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[1] A few studies suggest that infiltration rates within streambeds increase during the flood
season due to an increase in the stream stage and the remove of the clogged streambed.
However, some studies suggest that a new clogging layer will quickly form after an older
one has been eroded, and that an increase in water depth will compress the clogging layer,
making it less permeable during a flood event. The purpose of this work was to understand
the impact of floods on infiltration rates within a disconnected stream. We utilized pressure
data and daily streambed infiltration rates determined from diurnal temperature time series
within a streambed over a period of 167 days for five flood events. Our data did not support
the theory that floods linearly increase the infiltration rate. Since the streambed was clogged
very quickly with a large load of suspended particles and compaction of the clogged layer,
infiltration rates were also low during the flooding season. However, due to an increase in
the wet perimeter within the stream during flooding periods, the total recharge amount to
the aquifer was increased.
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1. Introduction

[2] Interactions between ground and surface water are
important for the effective management of water resources.
Based on interactions, streams are conceptually classified
as gaining, losing, or disconnected [Sophocleous, 2002;
Brunner et al., 2011]. In a disconnected stream, an unsatu-
rated zone exists between the streambed and the water
table. An unsaturated zone generally develops while the
streambed is clogged and its hydraulic conductivity is less
than the underlying aquifer, with a ratio of 0.1 to 0.01 [Su
et al., 2007; Brunner et al., 2009]. The infiltration flux of a
disconnected stream is higher than the condition of the con-
nection that has been referred to as the ‘‘maximum losing
condition,’’ a further decrease in the groundwater table that
does not impact the infiltration rate [Moore and Jenkins,
1966; Peterson et al., 1984; Osman and Bruen, 2002;
Desilets et al., 2008; Parsons et al., 2008; Brunner et al.,
2009, 2011; Irvine et al., 2012].

[3] Infiltration rates of a disconnected stream are con-
trolled by the hydraulic properties of the aquifer, the clog-
ging layer, and the stream water level. Infiltration rates

decrease with a fine grain layer deposited on the streambed,
and/or the streambed is clogged by filling its void. Hatch
et al. [2010] discussed the spatial and temporal variations
for stream discharge, sediment load, and streambed hydrau-
lic properties and found that the streambed hydraulic con-
ductivity varied between 1026 and 1024 m/s, and tended to
decrease (by an order of magnitude or more) as sediment
was deposited on the streambed during low flow condi-
tions. As indicated by Darcy’s law, infiltration rates
increase linearly with river water depth while the hydraulic
conductivity remains constant [McDonald and Harbaugh,
1996; Shanafield et al., 2012].

[4] Some studies suggest that infiltration rates in stream-
beds increase during the flood season due to the increase of
the stream stage and the removal of the clogged streambed.
For example, during summer flood months, the average
infiltration rate doubled as compared to that during winter
within the Rio Puerco stream [Heath, 1983]. Vazquez-Sune
et al. [2007] indicated that the infiltration rate of the dis-
connected stream dramatically increased during the flood
period and estimated that 40% of total aquifer (Lower Llo-
bregat, Spain) inputs arose from river flooding infiltration.
The authors proposed that the clogged layer may be fully
removed by flood waters and an increase in the wet perime-
ter and the riverhead. Doble et al. [2012] suggested that
flooding events have two processes that are referred to as
scour and fill. The preferential entrainment of fine sediment
during a flood’s scour leads to overall bed coarsening and
to an increase in vertical hydraulic conductivity and infil-
tration fluxes [Simpson and Meixner, 2012].

[5] However, by quickly forming a new clogging layer
within the streambed and due to compression of the clogged
streambed during the flood season, as observed in practice
field cases and column tests, some researchers have sug-
gested that infiltration rates do not increase [Bouwer and
Rice, 1989; Houston et al., 1999; Pavelic et al., 2011].
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Major factors influencing the clogging process are the size
distribution of the streambed and the suspended load, the
concentration of the suspended load, and the velocity of
infiltration [Behnke, 1969; Schalchli, 1992, 1995; Lentz and
Freeborn, 2007]. During a flood event, an older clogged
streambed may be eroded. However, a new one will quickly
be formed while the concentration of the suspended load is
very high [Gibson et al., 2011]. An increase in water depth
compresses the clogging layer, making it less permeable
[Bouwer, 2002]. A study of the Kuiseb River in Namibia
found that all floods produced very similar flux rates, sug-
gesting that recharge rates are less impacted by flood stages
[Dahan et al., 2008].

[6] The purpose of this work was to understand the
impact of flooding effects on infiltration rates within a dis-
connected stream. We sought to understand whether or not
infiltration rates increased during flood events. We
employed diurnal temperature time series in order to deter-
mine daily streambed infiltration rates during several flood
events in the Chohsui Stream of central Taiwan. Our data

does not support the theory that floods linearly increase
infiltration.

