
1. Introduction
Protecting and managing the waterways are of particular consequence in maintaining the balance between 
nature and human civilization. In this regard, river monitoring is one of the utmost issues in the field of 
river engineering due to (a) decision-making related to the protection of life and property from water-related 
hazards, such as floods, and (b) cost-effective management of freshwater that is safe and available for some 
applications, such as drinking, irrigation, energy, industry, recreation, and ecosystem health. Consequently, 
new technologies and methodologies are of particular importance to monitoring discharge rate considering 
various flow conditions at river gauges to improve the understanding of the surface hydrologic processes at 
the catchment scale (Tauro et  al.,  2014). Noncontact methods have been applied recently to measure flow 
properties, such as Doppler (velocity) radars (Fulton & Ostrowski,  2008; Moramarco et  al.,  2017; Welber 
et al., 2016) and large-scale particle image velocimetry (LSPIV; Fujita et al., 1998; Huang et al., 2018) or 
particle tracking velocimetry (PTV; Tauro & Salvatori, 2017; Tauro et al., 2014), applied to videos captured 
by cameras installed near the river. Nonetheless, these methods could be inefficient in some circumstances, 
for example, radar systems are not applicable during low flow conditions where velocity is less than 0.3 m/s 
or when the backscatter data pose systematic noise and the terrestrial camera systems require sufficient energy 
supply making them less feasible in isolated locations. Furthermore, the camera system relies on sufficient 
tracers at the river surface, good/stable lighting conditions, and in most cases, is not applicable during the 
night, unless extra equipment (NIR-light source) is installed and more specific processing is done. Tauro 
et al. (2018) addressed major image-based techniques that have been lately adopted within the hydrological 
research areas, including flow discharge estimation in riverine environments. The traditional techniques of 
flow characteristic measurements are relatively costly, time-consuming, and dangerous for operators espe-
cially during flood conditions, and further, they are not feasible in remote and inaccessible sections. There-
fore, to overcome these challenges, first, uncrewed aerial vehicle (UAV) image-based methods can be used 
to record the surface velocity, and second, the entropy theory can be applied to turn the surface velocity into 
depth-averaged and cross-sectional velocity to derive the river discharge estimate. The potential of UAVs in 
hydrological sciences is vast (Acharya et al., 2021; Dal Sasso et al., 2021). Due to their flexible and facile 
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usage, they are employed to measure river surface flow velocities (Eltner, Bertalan, et al., 2021) as well as the 
river bathymetry (Woodget et al., 2015), eventually allowing for the retrieval of river discharges by remote 
sensing (Eltner et al., 2020, Eltner, Mader, et al., 2021). UAV was applied for monitoring surface velocity 
through the radar sensor in some Alaska rivers where the surface velocity is assumed the maximum one 
(Fulton et al., 2020). The river surface flow velocities are measured using either LSPIV or PTV. Prior to any 
pattern or particle tracing, the captured images or video frames need to be coregistered to account for the 
movement of the UAV (Ljubičić et al., 2021). The stabilized image sequences are subsequently used to detect 
and track particles at the water surface. However, in many cases, the particles are not evenly distributed across 
the entire cross section, that is, faster flow in the main current and decreasing velocities outside, and therefore, 
hindering a reliable discharge retrieval by the velocity area method relying on depth-averaged velocity estima-
tion if the range of given velocities is not captured.

The entropy concept has been vastly applied to predict the velocity distribution and other relevant parameters 
in open channel flow (Chiu, 1989; Chiu & Said, 1995; Chiu et al., 2005; Ebtehaj et al., 2018; Moramarco & 
Singh, 2010; Singh et al., 2017; Sterling & Knight, 2002; Termini & Moramarco, 2017). In terms of velocity 
estimation, the entropy concept can be applied to present cross-sectional velocity distributions in a given cross 
section of a river (Chiu, 1988; Singh, 2014). Moramarco and Singh (2010) and Moramarco et al. (2011) proposed 
the relations between entropic parameter and geometric and hydraulic characteristics of natural channels that 
affect the velocity profiles. Termini and Moramarco (2020) verified the feedback effect of cross-sectional flow on 
the longitudinal velocity distribution, suggesting that the location of dip represents the location where the maxi-
mum flow velocity occurs below the water surface. Chahrour et al. (2021) applied the entropy-based approach 
to discharge measurements for the gauging of the Isère River at the Grenoble University Campus based on an 
image-based technique. The particle tracking velocimetry (PTV) from video images was used to estimate surface 
velocities, which were considered as an input for the entropy approach. Recently, Bahmanpouri et  al.  (2022) 
applied the entropy approach using all surface velocity measurements collected by ADCP at cross sections in 
Amazon rivers. Their results highlighted that the entropy-based velocity distribution model can be used to predict 
the velocity field at confluences well enough to accurately estimate flow discharge despite the complex hydro-
dynamic settings.

