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ABSTRACT

The main goal of this work was to verify the historic data of historic artificial water res-
ervoir Ottergrund, Banska Stiavnica district, which is inscribed in the UNESCO world
heritage list. Main focus was set to area-storage capacity curve. There is historic map
with the display of reservoir bottom contours and area-storage capacity curve in a paper
format. These data were analysed and compared with the results of the calculation of
area-storage capacity curve that was performed with the use of a new tool with named
“ASC_Curve”, which is based on Python script. This tool utilizes ArcPy site package
and it works with the TIN model of water reservoir bottom. In case of water reservoir
Ottergrund we created the TIN model of the historic bottom; input data for the TIN
model creation was the historic contour plan. The results of the analysis have shown
that the storage capacity calculated with the use of the developed ASC_Curve tool is
97% of the volume mentioned in the historic map. Analysis has also show the minor
mathematical errors in the calculations of the area-storage capacity data in historic con-
tour plan. This tool can also be used also for the analysis of the current storage capacity
conditions of the water reservoirs, if the surveying with echosounding equipment is
performed to obtain the data to produce the TIN model of the water reservoir bottom.
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INTRODUCTION

Erosion processes that occur in the watershed
are causing the siltation of water reservoir [Ha-
laj et al., 2013]. Changes of the reservoir bottom
morphology can be caused also by processes of
shoreline erosion [Pelikan and Slezingr, 2015].
Processes of the accumulation of the sediment
cause the variety of negative effects; such as loss

of the reservoir storage capacity due to siltation
and affecting of the biota and ecological water
quality [Ahmed and Sanchez 2011, Pradhan et
al. 2011, Jurik et al. 2015]. However, pollution
caused by various human activities is far more
dangerous to the environment [Policht-Latawiec
et al., 2015] as the sediments are ultimate source
of potential chemical and biological pollutants.
[Apitz et al., 2005]. The processes of the water
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reservoir siltation causes worldwide the annual
loss of the reservoir storage capacity in the range
of 0.5-1% of the total storage capacity [White,
2010]. This process can lead to the disappearing
of the particular lakes [Choinski and Ptak, 2009].
Water reservoirs belong to surface waters that are
the primary water source [Tarnik and Igaz, 2015]
and they are strongly affected (water quality and
quantity) by the activities in the reservoir catch-
ment area [Kaletova et al. 2013].

Analysis of the water reservoir water vol-
ume is necessary for the various purposes, such
as storage capacity or fish density [Cross and
Moore, 2014]. Total water volume can be calcu-
lated with different methods, such as calculation
with the use of raster DEM of the reservoir bot-
tom [Kress et al., 2005], calculation of the stor-
age capacity change can be also performed as the
comparison of two raster elevation models [Cey-
lan et al., 2005].

Water storage capacity and water surface area
of reservoir is the function of the water level el-
evation, this function is described by ,,Area and
capacity curve [U. S. Department of the Interior,
1987] or,,Area-storage capacity curve[Issactal.,
2015] or ,,Elevation-area and elevation-capacity
curves“ [U.S. Department of the Interior, 2001],
In Slovakia, the name ,bathygraphic curve® is
used [Jurik et al., 2011]. This curve describes the
water surface area and amount (volume) of water
at the given water level elevation in the form of
graph or table.

Water surface area is calculated as the surface
of the contour with the examined elevation (pla-
nimetry, GIS or CAD solution). Water volume is
usually calculated as the sum of partial volumes
(Eq. 1) calculated between two contours with the
use of the prismatic method as the multiplication
of the contour elevation difference and average
area of the contours (top and bottom contour of
the examined partial water volume) (Eq. 2) [Jurik
etal., 2011].

i
Vn,tatal = Z Vn,partial [m3 ] (1)
n=1

Sn-1+Sn

Vn,partial = 2 AH = Saverage-AH [m?] (2)

where: V. — total water volume at the given
water level, m?;
_ — partial volume of the n-th part of
n,partial
water volume, m?;
S, — surface area of the previous con-
tour, m?;
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S — surface area of the examined con-
tour, m?;
AH — clevation difference of the con-
tours, m.

