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Abstract: Check dams are widely used watershed management measures for reducing flood peak
discharge and sediment transport, and increasing lag time and groundwater recharge throughout the
world. However, identifying the best suitable sites for check dams within the stream networks of
various watersheds remains challenging. This study aimed to develop an open-source software with
user-friendly interface for screening the stream network possibilities and identifying and guiding the
selection of suitable sites for check dams within watersheds. In this developed site selection software
(SSS), multi-criteria decision analysis (MCDA) was integrated into geographic information systems
(GIS), which allowed for numerous spatial data of the multiple criteria to be relatively simply and
visually processed. Different geomorphometric and topo-hydrological factors were considered and
accounted for to enhance the SSS identification of the best locations for check dams. The factors
included topographic wetness index (TWI), terrain ruggedness index (TRI), topographic position
index (TPI), sediment transport index (STI), stream power index (SPI), slope, drainage density
(DD), and stream order (SO). The site identification performance of the SSS was assessed using the
receiver operating characteristic (ROC) curve method, with results for the case study example of
the Poldokhtar watershed in Iran showing excellent performance and identifying 327 potential sites
for efficient check dam construction in this watershed. The SSS tool is not site-specific but is rather
general, adaptive, and comprehensive, such that it can and should be further applied and tested
across different watersheds and parts of the world.

Keywords: check dams; site selection; site prioritization; watershed management; decision support
system; GIS; poldokhtar watershed
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1. Introduction

Check dams are well-known structures for soil and water conservation world-wide and significantly
affect hydro-environmental processes in watersheds. Abbasi et al. [1] reported on the prevalence of
check dams across different countries, including Austria, China, France, India, Iran, Italy, Ethiopia, Japan,
Spain, Swaziland, Thailand, and the USA. In China, about 110,000 constructed check dams have been
built in the Loess Plateau, and this number will double by 2020 [2,3]. Check dams are constructed with
many objectives and their functions can be multi-dimensional. Their primary function is for rainwater
harvesting for agricultural and drainage applications [4-6]. In watersheds, they are installed as erosion
control structures across stream beds and gullies, to control soil, water, and sediment flow, whereas in
mountain fluvial systems they are used to disrupt the transfer of water and sediments downstream [7-9].
However, it is undeniable that each intervention in a complex natural ecosystem, such as a stream
network, may change the balance of hydrological and morphological conditions [10]. Although scouring
features and erosion pools sometimes appear downstream of check dams, which is known as one of
their disadvantages, the construction of check dams has several positive geomorphic effects [11]. Check
dams can stabilize river channel morphology (e.g., channel width and depth) by controlling erosive
power and retaining a large amount of sediments upstream [1]. In addition, they can also decrease the
channel slope gradient [11,12]. In fact, check dams modify longitudinal and cross-sectional profiles of
the intermediate reaches (i.e., distance between two check dams), and sedimentological characteristics
of the original channel [13]. Apart from controlling flooding and trapping sediment, constructed dams
and water storage units can be an effective and economically efficient way to create carbon sinks [14],
as they contribute to carbon sequestration needed for climate change mitigation [15-17], and can also
contribute to sustainable land management [18]. All these mentioned challenges are related to the
sustainability of watersheds and check dams to help decision makers achieve sustainable watershed
management by preventing the degradation of ecosystems.

The performance and functioning (morphological, hydraulic, sedimentary, ecological) of check
dams have been investigated in previous studies [3,19]. However, their function efficiency depends
on different circumstances, such as construction quality, design criteria, and, more importantly, their
location [20]. For example, Lii et al. [21] studied carbon retention by check dams in the Loess Plateau
region of China and estimated it to be about 42.3 million tons of soil organic carbon depending on
topography and deposited volume of sediment. Since the construction of numerous check dams is
expensive and not feasible across a whole watershed, trade-offs must be made (e.g., between flood
control provided by the dams and the financial resources required for building them). Therefore, a
comprehensive and practical framework is needed to rationally identify suitable sites for the efficient
construction of check dams within a watershed.

A limited number of studies in the literature have addressed the identification of suitable check
dam sites [22]. Osti and Egashira [23] optimized check dam locations on an alluvial fan using a 1D
numerical model for controlling debris flows. Singh et al. [24] studied the suitability of check dam sites
in the Soankhad watershed, India, using a simple overlay method based on stream order, slope degree,
and land use. Kalantari et al. [13] identified suitable areas of check dams for artificial aquifer recharge
in the Baghmalek plain, Iran, based on cost-benefit analysis and permeability of stream bed.