Due to increasing flood disasters in recent years, simple, safe, and efficient procedures for estimating discharge 
and velocity rates are of particular demand. In this context, the combination of image-based technique and the 
entropy theory can be considered as one of the best solutions to meet these requirements. The present research 
aims, as a first attempt, to estimate the velocity and discharge rate in rivers applying the entropy concept relying 
only on a single maximum surface velocity measurement derived by UAV. This methodology is of particular 
benefit for measuring the flow discharge and velocity for rivers where there are difficulties of measurements by 
field devices during extreme flow conditions. In this regard, an inexpensive UAV-based remote sensing meth-
odology was applied to collect the surface velocity distribution along two European rivers, the Sajó and the 
Freiberger Mulde Rivers, where concurrent ADCP measurements are also available. The novel contribution of 
the present work is proposing and testing a procedure to estimate the entropy-based discharge that (a) uses the 
maximum surface velocity as input and (b) considers the velocity dip to identify the possible maximum veloc-
ity below the water surface due to the existence of secondary currents. These two aspects make the difference 
with previous works (e.g., Chahrour et al., 2021; Fulton et al., 2020) where the surface velocity was assumed 
the maximum one without considering the possible presence of dip phenomenon. The entropic parameter Φ(M) 
was calibrated based on an intrusive approach, herein the maximum and mean velocity magnitudes of the ADCP 
data. This magnitude can be used for high flow conditions for the same transect. Next, at each cross section, the 
maximum surface velocity together with bathymetry data estimated from the UAV was considered as the input 
for the entropy approach. It should be mentioned that the bathymetry data derived from the UAV are in agreement 
with the bathymetry data recorded by ADCP with an acceptable accuracy as previously stated by researchers for 
river flow conditions (Bandini et al., 2018; Brasington et al., 2003; Kim et al., 2019; Rossi et al., 2020; Williams 
et al., 2013; Zinke & Flener, 2013) or near-shore shallow water conditions (Matsuba & Sato, 2018; Tsukada 
et  al.,  2020). The structure of the paper is as follows: Section  2 describes the field site and data collection; 
Section 3 presents the theoretical description of the entropy theory; Section 4 describes the results in terms of 
cross-sectional velocity distribution, discharge rate, and error analysis; the comparison of the vertical distribution 
of velocity between the entropy outputs and the available ADCP data is also presented. Section 5 outlines the 
final conclusions.

Writing – review & editing: Silvia 
Barbetta, László Bertalan, Tommaso 
Moramarco
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2. Field Site and Data Collection and Pre-Processing
UAV-based image acquisition was applied to collect the surface velocity distribution through two European 
rivers.

The Sajó River is transboundary flowing from the Eastern Carpathian ridges of Slovakia toward Hungary where 
it transforms into an alluvial type with the length of 124 km in Hungary. The basin size is 5,545 km 2 and the aver-
age discharge is around 24 m 3/s. The Sajó River has a mixed gravel-sand channel bed. However, the Hungarian 
section of the river has been engineered in several sub-reaches, but in the free-forming sections, it shows a mean-
dering pattern (Bertalan et al., 2018, 2019). The observed river section exhibits high bank erosion rates revealing 
an unstable river bed and river topography. The Freiberger Mulde is the headstream of the river Mulde with a 
length of 124 km, whose catchment covers an area of 2,981 km 2 in the Czech Republic and Germany in central 
Saxony. It has a discharge rate of 35.3 m 3/s that is greater than that of the other headstream, the Zwickauer Mulde 
with a discharge rate of 26.4 m 3/s. The studied river reach is a natural river section and exhibits nonuniform flow 
conditions. Figure 1 shows the geographic details of these rivers. The Sajó and Freiberger Mulde Rivers have an 
average depth of 0.88 and 0.87 m, respectively, and a transect length of 27.5 and 16.7 m, respectively.

