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Abstract: Aquatic environmental problems, such as algae, turbid water, and poor oxygen content,
have become increasingly common. In river analysis, hydrological and water quality characteristics
are used for evaluating aquatic ecological health, which necessitates continuousmonitoring. In addi‑
tion, becausemeasurements are conducted using a fixedmeasurementmethod, the hydrological and
water quality characteristics are not investigated for the entire river. Furthermore, obtaining high‑
resolution data is tedious, and the measurement area and time are limited. Hence, low‑resolution
data acquisition is generally preferred; however, this requires an appropriate interpolation method
to obtain awide range of data. Therefore, a 3D interpolationmethod for river data is proposed herein.
The overall hydraulic and water quality information of a river is presented by visualizing the low‑
resolutionmeasurements using spatial interpolation. The Kriging technique was applied to the river
mapping to improve the mapping precision through data visualization and quantitative evaluation.

Keywords: Kriging technique; river analysis; hydrology; river data extrapolation; inverse distance
weighting; 3D interpolation

1. Introduction
High‑resolution data are necessary for identifying themixing patterns inwater bodies

at a confluence. In river analysis, hydrological andwater quality characteristics are used as
primary data for aquatic ecological health evaluation; hence, observation via continuous
monitoring is necessary. Moreover, data are measured using a one‑dimensional (1D) fixed
measurement method; thus, the hydrological and water quality characteristics of an entire
river, excluding the areas surrounding the measurement points, are not investigated [1,2].

In the monitoring network currently operating in South Korea, data are acquired via
fixed measurements conducted at specific measurement points. Because the information
for each measurement point is provided by fixed (1D) measurement data, it is not easy
to judge the overall water quality or flow rate in a nearby river as a representative point.
Moreover, the measurements in a 1D point monitoring network are spatially inconsistent,
and simultaneous measurements are difficult. This makes complex water quality analyses
challenging [3].

The existingmethods for acquiring rivermeasurement data include numerous contact‑
based acquisition methods, such as wading, boating, and metrology techniques. Field ob‑
servations in these processes require extensive labor and time; errors arise depending on
the measurement method and time. Therefore, simple and precise methods are needed for
acquiring river information, which has inspired researchers to implement improvements
in the existing methods. Flow velocity and depth measurements of rivers are conducted
using an acoustic Doppler current profiler (ADCP), and two‑dimensional (2D) analysis is
mainly performed by measuring a river cross‑section. The Ministry of Environment of
South Korea has recently sought to establish a new integrated monitoring system. Spa‑
tiotemporal mapping technology is needed based on water body behavior and the mixing
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of rivers and lakes. This study reviewed the research trends in spatial distribution and wa‑
ter quality measurements in this context. Regarding spatial distribution, a simple method‑
ological comparison of the inverse distance weighting (IDW) and Kriging techniques was
performed, revealing that studies on acquiring hydrological data with three‑dimensional
(3D) mapping were insufficient. In terms of water quality, although studies on various
analytical factors have been conducted, these studies mainly utilized 2D measurement [4]
or national water quality monitoring network data, and research analyzing 3D river water
quality was insufficient. The spatial interpolations of 3D hydrological and water quality
data have been performed to a limited extent, both in South Korea and overseas. Spatial
interpolation has been performedmore frequently for atmospheric data and infrastructure
than for water quality. Thus, research utilizing spatial distribution analysis is considered
inadequate [5,6]. Three‑dimensional data are utilized as necessary information in mea‑
surement and monitoring technologies and can be used as primary data for hazardous
substance reduction technologies or assessment and prediction technologies. Various tech‑
niques for diagnosing aquatic ecological health, such as stratified analysis of high‑risk al‑
gae groups in lakes and estimation of suspended and sedimentary hazardous chemicals,
are based on 3D analysis.

As mentioned above, 3D monitoring is necessary for aquatic ecological health eval‑
uation. Accordingly, a 3D monitoring methodology for rivers is proposed herein. The
proposed 3D monitoring method combines 2D water surface data and z‑axis vertical data.
Although various measurement devices are used in 3Dmonitoring, the acquisition of mea‑
surement data using ADCP and YSI meter data is explained herein.