2. The Hydrogeology of the Field Site

[7] The Chohsui Stream in central Taiwan is a perennial
stream that flows westward from an altitude of 100 meters
beside a mountain front and deposits an alluvial (fluvial)
fan, spanning an area of approximately 40 3 50 km2, on
the coastal plain (Figure 1a). The mountains rise up to over
3000 m within a short distance of 60 km. Due to erosion,
the high and steep mountain drainage basin produces a
wide range of flood discharge and sediments. The discharge
of water in the upper fan varies over several orders of mag-
nitude; for example, at our study site, 13 m3/s during the
dry season and 1300 m3/s during a typhoon flood in 2011.
Suspended loads within the stream varied as well, by
approximately <1.0 g/L for lower water depths (< 50 cm)
and higher to over 5.0 g/L for a 250 cm water depth during
floods (Figure 2).

Figure 1. (a) The location of the Choshui Alluvial Fan, central Taiwan. The stream flows westward to
the Taiwan Strait. (b) The river systems and the elevation within the Choshui Fan. (c) The streambed ele-
vation profile with a south to north direction. The four active channels within the Choshui Stream are
denoted as A to D. Our test site was located in Channel A (‘‘T’’ in a circle). (d) The longitudinal eleva-
tion profile and the groundwater table.
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[8] From 1697 to present, at least three river systems
developed and formed a fan shape (Figure 1b). The main
discharged river moved north in 1697, south in 1793, and
back to north in 1898, generally with large destruction to
human settlements. In 1911, the main course of the river
was constrained by levees to the present central position of
the fan [Chang, 1983]. The upper fan of the Choshui
Stream’s main course consists of four active channels dur-
ing the lower discharge season with a sandy gravel
streambed and a slope of 6.431023. Our study site was
located in channel A (Figure 1c).

[9] The grain size distribution of the streambed material
is composed mainly of sand (33%) and gravel (65%), with
silt and clay contributing less than 2% (Figure 3a). The
porosity of the streambed material, as measured by the lab-
oratory, was approximately 0.25–0.45 depending on the
compaction of the samples and their preparation. The
gravel was mainly composed of quartzite and metasand-
stone (72%) with a minor portion of slate (28%). However,
slate represented the major proportion of sand with a per-
centage of approximately 59%. Figure 3b provides a lab-
measured retention curve for a typical streambed at our
study site. The streambed was sand dominated with lower
values for the water-entry value and the air-entry value
than for high silt and clay content soils.

[10] The unconfined aquifer underneath the streambed
has a thickness of over 300 m and is composed of gravel
and sand layers with sediments that range in age from the

Pleistocene to the present (Figure 1d). According to nearby
monitoring wells, the groundwater table at the upper fan is
located approximately 30–40 m beneath the ground’s sur-
face [Central Geological Survey, 1999; Chen and Liu,
2003, 2005]. Streams in the upper fan are classified as dis-
connected streams because a massive unsaturated zone
occurs beneath the streambed. The groundwater tables are
shallow, 0–3 m beneath streams in the mountain valley and
in the middle fan these sections of streams are identified as
a gaining reach during the flood season and as a losing
reach during the dry season (Figure 1d).

3. Research Method

[11] Among the many methods for determining the
streambed infiltration rate—water budgets, seepage meters,
base flow discharges, heat tracers, isotopic tracers, etc.—
the heat tracer of diurnal temperature time series in the
streambed is one of the most frequently used methods
[Scanlon et al., 2002; Stonestrom and Blasch, 2003; Stone-
strom and Constantz, 2003; Anderson, 2005; Constantz,
2008]. At least two temperature logs should be installed,
one in the streambed (not deeper than 100 cm in depth),
and the other at the streambed surface. Downward heat
transfer from the surface to the deeper part of the streambed
occurs by conduction and advection for stream water per-
colating. The amplitude of the diurnal temperature time
series in the streambed is smaller than that on the
streambed surface and has a phase shift. Using the differ-
ence in temperature amplitude (DA) and phase shift (DU)
in the following vertical flow equation, we were able to cal-
culate the infiltration rate based on one-dimensional heat
transfer :

ðj=qCÞð@2T=@Z2Þ2qðqwCw=qCÞð@T=@ZÞ5@T=@t (1)

[12] The first term on the left-hand side of the equation
represents heat conduction; j is the thermal conductivity
(W/m�C) of bulk streambed sediments; q and C are the
density (kg/m3) and the specific heat (J/kg�C) of the sedi-
ments according to the water content ; T is the temperature
(�C); and Z is the depth (m). The second term on the left-
hand side of the equation is an advection term, where q is
the infiltration rate (m/s) that is equal to the product of the
streambed percolation velocity (m/s) and the water content

Figure 2. Suspended load increases as the stream water
depth increases within the Choshui Stream.

Figure 3. The grain size distribution (a) and the retention curve (b) of the study’s streambed material.
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of the sediments; and qw and Cw are the density and the
specific heat of the water. On the right-hand side of the
equation, t is the time (s) [Suzuki, 1960; Stallman, 1965;
Constantz, 2008]. For the unsaturated condition, the ther-
mal conductivity, the density, and the specific heat of the
bulk streambed material are varied due to water content.

