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Abstract: This paper focuses on the problem of measuring stream power in a hydrographic
network using the original definition provided by Bagnold in 1996. Recent digital elevation models
have enabled the calculation of channel gradients and, consequently, stream power with a finer
spatial resolution, and this has created promising and novel opportunities to investigate river
geomorphological processes and forms. The work carried out in this study includes defining and
implementing a methodological approach that could be automated within a geographic information
system and that meets two requirements: (1) it uses a DEM as input data at a suitable resolution;
(2) it estimates the stream power (), as well as its variability along the considered stream, in the best
possible way using available data. In particular, the methodological approach was implemented in a
GIS environment (GRASS GIS) and applied to a sample basin to highlight the variability in () along
the main stream and its most important tributaries. The sudden and more substantial variations in
stream power were then related to the processes acting in the fluvial system. This approach made it
possible to highlight how erosion, solid transport, and sedimentation phenomena occurring along
the fluvial reaches are related to abrupt variations (increase/decrease) in the “power” available.
The results of this study support the idea that the automated and standardized screening of stream
power variability along a stream can be used as a preliminary diagnostic element to identify the most
“sensitive” points of the stream on which to concentrate subsequent investigations (field checks to
verify the causes), with the aim of mitigating risks due to the dynamics of the riverbed.

Keywords: stream power; GIS; river evolutionary trend

1. Introduction

The term fluvial dynamics is generally used in reference to water flow, sediment transport,
and bedforms resulting from the interaction between flow and sediment transport in alluvial channels.
Stream Power (SP) is a very significant parameter in sediment transport studies. SP represents the rate
of doing work (in transporting water and sediment). It is commonly expressed either as the stream
power per unit length (Q2) or the power per unit riverbed area (w). Bagnold [1] denoted the stream
power in the following way: “The available power supply, or time rate of energy supply, to unit length of
a stream is clearly the time rate of liberation in kinetic form of the liquid’s potential energy as it descends the
gravity slope S”. SP is calculated by the following formula:

Q=p-g-Q-S 1)

where () = stream power per unit of flow length (W/m); p ¢ = density x gravity acceleration = specific
weight of the fluid (kg/m?); Q = flow discharge (m®/s); S = local energy slope of the considered reach
(m/m). Traditionally, the bankfull discharge (2-3-year return period) is used in the calculation of SP [2,3].
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SP represents the rate of energy dissipation due to the friction and work at the bed and banks
per unit length of the stream. SP has been widely used to assess sediment transport and, in general,
the channel pattern evolution in a river [4-8]. Several authors [9-11] have shown that SP is the main
force that drives the channel evolution in the whole river, from the source area up to the accumulation
zone (see Figure 1).
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Figure 1. Schematic representation of the relationship between downstream changes along a river and
associated transitions in sediment process. Source: https:/ /extension.umass.edu/riversmart/sites/
extension.umass.edu.riversmart/files/fact-sheets/pdf/Task_Force_StreamPower.pdf.

The extensive use of Geographic Information Systems (GISs) and geographical data available
(frequently provided as open data) enable a local determination of SP in any section of a river. The two
most important parameters (Q and 5) are often affected by uncertainty in their determination. The flow
discharge is a parameter that is difficult to calculate because it depends on several aspects, such as
upstream area basin, basin permeability, rainfall, etc., and the rainfall-discharge model.

Modern Digital Elevation Models (DEMs) facilitate the quantification of a slope channel at high
resolution; the exploration of SP variability along the full length of a river [3,12] presents an opportunity
to use SP as a stream assessment tool [13].

This work uses a GIS approach to define the local value of SP by combining: (1) the hydrological
approach to determine the flow discharge as described by De Rosa et al. [14]; (2) the river channel
slope derived from the DEM raster. As presented in Equation (1), the transport capacity of a stream is
a direct function of the flow discharge and local slope; for this reason, the correct determination of
the slope is crucial to obtaining a correct stream assessment. The aim of this work is to develop a GIS
tool that is able to calculate the Total Stream Power (TSP) along a river axis and explore the relation
between TSP and river morphology.

