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Abstract

Assessment and monitoring of river morphology own an important role in river engineering;
since, changes in river morphology including erosion and sedimentation affect river cross-
sections and flow processes. An approach for River Morphodynamics Analysis based on
Remote Sensing (RIMARS) was developed and tested on the case of Mollasadra dam
construction on the Kor River, Iran. Landsat multispectral images obtained from the open
USGS dataset are used to extract river morphology dynamics by the Modified Normalized
Difference Water Index (MNDWI). RIMARS comes with a river extraction module which is
independent of threshold segmentation methods to produce binary-level images. In addition,
RIMARS is equipped with developed indices for assessing the morphological alterations.
Five characteristics of river morphology (spatiotemporal Sinuosity Index (SlI), Absolute
Centerline Migration (ACM), Rate of Centerline Migration (RCM), River Linear Pattern
(RLP), and Meander Migration Index (MMI)), are applied to quantify river morphology
changes. The results indicated that the Kor River centerline underwent average annual
migration of 40 cm to the southwest during 1993-2003 (pre-construction impact), 20 cm to
the northeast during 2003-2011, and 40 cm to the south-west during 2011-2017 (post-
construction impact). Spatially, as the Kor River runs towards the Doroudzan dam, changes
in river morphology have increased from upstream to downstream; particularly evident where

the river flows in a plain instead of the valley. Based on Sl values, there was a 5% change in



the straight sinuosity class in the pre-construction period, but an 18% decrease in the straight
class during the post-construction period. Here we demonstrate the application of RIMARS in
assessing the impact of dam construction on morphometric processes in Kor River, but it can
be used to assess other riverine changes, including tracking the unauthorized water

consumption using diverted canals. RIMARS can be applied on multispectral images.

Keywords: Environmental Monitoring; Iran; Landsat; MNDWI; Multispectral image;

RIMARS; River migration; Sediments; Sinuosity Index.

1. Introduction

River morphology, sediment erosion, and accumulation are important driving factors for in-
stream habitat conditions (Yang et al., 1999). Alterations in the morphology of fluvial
systems can negatively affect the downstream environment, with subsequent ecological
consequences such as habitat loss, disconnection of aquatic and terrestrial ecosystems
(Grabowski et al., 2014), and negative effects on the diversity and composition of
invertebrate populations (Choi et al., 2005). Additionally, morphological changes in rivers

have socio-economic impacts on people living alongside rivers (Sear, 1994).

Fluvial systems are sensitive to climate, land, and water use changes (Heyvaert and
Baeteman, 2008; Brierley et al., 2005; Heyvaert et al., 2012). Anthropogenic disturbance e.g.
land use and land cover change, river modification as well as climate change are influential
on major characteristics of flow regime in river (Ashraf et al., 2018; Hekmatzadeh et al.
2020; Mustonen et al., 2016; Pirnia et al., 2019; Torabi Haghighi et al., 2019; Yaraghi et al.,
2019). Dams are considered to cause major anthropogenic disturbance in riverine systems, by
altering the sediment yield and flow regime characteristics such as variability, magnitude,
timing, and frequency (Torabi Haghighi et al., 2014; Yang et al., 2015). The impacts of dams

on river morphology are well documented, e.g., it has been shown that the Garrison and Oahe



dams influence the morphological dynamics of the Upper Missouri River (Skalak et al.,
2013), that the morpho-dynamics of Dry Creek stream have been considerably altered by
operation of Warm Springs dam (Gordon and Meentemeyer, 2006), and that operation of
Jackson Lake dam has changed the downstream channel morphological characteristics of the

Snake River (Nelson et al., 2013).

Monitoring morphological alterations to fluvial systems could help manage rivers and
decrease the expected impact (Darabi et al., 2019). Assessment of current morphological
conditions and identification of potential alterations in the future are possible through
knowledge and understanding of previous changes in river morphology (Smith and Pain,
2009). Parameters of morphological characteristics, including Sinuosity Index (SI) (Mueller,
1968; Oshorne et al., 2012) average channel width (W), and flow length (L) (Yousefi et al.,
2016), can be used in quantification of morphological alterations in rivers, but several
different parameters are required for better understanding and analysis of river migrations. In
addition, considering the length, depth, and vegetation cover of the rivers, any local
assessment of geomorphological alterations is likely to be costly and time-consuming. Using

new techniques such as Remote Sensing (RS) analysis could help in addressing these issues.

RS is known as an alternative to the costly and time-consuming efforts such as surveying;
especially for large scale monitoring and studying morphological changes in rivers. Its
reliability and effectiveness in this regard has been demonstrated in the Pearl (Zhang et al.,
2015), Manu (Deb et al., 2012), Jamuna (Uddin, K., Shrestha, B., Alam, 2011), Ganga (Gupta
et al., 2013), and Zambezi (Ronco et al., 2010) rivers. Water body extraction methods
commonly applied using RS data are automated classification and spectral feature analysis
(Guo et al., 2017). Both supervised and unsupervised automated classification algorithms
have been used by several authors (Boruah et al., 2008; Gilvear et al., 2004; Wright et al.,

2000) to classify different objects in the image by categorizing the pixels. Spectral feature



analysis methods have been automated recently and several attempts have been made
regarding river planform extraction and quantification of meander morpho-dynamics from
multispectral, grayscale, or binary-level images, including RivMAP (Schwenk, 2019), PyRIS
(Monegaglia et al., 2018), RivaMap (Isikdogan et al., 2017), and SCREAM (Rowland et al.,
2016). RivaMAP and PyRIS work with multispectral images while RivMAP and SCREAM
packages calculate the morphological characteristics on binary masks provided by the user.
RIMARS development was inspired and motivated by the similar efforts mentioned above. It
seemed that the combination of extraction modules and morphological analysis in an
integrated package is missing. Although PyRIS includes the morphological assessment of the
rivers as well as its river path extraction features, RIMARS is equipped with several indices
where migration rates of the river centerline are evaluated. Additionally, RIMARS is able to

locate the meanders in a reach.

