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ARTICLE INFO ABSTRACT
Keywords: This study quantifies multi-decadal (1990-2022) planform change and braiding behavior in three
Hydro-morphological monitoring Himalayan rivers of Nepal: The Koshi, Narayani, and Karnali using a unified geospatial workflow.

Braided rivers
Planform adjustment
Braiding intensity

Multi-temporal Landsat and Sentinel-2 imagery were processed with water-detection indices
(MNDWI, NDWI) to extract channel boundaries and map erosion, accretion, and persistence.
Sandbar evolution High-frequency gauge records were used to derive discharge and examine functional relations
Remote sensing between wetted-area ratio and flow, and 180 Sentinel-2 scenes (2017-2022) supported braiding-
Himalayan rivers intensity (Bly3) estimation and bar-scale assessment at sub-reach level. Results show strong river-
specific contrasts: the Koshi exhibits the greatest adjustment, with only 32.5 % channel persis-
tence and a pronounced westward lateral migration, whereas the Narayani and Karnali are
comparatively stable, with 64.8 % and 54.5 % unchanged areas, respectively. Functional analyses
indicate distinct sensitivities of wetted-area ratio to daily maximum discharge, and braiding in-
tensity peaks at intermediate flows before attenuating at higher discharges. Focused sandbar
analysis (2017-2022) in the Koshi reach reveals persistent bifurcation asymmetry and directional
bar migration, consistent with post-monsoon redistribution of flow and sediment. By linking
satellite-derived morphology to real-time discharge within a consistent, transferable framework,
the study provides robust, repeatable indicators for monitoring Himalayan braided rivers and
establishes a basis for comparative evaluation of planform stability and braiding across data-
sparse systems.

1. Introduction

Rivers evolve under varying hydrological, sedimentary, and boundary conditions, resulting in diverse morphological patterns
across different fluvial systems (Eaton et al., 2010; Li et al., 2022). Among these, braided rivers exhibit particularly dynamic and
intricate behavior, characterized by rapid adjustments in channel form, sediment distribution, and bar formation due to fluctuating
discharge, high sediment supply, and erodible banks composed of non-cohesive materials (Ashmore, 2013; Bertoldi, 2021; Surian,
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2015). These rivers are known for frequent channel shifting, bank erosion, and floodplain reworking, processes that can have sub-
stantial socio-environmental implications (Belayneh et al., 2020; Dabojani et al., 2014; Yigez et al., 2021).

Despite considerable advances in understanding river morphology, accurately predicting planform evolution in braided rivers
remains a challenge due to their non-linear, self-organizing behavior and strong sensitivity to both natural and anthropogenic drivers
(Boota et al., 2021). External influences such as climate change, land use transitions, seismic disturbances, and changing hydrological
regimes further complicate efforts to interpret and forecast their behavior (Baniya et al., 2023; Grill et al., 2019; van Vliet et al., 2013).
Additionally, local controls such as sediment grain size, vegetation cover, and bank composition exert considerable influence on
braided river stability and morphological response (Tockner et al., 2006). These complexities underscore the need for spatially and
temporally explicit tools to capture morphological variability and change (Chalov and Alexeevsky, 2013). Remote sensing (RS) and
geographic information systems (GIS) can be used to underpin quantitative analyses of river planform dynamics, providing
cost-effective, basin-scale, multi-decadal observations from consistent satellite archives (Nones, 2021). When synoptic imagery is
integrated with reproducible GIS workflows, it enables rigorous extraction of channel and water extents, derivation of bar metrics, and
robust change detection across time (Tomsett and Leyland, 2019). This RS-GIS framework supports erosion-accretion mapping,
coupling of morphology with discharge variability, and assessment of land-use impacts, thereby strengthening routine monitoring and
decision support for river management (Ibitoye, 2021; Yaraghi et al., 2019). Within this context, Google Earth Engine (GEE) has
become a pivotal cloud platform, unifying long-term Earth observation archives with scalable, on-demand computation (Gorelick
et al., 2017). By enabling rapid preprocessing, index calculation, and temporal compositing over large areas, GEE reduces data and
processing barriers while enhancing methodological consistency. In this study, its integration of high-resolution datasets is pivotal for
analyzing fluvial morphology in data-sparse or logistically challenging regions, supporting multi-decadal, multi-basin, cross-reach
comparisons of braided-river adjustments under variable hydrologic regimes.

