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Abstract: Retention and detention basins are engineering constructions with multiple objectives;
e.g., flood protection and irrigation. Their performance is highly location-dependent, and thus,
optimization strategies are needed. LOCASIN (Location detection of retention and detention basins)
is an open-source MATLAB tool that enables automated and rapid detection, characterization and
evaluation of basin locations. The site detection is based on a numerical raster analysis to determine
the optimal dam axis orientation, the dam geometry and the basin area and volume. After selecting
a reasonable basin combination, the results are summarized and visualized. LOCASIN represents
a user-friendly and flexible tool for policy makers, engineers and scientists to determine dam and
basin properties of optimized positions for planning and research purposes. It can be applied in
an automated way to solve small and large scale engineering problems. The software is available
on GitHub.

Keywords: reservoir characterization; topographic analysis; optimization approach; engineering
application; water management; open-source code; Matlab

1. Introduction

Open source and user-friendly modeling and analysis tools play vital roles for engineers and
decision-makers in water management [1,2]. In particular, the development of analysis tools for the
management of floods and droughts is an important topic hydrologists are continuously dealing
with [3,4]. Generally, one focus in flood management is the retention of water in a catchment for
a defined period of time in order to reduce flood peaks and related hazards [5]. In contrast, the
management of droughts requires having a source of stored water which can be used to meet the water
demand in a region affected by a water shortage [6].

Despite having different main objectives, the management of floods and that of droughts have
in common that the retention of water plays an important role. Depending on the size and specific
characteristics of a catchment of interest, decision-makers may favor different sizes of detention basins,
retention basins or reservoirs (from now on called basin). While large basins may be more appropriate
as a flood protection measure for entire river catchments [7,8], small decentralized basins can play a
supportive role in flood management for smaller subcatchments [9,10]. Similarly, those small basins or
reservoirs have been shown to be effective in providing water for irrigation [11] or when being used
for managed aquifer recharge [12]. Finding appropriate positions for all kinds of basins or reservoirs
in a catchment independently from their respective size is an important task in water management
for which specific and objective-oriented tools are needed. So far, different tools were proposed that
were designed to find locations for flood detention basins [13-18], or for the optimization of irrigation
reservoirs [19,20] or to select sites for managed aquifer recharge [21,22]. However, the level of detail of
the results is often not appropriate for the evaluation of small basins, and the degree of automation
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could be improved in order to be applied for large-scale problems. Many studies analyze and evaluate
spatial catchment characteristics such as land use, slope or geomorphology in order to determine
suitable regions for the positioning of basins [13-15,18,21]. The local topography and the resulting dam
or basin geometry are not covered in these analyses. Wimmer et al. [17] present a methodology for the
automated determination of basin locations and characteristics based on an analysis of contour lines.
However, they do not include an evaluation based on constructional, economic or legal criteria. The tool
DambSite [16,23] allows a determination of possible basin sites under consideration of the retention
volume as well as the resulting costs and accordingly combines the two approaches mentioned above.
This tool uses results of the catchment deliniation to estimate the dam orientation and geometry.
While this simplified approach is sufficient for the scale applied by Petheram et al. [16], it cannot be
transferred to very small basins. Moreover, to the best of our knowledge, one single and integrated
approach that can be used to identify appropriate basin locations for different water management
objectives like flood mitigation, irrigation or managed aquifer recharge is not in existence.

In this work, we want to contribute to this identified gap by developing an automated tool that
enables detecting appropriate locations for basins of variable sizes for a wide range of spatial scales
based on user-defined criteria. A flexible consideration of different raster input data for the evaluation
of basin sites with different raster widths allows an optimization of the sites for different objectives.
Moreover, it can be used to describe dam and basin geometries for very small basins with sufficient
accuracy. The detection is primarily based on identifying valley types and depressions in a landscape
which may be used as basins considering small dam lengths. Moreover, additional information can
be added to exclude or to favor different basin locations; e.g., land use types or the proximity to
settlements. LOCASIN has a modular structure containing codes for preprocessing, analysis of dam
positions, basin analysis, selection of basin combinations and postprocessing, which are described
in Sections 2 and 3. Section 4 provides a case study with four application examples with further
information in Appendix A and a step-by-step manual in Appendix B. A summary of this work is
given in Section 5.

2. Methodology

The methodology section follows the structure of the program code developed with MATLAB
R2018b and comprises five parts, which are executed consecutively (Figure 1). The preprocessing result
is a list of all candidate dam sites (Figure 1, Step 1). The sites are analyzed with respect to the dam
positioning (Figure 1, Step 2) and the basin characteristics (Figure 1, Step 3). If sites are inappropriate
for the defined criteria, they are excluded for further analyses and assigned to a specific exit code
(Table 1) to allow for the plausibility check of the procedure. The resulting dam sites are evaluated to
automatically select a reasonable combination of basins (Figure 1, Step 4) and provide a description of
the relations between water depth, storage and area. The postprocessing step includes a summary and
a visual representation of the results (Figure 1, Step 5). Several examples following these five steps are
provided in the case study (Section 4) and the tutorial in Appendix B.

Preprocessing
» User input
* River analysis

. 4 | %

Postprocessing
* Summary of the results
» Visual representation

Analysis of the Basin Analysis Basin Combination
Dam Positioning * Basin boundaries * Basin selection
|:> Dam characteristics |f‘> » Curves of water depth,

+ Basin area and volume storage and area

Basin evaluation

Figure 1. Conceptual sketch of the program structure.
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2.1. Preprocessing

The required data for the analysis of candidate dam sites are defined and imported in the
preprocessing step. The user input (Section 2.1.1) describes the input data, the dam and the basin
characteristics. The data are imported, structured and analyzed in the river analysis function
(Section 2.1.2).

2.1.1. User Input

The user input contains mandatory and optional spatial input data (Table 2) and parameters to
define the dam and basin characteristics and saving and plotting options (Table 3).

