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A spatial and temporal variation of seepage in the Haean basin of Korea was examined using seepage meters
and piezometers in the streambeds. More so, stream water budget and groundwater levels were also
measured. The streambed of the study area was mostly sand bed forms and the seepage direction show high
among 35 piezometer points at two stream transects each. Various upwelling (22.8, 4% at HSV1 and HSV2 in
August and 77.1, 71.4% in October), downwelling (68.6, 51.4% in August and 0, 0% in October) and stagnation
(8.6, 8.6% in August and 22.9, 28.6% in October) were found during different season. Vertical hydraulic
gradients were generally small (-0.3~0.15 at HSV1, -0.1~0.1 at HSV2 in August and 0~0.05 at HSV1, 0~0.05 at
HSV2 in October, respectively) but they show a significant variation with season and location. Downwelling
was dominant in August while upwelling was dominant in October at HSV1 and HSV2. Furthermore, the
proportion of stagnation points was greater in the dry season. A balance of total stream water flux and
measured groundwater levels also indicated that the stream was generally losing in wet season. An
integrated evaluation of seepage rate, vertical hydraulic gradient, stream flow budget and groundwater levels
enhanced understanding of the groundwater-stream water interaction in this study area.
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Introduction

The quantification of groundwater-stream water
interactions is pivotally important to evaluate water
budget in rural region where a large amount of
groundwater and stream water are consumed for
agricultural uses. Also, it is essential to manage the
stream benthic ecology and to obtain a continuous
stability of water resource in a climate change era.
Water budgets in rural region are extraordinarily
sensitive to climate change (Vérdésmarty et al, 2000;
Christensen et al,, 2004; Chiyuan et al, 2010). The
global climate change will affect the balance of water
demand and supply immediately and will have a
significant influence over rural regions. Therefore, it is
important to study the interactions between groundwater
and stream water in such areas.

Over the past decades, there exist various methods
for estimating the seepage between groundwater and
stream water (Taniguchi and Fukuo 1993; Cable et al.,
1997; Corbett et al, 1999; Rosenberry et al., 2012).
These methods include the seepage estimation by
installing the seepage meters and the piezometers (Lee
and Cherry 1978; Woessner and Sullivan 1984;
Taniguchi and Fukuo 1993; Hatch et al, 2006),

measuring streambed temperature (Constantz et al,
1994; Constanz and Thomas 1996; Constanz et al,
2002; Lowry et al., 2007), injecting tracer (Isiorho et al.,
2005; Ruehl et al.,, 2006; Chen et al, 2007), using
differential stream discharge gauging (Oberdorfer 2003;
Vogt et al., 2010), water balance calculations (LaBaugh
et al, 1997) and numerical modeling (Sophocleous et
al., 1999; Cardenas et al., 2008).

Very few researchers have evaluated the magnitude
and timing of groundwater-stream water mixing seepage
area along streambed. A recent research (Kim et al,
2009; Hyun et al,, 2011; Rosenberry et al., 2012) has
begun to quantify actual groundwater and stream water
contributions in a mixing area through the use of
seepage meters or through vertical hydraulic gradient
measurements derived from piezometers. The seepage
meters and piezometers have been widely used and it is
the only way to quantify the seepage flux directly (Lee
1985; Lee and Cherry 1978; Krupa et al., 1998;
Rosenberry and Morin 2004; Rosenberry and Meheer
2006; Brodie et al., 2009). The seepage meter is able to
measure the seepage rate directly and it is inexpensive
and easy to be installed. On the other hand, using a
piezometer is a simple and indirect method that is
reliable for vertical gradient examination which
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represents the flow direction in groundwater-stream
water interaction zone. The flow direction is valuable to
define the origin of water (Lee 1977; Rosenberry and
Pitlick 2009).

The objective of this study was to examine spatial
and temporal variation of seepage resulting from
sandbed streams with the goal of quantifying
groundwater-stream water exchange in the agricultural
area, the Haean basin of Korea. Specific objectives
include: (a) to document the seepage rates, directions,
spatial and temporal variability in streambed, (b) to
compare and measure rates of seepage at different
locations across the stream; and (c) to investigate the
relationships between observed seepage rate of upper
groundwater-stream water interaction area and possible
variables, including agricultural pattern, precipitation and
substrate type. Also, the groundwater levels and
budgets of stream water fluxes were evaluated.