The aim of the present study was to develop an automated software package in MATLAB for
River Morphodynamics Analysis based on RS data (RIMARS). Detecting and extracting the
river centerline and using several indices for assessing the morphological alterations are the
objectives of this study (Shahrood, 2018). To this end, we employed different indices to
support the existing Sl in better characterization of spatial morphological changes in rivers. A
40-km stretch of the Kor River with the average width of 100 m in southern Iran was selected
as a case study to test the RIMARS software package. The selected stretch of the river is
located between two dams (Mollasadra upstream and Doroudzan downstream). The impact of
flow regime alteration due to Mollasadra dam construction on river morphology is
investigated. At the end, the extraction module of RIMARS has been compared with two

existing packages (i.e. RivaMAP and PyRIS).

2. Material and methods



2.1. Study area

The Kor River (Fig. 1), located in Lake Bakhtegan basin (Torabi Haghighi and Klgve, 2017),
is one of the most important sources of freshwater in Fars province, Iran (Torabi Haghighi
and Klgve, 2016). It originates from the Zagros Mountains (altitude 3600 m a.s.l.) and later
joins the Sivand River at Polkhan Bridge and flows over the Korbal plain, finally discharging
into the Lake Bakhtegan. The Kor River is regulated by two storage dams, Mollasadra (0.44
km®, 2006) and Doroudzan (0.993 km®, 1972) (Torabi Haghighi and Klgve, 2015). In this
study, we focused on morphological alterations in the Kor after construction of the
Mollasadra Dam in 2006. The stretch studied extended from Ab-Mahi village below the
Mollasadra dam to the highest water level of the Doroudzan dam (Fig. 1b). The impact of the
construction of Mollasadra dam was determined by studying changes in river morphology in
pre-construction and post-construction periods. The results were compared against data from
the Chamriz flow gauge record, which clearly show the impact of dam construction and
possible climate-related alterations in the monthly flow regime of the Kor River downstream
of the Mollasadra dam (Fig. 1c). The monthly flow data from the Chamriz gauge were

considered in Landsat image selection for the study (Water Resources Atlas Report, 2011).

Fig. 1. SOMEWHERE HERE
2.2. Remote Sensing Data

Multispectral images from the Landsat archive were downloaded and used in this study.
Preliminary investigations were found to be necessary to ensure the suitability of the images.
Image selection was based on hydrological conditions (in order to distinguish water bodies

along the river), cloud cover, and the specific date on which the image was acquired.



Temporal river morphological alterations were assessed by comparing morphological river
characteristics in the pre- and post-construction periods. We selected two images from before

and two from after dam construction in 2006. These consisted of Landsat 5 (TM) images

acquired in 1993, 2003, and 2011, and Landsat 8 (OLI) images acquired in 2017. The images
from 1993 and 2003 represented the pre-construction period and those from 2011 and 2017
the post-construction period. Modified Normalized Difference Water Index (MNDWI) was
used to produce grayscale scenes and the images selected were for periods in which large
flows occurred, in order to ensure that the images showed a clear and distinct river centerline
during image processing. The acquired Landsat images for 29/05/1993, 30/03/2003,
28/03/2011, and 28/03/2017 were chosen for analysis, since observed flow at the Chamriz
flow gauge on these dates was considerably higher than mean flow (24 m3s™), the daily flow
in selected days were 32.42, 86.4, 30.4 and 75 m’s™ respectively. The images had a
resolution of 30 m and completely covered the study area, with path and row of 163 and 39,
respectively.  Reflectance calibrated images were downloaded through ESPA
(https://espa.cr.usgs.gov/), which is a free access portal. Morphological characteristics were

assessed by considering 1993 as the reference year.
2.3 Methodology

The river morphological alteration framework developed in this study is shown in Fig. 2.
MNDWI (Xu, 2006) was applied to the Landsat images for delineation of the pixels

representing water as:

MNDWI — Xgreen — XMIR (1)

Green + XMIR

where X is the reflectance value of each pixel in the Green and MIR bands in a Landsat
image. After extracting the river centerline by image processing, morphological alterations in

the river were assessed using five different indices. These quantified either changes in river



position (Absolute Centerline Migration (ACM), Rate of Centerline Migration (RCM), and
River Linear Pattern (RLP), or changes in local meander (SI and Meander Migration Index

(MM1)) (Fig. 2).

Fig. 2. SOMEWHERE HERE

2.3.1. River Centerline Extraction

The river centerline was delineated in three main steps: MNDW!I application, screening, and
Gap-filling (Fig. 2). Each image collected from Landsat is arranged in an m x n matrix of
pixels and MNDWI values for each pixel were calculated using Equation 1. This results in a
grayscale image with values ranging between -1 and +1. Any threshold can be applied for
producing a binary-level matrix that contains water and non-water pixels, but the procedure
does not depend on threshold segmentation methods since the script is bounded to extract
points in a buffer zone. The buffer zone is established by setting a polygon around the river to
limit the area in which the script finds the river, e.g., the study area can be demarcated by an
external prefabricated polygon that is structured through visual interpretation of the user in
drawing programs (e.g., ArcMap). This step is not mandatory, but it is highly recommended,
since the method is based on subtraction of so-called obtrusive pixels which represent
moisture, but they do not exist in our region of interest. Thus, no matter which threshold is
applied to the grayscale image, the script extracts the river centerline in an iterative

procedure.