The spatial input data are imported from ascii raster files and have to have the same extent and
resolution. The required grids are essential for the topographic analysis of potential dam and basin
sites, while the optional grids are used to evaluate dam and basin sites and can be defined flexibly.
The parameters in Table 3 comprise the limits for the dam and basin dimensions; the characteristics
of the dam geometry; the level of detail of the basin analyses; the weighting factors of the objective
function; and debug, save and plotting options. Accordingly, they are decisive for the characteristics of
the basin sites. A more detailed description of the input data is presented in Section 3.2.

2.1.2. River Analysis

In the river analysis section, the mandatory input data are imported and analyzed to define river
cells based on the flow accumulation grid and the predefined threshold value thresh. The resulting
river points are characterized with regard to their IDs, locations, elevation levels, upstream and
downstream neighboring river point IDs and the exit codes (Table 1). The required data for this
analysis are the DEM and the flow direction grid. Finally, the river points are evaluated with respect
to their locations. That implies that river points which are too close to the borders or which are
located in restricted areas (e.g., within settlements) are excluded from the potential dam sites and the
following analyses.

2.2. Analysis of the Dam Positioning

The evaluation of the best dam axis orientation in the valley is performed for all potential dam
sites separately. The DEM is clipped for the analyses with respect to the river point and the predefined
maximum dam length to save computational costs. The procedure to determine the dam positioning is
based on three criteria:

1.  The dam axis has to be an almost straight line through the respective river point.

2. The orientation of the dam axis has to be the shortest waylength to close the valley.

3. The elevation at the boundaries of the clipped DEM in extension of the dam axis has to be above
the dam crest.

The bases for the analysis are multiple generated raster datasets, which are intersected in order to
establish potential dam orientations. These include the distance of any raster cell to the river point,
the angles of the line to the river point in horizontal and vertical directions and a separation of the cells
in the east and west to guarantee a positioning of the dam endpoints at opposing sides of the river
point. Furthermore, the shoreline for the potential water level is determined and evaluated regarding
the elevation in extension of the dam. The selected final dam axis is the shortest linkage of two points
on the shoreline, which fulfills the conditions of the angles, and thus, defines a straight line through
the river point.

The shoreline is defined by the potential maximum dam height. If no possible dam axis can be
determined, an iterative extension of the clipped DEM is performed, which is followed by a consecutive
reduction of the dam height by the distance until a dam axis is found or the minimum dam height is
reached. Thus, both variables largely influence the computational power needed. A reduction of the
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computation time can be achieved through an increase of the variable neighbors_exclude_distance,
which results in the exclusion of neighboring river points of a dam location within a specific distance.

2.3. Basin Analysis

The analysis of potential basins is performed consecutively for all possible dam locations and is
separated in four steps. If a site does not fulfill the predefined criteria, it is excluded after the respective
step (Table 1).

2.3.1. Basin Boundaries

The purpose of the first step is to determine the approximate extent of a potential basin area,
which is necessary to clip the DEM, and consequently, to reduce the main memory requirements of
the following steps. The extent is estimated by including all points, which may be within the basin.
These comprise all upstream neighbors of the dam river point with an elevation below the dam crest
elevation. Additionally, the endpoints of potential dams at these neighboring points are considered.
It may happen that no river points having an elevation above the dam crest can be found within the
total extent of the analyzed DEM. In this case, the dam crest elevation is set to the elevation of the
highest upstream neighbor, where the resulting dam height needs to be within the predefined range.

2.3.2. Dam Characteristics

The dam characteristics and its geometry are decisive for the economical evaluation of a basin,
and thus, are considered in detail. The geometry of the dams is described by four parameters:
the elevation of the dam crest, the dam axis orientation (Section 2.2), the width of the dam crest and
the dam slopes perpendicular to the dam axis. The elevation of the dam crest is defined by the river
point elevation and the maximum dam height, which may have been reduced from the predefined
value in Section 2.3.1.

The basis to build the dam surface is the dam axis orientation. In a first step, the line
representing the dam axis is extrapolated to the borders of the clipped basin-DEM (Section 2.3.1).
Next, the dam is widened and the surface elevation is recorded for every point on the dam for the
predefined potential dam heights (steps from dam_height_max to dam_height_min by distances of
dam_dist_eval). The result represents the surface elevations of dams with different maximum heights.
The final dam geometry is obtained by subtracting the dam surface and the DEM. Every potential dam
is described by its height, its volume and its dam axis length.

2.3.3. Basin Area and Volume

The potential efficiency of a basin is usually evaluated with respect to its storage volume.
The determination of the basin volume and area is the final step in the description of a potential
dam site. The analysis is based on the intersection of the clipped DEM (Section 2.3.1) and the surface
elevations for all potential dam heights (Section 2.3.2), resulting in the shorelines of potential basins.
The basin area of the maximum dam height is determined with a river point upstream of the dam point.
This point lies within the respective shoreline, and thus, defines which side of the shoreline is water.
As a consequence, the inundation areas for the smaller dam heights equal the reduced maximum basin
area based on the DEM-surface elevation-intersection. The flooded areas and the respective storage
volumes are calculated for all potential dam heights. The storage volume is additionally determined
for a wall geometry of the dam to quantify the storage volume that is lost due to the slopes of a realistic
dam geometry.

2.3.4. Basin Evaluation

The last step of the basin analysis is an evaluation of all potential dam heights and the respective
basins for each site. The selection of the best dam for a respective site is based on user-defined
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weighting factors. At the beginning of the evaluation, the potential dam heights are checked with
regard to predefined criteria. These include the ranges of the dam height, the dam length, the basin
volume and the specific volume. Furthermore, the number of restricted cells in the flooded area is
determined and compared to its respective threshold values. If all potential dam heights are excluded,
the site is rejected. The selection of the ideal dam height is based on an objective function (Equation (2)),
which includes four criteria to compare the dam and basin characteristics with one another:

e  Criterion 1: dam volume per basin volume (m3/m3).

e  C(riterion 2: basin area per basin volume (1/m).

e  Criterion 3: share of well-suited cells in the basin area (—) (Section 3.2).
e  Criterion 4: share of not-suited cells in the basin area (—) (Section 3.2).

