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ARTICLE INFO ABSTRACT

Keywords: River confluences are pivotal junctions that have vital influences on hydraulic characteristics and sediment
River confluence particle distributions as well as on hyporheic water exchange. However, hyporheic water exchange is poorly
Morphology understood because of the complicated river morphology within a river confluence. Therefore, the river con-

Hydraulic characteristics
Sedimentary properties
Hyporheic water exchange

fluence between the Juehe River and Haohe River located in arid and semi-arid areas of northwestern China was
selected to evaluate the hyporheic water exchange processes, and the temperatures of different depth sediment
were measured on July 11th and 12th, 2016 by an instrument equipped with five temperature sensors. The
patterns and magnitudes of hyporheic water exchange were estimated using a one-dimensional heat transport
model coupled with temperature data. Meanwhile, terrain points elevations and sediment particle distributions
in this river confluence were collected to determine the confluence riverbed morphology. Furthermore, the river
confluence morphology effects on hyporheic water exchange were investigated in this study. The different
riverbed morphology and hydrodynamic zone locations were observed, which were controlled by the planform
geometry with low river confluence flux momentum during the test period. Meanwhile, the upwelling flow
dominated in the test area, and the downwelling occurred at three of the 23 total test points, which was induced
by the complicated riverbed morphology and hydraulic characteristics. Additionally, the magnitudes of the
upwelling flow were significantly influenced by the sediment heterogeneity subjected to the erosional and de-
positional processes. Hyporheic water exchange is a vital hydrological process in arid and semi-arid areas, where
it significantly impacts the ecological environment of rivers. This study provides a valuable guideline for water
quality and quantity management in arid and semi-arid areas.

1. Introduction and groundwater systems (Boulton et al., 1998; Zarnetske et al., 2012;

Cranswick et al., 2014). Hyporheic water exchange drives the physical,

Rivers are a typical geomorphic feature on the Earth's land surface
with a variety of environmental and service functions. Surface water
and groundwater are not independent hydrological systems (Boulton
et al., 1998; Chen et al., 2017b). Surface—groundwater exchange com-
monly occurs in the hyporheic zone of rivers (Jones and Holmes, 1996).
The hyporheic zone is the sediment layer within the riverbed that is
saturated with water and is located in the intermediate zone between
surface water and groundwater, which is the zone that connects rivers

chemical and biological characteristics of the hyporheic zone, controls
interaction between the surface water and groundwater (Brunke and
Gonser, 1997), and further, influences the quality and quantity of sur-
face water and groundwater (Kalbus et al., 2007; Chen et al., 2018).
Meanwhile, the hyporheic zone is regarded as the liver of the river due
to biodegradation and adsorption of pollutants within river systems
(Storey et al., 2004; Fischer et al., 2005; Briggs et al., 2014). Hence,
research on hyporheic water exchange has gradually attracted the
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attention of researchers and has become vital in international studies
(Krause et al., 2009). Furthermore, in arid and semi-arid regions, hy-
porheic water exchange is an extremely important hydrologic process
that has significant effects on the water quality and quantity of rivers
due to the reduced precipitation rainfall capacity (Wang et al., 2008,
2013; Chen et al., 2017a).

The accurate estimation of hyporheic water exchange patterns and
magnitudes is an essential task in the research of water exchange. In
previous studies, many methods were used to determine the patterns
and magnitudes of hyporheic water exchange, including tracer tests
(Yang et al., 2012), the Darcy equation (Anderson, 2005), thermal
methods (Hatch et al., 2006), seepage meters (Zhu et al., 2015) and
other methods (Wei et al., 2011; Zhang et al., 2017). However, different
measurement scales and hydrogeological conditions limit the applica-
tion of these methods in field studies. For example, tracer tests and
baseflow separation determine ground-surface water exchange at the
catchment scale (Hatch et al., 2006) and a seepage meter is generally
used to assess riverbed seepage within relatively smooth riverbeds (Zhu
et al.,2015). Heat has been increasingly used to estimate the hyporheic
water exchange patterns and magnitudes because heat is a valid, nat-
ural tracer that can be used on multiple scales (Anderson, 2005; Hatch
et al., 2006). Remarkably, collecting and measuring temperature data
in the hyporheic zone is simple and convenient in many field studies.
Stallman (1965) developed a one-dimensional heat transport model
that estimated hyporheic water exchange processes based on the theory
that hyporheic water flow occurs simultaneously with heat transfer.
Bredehoeft and Papaopulos (1965) proposed a one-dimensional steady-
state heat model based on the steady-state thermal assumption. Fur-
thermore, the model was developed by Anibas et al., (2009) to evaluate
the hyporheic water exchange patterns and magnitudes on various
stream topographies. Engelhardt et al (2011) collected temperature
data to study groundwater-surface water interactions in Schwarzbach,
Germany by the model. Wang et al (2018) measured riverbed tem-
peratures and sampled riverbed sediment in the Weihe River to esti-
mate hyporheic water exchange and further analyze the effect of water
exchange on inorganic nitrogen within pore water.

