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Abstract: River meandering and anabranching have become major problems in many large rivers
that carry significant amounts of sediment worldwide. The morphodynamics of these rivers are
complex due to the temporal variation of flows. However, the availability of remote sensing data
and geographic information systems (GISs) provides the opportunity to analyze the morphological
changes in river systems both quantitatively and qualitatively. The present study investigated
the temporal changes in the river morphology of the Deduru Oya (river) in Sri Lanka, which is a
meandering river. The study covered a period of 32 years (1989 to 2021), using Landsat satellite data
and the QGIS platform. Cloud-free Landsat 5 and Landsat 8 satellite images were extracted and
processed to extract the river mask. The centerline of the river was generated using the extracted river
mask, with the support of semi-automated digitizing software (WebPlotDigitizer). Freely available
QGIS was used to investigate the temporal variation of river migration. The results of the study
demonstrated that, over the past three decades, both the bend curvatures and the river migration
rates of the meandering bends have generally increased with time. In addition, it was found that
a higher number of meandering bends could be observed in the lower (most downstream) and the
middle parts of the selected river segment. The current analysis indicates that the Deduru Oya has
undergone considerable changes in its curvature and migration rates.

Keywords: river meandering; river morphology; centerline migration; remote sensing; satellite images

1. Introduction

River morphodynamics are an intriguing subject and much research has been carried
out to study the dynamics of the fluvial processes. Meandering is one important river
process that has attracted the attention of researchers worldwide. The process is associated
with outer bank erosion and deposition at the inner bank. The velocity and the shear stress
distribution asymmetry in curved river segments are the reasons for these erosions and
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accretion [1]. Estimating and predicting the meandering features of a certain river over time
have great importance in engineering and geological applications, such as management of
infrastructure, erosion, and agricultural land. Meandering has become a prevailing issue for
many major rivers in the world that carry a significant amount of sediment load, including
the Amazon River and Yangtze River, and many other alluvial riverine environments. The
process is highly dynamic in nature and needs to be assessed with a close examination over
a considerable period that is sufficient to capture the dynamics of the river morphology.
According to Constantine et al. [2], these large meandering rivers with high sediment
transport rates can sometimes have migrations of several meters in a year.

The studies on river meandering in the literature can be categorized into three types
based on the method they follow in extracting the meandering parameters. Some studies
have adopted analytical methods to analyze the process [3], whereas others have used field
measurements [4,5]. Furthermore, some studies have used numerical models to extract
the meandering features of rivers [6]. However, with the recent development of remote
sensing technologies, the data available for analysis have significantly increased. These
remotely sensed data are widely used in many disciplines and for different applications,
including geospatial analysis, agricultural management, morphological analysis, etc. Hence,
in recent years, several algorithms and programs have been developed to analyze these
remotely sensed data [7]. The ability to capture real-time environments using remote
sensing technologies within a short time and improved computing capacities have increased
the use of remotely sensed images in the estimation of river morphodynamics [8].

Many Sri Lankan rivers are facing major issues due to river meandering, such as the
erosion of agricultural land, reduction of flood plain areas, and effects on infrastructure,
such as bridge failures, etc. The erosion of outer banks can result in the exposure of the
bridge abutments and subsequent failures. Therefore, understanding and predicting the
meandering morphodynamics of a certain river have great importance in river management.
The Kelani River, the Kalu River, the Deduru Oya, the Gin River, and the Mahaweli River are
a few examples of rivers where a significantly meandering process can be observed [9–11].
The meandering process can clearly be witnessed downstream of the rivers. However,
research efforts to identify the meandering problem are still lacking for many major rivers
in Sri Lanka. Several studies have discussed the meandering behavior of Sri Lankan rivers;
however, most were focused on various issues related to the meandering process, such
as water quality [9–13]. None tried to analyze these rivers in Sri Lanka by using Landsat-
based remote sensing data to represent their meandering behavior. Therefore, the search
for sustainable solutions in a country like Sri Lanka, which has a radial river system, is
challenging. Thus, the research presented herein aimed to provide information about these
morphodynamical features for one of the major rivers in Sri Lanka, the Deduru Oya. This
is the first attempt to use Landsat remote sensing data in Sri Lankan rivers to capture the
meandering behavior, and the findings will be helpful in designing and managing the
riverine environment of the Deduru Oya.