In order to combine the criteria, a scaling of the individual criteria between zero and one is
performed, where the optimum of the resulting dimensionless parameters C; to Cy is one.

criterion x — min(criterion x)
max(criterion x) — min(criterion x)’

where x = 1,2,4 (1a)

Cy = . . s
criterion x — min(criterion x)

S » — , where x = 3 (1b)
max(criterion x) — min(criterion x)

The respective weighting factors are defined by the user (Section 3.2). The factors w; to wy are
adapted to ensure that their sum equals one. Thus, the value of the objective function f ranges between
zero and one with its optimum at the upper limit.

f:wlXC1+Z02XC2+ZU3XC3+ZU4XC4 2)

The optimum dam height of every site is characterized by the maximum value of the objective
function. It is picked for the following selection procedure.

2.4. Basin Combination

The resulting basins from the previous analysis include all potential dam sites. However, the dam
and basin areas of the different sites are overlapping, which implies that not all of them can be included
in the same basin combination. Thus, an assorting of the basins is required based on their suitability.

2.4.1. Basin Selection

The selection of the basin combination is based on the same objective function and criteria
which were described in Section 2.3.4. The scaling procedure of the four criteria to determine the
parameters C; to C4 comprises the best dam heights of all possible dam locations. The basins of the final
combination are chosen in an iterative procedure: The first basin is the one with the largest objective
function value. Consequently, all overlapping basins are deleted from the database, which brings the
second-best basin to the top of the list. Again, this basin is chosen and overlapping basins are deleted,
and so forth. The final result is a combination of basins which do not interfere with one another.

2.4.2. Curves of the Basin Depth, Volume and Area

The characteristics of a basin depend on the relationship between water depth, storage volume
and flooded area. Hence, the respective curves are determined for the dam geometry and for the
wall geometry. The number of sampling points is defined by the variable discretization_number.
The results can be used, e.g., as input data for estimating the efficiency of a basin with a hydrological
model [10].
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2.5. Postprocessing

The postprocessing section includes the summary, storage and visual representation of the results.

2.5.1. Summary of the Results

The results contain information about the analysis process, the characteristics of all possible dam
sites and the dams of the selected combination. The required level of detail depends on further planned
applications; e.g., the visualization of the results (Section 2.5.2) or hydrological efficiency estimations
of basin combinations. A detailed description of the output data is given in Section 3.3.

2.5.2. Visual Representation

The summarized output data can be analyzed and visualized in multiple ways. The included
visual representation comprises six figures: 1 and 2 give an overview on the results (Figure 2a) and
the sorting procedure (Figure 2b). 3 and 4 characterize the single basins on a double-sided fact sheet
(Figure 3). 5 and 6 allow one to compare the dam sites (not shown). The figures are taken from one of
the examples of the case study.

pasture  cropland forest track road settlement

o

exit codes

IS

dam height (m)
water depth (m)

w

N

i
b ORPNWEO O N®©

] ]
0 280 560 840 1120 1400 m 0 280 560 840 1120 1400 m

(a) Selected basin combination. (b) River network with exit codes (Table 1).

Figure 2. Spatial distribution of potential dam sites and selected basin locations.

While the first page of the fact sheet (Figure 3a) shows the characteristics of the basin for the
selected dam height, the second page (Figure 3b) allows one to understand the selection and to examine
alternatives. The variable dam height in this illustration corresponds to the dam height at the location
of the river, whereas the term dam height (real) indicates the maximum dam height of the entire dam
structure. The marked possible dam heights represent dam heights for which the corresponding basins
meet the criteria defined by the user and thus could potentially be implemented. In this test case,
for example, the maximum number of unsuitable cells within a basin area causes the maximum value
of the target function not to be selected. The different curves can be used to evaluate the properties at
alternative dam heights and to adjust the limits if necessary.
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Figure 3. Fact sheet of one exemplary basin. (a) Information on the selected basin: (1) curves of the
water depths, the storage volume and the flooding area; (2) dam cross-section and basin longitudinal
section; (3) topview of the basin. (b) Information on all potential dam heights: (1) dam characteristics;
(2) basin characteristics; (3) dam and basin evaluation criteria.

3. Code Structure and Data Definitions

The general procedure of the analyses is explained in Section 2, whereas the following paragraphs
comprise technical aspects of the code structure and a more detailed description of the input data and
output data.

3.1. Code Structure

The program structure, including the single functions” names and the references to the
methodology section, is illustrated in Figure 4. The variables, which can be adapted by the
user, are summarized in the function USER_INPUT.m. Alternatively, the specified data can be
defined in an Excel-table, which is imported and allocated by the function USER_INPUT_from_xlsx.m.
The parameters are specified in Section 3.2. They include required and optional spatial input data
(Table 2) and parameters to define dam and basin characteristics and saving and plotting options.
The functions listed in Figure 4 are run consecutively for each potential site. If a dam or basin with the
user-defined properties is not possible at the particular location, the respective exit_code is adjusted
(Table 1). Positive exit_codes lead to an exclusion of the location for further analyses, whereas
negative exit_codes only indicate a reduction in the target dam height.
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LOCASIN.m
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fun_1 river_analySiS .M. .......eennueetnnneennneeenneeeanneeenneeennneennnns (Section 2.1.2)
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L fun_2_determine_shortest_dam.m
| Basin Analysis ......... ... (Section 2.3)
fun_3_determine_river_points_in_basin.m.............oiiiiiiiiiiiiii, (Section 2.3.1)
fun_4_determine_dam_charakteristicsS .M. .....ovrriiiiiierieenennennennnnn (Section 2.3.2)
fun_5_determine_basin_area_and vVOLlUME .M .......vveuuuurneeeeeernnnnnnnnns (Section 2.3.3)
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| Basin Combination......... ...ttt (Section 2.4)
fun_7_selection_of_basin_combination.m...........coiiiiiiiiiiiiiiiiia., (Section 2.4.1)
fun_8_determine_depth_storage_area_CUrvVesS.M..........c.ovviuiuuuuennnnnnns (Section 2.4.2)
| POStprocessing ........ ... (Section 2.5)
fun_9_summary_and_Save_OUtPUb .I .........oiuuuiiiniuieinnneniiueeinnneennns (Section 2.5.1)
t fun_9nl_save_basins_as_ascii.m
fun_9n2_save_basins_characteristics_as_xlsx.m
TUn_10_Plot _reSULES M. ettt nnteteeettiiaiieeeeeerannieeeeeenns (Section 2.5.2)
plot_1_spatial_exit_codes.m
plot_2_spatial_all_basins.m
lot_3_single_basin_characteristics.m
T:plot_snl_spatial_basin .m
plot_3n2_updateContours.m
plot_4_potential_dam_characteristics_portrait.m
plot_5_curves_depth_storage_area.m

Figure 4. Code structure of LOCASIN.