The use and processing of numerous spatial data, satellite images, and aerial photographs in
geographic information systems (GIS) for the selection of appropriate check dam sites over large
watershed scales are computationally costly [25,26]. Straightforward site identification for a more
efficient management support may be facilitated by an analytic hierarchy process (AHP) in GIS [27,28]
based on some geomorphometric and topo-hydrological watershed factors [29,30] that, to our best
knowledge, yet remain to be considered for this purpose. Such characteristic factors may include
slope, terrain ruggedness index (TRI), topographic position index (TPI), drainage density (DD), stream
order (SO), stream power index (SPI), topographic wetness index (TWI), and sediment transport index
(STI). However, carrying out this process with commercial software for multi-criteria decision analysis
(MCDA) and GIS may still be resource and time consuming [31] and, most importantly, not readily
evaluated in terms of efficiency and accuracy of site selection results (e.g., [23,24]).
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There are three research gaps in this field of study. First, previous studies conducted for site
selection of check dams only applied a simple overlay method in a GIS environment. In fact, the
relative importance of layers are equal in this approach. More importantly, topo-hydrological and
geomorphometric factors have not been often used in the site section of check dams. Second, site
selection projects in environmental and natural hazard management must calculate the weights of
factors using commercial decision-making software packages such as Expert Choice and transport
the weights to GIS software programs (e.g., ArcGIS). Third, most of the related studies conducting
site selection programs often ignore to investigate the accuracy and efficiency of the method for site
selection. This is particularly crucial in natural disaster management and optimal budget allocation
for watershed measures in catchments. Even if researchers want to evaluate the accuracy of the site
selection method, they have to use commercial statistical software programs (e.g., SPSS). In fact, all these
processes are cumbersome step-by-step procedures and need expensive software packages. To address
these computational and evaluation problems, we developed and applied in this study a Python-based
site selection software (SSS; GitHub, San Francisco, CA, USA) for the identification of suitable sites for
check dam construction within watersheds based on geomorphometric and topo-hydrological factors.
As an alternative to the simple overlay method of site selection, the AHP method was considered to
determine the relative importance of factors. Moreover, the software includes a standard statistical
method, the receiver operating characteristic (ROC) curve, for an accuracy assessment of site selection
results. The Poldokhtar watershed, Iran, which experiences deadly flash floods that require decisive
action, was used as a case study for software application and testing. Based on this testing, the developed
software and application methodology may be generally useful as a robust basis for first-order check
dam screening and planning, and for focusing possibly further needed detailed and costlier model and
field investigations.

2. Materials and Methods

2.1. Study Area

The Poldokhtar watershed in the Lorestan province of Iran (Figure 1) covers an area of 9443.95 km?,
located between 33°04’ and 34°03” N, and between 47°12’ and 48°58’ E, and contains a population
of approximately 144,000 residents. The climate is semi-arid, with the mean annual rainfall of about
369 mm occurring with high intensity mainly from December to March. Temperature peaks in
June-September (approximately 47 °C) and has its minimum value in February (-2.4 °C). The altitude
ranges between 580 and 3627 m a.s.l., with an average of 1609 m. Limestone (and in places limestone
and shale) predominates in the highlands of the watershed, whereas downstream parts are mainly
characterized by sandstone, conglomerates, and Quaternary deposits [32].

The main soil types in this area are Vertisols, Inceptisols, and Entisols, as is common in semi-arid
environments [33]. These soils, especially Vertisols, are characterized by crusting and sealing of the
surface layer and low infiltration rate, and consequently, they often generate high annual runoff under
dry soil conditions [34]. Some parts of the study area have high soil erosion sensitivity due to the
lack of vegetation cover, massive rainfall events, and topographical characteristics combined with
heavy livestock grazing, leading to high surface runoff and sediment transport [35]. The watershed
also experiences flash floods with severe damages to the environment, buildings, and infrastructure;
Figure 2 shows two field photographs of such a deadly flood event on April 1, 2019, causing the deaths
of 13 people, and heavy damage to infrastructures and buildings.
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Figure 1. (a) Elevation map of the Poldokhtar watershed and its location in the west of Iran, (b) a
Google Earth image of the study area taken in 2018.
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Figure 2. Photographs showing the severity of the flash flood that occurred in April 2019: (a) a flooded
school and (b) a flooded part in Poldokhtar city (these figures were obtained from the Water Resources
Company of Lorestan).