The UAV data were captured on a single day at each site. At the river Sajó in Hungary, the aircraft was slowly 
flown along the river reach continuously capturing a video, whereas the data were captured with the UAV hover-
ing above the area of interest at flying heights of 35 (Sajó) and 30 m (Freiberger Mulde). The video lengths ranged 
between several minutes at Sajó and a few seconds at the Saxon rivers. The frame rate was 50 fps for the former 
study site and 25 fps for the latter site. Table 1 presents the date of measurements for ADCP and UAV.

In all the cases, the UAV video frames needed to be stabilized according to the approach explained in Eltner 
et al. (2020). Thereby, stable areas outside the river were used to orient all frames to the first video frames such 

Figure 1. Location of the study areas: (a) Freiberger Mulde and (b) Sajó. The white lines represent the Acoustic Doppler Current Profilers reference cross section, 
while the blue arrow shows the main flow directions.
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as they were all captured from the same perspective. Due to the movement along the river at Sajó, a further 
pre-processing step was necessary for selecting head frames in defined intervals and coregistering a specified 
number of subsequent tail frames to the headframe (Eltner, Bertalan, et al., 2021). The video frames were used 
to calculate the river topography and bathymetry as well as the flow velocities. The structure from Motion (SfM) 
photogrammetry (Eltner & Sofia, 2020) was used to retrieve the 3D geometry below and above the water surface. 
Due to the refraction impact that leads to an underestimation of water depth, the underwater points were corrected 
by the multiview refraction correction (Dietrich, 2017).

To estimate the flow velocities, the Good-Feature-To-Track method (Shi & Tomasi, 1994) was first used to detect 
particles at the water surface. Therefore, it was necessary to mask the water area, which was done by projecting 
the underwater 3D points into the image space to delineate the water region. The detected particles were then 
tracked by the Lucas Kanade optical flow algorithm (Lucas & Kanade, 1981), which performs a least squares 
matching by minimizing the pixel gray value differences between a template and the search region to find the new 
location of the particle. The final scaling of the velocity tracks was done by projecting the start and endpoint of 
each track through the projection center of the camera into the object space and intersecting the corresponding 
image ray with the water surface to retrieve the actual location of the track in 3D object space. The distance of 
the track was estimated and multiplied with the frame rate to eventually calculate the flow velocity. The reference 
flow velocity data were acquired with two ADCPs: a SonTek RiverSurveyor S5 in Hungary and a StreamPro from 
RDI in Germany. We have surveyed three cross sections at Freiberger Mulde and four cross sections at Sajó  field 
sites, respectively. The post-processing method of the raw flow velocity data has been already described in Eltner, 
Mader, et al. (2021).

3. Theoretical Description
The distribution of velocity based on the entropy method along the verticals can be defined as

�(��, �) =
�maxv(��)

�
ln
[
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) �
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where U is the time-averaged velocity, Umaxv(xi) is the maximum value of U along the ith vertical, xi is the distance 
of the ith sampled vertical from the left bank, h(xi) is the dip, that is, the depth of Umaxv(xi) below the water 
surface, D(xi) the flow depth, y is the distance of the velocity point from the bed, and Nv is the number of verti-
cals sampled across the river section. M is the entropic parameter and can be calculated using the linear entropic 
relation (Chiu, 1989; Moramarco et al., 2004):
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Umax surmises the maximum value of Umaxv(xi) sampled in the cross-sectional flow area.

For a gauged river site, Φ(M) has been found to be constant for all flow conditions, while for ungauged sites, 
Φ(M) can be estimated as (Moramarco & Singh, 2010).