Table 1. Exit codes and definitions; exit codes > 0: excluded sites, exit codes < 0: considered sites.

fun_1_river_analysis.m

river point is too close to the grid border or excluded by user defined spatial data for dam restrictions
river point is excluded by user defined spatial data for basin restrictions (e.g., land use)

target basin volume is too small for the target specific volume (=too large rivers are excluded)

target basin volume is too large for the target specific volume (=too small rivers are excluded)

fun_2_determine_shortest_dam.m

river point is excluded for further analysis, because a potential dam exists within a predefined distance
no possible dam orientation available to close the valley (with the defined dam length)
dam height had to be reduced to close the valley (with the defined dam length)

fun_3_determine_river_points_in_basin.m

no basin endpoint exists (river point) for the minimum dam height
dam height had to be reduced, because the basin endpoint could be found within the extent of the DEM

fun_b_determine_basin_area_and_volume.m

no upstream river point available for the basin area analysis

no basin due to an erroneous dam orientation

basin area touches the borders (usually occurs, if the dam does not close the valley totally)
dam height had to be reduced, because the basin touched the borders of the DEM

fun_6_evaluate_basins.m

11
12
13
14
15
16
17
18

points of the dam axis or the whole dam are higher than the defined maximum dam height
maximum dam height smaller than the defined minimum dam height (dam_height_min)
dam axis is longer than the defined maximum dam length (dam_length_max)

basin volumes smaller than the defined minimum basin volume (basin_volume_min)
basin volumes larger than the defined maximum basin volume (basin_volume_max)
specific volume of the basin is smaller than the defined minimum specific volume (sV_min)
specific volume of the basin is larger than the defined maximum specific volume (sV_max)
too many exclusion-cells in the basin

3.2. Input Data

The spatial input data (Table 2) is the basis for the analyses (required grids) and site evaluations

(optional grids). The required grids include a digital elevation model (DEM) and grids with flow
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direction and flow accumulation information. The pit-filled DEM can optionally be considered for
the visualization of the basin cross-section and longitudinal section. The coordinate ranges are also
optional parameters, which can be defined to extract a subarea of a larger grid, and thus, reduce the
main memory requirements during the actual analysis. Further optional grids can be assigned to the
structure arrays info_exclude_dam and info_exclude_basin: the structure array info_exclude_dam
is applied to analyze potential dam positions, whereas info_exclude_basin is used for basin and
dam areas. The first parameter is used to exclude certain dam points already at the beginning of
the analyses, and thus, save calculation time. The aim of the second parameter is to evaluate the
influenced area of the combination of dam and basin after the analyses are completed. The field
names (field) of both structure arrays are customizable (e.g., river_buffer, landuse, geology,
conductivity) and thus can contain various data, allowing the input data for the evaluation of the
sites to be individually selected and extended. In contrast, the second order fields (column field
in Table 2) require predefined names (e.g., name, exclude, include; Table 2). These fields contain
user-defined numbers, which are used to exclude specific sites or to rank the suitability of basins.
Basins for which the areas that are described with the parameter exclude exceed the specified limit
exclude_threshold are not considered in the results. In contrast, the ranking of the basins is based on
the fields well_suited and not_suited, in which for instance land use numbers can be defined that
are well suited for a basin location (e.g., grassland) or not suited for a basin location (e.g., settlement
areas). e.g., the inclusion of settlement areas in the exclude and not_suited variables leads to a
reduction of the corresponding factor of the objective function (C4, Equation (2)). In case the value of
exclude_threshold is exceeded, e.g., when having a higher dam heigth, the corresponding basin of
this dam height is excluded accordingly.

Table 2. Required and optional spatial input data.

Structure Array Field Definition
dem digital elevation model
dir flow directions

grids_required. acc flow accumulation sum
dem_fill pit-filled DEM (optional)
x_range / y_range | coordinate area to be analyzed

info exclude dam. name file name of spatial data to evaluate dam locations .

(fi eid ). - exclude array with numbers, which are excluded (all others are included)
include array with numbers, which are included (all others are excluded)
name file name of spatial data to evaluate dam and basin locations
exclude array with numbers, which are excluded (all others are included)

info_exclude_basin.| exclude_threshold| threshold value for the maximum number of cells of one exclude

(field). group in one basin (several groups and thresholds can be defined

to distinguish between different factors, e.g., settlements
and forest)

include array with numbers, which are included (all others are excluded)
well_suited array with numbers, which are well suited for basin locations
not_suited array with numbers, which not suited for basin locations

The user-defined parameters in Table 3 are subdivided into seven groups. The first group describes
the limits for the dam and basin extents. Potential dams or basins beyond these values are excluded.
The second group defines the characteristics of the dam structure. The respective parameters do not
influence the feasibility of implementing a dam site, but its (economic) suitability. The third group
affects the level of detail of the basin detection procedure. The values are decisive for the number of
investigated dam positions, the number of potential dam heights and the accuracy of the output curves.
Thus, they affect the computational effort; i.e., computation time and main memory requirements.
The fourth group are weighting factors of the objective function to favor specific basin locations
(Equation (2)). The save and debug options are for analysis purposes; With the debugging-option,
intermediate stages of the analyses can be plotted to understand and assess the site-selection process.
The save options define the level of detail of the saved output data. The requirements are user-specific
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and depend on the purpose for which the results are needed. The plotting options define the way
how results are visualized. The figures can also be plotted separately with the LOCASINplotting tool
using already saved results. The variable raster_selected defines the background map for the spatial
overview of the results.

Table 3. Parameters to define dam and basin characteristics, and running, saving and plotting options.