The topography of the river bank or riverbed has a significant in-
fluence on hyporheic water exchange (Kasahara and Wondzell, 2003).
Hill et al. (1998) found that changes in longitudinal gradients in-stream
channel riffle-pool units induced small-scale vertical and horizontal
hyporheic water exchanges. Meanwhile, Boano et al. (2006) indicated
that the process of surface-groundwater exchange in river bends is more
significant relative to that in straight channels. However, deposition
and erosion caused by flow along river bends also influences the hy-
porheic flow through river sediment (Song et al., 2016; Zhang et al.,
2016). Gravel bars are also a common topographic feature in a natural
channel. Wondzell and Swanson (1999) found that while lateral flow
typically dominates gravel bars, a large flood event created extensive
hyporheic zones with increased downward flux at the head of several
gravel bars while lateral downstream river-bar interactions were
maintained. Thus, the patterns and magnitudes of hyporheic water
exchange are easily induced by the river bank topography or riverbed
forms such as riffle-pools, gravel bars and river bends (Boano et al.,
2006; Shope et al., 2012; Stonedahl et al., 2013). However, the vast
majority of studies have focused on the effects of relatively large geo-
morphological structures on hyporheic water exchange (Wondzell and
Swanson, 1999; Stonedahl et al., 2013). Under complex river topo-
graphic conditions, small-scale variability in hyporheic water exchange
affected by river morphology at a river confluence is still not fully
understood. Therefore, estimating hyporheic water exchange and ana-
lyzing the influences of riverbed morphology on patterns and magni-
tudes of hyporheic water exchange not only provide a useful clue to
understanding the hydrological processes but also provide a vital guide
for the management of water quantity and quality in arid and semi-arid
regions.

A river confluence is an important morphological element in the
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river system. The morphology of the river confluence commonly con-
sists of an avalanche face, confluence scour, and separation zone bar
(Best, 1988). The avalanche face produced by severe flow deflection,
rapid growth rate and shear stress when the two streams entered the
confluence is more pronounced at higher confluence angles. Confluence
scour refers to the scouring ditch formed by the increase in velocity and
turbulence level at the junction when the two streams merge. The se-
paration zone bar is located at the corner of the lower reaches, which is
formed by the lower fluid velocity and pressure when the sediment
from the tributaries is involved in the separation area (Best, 1986; Best
and Rhoads, 2008). All of these features of flow dynamics and sediment
transport within the river confluence, such as erosion and deposition
processes, are induced by the river confluence morphology (Boano
et al., 2006). Furthermore, the characteristics of flow dynamics and
grain size distributions (including silt-clay as well as median grain size
[d50]) significantly influence the hyporheic water exchange patterns
and magnitudes (Song et al., 2016). In this study, the river confluence
between Juehe River and Haohe River located in the arid and semi-arid
areas of Northwestern China was selected to evaluate the hyporheic
water exchange processes, and the temperatures data of different se-
diment layers were measured on July 11 and 12, 2016 and used to
quantitatively estimate the patterns and magnitudes of hyporheic water
exchange using the one-dimensional steady-state heat transport model.
Meanwhile, the river confluence morphology was measured and sedi-
ment was sampled in the field study. The particle size of the sediment
was analyzed in the laboratory. The objectives of this study are to (1)
investigate the morphological features of a river confluence, (2) esti-
mate the spatial variability of the magnitudes and patterns of hyporheic
water exchange, and (3) further explore the effects of river morphology
and sediment grain size distribution on hyporheic water exchange in
the test area.

