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Abstract: River pollution is a significant problem within the urbanization process in China. Nitrogen
is one of the most important pollutants in rivers, and the nitrogen purification capacity of rivers
can be affected by their sinuous morphology. In this study, a set of sandy circulating water test
models was constructed, consisting of four river channel simulation models with sinuosities of 1.0,
1.4, 1.8, and 2.2. Each model was then infused with the same concentration of nitrogen-polluted
water, which circulated for 52 h. The nitrogen reduction processes of rivers with different sinuosities
were studied through water quality monitoring. The positive correlation between river sinuosity and
nitrogen purification capacity was verified in physical laboratory test models. The effect of sinuosity
on the spatiotemporal distribution of total nitrogen in pore water was confirmed. Additionally,
the near-shore substrate was more involved in the process of river self-purification than the far-shore
substrate. The concave bank of the sinuous rivers was more prone to pollutant accumulation and had
a higher purification capacity than the convex bank. After the polluted water entered the sinuous
channel systems, pollutant concentration differed within the convex bank between the more polluted
upstream section and the less polluted downstream section. This study lays a foundation for studying
the mechanism by which river sinuosity influences self-purification capacity.

Keywords: river sinuosity; river purification; water quality; nitrogen; physical modeling

1. Introduction

High-quality water is one of the most basic human needs. However, rapid urbanization in modern
China has led to problems such as sewage discharge, lake reclamation, and river straightening, causing
water quality to worsen [1]. According to statistics from the Ministry of Water Resources of China,
approximately 20% of Chinese rivers currently have serious pollution problems. In particular, nitrogen
content over the standard limit is a major factor in river eutrophication and water pollution [2].

The influencing factors of river water quality include the river flow state, erosion-deposition
effects, turbulence effects, sediment composition, climatic conditions, sunshine duration, aquatic plant
distribution, species and quantity of aquatic animals and microorganisms, etc. In particular, changes
in river morphology have significant impacts on river water quality [3]. For example, river network
structure and connectivity are significantly correlated with changes in river water quality [4]. According
to a survey by the United Nations Environment Programme, the greater the disruption of the natural
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state and structure of rivers, the more serious the water quality deterioration. Since the late 1980s,
several developed countries have investigated the effects of restoring natural river morphology on
pollution control in the riverine environment [5,6]. Elosegui et al. [7] found that river morphology
diversity improved the biomass of suspended aquatic organisms and significantly enhanced the
self-purification capacity of a river. Kumar et al. [8] found that water blocking and hydraulic drop
structures in a river could aerate the river, increase dissolved oxygen (DO) levels, and improve water
quality. Higher connectivity of a river network can yield a higher water quality degradation coefficient,
greater water environmental capacity, higher self-purification capacity, and better water quality [9].
The influence of river morphology changes on river ecology and purification is a current research
focus [10].

To describe river morphology, the river bend curvature radius, central angle, span, amplitude,
and bending coefficient are usually used to represent the plane morphology of a longitudinal meander
of a river flow line [11]. Mueller [12], Leopold et al. [13], and Luchisheva [14] proposed the concepts
and calculation methods of topographic sinuosity, hydraulic sinuosity, and river sinuosity, respectively,
to describe the bending degree of a river. Among these descriptors, river sinuosity is the most widely
used. This metric is often expressed as the ratio of the length along the central river axis to the linear
distance between the upstream and downstream sections of the river [15].

To study the correlation between river sinuosity and water quality, our team selected the Shiwuli
River in Hefei, China, as the research object and used a field monitoring method to analyze the
relationship between the pollutant concentration reduction ratio and the river sinuosity in river sections
with different sinuosities. The results showed that in natural rivers, sinuosity has different degrees of
positive correlation with the growth rate of DO and the reduction ratios of total nitrogen (TN), ammonia
N, and total phosphorus, of which nitrogen is most significantly correlated with river sinuosity [16].
However, natural river channels are irregular, and field monitoring cannot accurately control the
flow, water level, and temperature, nor can this method accurately measure and test indicators such
as groundwater concentration and hyporheic exchange within the river substrate in a short time,
making it difficult to explore the strength of the effect of sinuosity on water quality changes in riverine
systems [17]. After building a laboratory simulation channel, Cai [18] found that changes in river
morphology affected the phosphorus concentration in a river, but that research did not explore the
spatiotemporal distribution of river pollutants.