Variable Name

Definition

dam_height_max
dam_height_min
dam_height_buffer
dam_length_max
exclude_longer_dams
basin_volume_max
basin_volume_min
sV_min

sV_max

maximum dam height (m, whole dam)

minimum dam height (m, at the highest position)

dam height buffer value for the exclusion of dams (m)

maximum length of the dam axis (m)

definition if the dam length is a restriction parameter (yes/no: 1/0)
maximum storage volume of the basin (m?)

minimum storage volume of the basin (m3)

minimum specific volume (mm, optional parameter)

maximum specific volume (mm, optional parameter)

dam_slope_m
dam_crest_width

slope angle: horizontal length m per 1 m height difference
width of the dam crest (m)

thresh

limit_dam_height
dam_dist_eval
discretization_number

neighbors_exclude
_distance

threshold for the accumulation grid to define rivers (optional if sV_max is
defined)

dam_height_max is (1): valid for the whole dam; (2): only valid for the dam axis
evaluation step size between dam_height_min and dam_height_max (m)
discretization of the curves for impounding heights, storage volumes and basin
areas (number of points)

distance in which neighboring river points are excluded for further analysis after
a dam location has been determined (m)

wl_damVolume_per
_basinVolume
w2_basinArea_per
_basinVolume
w3_share_well_suited
w4_share_not_suited

weighting factor for criterion 1 (dam volume per basin volume)
weighting factor for criterion 2 (basin area per basin volume)

weighting factor for criterion 3 (share of well-suited cells)
weighting factor for criterion 4 (share of not-suited cells)

debug_on
save_memory

debugging option to assess the analysis process (activate = 1, deactivate = 2)
definition if inappropriate dam sites are deleted immediately to reduce main
memory requirements (yes/no: 1/0)

save_grids
save_river_points
save_dam_points
save_basins_selected
save_basins_as_ascii
save_curves_as_excel

input grids (yes/no: 1/0, Table 4)

general information on all analyzed river points (yes/no: 1/0, Table 4)
information on all suitable basin locations (yes/no: 1/0, Table 4)

detailed information on the selected basin combination (yes/no: 1/0, Table 4)
ascii raster file for all sites with dam heights and water depths (yes/no: 1/0)
excel-file with basin characteristics and depth-storage-area-curves (yes/no: 1/0)

plot_exitcodes
plot_spatial_overview
plot_factsheet_pl
plot_factsheet_p2
plot_dam_comparison
plot_curve_comparison
plot_visibility
raster_selected.name
raster_selected.legend
raster_selected.color

plot with spatial distribution of exit codes (yes/no: 1/0, Table 1)

plot with spatial distribution of basins and dams (yes/no: 1/0)

fact sheet, page 1: basin characteristics (yes/no: 1/0)

fact sheet, page 2: characteristics of all dam heights of one site (yes/no: 1/0)
plot second page of the fact sheet for multiple sites (yes/no: 1/0)

plot water depth-storage-area-curves for multiple sites (yes/no: 1/0)

define whether the plot is visible during plotting (visible/only saving: 1/0)
name of the background raster for the spatial plots (name from Table 2)
description of the raster ids in ascending order

RGB-codes (0-1) of the raster ids in ascending order (one color per line)

3.3. Output Data

The most common output data configurations are summarized in Table 4. The variables to
define the files to be saved are described in Table 3. The input grids and the user-defined exclusion
information are saved in the file input_grids_used.mat, which may be required for the plotting of
background maps. The file river_points.mat contains general information of all river points and
enables an analysis of the reasons for the exclusion of specific river points (exit codes in Table 1).
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Table 4. Output data files and variables (“r”: row, “c”: column).
Variable | Definition
input_grids_used.mat
grids required grids for the analysis (DEM)

grids_exclude
info_exclude_dam
info_exclude_basin

variable grids for the exclusion of dams or basins (e.g., land use)
additional information on the grids to exclude dams
additional information on the grids to exclude basins

river_points.mat

id
x_coord
y_coord
exit_code
dem
dem_£fill
acc
vorgaenger
nachfolger

identification number of the river point

x-coordinate in the used metric coordinate system

y-coordinate in the used metric coordinate system

exit codes to analyze why river points had to be excluded (Table 1)
elevation of the river point

elevation of the river point taken from the DEM with filled sinks
accumulation value of the river point

upstream neighbor(s) of the river point

downstream neighbor of the river point

dam_points.mat | basins_selected.mat

id, x_coord, y_coord and dem as in river_points.mat

dam_top_elev

dam_height
dam_axis_lengths
dam_volumes

basin_volumes

basin_areas
dam_axis_lengths_segments
dam_axis_heights
refGK_dam_coords

dam_heights

dam_elevation
refGK_BASIN_x
refGK_BASIN_y
refBASIN_depth_dam_cross.
refBASIN_depth_wall_cross.
ShA_dam

ShA_wall
critl_damvol_per_storage
crit2_area_per_storage
crit3_share_wellsuited_c.
crit4_share_notsuited_c.
objective_function
curve_potential_dam_basin

elevation of the dam crest

maximum dam height

length of the dam axis

dam volume (c1: whole dam, c2: waterside of the dam)

maximum storage volume of the basin (cross-section type: cl: dam, c2: wall)
maximum flooding area of the basin (cross-section type: c1: dam, c2: wall)
length of single segments of the dam axis to analyze the dam cross-section
dam heights for the single segments of the dam axis

coordinates of all dam points including the crest and the slopes in metric
coordinate system (row 1: x-coordinates, row 2: y-coordinates)

heights of all dam points including the crest and the slopes

elevations of all dam points including the crest and the slopes

x-coordinates of the basin raster data

y-coordinates of the basin raster data

basin raster data with water depth for a dam cross-section

basin raster data with water depth for a wall cross-section

curves of basin storage, water depth and basin area (dam cross-section)
curves of basin storage, water depth and basin area (wall cross-section)
criterion 1: dam volume per basin storage volume (Section 2.3.4)

criterion 2: basin area per basin storage volume (Section 2.3.4)

criterion 3: share of well-suited cells in the basin (Section 2.3.4)

criterion 4: share of not-suited cells in the basin (Section 2.3.4)

result of the objective function (for basins_selected.mat)

dam and basin characteristics for all possible potential dam heights (rows:
potential dam heights; cl1: evaluated dam heights, c2: dam volumes, c3:
dam axis lengths, c4: basin volumes, c5: basin areas, c6: specific volume, c7:
objective function, c8: correspondence to user requirements (1: possible, NaN:
restricted), c9: real maximum dam height, c10: criterion 1, c11: criterion 2, c12:
criterion 3, c13: criterion 4, c14: number on non-suited cells)

The detailed descriptions of possible dam sites are given in the files dam_points.mat and

basins_selected.mat. The latter involves the dams of the selected combination and can be used for a

combined efficiency analysis. In contrast, dam_points.mat contains all possible dam sites, which have
not been excluded in the previous analysis. The file can be used to characterize potential dam sites and
to conduct a manual selection of basin locations.