The remainder of this paper is organized as follows. Section 2 presents a brief the‑
oretical background. Section 3 describes the research area and data acquisition method.
The experimental and analytical processes adopted in this study are also explained in Sec‑
tion 2. Section 4 presents and discusses the experimental results. Finally, the conclusions
are presented in Section 5.

2. Theoretical Background
Parsons et al. [7] analyzed the flow characteristics, similarities, and differences be‑

tween riverbeds according to confluence size. They found that although the planar shape
of the confluence is generally similar, there might be differences according to the spatial
size of the confluence. Moreover, regarding two points in adjacent spaces, the properties
of nearby points may be much more similar than those of points located farther away.
When expressing spatial continuity in this process, two pairs are formed with the entire
data to express the correlation. In particular, it must be possible to express the correlation
numerically in terms of continuity [8]. Herein, it is most important to show how spatial
continuity can be quantified using statistical terms and concepts such as expectation and
variance. Particularly, as the Kriging interpolation technique is a topographical statisti‑
cal analysis method, the spatial continuity of the data values must be clearly shown. The
specific function introduced for this purpose is the “variogram”, which predefines the spa‑
tial distribution characteristics of geostatistically observed values. It comprises the experi‑
mental variogram, which uses the actual observational data or measurement results, and a
modeling process that completes the curve closest to it. The most crucial factor in the vari‑
ogram is the separation distance, which indicates how far the observations are from each
other [9]. Kriging is an interpolation technique that applies dissimilarity by using the ob‑
servations according to the separation distance. Thus, generating a variogram is essential
before using the Kriging technique.

After the variogram is complete, themodeling process is conducted using the observa‑
tions. In this step, the selectedmodel differs with regard to the formation of the theoretical
curve. The spatial pattern varies with the separation distance; particularly, short‑distance
patterns with small separation distances are clearly distinguished. The measurer can use
specific data values to create various theoretical curves, such as an exponential model for
a rapidly increasing curve, a linear model for a slowly increasing curve, and a Gaussian
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model for an S‑shaped curve (a reduced amount of increase followedby a gradual increase).
The covariances can be derived from the shape of these curves by subtracting the variogram
values equal to the separation distance from the total sill. The Kriging technique then in‑
terpolates the data values obtained by the weighted average of the interpolations using
these covariances.

The level of covariance (similarity) can be calculated using the difference between the
variogram values in the total sill as follows:

z0 =
∑i λizi
∑i λi

(1)

where z0 is an unknown value, λi is the weight, and zi is the observation, for which the
weighted average is the interpolation. Thus, the variogram can be determined if the sepa‑
ration distance is known. After deriving this, the covariance matrix can be obtained, and
spatial interpolation is performed based on the weighted average of the interpolations us‑
ing the matrix. As described previously, this study reviewed the literature that validated
using the Kriging technique for 2D spatial interpolation.

Lee et al. [10] quantitatively evaluated the excellent performance of the Kriging tech‑
nique. Based on a quantitative comparison of the interpolation techniques according to
their factors, Kriging was selected as an appropriate interpolation technique for the conflu‑
ence section. However, 2D analysis was used for the quantitative assessment. This study
conducted a 3D analysis that additionally used the water depth of the river.

3. Experimental Method
3.1. Target Research Area

As the target research area, we selected the section from a point 200 m downstream
of Hapcheon Changnyeongbo, located in Jangcheon‑ri, Ibang‑myeon, Changnyeong‑gun,
South Korea, to another point approximately 300 m upstream of Jeokpo Bridge, passing
through the confluence of the Hwang River with the first tributary of the Nakdong River.
The target area, where the Hwang River joins the tributary, has complex topographical
characteristics, causing the riverbed in this section to fluctuate severely (Figure 1). The
main geographical features of the Hwang River confluence are as follows: the Hapcheon
Dam is located upstream of the Hwang River, and, hence, the instream flow is determined
by the dam’s discharge; furthermore, Hapcheon Changnyeongbo is located upstream of
the confluence. The Hwang River watershed mostly consists of agricultural complexes,
leading to a high stocking density. The hydrological features are as follows: a riverbed
maintenance structure is installed onCheongdeok Bridge, approximately 1.5 kmupstream,
to stabilize the flow and riverbeds of the Nakdong River mainstream and Hwang River
tributaries; it is a sand‑bed river.
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The river comprises several tributaries. The mixing pattern at the confluence, where
the mainstream and tributaries converge, influences the long‑term water quality and mix‑
ing characteristics, affecting the water quality characteristics in the downstream section of
the confluence. To identify the mixing pattern at the river confluence, it is necessary to
perform high‑resolution measurements of the confluence section and certain sections of
the different water bodies.