[13] To solve equation (1), we developed two computer
programs. One of the programs determined the thermal
conductivity of the streambed using two time series of tem-
perature data when no percolation occurred. The proposed
model had two unknowns, one for the initial temperature
and one for the temperature of the lower boundary. We ini-
tially assumed 25�C for all of the spatial nodes in the model
and ‘‘initial temperatures’’ were generated for a period of 5
days in the program before they came into equilibrium with
the model boundary temperatures [Niswonger and Prudic,
2003]. The lower boundary temperature was also deter-
mined, while the program performed the best fitting proce-
dure for thermal diffusivity.

[14] The second program determined the streambed per-
colation velocity using two time series of temperature data
and known parameters for thermal conductivity, density,
specific heat, and the water content of the streambed. The
calculation was based on a diurnal period; that is, if there
were 6 days of data, six values for the percolation velocity
were determined.

[15] The temperature time series for several days at a
field site generally tended towards an increasing or decreas-

ing trend that displayed a temperature jump, whereas the
data were discretized and simulated by the diurnal data set
(Figure 4). Our study suggested preprocessing these data
sets using a linear transform in order to eliminate the tem-
perature jump [Hatch et al., 2006]. For example, one data
set with a temperature jump of 0.5�C had a calculated ther-
mal diffusivity of 6.4531027 m2/s with a difference of
5.731026�C between the simulated and measured ampli-
tude, and with an obvious time shift. After calibrating the
data set, the calculated thermal diffusivity was approxi-
mately 7.331027 m2/s and the amplitude difference was
less than 3.631026�C with no time shift between the simu-
lated and the measured temperature series.

[16] To verify our programs, we tested the following
data sets (Table 1): (1) A case study by Tsai et al. [2008]
that determined that the thermal diffusivity of the soil was
approximately 6.2331027 m2/s. The temperature in a 1 m
depth was approximately 25.5�C. We calculated an approx-
imate value of 6.5131027 m2/s for the thermal diffusivity
and 25.80�C for the lower boundary temperature using the
same temperature series data set (October 1998). (2) The
case study by Munz et al. [2011] who reported an analytical
thermal diffusivity of approximately 11.931027 m2/s for a
quartz sand layer (June–October 2010) and, using our pro-
gram, obtained an approximate value of 14.531027 m2/s.
(3) Ronan et al. [1998] in their study of the Vicee Canyon
(Nevada, US), using the VS2DH numerical model, reported
a streambed with a thermal diffusivity of 8.731027 m2/s
and a calculated streambed percolation velocity of
1.3831025 m/s. We used a temperature data set from 24
May 1994 and calculated a percolation velocity of
1.8931025 m/s identical to the measured value. (4) In the
River Tern (location T1) of Shropshire UK, Keery et al.
[2007] obtained streambed percolation velocities of 2.9–
6.431026 m/s using the analytical method. Using the same
temperature data (8 July 2005), we calculated a percolation
velocity of approximately 6.7931026 m/s. (5) A study in
Juday Creek (Indiana, US) by Silliman and Booth [1993]
and Silliman et al. [1995] who reported analytical values
for the percolation velocity of 8.331028 m/s – 8.331027

m/s (15 August 1991). Our program calculated a value of
7.9131027 m/s.

[17] Temperature and pressure data were collected using
automatic probes (Schlumberger Mini-Diver) over half-
hour intervals. The probe’s working range was 0–80�C and
had an accuracy of 60.1�C, a resolution of 0.01�C, and a
working range for pressure up to 10 mH2O with an accu-
racy of 6 0.01 mH2O and a resolution of 0.002 mH2O. The

Figure 4. The temperature time series for several days
for a field site tends toward an increasing or decreasing
trend, displayed as a temperature jump, while the data are
discretized and simulated by the diurnal data set.

Table 1. The Numerical Solution Verification of Our Program

Data Sources From References Our Program

Low Boundary Temperature (�C)

From References Our Program

Thermal Diffusivity (m2/s)
Tsai et al. [2008] 6.23 3 1027 6.51 3 1027 25.5 25.8
Munz et al. [2011] 11.9 3 1027 14.5 3 1027 a 21.19
Percolation Velocity (m/s)
Ronan et al. [1998] 1.38 3 1025 1.89 3 1025 12–13 12.5
Keery et al. [2007] 2.9–6.4 3 1026 6.79 3 1026 a 6.0
Silliman et al. [1995] 8.3–83 3 1027 7.91 3 1027 a 20.0

aNot available in references.
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probe’s dimensions were 9 cm in length and 2.2 cm in
diameter. To obtain a better resolution, to consider vertical
heat transfer, and to avoid crossing many sediment layers
that would lead to a decrease in accuracy, probes were bur-
ied horizontally within the streambed.

[18] An unsaturated zone that developed in the
streambed was noted when the pressure in the streambed
was equal to or less than the ambient air pressure [Mass-
mann and Farrier, 1992; Neeper, 2002]. The vertical
hydraulic gradient (I) between two points in the streambed
was determined by the pressure difference and the distance
between two points for the saturated condition (the pressure
in the streambed was larger than the air pressure), as
follows:

I5ðP02P11LÞ=L (2)

where P0 is the pressure of the upper point, P1 is the pres-
sure of the lower point, and L is the separation distance.
The percolation velocity (v) was determined by the T0/T1

diurnal temperatures. T0 is the temperature series for the
upper point and T1 is the temperature series for the lower
point. The vertical hydraulic conductivity (K) between the
two points was derived using Darcy’s law, as follows:

K5v=I (3)

[19] For collecting data for erosion/deposition in a
streambed, each buried probe was taped with a scale wire
in order to begin checking the buried depth, and was man-
ually recorded each day.