4. Case Study

The objective of the case study is to illustrate the applicability and flexibility of LOCASIN.
We selected two area extents from the Main catchment in Bavaria (Germany) with maximum
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accumulation areas of about 5km? and 200km?. The different catchment sizes and valley types
of the sections allow one to detect a large range of basin volumes.

4.1. Input Data and Parameters

The required file names and parameters are summarized in Table 5. The four cases differ in
terms of the spatial extent (region 1, region 2), raster resolution (1 m, 5m) and specific dam and
basin characteristics.

We defined two raster files to include or exclude potential dam sites. The raster river_buffer
defines an area of 70m along the real river network; potential dam points outside this range are
excluded. The second raster contains land use information, which is used to exclude dam sites and
to evaluate the suitability of the basins. Basins containing more than 1000 m? of the land use classes
5 (large roads) or 6 (settlements) are excluded. The shares of well suited cells (1: grassland) and not
suited cells are considered in the objective function for the dam and basin evaluation. The parameter
to define the dam and basin characteristics differs in the ranges of dam heights and basin volumes.
Furthermore, the level of detail varies with regard to the respective computational effort. The run and
save options are identical. The threshold value is left empty and in is consequently defined based on
the minimum basin volume and the maximum specific volume.

4.2. Performance Evaluation

The applicability of LOCASIN is flexible with regard to the input data and the raster resolution,
the level of detail of the results and the computational effort. The results of the four cases and their
visualization are described in Section 4.3. Table 6 gives an overview over the evaluation extents, i.e.,
the raster size and number of river points, and the resulting computational effort of the four cases
(Intel(R) Xeon(R) CPU E3-1270 V2 at 3.50GHz, 32.0 GB RAM). While there is only a relatively small
difference with regard to the raster resolution among case 1 and case 2 (factor: 4.2), the computation
time of the basin analysis increases significantly by a factor of about 14.7 from case 3 to case 4.
In consequence, the required level of detail may be adjusted to obtain a reasonable computational effort.

4.3. Results and Visualization

The visualization of the results provides a basis for a plausibility check and an evaluation of the
results. It includes six figures:

1.  The spatial distribution of the river points is plotted with different colors for the exit codes (Table 1).
Individual raster data (e.g., DEM) can be displayed as a background map. The purpose of the figure
is to analyze the plausibility of the results and the sorting procedure (Figures Ala,c and A7a,c).

2. The selected basin combination is displayed to give an overview of the final results. It includes
the basin number, the dam orientation with the respective dam heights and the basin area
with distributed water depths. The background map includes the DEM, an individual map
(e.g., landuse) and the river network (Figures Alb,d and A7b,d).

3. The characterization of the single basins is summarized on a double-sided fact sheet. The first
page includes general information on the selected basin; curves of the water depths, the storage
volume and the flooding area; the dam’s cross-section; the basin longitudinal section; and a top
view of the basin (Figures A3-A6, A9 and A10).

4. The second page displays information on all potential dam heights; i.e., the dam characteristics,
the basin characteristics and the dam and basin evaluation criteria.

5. The curve of water depth, basin volume and basin area is decisive for the efficiency estimation
and the influencing area of a basin. It is, thus, included on the first page of the fact sheet, but can
additionally be compared among different dam sites.
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6. The second plot to compare multiple dam sites is based on the second page of the fact sheet.
It may be relevant for decision making to manually evaluate potential dam sites and heights
(Figures A2 and A8).

Table 5. Input data and parameter selection for the case study.

Variable Name Casel | Case2 Case3 | Case4
investigation area region 1 region 2
raster resolution S5m 1m 5m [ Im
required and optional spatial input data

grids_required.x_range [4,476,340 ,4,477,111 ] [4,471,081,4,477,113 ]
grids_required.y_range [ 5,548,272 , 5,549,619 | [ 5,543,462 , 5,546,414 ]
grids_required.dem demb.txt dem1.txt demb.txt dem1.txt
grids_required.dem_fill demfill5.txt demfilll.txt demfill5.txt demfilll.txt
grids_required.dir dir5.txt dirl.txt dir5.txt dirl.txt
grids_required.acc acch.txt accl.txt acch.txt accl.txt
info_exclude_dam.river_buffer.name buffers.txt | bufferl.txt buffer5.txt | bufferl.txt
info_exclude_dam.river_buffer.include
info_exclude_basin.landuse.name uses.txt ‘ use.txt useb.txt ‘ use.txt
info_exclude_basin.landuse.exclude{1} [5, 6]
info_(...).landuse.exclude_threshold{1} 1000
info_exclude_basin.landuse.well_suited 1
info_exclude_basin.landuse.not_suited [5, 6]

parameters to define dam and basin characteristics
dam_height_max 7 10
dam_height_min 1 3
dam_height_buffer 0.05
dam_length_max 100 ‘ 500
exclude_longer_dams 0
basin_volume_max 60,000 4,000,000
basin_volume_min 5000 ‘ 800,000
sV_max 30
sV_min 10
dam_slope_m 2
dam_crest_width 3
thresh [1
limit_dam_height 1
dam_dist_eval 0.2 ‘ 0.5
discretization_number 41
neighbors_exclude_distance 4 ‘ 24
wl_damVolume_per_basinVolume 0.3
w2_basinArea_per_basinVolume 0.3
w3_share_well_suited 0.2
w4_share_not_suited 0.2

run, save and plotting options (identical for Case 1 to Case 4)

debug_on 0 plot_visibility 0
save_memory 1
save_grids 1 plot_exitcodes 1
save_river_points 1 plot_spatial_overview 1
save_dam_points 0 plot_factsheet_pl 1
save_basins_selected 1 plot_factsheet_p2 1
save_basins_as_ascii 1 plot_dam_comparison 1
save_curves_as_excel 1 plot_curve_comparison 1
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Table 6. Evaluation extent and computation time of the four cases.