Therefore, in the present study, nitrogen, which had the most significant correlation in our previous
field tests, was selected as the indicator, and a set of circulating water test models was constructed,
in which four sandy river channel simulation models with different sinuosities were created. To monitor
the TN concentration in the overlying water, the nitrogen reduction process in channels with different
sinuosities was investigated, and the correlation between river sinuosity and nitrogen purification
capacity was tested. In addition, the effect of sinuosity on the spatiotemporal distribution of TN in
pore water was investigated by monitoring the pore water quality in different locations.

2. Methods

2.1. Circulating Water Test Model

The main structure of the test model was composed of a main tank, an upstream catchment
tank, and a downstream catchment tank. The main tank was rectangular and measured 440 × 350
× 50 cm (length × width × height). This structure was made of hollow bricks and cement mortar,
with a 10% slope at the bottom of the tank. The upstream and downstream catchment tanks were
constructed on the two short sides of the main tank, each connected to the main tank through a
10 cm wide water flume. An energy dissipator with a steady-state stable flow regime was installed
behind the upstream water flume, and a sand barrier was installed at the downstream water flume.
The three tank interiors were treated to be impervious to water. A multiparameter water quality
analyzer and a flow-adjustable submersible pump were installed in the downstream catchment tank.
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A flow-regulating valve was installed at the outlet of the submersible pump and connected to a PVC
pipe with an 8 cm diameter. The other end of the pipe was connected to the bottom of the upstream
catchment tank. Thus, a circulating water test model (Figure 1) was built, which was powered by the
submersible pump and had an adjustable flow rate.
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Figure 1. Circulating water test model and sampling point distribution: (a) sinuous channel and
(b) straight channel.

2.2. Experimental Methods

Artificially prepared nitrogen-polluted water with the same nitrogen concentration was injected
into the river channel models with different sinuosities for continuous circulation. Changes in the
nitrogen concentration in the overlying water and pore water were monitored in each set of tests.
The specific test steps were as follows.

2.2.1. Sand-Filling and Construction of the Artificially Simulated River Channels

Sand, clay, or other composite materials are often selected as river substrate materials in tests
similar to ours. Due to the high permeability of sand, this material is conveniently used to show
the diffusion pattern of pollutants in a relatively short time. Therefore, in this study, fine-grained
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yellow sand was selected as the substrate material. The sand was sourced from the Yangtze River in
the Nanjing area, with an average particle diameter (D50) of 0.2731 mm, a nonuniformity coefficient
(Cu) of 1.916, a curvature coefficient (CC) of 0.9273, and a permeability coefficient (K) of 0.246 cm/s.
The characteristics of the sand used in each test set were consistent. During the tests, fine sand was
shoveled into the main tank, forming a 20 cm thick layer, and artificially simulated river channels with
different sinuosities were constructed.

River sinuosity refers to the ratio of the flow length of a river to the linear distance between the
upstream and downstream sections of the river. Sinuosity (S) is calculated by the following formula:

S =
LT

L0
(1)

where LT is the length of a river section measured along the central axis of the river, and L0 is the linear
distance between the upstream and downstream river sections. In this study, the length of the main
tank was 4.4 m. Survey results show that the sinuosity of natural rivers near towns and cities in the
plains of China is usually below 2.2. Therefore, the simulated river channels with sinuosities of 1.0,
1.4, 1.8, and 2.2 constructed in this study represent an artificially straightened channel after a bend is
straightened, two channels degraded due to human interference, and a natural sinuous river channel,
respectively [19]. Each sinuous channel (sinuosities of 2.2, 1.8, and 1.4) had two bends. Each channel
had a bottom width of 10 cm, a bottom sand thickness of 5 cm, and a bank slope of 1:1.5 (Figure 1).

