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In the present study, instability of the river reach of
Brahmaputra was analysed for braided belt width
changes, braiding index and bar area. The river reach
of the Brahmaputra from its confluence of Lohit,
Dibang and Dihang to its confluence with the Tista
river was studied from 1973 to 2009. The study was
carried out using remotely sensed data from Landsat
satellites at different dates. Discharge data synchro-
nized with satellite data was collected by maintaining
near-similar water level or discharge. Wavelet of the
braided belt change was analysed to get the wavelet
power and spatial extent of the changes. Finally,
stream power was analysed from the average dis-
charge data during the monsoon period to determine
its effect on the instability of parameters considered.
Results indicate that stream power does not directly
relate to local changes in the braided belt or braiding
index. However, with decrease in stream power, an in-
creasing trend of bar area was found. Maximum
wavelet power within a period showed a threshold be-
haviour at stream power of 5 W/km, beyond which the
wavelet power raised sharply to a high value with in-
crease in stream power. River response to the stream
power was found at a global level rather than local
level. Finally, a gradual decrease in stream power over
time indicates the stable river reach. However,
changes due to local bank erosion cannot be predicted
using this analysis.

Keywords: Braiding index, braided belt, plan form,

stream power.

BRAHMAPUTRA river is one of the world’s largest,
braided and dynamic river systems. The dynamics of the
river are attributed to high rates of riverbank erosion, in-
crease in braided belt, change in channel courses and
braiding pattern'. Also, due to high rates of bank erosion
and frequent changes in the channel flow, it becomes dif-
ficult to take efficient river training measures”. It is there-
fore necessary to understand the dynamics of the river
and identify the stable and unstable reaches through tem-
poral analysis. Continuous monitoring of river’s morpho-
logical changes can be considered as a cost-effective
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measure for efficient management system of the bank
erosion problem’. For an efficient morphological study of
Brahmaputra river, spanning over hundreds of kilometre
length, it is necessary to carry out multi-date satellite re-
mote sensing data analysis.

Brahmaputra flows a total distance of approximately
2900 km from its origin at Manasarovar (Tibet) to Bay of
Bengal. The river mainly flows from east to west (in
India) up to the Indo-Bangladesh border and then from
north to south (in Bangladesh). The braided belt varies
considerably from ~1.3 km at Pandu (near Guwahati) to
18.5 km near the Indo-Bangladesh border as studied with
the help of Landsat-7 satellite imagery in 2009. Notably,
the narrowest reach (Pandu) of the river is bedrock-
controlled and hence no bank erosion was evident. The
river flows through the Himalayan valley which is com-
posed of Paleozoic sediments’. The eastern side and the
southern side (Sillong Plateau) of the river are composed
of high-grade metamorphites, gneiss, schists and granites
overlain by metasediments*’. The south-eastern side of
the river basin is composed of sandstones, shales and
mottled clays which are easily erodible. The longitudinal
bed slope varies from 1 in 3000 near Passighat to 1 in
12700 near Dhubri®. The high annual rainfall (100-
600 cm) in this river basin is linked with high magnitude
floods (bank full stage and higher) during monsoon every
year. The discharge of the river varies widely from
1757 m’s™" (20 February 1968) to a maximum of
72,984 m’s" (23 August 1962) as recorded at Pandu
(Guwahati) gauging station.

Bankline migration and fluvial erosion of Brahmaputra
have been studied earlier’ "' with Survey of India to-
posheets and/or satellite imagery. Recent studies on river
morphology have extensively used satellite remote sens-
ing imagery”'*""". Takagi et al."® studied the river reach
of Brahmaputra in Bangladesh and concluded that the
river is in dynamic equilibrium stage with its stabilization
waves propagating to the downstream. Baki and Gan'!
reported that the larger sandbars in Brahmaputra are more
stable than the smaller ones. Akhtar ef al.” examined the
stream power relation with braiding pattern and con-
cluded that with low stream power, braiding intensity
increases, which in turn intensify bank erosion. Lahiri
and Sinha'® carried out a geomorphologic study of Majuli
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island of Brahmaputra and concluded that the channel
planform processes are related to the tectonic activity of
the locality. In another study, Lahiri and Sinha'” used fast
fourier transform (FFT) of the bank lines to identify the
regional and local control of the bank erosion. Recently,
Chembolu and Dutta'® studied the Brahmaputra river
morphology disorder in relation to entropy and found that
four-year return period flood causes disorder in the river
planform which in turn increases entropy.