2. Study area

The study was conducted in the confluence of the Juehe River (main
channel) and Haohe River (tributary channel) and was performed in
Xi’an City, Shaanxi Province, China on July 11 and 12, 2016. The Juehe
River is a secondary tributary of the Weihe River in the Guanzhong
Plain. The Juehe River total length and drainage area are 64.2 km and
687 km?, respectively. The Haohe River has a total length of 46 km and
a drainage area of 292 km?. The Haohe River flows into the Juehe River
near the Xiangji Temple in the southern portion of Xi’an city. The two
streams both originate from the Tsinling Mountains and finally flow
into the Weihe River.

The Juehe River Basin is located in an arid and semiarid climate
zone with an average annual rainfall of approximately 660 mm (Guo
et al., 2018). The weather in the Juehe River Basin is hot and rainy in
summer and cold and dry in winter (Song et al., 2015). Similar to most
rivers in arid and semi-arid areas, Juehe River presents active interac-
tions between surface water and groundwater that significantly impact
the heavy metal and nitrogen concentration of surface water and
groundwater (Liu et al., 2017; Guo et al., 2018). In addition, the Juehe
and Haohe Rivers, both located in the southern Weihe River Basin and
near the Tsinling Mountains, contain bed materials largely composed of
coarse sand, gravel, and even cobbles, which easily induces significant
hyporheic water exchange. Meanwhile, the two rivers are crucial for
human health and economic consumption on the Guanzhong Plain in
Shaanxi Province which includes Xi’an City (Zhi et al., 2013).

The test site is located in the confluence of the Juehe and Haohe
Rivers, which is in the southern portion of Xi’an City (Fig. 1a). Field
measurements were conducted, and a total of 23 test points were es-
tablished in the confluence (Fig. 1b). Nine test points were established
in the tributary channel (T), five test points were established in the
main channel (M), and another nine test points were established in the
postconfluence main channel (PM). Each transect included 2 or 3 test
points with 10-15m spacing based on morphological features observed
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Fig. 1. (a) Map of the study area showing the location of the test site, (b) the test points in the test area, and (c) a schematic diagram of the equipment used for

temperature measurements in the streambed sediments.

during field measurements. In addition, no test point was established in
the center of the confluence due to equipment length limitations. From
July 9 to 13, 2016, rainfall events did not occur, and the groundwater
level and river level were stabilized in test area, which was important
for avoiding the influence of climatic conditions on hyporheic water
exchange.

3. Method
3.1. Sediment temperature measurements

During the test period, temperature data of specific depth sediment
layers at the 23 test points were collected by a 2.0m instrument
equipped with 5 temperature sensors at specific depths (0.0 m, 0.1 m,
0.2m, 0.3 m and 0.45 m) (Fig. 1c). The lower part of the instrument was
marked with a length scale to insert the instrument into the sediment at
a depth of 0.45m. Five temperature sensors were used to collect spe-
cific depth sediment layer temperature data. The temperature sensors in
different sediment layers began working after the instrument was in-
serted into the river sediment. A measurement required approximately
30 min for the temperature sensors to reach thermal steady-state con-
ditions. The instrument also consists of a data logger that can con-
tinuously record and store temperature data of the five sensors (Fig. 1c).
The instrument with an accuracy of = 0.05 °C was calibrated to obtain
accurate temperature data after each measurement. Then, the measured
temperature data and other physical parameters were input to a one-
dimensional heat transport model provided by Bredehoeft and
Papaopulos (1965) to obtain the hyporheic water exchange patterns
and magnitudes.

3.2. One-dimensional heat transport model

Heat is a vital natural tracer in the determination of hyporheic
water exchange patterns and magnitudes (Anibas et al., 2009). Stallman
(1965) developed the following equation to estimated patterns and

magnitudes of hyporheic water exchange under the assumption that
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river sediment is isotropic, homogeneous and saturated.
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where

T-temperature at time t

¢s-specific heat of fluid

py-density of fluid

ci-specific heat of solid-fluid complex

pp-density of solid-fluid complex

k-thermal conductivity of solid-fluid complex

Vy,by, V.-components of fluid velocity in the x, y, and z directions

X, ¥, z-Cartesian coordinates

t — time

The expressionvy,vy = 0 is based on the assumption that hyporheic
water exchange is one-dimensional (in the vertical direction), and thus,
Eq. (1) can be simplified to Eq. (2):

aT\ _ i 3T aT
CfsPg o) e —GPq E @

Bredehoeft and Papaopulos (1965) found that the temperature
variations in different sediment layers were very small over time by
evaluating the anisothermal groundwater flow through a semi-con-
fining layer in the river. Therefore, an analytical solution was derived in
an aquifer system of thickness L (Arriaga and Leap, 2006):