Remote Sensing Applications in the Fluvial Context

Remotely sensed satellite data are used in many applications, including geological
studies, agricultural management, coastal management, spatial planning, land-use manage-
ment, river management, disaster risk analysis, and GIS mapping [14–18]. Among these
applications, the raster-based digital elevation models are useful. The raster-based digital
elevation models (DEMs) take satellite images as an input to derive elevations. These DEMs
are used in many studies as sources of topographic data because they are easy to access
and available over the whole world. Satellite-derived meteorological data (rainfall data,
temperature data, evapotranspiration estimates, etc.) are used in data-scarce regions in
particular, and these satellite technologies are becoming a good source of data because of
their free availability and easy access [19,20]. The recent development of these technologies
has significantly increased the availability of satellite images and the tools and software
used for analysis. Therefore, in the monitoring and modeling of fluvial processes, remote
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sensing data are frequently used to estimate river floods and to detect the fluvial planform
changes and the controlling processes [21].

The morphological changes in the Bislak and Cagayan Rivers in the Philippines were
studied by Boothroyd et al. [22] for a period of over 30 years using Landsat satellite
images and the Google Earth Engine (GEE) cloud platform. To estimate the river planform
changes, riverbank erosion, and accretion, Rowland et al. [23] introduced an algorithm
called Spatially Continuous Riverbank Erosion and Accretion Management (SCREAM),
which uses satellite remote sensing data to extract river properties. RivaMap is another
algorithm that has been developed to analyze and map river features from remotely
sensed satellite images [24]. Indian satellite remote sensing (IRS) data were used by
Boruah et al. [25] to map the geomorphology and physical habitats of the Brahmaputhra
River close to the Himalayas, where the river is braided and has instabilities.

Combining the available knowledge from this literature, the meandering behavior of
the Deduru Oya in Sri Lanka is qualitatively presented in this research.

2. Study Area

Sri Lanka is a water-rich country that has 103 major river basins. The Deduru Oya is
one of the major rivers in Sri Lanka, originating in the Western part of the central highlands
(in Matale and Kandy districts) and reaching the Indian Ocean on the west coast of Sri
Lanka near the Chilaw urban area. Nearly 97% of the river basin lies in the northwestern
province and only 3% belongs to the central province [26]. The basin is located in the
intermediate agro-climatic zone. Based on the terrain features, the catchment of the Deduru
Oya is categorized into two classes: uplands and lowlands. The mainstream of the river
has a length of 115 km and an annual discharge of 1608 million cubic meters (MCM) into
the sea [27,28]. The average annual rainfall received by the catchment is 1609 mm and the
maximum amounts are recorded in October and November [28].

The digital elevation model (DEM) shows that the lower Deduru Oya river basin has
almost flat terrain compared to the upland area, which could be a reason for the frequently
observed river meandering. Furthermore, the downstream area of the river is facing the
problem of erosion and could undergo the possible exposure of bridge foundations at the
outer banks and accretion of sediment at the inner banks (see the area in the red square
in Figure 1a). In addition, much damage to the infrastructure due to eroded banks can be
easily observed (see Figure 1b). Furthermore, the meandering bend and its sand deposition
can be clearly seen in Figure 1c. These were observed by the authors during their field
visits to the area.
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The study area reached from downstream of the Deduru Oya reservoir dam to the 
river mouth (sea outfall), which is about a 70 km long stretch along the river. The Deduru 
Oya river basin and the selected river segment are presented in Figure 2. 
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3. Data and Methods

The meandering morphodynamics of the river were estimated through a spatiotem-
poral analysis of the river planform using freely available remotely sensed satellite data.
Many geospatial analysis tools can calculate pixel-based indices using different band
combinations from the remotely sensed images. The mapping of different features, such
as water, vegetation, and soil properties, was carried out using combinations of these
pixel-based indices.

The remotely sensed satellite image data were used to identify the river mask, plan-
form, and centerline in this study. Through a temporal analysis performed for a selected
period, the meandering dynamics of the Deduru Oya were estimated using remotely sensed
satellite data, semi-automated digitizing software, and a QGIS mapping tool.