Materials and Methods

Study Area

The Haean basin, is located in Gangwon province,
Korea (Fig. 1a). The area of the basin is 57.5 km?. The
highest altitude is 1,304 m and the lowest is 400 m
above sea level. The area is surrounded by high
mountains whose altitudes are over 1,000 m. Geology of
the study area is characterized by Jurassic igneous
rocks intruding into the composite metamorphic rocks
(Kwon et al., 1990). The extreme region is mainly made
up of alternating meta-sedimentary rocks of mica schist,
biotite-feldspar gneiss and quartzite. It has peculiar and
interesting topographic feature like a bowl. The features
of the area have been formed through prolonged
differential erosion and the depressed bottom is made
up of granite only (Kim and Park 1967). The geological
section and profile of the basin are shown in Fig.1b.
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Fig. 1 (a) Location of the study area, (b) a geologic section of the study area, and (c) locations of the groundwater
level monitoring wells, stream water velocity measurement points and seepage measurement points



The contour map in Fig.1c illustrates the size, shape
and drainage of the basin. The drainage system
specifically shows a dendritic pattern. The total length of
streams is about 63 km and the streams flow down to
the depression of the basin but only one stream flows
out in the east of the basin. Therefore, the hydrographic
system of the area is relatively simple when it compares
with other areas (Choi and Lee 2010; Lee et al., 2012).
The streambed sediments at the basin range from fine
sand to coarse gravel. Generally, sediments found
upstream are composed mainly of coarse gravel while
fine sand is found downstream.

Groundwater levels (depth to water) on the
topographic elevation from 400 to 450 m (the lowest
elevation) ranged from 1 to 3 m, while that on the
elevation from 500 to 600 m, ranged from 5 to 10 m,
measured during April-October 2008. The groundwater
levels in the study area largely depends on the
topographic elevation and groundwater use (Yun et al.,
2009). Groundwater flows towards the streams. There
are 111 groundwater wells officially reported in the study
area (Lee 2009), which corresponds to 1.93 wells/km? of
the total land area but approximately 10 wells/km? of the
agricultural area only. Actually, there are many wells
much more than reported and most of them are illegally
installed in the agricultural area. Among the reported
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wells, most (91%) are for agricultural water supply
and groundwater pumping in the basin mainly occurs
from May to August. Some deeg groundwater wells have
a pumping rate of over 150 m“/day, although the exact
pumping amount of others is unknown (Lee et al., 2012).

The high altitude areas above 650-700 m are mainly
covered by forests (58.0%), while the moderate and
lower areas (<650 m) are mostly used for agriculture,
including crop farm (27.6%), rice paddy fields (11.4%)
and fruit farm (0.5%) in 2011 (Lee et al., 2012) (Fig. 2).
The climate is characterized by distinct wet and dry
seasons. From 2002 to 2011, the maximum and
minimum of annual mean air temperatures of the basin
were 25.3°C and -11.5°C, respectively and their mean
was 10.1°C. The average annual precipitation for the
period was 1,501 mm. The maximum and minimum of
annual precipitations were 1,867.5 mm in 2010 and
1,249.6 mm in 2004, respectively (Fig. 3). In addition,
the precipitation has generally increased with year.
Based on the precipitations for the decade, the wet and
dry seasons were considered to be from July to
September and from October to February, respectively.
More than 60-70% of total annual precipitations occur in
the wet season due to the monsoon weather, which is a
characteristic of the climate of Korean Peninsula (Lee
and Lee 2000).

Others (1.17%) Stream (0.83%)

Fig. 2 Land use in the study area as of 2011
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Fig. 3 Annual precipitation and annual mean air temperature for 2002-2011 in the study area

Seepage Measurements

Groundwater-stream water exchange seepage rates in
this study were measured using a seepage meters
initially described by Lee (1977). Semi-cylindrical
seepage meters were used to measure the seepage
rate at the HSV1 and HSV2 sites (see locations in Fig.
1c). The meters were driven into the streambed, open
end down, to a depth of 10 cm. Size of the installed
seepage meters was 0.3 m in diameter and 0.1 m in
height. At each point, the seepage was measured at two
times for 24 hours from August 11 to 12 and from
October 2 to 3, 2011. The seepage meters were
modified from the original Lee design to reduce impacts
from stream water flow disturbance (Rosenberry, 2008).
A seepage bag shield was constructed from beside the
seepage meters. The seepage flux was calculated by
volumetric change of bag per unit time as follows.

dv
V=— (1)
dt
where V is seepage velocity (m/d), dv is volumetric
change of bag (m%), and dtf is measurement time.