T=1 z=0 €))

T=T, z=1L 4)
Thus, the general differential Eq. (2) was simplified to Eq. (5):
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where

T-temperature at any depth

To-measured uppermost temperature

T;-measured lowermost temperature

L-vertical distance between measured uppermost and lowermost
temperatures

B is a dimensionless parameter, and a positive or negative value of
is determined by the downward or upward value of q, re-
spectively.f = 0 indicates no vertical flow in the hyporheic zone. A
computer program developed by Boyle and Saleem (1979) was used to
obtain the sum of deviations between the left and right sides of Eq. (5).
The sum of deviation F(B) is as follows:

eB2il) _ 1T
ef —1
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T-T
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The temperatures of the five sediment layers were inputted into Eq.
(7) to obtain the optimum value of B when the value of the sum of
deviation was minimized. In addition, the downwelling or upwelling
fluxes can be obtained by the one-dimensional heat transport model
(Eq. (8)). The physical parameters that are inputted into Eq. (8) are
shown in Table 1.

kfsﬁ

Positive or negative value of q indicates downwelling and upwel-
ling, respectively, and the value of q indicates magnitudes of hyporheic
water exchange.

3.3. Sediment sampling and particle size analysis

At each test point, a 160 cm PVC pipe was inserted into the riverbed
next to the temperature pipe. The length of a pipe at the sediment-water
interface was approximately 45 cm to obtain 45 cm sediment samples.
The top of the pipe was plugged before pulling out the PVC pipe from
the riverbed to isolate the interior of the PVC pipe from the atmosphere.
Then, the sediment sample that was removed from the PVC pipe was
placed into a sampling bag for particle size analysis. Moreover, the
sediment samples were air-dried in the laboratory, and the air-dried
sediment samples were categorized into 15 grades based on particle
sizes using an automatic sieving machine. The largest sieve size was
5 mm, and the smallest sieve size was 0.075 mm. The median grain size
(d50) that denotes effective sediment particle size diameter at 50%
cumulative weight percentage of particle size was determined by the
grain size cumulative curves of each test points. Meanwhile, the grain
size can be classified into three groups: gravel (grain size > 2.0 mm),
sand (0.075mm < grain size < 2.0 mm), and silt-clay (grain size <
0.075mm) (Song et al., 2016).

Table 1
Input parameters of the physical properties for the one-dimensional heat
transport equation (Eq. (8)) in the study area.

Parameters Value Unit

Thermal conductivity, kg 1.765 Js !m 'K!
Specific heat capacity of water, ¢t 422,400 Jkg 'K?
Density of water, py 1000 kgm™3
Vertical distance, L 0.45 m

* The value had been defined in a previous study Wang et al. (2018).
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3.4. Riverbed topography and surface water and groundwater level
measurements

The locations and elevations of terrain points were measured by
GPS-RTK (Global Positioning System-Real Time Kinematic) technology
using a Trimble R8 mobile receiver (manufactured by American
Trimble). A digital elevation model of the river confluence was con-
structed in ArcGIS, using a Kriging interpolation algorithm. The obtuse
junction angle at the river confluence was measured by the average
thalweg path along the branches. Meanwhile, the groundwater and
surface water level data in the test area from 9 to 13 July 2016 (the
groundwater level obtained in a monitoring well situated 200 m off the
test area as well as the surface water level at the test site) was mon-
itored every day by the same equipment.

4. Results

4.1. Riverbed morphological characteristics and sediment particle
distributions

The planform geometry of the river confluence was Y-shaped with a
branch into a meandering channel (Fig. 2a). In the test area, the ava-
lanche faces were observed at the mouths of the two channels, and the
scour hole in the central zone near the avalanche face, where the two
flows mixed, extended to a depth of approximately 1.5m (approxi-
mately three times the upstream average channel depths). (Fig. 2b). An
in-stream gravel bar with a large sediment grain size was observed in
the center of the postconfluence channel in the nearby zone of point
19PM (19PM indicates point 19 in PM channel) (Fig. 2b). The greater
water depth and thalweg path occurred in the zone near the left bank of
the T channel. In the downstream of the river confluence (the PM
channel), the topography condition was relatively complex due to the
mixing of two flows. In the cross section (including point 15PM, 16PM,
and 17PM) and the cross section (including point 18PM, 19PM, and
20PM), the thalweg path nears the left bank because of a flux mo-
mentum ratio < 0.5 and the thalweg path in the center zone of the last
cross section along the flow direction in the PM (Fig. 2a).