In RIMARS, the maximum values of MNDW!I in each row and column of the matrix are
assumed to represent the points of the river centerline in the screening step (the rest of points
will be removed at this step). This step results in an initial layout of the river representing the

centerline, but with considerable void spaces (gaps) between points.



To obtain a clearer river centerline, the screening step is followed by a Gap-filling step. Gap
filling regenerates new points and inserts them inside the river in an iterative process. In the
first step, the distance between each two subsequent points (gathered from screening step) is

calculated by using Equation 2:

L= \/(xi+1 —x)% + (Vig1 — Yi)? 2)
Where L is the direct distance between two given points, x and y are coordinates of the points.

The biggest gap between two subsequent points will be recognized (e.g. A and B in Fig. 3a)
and the first point (point A) will be selected. The Gap-filling algorithm proceeds to create a
selection zone made up by four corners (red crosses in Fig. 3b). The distance between crosses
and the selected point is 70 m (due to the resolution of Landsat image 30x30 m, therefore,
there would be at least two points in each side of the selected point). The points from the
grayscale matrix which were removed during the screening step are brought into the selection
zone (Fig. 3b and 3c). Finally, the point containing the maximum MNDWI value among
other points in the selection zone is chosen as new point for river centerline (green circle in
Fig. 3). The Gap-filling algorithm returns to the first step until all the gaps are not greater

than 30 m (Fig. 3d, 3e and 3f).

Fig. 3. SOMEWHERE HERE

This procedure enables a detailed shape of the river centerline to be extracted. The whole
process is shown in Fig. 4, where the Landsat image obtained from ESPA (Fig. 4a) is
transformed to a grayscale image by applying MNDW!I (Fig. 4b), and the grayscale image is
transformed to a binary-level image by applying an arbitrary threshold to produce the water

and non-water pixels (Fig. 4c). With the aid of the binary-level matrix and a prefabricated



polygon around the river location, the screening phase separates water pixels from non-water
pixels to create an initial shape of the river centerline (Fig. 4d). Finally, the Gap-filling
process fills the gaps in an iterative procedure to completely extract the river centerline (Fig.

4e). The location of the centerline points relative to the river channel can be seen in Fig. 4f.

Fig. 4. SOMEWHERE HERE

2.3.2. Linear Pattern of the River

To use the temporal centerline migration indices, we need to generate a grid based on the
River Linear Pattern (RLP) (Fig. 5). RLP is a first-order linear fit (called reference line) that
is applied to the points of the river centerline (results of Gap-filling in section 2.3.1) in the
reference year (here 1993, black line in Fig. 5). To develop the grid, two lines (blue lines in
Fig. 5, parallel to the reference line) accompanying with the series of perpendiculars (cyan
lines in Fig. 5) are created. By circumscribing the grid on the river centerline, the location of

intersections of river with cyan lines will be obtained in each year (Fig. 5).

Fig. 5. SOMEWHERE HERE

2.3.2.1. River Morphology Alteration Indices

To assess the changes in different parts of the river quantitatively, three indices are used in
this study. These are River Linear Pattern (RLP), Absolute Centerline Migration (ACM), and
Rate of Centerline Migration (RCM). River Linear Pattern is obtained by dividing a river into
smaller parts (in this study five parts, each 20% (8 km) of the 40-km river stretch) and

applying a first-order linear fit to each part in each year to assess the location of alterations



visually. By overlaying these fitted lines during the different years, it is possible to

demonstrate alterations in each part of the river.

Absolute Centerline Migration (ACM) is a means of measuring the migrations of the river
centerline in each year and compare it against that in the reference year (i.e. 1993). The mean
difference between the distance of intersection points of each year (explained in previous
section) and reference year is calculated for every 10% (decile) of the river length (Equation
4). Rate of Centerline Migration (RCM) is calculated using Equation 5 to evaluate the extent

by which the river centerline has migrated in each period (Fig. 6).

ACM = Zi:l(ILZ:lI_ [Lqil) (3)

RCM = ACM @)

Yearpy4q, —Yeary

where Lj; and Ly; are the direct distances between intersections of the two given years (e.g.,
1993 and 2003, respectively) relative to the reference line, n is the number of intersections is

each decile, and m is number of the year (i.e., 1993=1, 2003=2, 2011=3, 2017=4).

Fig. 6. SOMEWHERE HERE



The Kor River runs from northwest to southeast. Negative and positive signs in calculation of
ACM and RCM indicate migration of the river in the southwest and northeast direction,

respectively.
2.3.3. Analysis of Meanders

This section consists of the methods for analysis of the meanders of the river. Firstly, the
existing Sinuosity Index (SI) is calculated for all groups of points of the river in each year.
Then the Sl classes are assigned to each range of Sl values and the percentage of each class in
the whole river stretch will be obtained. Using the percentages, an Sl class distribution map
will be produced. In the next step Meander Migration Index (MMI) is used to assess the

migration of the meanders quantitatively.
2.3.3.1. Sinuosity Index and meandering layout of the river

In order to evaluate morphological alterations in meanders of the river, the Sl is used to

analyze quantitative and qualitative aspects of meanders. The Sl value is calculated as:

s1 =< ()

DL

where CL corresponds to channel length and DL corresponds to down-valley length.