3.2. Measurement Data Acquisition Method and Measurement Routes
Hydrological andwater quality data were acquired for the target area using an ADCP

and YSI‑6600 sensor (Figure 2). The water quality survey of the target section was con‑
ducted as follows. Using the YSI‑6600 water quality measurement sensor, the survey lines
were selected without installing any additional equipment, after which a boat was used to
move in the direction perpendicular to the flowwhile measuring the concentration in real‑
time. After recording the locations along the selected survey lines via GPS, the hydrologic
data and concentration at each survey line were collected, and the vertical distribution of
the water quality was measured at the designated points in the river width direction for
each cross‑section. The ADCP (M9 from SonTek) was installed on the side of the boat on
a loading platform, and the hydrologic data were measured under a low‑speed operation.
The hydrologic data were collected from moving and fixed measurements. In this study,
the ADCP was used for the moving measurement method. The hydrologic data were ac‑
quired from the upstream and downstream sections of the Nakdong River, Hwang River,
and Geumho River, and the confluence of the Nakdong River, Geumho River, and Hwang
River. In addition, changes in the flow characteristics of the Nakdong River due to the
confluence of the Geumho River and Hwang River were analyzed.
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Figure 2. Measurement route and survey line selection configuration.

Additionally, the boat was stopped during the cross‑sectional movement, and the
fixed method employing the YSI‑6600 sensor was used to measure the 3D data in the verti‑
cal direction of the river. Thus, weusedhigh‑resolution 2D surface data and low‑resolution
vertical data and obtained comprehensive river data via complex monitoring. However,
acquiring high‑resolution data is tedious, and the measurement time and area are limited;
however, if the resolution is reduced, an appropriate interpolation method must be se‑
lected to acquire a wide range of data.

Accordingly, an interpolation method was configured to perform a spatial interpola‑
tion of the measurement data in the target area. Several interpolation techniques are avail‑
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able, such as the polygonmethod and IDW [11]. In these deterministicmethods, distance is
simply used as a factor, and it is not easy to reflect topographical statistical characteristics.
In contrast, Kriging is a statistical spatial interpolation technique that quantifies weights
based on variograms and considers the spatial autocorrelation between direction, distance,
and mathematical functions [12]. It offers the advantages of improved similarity and reli‑
ability of spatial interpolation. Moreover, the predictions for each position in the region
can be made with greater precision by using the spatial arrangement and variograms, re‑
sulting in a more detailed output than those of other interpolation techniques in terms of
the visualization data.

In this study, spatial interpolation was performed using each interpolation technique
and the same measurements. Based on the 2D spatial interpolation results, it examined
the applicability of spatial interpolation to the water quality and surface data at the target
area, i.e., the Hwang River confluence.

Kriging was applied using Esri’s ArcGIS Pro software. First, the conditions were con‑
figured before generating each layer. The cell sizes of the output data were all set at 3; for
extraction, the cell size and projection method were set at the maximum input value and
the unit conversion, respectively, and the mask was output and extracted according to the
previously set target range. For the natural neighbor technique, because it is impossible
to apply the configured conditions and perform the extraction directly in the set range,
extraction was performed in the set range by using the “Extract byMask” technique. Inter‑
polation was performed using Empirical Bayesian Kriging analysis using “Geostatistical
Wizard”, a model for the measurement results was selected, and spatial interpolation was
performed through numerical optimization of the variogrammodels described previously.

To summarize, it can be organized through a flowchart, as shown in Figure 3. Hydraulic‑
water quality information is obtained through vertical measurement. Afterwards, inter‑
polation proceeds through the result value obtained through measurement at the next
point. During interpolation, interpolation is performed using the Kriging technique men‑
tioned above.

Water 2023, 15, x FOR PEER REVIEW 6 of 20 
 

 

interpolation proceeds through the result value obtained through measurement at the 
next point. During interpolation, interpolation is performed using the Kriging technique 
mentioned above. 

 
Figure 3. Research method flow chart. 