Braided-river planform evolution reflects the combined influence of hydrological, sedimentary, tectonic, and human forcing.
Channel adjustment processes including bed aggradation and degradation, lateral migration, channel widening or narrowing, and
avulsion are driven by variations in sediment supply (both quantity and grain-size/composition) and by the timing and magnitude of
flows associated with an intense monsoon regime; recurrent seismic activity and anthropogenic interventions further modulate these
responses (Devreux et al., 2022; Saikia et al., 2024).Consequently, braided systems exhibit rapid, non-linear shifts in morphology in
response to flood pulses. Channel position and morphology shift even during moderate discharge events, but these changes being
complex and non-linear, requires discharge data alongside RS to fully understand river dynamics (Hooke, 2023). Understanding
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Fig. 1. Location map showing the catchment areas of the three Himalayan rivers.
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braided river systems requires a comprehensive examination of key morphological processes such as erosion, deposition, channel
migration, and irregular planform formation, all of which are significantly influenced by the variability in stream power (Pradhan
etal., 2021). Despite extensive work on braided-river morphology, quantitative coupling of planform metrics with real-time discharge
across multiple Himalayan systems remains limited. Previous studies have largely focused on single reaches or short-term events, often
relying on heterogeneous datasets. As a result, non-monotonic responses such as peak braiding at intermediate flows, or reach-specific
thresholds linked to bar drowning, channel consolidation, and lateral migration, remain less well explored. A systematic, cross-basin
comparison using consistent imagery, harmonized metrics, and concurrent hydrological records would therefore provide valuable
insights into the drivers of instability and highlight regions most vulnerable to morphological change.

Addressing this gap, the present study delivers a comparative, multi-decadal (1990-2022) assessment of the Koshi, Narayani, and
Karnali rivers by integrating Landsat and Sentinel time series with rating-curve-derived discharge. A unified geospatial workflow is
introduced to (i) extract erosion, accretion, and unchanged zones; (ii) quantify braiding intensity (BIT3), planform persistence, and
sinuosity; and (iii) evaluate functional relationships between wetted-area ratio (Rw), discharge, and braiding, including threshold
behavior. A focused six-year analysis of sandbar evolution in the Koshi reach further resolves bifurcation asymmetry and directional
bar migration under post-monsoon conditions. Collectively, the framework provides a transferable, data-efficient basis for diagnosing
morphological adjustment in data-sparse braided rivers and for prioritizing reaches most susceptible to change.

2. Study area

The Nepal Himalaya is characterized by several major river basins, which are vital for the region’s hydrology, ecology, and human
livelihoods (Karki et al., 2023). Among the prominent river systems, the Koshi, Narayani, and Karnali basins (Fig. 1) stand out as the
most significant due to their size, geographic distribution, and socio-economic importance.

Koshi River System: Originating in the eastern Himalayas, this river system covers a vast drainage area across Nepal and China. A
42 km reach from Chatara to the Koshi barrage having a gradient of 1:2000 (Neupane et al., 2022) is the focus of this study due to its
significant braiding patterns, sediment transport processes, and flood dynamics, influenced by the diverse terrains of the Himalayan,
Mahabharat, and Siwalik ranges. This area carries nearly 100 Mt/yr of sand-gravel bedload, sourced from active headwater erosion
(Hovius et al., 1997). The average annual sediment load at Chatara was estimated at 130 million m3, with nearly 60 million m° as bed
material load (Kafle, 2019). Quartz and feldspar dominate Koshi River sediments, with feldspar/quartz ratios declining from 0.55
upstream to 0.37 downstream while higher upstream calcite (12 %) versus downstream dolomite (3 %) suggesting weaker chemical
weathering in the upper reaches (Mingyue et al., 2019). Riparian strips are sparse seasonal grasses and shrubs offering minimal bank
cohesion (Kafle, 2021). The Koshi River basin has a mean basin relief of 2.2 km and receives an average annual rainfall of 920 mm
(Andermann et al., 2012). Across the entire Koshi Basin, the contribution from snow and glacier melt at the Chatara station, a key
downstream hydrological outlet is estimated to be approximately 12 % of the annual streamflow (Chhetri et al., 2021). The Koshi Basin
experiences four seasons: pre-monsoon, monsoon, post-monsoon, and winter with significant spatial and temporal variations in water
balance; average annual precipitation is highest in the Central (about 1775 mm) and Eastern mountain regions (around 1418 mm) and
lowest in the Trans-mountain region (about 210 mm), resulting in approximately 71 % of annual flow during the monsoon, while
evapotranspiration exceeds runoff in upper sub-basins and runoff dominates in the lower sub-basins (Bharati et al., 2016). The
presence of a real-time discharge station number 695 established by the Department of Hydrology and Meteorology (DHM) at Chatara
enhances the ability to monitor hydrological variations and their impacts on river morphology.