4. Thermal Parameters

[20] The uncertainty associated with the streambed infil-
tration estimation was dependent on the accuracy of the
thermal conductivity, the heat capacity (or specific heat)
and the experimental design (separation distance) [Hatch
et al., 2006; Shanafield et al., 2011; Soto-Lopez et al.,
2011]. The thermal conductivities of the streambed mate-
rial were measured in the laboratory using a polyethylene
circular cylinder (with a diameter of 40 cm) with an outer
insulation layer of polyethylene foam (with a thermal con-
ductivity of 0.032 W/m�C). Thermal diffusivities were
determined using a diurnal temperature time series and the
known density and specific heat. The thermal diffusivities
of our streambed samples (saturated at 0.35 porosity) were
6.0–7.231027 m2/s with an average of 6.631027 m2/s,
which was approximately 1.94 W/m�C for the thermal con-
ductivity. The thermal diffusivities of dry streambed sam-
ples were 2.1–2.631027 m2/s with an average of
2.331027 m2/s; and the thermal conductivity was 0.33 W/
m�C (Table 2).

[21] The specific heat of the gravel samples was meas-
ured using a calorimetric method [Kukkonen et al., 2011].
The sample was heated to approximately 98.5�C in a hot
bath then placed into a calorimeter containing a known (by
mass) amount of water. The final equilibrium temperature
of the calorimeter-water-sample system was measured. The
specific heat was calculated based on the initial and final
temperatures of the sample and the calorimeter, the heat
capacity of the calorimeter, and the masses of the water

and the sample. Based on the porosity (0.35) and the lithol-
ogy percentage, the specific heat of the saturated streambed
material was approximately 1.45 kJ/kg�C, on average,
while the value was approximately 0.85 kJ/kg�C for the dry
condition (Table 2).

[22] The unsaturated thermal conductivities were
assumed based on the water content and the values of the
saturated or dry condition. We assumed that the relation-
ship was linear, as follows: for a water content of 0.25,
0.15, and 0.05, the values of the interpolation for the ther-
mal conductivities were 1.54, 1.13, and 0.73 W/m�C,
respectively (Table 3). The values of the density and the
specific heat for the streambed material for various water
contents were estimated using the linear interpolation of
dry and saturated values.

[23] Silt fills the pores of the streambed to form a clog-
ging layer that also changes the thermal properties. We
suggest that the thermal properties can be estimated by
assuming the percentage of silt fill (e.g., 10% and 20% of
bulk volume (Table 4)). The density and specific heat
of the clogging layer were estimated using the percentage
of solid and water. Thermal conductivity was determined
using a linear interpolation provided by a preclogged
streambed and slate or quartzite. The clogging layer at our
study site was only a few centimeters in thickness. Using
the thermal properties provided in Table 4, we assumed a
clogging layer of 10 cm in thickness and determined that
the errors were within 10%, not a level that would signifi-
cantly impact our results.

[24] Errors in the infiltration rate for a saturated
streambed mainly resulted from uncertainties in sensor
spacing, porosity, thermal diffusivity, and temperature sen-
sor accuracy [Shanafield et al., 2011; Soto-Lopez et al.,
2011]. Data for a saturated condition in Test 3, 7–25 Octo-
ber, were used to evaluate the errors induced by those
uncertainties. Sensor spacing and its uncertainty were 761
cm, the porosity was 0.3560.05, and thermal diffusivity
was 6.661.031027 m2/s. The diurnal amplitude of the
temperature was 1–7�C with a sensor accuracy of 60.1�C.
Errors due to porosity and thermal diffusivity uncertainty
were less than 20%, and less than 40% due to sensor spac-
ing and temperature sensor accuracy (Figure 5).

5. Results

5.1. Clogging During Flood Events

[25] A summary of the total of the three tests, Tests 1–3,
from 25 July to 19 December 2011 is shown in Table 5.
The initial depths of probes were 0 and 50 cm for Tests 1
and 2 (two probes) ; and 0 cm, 7 cm, and 50 cm (three
probes) for Test 3. The P07 Probe (initially at a depth of 7
cm) in Test 3 was installed in order to monitor clogging
effects in the shallow layer of the streambed. A total of five
flood events were recorded and labeled as A to E, with
stream water depths that fluctuated below 200 cm and
streambed erosions of 2–19 cm (Figures 6a and 7a). Tem-
peratures on the streambed surface (T00) and in the
streambed at a depth of 50 cm (T50) were approximately
20–36�C during the period of investigation (Figure 6b).