Vertical Hydraulic Gradient

At several times during the seepage measurements, the
ambient vertical hydraulic gradient between groundwater
and stream water was recorded using piezometer. The
vertical hydraulic gradient during the seepage

measurements was calculated using the data from
potentiomanometer. Also, direction and magnitude of
hydrologic interaction were evaluated at the two sites
using piezometer transects. Each piezometer was made
up of 2 inch (internal diameter) PVC (polyvinyl chloride)
pipe.

At each transect, a total of 35 piezometers were
inserted at 0.1 m depth beneath the streambed adjacent
to each seepage meter installation point with a regular
interval (Fig. 4). At both sites (HSV1 and HSV2), head
was measured relative to the stream water surface and
vertical hydraulic gradient was determined by dividing
Ah by the piezometer insertion depth.

vHG =" @)
Al

where Ahis the difference in water levels of the

piezometers and stream water, Alis the difference in
depths between streambed and the point where the
piezometers are installed. However, head differences
were often very small in the coarse-grained streambeds
and thus, three to five observations were averaged to
obtain Ah at both sites. The positive and negative
vertical hydraulic gradients indicate gaining and losing
conditions of streams, respectively.
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Fig. 4 Schematic of seepage meter and piezometers for measuring water flux across the streambed and hydraulic
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Vertical Hydraulic Conductivity (K)

Streambed vertical hydraulic conductivity (K) is an
important parameter to estimate in order to quantify the
magnitude and spatial distribution of groundwater-
stream water exchange. The streambed K has been
estimated using a variety of approaches (Hazen 1893;
Hantush 1965; Sophocleous et al. 1995; Barlow and
Moench 1998; Hunt 1999; Zlotnik and Huang 1999;
Rosenberry and Pitlick 2009). In situ values for vertical
hydraulic conductivity at the site were determined using
the vertical hydraulic gradient and seepage flux. The
Darcy equation was used to calculate K.

K, =4 (3)

where K, is vertical hydraulic conductivity, g is the
measured seepage rate and i is vertical hydraulic
gradient. The relation of g and i is commonly used in
hyporheic zones (Storey et al., 2003; Rosenberry , 2008;
Kaser et al., 2009).

We also analyzed soil grain size of the streambed at
the installed seepage meter and piezometer points to
determined hydraulic conductivity. The streambed
samples were collected from the upper 0.1 m using a
auger type sampler. The grain size distributions were
determined by sieve analysis at Kangwon National
University in Korea.

Stream Velocity Measurement

The stream water velocity was measured along each
stream transect at 22 different points (see locations in
Fig. 1c) using a propeller type current meter (OTTZ30
counter set, OTT MESSTECHNIK Gmbm & Co.). At
each point, the stream water velocity was measured at
0.3, 0.6 and 0.9 m above the streambed in August (wet
season). Also, it was measured at 0.1, 0.2 and 0.3 m
above the streambed in October (dry season). The
measured stream water velocities at the three different
depths were averaged. In addition, the stream water flux
was calculated using the water depth and the stream
water velocity measured with a 0.5 m interval.

Groundwater Level Measurement

The electronic water level meter (Model 101, Solinst
Canada Ltd.) was used to measure the groundwater
levels at 10 groundwater wells (G1~G10) on 11 August
and 10 October in 2011. These wells were very near
each seepage meter and piezometric transect in the
stream. Each well was made up of galvanized steel pipe
with 10 inch in diameter.

Results and Discussion
Seepage Rate, K, and VHG

The seepages collected at HSV1 and HSV2 for duration
of 24 hours were 12 and 5 ml in August and 6 and 2 ml
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in October, respectively. A grain size analysis of this
streambed indicated that it consisted of 91.5% sand,
0.8% silt and 7.7% clay at HSV1 and 89.2% sand, 0.3%
silt and 10.5% clay HSV2, respectively. The soil texture
of HSV1 and HSV2 was sand and bulk density and
porosity was 1.43, 1.42 g/cm® and 0.32, 0.32,
respectively. The substrate at the installed seepage
meters and piezometers ranged from fine sand to sand
texture.