Despite these studies, there is limited understanding of
the relations of stream energy and channel instability of a
large river system. In the present study, an attempt has
been made to relate the river dynamics of Brahmaputra
with braiding index, braided belt and unit bars by using
multi-date satellite imagery and the Survey of India
toposheets.

Study area

The study reach of Brahmaputra river, approximately
750 km long from the confluence of Lohit, Dibang and
Dihang in Assam near Kobo (27°47'N, 92°25'E) until its
confluence with the Tista river, is considered in the pre-
sent study (Figure 1). The median bed-material size is
0.20 mm (ref. 20). Brahmaputra carries a high average
sediment load of 2.0 x 10° tonnes/d between June and
September every year®'. The majority of the load is sus-
pended sediment and only 5—15% of the load is bed load”.
The average suspended load was estimated to be
402 x 10° tonnes/y (ref. 21); while the average suspended
sediment concentration was reported to be about 460 mg/1
(ref. 20). Figure 2 shows the longitudinal bed profiles of
the river in 1971, 1977 and 1981 (ref. 22). The bank’s
soil of the river is highly erodible® and various reaches
of the Brahmaputra river experience severe bank erosion
during and after the monsoon every year due to seepage
and fluvial erosion®*?’.

Data and methods

For the fluvial and morphological study, one set of Sur-
vey of India (SOI) toposheets (1944) and a total of 28
Landsat-Multi Spectral Scanner (MSS) (spatial resolution
80 m), Landsat-Thematic Mapper (TM) (spatial resolu-
tion 30 m) and Landsat-Enhanced Thematic Mapper+
(ETM+) (spatial resolution 30 m) satellite imagery cover-
ing the whole Brahmaputra river in Assam were selected.
Each of the satellite images comprised 7 scenes. All satel-
lite images were collected during the non-monsoon
period (November—March) of 1973, 1990, 2000 and 2009
respectively. During this period, it is more likely to ob-
tain almost cloud-free images with consistent vegetation
cover and water levels year to year. The toposheets were
prepared at a scale of 1:250,000. These toposheets
were divided in 1.5° longitudinal and 1° latitudinal grid.

1534

A total of 14 digitized toposheets were initially geo-
referenced by using 15 ground control points (GCPs)
from the scanned hard copy map and second order poly-
nomial function. The nearest neighbourhood re-sampling
technique was used. The average root mean square
(RMS) error during these geo-referencing was found to
be less than one pixel (pixel size 0.5” x 0.5"). The geo-
referenced toposheets and the satellite imagery were mo-
saicked separately to obtain the study river reach for dif-
ferent years. To bring all the images (toposheets and
satellite imagery) under an identical geometric projection
system, these were geo-referenced with respect to Land-
sat-ETM+ image of the year 2000 by using universal
transverse mercator (UTM) projection and world geodetic
system 84 (WGS) ellipsoid. Geo-referencing was done by
using: (1) at least 24 GCPs for each scene of Landsat im-
ages and toposheets; and (2) second-order polynomial
with nearest neighbourhood re-sampling technique with
RMS less than 0.5 pixel, while the pixel size adopted was
30 m x 30 m. The analysis and geo-referencing were car-
ried out using GEOMATICA®, a digital image processing
software.

The discharge and water level data of the Brahmaputra
river was collected from gauging stations at Pandu (near
Guwahati) in the years 1973, 1990, 2000, 2009 (Figure
3). The water level varied between 44.6 and 46.0 m in
different years.

Riverbank shifting was detected based on visible and
near infra-red (NIR) bands of Landsat images. For con-
venience of analysis, the river was divided at 10 km
intervals, 73 reaches. Each reach was assigned with a
chronological identification number. The permanent ref-
erence line of lat. 27°47'N and long. 92°25'E at the
upstream of the study reach was taken. Identification of
the banklines in Brahmaputra was not difficult in most
cases, but the inclusion of abandoned channels within the
braided belt was ambiguous. To eliminate this difficulty,
the criterion adopted by EGIS*® was followed. The sand
bodies except sediments splayed over flood plains were
considered within the braided belt. The overflanking
channel <100 km was also considered within the braided
belt'*. The banklines and channel lines were detected
using normalized difference water index (NDWI) images.
The NDWI images were prepared from the multi-spectral
satellite data using the formula

_ NIR-SWIR

NDWI =———,
NIR + SWIR

(1

where SWIR is the reflectance of short wave infra-red
band. NDWTI is a measure of moisture content. NDWI in-
creases either with vegetation water content or from dry
soil to free water. NDWI is a useful tool to identify the
bank lines”’. Shallow water channels were considered as
part of the river. Old and new sand deposits at the river
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Figure 3. Image collection period and discharge at different years.

banks sometimes pose confusion if they were included
within the river. The sand patches with moisture content
indicate the presence of river water, whereas sand depos-
its with low moisture content or dry soil indicate absence
of river water. Subsequently, sand deposits were not con-
sidered within the river if NDWI was very low. A similar
method was followed to identify sand bars. The bankline
migration rates were estimated based on the differences
between two available consecutive NDWI images.