2.2. Methodology Development

2.2.1. Designing the Site Selection Software (SSS)

The SSS is designed to be straightforward, self-explanatory, and end-user friendly, avoiding
cumbersome calculations and concentrating on key input layers and output inferences. The mathematics
of the SSS for suitability-based prioritization of dam construction sites is underpinned by AHP and GIS.
Figure 3 depicts an excerpt script of the programming session for the software and Figure 4 illustrates
the steps involved.

The first step involves introducing the preparatory thematic layers in a raster format (e.g., the
considered geomorphometric and topo-hydrological factors, as outlined further below, in Section 2.2.2).
Drawing on a knowledge-based approach, the software then reclassifies thematic layers and assigns
numerical values to them. This is followed by pairwise comparison of the input layers and their
constituent classes based on their importance, from which the final weights are determined and rescaled
into a 0-1 normalized range. Finally, the weighted layers are linearly combined. Applying a weighted
linear combination (WLC) is an analytical way of dealing with multi-attribute decision-making, where
each attribute corresponds to a criterion.

The end product of this process is a multi-attribute spatial feature in which higher values indicate
higher suitability. The final suitability map derived from WLC is subjected to a performance assessment
test, which is carried out based on the ROC fed by locations that have already flooded in recent years.
The ROC as a holdout-independent measure can decisively pinpoint the performance of any spatial
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model and is a crucial tool for validating the results of spatial maps [36]. It plots the 1-specificity
(i.e., false positive; incorrectly predicting an unsuitable location as suitable) on the x-axis against the
sensitivity (i.e., true positive; correctly predicting a suitable location as observed in reality) on the
y-axis [37]. Based on these premises, if the final output of the software tends to locate the dams in
areas with no or rather insignificant flood histories, the ROC will penalize the model by resulting in a
decreased area under the receiver operating characteristic curve (AUC) value, indicating low precision.
The latter indicates that the rivers which have experienced more floods in recent years require more
check dams to be built.

def calc_AHP(data,headers):
a = data
asum = a.sum(axis=0)
normal= a/asum
norm_mean = normal.mean(axis=1)
norm_mean_X_a = norm_mean¥*a

norm_mean_X a sum = norm mean X a.sum(axis=1)
wheights = norm_mean_X_a_sum.copy()

wheights_norm = wheights/wheights.sum()
lambeda_max = norm_mean_X_a_sum/norm_mean
lambeda_max = lambeda_max.mean()

CI =(lambeda_max-a.shape[©])/(a.shape[B]-1)

Figure 3. Excerpt script in programming for the site selection software (SSS).

Site Selection Software = B
File Tools View
Steps 8 x
Factors = P
Layers (factors)
Ne Name Path AHP
Determining weights
Open files Classification of layers
Accuracy assessment
Site selection results
Remove all
Remove selected
Run box

Cancel Next

Figure 4. View of the layout and steps in the SSS.
2.2.2. Considered Geomorphometric and Topo-Hydrological Factors

A range of different geomorphometric and topo-hydrological factors affects flood events, soil
erosion, and sediment yield [38—42], and should as such influence site selection for check dams [40].
In assessing the suitability of sites for check dam construction, we considered in this study the range of
geomorphometric and topo-hydrological factors listed above (Introduction), based on their previous
applications in flood and soil erosion studies (e.g., [43—47]). These factors are slope, TRI, TPI, DD,
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SO, SPI, TWI, and STI, and they were all calculated as outlined in the following subsections, with the
SAGA-GIS software based on a digital elevation model [48]. The digital elevation model (DEM) with
resolution of 5 m was obtained from the Water Resources Company of Lorestan. It shows that the
elevation of the study area ranges from 580 to 3627 m a.s.l. SAGA-GIS software has the “Module Fill
Sinks” that uses an algorithm proposed by Wang and Liu [49] to identify and fill surface depressions in
digital elevation models.

Topographic Wetness Index (TWI)

The TWl is a topo-hydrological factor proposed by Beven and Kirkby [50] and is often used to
quantify topographic control on hydrological processes [51]. The TWI controls the spatial pattern of
saturated areas that directly affect hydrological processes at the watershed scale. Manual mapping of
soil moisture patterns is often labor intensive, costly, and not feasible at large scales. The TWI provides
an alternative for understanding the spatial pattern of wetness and upslope contributing areas [52].
It is a function of both the slope and the upstream contributing area:

a
TWI =1 —) 1

n( tanb @
where a is the specific upslope area draining through a certain point per unit contour length (m? m™1),
and b is the slope gradient (in degrees). TWI values ranged from 5.10 to 21.15 in the study area
(Figure 5a).