2.2.2. Location of the Sampling Points

The pore water sampling points were located and marked according to the different designs.
In each test set of sinuous river channels with sinuosities of 2.2, 1.8, and 1.4, 10 pore water sampling
points were designated. Points 1 and 3 were located on the two opposing sides of the straight section
of the channel entrance; point 2 was located on the riverbed to simultaneously obtain the overlying
water concentration; point 4 was located on an extension of the line connecting points 1 and 3; points 5
and 6 were located upstream on the convex bank of the bend section, opposite of points 9 and 10 that
were located downstream of the bend section; and points 7 and 8 were located on the concave and
convex sides of the bend center, respectively. The specific locations of the sampling points are shown
in Figure 1a with a sinuosity of 1.8 shown as an example. The locations in the models with sinuosities
of 1.4 and 2.2 followed the same general principle, and the corresponding locations are similar to those
shown in the figure for the sinuosity of 1.8.

In the test of the straight channel with a sinuosity of 1.0, a total of four sampling points were
designated. Point 1 was located on the riverbed, and points 2, 3, and 4 were distributed on the same
straight line perpendicular to the river channel. The specific locations of the sampling points are shown
in Figure 1b.

2.2.3. Water Flow Tests

The upstream and downstream catchment tanks were fully filled with fresh water, and the
submersible pump was started to pump the fresh water from the downstream catchment tank into the
upstream tank, and water overflowed into the artificial channel of the main tank through the connecting
flume. The water volume was adjusted until the system operated steadily and the predetermined water
level was reached. The flow rate was then adjusted to 0.0002 m3/s. The water flow test ended after 4 h
of steady operation of the system, during which the conditions of the riverbed (e.g., whether the bank
slope collapsed and whether the system flow was steady) were assessed. After all conditions were
normalized, the fresh water in the upstream and downstream catchment tanks was drained, and the
floating sand in the tank was cleaned. At this time, the simulated channel had reached a certain degree
of saturation with fresh water, which is similar to the conditions of real river substrate.
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2.2.4. Preparation and Distribution of the Microbial Solution

In all, 15 g of ammonifying bacteria, 40 g of nitrifying and denitrifying bacteria, and 16 g of
glucose were weighed and dissolved evenly in two L of water in a watering can. The bacterial solution
was evenly sprayed into the main pool 10 h before starting the test to simulate an environment rich in
carbon sources and microorganisms on a natural riparian substrate [20].

2.2.5. Preparation of the Nitrogen-Polluted Water

In natural rivers, TN mainly includes organic nitrogen, ammonia nitrogen, and nitrate nitrogen.
In this study, urea (CO(NH2)2) was selected to represent organic nitrogen, ammonium chloride (NH4Cl)
to represent ammonia nitrogen, and calcium ammonium nitrate (5Ca(NO3)2·NH4NO3·10H2O) to
represent the nitrogen-containing solute containing nitrate nitrogen. The initial concentrations of
nitrate nitrogen, ammonia nitrogen, and TN in polluted water were set as 12 mg/L, 15 mg/L, and
35 mg/L, respectively.

2.2.6. Model Operation and Sampling Analysis

After the nitrogen solution with a set concentration was prepared in the upstream and downstream
catchment tanks, the water pump was started to run the test, the timer was started, and the flow
rate was maintained at 0.0002 m3/s. The overlying water and pore water were sampled regularly.
The overlying water was sampled at 0 min, 5 min, 10 min, 20 min, 30 min, 45 min, 1 h, 1.5 h, 2 h, 3 h, 4 h,
5 h, 6 h, 8 h, 10 h, 12 h, 14 h, 16 h, 24 h, 28 h, 32 h, 36 h, 40 h, 48 h, and 52 h, totaling 25 samples of 150 mL
of overlying water. The pore water was sampled at each point at 0.5 h, 1 h, 4 h, 12 h, 32 h, and 52 h,
totaling 6 × 10 = 60 samples of 10 mL of pore water. The pore water samples were diluted 15-fold
by adding 140 mL of fresh water. The TN content of the water samples was measured immediately
after sampling. This monitoring method was sourced from the “Water quality-Determination of total
nitrogen alkaline potassium persulfate digestion UV spectrophotometric method” [17].