3.1. Landsat Satellite Data Acquisition

Four Landsat products are available: Landsat 1–5 MSS, Landsat 4–5 TM, Landsat
7, and Landsat 8–9. In the current study, we used the Landsat 4–5 Thematic Mapper
(TM), Landsat 7 Enhanced Thematic Mapper (ETM+), and Landsat 8 Operational Land
Imager (OLI) and Thermal Infrared Sensors (TIRS) products to calculate the meandering
morphodynamics. The temporal availability, resolutions, and number of bands for each
Landsat data type are given in Table 1.

Table 1. Landsat data availability (https://earthexplorer.usgs.gov/, accessed on 2 May 2022).

Landsat Data Resolution Available Period Number of Bands

Landsat 1–5 MSS 60 m 1972–2012 04

Landsat 4–5 TM 30 m 1982–2012 07

Landsat 7 ETM+ 30 m 1999 to present 08

Landsat 8 OLI and TIRS 30 m April 2013 to present 11

Landsat 9 OLI 30 m February 2022 to present 11

The data were extracted from the USGS Earthexplorer website (https://earthexplorer.
usgs.gov/, accessed on 2 May 2022) and covered 32 years from 1989 to 2021. These
Landsat images were filtered based on the cloud cover criterion. The maximum cloud
cover threshold for the land area was taken to be 20%, thereby removing the images where
the river was significantly covered by clouds. Further, there were Landsat images with
transverse no-data stripes in the images taken after 2003. These images were also excluded
when selecting the satellite images for our analysis. Additionally, poorly georeferenced
images among the available Landsat images were removed. The selected Landsat data and
the dates of acquisition of the images are listed in Table 2.

Table 2. Landsat data used for the present analysis.

Year Landsat Data Type Extracted Date

1989 Landsat 5 TM 2 December 1989
1994 Landsat 5 TM 11 September 1994
2001 Landsat 5 TM 14 September 2001
2005 Landsat 5 TM 17 March 2005
2008 Landsat 5 TM 4 November 2008
2021 Landsat 8 OLI 23 October 2020

These Landsat images can be downloaded as tiles and each tile contains 5000 × 5000
30 m pixels obtained on a given day. Before the analysis, the images were cropped to our
study area to reduce the image processing time. As mentioned in Section 3.1, this area was
the lower Deduru Oya, downstream of the Deduru Oya reservoir. Figure 3 shows two
Landsat images of the downstream Deduru Oya taken in 2008 and 2010.

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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3.2. Extraction of Water Mask

One important aspect of the Landsat data is the availability of multispectral bands,
and these bands can be combined to calculate indices that represent the relative abun-
dances of different features, such as water, vegetation, and built-up areas [29]. Due to this
capability, Landsat images are commonly used when calculating land use/land cover and
vegetation properties, when identifying water bodies, and for flood mapping. Considering
the above properties, it was decided to use the Landsat images for the extraction of the
river water masks.

The first step of the process was to extract the river mask using the different Landsat
band collections from the Landsat images. Landsat satellite data types, including Landsat
4–5 TM, Landsat 7 ETM+ and Landsat 8 OLI, and Landsat 8 TIRS, were used to extract
the river mask. The extraction was performed based on three indices calculated using the
Landsat image bands.

1. NDVI—normalized difference vegetation index
2. MNDWI—modified normalized difference water index
3. EVI—enhanced vegetation Index

MNDWI is frequently used when identifying water bodies because of its ability to
suppress the noise from built-up land. However, misclassifications can still happen when
using only the MNDWI, mainly due to mixed distributions of water and vegetation, espe-
cially in wetland areas [30]. Therefore, it has been suggested in the literature [30–33] that
MNDWI should be used together with NDVI and EVI to avoid these classification errors.
The calculated values for the NDVI represent the percentage of vegetation in each pixel
(30 m × 30 m pixels) and the MNDWI indicates water and non-water pixels. The NDVI,
MNDWI, and EVI are defined by Equations (1)–(3). In these equations, ρNIR is a near-
infrared band and ρSWIR1 is a mid-infrared band; for example, in Landsat 5 TM images,
band 4 represents the infrared band and band 5 represents the shortwave infrared band,
and in the Landsat 8 images, band 5 represents the infrared band and band 6 represents the
shortwave infrared band.