The proposed approach was applied to the Topino River in the Umbria region (Tiber River Basin,
central Italy).


https://extension.umass.edu/riversmart/sites/extension.umass.edu.riversmart/files/fact-sheets/pdf/Task_Force_StreamPower.pdf
https://extension.umass.edu/riversmart/sites/extension.umass.edu.riversmart/files/fact-sheets/pdf/Task_Force_StreamPower.pdf
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Study Area

One of the most important rivers in the Umbria region in central Italy is the Topino River,
a tributary of the Tiber River. This river belongs to the hydrographic basin of Topino-Marroggia, which
incorporates two different basins: the basin of Marroggia-Teverone-Timia and the basin of the Topino
River (Figure 2). The Topino River Basin is about 250 km?, with a length of 35 km and an elevation
drop of 430 m.

outlet
=== main stream Topino
[] River Topino basin

0 10 20 km

Figure 2. Hydrographic basin of Topino. The blue line represents the Topino River. The red rectangle
on the right represents the coverage area.

From a geological point of view [15], the River Topino basin is situated almost entirely on the Miocene
terrigenous deposits of the “Marnoso-Arenacea” Formation (Umbrian-Marchean Series), which consists of
an alternation of marls and sandstones in variable proportions, in the facies of flysch. In its middle valley,
the river receives contributions from tributaries that originate from the carbonate reliefs of Mt. Subasio
(to the west) and the Foligno Mountains (to the east). The last reach of the Topino forms a wide alluvial
fan at its outlet in the Umbrian Valley (Foligno-Spoleto plain) that represents the eastern “branch” of the
Ancient Tiberine Lake [16], which was filled during the Pliocene and Pleistocene by clastic sediments in
lacustrine and fluvio-lacustrine facies (conglomerates, sands, and clays).

2. Methods

The procedure proposed herein aims to define the value of the TSP at any cross-section of a
river using a GIS procedure that is as simple and accurate as possible and based on available data;
the particular focus is on the determination of the local slope. Recent available DEMs enable the
calculation of the channel gradient and, consequently, the stream power with a finer spatial resolution,
and this presents promising and novel opportunities to investigate river geomorphological processes
and forms.

Nevertheless, determining the slope remains a difficult task because the evaluation should be as
local as possible [17].
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The method presented in this section is implemented in a GRASS GIS module called
r.stream.power. This code is further described in more detail in Section 2.3.

2.1. Peak Flow Discharge

The estimation of the maximum peak flow at a particular cross-section of a riverbed for a given
return period is a problem with a difficult solution because there are many factors involved.

In Italy, the River Tiber Basin Authority proposed a Flood Estimation Handbook, and its purpose
was to guide the evaluation of peak flows at any location in the River Tiber Basin [18]. This study used
data from 165 gauge stations that are distributed within the basin, and it proposed a methodology that
combines the results of analyzing regional precipitation with a duration from 1-24 h with the curve
number method [19] to quantify the volume of net rainfall.

The procedure implemented in a GIS environment [14] starts from the calculation of the upslope
catchment area by correctly identifying the outlet point for any given point. The calculation code finds
the closest point located in the stream network since the point provided by the user cannot be correctly
positioned. This point is identified by the r.distance module in GRASS GIS. The extracted stream
network is then ordered by Strahler’s stream hierarchy method [20]. A typical operation performed in the
reconstruction of the main channel is the application of the vector network analysis tools, in which the
outlet point is the starting point of the path. In this approach, the hydrographic network is considered
as a road network. In iterating network analysis, when a new main channel needs to be determined,
the computational time is substantially increased. The code implemented in this study identifies the
main channel by matrix segmentation on the basis of the same algorithms as those used in network
analysis. Then, a grid approach is applied by combining the raster of the drainage directions and the
raster of the ordered hydrographic network according to Strahler. The procedure is also able to derive
other information required for the slope determination, as further explained in the subsection below.