Narayani River System: This central Nepal river system is a major tributary to the Ganges, with a drainage area of 46,300 km?, of
which 31,100 km? lies within Nepal (Bajracharya et al., 2015). The selected 54 km reach from Devghat to Baguban lies downstream of
major tributary confluences creating highly variable flow and sediment-transport regimes. Channel beds range from coarse sand to fine
gravel with the percentage of gravel notably higher in upstream and midstream segments, while sand dominated in downstream
reaches (Jha et al., 2010) and the riparian zone along the Narayani River supporting diverse vegetation, including over 230 plant
species dominated by grasses (Saccharum spontaneum, Imperata cylindrica), legumes, and Asteraceae species, which contribute to
partial bank stabilization and influence floodplain dynamic. The basin has a mean basin relief of 2.3 km and receives an average annual
rainfall of 1396 mm (Andermann et al., 2012). Gauge no.450 monitors real-time flows. The system’s connectivity with the Ganges
Basin underscores its significance in transboundary water management and flood mitigation strategies.

Karnali River System: As the longest river in Nepal, the Karnali River traverses the western region with a fan-shaped topography
crucial for studying sediment deposition and floodplain dynamics, being one of the largest depositional landforms in Nepal (MacClune
etal., 2014). Originating in western Tibet, it drains 45,440 km? and spreads into a megafan south of the Churia Range. The 45 km reach
from the Karnali Bridge to Kailashpuri Dam descends from 260 m to 139 m above mean sea level (Rakhal et al., 2021). Beds are
dominated by coarse gravel and cobbles, vegetated mid-channel bars support shrubs and young trees that afford only limited bank
resistance (Kafle, 2021). The basin has a mean basin relief of 2.1 km and receives an average annual rainfall of 920 mm (Andermann
et al., 2012).

Together, these river systems not only shape the physical landscape of Nepal but also play a vital role in the hydrological regime of
the larger Ganges River Basin. Their study is crucial for addressing regional water security challenges, understanding sediment
transport dynamics, and implementing sustainable river management practices. The diverse hydrological characteristics and
geographical contexts of the Koshi, Narayani, and Karnali rivers make this study area particularly captivating for research on riverine
processes and their implications for both local and regional environmental management.
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3. Materials and methodology
3.1. Materials

A detailed analysis of river morphological dynamics was conducted using a workflow that combined image processing and spatial
analysis techniques (Fig. 2). For this, Landsat 5 Thematic Mapper (TM), Landsat 8 Collection 1 Tier 1 Surface Reflectance, Landsat 9
Collection 2 Tier 1 Top-of-Atmosphere (TOA), and Sentinel-2A satellite images were selected. The Landsat series, offering a 30-m
spatial resolution, were selected for their consistent temporal coverage from 1990 to 2022. Sentinel-2A imagery, with a 10-m
spatial resolution was most prioritized and was utilized for recent, high-precision analysis, particularly useful for capturing finer
morphological details such as river braiding (Yang et al., 2020). However, Landsat imagery was also used in cases where Sentinel-2
scenes were affected by excessive cloud cover. All imagery was accessed and processed on the Google Earth Engine (GEE) platform
using the JavaScript API, which supports efficient handling of large geospatial datasets (Azzari and Lobell, 2017; Gorelick et al., 2017).
Image selection prioritized cloud-free conditions within the post-monsoon period. For real-time discharge data, high-frequency gauge
measurements were obtained from the DHM of Nepal, recorded at 10-min intervals for the Koshi River, 5-min intervals for the Nar-
ayani River, and 15-min intervals for the Karnali River.

3.2. Methodology

Imagery acquisition was timed to the post-monsoon, post-flood season, a period characterized by hydrological stability and reduced
cloud cover, which optimizes the delineation of channel morphology. Spectral indices were employed for waterbody extraction,
beginning with the Normalized Difference Water Index (NDWI) introduced by Mcfeeters (1996), which utilizes the green and
near-infrared bands to extract water bodies. Building on this, the Modified Normalized Difference Water Index (MNDWI), proposed by
Xu (2006), incorporates the green and shortwave infrared (SWIR) bands, offering improved accuracy in distinguishing water bodies
from features such as shadows (Singh et al., 2015). Hence, MNDWI was chosen for Landsat imagery, MNDWI was calculated using the

Landsat 5,7,9 and
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Fig. 2. Methodological framework for assessing river channel migration.
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formula

Green — SWIR
MNDWI = Green + SWIR !

However, the use of MNDWI for Sentinel-2A images due to its SWIR band being 20 m resolution results spatial resolution of 20 m.
But the use of NDWI yields 10 m resolution as both green and NIR bands have resolution of 10 m. So, for obtaining higher spatial
resolution from Sentinel-2A image, NDWI has been used using formula

Green — NIR
NDWI = Green + NIR 2

An optimal threshold value to distinguish water bodies from other land cover types can be calculated using Otsu threshold method
(Xu et al., 2011). So, the use of both the Otsu’s method and visual inspection of the composed true color image has been done to set
NDWI and MNDWI values ensuring that only water bodies are included in the analysis. To enhance image quality, a Gaussian kernel
was employed to apply a smoothing filter. This approach effectively mitigated noise and minimized small-scale variations, thereby
improving the visual clarity and definition of water features in the image (Dyson et al., 2024).