4. Experimental Results 
4.1. Three-Dimensional interpolation through the Selection of the Kriging Technique according to 
Quantitative Evaluation 

In this study, the resolution results of the 3D interpolation of the 2D measurement 
values were compared. However, because Kriging yielded excellent results for the river 
confluence for two dimensions, it was not necessary to compare other interpolation tech-
niques to quantify the 3D interpolation. Although the measurement data can be collected 
at a low resolution, we investigated whether the same interpolation results were obtained 
for the 3D quantitative evaluation, even if the existing measurement section was deleted. 
We reduced the existing 3D measurement data and compared how the 2D surface data 
differed from the 3D cross-sectional z-axis data. The reliability of the Kriging technique 
was verified via theoretical, visual, and quantitative evaluations of the interpolation using 
the 2D surface data. We then attempted the 3D evaluation, for which we built the 3D data 
by interpolating in the z-axis direction from the 2D data. 

Based on Figure 4, when a comparative analysis was performed as shown in Figure 
5, the results are shown in Table 1. Accordingly, the examination was necessary to deter-
mine whether the cross-sectional data (i.e., data in the z-axis direction) also have high 
similarity and correlation. The examination of the results for the high-resolution measure-
ment data reveals an Rଶ value of 0.8305; although this does not exceed the value for the 
surface data, it indicates excellent reliability. However, as described in Section 2, the dif-
ference in reliability from the surface data is unavoidable, owing to the clear difference in 
resolution between the hydrological and water quality data. Only 802 vertical data points 
were used for 8027 surface measurement points, causing the resolution differences. Nev-
ertheless, high reliability and similarity were considered to be achieved based on the Rଶ 
and RMSE for the above difference, as shown in Table 1. 

Table 1. RMSE and Rଶ for each interpolation method. 

Kriging Method 
NH2P-O NH2P-X 𝐑𝟐 RMSE 𝐑𝟐 RMSE 

0.8305 19.7 0.6737 44.2 
 

Figure 3. Research method flow chart.

4. Experimental Results
4.1. Three‑Dimensional Interpolation through the Selection of the Kriging Technique According
to Quantitative Evaluation

In this study, the resolution results of the 3D interpolation of the 2D measurement
values were compared. However, because Kriging yielded excellent results for the river
confluence for two dimensions, it was not necessary to compare other interpolation tech‑
niques to quantify the 3D interpolation. Although the measurement data can be collected
at a low resolution, we investigated whether the same interpolation results were obtained
for the 3D quantitative evaluation, even if the existing measurement section was deleted.
We reduced the existing 3Dmeasurement data and compared how the 2D surface data dif‑
fered from the 3D cross‑sectional z‑axis data. The reliability of the Kriging technique was
verified via theoretical, visual, and quantitative evaluations of the interpolation using the
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2D surface data. We then attempted the 3D evaluation, for which we built the 3D data by
interpolating in the z‑axis direction from the 2D data.

Based on Figure 4, when a comparative analysis was performed as shown in Figure 5,
the results are shown in Table 1. Accordingly, the examinationwas necessary to determine
whether the cross‑sectional data (i.e., data in the z‑axis direction) also have high similar‑
ity and correlation. The examination of the results for the high‑resolution measurement
data reveals an R2 value of 0.8305; although this does not exceed the value for the surface
data, it indicates excellent reliability. However, as described in Section 2, the difference
in reliability from the surface data is unavoidable, owing to the clear difference in resolu‑
tion between the hydrological and water quality data. Only 802 vertical data points were
used for 8027 surface measurement points, causing the resolution differences. Neverthe‑
less, high reliability and similarity were considered to be achieved based on the R2 and
RMSE for the above difference, as shown in Table 1.

Table 1. RMSE and R2 for each interpolation method.

Kriging Method

NH2P‑O NH2P‑X

R2 RMSE R2 RMSE

0.8305 19.7 0.6737 44.2
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For the data analysis, we first configured the theoretical models using variograms to
attempt a numerical optimization of the Kriging technique. Eachmodelwas compared and
configured to improve the numerical optimization, correlation, and reliability. The “linear
model” yielded the most suitable similarity and averages, confirming an even distribution.