In addition to evaluating the features of the riverbed morphology,
the depositional and erosional conditions were also observed in the
field study. In the test area, the erosional zones located near the
thalweg path were observed in the left bank of the T channel and the
center of the downstream channel with less average cumulative per-
centages by clay weight (0.53% and 1.03%, respectively) (Table 2).
Particle size data were not obtained within the center of the M channel
due to the limitation of water depth and equipment. However, the se-
diment particle size distributions indicated that the right and left banks
of the M channel were depositional zones. Within the confluence, both
sides of the M channel had a higher average cumulative weight per-
centage of clay or silt and a lower value of d50 than the other channels
(the average cumulative weight percentages of clay or silt were 19.56%
and 15.46% in the right and left banks of the M channel, respectively)
(Table 2).

4.2. General hydraulic characteristics

The main hydraulic parameters were obtained in the field study
during the test period (Table 3). The mean flow velocity of the M
channel was the largest (mean flow velocity is 2.04 m/s) within the
river confluence compared to that in the T and PM channels. Mean-
while, the greatest flow velocity was also observed in the M channel
(Table 3). The mean flow velocities of the T and PM channels were
1.48 m/s and 1.03 m/s, respectively (Table 3). The flow dynamics based
on the velocities and directions as well as the riverbed topography are
shown in Fig. 3. The sites of helicoidal arrows indicate the locations of
helicoidal flow cells formed by the confluence of two rivers (Fig. 3).
Meanwhile, the riverbed topography was also controlled by the flow
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Fig. 2. (a) Streambed elevations above sea level and (b) characteristics of the riverbed morphology.

Table 2
Sediment particle size distributions at the river confluence (including M, T, and PM) during the test period.
Parameter M T PM
R c 1 R ol L R ol L
Cumulative weightb (%) < 0.075 mm (silt/clay) 19.56 —d 15.46 7.44 2.07 0.53 5.18 1.03 4.56
> 2mm (gravel) 5.00 = 10.16 19.36 29.37 30.86 12.30 20.41 11.13
dso” (mm) 0.29 - 0.18 1.26 0.80 0.59 0.39 0.84 0.59

2 R, C, and L indicate the right bank, center, and left bank of the river, respectively, in the flow direction.

" Indicates the average cumulative percentage of the sediment grain size by weight.

¢ Indicates the average median grain size of the streambed sediments at the test site.

4 Indicates that no data were obtained due to the water depth in the channel center upstream of the confluence (M).
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Table 3
Main hydraulic parameters at the river confluence between the JR and HR
during the test period.

Characteristic parameters M T PM

Mean flow velocity (m/s) 2.04 1.48 1.03
Maximum flow velocity (m/s) 2.31 1.93 1.36
Width (m) 15.1-19.41 7.8-10.0 14.8-22.2
Mean width 17.28 8.52 17.42
Discharge (m®/s) 13.52 6.17 19.69
Discharge ratio (T/M) 0.45

Flow momentum ratio, M" 0.33

& M = (0QrVr)/(0Qm Vi), where p = water density (kg/m3), Q = total dis-
charge (m3/s), and V = cross section averaged velocity (m/s).

dynamics, and the central scour zone was formed by the erosional stress
of the downward flow. A shear layer (the imaginary line in Fig. 3) was
observed in the middle of the helicoidal cells, which also formed by the
confluence of the two flows. The location of the shear layer was also
determined by the planform of the river confluence and flow mo-
mentum ratio. The Y-shaped confluence and the lesser flow momentum
ratio (M < 0.5) resulted in the shear layer in the area south central of
the junction. The formation of flow stagnation zones in the lee of each
avalanche face also induced the occurrence of deposition zones in the
same location. Meanwhile, in the lee of the helicoidal flow cell zone, the
flow separation zone was observed with the river water that flows to
both sides of the PM channel entrance (Leite Ribeiro et al., 2012). A
flow recovery zone is located in the M channel near the third cross
section by the flow direction (Fig. 3).