Terrain Ruggedness Index (TRI)

The TRI, in turn, is one of the main factors which affects stream energy, surface storage capacity,
runoff velocity, and routing at the watershed scale [53]. The TRI expresses the amount of elevation
difference between neighboring cells [54], where the differences between the focal cell and eight

neighboring cells are calculated:
1
212
TRI = Y[Z(xi]‘ —xOo) ] (2)

where x;; is the elevation of each neighbor cell to cell (0,0). Flat areas have a value of zero, whereas
mountain areas with steep ridges have positive values. TRI values ranged from 0 to 156.1 in the study
area (Figure 5b).

Topographic Position Index (TPI)

Microtopography plays an important role in runoff generation, flow velocity, and sediment
transport [54]. In addition, topography properties considerably influence water retention time
(also termed lag-time in hydrology) at a given watershed and, consequently, change the connectivity of
water sources [24]. The TP, first proposed by Guisan et al. [55], compares the elevation of each cell in a
digital elevation map to the mean elevation of a specified neighborhood around that cell [48,52]:

TPl = 7o - ="~ 3)

where Z is the elevation of the point under evaluation, Z, is the elevation of the points within the
local window, and 7 is the total number of surrounding points employed in the evaluation. A positive
value of the TPI indicates that the target point is higher than adjacent areas, a negative value indicates
that it is lower, and zero TPI values indicate flat areas. TPI values in the study area ranged from —83.22
to 82.66 (Figure 5c).

Sediment Transport Index (STT)

One of the main functions of check dams is to reduce sediment yield and transport of sediment-
associated contaminants to receiving water bodies [56]. The STI can provide vital information on
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the potential of sediment transport in the stream network of a given watershed [57]. It considers the
effect of topography on erosion [58] and is, as such, used for characterizing erosion and deposition
processes [59], and as a flood conditioning factor that defines the movements of waterborne sediments
due to the water movement:

STI = (As/22.13)%° x (sinB/0.0896)" @)

where Aj is the upstream area (i.e., the upslope contributing area per unit contour length) and § is the
slope at a given cell. STI values ranged from 0.9 to 1.46 in the study area (Figure 5d).

Stream Power Index (SPI)

Flood damages and river channel erosion are highly dependent on the magnitude of flow factors
including stream power, shear stress, and velocity [46]. The SPI that reflects stream power was selected
for use in the analysis. It is the product of the catchment area and slope, and measures the erosive
power of overland flow [57]:

SPI = Astanp (5)

where A; is the upstream area and f is the slope in a given cell. The SPI can be used to identify suitable
locations for soil conservation measures, thereby reducing the effect of concentrated surface runoff [58].
SPI values ranged from 0 to 3.54 in the study area (Figure 5e).

Slope

Slope is the simplest and one of the most significant topographical factors influencing water flow.
Higher slope implies greater flow speed and water accumulation, and therefore makes the terrain
more susceptible to flooding and sediment transport. Slope is also an informative factor in deciding
the location of check dams, as higher slopes are more suitable for check dam construction [27]. Slope
varied from 0% to 80.37% in the study area (Figure 5f).

Drainage Density (DD)

Drainage density plays an important role in flooding, such that a decrease in drainage density
often results in decreasing flood volumes [56]. In addition, DD affects the magnitude of peak flow
by changing the concentration time; therefore, it can provide useful information for site selection of
check dams. The DD value is calculated by dividing the total length of all rivers in a watershed by the
watershed area [59]. In the present case, drainage density was calculated using the line density tool in
ArcGIS software. Higher drainage density indicates better potential for dam construction. Drainage
density ranged from 0 to 0.82 km/km? in the study area (Figure 5g).

Strahler Stream Order (SO)

Flood volume is affected by stream order and it is considerably increased in streams that have a
higher stream order [29]. Therefore, stream order was selected as one of the criteria for finding suitable
sites of check dams. The Strahler SO [60] assigns all streams without any tributaries an order of 1.
If two first-order streams intersect, they become a second-order stream. When two upstream streams
of different orders join, the downstream stream takes the higher order of the two incoming upstream
streams. The SO is a simple measure to indicate stream size and drainage area. SO values in the study
area were calculated using the Stream Order tool in ArcGIS 10.2 software (Figure 5h). SO values in the
study area ranged from 1 to 6.
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Figure 5. Maps showing the values of the eight considered geomorphometric and topo-hydrological
factors within the study area. (a) topographic wetness index (TWI), (b) terrain ruggedness index (TRI),
(c) topographic position index (TPI), (d) sediment transport index (STI), (e) stream power index (SPI),
(f) slope, (g) drainage density (DD), and (h) stream order (SO).