The value of CL is obtained through the cumulative summation of the direct distances
between points. The value of DL is calculated by measuring the direct distance between two

specific points. Therefore, the Sl value for each pair of points in the river centerline is

K1) Jeads to a

calculated. For n number of points representing the river centerline, Y7, >

large number of Sl values since there are plenty of points representing the river centerline. A
database comprising Sl values for all points of the river centerline in each year is made.
Based on the range and magnitude of the SI, meanders are classified into four groups (Table

1) (Ashour et al., 2017; Kuriqgi et al., 2017; Tiwari et al., 2016). Due to the large number of



points in the present application, the SI values are defined as the percentage of each class

(Table 1).

Table. 1. SOMEWHERE HERE

Using the results of Sl calculation, the four major meanders are derived based on the SI
values in descending order in each year (4x4=16 meanders are selected). For example, four
major meanders in the reference year (here 1993) are plotted in the first four subplots and the
location of the river in other years (here 2003, 2011, and 2017) is overlaid. The same is done
for all years (2003, 2011, and 2017). The meander morphodynamics can be visually

interpreted from the overlaid meanders.

2.3.3.2. Meander Migration Index (MMI)

To quantify the migration of meanders, a distinct parameter should be considered. In this
study we used Meander Migration Index (MMI) based on the migration of the centroids of
meanders (Fig. 7). Meander Migration Index treats each meander as a polygon and the
location of the centroid of each polygon is calculated and compared to the same meander
over the years (Equation 2). MATLAB can locate the centroid of each polygon using a simple

function known as centroid (Kantor I, Matousek J, 2015).

Fig. 7. SOMEWHERE HERE

2.3.4. Model Validation

Using available survey operation data gathered from Fars Regional Water Authority, the

result of the extracted points is validated. Besides, the reliability of the extraction module of



RIMARS is compared with two existing packages on the same Landsat data. PyRIS and

RivaMAP are employed to extract the river path from an image gathered on 28/03/2011.

3. Results

3.1 River Linear Pattern (RLP)

Initial assessment of the centerline in the 40-km stretch of the Kor River done by RIMARS
(between Ab-Mahi and Doroudzan dam) revealed that the river centerline movement is
increasing along this stretch (Fig. 8a). The smallest change in the river centerline was
observed in upstream parts (starting position) of the river, while the maximum change was at
the downstream end of the river, where it joins the Doroudzan dam (Fig. 8b). River Linear
Pattern change mainly starts at the end of fourth decile of the river stretch, at a distance of 24
km from Ab-Mahi (at about 60% of the total length of the river). This is clear from the linear
fits, as the direction and gradients of overlaid linear fits differ. Furthermore, considerable

changes were detected at 32 km from Ab-Mahi towards Doroudzan Lake (Fig. 8b).

Fig. 8. SOMEWHERE HERE

3.2. Kor River Centerline Migration

3.2.1. Absolute Centerline Migration (ACM)

The smallest centerline migrations (less than 1 m) were observed in the third decile of the 40-
km river stretch (i.e., 20-30%) in different years (Table 2). However, in the 10th decile,
maximum centerline migrations of about 100 m were observed. Most meanders were spotted
in the 10th decile, a part which is close to the Doroudzan dam waterline. Comparing ACM
values between each year (2003, 2011, and 2017) and the reference year (1993) revealed that

considerable migrations had occurred in the fourth, sixth, seventh, eighth, ninth, and 10th



decile of the river stretch studied. Over time, the migrations showed great values, e.g., the
migration value in the fourth decile of the river centerline was 34.47 m during 1993-2003,
while it is increased by 7.36 m and 7.88 during 1993-2011 and 1993-2017, respectively. A

corresponding increase occurred in the fifth, seventh, and eighth length deciles.

Table 2. SOMEWHERE HERE

3.2.2 Rate of Centerline Migration (RCM)

RIMARS revealed that during the first period (1993-2003), the entire centerline of the Kor
River moved towards the southwest by an average rate of 40 cm per year. They also revealed
an average migration of 25 cm towards the northeast in the period comprising pre- and post-
dam construction (2003-2011), but the migrations were not as large as in 1993-2003. During
the last period studied (2011-2017), the analysis revealed that the entire river showed a

migration of about 40 cm per year towards the southwest.

Furthermore, analysis of centerline migration in sections of the 40-km stretch of the river
divided into deciles showed that the rate of centerline migration in the final section had
changed significantly compared with the other parts. During 1993-2003 (pre-construction), in
the last decile of the river stretch length, the centerline moved towards the northeast by an
annual average rate of 7.49 m, while in the sixth and seventh deciles it migrated by 4.78, and
4.82 m per year, respectively, towards the southeast and in the eighth decile by 4.97 m per
year towards the northeast. During 2003-2011, the centerline in the last decile of the river
moved by 3.13 m per year towards the northeast. In 2011-2017, the centerline in last decile
did not show any considerable migrations, but that in the fifth decile showed an average 4.56

m per year movement towards the southeast (Table 3).



Table 3. SOMEWHERE HERE

3.3. Meanders

In this step, the proportions of each Sl class are calculated and the sinuosity of the river is
qualitatively and quantitatively expressed. The migration of each major meander in the river

is then quantified using the migration of its centroid over time.

3.3.1. Spatio-temporal distribution of meanders along the Kor River

The results revealed that in 1993, about 33% of the river length was “straight” and 39% fell
into the “winding” class. The “twisty” and “meandering” classes occupied 20% and 8% of
the river length, respectively. However, the SI calculation showed that in 2003, 38% and 41%
of the river stretch studied was in the straight and winding class, respectively, while 16% and
5% was categorized as twisty and meandering class, respectively. In 2011, 33% of the river
length was categorized as straight class, 45% as winding, 13% as twisty, and 9% as
meandering. In 2017, around 16%, 55%, 18%, and 11% of the river stretch was categorized

as straight, winding, twisty, and meandering class, respectively.