Figure 6 shows which model can interpolate with the highest reliability before map‑
ping the entire river. At this time, the variogramwas verified by configuring a linearmodel
in which the RMS nearly converges to unity, and the experimentally measured variograms
and theoretical modeling results were compared; the condition that “similarity and corre‑
lation have high weights in each measurement value” was quantified. This implies that
“the predictions of the visualized data are highly reliable”.
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Next, the vertical data and surface data of the measurement points were acquired,
as shown in Figure 7. A method that uses an absolute coordinate system and layer‑by‑
layer interpolation may be applied for the 3D interpolation. We compared the methods to
determine the one that could most accurately analyze the river confluence section.
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First, a layer for each depth was created, i.e., the layer that interpolates the river data
using the absolute coordinates. When creating the layers, the coordinates for the 1 m point
on the map were set, and interpolation was performed in the z‑axis direction. Figure 8
shows the resulting generated layers. The layers were created at 0.5 m intervals from the
surface point. According to the ADCP measurement, the depth of the bottom layer was
4.3 m, which was generated by interpolating 10 layers, including the surface data.
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Confirmation was obtained that when the layers were generated for each depth, al‑
though continuous interpolations of the layers near the surface and upper water layers
were achieved, the interpolation near the riverbed was discontinuous. The depth varies
according to the river, and, owing to the characteristics of the confluence, the riverbed
structure forms a “
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ever, this does not imply that the layers at each depth were interpolated incorrectly. Dur‑
ing a study of two water bodies with different river depths by performing interpolation,
the limitations of layer generation by depth resulted in discontinuous interpolation while
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acquiring measurements from the bottom layer of the riverbed, indicating that the layer
interpolation direction should be configured differently. The water body depths differ be‑
cause of the characteristics of the confluence where the tributaries converge with the river.
Accordingly, each layer was analyzed separately, as shown in Figure 11.
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After performing theKriging interpolation from the generated point data, a data inser‑
tion procedure was used to insert three categories of water quality (pH, water temperature,
and dissolved oxygen (DO)) for the corresponding coordinate points.

Using the created point data, a layer for each water layer was generated to examine
the spatial distribution characteristics of the layers from the 0.1 m depth point to the 0.9 m
depth point. The generated results were as follows.

As shown in Figure 12, although point datawere created to form the curves, the actual
layer interpolation appeared as a flat plane. Because the curved surfaces were generated to
appear flat, the discontinuous interpolation resulting from the absolute coordinate depth
layers was not included. This indicates that in a section showing the confluence charac‑
teristics of different water bodies, it is more advantageous to create a layer for each water
layer to efficiently examine the intermixing of the water bodies, which can also improve
the reliability of the interpolation. The generated 3D data are shown in Figure 13.
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4.2. Comparison of 3D Spatial Interpolation Cross‑Sectional Data for Hydrology and
Water Quality

In this study, the 3D mixing patterns at the river confluence were analyzed using the
previously generated 3D spatial interpolation data.

A river confluence is a region where two rivers meet. It is essential to understand the
mixingmechanism of the six important sections of a confluence. It is also crucial to analyze
the spatial changes that occur when a water body mixes with the main stream according
to the various inflow conditions of the tributary. Most prior studies on 3Dmixing sections,
in which two water bodies mix at a confluence, conducted planar analyses and did not
obtain the spatial distributions of the actual 3D mixing sections. Consequently, the data
measured in the vertical direction were often analyzed in two dimensions. This 2D analy‑
sis resulted in a completely mixed pattern at point NH3 in Figure 14 at the measurement
time. Therefore, we compared to determine whether mixing occurred at NH3 in the 3D
interpolated data and attempted a 3D mixing analysis.

According to the analysis, the Hwang River converges at NH2. Mixing progresses up
to NH2P, and complete mixing of the surface and vertical direction is observed at NH3.
Accordingly, we extracted the cross‑sectional data using the 3D interpolated data and an‑
alyzed whether a pattern similar to the 2D analysis results appeared, as shown in The
cross‑sectional data were extracted using the interpolated data to observe the hydrological
and water quality mixing characteristics in various cross‑sections. We randomly selected
three survey lines and acquired the cross‑sectional data based on the vertical data. The
data in the vertical direction were identified to divide the points, and vertical points were
set from upstream, as shown in Figure 15. These were acquired using the 3D data inter‑
polated based on the measured data. The water temperature, pH, and DO (mg/L) data
were used for the interpolated data analysis. First, the cross‑sectional data were partially
selected from the combined surface and vertical data. Figures 16–18 show the selected
vertical interpolation cross‑sections at vertical points 1–3, respectively. Figure 13.