Thus, obtained waterbodies were extracted as river networks and exported as GeoTIFF files, a versatile raster data format that
retains spatial resolution and georeferencing information. These files were then imported into a GIS platform, where the river networks
were digitized for detailed analysis. Overlay analysis was conducted to identify erosion, accretion, and unchanged areas. Erosion areas
were defined as regions where land was lost due to water body expansion. Accretion areas were characterized by sediment deposition
in previously water-covered zones, which no longer experienced flow in the studied time periods. Unchanged areas were regions where
the flow path remained consistent between the decadal intervals. By intersecting the relevant feature classes, a new feature class was
created to capture the overlapping areas. This process facilitated the extraction of unchanged areas.

To analyze river morphology at a finer scale, it was essential to characterize the braiding patterns and correlate it with upstream
discharge in the studied reach. To achieve this, rating curves were developed using real-time gauge height data from the Koshi,
Narayani, and Karnali rivers (Fig. 3). The rating curve formulated using equation Q = k(H—Hy)" was employed, where Q is the
discharge, H is the gauge height, Hj is the reference gauge height, and k and n are curve-fitting parameters.

To optimize these parameters, the Generalized Reduced Gradient (GRG) nonlinear solver was employed due to its robustness
(Smith and Lasdon, 1992), iteratively adjusting them to minimize the discrepancy between observed and predicted discharge values, in
accordance with the least squares fitting method (Mir and Dubeau, 2015). The accuracy of the rating curve was rigorously evaluated
using statistical metrics such as the Nash-Sutcliffe Efficiency (NSE), Root Mean Square Error (RMSE), and the correlation coefficient
(r). These metrics provided a comprehensive assessment of the rating curve’s predictive performance, ensuring its reliability for
estimating discharge based on gauge height data.

The performance of the method for parameter estimation was evaluated by analyzing the relation between the observed and the
predicted discharge using the following statistics.

[Realtime Gauge-Height Data from DHM]

v

[ Rating Curve Generation ]

y

[ Performance Estimation of Rating Curve using NSE,RMSE and r ]

v

[ Generation of Ten-Minute Interval Discharge Data from Rating Curve ]

y

[Correlation of river discharge and dimensioned Sentinel-2 images (2017-2022)J

Channel Sinuosity
I

[Dynamic Morphological Response of Sand Bars to Fluvial Discharge Variability]

Average
Valley Width

Active Water
Area Ratio

Fig. 3. Workflow diagram illustrating the use of rating curve and analyzing the dynamic morphological response of sand bars to fluvial discharge
variability.
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where Q, is the observed discharge, Q, is predicted discharge and Q is mean observed discharge.

Further, total of 180 Sentinel-2 images, covering the years 2017-2022, were digitized and analyzed to quantify the braiding in-
tensity of the rivers. This process enabled a thorough comparison of the morphological characteristics among the rivers and allowed for
the identification of correlations between these characteristics and upstream continuous discharge data.

4. Results
4.1. Decadal study: morphological dynamics and channel shifts

The comparison across three distinct periods: 1990 to 2000, 2000 to 2010, and 2010 to 2022 reveals dynamic changes in erosion,
accretion, and the planar extent of water bodies in the Koshi, Narayani, and Karnali River systems. Landsat-5 imagery was used for the
first two periods, while Landsat-9 was used for the 2022 analysis. Waterbody delineation was performed using MNDWI and NDWI,
with histogram-based Otsu’s thresholding method applied on a clipped area specific to each river in order to identify optimal water
non-water separation. The Otsu-derived thresholds were 0.0539 for Koshi, 0.0385 for Narayani, and 0.0700 for Karnali, and were
further refined through visual inspection to ensure consistent mapping across time periods. The resulting classified images highlight
distinct patterns of erosion and accretion along each river, shaped by both natural fluvial processes and human interventions over the
past three decades.

4.1.1. Koshi River in eastern Nepal

From 1990 to 2000, erosion measured 16.349 km?, with 17.734 km? of accretion and 8.545 km? remaining unchanged. Subse-
quently, from 2000 to 2010, erosion increased to 18.138 km?, with accretion rising to 21.773 km?, and the unchanged area dimin-
ishing to 6.756 km?. The latest comparison from 2010 to 2022 (Fig. 4) unveiled erosion covering 17.657 km?, accretion expanding to
29.633 km?, and an unchanged area of 10.872 km?. These observations underscore the dynamic nature of the Koshi region’s landscape,
marked by significant shifts in erosion and accretion over time. The analysis indicates a significant westward migration in the mid-
section of the Koshi river, likely driven by the construction of barrages and levees that have constrained the floodplain. Between
2000 and 2010, the cumulative westward shift reached up to 3871 m. This westward migration is further examined in the bar analysis
section, discussed later in the paper.