NDVI =
ρNIR − ρRed
ρNIR + ρRed

(1)

MNDWI =
ρGreen − ρSWIR1

ρGreen + ρSWIR1
(2)

EVI =
ρNIR − ρRed

ρNIR + 6ρRed − 7.5ρBlue
(3)

Considering the above facts and the previous work by Xia et al. [30], it was decided to
use the criteria MNDWI > NDVI and MNDWI > EVI to extract the water pixels, with the
water signals being stronger than the vegetation signals. Further, to avoid the interference
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of wetland vegetation, the condition EVI < 0.1 was used. The water mask extraction process
was automated using a simple python script and GIS environment. The resulting raster
images were then used to extract the river centerline.

3.3. River Centreline Delineation

River planform extraction was performed with the extracted water mask. The cen-
terline of the river had to be identified using the river mask created in the previous step.
Several methods have been proposed in the literature to identify the centerline of a certain
river. One method is to identify the shortest flow path in a multi-branching channel. The
main channel might not always be the shortest flow path, especially in cases where there
are chute channels. However, the main channel has a higher discharge compared to the
chute channels.

A semi-automated digitizing software package called WebPlotDigitizer version 4.5 [34]
was used to extract the river centerline coordinates from the water mask images. After
importing the 2D water mask image to the WebPlotDigitizer, it was calibrated using the
axis coordinates of a few selected known points. The software allows the user to perform
the digitization manually or using automatic digitization algorithms. There are several
automatic extraction algorithms available in the software for extracting a large number
of data points within a short time. In our study, we used the averaging window method
as the automatic extraction algorithm. Then, these automatically extracted points were
adjusted manually to fit them to the actual river by comparing the background image of
the water mask and the points generated by the automatic extraction algorithm. Finally,
the extracted points were saved as comma-separated value (.csv) files and these data were
used to calculate the geometric parameters for the channel. A brief overview of the overall
methodology followed in the study is presented in Figure 4.
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3.4. Estimating Planform Geometry

For a certain point (xi, yi), the centerline arc length (Si), the inflection angle (θi), and
the curvature (ci) were calculated using Equations (4)–(6).

Si =

√(
xi − x(i−1)

)2
+
(

yi − y(i−1)

)2
(4)

θi = tan−1

(
yi − y(i−1)

xi − x(i−1)

)
(5)

ci =
θ(i+1) − θ(i−1)

S(i+1) − S(i−1)
(6)

The zero-crossing points of the spatial variation of the centerline curvature (ci) indicate
the inflection points or the separation of individual meander bends [8]. Therefore, the
variation of the centerline curvature was plotted against the river length to identify the
individual meandering bends of the Deduru Oya. After separating the bends, the geometry
of meandering bends was estimated based on two parameters. Meandering length (ML)
was defined as the axial length of an individual meander along the direction of flow, and
the sinuosity as the ratio between the actual channel length and the direct axial length of
the river [35].

3.5. Estimation of Centreline Migration

The evolution of a planform can be analyzed by estimating the centerline migration
rates. This was carried out by calculating the rates of migration in the river centerline
between two consecutive years. This was undertaken with the use of the Geometric
Attribute tools in the QGIS software package. First, transects were created to each river
centerline with constant distances. Then, the intersecting points on the river centerlines
were ranked based on the distance along the river, and distances were calculated between
the transects based on their ranks. Finally, the annual river migration rates were estimated
by calculating the distance of the migration during the selected time interval and dividing
the migrated distance by the time taken for the migration.

4. Results and Discussion
4.1. River Planform

The river masks extracted based on the three indices described in Section 3.3 are
presented in Figure 5 (data only shown for 1989, 2005, and 2021). The results indicated
that the river masks in some images did not have continuous connections (see the dashed
red circles). This can be attributed to the misclassifications that occurred due to the low
resolution of the satellite images and the possible cloud cover in some images. The selected
river segment of the Deduru Oya has a river width of about 50 m upstream and 200 m near
the outlet. However, the resolution of Landsat 5 and Landsat 8 images is 30 m. Therefore,
the representation of the river was difficult for the narrow sections. This was one of the
major limitations of our study of the morphology of the Deduru Oya. Further, this limitation
could also have reduced the accuracy of the delineated river planform. Misclassifications
due to the mixture of water, sediment, and vegetation can also cause erroneous water
mask classifications.