Another expedient that was used to speed up the calculation operations was the calculation of
the raster of the hydrographic network (the input required by r.distance) and the flow direction map
(necessary for the next step) for the entire Tiber River Basin by means of a digital elevation model. This
avoids the need to reprocess these maps at the request of any user.

Starting from the ordered hydrographic network, the code selects the maximum order of the
stream network; then, it executes a map algebra operation to extract the main stream, as explained
above. This operation enables the calculation of the run-off time using the Kirpich (Equation (2)) or
Giandotti method (Equation (3)), depending on the basin area: when the basin area is less than 10 km?,
the Kirpich equation is used; otherwise, the Giandotti equation is used.

e  Kirpich equation for basins smaller then 10 km?:

13\ 038
with
Tt = run-off time (hours);
L = main channel length (km);
DH = drop in elevation of the main channel (m).
e  Giandotti equation for basins larger than 10 km?:
4-8%54+15.L
Te = 0.8 - H05 ®)

with
Tc = run-off time (hours);
S =basin area (km?);
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L = main channel length (m);
H = mean basin elevation (m a.s.l.).

Subsequently, the Intensity-Duration-Frequency (IDF) parameters (4, b, and K) corresponding
to the analyzed river basin are calculated. The Flood Estimation Handbook provides several maps
to evaluate the IDF parameters (see Figure 3). The GIS procedure derives the values for 4, b, and
K automatically. This provides a better determination of the aforementioned parameters relative to
the standard procedure proposed by the Flood Estimation Handbook. The Handbook proposes the
evaluation of IDF parameters using isoline maps at the centroid of the basin; in the GIS procedure,
these factors are instead determined as weighted means of the basin.

a b k

Figure 3. Values of Intensity-Duration-Frequency parameters a, b, and K expressed as isolines, provided
by the Flood Estimation Handbook for the whole Tiber River Basin.

The maps of IDF parameters (1, b, and K) are used as raster input data of r.stream.power.
These raster maps were obtained through a TIN interpolation procedure; the pixel resolution is 25
m, which is the same as the DEM’s resolution. The DEM utilized in this work is the European Digital
Elevation Model (EU-DEM), Version 1.1, provided by the European Commission in the Copernicus Project.

Similarly, the Curve Number (CN) is calculated from the raster map previously obtained as the
weighted mean value of the basin.

This procedure is implemented in a GIS system, and the GRASS GIS scripts created [21] determine
the peak flow rate for each point of the hydrographic network and for the requested return period.

2.2. Slope Determination

Slope determination is a crucial aspect in the evaluation of SP along a reach. A Digital Elevation
Model (DEM) represents the starting point to derive the slope map. In GIS, the slope maps are normally
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obtained using a moving window (3 x 3 in many cases) following the main method available in GIS
software, as was carried out by Evans [22] or Zevenbergen and Thorne [23].

Equation (1) requires the determination of the local energy slope S, which can be approximated
by the bed slope. The DEM can provide an approximation of the local bed slope.

EU-DEM v1.1 has a planar resolution of 25 m with a vertical accuracy of 2.9 m, as assessed in
https:/ /land.copernicus.eu/pan-european/satellite-derived-products/eu-dem. Especially, when it
is necessary to calculate the slope for fluvial reaches, the normal proposed approaches are no longer
valid [24]. In fact, for the given EU-DEM, it appears that the minimum valuable slope is on the order of:
€ 29

= cellsize . 25 0.11

where € is the vertical accuracy.

Therefore, the minimum valuable slope is several orders of magnitude bigger than the floodplain’s
river slope, which is around 0.001. For this reason, in this paper, the local slope is not calculated by
means of the moving window using the classical GIS approach, but rather by calculating the channel
gradient as the ratio between the elevation difference and the real length of the reach.