Date of measurement

Transect ADCP UAV

Sajó CS1 14.10.2019 14.10.2019

Sajó CS2 14.10.2019 14.10.2019

Sajó CS3 14.10.2019 14.10.2019

Sajó CS4 14.10.2019 14.10.2019

Freiberger Mulde CS1 26.10.2016 7.9.2016 (bathymetry), 26.10.2016 (surface flow velocity)

Freiberger Mulde CS2 26.10.2016 7.9.2016 (bathymetry), 26.10.2016 (surface flow velocity)

Freiberger Mulde CS3 26.10.2016 7.9.2016 (bathymetry), 26.10.2016 (surface flow velocity)

Table 1 
Field Data Measurements by Acoustic Doppler Current Profilers and Uncrewed Aerial Vehicle
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where ymax is the location of Umax from the bottom and yo is the datum where the velocity is equal to zero, k is the 
von Karman constant, R is the hydraulic radius (R = A/P, where A is the cross-sectional area of flow and P is its 
wetted perimeter), and D is the maximum flow depth.

If only surface velocities, Usurf(xi,D(xi)) are available at river site, then Umax(xi) can be estimated as (Fulton & 
Ostrowski, 2008)

Figure 2. Flowchart of the procedure of applying the entropy method in the current research. The Acoustic Doppler Current 
Profilers data were available for the current research.
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 . Specifically, if h(xi) = 0, it follows δ(xi) = 1, and hence, Umaxv(xi) = Usurf(xi, D(xi)). It is 

worth noting that the value of the maximum velocity is estimated by Equation 4 applying the procedure proposed 
by Moramarco et al. (2017), who, through an iterative approach, inferred the maximum velocity value changing 
the location of maximum velocity below the water surface. The location, known as dip, is identified by minimiz-
ing the error on M estimation. The distribution of the surface velocity in the entropy approach is based on either 
of the two scenarios of parabolic and elliptic that were developed by Corato et al. (2011).

4. Results and Discussion
This section is organized as follows: first, the calculation of the entropy parameter M for all cross-sections is 
presented; next, the results of the proposed procedure are presented for each cross section. The results comprise 
three parts (a) surface velocity by UAV compared to available near-surface ADCP velocity together with surface 
velocity distribution based on two scenarios of parabolic and elliptic distribution; (b) cross-sectional velocity 
distribution estimated by the entropy approach based on two scenarios of parabolic and elliptic distribution; (c) 
comparison between the estimated mean velocity and discharge by the entropy method and the available ADCP 
data. Figure 2 shows the flowchart of the procedure of applying the entropy method in the current research. Based 

Transect
Observed mean velocity (m/s) 

(ADCP)
Observed maximum velocity 

(m/s) (ADCP)
Estimated maximum velocity 

(m/s) (entropy) Φ(M) M
Aspect ratio 

(width/depth)

Sajó CS1 0.82 1.12 1.11 0.732 3.24 26.4

Sajó CS2 0.69 1.14 1.13 0.605 1.30 33.3

Sajó CS3 0.65 1.06 1.05 0.613 1.40 29.6

Sajó CS4 0.98 1.35 1.25 0.726 3.12 37.5

FreibergerMulde CS1 0.57 0.93 0.88 0.611 1.37 18.4

FreibergerMulde CS2 0.65 0.97 0.82 0.668 2.17 18.6

FreibergerMulde CS3 0.68 1.14 0.98 0.678 1.16 20.2

Table 2 
The Magnitudes of Φ(M) and M for the Selected Cross Sections Based on Acoustic Doppler Current Profilers Data

Figure 3. The correlation between velocity magnitudes. (a) Between maximum velocity by Entropy and Acoustic Doppler 
Current Profilers (ADCP) (b) Between maximum and average velocities by ADCP.
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on the flowchart in Figure 2, there are two scenarios for calculating the entropic parameter: based on ADCP 
data where they are available and based on the relationship where there are no ADCP measurements. Then, the 
bathymetry data can be extracted based on ADCP or UAV data. Next, based on a single surface velocity collected 
by UAV or any remote sensing data, we can use two different scenarios of parabolic and elliptic distribution of 
surface velocity as input for the Entropy model. Finally, the discharge cross-sectional velocity by considering the 
velocity dip would be estimated using the Entropy approach.