MATERIALS AND METHODS

Study site

Historic water reservoir Ottergrund is lo-
cated in the cadaster of Banska Stiavnica town,
Slovakia (Figure 1). This reservoir was enlisted
in UNESCO world heritage list as the technical
monuments in the mining area named “Historic
Town of Banska Stiavnica and the Technical
Monuments in its Vicinity” in 1993. In the past
the reservoir was used as the source of water for
the purposes of mining and as a drinking water
supply. Dam crest elevation is 800.5 m above sea
level (m ASL) and it is the water reservoir located
at the highest elevation in the Stiavnicke Vrchy
area (Hydroconsult, 1991).

Input data

Historic contour map (Figure 2) and area-
storage capacity curve was used as input data for
the TIN model creation and further analysis. This
map was created in the year 1889 and it is drawn
at the milimetre paper [Kamenar, 1889].

Vectorization of the historic map

Historic map was scanned with 600 DPI reso-
lution in TIFF format. Afterwards the particular
contours with the semi-automatic vectorization in
R2V Software (R2V User’s Manual, 2008) were
converted from raster format (TIFF of the map) to
vector format (shapefile) and the elevation from
the historic map was added to each contour. Vector
contour map was registered to the Slovak national
coordinate system S-JTSK Ktovak East-North,
registration of the contour plan was performed in
ArcMAP 10.2 with the ortophotomap of the loca-
tion — ESRI ArcGIS reference cartographic base
map and Basic topographic map of Slovak repub-
lic in scale 1:10 000 from WMS server (www.
sazp.sk). Registration was performed with the use
of the suitable points that were available to iden-
tify at historic map and ortophotomap — position
of the building of outlet structure, spillway chan-
nel and dam crest.



Journal of Ecological Engineering Vol. 18(1), 2017

Czech
Slovakia

Bratislava
55

Austria

Poland

Ukraine

*x Ottergrund
M Towns
. Borders of countries

015 30 60 90 120km
[ . E—

Figure 2. Historic contour map with the area-storage capacity curve in the table format

In case of water reservoir Ottergrund the
historic map also contained the table of the ar-
ea-storage capacity curve (ASC) without graph.
Analysis of the data in the ASC table has shown
minor mathematical errors in calculation of par-
tial volumes, so it was recalculated in MS Excel
in accordance to equation (1) and (2).

Verification of the data was performed with
the use of TIN model of the reservoir bottom
created from the input data — nodes of the vec-
torised contours from historic map, boundary of

model was set as the contour with largest eleva-
tion 800.5 m ASL — maximum elevation of the
water level in this reservoir. The TIN model was
created with constraining of the Delaunay trian-
gulation. This TIN model was afterwards anal-
ysed with the goal to create the ASC in table and
graph format. For these purposes we created the
tool with name “ASC_Curve” — stand-alone Py-
thon script that utilizes the ArcPy site package
for the analysis of the TIN model to calculate
the area and volume of water at demanded el-
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evations and storing the data in plain text file for
further processing in MS Excel (Figure 3). ArcPy
is a Python site package that provides a useful
and productive way to perform geographic data
analysis, data conversion, data management, and
map automation with Python. ArcPy provides ac-
cess to geoprocessing tools as well as additional

functions, classes, and modules that allow user to
create simple or complex workflows. ArcGIS ap-
plications and scripts written using ArcPy benefit
from being able to access and work with the nu-
merous Python modules developed by GIS pro-
fessionals and programmers from many different
disciplines [pro.arcgis.com].
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Figure 3. Flow chart of ASC_Curve Python script for the calculation of the bathygraphic curves
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“ASC_Curve” script is developed to be
stored and run from the folder containing the
TIN model (or more models). ASC Curve au-
tomatically gathers minimum and maximum el-
evation from TIN model, path to the folder and
name of the analysed TIN model. Afterwards the
user can set the boundary elevations (minimum
and maximum) and the interval of the water
depth division — elevation difference for analysis
of the reservoir. ASC Curve allows the user to
set the option of the calculation direction (from
the top to the bottom or from bottom to the top).
This option is to offer the solving of two main
types of its further use:

1. Analysis will be performed for the identical
water depths with increasing tendency (from
minimal elevation of TIN in direction to the
top) — in this case the ASC_Curve can anal-
yse the TIN model and offer the results for
the demanded water depths — that means the
ASC Curve will analyse the water volume
and water surface area in accordance to the
water depths (Fig. 4a)

2. Analysis will be performed for the identical
water level elevations with decreasing tenden-
cy (from maximal elevation of TIN in direction
to the bottom) — in this case the ASC_Curve
can analyse the TIN model and offer the re-
sults for the demanded water level elevations.
This option is important for the comparative
studies of different time stages that are de-
manded to answer the question of the storage

capacity and water surface area development
at the same water level elevations in both time
stages (Figure 4b).