[26] The depths of the probes varied as a result of the
scour/fill of the streambed due to flooding. For example, in
Test 2 the deeper probe was located at an initial depth of
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50 cm. Following Flood A, the top 4 cm of the streambed
was eroded and the interval between the streambed surface
and the deeper probe decreased to 46 cm. Noteworthy is
that the streambed mainly experienced erosion during the
investigation period, which may have contributed to the
dam that served as a barrier to gravel in the upper reach,
moving to the upper fan at our monitoring site.

[27] The pressures of the P50 were less than air pressures
during the entire testing period of Tests 1 and 2, indicating

that an unsaturated zone developed when the top of the
streambed became clogged, and did not change to saturated
during the three floods (Figure 6a). Following Floods A, B,
and C the top 4, 2, and 4 cm of the streambed were eroded,
respectively. The observation suggests that during a flood
event an older clogged streambed may be eroded. How-
ever, a new one will quickly form to cause an unsaturated

Table 3. The Parameters for a Saturated and Unsaturated
Streambed

Water Content

Saturated Unsaturated Dry

0.35 0.25 0.15 0.05 0.00

Thermal Conductivity (W/m�C) 1.94 1.54 1.13 0.73 0.33
Density (kg/m3) 2030 1970 1855 1738 1680
Specific Heat (J/kg�C) 1450 1300 1150 1000 850

Table 4. The Thermal Parameters for a Saturated Streambed
With Different Percentages of Silt Fill-In

Silt Fill-In
(% Bulk Volume)

Slate-Quartzite0 10 20

Porosity (%) 35 25 15 <5
Thermal Conductivity

(W/m�C)
1.9 3.5 5.1 7.0

Density (kg/m3) 2030 2176 2323 2600
Specific Heat (J/kg�C) 1450 1158 994 850

Table 2. The Parameters for Heat Transfer Within a Streambeda

Thermal
Conductivity

(W/m�C)
Density

3103 (kg/m3)
Specific Heat

(kJ/kg�C)

Thermal
Diffusivity

31027 (m2/s) References

Unconsolidated sand and
gravel (saturated)

1.9 2.03 1.45 6.60 This Study
2.5 Farouki [1981]
2.08 1.65 1.70 7.50 Lapham [1989]
2.3 Ronan et al. [1998]

1.73–5.02 Witte et al. [2002]
2.50 2.35 Rohner et al. [2005]

3.6–4.2 1.5–1.7 Markle et al. [2006]
1.4 1.99 2.09 3.36 Keery et al. [2007]

Unconsolidated sand and
gravel(dry)

0.34 1.68 0.87 2.3 This Study
0.4 1.6 Farouki [1981]
0.77 4.5 Austin et al. [2000]

0.7–0.9 1.75 0.86 4.6–6.0 Chiasson et al. [2000]
0.7–0.9 5.7 Gehlin et al. [2003]

0.83–1.04 Witte et al. [2002]
0.47–0.51 1.9–2.1 Naidu and Singh [2004]

Quartzite 3–7 2.6–2.7 0.81–0.84 13–33 Beardsmore and Cull [2001];
Clauser and Huenges [1995];
Jones [2003]; Sundberg et al.
[2005]

2.1–2.5 0.83–0.88 This Study
Metasandstone 2–5 2.4–2.6 Beardsmore and Cull [2001];

Clauser and Huenges [1995];
Jones [2003]; Sundberg et al.
[2005]

2.1–2.4 0.81–0.87 This Study
Slate 4–7 2.6–2.9 0.88 Beardsmore and Cull [2001];

Clauser and Huenges [1995];
Jones [2003]; Sundberg et al.
[2005]

2.3–2.5 0.89–0.93 This Study
Quartz 7.7 2.6 Beardsmore and Cull [2001];

Clauser and Huenges [1995];
Jones [2003]; Sundberg et al.
[2005]

Water 0.6 1.0 4.2 1.4 Beardsmore and Cull [2001];
Clauser and Huenges [1995];
Jones [2003]; Sundberg et al.
[2005]

Air 0.026 0.0012 1.0 0.21 Beardsmore and Cull [2001];
Clauser and Huenges [1995];
Jones [2003]; Sundberg et al.
[2005]

aTemperature and pressure at 25�C and 1 atm.
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zone to develop while the concentration of the suspended
load in stream is high. Suspended loads in the stream were
high, approximately 0.85 g/L in Flood B, with an average
water depth of 30 cm and 6.53 g/L for an 80 cm water
depth during Floods A and C (Figure 2). In floods with
stream levels of 30–80 cm, stream flow has horizontal
velocities of 0.5–1 m/s and more than 0.8 g/L of suspended
sediment (�400 g/s/m2). Several flume studies have indi-
cated that sand infiltration (clogging) in the gravel bed
reaches saturated in less than 1 h, while the fine sediment
feed rate is >14 g/s/m2 [Wooster et al., 2008; Gibson
et al., 2011].