Thematic Layer Handling

Thematic layers were classified as indicated in Table 1. Scores (S) were assigned to each class
according to the order of the influence of the class on flood susceptibility. Assigned S values of 1-5
were adopted, where S =1, 2, 3, 4, 5 imply very low, low, medium, high, very high flood susceptibility,
respectively. The score values of all thematic layer classes are also shown in Table 1.

The assigned scores were further normalized for use in the WLC method. Since the TWI directly
indicates the tendency of surface water to accumulate at each pixel in the watershed area, high
weights were assigned to high TWI and low weights to low TWI (Table 1). The TRI shows topographic
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irregularities, and higher ranks were assigned to higher TRI values. Additionally, the TPI has an inverse
relationship with surface water accumulation; hence, higher scores were given to low TPI values.
High scores were assigned high STI values because high sediment transport can be expected in these
areas and check dams are needed to trap sediments. The SPI describes the erosive power of flowing
water [61]; therefore, higher scores were assigned to higher SPI values.

Table 1. Assigned and normalized scores for classes of each thematic factor.

Factor Classes Assigned Score (S) Normalized Score (NS)
<20 1 0.07
20-40 2 0.13
TRI 40-60 3 0.20
60-80 4 0.27
> 80 5 0.33
< =50 5 0.33
-50 to (-20) 4 0.27
TPI —20to 10 3 0.20
1040 2 0.13
> 40 1 0.07
<0.95 1 0.07
0.95-1 2 0.13
STl 1-1.25 3 0.20
>1.25 4 0.27
<05 1 0.07
0.5-1 2 0.13
SPI 1-2 3 020
>2 4 0.27
<10 1 0.07
10-25 2 0.13
Slope 25-40 3 0.20
40-55 4 0.27
> 55 5 0.33
<02 1 0.07
0.2-0.4 2 0.13
bb 0.4-0.60 3 0.20
> 0.60 4 0.27
<5 1 0.07
5-10 2 0.13
TWI 10-15 3 0.20
15-20 4 0.27
>20 5 0.33
1 0 0
2 5 0.33
3 4 0.27
50 4 3 0.20
5 2 0.13
6 1 0.07

TRI, terrain ruggedness index; TPI, topographic position index; STI, sediment transport index; SPI, stream power
index; DD, drainage density; TWI, topographic wetness index; SO, stream order.

For the slope factor, there is a direct relationship between flood power and slope [62]; therefore,
higher weights were assigned to steep slopes. Since DD has an important effect on flood occurrence [63],
areas with high DD values are considered favorable for constructing check dams; therefore, higher
scores were assigned to areas with high DD (i.e., DD > 0.60). Regarding SO, the least score (i.e., zero)
was assigned to SO 1 as these streams are very small and construction of check dams in them is
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commonly not cost-efficient [24]. Check dams are commonly expected to control a limited drainage
area, because large drainage areas produce greater runoff volumes and lead to higher runoff energies,
which would likely lead to collapsing the check dams [64]; therefore, the highest score (5) was assigned
to second-order streams with the ranking decreasing with increasing SO, so that sixth-order streams
got a ranking of 1.

2.2.3. Multi-Criteria Decision Analysis

There are many criteria involved in determining the priority of check dam construction sites,
which complicates objective decision-making. Multi-criteria decision-making (MCDM) is therefore
used to select among alternative solutions based on many criteria. One widely used MCDM technique
is the AHP, which reduces complex decisions to a series of pairwise comparisons [65]. The first step in
an AHP analysis is to build a hierarchy for the decision, based on the goal, criteria, and alternatives [66]
(Figure 6). In the next step, a pairwise comparison matrix of the criteria involved in the decision needs
to be created, to derive the relative priorities (weights) for the criteria. For comparisons, the scale of
Saaty [67] with values 1-9 was used, which indicates how much one element dominates another with
respect to a given attribute (Table 2).

Goal Site selection of check dams

Criteria

Alternatives Site 1 Site 2 Site 3 Site 4 Site Site 6 Site 7 |

Figure 6. Example of a hierarchy of criteria and site alternatives in site selection using the analytic
hierarchy process (AHP) method.