The procedure starts tracking the path of the main channel from the outlet point going
upstream following the D8 drainage raster map (Figure 4). Afterward, the cell corresponding to
the end of a reach with a certain upstream distance is identified, as shown in Figure 4. In this
way, different slopes are obtained according to the upstream reach lengths considered (100, 200,
and 400 m). The approach for evaluating the gradient is not present in any of the most common
GIS open-source or commercial software packages (GRASS GIS, ARCGIS, SAGA, QGIS, GvSig).
Therefore, the implementation of this code represents a novelty of the module that is sure to be of
interest for hydrological-hydraulic applications.

Local D8 slope Upstream slope
3
4 2
mly
s ] \ K
&
L] |:?| DB s

250 m asl

Figure 4. On the left: D8 drainage map definition. Each cell has a value between one and eight in order
to identify the water-contributing cell. On the right: reach identification for several stream distances
from the outlet point. The algorithm identifies three points (purple circles) along the stream channel:
100, 200, and 400 m upstream from the outlet (blue circle). For each point, the elevation is determined,
and then, the elevation drop relative to the outlet point is calculated.

The reach length is normally considered to be 20 times the mean width of the riverbed.

2.3. The Module r. stream. power

R.stream.power is a module in GRASS GIS; it is written in Python and able to calculate the
stream power quickly at a cross-section of a river network. The code was released under the GNU
GPL license, and it is accessible at https://github.com/pierluigiderosa/r.stream.power/releases/tag/
1.0. The repository contains the source code of r.stream.powerand a GRASS GIS database with all
necessary input data (CN raster map, IDF raster parameters); therefore, the intent here is to provide a
fully-reproducible example.


https://land.copernicus.eu/pan-european/satellite-derived-products/eu-dem
https://github.com/pierluigiderosa/r.stream.power/releases/tag/1.0
https://github.com/pierluigiderosa/r.stream.power/releases/tag/1.0
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Figure 5 shows the r.stream.power module’s graphical user interface, which clearly shows the
required input data: vector points representing the locations of cross-sections at which to calculate the
stream power and DEM. No other input is required by the code for determining the flow rate and slope
because the additional information (CN and IDF parameters) is automatically determined. In particular,
the determination of the CN and IDF parameters is carried out using the weighted average of the CN
and IDF rasters (a, b, k), given the contributing upstream area related to the specific cross-section.

The r.stream.power output is a point vector layer that uses an attribute table to store all
code-calculated parameters, such as discharge, downstream channel length from the source point,
local elevation, elevation drops, upslope for several distances, and the TSP for upslope distances of
100, 200, 400 m.

The module introduces two novel elements to the stream power calculation: (1) a hydro-morphological
rigorous approach for the evaluation of the local slope upstream at a given cross-section (see Section 2.2);
(2) here, the flow rate, which is normally calculated with a discharge-area equation [2,25,26], is determined
with more detail, i.e., spatial rainfall distribution and infiltration (using the Curve Number method) are

also incorporated.

‘% e (00 0 A 5 R Ve -

@ Calculate the stream power in a river.

Richiesto DTM raster:* (dem=string)

Opzionale I | =
Returning time (Range valido -0-500):* (time=integer)

output del comando
10 2

Vector points of cross section where calculate stream power:" (points=name)

Chiudi Esegui Copia

C

308112.78; 4766993.50 ranrdinata = & Visualiz

Figure 5. (A) The user interface of the r.stream.power, the module of GRASS GIS. Required inputs
are vector points that represent the locations of cross-sections at which the stream power and DEM
should be calculated. (B) The model output represented by a vector points layer; the attribute table
contains, in detail, all of the code-calculated parameters, such as discharge, downstream channel length
from the source point, local elevation, elevation drops, upslope for several distances, and the TSP for
upslope distances of 100, 200, and 400 m. (C) Output points generated by the code plotted over the
DEM used as input.