[28] During flood events in Tests 1 and 2, the infiltration
rate did not linearly increase. Using the diurnal temperature
cycles of T00 and T50, the infiltration rates were estimated
with their depths adjusted for erosion and by assuming
water contents of 0.25, 0.15, and 0.05, respectively (Figures
6b and c). The infiltration rates displayed a decreasing
trend after the probe was buried; for example, from
1.2531025 to 3.531026 m/s for an assumption of a water
content of 0.15. The infiltration rates only increased sud-
denly in the beginning of the floods, then they decreased
(in Floods A and C) or slightly fluctuated (in Flood B). An
increase in the infiltration rate in the beginning of a flood
indicates that the streambed was clogged in less than a
short period of 2 days after an old clogging layer eroded
(the resolution of the infiltration rate is 1 day).

[29] Pressure records within the streambed provided a
more accurate timespan for the clogging processes. The
pressure records of Test 3 indicated that the erosion of an
old clogged layer and a new one were built only within an
hour in Floods D and E (Figure 8). The pressure records of
P50 during two flood events indicated a sudden increase in
water depth with a 11–19 cm erosion of the streambed.

Pressures were recorded over half hour intervals and there
was only one point of pressure increase in the P50 in Figure
8a, indicating that the erosion of an old clogged layer and a
new one had been built only within an hour. For Flood E,
the stream water depth increased by approximately 140 cm
while the 19 cm of the streambed was eroded. However,
none of the pressure increases were recorded in P50 on 11
November when Flood E began (Figure 8b).

Table 5. The Test Date, Saturated Condition, Probe Depth, and Flood Events

Date 2011 Condition
Probe Initial
Depth (cm)

Flood Event:
Scour/Filla (cm)

Test 1 25 Jul to 2 Aug Unsaturated 0-50
Test 2 2 Aug to 5 Oct Unsaturated 0-50 A (6 Aug): -4

B (11 Sep): -2
C (3 Oct): -4

Test 3 7 Oct to 19 Dec Saturated-Unsaturated 0-7-50 D (26 Oct): -11
E (11 Nov): -19

aSymbol 1 for Fill ; - for Scour.

Figure 5. Errors from the uncertainties of the sensor
spacing (a), streambed porosity (b), streambed thermal dif-
fusivity (c), and temperature sensor accuracy (d) in this
study.

Figure 6. The data and the results from Tests 1 and 2. (a)
Stream water depths (P00) and the pressures in the
streambed (P50, initially at depth of 50 cm) with the air
pressure subtracted. The letters A, B, and C represent flood
events. (b) The temperature time series at an initial depth
of 0 cm (T00) and 50 cm (T50). (c) The infiltration rates
calculated from the temperature time series of T00-T50,
assuming a water content of 0.25, 0.15, and 0.05.
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[30] Using temperature data for T00/T50, we estimated
the infiltration rates for Test 3 (Figure 7c). The infiltration
rates were very high (>1024 m/s) during the first few days
when and after we dug and broke through the old clogged
layer, the rates decreased to 2.8–5.331026 m/s (assuming a
water content of 0.25–0.05) due to clogging. In another
project during the same year, the infiltration rate was

estimated using the water balance method (measuring river
discharge), and an average infiltration rate of 4.2 31026 m/
s, identical to our values, was obtained [Yao, 2012]. Infil-
tration tests were conducted on the southern bank of the
Choshui Stream, 3 km south of our test site during 1999–
2000 [Hsu and Huang, 2003]. Stream water with sediment
loads of approximately 0.2 g/L settled to form a 33 cm

Figure 7. The data and the results from Test 3. (a) Stream water depths (P00). (b) The pressures of P07
and P50 with air pressure subtracted. An unsaturated zone developed on 3 November. The letters D and
E denote flood events. (c) The infiltration rates determined from the temperature time series from T00-
T50.
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thick sandy mud clogging layer on the streambed surface
during the 2 months, reducing the pond infiltration rate to
9.831026 m/s. The hydraulic conductivities of the clog-
ging layer were determined to be approximately 3.831026

to 1.731027 m/s. The infiltration rate and the hydraulic
conductivity were similar to our results.

[31] Higher stream water levels during Floods D and E
(Figure 7a) did not linearly increase P50 pressures (Figure
7b) and infiltration rates (Figure 7c). According to Darcy’s
law, the velocity should increase linearly with an increased
pressure head gradient while the hydraulic conductivity
remains constant. However, our field data indicated that the
hydraulic conductivities were not constant. In an actual
river, in this case a disconnected gravel stream, clogging of
the clogged layer was considered. Our study suggests that
stream flow with a high turbidity can cause clogging on/in
the streambed and can very quickly reduce the percolation
velocity and the hydraulic conductivity. Even during a low-
level period (0–30 cm), suspended sediment loads of 0.02–
1.0 g/L (sediment rates 8–25 g/s/m2) exist (Figure 2). For
some no flow days, we observed mud/silt drapes of 0.1–1
cm thick deposited on the streambed.