4.1.2. Narayani River at central Nepal

From 1990 to 2022, the Narayani river’s centroid latitude remained stable, while longitude showed subtle shifts, with a notable
682 m shift in the planar water body between 2010 and 2022. From 1990 to 2000, erosion covered 12.892 km?, accretion 9.278 km?,
and 10.774 km? remained unchanged. Between 2000 and 2010, erosion was 9.373 km?, accretion 13.411 km?, and 10.256 km?
unchanged. In 2010-2022 (Fig. 5), erosion increased to 28.942 km?, with 6.894 km? accretion and 12.735 km? unchanged. Also, it has
gone significant shifts in its extreme bank channels. Notable changes include an 860 m northward shift and a substantial cumulative
1253 m southward shift from 1990 to 2000.

Similarly, from 2000 to 2010, remarkable shifts persisted, with a 901 m northward movement and a 1446 m northward shift. These
trends continued from 2010 to 2022, with further noteworthy changes, 1001 m northward shift and a 657 m southward movement.

This dynamic interplay between minimal centroidal shift and notable edge movements indicates that while the overall flow area
remains confined, the flow paths within this area exhibit a considerable degree of dynamism. In essence, the river’s morphology
appears to maintain a degree of stability in its central flow while simultaneously displaying dynamic and evolving behavior in its
peripheral channels.

4.1.3. Karnali River at western Nepal
From 1990 to 2000, the river exhibited significant erosional activity, with an erosion area of 21.559 km? and an accretion area of
15.123 km?, while the unchanged area remained relatively stable at 15.517 km?2. In the following decade (2000-2010), erosion
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Fig. 4. Koshi River Channel Shift from 2010 to 2022, extending from upstream real-time discharge station no. 695 to the Koshi Barrage.

intensified, expanding to 30.37 km?, with accretion at 15.62 km? and a slightly reduced unchanged area of 21.456 km?. However, from
2010 to 2022(Fig. 6), this trend reversed, with erosion decreasing to 22.405 kmz, accretion increasing to 28.249 kmz, and the un-
changed area measured at 23.577 km? (Fig. 7).

The channel shift analysis of the Karnali mega fan indicates a higher shift of the right branch compared to the left branch. The right
branch predominantly displays a dominant westward shift, particularly noticeable in the upstream and middle sections, reaching as
high as 2125 m. However, a notable eastward shift of 1732 m near the confluence of the two branches between 2010 and 2022
highlights a distinctive pattern attributed to the river’s meandering behavior in that specific reach. Conversely, the left branch
demonstrates a consistent westward shift, peaking at 1048 m. Notably, from 1990 to 2000, both branches exhibited significant shifts in
their extreme bank channels. The subsequent decades further witnessed substantial shifts, with the left branch consistently shifting
westward and the right branch encountering notable fluctuations, including substantial eastward shifts near the confluence. The
increased shifting observed from 2010 to 2022 may be attributed to significant flooding events, such as those in 2010-2013 and 2014,
leading to substantial alterations in the river’s planform.

Additional analysis for the Karnali River mega fan was not conducted due to challenges in accurately quantifying discharge levels
for its left and right branches. Discharge data is currently available only for the entire mega fan from real-time station number 280 at
Chisapani.
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Fig. 5. Narayani River Channel Shift from 2010 to 2022, extending from upstream real-time discharge station no. 450 to the Baguban.

4.2. Koshi and Narayani River braiding pattern analysis

Utilizing the rating curve generation method recommended by Muzzammil et al. (2018), a total of 118 pairs of gauge height and
discharge data were analyzed to develop a rating curve and estimate real-time discharge. The comparison between observed and
predicted discharge, plotted using the rating curve equation, exhibited a strong correlation, particularly at higher discharge levels,
underscoring the method’s effectiveness. The obtained rating curve for Koshi river as Q = 270.51 2(H-0)1%79 was evaluated and
performance yielded high statistical metrics, with an NSE of 0.9995, RMSE of 225.2, and an r-value of 0.9999, demonstrating a robust
agreement between observed and predicted discharge values. This rating curve was subsequently applied to estimate discharge across
various time periods, supporting further analysis. Moreover, the processing and digitization of 72 Sentinel-2 images from 2017 to 2022
enabled the extraction of critical parameters, including the date of image capture, wetted area, valley area, valley length, reach
start-to-end straight length, and the total number of braids. For Narayani river, the rating curve generated from 104 pairs of gauge
height and discharge data is Q = 232.489 (H-0)'%1°. The rating curve equation used yielded a NSE of 0.9999, RMSE of 42.6, and a
correlation coefficient (r) of 0.9999, demonstrating excellent agreement between observed and predicted discharge. The analysis
includes processing and digitizing 55 Sentinel-2 images, chosen for minimal cloud coverage, from 2019 to 2022.