The study reach was sub-divided into 73 segments each
with 10 km long except first and last segments. Thorne et
al."? reported that the scales of planform evolution of the
Brahmaputra river were spaced at intervals of approxi-
mately 30 km. To capture this scale, a length segment of
10 km was adopted. The first and last segment lengths
vary in order to incorporate the shifting of the river con-
fluence during this period. Each segment was assigned a
chronological identification number to compare the seg-
ment temporally. For convenience, the distances along
the river were measured from the confluence (1940s) at
the upstream and expressed in km. The area within a
segment divided by the length of that segment gives the
average braided belt width (B,) in the corresponding
section and subsequently used for analysis.

To identify the dynamics of the braided belt for differ-
ent spatial and temporal scale, continuous wavelet trans-
formation (CWT) was performed for braided belt width.
The spatial or temporal series can be transformed into
two-dimensional space or time frequency relations. CWT
can be defined by W(s, o) with its ‘mother’ wavelet func-
tion or basis function y, ., as

0

W(s,0) = [ 0w, o (x)dx, )

—00

1 xX—0
= —_ 3
l//x,o \/;l//( s ja ( )

where s is the dilation or scale of wavelet function and o
is the degree of distance translation along the series. For
details, reader can refer to the work by Torrence and

where
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Compo®®. CWT was successfully applied by Mount et
al*® for bank erosion scale analysis. Mount et al.”® con-
cluded that out of three different basis functions, the
Morlet function with order 3 was the best, that clearly re-
solves different spatial scales. Therefore, in this study,
we used Morlet as the basis function

v =rVeke P, “

where £ is the wavelet order (= 3 in the present study).
To characterize the braiding pattern, the braiding index
(BI) proposed by Brice™ is used in this study

Bl=2YL/L, Q)

where 2L, is the length of the all the unit bars within the
strips of 10 km and L, is the length measured along the
centre line of the channel.

The river morphology is often governed by the unit
stream power of the river. Unit stream power of a river
channel can be given as

Q=y0S/w, (6)

where yis the specific weight of water, Q the discharge, S
the longitudinal slope of the channel and w is the width
of the channel. For maximum stream power, the maxi-
mum peak discharge in a decade was considered with av-
erage width in that decade, whereas the average decadal
discharge was considered to determine the decadal aver-
age stream power.

Results and discussion
Spatio-temporal variation in braided belt

The braided belts measured for each reference segment
totalling 73 in numbers are plotted in Figure 4. It can be
observed that during the period between 1943 and 1973
the braided belt increased at all cross-sections. The rate
of increase in the braided belt was higher at upstream of
Tezpur (from reach 1 to 30) than downstream. The
maximum increase of the width in this period was
5.61 km between reach numbers 11 and 15 (near Jorhat
town, Assam). The mean rate of decadal increase was
750 m from 1943 to 1973, 500 m from 1973 to 1990 and
760 m from 1990 to 2000. The abnormal decadal increase
of 6.5 km in the belt was caused by the formation of ana-
branching at reach 47 between 1973 and 1990 but
remained stable during 1990-2000. Minor changes in
braided belt were noticed in reach numbers 55 to 73 dur-
ing years 1943 to 1973. Later, the braided belt increased
gradually from 9.02 to 11.35 km from 1973 to 2000. Sta-
ble reaches were also observed at reach numbers 45 and
46 during 2000 and 2009.
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The stream power of the river reach for 1940s, 1970s,
1990s and 2000s was calculated based on the maximum
annual discharge and annual average discharge in each
period. The maximum unit stream power indicates tempo-
ral variation at different reaches (Figure 2). The peak dis-
charge higher than three-year return period along with
braided belt at that period is shown in Table 1. It was
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found that in 1940s, the average unit stream power was
high in most of the reaches (Figure 5). Gradually, with
increase in the braided belt, the unit stream powers de-
creased in most of the reaches and from 1990s onward,
the average unit stream power is almost stable within the
study reaches (Table 2).