Water 2023, 15, 925 12 of 18

Water 2023, 15, x FOR PEER REVIEW 13 of 20 
 

 

 
Figure 13. Generated 3D spatial data. 

4.2. Comparison of 3D Spatial Interpolation Cross-Sectional Data for Hydrology and Water 
Quality 

In this study, the 3D mixing patterns at the river confluence were analyzed using the 
previously generated 3D spatial interpolation data. 

A river confluence is a region where two rivers meet. It is essential to understand the 
mixing mechanism of the six important sections of a confluence. It is also crucial to analyze 
the spatial changes that occur when a water body mixes with the main stream according 
to the various inflow conditions of the tributary. Most prior studies on 3D mixing sections, 
in which two water bodies mix at a confluence, conducted planar analyses and did not 
obtain the spatial distributions of the actual 3D mixing sections. Consequently, the data 
measured in the vertical direction were often analyzed in two dimensions. This 2D anal-
ysis resulted in a completely mixed pattern at point NH3 in Figure 14 at the measurement 
time. Therefore, we compared to determine whether mixing occurred at NH3 in the 3D 
interpolated data and attempted a 3D mixing analysis. 

According to the analysis, the Hwang River converges at NH2. Mixing progresses up 
to NH2P, and complete mixing of the surface and vertical direction is observed at NH3. 
Accordingly, we extracted the cross-sectional data using the 3D interpolated data and an-
alyzed whether a pattern similar to the 2D analysis results appeared, as shown in Figure 
13. 

 
Figure 14. Two-dimensional analysis results in the vertical direction for different measurement 
points. 
Figure 14. Two‑dimensional analysis results in the vertical direction for different measure‑
ment points.

Water 2023, 15, x FOR PEER REVIEW 14 of 20 
 

 

The cross-sectional data were extracted using the interpolated data to observe the 
hydrological and water quality mixing characteristics in various cross-sections. We ran-
domly selected three survey lines and acquired the cross-sectional data based on the ver-
tical data. The data in the vertical direction were identified to divide the points, and ver-
tical points were set from upstream, as shown in Figure 15. These were acquired using the 
3D data interpolated based on the measured data. The water temperature, pH, and DO 
(mg/L) data were used for the interpolated data analysis. First, the cross-sectional data 
were partially selected from the combined surface and vertical data. Figures 16–18 show 
the selected vertical interpolation cross-sections at vertical points 1–3, respectively. 

  
(a) (b) (c) 

Figure 15. Illustration of selected points along the research target area. (a–c) Vertical points 1–3, 
respectively. 

 
(a) 

 
(b) 

Figure 15. Illustrationof selectedpointsalong theresearch targetarea. (a–c) Vertical points 1–3, respectively.

Water 2023, 15, x FOR PEER REVIEW 14 of 20 
 

 

The cross-sectional data were extracted using the interpolated data to observe the 
hydrological and water quality mixing characteristics in various cross-sections. We ran-
domly selected three survey lines and acquired the cross-sectional data based on the ver-
tical data. The data in the vertical direction were identified to divide the points, and ver-
tical points were set from upstream, as shown in Figure 15. These were acquired using the 
3D data interpolated based on the measured data. The water temperature, pH, and DO 
(mg/L) data were used for the interpolated data analysis. First, the cross-sectional data 
were partially selected from the combined surface and vertical data. Figures 16–18 show 
the selected vertical interpolation cross-sections at vertical points 1–3, respectively. 

  
(a) (b) (c) 

Figure 15. Illustration of selected points along the research target area. (a–c) Vertical points 1–3, 
respectively. 

 
(a) 

 
(b) 

Figure 16. Cont.



Water 2023, 15, 925 13 of 18
Water 2023, 15, x FOR PEER REVIEW 15 of 20 
 

 

 
(c) 

Figure 16. Cross-sectional data of water quality at vertical point 1. (a) Water temperature (°C), (b) 
pH, and (c) DO (mg/L). 

 
(a) 

 
(b) 

 
(c) 

Figure 17. Cross-sectional data of water quality at vertical point 2. (a) Water temperature (°C), (b) 
pH, and (c) DO (mg/L). 