The above section describes all the steps in each set of tests. After the end of each test set,
the nitrogen-polluted water in the tank was drained, all the river sand was cleaned and removed from
the tank, the tank was cleaned, new sand was shoveled into the tank, the sinuosity was changed, and
the above steps were repeated until all four test sets were completed, with sinuosities of 1.0, 1.4, 1.8,
and 2.2. The amount of sand, amount of water, flow rate, temperature, initial pollutant concentration,
and amount of microorganisms added to each test set were the same at the beginning of each test,
ensuring that the initial conditions were equal, except for sinuosity.

3. Results

3.1. Effect of River Sinuosity on the Change in TN Concentration in the Overlying Water

After each 52 h test of the reduction in nitrogen in circulating water, the TN concentrations in the
overlying water were obtained for all the time points. The designated initial concentration of TN was
35 mg/L, and the initial concentrations actually detected in the four test sets were between 34.41 mg/L
and 35.59 mg/L (35 ± 0.6 mg/L). The mean flow velocity and depth of each test channel are shown in
Table 1. The variation in TN concentration with time is shown in Figure 2a.

Table 1. The mean flow velocity and depth of each test channel.

River Sinuosity 1.0 1.4 1.8 2.2

Mean flow velocity (m/s) 0.041 0.036 0.032 0.029
Mean depth (m) 0.032 0.036 0.039 0.042
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Figure 2. (a) Variation in TN concentration with time in tests with various sinuosities. (b) Relationship
between river sinuosity and final TN reduction ratio.

The following findings were obtained based on an analysis of the tendency diagram:

(1) Owing to various physical, chemical, and biological actions in the system [21], the TN concentration
in each test set decreased gradually and smoothly with the system operation, reflecting a suitable
self-purification effect of the simulated river system on nitrogen.

(2) In the first test stage (0 to 2 h), the nitrogen-polluted water fully entered the substrate and merged
with the pure pore water, thereby diluting the added polluted water. The TN concentrations in
the sinuous river channels (with sinuosities of 2.2, 1.8, and 1.4) all rapidly decreased, and the
higher the sinuosity, the greater the decrease. However, in the straight river channel, the slope at
the first stage declined gently and was significantly lower than that in any sinuous channel.

(3) In the second test phase (2 to 40 h), due to the gradual completion of neutralization, each test set
tended to gently slope downward, and the system was in a descending stage dominated
by biochemical changes. Nevertheless, the test sets with high sinuosities still showed a
faster rate of decrease. After 15 h, the TN concentrations of sinuosities 1.0 and 1.4 showed
relatively strong decreases. This finding may be due to the slower diffusion and mixing rate of
pollutants in low-sinuosity channels than in high-sinuosity channels. After a period of mixing,
the combination of pollutant-substrate-microorganisms-water-oxygen was more complete in
low-sinuosity channels, and an optimal purification efficiency was achieved at 15 h, resulting in a
strong decrease.

(4) In the third test stage (40 to 52 h), the TN concentration in the test sets with high sinuosities was
already relatively low, and the reduction ratio decreased, while the reduction ratio of the test set
with a straight channel was still continuously decreasing.