Parameter | Case 1 | Case 2 | Case 3 | Case 4
evaluation extent
raster size (cells) 42 % 10* 1.6 x 10° 7.1 x 10° 1.7 x 107
potential sites 653 4408 2660 15,546
analyzed sites 361 418 420 930
possible sites 147 148 56 68
selected sites 4 4 2 2
computation time (min)
preprocessing 0.847 1.817 0.951 2.455
dam analysis 0.038 0.313 0.138 5.620
basin analysis 0.210 3.954 1.289 32.327
combination selection 0.001 0.007 0.003 0.049
saving results 0.011 0.087 0.578 0.511
plotting results 0.074 2.182 1.374 24.860
total duration 2.022 8.547 4.505 66.012

Those six figures can be combined in multiple ways. In the following we show a possible
arrangement of the figures for the four cases, which allows for a comparison of the effects of the raster
resolution. Figures A1-A6 illustrate the results of case 1 and case 2, whereas Figures A7-A10 represent
the results of case 3 and case 4. The difference in grid resolution is more pronounced between cases 1
and 2 (Figures A3-A6) than between cases 3 and 4 (Figures A9 and A10), illustrating the dependence
on the target size of the dam height and retention volume. On the one hand, the locations of the
basins are not identical for different grid resolutions, which leads to different characteristics. On the
other hand, the percentage influence of the grid resolution is distinctly larger for small basin and dam
volumes. When searching for locations for larger basins, the grid resolution can be increased without
substantial loss of information, which considerably reduces the compuational effort (Table 6).

5. Conclusions

Retention basins have multiple objectives, including flood and drought management. Due to
different demands of the site characteristics, a flexible methodology is required to fulfill the
respective needs. We presented an open-source MATLAB tool, LOCASIN, which allows one to
automatically detect, evaluate and select basins based on user-defined characteristics. LOCASIN is
highly customizable in terms of raster resolution, the desired dam and basin characteristics (e.g., dam
length, dam height, basin volume, specific volume) and the input data types to evaluate the suitability
of the basins (e.g., land use, hydraulic conductivities, groundwater levels). Given the flexibility of
possible input data combinations, LOCASIN represents a tool that can be employed for multiple
practical applications such as flood, drought and water resources management on small or large
spatial scales.

Potential users of LOCASIN are policy makers who are responsible for an integrated and resilient
water management system, water authorities and engineering offices designing water management
systems and scientists evaluating mitigation strategies. The practical use of LOCASIN can be made
easier by the addition of a graphical user interface and the resulting simplified usability. Within the
scope of scientific studies, there is potential for improvement, especially in the scope of the objective
function. In addition to the four factors used, environmental, social and economic assessment criteria
could also be taken into account.
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Appendix A. Visualization of the Case Study
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Figure A1l. Case 1 and case 2: overview of the results.
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Figure A2. Case 1 and case 2: comparison of all potential dam heights.
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Figure A3. Fact sheet of basin 1: comparison of the raster resolution (case 1 and case 2).
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Figure A6. Fact sheet of basin 4: comparison of the raster resolution (case 1 and case 2).
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Figure A7. Case 3 and case 4: overview of the results.
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Figure A8. Case 3 and case 4: comparison of all potential dam heights.
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Figure A9. Fact sheet of basin 1: comparison of the raster resolution (case 3 and case 4).
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Figure A10. Fact sheet of basin 2: comparison of the raster resolution (case 3 and case4).
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Appendix B. Tutorial

The tutorial is structured in three sections and provides step-by-step instructions to apply
LOCASIN on a small test case. It is located in the Main catchment (Bavaria, Germany) and has
a size of about 1km?. The standard use of LOCASIN requires a MATLAB license and allows an
adaption of the code itself. Alternatively, the site-specific input data can be defined in an Excel-table to
run the program with a compiled executable.

Appendix B.1. Input Data

The input data for the test case is already prepared from several raw data sources. The overview
of the used input data ais given in Appendix B.1.1. The exemplary steps for the data preprocessing are
described in Appendix B.1.2.

Appendix B.1.1. Data Overview

The test data set comprises six ascii raster files, which are located in the folder testcase. Three of
them are required for the analysis (dem, dir, acc), whereas the others are included in the evaluation
of the dam sites or are used for visualization purposes. All raster files need to have the same spatial
extent and the same raster resolution.

dem.txt digital elevation model (DEM) in a resolution of 5 m (required)
dem_fill.txt  DEM with filled sinks (optional)

dir.txt flow directions (required)

acc.txt flow accumulations (required)

buffer.txt definition of a 70 m buffer around the river network (optional)

landuse.txt  map with land use classification numbers (optional)

Appendix B.1.2. Data Generation

The generation of the input data can be based on a variety of data sources and can be performed
in multiple ways. The following procedure is an example for the dataset in Appendix B.1.1, which was
done in the scope of the project ProNaHo [24]. We used ArcMap 10.4.1 [25] for the preprocessing.

dem.txt The DEM [26] was aggregated from a resolution of 1 m to 5m. To use all features of
LOCASIN, the DEM needs to cover all upstream borders of the catchment.
[Spatial Analyst Tools — Generalization — Aggregate (aggregation technique: mean)]
dem_fill.txt The following flow direction and accumulation analysis requires a DEM with

filled sinks.
[Spatial Analysist Tools — Hydrology — Fill]

dir.txt The flow directions were determined on the basis of the DEM with filled sinks.
[Spatial Analyst Tools — Hydrology — Flow Direction]

acc.txt The flow accumulation raster was determined on the basis of the flow direction raster.

