from Bangladesh Inland Water Transport Authority (BIWTA) 
reveal a 2 m difference in water levels between the dry and wet seasons 
for Chandpur, which is located 2 km across the LMR from C1. As C1 has a 
tidal range of ~0.6, it can be ascertained that the high water levels, and 
therefore the char elevation, is highly controlled by fluvial processes (i. 
e., monsoon flood water levels). At C2, average char elevations once 
again exceed MHW, but only by ~0.15 m. Pressure sensor data (HOBO) 
that was collected for a period of 1 year at C2 determine that maximum 
flood level was 3.5 m (rel to EGM 96) during the monsoon, the same as 
maximum elevations on C2 (Fig. 4). Therefore, fluvial processes still 
dominate at C2 as the maximum elevations align with the maximum 
monsoon water levels, but tidal processes appear to have more influence 
on char sediment dynamics as the maximum elevations for C2 are only 
1.15 m above MHW (Fig. 4, Table 3). Finally, at C3, the southernmost 
char, the MHW is only 0.05 m above the average char elevation. Thus, 
the platform has aggraded to MHW, as typical of tide-dominated 
floodplains (Friedrichs and Perry, 2001; Kirwan and Guntenspergen, 
2010). BIWTA tide tables reveal that water levels increase by 0.5 1.0 m 
during the monsoon, making maximum water levels and thereby 
maximum char elevations ~3.0 m (rel to EGM 96). 

5.2. Implications for flood risk 

Flood risk in the Meghna Estuary varies by location along the FTTZ 
areas in the upstream, fluvial-dominated regions are most affected by 
monsoonal flood pulses (as reflected in the elevation dynamics shown in 
Fig. 4), while flood risk associated with SLR, cyclones, and storm surges 
increases with proximity to the coast (Sarker et al., 2003; A. S. Islam 
et al., 2013; M. Islam et al., 2013; Islam and Hasan, 2016; Becker et al., 
2020). As evidenced by this study, char elevations in the lower ~70 km 
of the Tentulia channel are driven by tidal processes, aggrading to the 
MHW (Fig. 4). Under natural circumstances, chars and adjacent Ta
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floodplains could keep pace with RSLR (~1 cm/yr; Allison and Kepple, 
2001; Rogers et al., 2013) as long as sediment delivery is unimpeded 
(Kirwan and Guntenspergen, 2010; Brammer, 2014; Bomer et al., 2020). 
However, many coastal chars are embanked (i.e., poldered) as a means 
of protection from storm surges and salinity intrusion (Fig. 1). An un
intended consequence of embankments is land loss due to sediment 
starvation and compaction, which leaves the embanked agricultural 
lands and its citizens vulnerable to flooding if an embankment should 
fail during a cyclone or storm surge (Auerbach et al., 2015; Bomer et al., 
2020; Valentine et al., 2021). The Institute of Water Modelling (IWM) in 
Bangladesh predicts that by 2050, rising sea levels and increased cyclone 
intensities can lead to inundation depths exceeding 6 m in the mainstem 
LMR (Shahbazpur and Hatia Channels), ranging from 3 to 6 m for the 
entire Tentulia Channel, and could even exceed 1 m as far north as 
Chandpur; at these surge heights, all coastal polders and embankments 
are vulnerable to overtopping (Dasgupta et al., 2010). Not all chars 
along the Tentulia are currently embanked, but river water salinity 
along the Tentulia and LMR are projected to increase to levels that will 
result in 26 50 % agricultural yield reduction in the next 30 years 
(Clarke et al., 2015; Dasgupta et al., 2015). As a result, more chars along 
the FTTZ will most likely be embanked as a means to protect arable land 
(Haque et al., 2018; Haque et al., 2019), effectively cutting off water and 
sediment supply to the char interiors. Thus, chars in the downstream, 
tidally-dominated region of the FTTZ will face major flooding issues in 
the future if they are embanked as the platforms will no longer be able to 
aggrade with rising sea levels. 

6. Conclusions 

Here we use a multi-faceted approach to better constrain the fluvial 
and tidal processes within the Fluvial Tidal Transition Zone (FTTZ) of 
the lower Ganges Brahmaputra delta, specifically within the western 
Lower Meghna River (and Tentulia Channel). Overall, the FTTZ has been 
gaining land at a rate of 4.7 km2/yr over the last 40 years, with 70 % 
of land loss occurring within 50 km of the LMR confluence (~100 km 
inland from coast) and 50 % of land gain occurring in the Tentulia 
Channel within 50 km of the coast. Further land change analyses high
light that net land gain/loss estimates gloss over the overall land change 
and vulnerability of chars to riverbank erosion. For example, focus areas 
investigated here show a combined 182 km2 of land loss, with C2 (100 
km from coast, between the fluvial-dominated and tidal-dominated re
gions of the FTTZ) experiencing most riverbank erosion. Sedimento
logical data revealed a general downstream fining in grain size, 
especially from the mainstem LMR to the Tentulia channel, which re
ceives 25 % of the LMR s flow throughout the year. There was evi
dence of slight downstream fining from C2 to C3, but the char 
sedimentology was so similar that the stability of C3 is attributed to 
increased tidal influence. The flood current of the tides attenuates fluvial 
flow, and the duration of maximum flow speeds is limited to the apices 
of flood and ebb stages, with near-zero flow speeds occurring during 
slack tides. Land change analyses, sedimentology, and elevation surveys 
were combined to provide a 3-Dimenisional assessment of the sediment 
dynamics along the FTTZ. Fluvial processes, namely riverine monsoonal 
flooding, controls channel erosion and morphology in the upper LMR 
(near focus area C1). Fluvial processes still appear to be the dominating 
process near the head of the Tentulia Channel, but elevation and water 
level data show an increase in tidal influence. The tipping point appears 
to be at or just downstream of focus area C3 (~70 km from the coast), 
where (1) elevation dynamics start to mirror tidal MHW rather than 
riverine monsoonal flooding and (2) land change analyses show a 
reduction in riverbank erosion. While the fluvial-dominated chars are 
vulnerable to riverbank erosion from increased fluvial discharge during 
the monsoon season, tidal-dominated chars in the FTTZ are most 
vulnerable to flooding associated with cyclones and SLR, with predicted 
inundation depths from cyclone storm surges exceeding 3 m by 2050 
(Dasgupta et al., 2010). With approximately 3000 km2 of charland in the 

LMR and population densities ranging from 750 to 1000 persons/km2, 
2 3 million people living in the FTTZ from the LMR to the coast are 
vulnerable to the effects of climate change (Sarker et al., 2003; Syvitski 
et al., 2009; Dasgupta et al., 2015; Paszkowski et al., 2021). 
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