During 1993-2003, the river showed a 2.9% and 3.78% reduction in the meandering and
twisty classes, respectively, while the winding and straight categories increased by 1.94% and
4.74%, respectively. The post-construction impact values (2011-2017) indicate that the
meandering part of the river stretch increased by 28.8% after construction of Mollasadra dam,
while its straightness showed a 52% reduction. On the other hand, during 2011-2017 the
winding part increased by 22% and the twisty part increased by 39%. Moreover, during 1993-
2003, the length of the stretch decreased by 3.25 km. However, as river straightness
decreased, the length of the stretch increased by 450 m and 2 km during 2003-2011 and

2011-2017, respectively (Fig. 9).



Fig, 9. SOMEWHERE HERE

The sinuosity categories are qualitative. Fig. 10 reveals that during 1993-2003, the straight,
winding, and twisty SI classes dominated. Downstream in the river stretch, the color
representing the meandering class (blue) changes to a combination of winding (black) and
straight (red), indicating that during 1993-2003 the proportion of meandering class decreased
and those of the winding and straight classes increased. However, during 2011-2017 the
proportion of meandering class increases, and the percentage of the straight class is
considerably decreased, so the river shape in 2017 shows less straightness (green) than in

previous years. It has higher Sl values than in previous years.

Fig. 10. SOMEWHERE HERE

3.3.2. Spatiotemporal changes in major meanders

Meanders labeled Al, A3, A4, B3, B4, and C3, in Fig. 11 migrated a considerable distance
(average 109, 196, 112, 130, 124, and 84 m, respectively (Table 4)) while there was no
marked migration in A2, B1, C1, and D1 (average 12 m). Meanders D3 and B2, which are
situated in the first half of the river stretch, also did not show any considerable migration in
meanders (15 m and 48 m, respectively). In Fig. 11, most meanders (around 75% of the major

meanders) were located in the second half of the river stretch.

Fig. 11. SOMEWHERE HERE

3.3.3. Meander Migration Index (MMI)

Based on Fig. 11 and Table 4, although the centroids of meander Al in 2003, 2011, and 2017

did not show any remarkable differences (around 5 m), the distance between the centroid of



that meander in 1993 and in other years was around 190 m. Considerable migrations occurred
in meander A3 over time, with the centroid of this meander having migrated by 173 m, 176

m, and 225 m during 1993-2003, 1993-2011, and 1993-2017, respectively.

During 1993-2003, the centroid of meander A4 moved by 176 m. The centroid of meander
B3 moved by 206.22 during 2011-2017. The centroids of meanders B2, and D4 did not

migrate significantly (Fig. 11, Table 4).

Table 4. SOMEWHERE HERE

3.3.4. Sinuosity Index values of major meanders

The Sl value changed in the major meanders Al, A3, A4, B3, and D4. In a notable alteration,
the A1 meander changed from to meandering to twisty due to a 70% reduction in its Sl value.
Moreover, the A3 and A4 meanders changed to winding from meandering and twisty, as their
Sl values decreased by 36% and 25%, respectively. The 17% increase in the Sl value of

meander C2 changed its category from winding to twisty (Table 5).

Table 5. SOMEWHERE HERE

4. Model Validation

Validation of the RIMARS could be done with two series of observed and simulated datasets
while they are synchronized temporally. Generally, observed data could be obtained through
surveying operation. This type of operations is rarely available in desired time (in this case,
29/05/1993, 30/03/2003, 28/03/2011, and 28/03/2017) and location (in this case, 40 km
length) owing to their costly performance, unless due to a specific reason (e.g. construction of

hydraulic structures, etc.). The only available observed dataset regarding this case study is the



5-km stretch of the river boundary (i.e. Kor River) that belongs to 2009 and extends from
(52°77°, 30°19”) to (52°9”, 30°24”). Therefore, we compared our results (extracted centerline
from automated framework) in the closest year to the observed data (i.e. 2011). The results
showed that 92% of the extracted centerline points are placed within the observed river
boundary. It is noticed that there are some uncertainties due to the time asymmetry of the

simulated and observed data.

Besides, the extraction module of the RIMARS was compared with two existing packages;
i.e., RivaMAP and PyRIS. All three methods were applied on the same Landsat image in
2011 (Fig .12). The results of RivaMAP revealed huge gaps between different parts of the
river (Fig. 12 c, d, f), probably due to the selected threshold and the lack of water inside the
river for using the MNDW!I; while RIMARS was able to find the remaining points (Fig. 12 b,
d, e), owing to its Gap-filling module and its independency of thresholding methods. PyRIS
also was able to trace the river without having any gaps in the points (Fig. 12 a, e, f);
although, in multi-thread parts of the channel, it provides a wrong river path. In multi-thread
parts, the coordinates of a selected point are an average value of its left and right pixels, thus
in such parts of the river, the extracted centerline has not passed through the river main
corridor (Fig. 12 a2, a3, a4). In multi-thread channels, RivaMAP works better than RIMARS

and PyRIS (Fig. 12 c2).