The Koshi River in the study area exhibits significant variation in wetted area, closely correlated with maximum discharge data
over a six-year period. Notably, peak values occurred consistently in September, reaching up to 93.731 km?, while the lowest wetted
area was observed in March-April, with values as low as 27.665 km?.This reflects a fluctuation of approximately 195.3 % when
calculated relative to the maximum value, and 238.8 % when referenced from the minimum value. The relationship between the active
water area ratio(Ry) given by Li et al. (2020) and maximum discharge (Qnax) Was modeled using a power function (Fig. 8), estab-
lishing a relation as Ry — 0.0301Q%2%°° with an R? value of 0.8596. Similarly, Narayani river also showed strong logarithmic function
as Ry = 0.018In(Qpax)-0.0743 with R? value of 0.888.This strong correlation of established equation allows quantification of active
water area since as river discharge increases, the active water area expands, though at a diminishing rate. This finding suggest that at
higher discharges, the river’s capacity to expand its wetted area is limited, which has significant implications for understanding
channel morphology, floodplain interaction, and sediment transport dynamics within this river system.

The analysis of the average number of braids (BIr3) (Hong and Davies, 1979) relative to the wetted area reveals a distinct trend: an
initial increase in braiding intensity followed by a decline beyond a specific wetted area threshold (Fig. 9). Remarkably, both Koshi and
Narayani River exhibit this distinct trend in their Bls. Unpredictably, even during periods of higher discharges in September, braiding
intensity doesn’t peak, which contrasts with previous findings (Egozi and Ashmore, 2008; Schuurman et al., 2018) that suggested
increased branching during peak flow conditions. Furthermore, these findings are consistent with observations in the Yangtze River on
the Qinghai-Tibet Plateau, as demonstrated in a study by Li et al. (2020), where a second-degree polynomial equation was established.

The fluctuating trend in Blrs values within the Koshi and Narayani rivers can be explained by analyzing the main channel’s Sin-
uosity Index (P1) (Mosley, 1981). The Pt exhibits a decline with increasing discharge (Fig. 10), particularly after surpassing threshold
discharge levels of approximately 2000 m3/s for the Koshi River and 1500 m3/s for the Narayani River. Notably, when discharge
remains below these thresholds, Pt experiences significant fluctuations for similar discharge values, followed by a consistent decline
beyond these levels.
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Fig. 6. Karnali River Channel Shift from 2010 to 2022, extending from upstream real-time discharge station no. 280 to the Kailashpuri Dam.
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Fig. 7. Morphological changes in the Koshi, Narayani, and Karnali rivers from 2010 to 2022, showing quantified areas of erosion, accretion, and
unchanged zones (in km?).
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In these multi-threaded river systems, the impact of increased discharge on braiding can be understood through two primary

mechanisms.

a) Braiding intensifies as new flow paths emerge, branching off from the main channel.
b) A reduction in braiding occurs due to the submersion, erosion, and removal of small sandbars from the main channel once the

threshold discharge level is exceeded.

These interacting processes drive the observed braiding patterns. Braiding intensifies as new flow paths emerge, reaching a peak at
wetted areas of around 70 km? for the Koshi river and 45 km? for the Narayani River. Beyond these areas, the continued erosion and
displacement of sandbars dominate, leading to a reduction in braiding intensity as the wetted area expands.
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4.3. Quantifying sandbar responses to flood discharge variations in the Koshi River: temporal and spatial analysis (2017-2022)

The Koshi River demonstrated a pronounced and recurrent westward migration trend, making it a focal point of geomorphological
interest, which encouraged its selection for more detailed analysis. To further explore the persistent westward migration of the Koshi
River, an in-depth analysis was performed over a six-year period from 2017 to 2022 where Sentinel-2 imagery from each November
was selected to capture post-flooding conditions. Four key sandbars, located about 25 km upstream of the Koshi barrage, were
identified as focal points for morphological change (Fig. 11). Changes in sandbar size, bifurcation angles, and river channel width were
examined, and width asymmetry metric (Bertoldi, 2012) was used to quantify bifurcation as

Fig. 11. Four major bars (outlined in red) selected for their contribution in changing channel morphology located about 25 km upstream of the

Koshi Barrage.
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A value of zero in this metric indicates a perfectly balanced bifurcation, while a value of one reflects a completely closed dis-
tributary. Positive values signify a left-dominant flow, whereas negative values indicate right-dominant flow. This approach helped
quantify the river’s shifting dynamics and the ongoing westward migration.