Wavelet analysis of braided belt width

During 1940-1970, the wavelet analysis resolved wave
periods of 8 km (Figure 6). Significant zones were not
discrete and spread almost throughout the reaches. How-
ever, locally significant zones were found for longer
stretches at 200-500 km and 500-700 km. From 1970s—
1990s, wave periods of 4 km were found (Figure 6 a).
Only one significant erosion zone was identified and
spread from 400 to 550 km reach. From 1990s to 2000s,
wavelet analysis showed wave period of 4 km or less
(Figure 6 a). Significant zones were extended over sub-
stantial downward distance. These were coupled with lo-
cally discrete shorter wave period zones. Significant
zones were extended from 150 to 400 km and from 400 to
700 km. In the next period, from 2000 to 2009, wave
period of 4 km or less was found. Spatially discrete
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Figure 6.

Mean and standard deviation for stream
power in the study reach

Table 2.

Period Mean Standard deviation
1943-1973 10.54 3.79
1973-1990 5.70 2.29
1990-2000 4.99 2.31
2000-2009 4.92 2.08

significant wave periods were found. Significant zones
were extended from 100 to 200 km, 300 to 450 km and
450 to 650 km. Higher wave period indicates global con-
trols while lower period indicates local or regional con-
trols'”. The analysis clearly shows that during the period
1940-1970, the braided belt was controlled more globally
rather than locally whereas during later periods the river-
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Period (km)

a, Wavelet analysis of the decadal braided belt change. b, Wavelet power spectrum at different periods.

braided belt was controlled more locally, most probably
with local erosion deposition mechanism.

Temporal variation of braiding index

The braiding index shows increasing and decreasing pat-
tern along the river reaches (Figure 7). The maximum and
minimum index was estimated to be 12.36 and zero in
1940s, 16.19 and 0.07 in 1970s, 16.30 and zero in 1990s
and 17.84 and 0.33 in 2000s. An index of zero indicates
non-braided river reach, which was found in the Brah-
maputra river near Guwahati. During this period, the
maximum index was found at 650 km. However, SOI
data show that at 130 and 160 km, the index was also
zero. The average index was 4.0 in 1940s, increased to
4.3 in 1970s, 5.06 in 1990s and 5.9 in 2000s. The

1539



RESEARCH ARTICLES

105 155 205 255 3205 355 405 455 505 555 605 655 705 755

Distance from confluence (km)

20
2000
- 20004
i% . 19905
x / 1970s
i 7 19405
I= i )
2| [
o . » -
® 7l 1‘ e Jnrlu-xt , Tezpur |
m fprey I X l o o A !
s 1 % Y LT,"‘:._.-?-'.' b s LS
A GAY AR 4
= Vit R A
x : 3 L3
5 5%
Figure 7.
40 -
—a— 2000s
35 1 < 1990s
—=—1970s
SR ~—1940s

Island density { number/10 km)

Braiding index in various years (distances are from upstream confluence).

5 55 105 155 205 255 305 355 405 455 505 555 605 655 705 755
Distance from confluence (km)

Figure 8.

standard deviation increased similarly from 2.57 in 1940s
to 3.55 in 2000s.

Temporal variation of unit bar area

Due to variation in annual discharge, significant morpho-
logical changes within a year in Brahmaputra could be
noticed’. The changes were expressed in terms of bar
density and bar area. Figure 8 shows the variation in bar
(island) density in the study reach for the four time
periods. During 1940s and 1970s the average bar density
ranged between 6.5 and 6.0 bars/10 km. After that,
the average density increased continuously and was
8.9 bars/10 km in 1990s and 10.5 bars/10 km in 2009. A
similar increasing trend was found in standard deviations
(4.3, 3.6, 6.3 and 7.0 bars/10 km in 1940s, 1970s, 1990s
and 2000s respectively). The maximum bar density was
about 35 bars/10 km in 2000s at 650 km. Only at the

1540

Temporal changes in mid channel island (or bar) density.

major nodes the bar density was restricted to 0—
1 bar/10 km during the study period.

The frequency distributions of the bar (island) area
were computed and shown as cumulative probability of
the size of bars for each period (Figure 9). An anomaly in
the trend was noticed from 1940s and 1970s. It may be
noted that the cumulative distribution of bar sizes of
1940s and 1970s data did not match with 100% similar-
ity. This is due to larger number of large bars (>13 km?)
that were found during these periods. The distribution
curve of 1990s indicates that there was a trend of smaller
bar size. Interestingly, the cumulative probability of
2000s bar size showed good match with that of 1990s.