3. Results

First, this work used GRASS GIS for the calculation of the precise flow values related to 62 points
identified along the Topino River from the confluence of Caldognola Creek, which is close to the town
of Nocera Umbra (Nocera Scalo), up to the entrance of the river near Foligno, as shown in Figure 6.
These points are located along the hydrographic network of the river under study and are approximately
spaced by a distance that is about 20-times the mean width of the riverbed. Subsequently, the slope
values (S) of the channel were determined following the method described in the section above.

Therefore, the river was split into 61 sections of the reach; any reach has a length of about 20-times
the mean-width channel. At the end of each reach, once the necessary data (mean flow and relative
slope of each section) were evaluated, Equation (1) proposed by Bagnold [1] was applied.

The discharge values corresponding to 62 cross-sections are shown in Table 1, and they ranged
between a minimum value of 17.1 m®/s and a maximum value of 35.2 m?/s.

The discharges listed in Table 1 are plotted in Figure 7. The discharge presents two big increments:
the major one, which corresponds to the confluence of an important tributary (Menotre River); the
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second one, which corresponds to the confluence of a small river coming from the left, close to the

outlet of the Topino Basin.

Nocera scalo

Figure 6. (A) Identification of points along the studied reach of Topino River (from Google Hybrid).

(B) Visualization of the Umbrian region overlapped by the Topino River main channel.

Table 1. Values for the peak flow discharge corresponding to the 62 cross-sections along the Topino River.

No Point Q(m3/s) NoPoint Q (m3/s) NoPoint O (m3/s)
1 17.09 22 25.08 43 28.78
2 21.16 23 25.1 44 28.87
3 21.19 24 25.15 45 29.37
4 21.35 25 25.22 46 29.35
5 21.49 26 25.25 47 29.73
6 21.35 27 25.32 48 30.14
7 21.49 28 25.35 49 34.25
8 21.52 29 25.37 50 23.75
9 21.55 30 25.49 51 24.99
10 21.9 31 25.47 52 28.81
11 21.94 32 25.5 53 29.33
12 21.98 33 25.52 54 28.91
13 22.01 34 28.44 55 29.52
14 22.05 35 28.48 56 29.56
15 22.07 36 28.58 57 29.78
16 22.12 37 28.64 58 34.42
17 22.19 38 28.67 59 34.5
18 22.81 39 28.71 60 34.81
19 23.66 40 28.74 61 34.78
20 23.68 41 28.78 62 35.2
21 23.76 42 28.83




Water 2019, 11, 1145 9of 16

=
L]
g 25.00
 20.00
o)
£
U
L
o

Figure 7. The line plot’s vertical axis is the discharge, and its horizontal axis is the upstream distance.
The steps represent increases in discharge due to confluences. The arrows highlight the correspondence
between the steps and the location in the map.

As explained in the section above, for each cross-section, the slope was calculated as the ratio of
the drop for a certain distance upstream of the cross-section to the distance itself. Figure 8 shows the
variation in the upstream slope along the reach of the Topino River. Figure 8 suggests that carrying out
the calculations by increasing the upstream distances from the cross-section from 100-400 m leads to
lower slope values. The slope calculated at greater distances was smoother than the one calculated at
100 m. However, the changes in the slope responsible for the variations (increases or decreases) in the
stream power were present in all the drops.

upstream slope

o A AN
2 bl WA WA

0.000

km from upstream

upslope 100 upslope 200 upslope 400

Figure 8. Plot of the upstream slope calculated using the three distances from the upstream.