Fig. 12. SOMEWHERE HERE

In comparison with the available software packages including PyRIS, and RivaMAP,
RIMARS covers a wide variety of innovation and novelties, especially, in morpho-dynamic

analysis where several metrics are automated and used to assess the morphological changes



in spatiotemporal scale. It is known as an advantage in comparison with RivaMAP package
so that despite its great ability for river extraction process it is not able to compute the
morpho-dynamic metrics (Schwenk et al., 2017). In terms of centerline migration analysis,
the construction of mesh on the extracted centerlines enables us to measure the migrations
even in higher resolutions. Additionally, the independency of using threshold segmentation
methods makes RIMARS more scalable in comparison with other packages. In general, each
existing package has some weaknesses along with its strengths. For instance, although
RivMAP and SCREAM provide the methodology of morphodynamic analysis, they strongly
rely on the type of the input data. In other words, both packages perform the morphological
analysis on the binary channel masks rather than digitizing the river directly from images;
therefore, the user needs to provide the temporal channel masks using different computer
programs; while PyRIS, RivaMAP, and RIMARS work with the multispectral images and
they extract the river planform by their own in an automated manner. That means, the binary
masks are produced within the package instead of a third-party application. PyRIS and
RivaMAP, both use Otsu thresholding methods for creating the binary masks from the grey-
scale images. The availability of the Gap-filling module in RIMARS eliminates the need of
thresholding method by sketching a first layer of the river centerline in "Screening” step based
on the given arbitrary threshold, and then it finds the remaining river points in Gap-filling
module. Therefore, any threshold could be selected for creating the binary image. Moreover,
it appears that RivaMAP can work well with the larger rivers; while RIMARS -thanks to its
double-cycle extraction (i.e. screening and Gap-filling modules)- can deal with the smaller
streams too. In addition to the extraction part, RIMARS comes with several developed
indices that quantifies the morphometric properties of the river and its meanders. RIMARS,
PyRIS, and RivaMAP rely on moisture indices (i.e. MNDW!I) to produce the grey-scale

image; thus, in an image with snow and mountain shadows, pixels could be mistakenly



selected as water body. PyRIS delineates the river by using three different layers of NDVI,
MNDWI, and SWIR, but as discussed earlier, it still relies on the Otsu thresholding method.
In terms of morphometric analysis, PyRIS calculates the migration rates and visualizes the
sediment bars which is its novel features but developed indices in RIMARS can detect the
meanders of the river and calculate their morphometric alterations, in addition, it is capable of
analyzing the temporal centerline migration. The results of all packages heavily depend on

the resolution of the images.

5. Discussion

Determining changes in river morphology and in channel forms is a fundamental issue in
fluvial geomorphology (Ahnert et al., 1965). However, assessing these changes by field
surveys in natural channels is time-consuming and costly. Using RS techniques to extract
geometric data can reduce the need for field surveys, leading to a significant reduction in the
cost and time. In addition, poor travel links, and political limitations may increase the cost of

a field survey operation that can be reduced while using RS data (Osborne et al., 2012).

The availability of Landsat data from 1972-present makes it possible to monitor and identify
historical trends and employ them in future decision-making tasks. However, RIMARS is not
scale-dependent and can be used for small and large rivers using any other sort of
multispectral images acquired from e.g., unmanned aerial vehicles or satellite data. The
process of river centerline extraction in RIMARS is performed in MATLAB, which is an
improvement on the manual extraction process. Production of the binary-level images
requires an optimum threshold to be used on the grayscale image obtained by applying
MNDWI (Monegaglia et al., 2018; Peixoto et al., 2009; Rowland et al., 2016). However, the
main advantage of RIMARS is that extraction of river centerline is independent of threshold

segmentation methods. The automated process is not obliged to work with an optimum



threshold, due to its ability to search for the points of the river centerline in a repeated cycle
operation. Unlike other existing software packages including PyRIS and RivaMAP, this is

one of the important novel features of RIMARS that reduces the need for user intervention.

RIMARS also automates analysis of morphological characteristics by applying different
indices. In comparison with RivaMAP which is well designed for extraction of the river from
multispectral images RIMARS comes with several developed indices in addition to its
extraction module. The employed RLP index helps identifying potential locations where
changes have occurred, while the ACM and RCM indices quantify the migrations. MMI and

Sl are used to detect changes in meanders and their migration rates.

We used MMI as a complementary index for Sl. Its benefit is illustrated by the B4 subplot in
Fig. 11, where there were alterations in the meander over time. The Sl results show this
meander as winding, with Sl values within a narrow range (Table 5), but the MMI shows that
the centroid of this same meander has migrated by around 240 m, a non-negligible change.
On the other hand, while the MMI results for the meander in the D4 subplot in Fig. 11
indicated only 60 m of migration, the Sl value decreased from 2.06 to an average of 1.31 over
time. These two indices should thus be used simultaneously, since when one index is not able

to track changes, the other is likely to do so.

The results revealed that most of the migrations and morphology changes occurred in the
second half of the river centerline, where the Kor River leaves a valley and suddenly expands
across a plain. This allows the river to move freely, as it is not restrained by any obstacles.
Therefore, as the river runs across the plain towards Doroudzan dam, the migrations become
greater (Fig. 8 and Fig. 11). In addition, the migration rates show that before the construction

of Mollasadra dam the alterations arose from both sedimentation and erosion, while after the



construction of the Mollasadra dam, sediment trapping occurs, and the migrations are results

of only one driving factor which is erodibility.

Previous investigations have shown that since construction of the Mollasadra dam and
watershed management in headwater, there have been significant decreases in sediment
deposition downstream of the dam (Bagheri M., 2016, Pour et al., 2009, Seraji et al., 2009).
Other studies have also found that dam construction causes a reduction in sediment discharge
in downstream stretches of rivers (Lu and Siew, 2006; Richardson et al., 1975; Willis and
Griggs, 2003; Xu and Milliman, 2009; Yang et al., 2006). SI shows an inverse relationship to
sediment discharge (Santos-Cayado, 1973; Schumm, 1971, 1963), since “At a given valley
slope, the sinuosity is in inverse proportion to the sediment load” (Petrovszki et al., 2014).
This is illustrated in Fig. 9 for the stretch of the Kor River studied here, where the proportion

of the meandering Sl class gradually increased during the post-construction period.