Table 2. Basic scale for pairwise comparison of the importance of factors [67].

Intensity of Importance Definition

—_

Equal importance
Equal to moderate importance
Moderate importance
Moderate to strong importance
Strong importance
Strong to very strong importance
Very strong importance
Very to extremely strong importance
Extreme importance

O 0NN U WN

Using the scale in Table 2, weights were assigned to the criteria (geomorphometric and
topo-hydrological factors) based on their importance for dam site selection. The matrix was completed
by a relevant expert (or decision maker) concerning pairs of criteria (1/9, 1/7,1/5,1/3,1, 3,5, 7,9) (Table 2).
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For example, for slope and TPI, a score of 9 means that slope is very important, whereas 1/9 means that
it is much less important. A consistency check was needed to ensure that the expert (decision maker)
evaluations were not biased. In AHP, a consistency ratio (CR) is calculated as follows [67]:

_a

CRRI

(6)
where Cl is a consistency index of the matrix developed by the expert (decision maker) and Rl is a
consistency index of a random matrix, in which the decisions are generated randomly and therefore can
be expected not to be consistent [17]. The judgment matrix is considered to be adequately consistent if
the corresponding CR is less than 10% [67].

2.2.4. Prioritization of Check Dam Sites

As a case-study application example, the SSS was applied to identify the most suitable sites
for building check dams in the Poldokhtar watershed, Iran. The eight geomorphometric and
topo-hydrological factors (TWI, TRI, TPI, STI, SPI, slope, DD, and SO) were entered into the software
for consideration as predictive variables. The weighting values were calculated based on pairwise
comparison scores given by different expert groups. The objective was to select experts from different
knowledge backgrounds who had practical insights and experiences for the mitigation of surface
runoff, soil erosion, sediment transport, and flood hazard management. The consistency ratio (CR) was
calculated and used to measure how consistent the judgments were compared to random judgments.
CR provides a standard control of consistency on the decision matrix for the expert group depending
on the number of elements being compared. In this study, a CR value of less than 0.10 indicated
consistent judgment in pairwise comparisons. The opinions of these experts, combined with several
field investigations, assisted in developing the pairwise comparison matrix (based on Table 2), which
was entered on the second page of the software.

All factors were further classified in the software and different scores on a scale of 1-5 were
assigned to them based on the expert opinion of class influence on flood susceptibility, as expressed
in Table 1. The software also calculated normalized scores (Table 1) for the prediction process. The
final prediction of suitable sites for check dams was carried out based on the WLC method. The final
map was divided into four classes of resulting suitability (low, medium, high, and very high) based on
equal result intervals.

2.2.5. Accuracy Assessment

In order to evaluate the performance of the site selection results, the SSS uses the receiver operating
characteristic (ROC) curve method. The ROC curve is a plot of the sensitivity (on the vertical axis)
versus “1-specificity” (on the horizontal axis) of a diagnostic test [68]. In fact, sensitivity is the fraction
of events (i.e., in this study, flood occurrences) that are correctly predicted, whereas specificity is the
proportion of the non-flood pixels that are correctly identified as non-flood. Sensitivity and specificity

can be calculated as follows:
TP

Sensitivity = TP L EN 7)
s TN
Speci ficity = PLTN 8)

where FN (false negative) and FP (false positive) are the numbers of pixels erroneously predicted,
whereas TN (true negative) and TP (true positive) are the numbers of pixels that are correctly predicted.

The ROC curve determines the learning capability (termed goodness-of-fit) of the model if the
model results are compared with the training data set, whereas it determines the predictive performance
of the model if the model results are compared with an independent validation data set [69,70]. The area
under the ROC curve (AUC) is commonly used as a threshold-independent evaluation criterion [71,72].
The AUC value varies between 0 and 1; a higher value implies a higher prediction performance,



Sustainability 2019, 11, 5639 13 of 20

whereas a value near 0.5 indicates that the prediction is no better than a random prediction [73].
According to Rahmati et al. [36], the strength of agreement given the AUC magnitude is for 0-0.2 slight,
0.2-0.4 fair, 0.4-0.6 moderate, 0.6-0.8 substantial, and 0.8-1.0 almost perfect. The SSS can plot the
ROC curve based on training and validation data sets to determine the goodness-of-fit and predictive
performance of site selection methods. In this study, stakeholders helped us to identify and record a
number of historical flash floods that had occurred in the study area in 2018-2019. This flood inventory
(n = 186) was verified by checking damages in the locations’ farms, buildings, or infrastructures and
then these locations were considered to be used in the validation part of the SSS and plot the ROC curve.