4.1. Calculation of the Entropy Parameter

For the present data set, the magnitude of Φ(M) and M for the selected transects is listed in Table 2. The 
maximum velocity estimated by the entropy method, as calculated using Equation 4, also is added. A compar-
ison between the observed and estimated maximum velocity magnitudes shows a fine agreement between 
the observed and estimated velocity data for Sajó River. The difference between the observed and estimated 
velocity data through the Freiberger Mulde River is mainly due to the difference between the surface veloc-
ity predicted by UAV (which is considered as the input for the entropy model) and the ADCP data with the 
maximum error percentage of 15% (for more details, see Eltner et al., 2020). Figure 3a shows the correlation 
between the maximum velocity observed by ADCP data and estimated by the entropy approach. Figure 3b 
highlights the correlation between maximum and mean velocity magnitudes as a description of Φ(M) where 
Φ(M) = Um/Umax. Notably, Umax and Um were derived from the ADCP measurements. Although the number of 
measurements in terms of pairs (Um, Umax) is not enough, an overall idea of the dynamic of flow can be inferred. 
The entropic relation has been already tested and evaluated for many rivers and showed that the entropy param-
eter M is constant for gauged river sections (Corato et al., 2014; Xia, 1997). Therefore, M is fundamental to 
addressing velocity measurements during high floods when measurements can be conducted out only in the 
upper region of flow area where the maximum velocity Umax occurs (Moramarco & Singh, 2010). The magni-
tudes of Φ(M) for the present study were in agreement with the data reported for small rivers for example, 
0.66 < Φ(M) < 0.80 for natural channels in the United States (Chiu et al., 2000), 0.6 < Φ(M) < 0.68 for Tiber 
River in Italy (Moramarco et al., 2019), 0.63 < Φ(M) < 0.69 for Godavari and Ulhas Rivers in India (Vyas 
et al., 2021), and for large rivers for example, 0.4 < Φ(M) < 0.61 for Amazon River in Brazil (Bahmanpouri 
et al., 2022). Also, Φ(M) = 0.88 (Hii River data of Shinohara and Tsubaki (1959)) and Φ(M) = 0.91 (Leo-River 
data of Leopold  (1969)) were reported by Choo et  al.  (2011). The entropy parameter depends on both the 
suspended sediment rate and aspect ratio (flow width/flow depth). Greco and Moramarco  (2016) based on 
field data at different river stations demonstrated that the entropic parameter changes with varying the aspect 
ratio but limited to the range of 0.5 < Φ(M) < 0.8. Nezu and Rodi (1986) and Vanoni (1941). Chiu et al. (2000) 
stated that the entropy concept takes a system view in which all factors, such as velocity distribution, discharge, 
sediment concentration, and roughness, slope, and geometrical shape of the channel, interact to maintain a 

Figure 4. Surface velocity distribution based on Parabolic and Elliptic scenarios, Sajó CS1.
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Figure 5. Cross-sectional velocity distribution, Sajó CS1 based on uncrewed aerial vehicle bathymetry.

Scenario for the surface 
velocity distribution

Average velocity (m/s)
Velocity 
error (%)

Discharge (m 3/s)
Discharge 
error (%)Transect Measured Calculated Measured Calculated

Sajó CS1 Parabolic 0.82 0.81 1.22 11.21 11.07 1.22

Elliptic 0.87 6.10 11.89 6.10

Table 3 
The Error Percentage for the Velocity and Discharge Rates
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certain state under constraints, and does not explicitly deal with individual factors. In other words, at a given 
cross section, a change in one factor such as sediment concentration leads to self-adjustments of the other 
parameters in order to keep M or Φ(M) unchanged. Nonetheless, the sediment-laden flow tends to decrease 
the magnitude of Φ(M). In addition, the maximum velocity generally occurs in transverse vertical correspond-
ing to the one where the maximum surface velocity is observed (Corato et  al.,  2011; Guo & Julien, 2012; 
Moramarco et al., 2004).

4.2. Discharge Rate and Velocity Distribution

The entropy theory was applied to seven cross sections from the two rivers.