5.2. Clogging and Preferential Flow

[32] Three probes at 0–7-50 cm in depth in the streambed
were installed in Test 3 in order to evaluate clogging proc-
esses in shallow and deeper layers. The three probes were
all located within a saturated condition during the early
days of Test 3, and during the low-level and lower sedi-
ment load period prior to Flood D (Figure 7). As demon-
strated by the pressures of the P50 less than ambient air
pressures, an unsaturated zone developed after 3 Novem-
ber. Hydraulic gradients within the shallow layer (0–7 cm)
displayed an increasing trend from 0.24 to 5.88, with varia-
tions caused by clogging and stream water level fluctua-
tions (Figure 9a). Percolation velocities within the shallow
layer also displayed a decreasing trend from 1023 to 1025

m/s. We suggest that they were also caused by continuous
clogging (Figure 9b).

[33] The variation of vertical hydraulic conductivity of
the two layers indicate that clogging initially developed
within the 0–50 cm of the streambed, but lastly only in the

shallow layer (0–7 cm). Vertical hydraulic conductivities
were calculated as the percolation velocity divided by the
vertical hydraulic gradient. In the last half of the data, the
hydraulic conductivities of the shallow layer (0–7 cm) were
approximately 2.6–5.531026 m/s, an order of magnitude
lower than the values of the deeper layer (7–50 cm), 3.1–
5.431025 m/s (Figure 9b). The average vertical hydraulic
conductivity of the shallow layer within the last half of the

Figure 8. The air and streambed pressures of the two flood events (Floods D and E) recorded for a
half-hour interval. The P00, P07, and P50 were at depths of 0, 7, and 50 cm, respectively. (a) In the
beginning of Flood D, the stream water depth increased by approximately 50 cm and the streambed was
eroded by 11 cm; but only one point of pressure in P50 changed for 26 October. (b) The stream water
depth increased by 140 cm, the streambed eroded by 19 cm, and none of the pressure increased in P50
for 11 November for Flood E.

Figure 9. The hydraulic gradient, the percolation veloc-
ity, and the hydraulic conductivity in the two layers. (a)
The hydraulic gradients in the shallow layer (between
depths of 0–7 cm) and the deeper layer (7–50 cm). (b) The
percolation velocity V00–07 for the shallow layer, V07–50
for the deeper layer, hydraulic conductivities K00–07 for
the shallow layer, and K07–50 for the deeper layer.
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data was approximately 4.131026 m/s, 100 to 1000 times
smaller than the values of 1023 to 1024 m/s as determined
from the pumping tests of monitoring wells [Central Geo-
logical Survey, 1999].

[34] According to the data of Test 3, the thickness of the
clogging layer at our study site was more than 7 cm and
less than 50 cm. The thickness of the clogging layer in the
sand/gravel streambed is determined by varied conditions
of particle size, discharge, velocity, slope and rates of sedi-
ment transport. However, in a variety of studies conducted
in flumes and natural rivers, the range of the thickness is
only a few centimeters [Beschta and Jackson, 1979;
Blaschke et al., 2003; Wooster et al., 2008; Gibson et al.,
2011].

[35] After a clogging layer develops, preferential flow
must be formed in the deeper layer. Considering percola-
tion in a two layer system for the conservation of mass, the
following equation is employed:

v1A15v2A2 (4)

where v1 and v2 are the percolation velocities for the shal-
low and deeper layer, and A1 and A2 are the horizontal
cross-sectional areas for the saturated percolation flow in
each layer (Figure 10). Ratios of v1/v2 greater than 1, at the
beginning of Test 3 (7–11 October), can be explained as
those that occur when the clogged layer is removed during
the installation of sensors. For such a case, percolation flow
occurred not only vertically but horizontally, and passed
through a larger cross section in the once unsaturated zone
(Figures 10a and 11). During this period, the percolation
velocity within the surface region with reduced resistance
(not yet clogged) of the shallow layer was greater than the
velocity within the deeper layer. After the reduced resist-
ance region is clogged to the degree that the hydraulic con-
ductivity of the shallow layer is less than the deeper layer,
a preferential flow with a smaller cross section must be
formed within the deeper layer with v1< v2 (Figure 10b)
[Glass et al., 1989; Hendrickx and Flury, 2001].

5.3. Compression of the Clogging Layer

[36] An increase in stream stage will increase the
hydraulic gradient and the downward drag force within the

clogged layer, and compresses its matrix of silt and clay
[Houston et al., 1999]. The hydraulic conductivities of the
upper 7 cm clogged layer in Figure 9b were approximately
102521026 m/s, indicating silt composition [Shepherd,
1989]. Additionally, the sand fraction accounted for 33%
of total streambed sediments (Figure 3a), leaving only
voids that silt and clay could infiltrate. The matrix (<0.12
mm grain size) of the upper 10 cm streambed at our site
was collected and its grain size distribution is shown in Fig-
ure 12a. The matrix is composed mainly of silt (62%) with
very fine sand (20%) and clay (18%). For the lower effec-
tive stress loading from 1 to 40 kPa, approximately 0.1–4
m of water pressure, the compression index (Ci) for the
matrix is 0.04 (Figure 12b).