Table 2 reports the Total Stream Power (TSP) values calculated for all cross-sections, expressed in
W /m; the values in bold correspond to the highest values, which are further described below.
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Table 2. Values for the total stream power corresponding to the 62 cross-sections along the Topino River, expressed in W/m. Values in bold correspond to the highest

values of TSP

D TSP Upslope TSP Upslope TSP Upslope D TSP Upslope TSP Upslope TSP Upslope
Dist. 100 Dist. 200 Dist. 400 Dist. 100 Dist. 200 Dist. 400
1 1775.82 887.91 995.82 32 360826 4333.66 2399.58
2 205.99 1369.75 1384.04 33  2693.06 4964.72 3617.26
3 2769.71 1689.04 1100.74 34 0 250.13 1671.12
4 1326.44 4088.01 2411.14 35 4263 1630.99 1451.47
5 0 1471.07 2867.31 36 119.69 162.86 807.56
6 2067.75 1346.1 1824.74 37 5796.88 3530.41 2270.71
7 0 448.75 861.29 38  2983.37 4600.51 5792.17
8 0 211.09 175.19 39  246.54 304.04 2829.07
9 2169.69 2102.67 1051.34 40 304.25 273.83 772.59
10 1047.39 591.07 939.22 41 9213 2409.56 1426.75
11 1307.58 1508.62 1095.74 42 4715.52 3019.24 1995.68
12 759.92 379.96 1124.67 43 2041.43 2245.54 2992.93
13 3487.96 1899.82 1050.22 44  1635.87 1635.79 2044.76
14 0 873.71 746.66 45  3603.57 3704.33 3031.84
15 3310.11 1655.06 1453.99 46  9821.8 7197.84 5286.04
16 914.71 1443.87 1189.17 47  4047.69 2050.47 1733.87
17 0 247.75 222.36 48  282.32 1285.76 2584.99
18 1429.41 3776.96 2036.58 49  3098.73 2560.6 3354.75
19 94.62 122.98 108.78 50 9.58 585.33 1574.71
20 1306.47 1197.6 795.25 51 10,164.98 6626.91 3429.73
21  655.28 982.88 1037.49 52 0 1086.14 1852.62
22 7250.18 4295.24 2584.58 53  2347.07 3659.51 2685.01
23 439.89 1691.53 2212.57 54  453.54 1496.99 3277.99
24 3838 698.94 1648.99 55 0 1696.03 1249.72
25  2587.56 1424.29 888.19 56  2438.49 23422 1659.04
26 599.21 1527.07 1335.6 57  4187.26 3312.15 4336.91
27  618.92 1187.67 894.58 58 0 1092.1 1648.86
28 32393 277.71 668.05 59  100.86 110.93 607.85
29  136.88 68.44 959.4 60 0 704.58 861.7
30 1615.29 1383.2 691.6 61 584.78 1793.74 1474.23
31 3611.47 3522.19 3252.77 62 0 378.64 589.71
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In Table 2, the zero values of the TSP at an upslope distance of 100 m were a result of the low
accuracy of the DEM. Moving only 100 m upslope from the current outlet did not change the elevation
value, so the drop was equal to zero.

Figure 9 shows the variation in the TSP in the studied reach of the Topino River. The figure
plots the TSP values calculated using the slopes determined at upstream distances of 100 m, 200 m,
and 400 m. The gray line represents the TSP obtained from the elevation drop at 400 m upstream and
is smoother compared with the TSP obtained at 100 m upstream.

——TE5P drop 100 upsiope TSP drop 200 upsiope TSP drop 400 upslope

DISTANCE FROM UPSTREAM (KM)

Figure 9. Linear representation for the stream power values along the reach of the Topino River.

4. Discussion

Starting from the TSP definition in Equation (1), a high TSP value could be related to a high value
of the local slope, a high value of discharge, or both. In these cases, at the points where the TSP increases,
a higher value of potential stream energy is available that the river uses for sediment transport and
erosion processes. Local peaks in TSP are thus related to local river morphological features.

The trend of the TSP shown in Table 2 and in Figure 9 reveals that there were some clear peaks along
the studied river. Some other high values of TSP were present, although they were not as prominent.