For the first cross section CS1 on the Sajó river near the city of Nagycsécs, Hungary, the maximum surface veloc-
ity of Vsurf-max = 1.113 m/s was detected at the transverse distance of x = 17 m based on the UAV data (Figure 4). 
In addition, the near-surface velocity data of ADCP at the vertical level of 0.25 m below the surface are added 
to Figure 4, suggesting that the UAV data follow a trend similar to the ADCP data. The difference between UAV 
and ADCP velocity data can be ascribed to the blank zone of the ADCP equipment. Based on the collected data, 
Q = 11.21 m 3/s, A = 13.67 m 2 and Um = 0.82 m/s; consequently, the entropic parameters were Φ(M) = 0.732 
and M = 3.24. Considering the maximum surface velocity as the only velocity input together with the data of 
bathymetry, the magnitudes of average velocity, discharge rate, and cross-sectional velocity were predicted. Two 
scenarios were applied for the distribution of surface velocity in the entropic modeling, parabolic, and elliptic 
scenarios (Figure 4). Differences between ADCP and UAV velocities at water surface may be ascribed to the 
blank zone of ADCP measurements. Note that the results of the simulation for the other three cross sections, that 
is, Sajó CS2, CS3, and CS4, are provided in Supporting Information S1.

Figure 5 depicts the cross-sectional velocity distribution based on both parabolic and elliptic distribution together 
with ADCP data at the station of CS1. Based on both scenarios, the maximum velocity is encountered in the 
transverse distance corresponding to the maximum surface velocity; however, the interesting point is the exist-
ence of dip for the parabolic scenario suggesting the existence of secondary currents in the flow (Termini & 
Moramarco, 2020). As demonstrated by Moramarco et al. (2017), for different aspect ratios of channel flow, that 
is, W/D (where W is the channel width and D is the flow depth), the vertical location of maximum velocity below 
the water surface is mainly associated with the lateral position of the velocity profiles from the sidewalls.

The 2D velocity data are presented based on ADCP bathymetry without the blank zones (Figure  5c). The 
same procedure was applied to the Amazon River data (see Bahmanpouri et al., 2022). In the previous work 
(Bahmanpouri et al., 2022), we presented the results by the entropy approach for considering all surface velocities 

Figure 6. Surface velocity distribution based on parabolic and elliptic distributions, Freiberger Mulde CS3.
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Figure 7. Cross-sectional velocity distribution, Freiberger Mulde CS3, based on uncrewed aerial vehicle bathymetry.

Scenario for the surface velocity distribution

Average velocity (m/s)

Velocity error (%)

Discharge (m 3/s)
Discharge 
error (%)Transect Measured Calculated Measured Calculated

Freiberger Mulde CS1 Parabolic 0.57 0.58 1.75 5.60 5.70 1.75

Elliptic 0.63 10.52 6.19 10.52

Table 4 
The Error Percentage for the Velocity and Discharge Rates
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as input. The results for large rivers, such as the Amazon River, showed how the entropy could estimate 2D veloc-
ity with a high accuracy rate.

The entropy modeling based on parabolic and elliptic scenarios resulted in the cross-sectional average velocity 
of Um = 0.81 and 0.87 m/s and discharge Q = 11.07 and 11.89 m 3/s, respectively. The error percentage for the 
velocity and discharge is presented in Table 3.

For the Freiberger Mulde CS1 cross section, the maximum surface velocity is 0.87 m/s at the transverse distance 
of x = 7.2 m. Based on the observed data, Q = 5.6 m 3/s, A = 9.85 m 2, and Um = 0.57 m/s. Therefore, according to 
these data, Φ(M) = 0.610 and M = 1.37. Figure 6 shows the distribution of collected surface velocity by the UAV 
procedure together with the two scenarios implemented by the entropy approach. The maximum velocity based 
on ADCP data is 0.93 m/s, interestingly, in the same transverse location of the maximum velocity (0.87 m/s) by 
the UAV. The error percentage between the ADCP and UAV maximum velocity magnitudes is 6%.

Figure 7 presents the distribution of cross-sectional velocity based on both parabolic and elliptic surface velocity 
distributions together with the measurements by ADCP. The dip phenomenon is found in both scenarios, which 
can be related to the bed topography, the distance from the bank and the aspect ratio as reported by Kundu and 
Ghoshal (2019). Note that the results of simulation for the other two cross sections, that is, FreibergerMulde CS2 
and CS3, are provided in Supporting Information S1. Applying the entropy theory based on parabolic and elliptic 
scenarios resulted in the cross-sectional average velocity of Um = 0.58 and 0.63 m/s and discharge Q = 5.70 and 
6.19 m 3/s, respectively. The error percentage for the velocity and discharge rates is listed in Table 4.