There are some uncertainties resulting from limitations of RIMARS which should be
manually checked. As discussed, the process of centerline extraction uses a first-order linear
fit, which showed an almost perfectly fit on the Kor River centerline. In cases where the river
under investigation does not follow a straight line, we recommend dividing the river into

several parts and analyzing each part separately.

Moreover, in this study, the calculation of Sl resulted in a few irrational values (outliers)
which are not correct in reality. These outliers were removed manually to achieve better
results. We also manually checked the coordinates referring to the meanders with irrational SI
values and diagnosed the error that resulted in outliers. For every illogical Sl value that
deviated markedly from other values, we performed a manual check using the exact
coordinates of the meanders and further verified by the corresponding Landsat image, to

ensure that these outliers would not affect the precision of the results. It is worth mentioning



that manual checking of one of these outliers revealed the possible unauthorized water

consumption by construction of diverting canals.

The 40-km length of the Kor River studied here was derived from the images provided by
Landsat, which are made up of several pixels with resolution 30 m. The accuracy of methods
using Landsat data is based on the resolution of the selected images (Torabi Haghighi et al.,
2018). However, the migration measurements can be obtained with higher accuracy, even in
centimeters; this is possible due to the process of generation of grid that intersects the river
with a great deal of cross sections (Fig. 5 & 6). Furthermore, in the automated spectral feature
analysis step, where the use of MNDWI is necessary for delineation of water and non-water
pixels, the availability of discharge data is vital for image selection. In other words, RIMARS
and other existing package which employ moisture indices such as MNDW!I, are most useful
for evaluating rivers with enough flow between their banks (with width of at least 30 m based

on the Landsat pixel size).

To evaluate the accuracy of any modelling attempt, the error analysis could be considered.
Error could arise from the resolution of the images, which is 30 m in Landsat multispectral
bands. For instance, in a given reach with width of 90 m, if a pixel is mistakenly selected

instead of another one, then the error is 33%. Therefore, wider rivers produce less error.

6. Conclusions

We presented RIMARS as a new method for extraction of river centerline from multispectral
images and for analysis of morphological changes in rivers using RS data with the aid of
MATLAB programming. We used five indices (RLP, ACM, RCM, MMI and SI) for
analyzing physical characteristics and changes in river centerline and in meanders of a river.
The automation of these indices help to better demonstrate river morphology changes on

spatiotemporal scale, which is the main advantage of RIMARS. The automate meander



recognition module finds and classifies the major meanders in higher accuracy and shorter
time than traditional methods. Additionally, a spatiotemporal feature of river layout has been

presented based on classification of meanders along the river centerline.

We utilized the method on a 40-km length of the Kor River, Iran, before and after
construction of the Mollasadra dam in 2006, and accuracy of the method was tested on 5 km
of the river stretch using ground surveying data. It is then compared by using two existing
software packages (PyRIS and RivaMAP). Application of the indices revealed detailed
aspects of the morphological changes, e.g., RLP revealed that most morphological changes
happened in the second half, and particularly in the last part of the river stretch, where it
reaches the Doroudzan dam. ACM showed the magnitude and direction of the average
centerline migration in each year, with considerable migration of around 100 m close to the
Doroudzan dam that revealed the existence of Kor River in a plain is the source of huge
migrations. On the other hand, migrations in the first to third deciles of the river stretch
revealed that the valley in which the Kor River flows acts as a barrier that limits the
magnitude of migrations (e.g. average migration 6 m). RCM index revealed that centerline
migration was a function of time, e.g., in the last decile of the river stretch, the centerline
migrated by 7.5 m per year before dam construction but by 0.63 m per year post-construction.
Division of Sl values into classes showed that after construction of Mollasadra dam, the
proportion of the meandering class is gradually increased, by 2.6%, during 2011-2017, while
the proportion of the straight class significantly decreased, by 17.5%. Furthermore, the results
revealed the key role played by tectonic and geomorphic characteristics of the surrounding
landscape (valley, plains) in changes in Kor River morphology at various spatial and

temporal scales.



Although RIMARS still has some shortcomings, preliminary investigations show that it can
be improved further and that it provides a way to increase the accuracy in morphological

analysis by mathematical means.
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Fig. 1. a) Location of Lake Bakhtegan basin in Iran, and storage/diversion dams, b) Location of the
study area in the Lake Bakhtegan basin, Iran, and layout of hydraulic structures, and ¢) monthly flow
at Chamriz gauge station during pre- and post-damming periods.

Fig. 2. Flowchart of the procedure devised to assess morphological alterations in a river.
MNDWI: Modified Normalized Difference Water Index, RLP: River Linear Pattern, RCM:
Rate of Centerline Migration, ACM: Absolute Centerline Migration, Sl: Sinuosity Index,
MMI: Meander Migration Index.

Fig. 3. Gap-filling algorithm. (a): a stretch of the Kor River where the maximum distance
between a pair of points is located, (b): locating the first point and regenerating the selection
zone, (c): selecting the new point from the MNDWI cluster, (d): locating the next point and
regenerating the selection zone, (e): selecting the new point from the MNDWI cluster (f):
locating the next point and regenerating the selection zone.

Fig. 4. River centerline extraction processes, (a) False-color Landsat image (CIR), (b)
grayscale image (Modified Normalized Difference Water Index, MNDW!I), (c) binary-level
image, (d) result of screening, (e) result of gap-filling, and (f) river channel relative to
centerline points.

Fig. 5. Schematic figure of generating mesh using two parallel lines and a series of
perpendicular lines. The distance of the perpendicular lines is 50 m.