Below, we discuss some important peaks that are shown in Figure 9 and highlighted in Table 2:

o  Peak #1 is located 20.8 km downstream with a TSP value of 7250 W /m for an upslope distance
of 100 m, 4295 W/m for an upslope distance of 200 m, and 2584 W /m for an upslope distance
of 400 m. In this cross-section, the high value of the TSP was due to the local slope (about 1.8%)
and discharge.

e Peak #2 is located 26.3 km downstream; the TSP ranged from 2270 W/m (for an upslope distance
of 400 m) to 5796 W/m (for an upslope distance of 100 m). Even in this case, the increase in TSP
was caused by high values of the discharge (the discharge increased from 25.5 m3/s-28.4 m3/s)
and local slope (about 1-2%). In this section, in fact, the Rio Capodacqua, with its 35-km?
watershed, flows into the Topino River.

o  Peak #3 is located 28.7 km downstream, with a TSP that ranged from 5286 W/m-9821 W/m. In this
cross-section, the increase in the TSP was related to high values of the local slopes (about 3.5%).

o  Peak #4 is located 29.3 km downstream with a TSP that ranged from 3429 W/m-10,164 W/m.
Even here, the TSP increase was related to high values of the local slopes (about 3.5%).

It is interesting to analyze the causes of a local gradient increase highlighted in Figure 10. Generally,
high slope values are due to geological structural elements. For Peak # 1, the high value of SP
was partially due to an increase in the flow discharge. Nevertheless, geological surveying
demonstrated that this value of SP was due to the overall presence of a fault, which was evident
by the alignment of the tributaries (on the right and on the left) of the Topino River (see Figure 11).
The fault produced a clear increase in the Topino River slope as a consequence of the regressive
erosion of the main channel that tried to re-establish its equilibrium profile. Furthermore, Peak # 2
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is interesting because it showed the same situation: the increase in the slope was produced by a
normal fault that caused a nick-point in the river longitudinal profile. It is likely that the fault
activity was fairly recent because the river had not yet regulated the longitudinal profile to an
equilibrium condition, resulting in a nick-point that was more evident than that in the previous
case. Figure 12b shows the DEM, in which the fault appears clearly and produces an escarpment;
this is also confirmed by the Geological Map of Italy (a), which displays a system of three faults in
the same area. In order to determine the riverbed conditions in the locations of Peaks #3 and #4,
a field survey was carried out. The survey revealed that the riverbed located upstream of these
points is characterized by a step-pool morphology [27] that is related to the bedrock outcropping.
Furthermore, in this reach, which is located at the entrance of a wide alluvial plain, the slope of
the riverbed is controlled by the bedrock setting.

Peak #1 Peak #2

ma.s.l

cumec
®oh R
cumec

£ 5000 £ 4000

Downstream distance Downstream distance

Peak #3 Peak #4

ma.s.l
m a.s.l.

cumec

cumec

w/m
w/m

Downstream distance Downstream distance '

,

Figure 10. The left part of the figure shows the line plots for the elevation profile (in gray), discharge (in
blue), and TSP 100 m upstream (in orange) for Peaks #1—4. On the right, the map shows the location for
the four peaks; the label reports the downstream Channel length (Cl) and the TSP expressed in KW /m.
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Figure 11. Peak #1 location. The presence of a fault (red dashed line) is highlighted by the alignment of
the two tributaries on the right and left bank.

a

»

-

Figure 12. Peak #2 location. (a) shows an extract of the Geological Map of Italy at a scale of
1:100,000 (link: http:/ /www.isprambiente.gov.it/en/cartography/geological-and-geothematic-maps/
geological-map-at-a-scale-1-to-100000, last access 04 April 2019) that displays a system of three faults;
in (b), details of the DEM where the fault appears are clearly shown.