In addition, the blue patch shown in Figure 5c (see green dashed rectangle) represents the
recently constructed Deduru Oya reservoir, which is mainly used for irrigation purposes.
However, the study took place downstream of this reservoir.
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4.2. River Centerline Variation

The centerlines were generated for the selected six years with the use of a digitization
tool. The extracted centerlines for each year are presented in Figure 6. Significant varia-
tions can be clearly seen at the bends of the Deduru Oya. This is clear evidence of river
meandering in the Deduru Oya. The changes are significant and, therefore, the riverbanks
and the surrounding vicinity at the bends are highly vulnerable to erosion (sedimentation).

The spatial distributions for the river curvature for the six analyzed years are shown in
Figure 7. The figure clearly shows the possible meander bends and their locations along the
river centerline. In addition, the values for the curvature give an idea of the meandering
sinuosity. When analyzing the temporal changes in the river curvature, the highest degree
of curvature in the bends was observed in the years 2021 and 2005, while the lowest bend
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curvature values were observed for 1989. These curvature estimates were used to separate
the individual bends.
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4.3. River Centerline Migration

The rate of total migration along the channel was plotted and the graph is presented
in Figure 8. This was used to identify the variations in the migration rates on the spatial
and temporal scales.

According to the estimated annual centerline migration rates, the minimum migration
amounts were observed during the period from 1989 to 1994 and the maximum amount
of total river migration occurred during the period from 2005 to 2008. These migration
rates are significant and can also be seen in Figure 2. The damage resulting from these
migrations is thus disastrous.
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The meandering bends identified in the study region of the Deduru Oya are shown in
Figure 9 in a coordinate system. These bends were further analyzed, and the meandering
length and sinuosity of each bend were calculated using the Geometric Attribute tools
in QGIS.
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Different types of meandering bend migration are described in the literature [35,36]
depending on the direction and nature of the migrations. The concept of an inflection point
was used to separate the individual meander bends and qualitatively study the types of
bends. These bends are shown in Figure 10. Deb et al. [35] and Lagasse [36] classified
meander bend migrations according to the patterns of the centreline migrations of rivers.

The bends detected in Figure 9 were compared with these different modes of meander-
ing loop development described in the literature and classified by visually inspecting the
changes in the river channel during the selected period. These results are shown in Table 3.

The extension bend migration type was the most frequently found bend migration
type in the study area (see Table 3). Therefore, the curvature is increasing in the Deduru Oya.
In addition, the maximum meander lengths were observed to be at the fourth, seventh,
eighth, and ninth bends (see Figure 9). These bends were located downstream of the
study area. In addition, the nine bend, which was classified as a translation, exhibited
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the maximum sinuosity. Therefore, this bend is moving along the river. Interestingly, the
16th bend showcased the migration type involving a neck cutoff by a chute. Therefore,
the meandering behavior of the bend is becoming reduced over time and straightening
the river at the 16th bend. Furthermore, the lowest meander length was observed at the
12th bend.
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Table 3. Classification of meandering bend migrations in the lower Deduru Oya.

Bend ID
Location Coordinates

Meander Length (m) Sinuosity Type of Bend Migration
Starting Point Endpoint

1 (369,891, 840,926) (370,469, 841,322) 1147 1.67 Diagonal cutoff by chute
2 (370,469, 841,322) (371,392, 841,643) 1074 1.12 Rotation
3 (371,392, 841,643) (372,085, 841,713) 970 1.26 Extension
4 (372,085, 841,713) (372,744, 842,194) 1747 2.14 Extension
5 (373,439, 842,829) (374,175, 842,607) 958 1.28 Extension
6 (374,175, 842,607) (374,658, 842,408) 602 1.14 Conversion to compound loop
7 (376,310, 843,127) (378,050, 843,167) 2137 1.22 Extension
8 (378,050, 843,167) (380,069, 843,259) 2937 1.48 Extension
9 (381,376, 845,347) (381,803, 846,241) 2052 2.16 Translation