Figure 16. Cross‑sectional data ofwater quality at vertical point 1. (a)Water temperature (◦C), (b) pH,
and (c) DO (mg/L).

Water 2023, 15, x FOR PEER REVIEW 15 of 20 
 

 

 
(c) 

Figure 16. Cross-sectional data of water quality at vertical point 1. (a) Water temperature (°C), (b) 
pH, and (c) DO (mg/L). 

 
(a) 

 
(b) 

 
(c) 

Figure 17. Cross-sectional data of water quality at vertical point 2. (a) Water temperature (°C), (b) 
pH, and (c) DO (mg/L). 
Figure 17. Cross‑sectional data ofwater quality at vertical point 2. (a)Water temperature (◦C), (b) pH,
and (c) DO (mg/L).



Water 2023, 15, 925 14 of 18Water 2023, 15, x FOR PEER REVIEW 16 of 20 
 

 

 
(a) 

 
(b) 

 
(c) 

Figure 18. Cross-sectional data of water quality at vertical point 3. (a) Water temperature (°C), (b) 
pH, and (c) DO (mg/L). 

When examining the cross-sectional data for each category of water quality in survey 
line 1, we attempted to identify the mixing pattern using the cross-sectional data for the 
river width, length, and depth. Regarding water temperature, the influence of the Hwang 
River extended to approximately 150 m from the left bank to the right bank. It can be 
visually confirmed that the average water temperature of the Hwang River is approxi-
mately 13.5 ℃. A water temperature of approximately 15.5 ℃ was confirmed for the main  
stream of the Nakdong River. The pH and DO could also be visually confirmed. Thus, we 
could visually confirm the water body mixing patterns of the Nakdong River and Hwang 
River through interpolations of the cross-section of each category of water quality. The 
results for survey lines 1–3 are summarized in Tables 2–4, respectively. The data corre-
sponding to survey lines 2 and 3 were further compared and analyzed. 

Table 2. Cross-sectional comparison of water quality at survey line 1. 

Survey Line 1 
Range of influence of 

Hwang River 150 m 155 m 153 m 

Category 
Water temperature 

(°C) pH DO (mg/L) 

Hwang River 13.5 7.6 10.55 
Nakdong River 15.5 8.3 11.25 
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When examining the cross‑sectional data for each category of water quality in survey
line 1, we attempted to identify the mixing pattern using the cross‑sectional data for the
river width, length, and depth. Regarding water temperature, the influence of the Hwang
River extended to approximately 150 m from the left bank to the right bank. It can be visu‑
ally confirmed that the average water temperature of the Hwang River is approximately
13.5 ◦C. Awater temperature of approximately 15.5 ◦C; was confirmed for themain stream
of the Nakdong River. The pH and DO could also be visually confirmed. Thus, we could
visually confirm the water body mixing patterns of the Nakdong River and Hwang River
through interpolations of the cross‑section of each category of water quality. The results
for survey lines 1–3 are summarized in Tables 2–4, respectively. The data corresponding
to survey lines 2 and 3 were further compared and analyzed.

Table 2. Cross‑sectional comparison of water quality at survey line 1.

Survey Line 1

Range of influence of
Hwang River 150 m 155 m 153 m

Category Water temperature
(◦C) pH DO (mg/L)

Hwang River 13.5 7.6 10.55

Nakdong River 15.5 8.3 11.25
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Table 3. Cross‑sectional comparison of water quality at survey line 2.

Survey Line 2

Range of influence of
Hwang River 130 m 120 m 105 m

Category Water temperature
(◦C) pH DO (mg/L)

Hwang River 14.75 7.65 10.55

Nakdong River 15.55 8.3 11.25

Table 4. Cross‑sectional comparison of water quality at survey line 3.

Survey Line 3

Range of influence of
Hwang River 20 m 25 m 25 m

Category Water temperature
(◦C) pH DO (mg/L)

Hwang River ‑ 7.5 10.6

Nakdong River 15.6 8.3 11.5

The analysis method applied for survey line 1 was used. We then attempted to extract
the data at the cross‑sections at 100 m intervals (points NH2P and NH3) if the mixing pat‑
tern was not observed before point 3. Approximately 300 m ahead of NH3, the water body
gradually displayed amixing pattern over the entire body, excluding the surface; however,
mixing was observed throughout all water layers 100 m before reaching NH3.