3. Case Study Results and Discussion

3.1. Determining Criteria Weights

The matrix of pairwise criteria comparisons and their normalized weights are summarized
in Table 3. The AHP method implied that slope (NW = 0.32) and SPI (NW = 0.26) are the main
factors influencing the site selection of check dams, where SO (NW = 0.1), DD (NW = 0.07), and
TWI (NW = 0.04) had moderate importance for the considered case study example. Conversely, TRI
(NW = 0.02) and TPI (NW = 0.02) were judged to contribute weakly to the site selection of check dams.

Table 3. Pairwise comparison matrix of the eight geomorphometric and topo-hydrological factors and
calculation of normalized weight by the analytical hierarchy process (AHP) method.

Factor Slope SPI STI SO DD TRI TWI  TPI Vl\\,leolgl‘:l(;is)
Slope 1 2 3 5 5 7 8 9 0.32

SPI 1/2 1 3 4 5 6 7 8 0.26

STI 13 13 1 3 4 5 6 7 0.17

SO 1/5 1/4 13 1 3 3 5 6 0.1

DD 1/5 1/5 1/4 1/3 1 3 4 5 0.07
TWI 17 1/6 1/5 1/3 13 1 3 4 0.04

TRI 1/8 17 1/6 1/5 1/4 1/3 1 2 0.02

TPI 1/9 1/8 1/7 1/6 1/5 1/4 12 1 0.02

SPI, stream power index; STI, sediment transport index; SO, stream order; DD, drainage density; TRI, terrain
ruggedness index; TWI, topographic wetness index; TPI, topographic position index.

As a simplified solution approach to a complex problem, the AHP divides the problem into a
number of simpler problems in the form of a hierarchy structure [74]. As discussed by Moeinaddini
et al. [75] and Wang and Liu [49], AHP advantages include offering an effective handling of both
quantitative and qualitative data, considering multiple criteria, and being easy to understand by local
stakeholders. One of the main problems in integrated watershed management plans is that stakeholders
do not sufficiently contribute to management programs, at least in part because the understanding of
complex modeling used may be too difficult for them. In integrated watershed management, local
stakeholders are expected to be important parts of watershed management committees and asked about
their opinions and attitudes. The SSS allows stakeholders to share their viewpoints about historical
floods, agents, the environment, and rules, as well as their local knowledge about magnitudes and
locations of historical floods and associated damages.

The SSS framework thus supports and enhances participatory modeling, as an essential process for
incorporating stakeholder views and knowledge in watershed management. Participatory modeling
can improve watershed management measures by also considering socio-economic concerns of the
community [76]. As discussed by Voinov and Gaddis [77], the stakeholder sharing of their information
and experiences regarding previous flood events and damages implies a shift from top-down, prescriptive
management towards co-developed planning and decision/policy-making processes among scientists,
stakeholders, and decision makers.
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3.2. Suitable Sites for Check Dams in the Study Area

Figure 7 shows the sites identified by the SSS application as suitable for check dam construction
in the study area, in terms of a suitability map based on the four-point result scale (low to very high
suitability). As shown in Figure 7, different sections of a river may have different suitability for check
dam construction, due to the variable manifestations of the different considered influence factors.
Table 4 details the areal percentage of each suitability class, based on which about 10% of the drainage
network in the study area was found to be highly suitable for check dam construction.
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Figure 7. Suitability map of the study area and (a) and (b) of rivers within it, showing the suitability of
areas (four classes) for the construction of check dams.

Table 4. Area of suitability classes for the construction of check dams within the Poldokhtar catchment.

No. Class Area (ha) Area (%)
1 Low 18,676.8 67.1
2 Medium 6468.03 23.2
3 High 2020.68 7.3
4 Very high 658.62 2.36

For the high potential class in the suitability map, a total of 327 potential sites for check dam
construction (i.e., candidate sites) were identified (Figure 8). Some of these were located on one river
branch, and some were scattered among different parts of the drainage network. Multiple episodes of
severe flooding have already occurred in the Poldokhtar watershed in recent years, and its burgeoning
population residing at flood hazard sites demands immediate practical action. The proposed SSS
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platform with its semi-automated algorithm can support a fast screening process for site selection and
also guide more detailed measurements in the field if that is required. Constructing check dams serves
a valuable purpose by reducing water velocity (i.e., increasing lag time), thereby improving water
conservation, and also assists in soil restoration through preventing soil material being washed away
and trapping them behind the dam structure [78]. As a consequence, the lives of residents and the
environment in the vicinity of check dams can be improved [38]. Preliminary site selection can save
time and resources that can be devoted to further efforts and in situ measurements on, for example,
the capacity of reservoirs to hold the runoff volume during floods, their physical construction details,
prevailing hazards on-site (i.e., landslides, earthquake, soil liquefaction, etc.), and more generally on
all other required dam engineering aspects [79].
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Figure 8. Map showing specific suitable sites for the construction of check dams.