(5) Through comparison of the nitrogen reduction tests under different sinuosities, we concluded that
in the sinuosity range between 1.0 and 2.2, river sinuosity has a significant effect on the reduction
ratio and reduction rate of TN. In the tests with high-sinuosity rivers, the rate of TN decrease
with time was significantly higher than in the tests with low-sinuosity rivers. Considering the
relationship between the river sinuosity and the final reduction ratio of TN (Figure 2b), at the end
of the test (52 h), the final reduction ratio of TN in high-sinuosity rivers was significantly greater
than that in low-sinuosity rivers [22].

3.2. Effect of River Sinuosity on the Spatiotemporal Distribution of TN in Substrate

In the tests, the TN content was determined in pore water at specific locations in the substrate of
river channels for each sinuosity. The test results are shown in Figure 3.
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Figure 3. Variation in TN concentration in pore water in the test sets with sinuosities of 2.2 (a–d),
1.8 (e–h), 1.4 (i–l), and 1.0 (m).

In the sinuous channel tests (i.e., test sets with sinuosities of 2.2, 1.8, and 1.4), points 1, 3, and 4
were located in the substrate perpendicular to the direction of water flow in the straight section of the
channel, and point 2 was in the overlying water. Figure 3a,e,i shows that in the first test stage (0 to
4 h), the pore water concentrations at points 1, 3, and 4 rapidly increased and that the concentrations
were higher at points closer to the channel, an increase that was greater in tests with higher sinuosities.
Later, the pore water concentration reached a level close to that of the overlying water (point 2)
and maintained a similar decreasing process. The reason for this process of change is that a certain
amount of fresh water already existed in the substrate before the start of the test. After the test started,
the polluted water entered the substrate and neutralized the fresh water, causing the pore water
concentration to rapidly increase until reaching equilibrium. Then, the purification effect of the system
gradually decreased [23].

Points 7 and 8 were located on the concave and convex banks of the bend center of the river
channel, respectively. Figure 3b, f, and j shows that in the first stage of the sinuous channel tests, the TN
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concentration at two points increased sharply, reaching the highest level within the first 0 to 4 h of the
test, and the concentration at point 7 on the concave bank was generally higher than that at point 8 on
the convex bank. After this stage, the pollutant concentrations at both points began to decrease, and the
decline in the concave bank was generally more pronounced. This result occurred because the water
level rose due to a surge of water on the concave bank, so more polluted water entered the substrate of
the concave bank due to the additional head, resulting in an increase in pollutant concentration. In the
middle and late stages of the tests, after the pollutant concentration of the concave bank peaked, due
to a more complex flow regime at the concave bank, a higher frequency of hyporheic exchange, and
a higher DO level, the pollutant concentration decreased faster than at the convex bank, eventually
reaching a similar level of pollutant concentration as that of the convex bank [24].

Points 5 and 6 were located on the upstream side of the convex bank, while points 9 and 10 were
located on the downstream side of the convex bank. Figure 3c,d,g,h,k, and l shows that in the first
stage of the tests, the TN concentration in pore water increased at all points. The TN concentrations at
points 5 and 6 rose to their maximums, which were relatively high, within a short time, approximately
1 h after the test started. In contrast, the upward trends at points 9 and 10 were relatively delayed,
as the nitrogen concentration reached the maximum level 4 h after the test started, and the maximum
value was smaller than the peak value on the upstream side. These findings indicate that the effect of
TN accumulation on the upstream side of the convex bank was stronger than that on the downstream
side of the same bank. On the one hand, this result occurred because after the test started, the polluted
water first passed through the upstream section and was filtered and diluted by the upstream side
before flowing to the downstream side, resulting in an inherently lower concentration of polluted
water absorbed by the sandy soil on the downstream side. On the other hand, the upstream side of
the convex bank directly faced the incoming water flow, so more polluted water was pressed into the
upstream substrate through the higher flow, resulting in a higher concentration. On the downstream
side, the polluted water was only absorbed through milder hydraulic infiltration, resulting in a lower
concentration. After the peak TN was reached, the trends of decreasing concentration at different
points became consistent due to the more even mixing of the water body and the stability of the
longitudinal hyporheic exchange [25].