From the interpolated cross‑sectional data, the interpolated data for locations corre‑
sponding to the vertical measurement points were extracted, and a 2D analysis was per‑
formed. As shown in Figure 19, the results were similar to those for the 3D cross‑sections.
This indicates that mixing water bodies with different properties began at 300 m in front of
point NH3; subsequently, mixing occurred 100 m ahead of point NH3 in all vertical layers,
excluding the surface.
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When the 2D analysis was performed by extracting interpolation data about the mea‑
surement point in the vertical direction from the cross‑sectional interpolation data, results
similar to the 3D cross‑section could be confirmed, as shown in Figure 20. At this time,
it can also be confirmed that in front of the point about 300 m away from the NH3 point,
the mixing of water bodies with different properties is observed and that mixing in the
vertical direction occurs in all parts, except for the water surface, 100 m away from the
NH3 point. If 3D interpolation data using 2D measurement data can be utilized and cross‑
sectional information about sidelines can be obtained by acquiring 2D planar data, a more
intermediate interpretation may be carried out when understanding the mixing.
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Thus, the 3D interpolation data based on 2D measurements enables a more detailed
analysiswhen identifyingmixing patterns, whereas only cross‑sectional information about
the survey line can be obtained using 2D planar data.

5. Conclusions
In this study, water qualitymeasurements at the confluence of theNakdongRiver and

Hwang River were used to visualize the data based on a comparison of different interpo‑
lation techniques, and the corresponding theory and mapping results were obtained. The
measurement results were acquired using ADCP and YSI‑EXO data. When conducting
spatial interpolation according to the flow characteristics of the rivers, the Kriging tech‑
nique yielded the best performance for the river surface based on a comparison with other
techniques. Moreover, applying the Kriging technique and visualizing the data through
optimization of the theoretical variogram yielded the result with the “highest similarity”
to the predicted value.
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Based on the Hwang River measurements described previously, Kriging was used
to perform spatial interpolation for the items measured through direct observation. By
visualizing each directly observed parameter with Kriging interpolation, it was possible to
confirm the formation of the flow of the Hwang River based on the water quality information.

Sensor‑based measurements were obtained at the confluence through an integrated
and complex monitoring technique. We then compared each interpolation method and
conducted visualizations and a pattern analysis using the 3D interpolated data. Accord‑
ing to the analytical results, the reliability of the interpolation technique was improved
through correlation and similarity evaluation. Finally, we attempted to construct the 3D
data through the optimal interpolation technique and illustrated the river mixing patterns.

First, various interpolation techniques were compared herein to determine the most
appropriate technique for a section where the rivers converge, which is characterized by
complex hydrological characteristics. The Kriging technique yielded excellent visual and
quantitative results; hence, it was used to perform the 3D spatial interpolation. Comparing
the layer interpolation by depth and layer interpolation by water layer revealed that the
layers generated by the water layer in the confluence section were more suitable. Based
on these results, voxel layers were created, and based on the cross‑sectional 3D data, the
rivermixing patterns and cross‑sectional data relating to hydrology andwater qualitywere
compared and analyzed.

Thus, we determined that it is possible to identify the river characteristics by visually
confirming the mixing patterns of water bodies with different properties and utilizing the
corresponding surface and cross‑sectional data.

By mapping the overall hydrological and water quality characteristics of a river through
spatial interpolation with consideration of the river flow characteristics, it is possible to
examine the factors affecting the water quality, which can be directly observed from the
monitoring data. This information contributes to the river design and basic data related to
the overall flow of the river.

If it is assumed that the river is steady considering the flow characteristics of the river,
the concentration of the confluent river will be constant, and accordingly, when you want
to know the starting point at which the river is mixed, you can interpolate into a 3D rather
than a 2Dmeasurement result. Based on the results, you canmore easily identify the target
location. In particular, it is possible to calculate the mixing distance of a river or analyze
the mixing behavior through 3D interpolation.

Finally, although 2D data can be interpreted by analyzing only the cross‑sectional
measurement data, the mixing behavior can be analyzed in greater detail using 3D inter‑
polation data. The 3D interpolation data can be used in various studies by employing
various spatial interpolation analysis methods and hydro‑engineering, such as identifying
aquatic ecological health and mixing patterns. In addition, we suggest river route setting
as a research topic for future studies.
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