RESULTS AND DISCUSSION

Historic map of water reservoir Ottergrund
displays the shape of the water reservoir bottom
as ten contours with the elevation from 791.6 to
800.5 m ASL — elevation difference is 1.0 m from
the contour 792.5 m ASL. ASC table contains the
partial and total volumes for the particular con-
tour elevations, but there is one uncertain eleva-
tion — maximum contour elevation is 800x500 m
ASL, but in the ASC table is the calculation up to
800x542 m ASL. After the checking of the map
and available documentation we did not find the
explanation for this data and the meaning of 42 is
not clear.

In accordance to the calculated parameters of
ASC in historic map we calculated the parameters
with the ASC Curve tool for the same elevations
791.6-800.5 m ASL with the elevation difference
of 1 meter with the calculation from the highest
elevation to lowest. The results were processed
in MS Excel in table (Table 1) and graph format
(Figure 6).

Result of the ASC Curve analysis was sig-
nificantly different from the volume data in the
ASC table in historic map (Table 2). These dif-
ferences were also achieved in the surface area
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Figure 4. Direction of the ASC_Curve script calculation: a. from lowest elevation to provide whole numbers
of the water depths; b. from highest elevation to provide equal elevation of the water levels for comparison of
original (historical) and current status of
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Table 1. Parameters of bathygraphic curves from historic map and from the analysis of TIN models

Historic data Data from TIN model Data from TIN model
Water level Volume data Recalculated volume (ortophotomap (millimeter paper
clevation | Water level from table in map (prismatic method) referenced) referenced)
[m ASL] area Partial Total Partial Total Water level Total Water Total
(m?] volume volume volume volume area volume level area volume
[m?] [m?] [m?] [m?] [m?] [m?] [m?] [m?]
791.6 54.3 0 0 0 0 41.1 0.0 48.6 0.0
792.5 94.1 66.7 66.7 74.2 74.2 81.6 53.9 95.9 63.6
793.5 147.7 120.9 187.6 120.9 195.1 130.6 159.3 152.6 186.9
794.5 237.3 192.5 380.1 192.5 387.6 202.2 3243 237.6 380.4
795.5 377.8 307.5 687.6 307.6 695.2 322.9 583.7 379.1 684.8
796.5 587.9 482.8 1170.4 482.9 1178.0 502.7 992.1 591.4 1164.2
797.5 813.2 700.5 1870.9 700.6 1878.6 700.4 1591.4 822.9 1868.4
798.5 11134 963.3 2834.2 963.3 2841.9 953.6 2414.9 1121.3 2836.4
799.5 1475.9 1294.6 4128.8 1294.7 4136.5 1256.8 3515.8 1480.6 4131.8
800.5 1887.9 1681.9 5810.7 1681.9 5818.4 1607.8 4949.3 1893.8 5820.0
Legend

Vectorized contours
TIN model of the bottom
Elevation [m ASL]
799.5 - 800.5
798.5-799.5
I 7975-7985
I 7965-7975
I 79557965
794.5-795.5
I 7935-7945
P 7925-7935

791.6-792.5
791.6

Figure 5. Reconstructed contour map of Ottergrund bottom

data calculation — this led us to conclusion that
the georeferencing of historic map raster (Fig. 2)
was not proper and that led to the distortion of
the raster input — this distortion resulted in defor-
mation of the vectorised contours. To eliminate
this error we performed the new georeferencing
with the different approach. We used the grid of
the millimetre paper — 1 cm raster represents 2
m (scale 1:500). We recreated the point grid field
with distance of points 2x2 m in the ArcMAP
10.2 and the scanned map was georeferenced to
these points with the use of millimetre paper grid
nodes. Afterwards we shifted and rotated the ref-
erenced map to fit the visually identical points at
the ortophotomap (dam, buildings at the shore-
line). This newly referenced map was afterwards
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vectorised manually in ArcMAP 10.2 and the TIN
model of the Otergrund water reservoir was cre-
ated (Fig. 5).

Then the ASC_Curve tool was used again to
process the TIN model to obtain the water surface
area and water storage capacity (Table 1 and 2).