In the test set in the straight channel (sinuosity 1.0), point 1 was located in the overlying water,
and points 2 to 4 were located in the substrate perpendicular to the direction of water flow in the
straight section of the river channel. Figure 3 m shows that as the distance of the substrate from the
channel increased, the change in the TN concentration in the substrate significantly lagged behind that
in the overlying water, indicating that the intensity of lateral hyporheic exchange in the river channel
was strongly correlated with the distance of the substrate from the channel [26].

4. Discussion

The water quality tests in four sets of river channels with different sinuosities showed that during
the 52 h test period, the reduction ratio of TN concentration in the overlying water was positively
correlated with sinuosity. The greater the river sinuosity, the faster the nitrogen reduction in the
overlying water and the higher the final reduction ratio.

Monitoring the spatiotemporal distribution pattern of TN in the substrate of the simulated river
channels with different sinuosities showed that in the straight section, the absolute value of and
variation in pollutant concentration in the substrate near the bank were highly correlated with those in
the overlying water. However, in the substrate far from the channel, the change in the TN concentration
of pore water lagged significantly behind that of the overlying water. This phenomenon indicates that
in the straight channel, the near-shore substrate is more involved in the purification of river water than
the far-shore substrate [27].

In sinuous channels, when polluted water entered the system, the concave bank of the bend
section was more prone to pollutant accumulation than the convex bank. After this section, as the
water flow regime at the concave bank was more complex, the rate of pollutant concentration decreased
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faster than that at the convex bank, making the concave bank an efficient pollutant treatment zone.
Eventually, similar pollutant concentration levels were reached at the two banks [28].

Through comparative analysis of the pore water concentrations in the upstream and downstream
sections of the convex bank of the bend section, we found that when polluted water entered the river
system, the pollutant concentration in the upstream substrate of the convex bank of the bend section
first increased compared with that in the downstream substrate, and this gap gradually decreased with
time. In real rivers, ecological protection should focus on the upstream side of the convex bank of the
sinuous channel. Such measures could include installing artificial pollution interceptors or planting
water-purifying plants in response to a localized high concentration of polluted water present in a
river channel [29].

The above tests show that, compared with the straight river channel, the sinuous river channels
had a higher self-purification capacity. Therefore, against the current background of rapid urbanization
in China, the impact of river morphology, represented by sinuosity, on the local environment must be
fully considered. Rivers cannot simply be shortened to improve the land utilization rate [30]. Instead,
the original natural sinuosity of river channels should be retained as much as possible to allow them
to thrive. Otherwise, the economic benefits resulting from improving the land utilization rate by
straitening rivers would be offset by negative effects such as environmental pollution and ecological
damage [31].

5. Conclusions

This study established four sets of circulating water channel models with sinuosities of 1.0, 1.4, 1.8,
and 2.2. The process of nitrogen reduction in rivers with different sinuosities was studied by monitoring
the nitrogen concentration from pollutants in the overlying water and the spatiotemporal distribution
pattern of nitrogen in pore water. The results show that (1) under laboratory conditions, there is a
positive correlation between river sinuosity and TN reduction capacity; (2) near-shore substrate is
more involved in river self-purification than far-shore substrate; (3) a concave bank of a sinuous river
is more likely to accumulate pollutants, and its purification capacity is higher than that of a convex
bank; and (4) after polluted water enters a sinuous channel system, the pollutant concentration is high
in the upstream section and low in the downstream section of the convex bank, and this difference
diminishes with time.

The findings of this study lay a foundation for studying the mechanism by which sinuosity affects
the self-purification capacity of a river. In future experimental studies, the pollutant types could be
changed to verify the relationship between river sinuosity and the reduction ratios of other pollutants.
Other channel slopes with slower and faster flows and different bends with identical river sinuosity
could also be addressed in future research. The effect of river sinuosity on the hydraulic state (such as
turbulence effects) of a river could also be investigated to better understand the mechanism by which
sinuosity affects the self-purification capacity of rivers.
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