The code implemented used several optimizations in order to reduce the computational time as
much as possible. r.stream.power was already working in a reasonable CPU time before the code
optimization; analyzing 62 points with a mean of 30 km? of the upstream contributing basin took
about 25 min. For each cross-section, the initial code version calculated the hydrographic network,
which was then ordered by Strahler’s method [20], and extracted the main channel and the upstream
contributing basin. Subsequently, it determined the average value of CN and the IDF parameters
necessary to evaluate the discharge. Nevertheless, an analysis of the computational times of various
parts of code was performed; the results indicated that the operations that required more CPU time
were the determination of the hydrographic network and the analysis of the networks used to derive
the main channel. The current optimized code calculated the hydrographic network and the map of
the drainage directions only once for the entire area analyzed by the DEM,; later, for each cross-section,
the whole network was cut out on a smaller region and ordered by the Strahler method [20]. The main
channel was therefore identified by matrix segmentation on the basis of the network analysis algorithm,
but using the grid approach, combining the raster of the drainage directions and the raster of the
Strahler-ordered hydrographic network. This grid network analysis approach reduced the calculation
time. The optimized code, with the same hardware, took about 10 min to analyze the same 62 points.
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Of course, the best way to reduce the computational time considerably was to run these operations
in parallel with the calculation process. Such a feature could be easily developed as, for a specific
cross-section, the total stream power calculation is independent of any other cross-sections.

5. Conclusions

In this study, the equation proposed by Bagnold [1] related to stream power was used to analyze
the variation in its values along a river and its relation with fluvial dynamics. The Stream Power
(SP) represents the dissipation of the potential energy per unit of channel length, and it is obtained
by the product of the flow rate (m3/s), the slope of the channel (m/m), the density (kg/ m3), and
the gravitational acceleration (m/s?). It is therefore expressed in W/m and can be considered as a
measure of the main driving forces acting within a channel, thus influencing the capability of a stream
to transport sediments.

This work shows how the determination of SP values can provide useful indications of the
dynamics of river processes. It is clear that a large-scale analysis within a river basin could indicate, in
a preventive and forecasting way, the areas most “sensitive” to changes, as they are potentially subject
to instability phenomena caused by the fluvial dynamics.

This study proposed a GRASS GIS code for the fast and local estimation of the Total Stream
Power (TSP). The flow discharge estimation is one of the main challenges in TSP determination;
deriving the flow discharge directly using only cross-section location as input is a hard task. In this
work, the approach proposed by the Flood Estimation Handbook published by the River Tiber Basin
Authority was implemented [14]. Subsequently, the channel gradient was obtained from a DEM using
the elevation drop between a cell and the cell upstream at distances of 100 m, 200 m, and 400 m,
as proposed by Bizzi and Lerner [12].

The module called r. stream.power is freely available ((https://github.com/pierluigiderosa/r.
stream.power/releases/tag/1.0). The repository also contains all necessary input data (CN raster
map of Umbria and IDF raster parameters for the Tiber River Basin). r.stream.power presents two
novel elements in the stream power calculation: (1) a hydro-morphological rigorous approach for the
evaluation of the local slope upstream in a given cross-section; (2) the flow rate, frequently calculated
with a discharge-area equation, is determined considering spatial rainfall distribution and infiltration
by the mean value of the curve number for the upstream contributing basin.

The method was tested on a case study, the Topino River (Umbria, Central Italy), using the portion
starting from the confluence with Caldognola Creek, which is close to the town of Nocera Umbra
(Nocera Scalo), until the town of Foligno. The analyzed portion of the Topino River has a narrow and
longitudinally-discontinuous alluvial plain (partly confined valley [9]). Furthermore, the riverbed has
undergone vertical erosion, and it now flows directly on the bedrock. The SP and discharge variations
are influenced by these conditions, mainly by the bedrock setting and tectonic features.

The variations in SP appears to be strongly correlated with the geomorphological and geological
structure characteristics, especially for fixed rivers: increases in SP values have been demonstrated as
the analysis of the variations in this parameter can be utilized to detect areas influenced by tectonic
features (i.e., faults) due to the “accommodation” of the river dynamics to the geological assessment.
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