3.3. Accuracy Assessment

The accuracy of the resulting map of potential sites for constructing check dams was analyzed
by comparing it with the historical flood data set, and further constructing the ROC curve (Figure 9).
Figure 9 shows that the AUC value was 94.8%, which implies that the site selection map had excellent
accuracy (i.e., AUC > 90%). If fact, the AUC values showed a strong agreement between the suggested
sites for check dams and historical flood locations. The accuracy achieved in this case study strongly
supports the SSS as an efficient tool in watershed management for site selection of check dams based
on the considered geomorphometric and topo-hydrological factors. The SSS thus offers a robust siting
methodology that can provide essential practical support for managers and decision makers and, as
such, calls for further use and testing in other case studies.
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Figure 9. Accuracy assessment of potential sites for check dams using the receiver operating characteristic
(ROC) curve method.

4. Conclusions

Available resources for watershed planning and management, including for the siting of check

dams investigated in this study, are commonly limited and must be intelligently and efficiently
spent. The new user-friendly software SSS for ranking potential check dam sites developed using the

Python programming language and applied in this study is a useful tool for achieving such planning

intelligence and management efficiency. The following conclusions can be drawn.

There were some research gaps (explained before in the Introduction), which this study filled,
and our work provides practical advantages for the site selection of check dams. Unlike previous
studies that used a simple overlay method to find suitable sites for constructing check dames,
this study developed software which offers pairwise comparisons and their calculations in a
GIS environment with a direct weighting method for selecting suitable sites for check dams.
The framework of this site selection is novel in that it explicitly considers eight geomorphometric
and topo-hydrological factors that combine into a complex decision system, which is still relatively
simple and rapid to use in the SSS. As another advantage of the SSS, researchers can investigate
the accuracy of site selection program using the ROC curve method. Moreover, although the site
selection process requires some commercial software packages (e.g., Expert Choice), the developed
software is freely available for researchers and decision makers, especially in developing countries.
The testing of the SSS efficiency in siting check dams in this study (based on the ROC method),
yielded an AUC value of 94.8%, implying excellent efficiency for the case study example of
the Poldokhtar watershed. Therefore, the proposed framework with geomorphometric and
topo-hydrological factors is efficient and can be taken into consideration for site selection of
check dams.

Among the considered geomorphometric and topo-hydrological factors, slope (0.32) and SPI (0.26)
were the most important ones followed by STI (0.17), leading in combination to approximately
7% and 2% of pixels in the stream network of the Poldokhtar watershed with high or very high
potential for efficient check dam function. The SSSis not site-specific but is rather general, adaptive,
and comprehensive, such that it can and should be further applied to other watersheds and parts
of the world.

In this study, a digital elevation model (DEM) with resolution of 5 m was used to produce
topo-hydrological factors. However, the DEM resolution may affect the performance of the
developed SSS. Therefore, it is recommended that further research be conducted where different
resolutions are used to determine their effects on the results of the SSS method. In addition, the
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adopted framework should be improved by considering socioeconomic factors as the second
phase for the site selection of check dams.

5. Software Information

Name of software: SSS (site selection software)

Developers: Rahmati, O., Samadi, M.,

Hardware required: General-purpose computer (3 GB RAM)
Program language: Python

Software size: 18 KB

Availability: https://github.com/mahmoodsamadi/SSS

Cost: Free of charge

Author Contributions: Conceptualization, O.R., M.S., and D.D.M.; Methodology, O.R., M.S., and E.U.; Designing
software, O.R., M.S., and O.A.N.; Validation, O.R. and D.D.M.; Formal analysis, O.R. and M.S.; Data Curation, O.R.
and O.A.N; Field investigation, O.R., O.A.N., D.D.M., and M.S.; Writing—original draft preparation, O.R., ZK,,
E.U., and D.T.B.; Writing—review and editing, Z.K., G.D., and D.T.B.; Visualization, O.R., D.D.M., and M.S.
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