Fig. 6. (a): river stretch in 1993 and 2003 and the position of the reference line, (b): the
calculation of the distance between each corresponding point of the river and the reference
line

Fig. 7. Schematic view of the migration of centroid of meanders. Blue and red represent the
first and second locations of a specific meander, respectively.

Fig. 8. (a) Overlay of river paths in the four different years studied and (b) overlay of River
Linear Pattern (RLP) in the different years for the 40-km stretch of the Kor River analyzed
in this study.

Fig. 9. Summary of meander classification for the 40-km stretch of the Kor River studied
here, based on Sinuosity Index (SI, %).

Fig. 10. Visualization of the different proportions of sinuosity classes in each year.



Fig. 11. Spatiotemporal comparison of major meanders during the study period, where
letters A, B, C, and D represent 1993, 2003, 2011, and 2017, respectively, and the numbers
1, 2, 3, 4 represent the magnitude of meander in terms of its Sl value in descending order.
Each subplot shows a comparison of three meanders with one meander belonging to the
respective year (i.e., A, B, C, and D).

Fig. 12. Comparison of extraction modules of existing packages including a) PyRIS, b)
RIMARS, and c) RivaMAP. Visualization of the results by overlaying the outputs of d)
RiIMARS and RivaMAP, e) RIMARS and PyRIS, and f) RivaMAP and PyRIS.



Table 1 Sinuosity Index (SI) classification for meander analysis (Ashour et al., 2017; Kurigi
etal., 2017; Tiwari et al., 2016).

Sinuosity Class

SI Numerical Range

Straight SI<1.05
Winding 1.05<SI1<1.25
Twisty 1.25<S1<1.50

Meandering SI>1.50

Table 2. Absolute Centerline Migration values (m) of the Kor River compared with the
reference year (1993)

Spatial interval ~ 1993-2003  1993-2011  1993-2017
Entire river -3.92 -2 -4.34
0-10% -4.32 1.91 11.58
10-20% -5.14 -6.62 1.47
20-30% 0.12 0.08 -0.7
30-40% -34.47 -41.83 -49.71
40-50% 8.13 9.09 -18.25
50-60% -47.74 -46.53 -59.73
60-70% -48.12 -51.24 -60.57
70-80% 49.64 63.58 7151
80-90% -33.71 -49.86 -36.88
90-100% 74.83 99.86 96.13

Table 3. Rate of Centerline Migration (m/year) of the Kor River in pre- and post-damming
periods (dam construction in 2006)

Spatial interval

Pre-damming

Pre- and post-damming

Post-damming

Entire river

0-10%

10-20%
20-30%
30-40%
40-50%
50-60%
60-70%
70-80%
80-90%
90-100%

1993-2003
-0.4
-0.44
-0.52
0.02
-3.45
0.82
-4.78
-4.82
4.97
-3.38
7.49

2003-2011

0.25
0.78
-0.19
-0.01
-0.93
0.13
0.16
-0.39
1.75
-2.02
3.13

2011-2017
-0.39
1.62
1.35
-0.13
-1.32
-4.56
-2.21
-1.56
1.33
217
-0.63




Table 4. Temporal changes in centroid migration in major meanders of the Kor River stretch
studied (see Figure 10 for meander locations)

Subplot 1993-2003 1993-2011 1993-2017 2003-2011 2003-2017 2011-2017

1 184.3 189.68 184.13 48.59 31.19 17.61
A 2 13.16 31.07 21.55 18.55 9.81 9.65
3 173.61 176.46 225.52 67.49 295.07 240.23
4 176.55 161.55 171.18 81.77 58.41 25.85
1 11.74 23.67 20.11 12.2 9.84 5.37
B 2 48.66 55.19 56.14 6.97 7.61 1.44
3 101.41 103.87 156.06 93.42 117.83 206.21
4 238.53 240.85 217.4 5.03 23.76 24.37
1 10.26 22.7 18.52 12.97 9.77 5.07
C 2 75.92 104.36 90.52 33.68 25.08 14.47
3 33.53 77.4 145.12 45.54 114.42 92.65
4 62.67 72.35 58.69 52.54 42.82 14.37
1 12.56 25.37 21.42 13.03 9.87 5.01
D 2 92.55 92.48 93.84 54.26 72.99 195
3 15.44 15.55 7.16 14.08 8.57 11.29
4 61.19 33.52 55.4 28.3 15.56 22.45

Table 5. Sinuosity Index value of each major meander of the Kor River stretch studied (see
Figure 10 for meander locations)

Subplot 1993 2003 2011 2017

Al 212 1.25 1.26 1.32
A2 191 2.06 2.16 214
A3 1.50 1.02 1.04 1.15
A4 1.40 1.08 1.07 1.22
Bl 2.03 2.04 2.16 212
B2 1.32 151 1.55 1.60
B3 1.89 1.24 1.22 1.35
B4 1.10 121 1.16 1.23
C1 2.10 2.20 2.27 2.29
C2 111 1.13 1.33 1.30
C3 1.22 1.16 1.28 1.05
C4 1.24 1.10 1.34 131
D1 2.10 2.13 2.20 221
D2 1.33 1.12 1.24 1.46
D3 1.34 1.28 1.32 1.38

D4 2.06 1.24 1.29 1.41




Graphical abstract

Highlights

e River delineation process does not rely on threshold segmentation methods

e Gap-filling module iterates the point regeneration process to create the river path
e RIMARS can detect the meanders of the river

¢ RIMARS employed five developed indices to assess the morphological alterations

e Major Meander Index is used as a complementary alternative for Sinuosity Index
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