[37] A Ci of 0.04 implies an increase of 1 order of mag-
nitude in pressure (e.g., the stream water depth from 0.1 to
1 m) within the silt clogged layer, the void ratio (e) will
decrease by 0.04. According to the Kozeny-Carman equa-
tion [Spencer, 1968; Solanki, 2012; Widodo and Ibrahim,
2012], as follows:

K5C31=S23e3=ð12eÞ2 (5)

where K is the hydraulic conductivity (m/s), C is a constant
(assuming a value of 1/180), S is the specific surface
(m2/kg), and e is the void ratio. Assuming that clogging
silt is spherical in shape with a grain size of 1025m, S is

Figure 10. The explanation for the percolation velocity ratio, v1/v2. (a) The ratio of v1/v2 was greater
than 1 before a new clogging layer formed. (b) The ratio of v1/v2 was less than 1 after a new clogging
layer formed.

Figure 11. The percolation velocity ratio v1/v2 during the
period of 7–25 October 2011.
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120 m2/kg, e is 0.80 (porosity 0.44), and K is 5.0631026

m/s. Increasing one order of water depth, the silt clogged
layer may decrease its void ratio to 0.76 and the hydraulic
conductivity may decrease to 2.9631026 m/s, nearly half.

6. Discussion

[38] The infiltration rates in a clay clogged pond and in a
paddy field were approximately 1028 m/s [Lin et al., 1998;
Chen et al., 1998], as compared to our infiltration rates of
approximately 1026 m/s for a silt clogged gravel stream. A
coarse sediment deposit is defined as saturated with fine
sediment when the pore spaces of the deposit become so
small that fine sediment can no longer advance; for exam-
ple, sand infiltrates into gravel interstices. However, finer
sediment (e.g., silt or clay) can infiltrate a gravel bed previ-
ously saturated with sand. For our case, during the end of
Tests 2 and 3, the clogged streambed was likely saturated
with sand and silt, but not with clay. The downward move-
ment of sand and silt particles was only driven by gravity,
infiltrating into interstices of the top several centimeters
[Wooster et al., 2008]. However, for cases of clay infiltra-
tion downward movement could be driven by a combina-
tion of gravity and intrasand flow. If clay goes down to the
deeper unsaturated zone, passing the silt clogged layer
beneath the streambed, then it is not easily saturated with
clay within a short period of time.

[39] Many examples of clogging streambeds can be
found in natural rivers [Schalchli, 1992; Treese et al.,
2007; Brunner et al., 2009]. Due to clogging, infiltration
rates in the Rhine River near Flehe with a Quaternary
gravel streambed were reduced to approximately 1.131025

m/s [Schubert, 2006]. Infiltration rates in Fowlers Creek in
Australia were as low as 1026 to 1027 m/s due to clogging
[Dunkerley, 2008]. For the Vicee Canyon in Nevada,
Ronan et al. [1998] did not mention clogging in their work,
but did suggest a lower hydraulic conductivity surface layer
in the simulation model; and assigned a saturated hydraulic
conductivity value of 1.7531026 m/s for the upper 3 mm
streambed surface as compared to 7.031025 m/s for under-
lying sediments. We suggest that the clogging phenomenon
is common, rather than a special case, for deep ground-
water table streams.

[40] The flashy ephemeral streams in semiarid and arid
regions of the American Southwest are excellent examples
for understanding flooding streambed infiltration in discon-
nected streams [Stonestrom et al., 2007]. The recharge of
groundwater was essentially due to flood events, and
streambed infiltration during flood events experienced clog-
ging. A smaller saturated hydraulic conductivity, 2.431025

m/s, was assigned to the upper streambed, while a larger
value of 7.031023 m/s was assigned to the deeper layer in a
numerical simulation for Arroyo Hondo, New Mexico
[Moore, 2007]. Constantz et al. [2002] reported an initial
streambed infiltration rate of 2.331025 m/s within the Santa
Fe River, followed by a steady streambed infiltration rate of
1.131026 m/s. We suggest that the factors affecting the
infiltration rate of water in a disconnected stream should
include continuous clogging (a decrease of hydraulic con-
ductivity within the clogging layer) and compression of the
clogged layer while increasing the water depth.

7. Conclusions

[41] A disconnected stream is formed by a deep ground-
water table and clogging in the upper part of the streambed.
In general, for highly suspended sediments in stream water,
the time needed to saturate a clogged layer with silt is
shorter. An old, clogged layer may be removed, but since
the suspended load is highest during a flood a new one is
quickly formed. In this work, we have presented new pres-
sure and infiltration data for a disconnected stream over a
period of 167 days for five flood events. Our data did not
support the theory that flooding linearly increases the infil-
tration rate. Infiltration rates were also low during the
flooding season. For water infiltration simulations in a
streambed for a disconnected stream, we suggest that the
degree of clogging and scour/sedimentation and compres-
sion of a clogged layer during the flooding period should
be considered. However, the total recharge amount to the
aquifer will be increased as a result of the increase of the
wet perimeter in the stream during the flood period.

[42] Acknowledgments. We thank the Central Geological Survey of
Taiwan for financial support and Professors C. H. Lee, K. C. Hsu, three
reviewers, and editors for helpful comments and suggestions.

Figure 12. (a) The grain size distribution of the upper 10 cm streambed matrix. (b) The compression
index (Ci) for the matrix. The Ci value is lower for a lower effective stress (<40 kPa).
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