Figure 8 shows the comparison between the vertical entropy velocity data based on UAV measurements and the 
available observed ADCP data for the abovementioned cross sections at the transverse location of the maximum 
velocity (y axis). Table 5 lists the statistical analysis results for the plotted graphs in Figure 8. The coefficient of 
determination 0.55 < R 2 < 0.86 and the standard error 0.047 < SE < 0.063 suggests a high level of accuracy for 

the prediction of the velocity field by using the Entropy approach based on 
the Parabolic scenario.

4.3. Discussion

The results suggested that the entropy method applied to UAV's velocity data 
can model the discharge rate and velocity distribution with an error percent-
age less than 13%. Regarding the required data for the simulation, first, the 
entropic parameter Φ(M) was calculated based on ADCP data. In this case, 

Figure 8. Comparison between the observed Acoustic Doppler Current Profilers and predicted entropy magnitudes of the 
vertical velocity based on the parabolic scenario using uncrewed aerial vehicle measurements at the transverse location of the 
maximum velocity (y axis).

River and cross section Distance from the bank (m) R 2
Standard 

error

Sajó River, CS1 16.0 0.86 0.047

Freiberger Mulde CS3 5.0 0.55 0.063

Table 5 
Statistical Analysis for Vertical Velocity Distribution Based on the Parabolic 
Scenario
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the ADCP data were collected concurrently with the UAV data; thus, the entropy parameters for each section 
were calculated for the same flow distribution. It is worth considering how the entropy parameters could be esti-
mated for an ungauged flow. Notably, for gauged sites, Φ(M) can be calculated by leveraging the velocity data 
set considering the set of pairs of mean velocity and max velocity. While, for ungauged sites, the formulation 
proposed by Moramarco and Singh  (2010) can be adopted. This formulation represents a direct relationship 
between the entropic parameter M and the hydraulic and geometric characteristics of the river section. The previ-
ous investigations demonstrated that the magnitude of M based on the formulation would result in a magnitude 
similar to the one derived from the available velocity data set. According to previous investigations through 
different rivers, it has been demonstrated that the entropy parameter M is constant for gauged river sections 
(Corato et al., 2014; Moramarco & Dingman, 2017; Moramarco & Singh, 2010; Xia, 1997). It is worth noting that 
Moramarco and Singh (2010) showed that Φ(M) may represent an intrinsic parameter not only of the equipped 
site but also of the river reach, where sites are located. Regarding the other input data, next, at each cross section, 
the maximum surface velocity was derived from the UAV. For the present research, bathymetry data from UAV 
measurements were considered as the input for the entropy approach. The investigation on how to address the 
same method for high flow conditions, if the bathymetry is not given, would be the scope of the next research 
work. In that case, we will compare the proposed method using bathymetry retrieved by UAV with the one devel-
oped by Moramarco et al. (2019) who estimated the bathymetry from the monitoring of surface velocities across 
the river site.

Further, the transverse location of the maximum surface velocity was assumed to change very little during high 
flow conditions (Vyas et al., 2021). Confirming this, Table 6 presents the effect of changing the transverse loca-
tion of the maximum surface velocity on the estimation of the discharge and mean velocity. The transverse loca-
tion of the Vmax-surf is 5 m and the length of the transect is 18 m. As can be seen, changing the transverse  location 

of the maximum surface velocity up to ±4 m, that is, the middle of the cross 
section resulted in an error percentage of less than 9%.

In future work, the method should also be validated by testing M values 
derived from low flow measurements to predict high flow discharges. 
Tables 7 and 8 present the application of the entropy parameter based on 
the averaged magnitude of M for each river and all rivers, respectively. The 
results based on both parabolic and entropic scenarios demonstrate the error 
percentage for mean flow velocity and discharge less than 25%.