4.3. Patterns and magnitudes of hyporheic water exchange

The temperature data beneath the sediment-water interface were
obtained during the test period. The patterns and magnitudes of the
hyporheic water exchange were determined by the one-dimensional
heat transport model based on the estimated temperature distributions
of each test point. The values of the hyporheic water exchange ranged
from —243.91 mm/d to 14.71 mm/d, and the negative and positive
values indicated upwelling and downwelling at the test point, respec-
tively. Additionally, the magnitudes of the water exchange at these 20
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test points were negative, which indicated that the upwelling flow
dominated the test area during the test period. Therefore, downwelling
was observed at test points 1 T and 2T of the T channel and test point
14PM (Fig. 4). For the magnitudes of the hyporheic water exchange,
large flux variabilities were measured in the river confluence (Fig. 5).
The range of the hyporheic water exchange fluxes for the entire river
confluence was from —315.83mm/d to 14.71 mm/d. The largest
variability of the water exchange fluxes was observed in the PM channel
where more complex riverbed morphology occurred (from
—10.74mm/d to —315.83 mm/d), and the minimum variability was
observed in the M channel (from —2.81 mm/d to 14.71 mm/d) (Fig. 5).
The mean of the hyporheic water exchange magnitudes of the PM
channel, M channel and T channel were —109.36 mm/d, —23.18 mm/
d and —82.91 mm/d, respectively (Fig. 5). The upwelling and down-
welling occurred simultaneously in the T and M channels, and only
upwelling occurred in the PM channel. The magnitudes of the three
downwelling test points were generally lower, which indicated that the
downwelling process was relatively weak compared to the upwelling in
the test area. A strong upwelling zone was observed in the left bank of
the T channel, and the center and left banks of the PM channel (the
mean values of the upwelling fluxes in the three zones were
—178.14mm/d, —148.33mm/d and —122.55mm/d, respectively)
(Fig. 6). The hyporheic water exchange process was weak, whether
upwelling and downwelling at the right or left bank within the M
channel, although the data of the hyporheic water exchange flux were
not obtained due to the limitation of the large water depth and
streambed materials in the center of the M channel. Notably, the largest
absolute upwelling flux value was observed at test point 19PM
(-315.83 mm/d), where a large gravel bar was formed (Fig. 2), and
stronger downwelling occurred at test point 14PM (Fig. 6).

5. Discussion

The patterns and magnitudes of hyporheic water exchange are sig-
nificantly impacted by the topography of the riverbed (Kasahara and
Wondzell, 2003). The primary pattern of the hyporheic water exchange
is determined by the groundwater and surface water levels at the re-
gional scale. The groundwater and surface water level data in the test
area from 9 to 13 July 2016 indicated that the groundwater level

Left bank

Right ba"¢

5.00 10.00 20.00
T Meter

Fig. 3. Characteristics of the flow dynamics within the river confluence. The helicoidal arrows, curved arrows, and straight arrows indicate helicoidal flow, deflecting

flow and straight flow, respectively.
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stabilized at approximately 422.90 m and the surface water level was
approximately 422.30 m during the entire test period. In locations
where the groundwater level was higher than the surface water level,
groundwater discharge into the surface water through the hyporheic

The T channel

The M channel

zone on a regional scale commonly occurred (Wang et al., 2018). Re-
gionally, the upwelling hyporheic water exchange may be induced by
groundwater discharged into the river (Hyun et al., 2011). However,
different patterns were caused by the complicated topography of riv-
erbed areas at the meter scale (Song et al., 2016; Zhang et al., 2016). In
the field study, the downwelling process was observed at test point 1 T
and test point 2 T. Notably, based on the investigation of the elevation,
a deflection of the thalweg was found in the zone nearby test point 1 T
and test point 2T (Fig. 2). Portions of the surface water enter the hy-
porheic zone when occurs flow through the zone due to the barrier of
the higher sediment, furthermore, the weak downwelling resulted from
this hyporheic flow (Harvey and Bencala, 1993; Kasahara and
Wondzell, 2003). The downwelling was also observed at test point
14PM, which was located in the zone of the helicoidal flow cells. The
downwelling flow in the zone of the helicoidal flow cells may be caused
by the occurrence and impact of the two flows (Szupiany et al., 2009).
According to the analysis of Best (1988), in the zone of the helicoidal
flow cells, the direction of the flow translates downward due to the
encounter and impact of the two flows. Furthermore, the downward
flow caused the surface water to enter the hyporheic zone and form
downwelling. Notably, the stronger momentum of the flow in the M
channel caused by a large discharge and flow velocity may have re-
sulted in a stronger downwelling process at test point 14PM than the
downwelling at test point 1 and test point 2. Meanwhile, Cardenas et al.