In 2017, bar-1 initially displayed a right-dominant flow, indicated by a AB value of —0.26. However, as the flooding discharge
increased to 290 m3/s in 2018 and 3491 m®/s in 2019, a transition toward left-dominant flow emerged (Fig. 12), with AB values
shifting to 0.06 and 0.12, respectively. This left-dominance remained consistent throughout the study period, as all subsequent AB
values up to 2022 were positive.

Additionally, during this period, bar-1 demonstrated a consistent northeastward migration of its top central bar point, attributed to
excessive sediment deposition following flooding events. This migration resulted in a cumulative shift of 1252 m, averaging 190.6 m
per year (Fig. 13).

The upward movement and leftward shift of bar-1 are likely the primary drivers of the westward migration of the main river
channel. This shift facilitates the bypassing of bar-1 by the flow, reinforcing the dominant flow pattern observed near bar-3. These
changes highlight the complex interaction between sediment dynamics and channel morphology, emphasizing how alterations in one
section of the river system can substantially influence downstream flow patterns and bar configurations.

The westward movement becomes more pronounced near bar-3. The plot of changes in AB3 with AQ exhibits a quadratic fit
(Fig. 14). The flow path around bar-3 remained consistently right-dominant from 2017 to 2022 where from 2020 to 2021, notable
increase in flooding discharge by 2865 m3/s resulted in a AB value of —0.56. This surge in discharge intensified the right-dominant
flow, leading to bar splitting and the formation of a new right-dominant flow path (Fig. 15a).

This newly established path continues to evolve, reaching a AB of —0.52, which maintains the westward shift of the main channel.
Moreover, it triggers the splitting of the recently formed sandbar (Fig. 15b). This splitting phenomenon is further amplified by the left-
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Fig. 13. Bar-1 of Koshi reach showcasing cumulative upward movement from 2017 to 2022 with an average shift of 190.6 m per year.
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(2) Right Dominant Flow (b) Bar-3: Re-spiting of bar with westward movement.

Fig. 15. Koshi reach bar number 3 undergoing morphological change with (a) bar splitting on year 2021 with right dominant flow and (b) re-
splitting of bar with westward movement at year 2022.

dominant inflow from bar-1, as previously discussed. Also, bar-3 experienced significant growth in size during this period, expanding
from 3.737 km? to 9.233 km?. This growth is primarily attributed to the substantial deposition resulting from the non-dominant flow,
specifically the leftward flow in this context.

This movement of bar 1 and 3 implies a progressive westward migration of the main channel. This shift is primarily driven by the
growing occurrence of the right flow path, resulting from the higher difference in flooding discharge. This dominance triggers the
subdivision of the bar area, subsequently giving rise to the emergence of new flow paths. As time progresses, these nascent pathways
undergo continued development, ultimately ending in the breaking of the sand bars in alignment with the prevailing right-oriented
flow.

Likewise, in the case of bar-3, a substantial degree of bar movement was observed (Fig. 16). The magnitude of this bar shift res-
onates with variations in flooding discharge, indicating that higher differences in flooding discharge led to more pronounced channel
shift.
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Fig. 16. Koshi river’s bar number 3 illustrating the magnitude of bar shift over time, reflecting surface changes in response to varying flood-
ing discharge.

5. Discussion on comparative study of three rivers

Nepal’s rainfall is governed chiefly by the summer monsoon from the Indian Ocean, but its influence is not spatially uniform. A
clear east-west gradient is evident: monsoon forcing is weaker in the western Karnali basin than in the eastern Koshi basin (Pokharel
et al., 2020). This differential impact is evident in soil erosion rates, where the eastern Koshi basin shows significantly higher rates of
erosion 22 t ha™! year’1 (Uddin et al., 2016) compared to 9.85 t ha! year’1 in the Karnali basin (Aryal et al., 2023). These data
suggest more dynamic river morphology in the downstream regions of the Koshi river compared to the Karnali River. Our study
findings comply with these previously done studies where from 1990 to 2022, the Koshi river exhibits the most dynamic morphology,
with only 32.5 % of its area remaining unchanged, compared to 64.8 % for the Narayani River and 54.5 % for the Karnali River. The
Koshi river also shows significant westward channel shifts, with cumulative planar water area changes of up to 3871 m. These shifts are
likely influenced by the high incidence of rainfall-triggered landslides within the Koshi basin, which recorded 5858 landslides, and the
2015 Gorkha earthquake, which triggered 14,127 landslides within the basin alone (Zhang et al., 2019). The significant water area
shift between 2000 and 2010 is also linked to the August 2008 flooding when the river breached at Kusaha, Sunsari.