If the raster covers the upstream borders of the catchment, the resulting cell values
give information on the respective catchment area.
[Spatial Analyst Tools — Hydrology — Flow Accumulation]
buffer.txt The derived river network from the flow accumulation raster may not correspond
to the real river network [27]. Thus, a buffer of 70 m around the real river network
shapefile was determined in order to include only river cells within this range for
the analyses.
[Analysis Tools — Proximity — Buffer; Conversion Tools — To Raster — Polygon to Raster]
landuse.txt  The land use shapefile [28] was classified based on the potential suitability for basin
locations and converted to a raster.
[Conversion Tools — To Raster — Polygon to Raster]
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Appendix B.2. Parameter Setting

The parameter values can be defined in the USER_INPUT.m file, which is called in the beginning of
the program. Alternatively, the parameter setting can be done in an Excel-file with a specific structure
(e.g., user_input.xlsx in the directory testcase). The function USER_INPUT_from_xlsx.mimports the
Excel-file and allocates the respective variables, where the location and the name of the Excel-file is
defined in define_input_directory_and_file.txt. The selection of the USER_INPUT source is defined in the
beginning of LOCASIN.m. The compiled executable LOCASIN can only be run based on the parameter
setting from the Excel-file.

Appendix B.2.1. Spatial Input Data

The required and optional spatial input data have to be defined according to the generated
data being described in Appendix B.1 and are summarized in Table A1l. The names of the structure
grids_required are fixed, whereas the fields of info_exclude_dam and info_exclude_basin are
adjustable. The definition of basins to be excluded based on the maximum area of a specific raster
value is flexible and can be adapted manually. In this example, basins are excluded, which comprise
more than 100 m? of settlements or large roads or more than 1000 m? of small roads.

Table Al. Definition of spatial input data: variable names and selected values.

Variable Name Selected Value
grids_required.dem demb.txt
grids_required.dem_fill dem_fill5.txt
grids_required.dir dir5.txt
grids_required.acc acch.txt
info_exclude_dam.river_buffer.name buffer5.txt
info_exclude_dam.river_buffer.include 70
info_exclude_basin.landuse.name landuseb.txt
info_exclude_basin.landuse.exclude{1} [5,6]
info_exclude_basin.landuse.exclude_threshold{1} 100
info_exclude_basin.landuse.exclude{2} [4]
info_exclude_basin.landuse.exclude_threshold{2} 1000
info_exclude_basin.landuse.well_suited 1
info_exclude_basin.landuse.not_suited [5,6]

Appendix B.2.2. Basin Characteristics, and Save and Plot Options

The parameters which describe the dam and basin characteristics are defined for the purpose of
identifying small retention basins (Table A2). The threshold to define rivers (thresh) can be left empty,
because the maximum specific Volume (sV_max) was defined. Additional variables define the required
output to be saved, and the plots, which are included in the visual representations of the results.

Appendix B.3. Run LOCASIN

LOCASIN can be run directly in MATLAB by executing the script LOCASIN.m or by selecting the
executable LOCASIN.exe. Prior to the calculation of the testcase, the directories need to be adapted:

o  Code: adaption of the data and result directories in USER_INPUT .m.

o  Executable: adaption of the directory in define_input_directory_and_file.txt to the location of the
Excel-file user_input.xIsx and adaption of the data and result directories in the first sheet of the
Excel-file.
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Table A2. Definitions of basin characteristics, and save and plot options.

Variable Name Selected Value
dam_height_max 6
dam_height_min 1
dam_height_buffer 0.05
dam_length_max 70
exclude_longer_dams 0
basin_volume_max 500,000
basin_volume_min 5000
sV_max 40
sV_min 10
dam_slope_m 2
dam_crest_width 3
thresh []
limit_dam_height 1
dam_dist_eval 0.2
discretization_number 41
neighbors_exclude_distance 0
wl_damVolume_per_basinVolume 0.3
w2_basinArea_per_basinVolume 0.3
w3_share_well_suited 0.2
w4_share_not_suited 0.2
debug_on 0
save_memory 1
save_grids 1
save_river_points 1
save_dam_points 1
save_basins_selected 1
save_basins_as_ascii 1
save_curves_as_excel 1
plot_exitcodes 1
plot_spatial_overview 1
plot_factsheet_p1 1
plot_factsheet_p2 1
plot_dam_comparison 1
plot_curve_comparison 1
plot_visibility 0

Appendix B.4. Results and Visualization

The visualization of the results includes three groups: the characteristics of the basins,
the characteristics of the dam sites and the overview of the selection procedure.

Basin Characteristics The defined parameter values result in two very diverse basin positions
for the analyzed river section (Figure A11). Basin 1 has a volume of about 450,000 m® (Figure A12a),
whereas the other one is only about 10 % of that size (Figure A12b). The spatial distributions of the
dams illustrate the dam geometry with highest dam heights at the center of the dam. Additionally,
the figures indicate that the raster resolution might not be high enough for a profound calculation of
the dam volumes.

Dam Characteristics The second page of the basin fact sheets is visualized (for both dams) in
Figure A13. The graphs show distinct differences among the basins with respect to the dam volumes,
dam axis lengths, basin volumes, basin areas, the relation of dam volume and basin volume and the
shares of well-suited cells in the basins. In contrast, the relations of the basin area to the basin volume
and the specific volumes are similar. The dam heights of both basins were chosen based on the values
of the objective functions, since the upper limits (basin volume, specific volume, dam height) were not
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reached. Lower dam heights were excluded due to the restriction of the minimum specific volume of
10 mm.

Exit Codes The spatial distribution of the exit codes in Figure A14 evaluated the suitability of
different river sections for the positioning of retention basins (Table 1). Especially at upstream positions,
river points were excluded, because the basin reached the borders (=10), the basin was to small (=14)
or the specific volume was to small (=16). The distribution may indicate that the selected extent is not
large enough to get the optimal basin position.
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Figure A11. Results of the example dataset: spatial distribution of the dams and basins.
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Figure A12. Fact sheets of the two basins: information on the basin characteristics.
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