Stream energy analysis and channel stability

Figure 5 shows the effect of unit stream power (based on
annual average discharge) on the decadal changes of

CURRENT SCIENCE, VOL. 112, NO. 7, 10 APRIL 2017
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braided belt. Generally, it is expected that river bed/bank
erosion will be proportional to unit stream power’'. How-
ever, the present study does not support a similar hy-
pothesis. During 1943—-1973, unit stream power was high
(610 W/km) with decadal changes from ~ —1 to +2 km.
However, during 1973-1990, with low stream power (4—
6 W/km) high decadal changes in braided belt (~ +5 km)
was found. In the next period from 1990 to 2000, unit
stream power varied from 2 to 10 W/km with low decadal
changes (-2 to +3 km) in braided belt width. From 2000
to 2009, a similar anomaly was found; the steam power
varied from 2 to 10 W/km but the decadal changes were
recorded as —2 to +2 km.

Figure 10 shows the typical plot of reach-wise unit
stream power (based on annual average discharge) and
rate of change in decadal braided belt during 2000—-2009.
At few reaches (e.g., 17, 23, 29 and 42), decadal changes
in braided belt were high with high unit stream power.
But in most of the cases, the figure shows that though the
unit stream power was high, decadal changes were out of
phase.

The analysis of decadal changes in braiding index indi-
cated that when the unit stream power was in the range of
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2—6 W/km, decadal changes in the braiding index were
high (Figure 11). With further increase in unit stream
power a fall in the decadal changes of BI was noticed.

Figure 12 shows four different cases with average unit
stream power in the study reach and the decadal changes
of bar area. The unit stream power was found not to be
related to the bar area changes. Even with high unit
stream power, the bar area changes were minimum
(~10 km*; negative value indicates wash out of the
bars), but rather high value (~350 km?®) with unit stream
power of 5 W/km.

In the previous section, the wavelet analysis of changes
in braided belt was reported. The maximum power spec-
tra and average unit stream power during the four-study
period were shown in Figure 13. The figure indicates that
when the average unit stream power was high, the maxi-
mum wavelet power was also high. When the average
unit stream power was nearly 5 W/km, there was a sud-
den jump in wavelet power from ~1 to 10 and remained
high with higher unit stream power. Hence, wavelet
power can be considered to have a relation with the aver-
age unit stream power. Average stream power of 5 W/km
can be taken as a threshold for the maximum wavelet
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Figure 11. Relationship between unit stream power and decadal

changes in braiding index.
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power beyond which higher wavelet power is expected
with high unit stream power in a river reach.

Conclusion

In the present study, a detailed instability analysis of
Brahmaputra river was carried out. Four study periods:
1943-1973, 1973-1990, 1990-2000 and 20002009 were
considered. The river reach of Brahmaputra from its con-
fluence of Lohit, Dibang and Dihang to its confluence
with the Tista river was studied during these periods.
Three parameters important in a braided river were con-
sidered: spatio-temporal variation in the braided belt,
temporal variation of unit bar area and the temporal varia-
tion of the braiding index. Results indicate an increase in
braided belt width of the river from 1943 to 1973 and in
the later period, the changes gradually decreased. The
unit stream power was also high during 1943-1973,
which gradually decreased later. A gradual increasing
trend of bar density was noticed from 1943 to 2009.
Interestingly, it was found that stream power neither
directly controls braided belt movement, nor the braiding
index. Even the stream power is not directly related to the
unit bar area. With a low stream power, increase in bar
area was found from the study. However, the wavelet
power spectrum of braided belt change showed a thresh-
old behaviour at unit stream power of 5 W/km, above
which the wavelet power suddenly increased to a high
value. In the above mentioned analysis, there were two
local parameters (braided belt and braiding index) and
two global parameters (bar area in the river and maxi-
mum wavelet power). The responses of local parameters
to the unit stream power were poor and no direct relation-
ship was found in this study. However, responses of the
global parameters to the unit stream power indicated rela-
tionships. It can be concluded that, local changes in river
morphology are not directly related to local stream
power; however, river responses to the average stream
power, globally. Further, as was found from the analysis,
the unit stream power decreases over time during the
study period, hence global stability can be expected from
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the river in near future. It can also be noted here that bank
erosion or braided belt movement is governed by local
hydraulic and erosion-deposition mechanism and hence,
these cannot be predicted from the stream power relation-
ships.
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