10 (381,803, 846,241) (381,770, 847,127) 1239 1.42 Conversion to compound loop
11 (382,838, 849,184) (383,484, 849,056) 793 1.13 Extension
12 (383,484, 849,056) (383,897, 848,928) 581 1.39 Extension
13 (385,793, 849,733) (386,464, 850,102) 948 1.74 Translation
14 (388,671, 851,246) (389,186, 851,590) 1304 1.75 Rotation
15 (389,427, 851,590) (389,864, 851,679) 850 1.41 Extension
16 (395,413, 853,972) (397,947, 854,106) 3136 1.23 Neck cutoff by chute
17 (405,221, 853,671) (406,338, 853,766) 1361 1.18 Extension
18 (417,035, 854,669) (417,950, 854,127) 1277 1.17 Translation



Land 2022, 11, 1091 13 of 15

The identification of the bend migration type is important for any future riverbank
conservation and protection services. The planners can introduce necessary steps suitable
for each river bend.

5. Summary and Conclusions

Studying river migration patterns is an important factor when designing critical
infrastructure, such as bridges, roads, etc. In addition, it is highly important for managing
river flows. The results of this study will therefore be useful for planning river management
activities (conservation) and designing infrastructure close to the river.

The current study was conducted to develop a simple method to investigate the river
meandering features of a narrow river using freely available remote sensing satellite data
and GIS tools. The method was applied to a meandering river in Sri Lanka (the Deduru
Oya) to investigate the change in the active channel during the past three decades from 1989
to 2021. This is the first such study undertaken for the river basins in Sri Lanka and, more
importantly, for the Deduru Oya (as per the authors’ knowledge). The method developed
used Landsat satellite image data to identify the river planform and this was then digitized
to calculate the river geometry, the changes over time, and the meandering features of the
Deduru Oya.

The current analysis indicated that the highest number of meandering bends could
observed in the lower (most downstream) and the middle parts of the selected river
segment. It was also observed that the Deduru Oya has undergone considerable change
in its curvature and migration rates. According to the results obtained, the curvatures of
the critical meandering bends have increased over time between 1989 and 2021. Similarly,
the annual meandering rates were observed to be higher in recent years compared to the
past. The meandering bends identified were classified according to the bend types defined
by Lagasse [36]. This information can be effectively used by the Irrigation Department
of Sri Lanka to restore and conserve the riverbanks and their surroundings. This is very
important as the Deduru Oya has been identified as one of the rivers in Sri Lanka that has
been most intensely mined for construction sand. Therefore, the riverbanks are often mined
legally and illegally. The riverine ecosystem always affects the meandering process and
vice versa. For example, the existence of vegetation close to the river banks slows down
meander bend migration, and the river meandering can also turn the vegetated areas into
wetlands, completely changing the ecosystem features. Thus, the findings of this research
are very useful for the management of the river ecosystem. In addition, the Deduru Oya
floods annually. Knowledge about the meandering patterns of the Deduru Oya river will
help to reduce flood-related erosion risks in the riverine environment. Therefore, the results
can be used for flood risk analysis of the Deduru Oya river. Furthermore, the mathematical
representations of these meandering bends could also be investigated in a future study.

The usefulness of Landsat satellite data for studying river channel morphodynamics
is widely acknowledged in the literature [2,8,22,35–39]. However, the accuracy of the
geomorphological applications of these satellite data is highly dependent on the resolution
of the images and the river width. Analyzing the narrow channels (i.e., river width < 100 m)
using medium-resolution images (Landsat, Sentinel, etc.) can reduce the accuracy of the
results [21]. The width of the Deduru Oya changes from about 50 m in the upstream
areas to about 200 m near the sea outfall. Hence, there are limitations regarding feature
extraction and classification when using these freely available Landsat images, which
can cause misclassifications and reduce the accuracy of the extracted river representation.
Therefore, it is recommended to use satellite data that have higher resolutions in future
studies. Another limitation of the current method is that it is only able to estimate the
centerline changes over time and cannot be used to identify sediment bars or to determine
the dynamics of sediment in rivers. Therefore, the method could be developed to calculate
the sediment bar dynamics in the Deduru Oya in future research.
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