In accordance to the results of the analysis of
the second referencing we can state that the anal-
ysis of the ASC_Curve tool resulted in average to
3% smaller water volumes, compared to the con-
ventional prismatic method of the calculation of
the area-storage capacity. This result makes the
newly developed ASC Curve tool available and
useful tool for the area-storage capacity curve
calculations of the current status. TIN model cre-
ated from spatially referenced depth-point hy-
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Table 2. Comparison of the water volume from historic map and from the analysis of TIN models

Water volume
Water level Original OPM MMP
elevation historic data [m?] OPM MMP referenced referenced
[m ASL] Recalculated historic referenced [m?] referenced [m?] % of original historic data
data [m?] % of recalculated historic data
0 - -
791.6 0 0
0 - -
66.7 80.7 95.4
792.5 53.9 63.6
74.2 72.6 85.7
187.6 84.9 99.6
793.5 159.3 186.9
195.1 81.7 95.8
380.1 85.3 100.1
794.5 3243 380.4
387.6 83.7 98.1
687.6 84.9 99.6
795.5 583.7 684.8
695.2 84.0 98.5
1170.4 84.8 99.5
796.5 992.1 1164.2
1178.0 84.2 98.8
1870.9 85.1 99.9
797.5 1591.4 1868.4
1878.6 84.7 99.5
2834.2 85.2 100.1
798.5 2414.9 2836.4
2841.9 85.0 99.8
4128.8 85.2 100.1
799.5 3515.8 4131.8
4136.5 85.0 99.9
5810.7 85.2 100.2
800.5 4949.3 5820.0
5818.4 85.1 100.0
. 84.6 99.4
Average for all elevations:
82.9 97.4

Note: OPM — orthophotomap; MMP — millimetre paper
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801,0 -
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\.\. ~ - ’
‘.\ S
. S
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Figure 6. Area-storage capacity curves of the water reservoir Ottergrund
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droacoustic surveying can be used for the calcu-
lations of the current water volume [Byrnes et al.
2002, USACE 2013, Fuska 2015].

This tool was developed by J. Fuska, D. Ku-
binsky and K. Weis and it is free to download
at the link http://bit.ly/10xbnfi, original link is
http://www.dkubinsky.sk/blog/veda-a-vyskum/
automaticky-vypocet-plochy-a-objemu-vyvoj-
nastroja-na-baze-python-skriptu-pre-arcgis.

This script can be used by the non-govern-
mental, academic or commercial experts, but it
is necessary to remember that developers do not
take any responsibilities for the errors or damages
caused by the use of this script. We do not guaran-
tee the functionality and the use of this script is on
the own responsibility and risk of the user.

CONCLUSIONS

Assessment of the water reservoir Ottergr-
und storage capacity and water surface area per-
formed with this study has shown the multiple
aspects of this type of analysis. It is necessary to
consider the quality of the input historic data due
to possible deformations of physical historical pa-
per maps — shrinkage caused by temperature or
air humidity the longer time as the map is more
than 100 years old and the quality of the math-
ematical processing, but there is also the need of
the quality of the georeferencing as it may bring
the distortion of the input data that will certainly
affect the quality of the analysis outputs.

Area-storage capacity curve parameters can
be easily calculated from the input TIN model in
the ArcMAP 10.2 software with the use of newly
developed tool ASC Curve that was created as
the Python script. This tool offers fast and easy
way of the area-storage capacity curve parame-
ters calculation in comparison to the conventional
prismatic method of the calculation — in case of
the analysis of the Ottergrund water reservoir the
ASC_Curve analysis calculated the water stor-
age capacity only 3% smaller than water storage
capacity calculated with conventional prismatic
method calculation.

Area-storage capacity curve can be used for
the assessment of the historic data, but there is
a large potential mainly in the field of regular or
current assessment of the storage capacity of the
particular water reservoirs. Current research of
water reservoirs worldwide is based on the use of
echosounding equipment to provide digital eleva-
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tion models such as the TIN model of the current
reservoir bottom. With the use of the developed
ASC_Curve tool the development of the storage
capacity and water volume can be easily calcu-
lated for the purpose of irrigation, fish produc-
tion and drinking or industrial water supply. As
the morphology of the water reservoir is strongly
affected by siltation with the material eroded and
transported from the reservoir watershed, this tool
can answer the question of the total amount of the
material eroded and transported with the surface
runoff to the water reservoir.
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