In addition to hydrological drivers, the comparative morphological behavior of the Koshi, Narayani, and Karnali rivers is also
strongly governed by sedimentological factors. The Koshi River, with its relatively low slope and extremely high sediment yield (nearly
100 million tons/year) (Sinha et al., 2019), is prone to frequent channel avulsions and lateral instability. Its bed is composed pre-
dominantly of quartz-rich sand and gravel (Sharma et al., 2019), and sparse riparian vegetation further reduces bank resistance. In
contrast, the Narayani River experiences a more moderated sediment regime, with mixed bed material ranging from coarse sand to
gravel and better-developed riparian vegetation, contributing to higher channel stability. The Karnali River, with steep upper slopes
and coarse sediment inputs driven by landslides and monsoonal erosion pulses, shows localized braiding in upstream reaches.
However, mid-reach vegetation acts to buffer channel migration and dampens lateral shifts.

Over the past two decades, land cover changes have further influenced downstream river morphology in the Koshi, Narayani, and
Karnali basins. The Koshi basin saw a 396.10 % increase in built-up areas, indicating urbanization that likely altered runoff and flood
dynamics. The reduction in riverbed areas by 13.77 % in Koshi, 87.45 % in Narayani, and 43.01 % in Karnali suggests significant
human interventions impacting sedimentation and erosion. These anthropogenic changes, along with shifts in cropland and forest
cover, have contributed to the dynamic nature of these river systems.

Also, the Karnali megafan, with its larger valley area, exhibits the highest average erosion rate at 2.322 km?/year, followed by the
Koshi river at 1.629 km?/year, and the Narayani River at 1.602 km?/year. This dynamic nature is further illustrated by plotting real-
time discharge data against dimensionless A/L2 (Fig. 17) where A is the wetted area and L is the straight reach length. A comprehensive
analysis of 180 Sentinel-2 satellites images from 2017, alongside corresponding real-time discharge data, revealed that the Narayani
River had the lowest flooding area response to increasing discharge, while the Koshi and Karnali rivers showed significant increases. At
a common discharge of 10,000 m>/s, the Koshi River was approximately 39 % more sensitive, and the Karnali River about 33 % more
sensitive than the Narayani, underscoring their distinct morphological responses.

While the findings are supported across multiple sensors and decades, several limitations should be noted. Reliance on long-term
satellite archives entails uneven temporal sampling and occasional cloud contamination, restricting strict like-for-like comparisons
among rivers and years. Because of the large spatial extent, full field-based validation and detailed accuracy checks could not be
carried out. The lack of sediment grain size and load data also limited the precision of sediment-related interpretations. By focusing
primarily on upstream discharge as the key driver of morphological response, the study could not fully isolate or quantify the influence
of other contributing factors, such as structural interventions or subtle natural forces like Coriolis effects. Recognizing these limita-
tions, future research should integrate in-situ validation, sediment characterization, and structural inventories to improve the
robustness of RS based assessments of river morphology.
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Fig. 17. Sensitivity analysis of Koshi, Karnali, and Narayani rivers to changing flood discharge. Each curve follows a power-law relationship be-
tween discharge and the wetted area.

6. Conclusion

This study offers a comprehensive analysis of morphological changes in Nepal’s three major rivers: the Koshi, Narayani, and Karnali
over the period 1990 to 2022. By utilizing RS techniques and GIS tools, riverine planform dynamics were systematically mapped and
analyzed. The application of satellite-derived indices such as MNDWI and NDWI within the GEE platform enabled the extraction of
water bodies, facilitating multi-scale assessments at both decadal and sub-reach levels.

Results reveal distinct variations in channel stability, with the Narayani River displaying the highest proportion of unchanged
areas, followed by the Karnali and Koshi Rivers. Braiding intensity analyses in the Koshi and Narayani Rivers indicated a polynomial
relationship between Blrs and wetted area, with peak values occurring at intermediate flows and attenuation at higher discharges.
These findings suggest a non-linear response of braiding to hydrological variability.

The study also highlights dynamic sandbar behavior along the Koshi River, where westward migration and bifurcation asymmetry
were consistently observed from 2017 to 2022. These morphological adjustments were associated with post-monsoonal discharge
patterns, right-dominant flow paths, and progressive sandbar splitting.

Overall, the results emphasize the inherent instability and spatial variability of Himalayan braided rivers. The integration of long-
term satellite data with discharge records provides a robust framework for interpreting fluvial adjustments in rapidly evolving river
systems. These insights contribute to the broader understanding of river planform evolution in complex mountain environments.
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