The PM channel
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Fig. 6. Bar graphs of hyporheic water exchange fluxes at each test point during the test period. L = left bank of channel; C = center of channel; R = right bank of

channel.
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(2004) suggested that the cross-stream pressure gradients along
meanders also increased in the downwelling flux in the confluent
meander bend channel. Furthermore, the different patterns may cause
the adsorption and release of contaminants within the hyporheic zone
(Briggs et al., 2014).

Previous studies suggested that sediment particle distributions
caused by erosional and depositional processes controlled by the obtuse
junction angle (115°) and lower momentum flux ratio (M < 0.5) of the
river confluence have significant effects on the magnitudes of hyporheic
water exchange whether upwelling and downwelling (Kenworthy and
Rhoads, 1995; Song et al., 2016; Wang et al., 2018). However, large
spatial variability of the sediment particle distributions was found in
different zones of the three channels (Fig. 7). Notably, lesser upwelling
fluxes were generally observed in the depositional zone determined by
the riverbed morphological and general hydraulic characteristics as
well as the sediment particle distributions (the depositional zone in-
cluded test points 4T, 7T, 10 M, 12M, 11 M, 13 M and 15PM, and with
upwelling, the mean value of the upwelling fluxes was —37.18 mm/d).
In the nearby zone of the thalweg (including test points 3T, 5T, 6 T,
9T, 17PM, 19PM, 20PM, and 22PM), the upwelling fluxes were gen-
erally higher at these test points. In addition, the phenomena were
closely linked to the sediment particle distributions of the test points. A
favorable correlation between the absolute value of upwelling fluxes
and the d50 of test points was found by Pearson bivariate correlation
analysis (r = 0.526, p = 0.017), indicating the larger upwelling flux
generally occurred at the test point with a large d50 value. In the field
study, the d50 values have significant positive and negative correlations
with the weight percentage of the gravel and clay at each test point
(r; = 0.715, p; = 0.000; rp = —0.463, p» = 0.026). Song et al (2016)
suggested that a large amount of clay and less gravel may result in
lower vertical hydraulic conductivity, further hindering the hyporheic
water exchange. The largest upwelling magnitude occurred at test point
19PM where a large gravel bar with larger sediment particle size
formed, which enhanced the process of upwelling. In addition, ac-
cording to the analysis of Zhou et al. (2013), surface water generally
enters into to in-stream gravel bar at the front of the bar and discharges
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behind the bar. A portion of hyporheic flow may enhance the upwelling
process at test point 19PM, which is behind the bar (Fox et al., 2018).

6. Conclusions

The topographic characteristics of the river confluence were eval-
uated during the test period, whereas the general hydraulic character-
istics and sediment particle distributions affected by the topography
were investigated in a field study. Additionally, the patterns and mag-
nitudes of hyporheic water exchange were estimated by the one-di-
mensional heat transport modal at each test point.

Based on the flow dynamics and sediment particle distributions
induced by the riverbed topography characteristics, a deposition zone
was observed in the right bank of the T channel and on both sides of the
M channel, and a large gravel bar formed in the zone near test point
19PM within the PM channel. Erosional zones generally occurred in the
vicinity of the thalweg and the magnitude of hyporheic water exchange
was significantly affected by the sediment particle distributions re-
sulting from erosional and depositional processes. Upwelling domi-
nated the test area, and a weak downwelling process occurred at three
of 23 total test points. The predominant pattern of water exchange was
determined by the level of the surface water and groundwater at the
regional scale. However, a complicated riverbed topography may cause
different water exchange patterns at the meter scale, such as the de-
flection of the thalweg and helicoidal flow in the center of confluence,
which cause downwelling and groundwater recharge by river water.
Therefore, this study can provide a scientific reference for a clearer
understanding of small-scale variability in hyporheic water exchange
affected by riverbed morphology. The finding of the study could be
useful to the management of water quantity and quality in this area and
other similar areas. Nonetheless, potential limitations may cause by the
short time testing. In further study, long-term testing will be en-
couraged to improve understanding of hyporheic water exchange pro-
cesses and dynamics.
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