Regarding the dip phenomenon, it is worth noting that the velocity dip is 
of particular importance for specifying the flow pattern and the momentum 
transport processes. Taking into account the velocity dip leads to estimating 
depth-averaged velocity more accurately, therefore, the estimated discharge 
would be more robust. The accuracy of estimating the velocity dip by the 
Entropy approach has been proven in previous works, especially considering 
the recent study by the authors where they applied the entropy approach to 
estimate the velocity and discharge through the confluence of Rio Negro and 
Rio Solimões on the Amazon River as the largest river on the earth in  terms 
of discharge (Bahmanpouri et al., 2022).

Change for transverse location (m) of Vsurf-max

Average velocity (m/s)

Velocity error (%)

Discharge (m 3/s)
Discharge 
error (%)Transect Measured Calculated Measured Calculated

Freiberger Mulde -CS3 0 0.68 0.65 4.41 6.04 5.77 4.41

+2 0.68 0.62 8.77 6.04 5.51 8.77

−2 0.68 0.66 2.81 6.04 5.87 2.81

+4 0.68 0.63 6.79 6.04 5.63 6.79

−4 0.68 0.62 8.11 6.04 5.55 8.11

Table 6 
Percentage Error on Velocity and Discharge Estimate Changing the Transverse Location of the Maximum Surface Velocity-Parabolic Scenario

Transect

Averaged 
Φ(M) 

for each 
river (all 
transects)

Averaged 
M for 
each 

river (all 
transects)

Mean 
velocity and 

discharge 
error (%)−
parabolic 
scenario

Mean 
velocity and 

discharge 
error (%)−

elliptic 
scenario

Sajó CS1 0.68 2.4 3.66 2.42

Sajó CS2 23.10 23.08

Sajó CS3 6.51 21.53

Sajó CS4 7.14 6.52

Freiberger Mulde CS1 0.62 1.5 1.0 8.77

Freiberger Mulde CS2 18.46 12.15

Freiberger Mulde CS3 7.35 2.94

Table 7 
Percentage Error Applying the Averaged M Magnitudes to Estimate the 
Mean Velocity and Discharge Rate
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Overall, the method can be applied for monitoring high flow at river sites, 
especially for inaccessible points, just sampling one single surface veloc-
ity and bathymetry data by UAV. It should be considered that, for the high 
flow conditions, the weather condition, for example, rainy and foggy circum-
stances, especially for high ungauged flows, may affect the surface velocity 
measurements by radar or UAV. This could be a limitation of the presented 
method. Further, the possibility of acquiring the data by UAV is a limit of 
the present method as well as for all noncontact techniques. Nevertheless, 
the results suggested that the method will lend itself to be operational to 
deliver real-time mean velocity and discharge especially during high flow, 
just sampling a singular surface velocity.

5. Conclusion
The entropy approach was applied to predict the velocity distribution and 
discharge rates in rivers using only one surface velocity measurement as the 
maximum surface velocity. The UAV-based image processing technique was 
implemented to obtain the surface velocity distribution along two rivers: the 
Sajó and the Freiberger Mulde Rivers. Seven cross sections were chosen for 

the assessment of the model application. The entropic parameter Φ(M) was calculated based on the observed 
maximum and mean velocity magnitudes extracted by ADCP suggesting a trend for all cross sections with a range 
of 0.6 < Φ(M) < 0.75. The model outputs explored that for some cross sections the vertical elevation of maximum 
velocity as velocity dip was observed below the water surface mainly due to the existence of secondary flows. 
The results of the simulation, in terms of the vertical and cross-sectional distribution of the velocity, hinted that 
the entropy approach can predict the velocity distribution and discharge rates with acceptable accuracy, that is, 
the error percentage was less than 13% when the parabolic scenario is assumed for the surface velocity distribu-
tion. As the main finding, the present research highlighted the potential of the entropy concept to predict velocity 
and discharge rates, in the presence of a velocity dip, in the rivers based on one surface velocity measurement 
retrieved by UAV and this insight is of considerable interest for high flow discharge monitoring.

Data Availability Statement
The data set used for the Freiberger Mulde River can be found in https://opara.zih.tu-dresden.de/xmlui/
handle/123456789/1405. The ADCP data for Sajó River are available at https://doi.org/10.5281/zenodo.6496919.
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