The vertical hydraulic conductivity calculated by
using the seepage and vertical hydraulic gradient were
3.93x10° cm/sec at HSV1-1 and 1.64x10° cm/sec at
HSV2-1. The K, of both sites was relatively small but
similar, and typical of fine sand sediments. We
considered the possibility that substrate texture ranges
were influenced by method. However, calculated K, and
grain size analysis have produced similar results.

Upwelling seepage showed to the stream throughout
the groundwater-stream water interaction zone with an
average seepage rate of 11.37 E-5 cm*/sec at HSV1 in
August and 9.24 E-5 cm%sec in October and 5.51 E-5
cm'/sec at HSV2 in August, 3.63 cm®sec in October,
respectively. The average of upwelling seepage rates
was not significantly different with season.

However, average of downwelling seepage rate was
21.47 E-5 cm®/sec at HSV1 and 5.74 E-5 cm¥sec at
HSV2 in August. There is no downwelling seepage in
October with HSV1 and HSV2. There is a marked
difference in the average downwelling seepage rates
between HSV1 and HSV2. The average rate of HSV1
was 3.7 times larger HSV2 during August.

The vertical hydraulic gradients were small to
moderate at both points. The range in values was larger
in August than in October. The vertical hydraulic
gradients show the groundwater upwelling or stream
water downwelling. Interestingly, calculated vertical
hydraulic gradients at HSV1 and HSV2 revealed the
mixed direction along the stream width in August. The
numbers of upwelling and downwelling points were 11

120

and 24 at HSV1 and 17 and 18 at HSV2 in August.
However, there existed a difference in vertical hydraulic
gradients between August and October. The upwelling
directions were mostly found at HVS1 and HVS2 in
October. However, there were no downwelling points at
HSViand HSV2 in October. Due to decrease in
agricultural groundwater use in the dry season,
upwelling was generally found with increase of
groundwater levels (Lee et al., 2012).

Stream Water Velocity and Precipitation

The average stream velocities were: 105.17 cm/sec at
HSV1 and 75.56 cm/sec at HSV2 in August; 39.0
cm/sec at HSV1 and 35.0 cm/sec at HSV2 in October,
respectively (Fig. 5). The stream velocity at HSV1 in
August is 1.4 times larger than that at HSV2 and 1.12
times in October.

The monthly precipitation was 200 mm in August and
29.9 mm in October, respectively and thus the stream
velocity was largely affected by the seasonal difference
in precipitation. Also, a large amount of precipitation
markedly influenced the stream velocity during the same
season. These results show that the factors governing
the stream velocities are the difference of precipitation
with the season and intensity of precipitation. Also,
magnitude and timing of precipitation events were
examined for their potential influence on temporal
variability in seepage patters.

Furthermore, the hydraulic head differences (Ah)
were enlarged as the stream velocity increased. With
regards to the stream velocity at HSV1 in August, the
corrected hydraulic head was 2.34 cm. However, the
original hydraulic head without considering the stream
velocity was -0.8 cm. The measured average hydraulic
heads were -0.8 cm and 0.22 cm at HSV1 in August and
October, respectively (see Table 1). This result showed
that the fast stream velocity affected the measured
hydraulic heads.
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Fig. 5 Mean stream water velocity at HSV1 and HSV2 in August and October of 2011
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Table 1 Head difference Ah and vertical hydraulic gradient (VHG) at HSV1 and HSV2 in August and October of 2011

Ah Ah Ah Ah

, VHG VHG , VHG VHG

Points (cm) (cm) Points (cm) (cm)
August October August October

HSV1-1 0.5 0.05 0.1 0.01 HSV2-1 0.5 0.05 0.1 0.01
HSV1-2 -2 -0.2 0 0 HSV2-2 0.5 0.05 0.1 0.01
HSV1-3 -1.5 -0.15 0.2 0.02 HSV2-3 0.5 0.05 0.3 0.03
HSV1-4 -1.5 -0.15 0 0 HSV2-4 0 0 0 0
HSV1-5 0.5 0.05 0.1 0.01 HSV2-5 1 0.1 0 0
HSV1-6 -3 -0.3 0.3 0.03 HSV2-6 1 0.1 0.2 0.02
HSV1-7 -1 -0.1 0.5 0.05 HSV2-7 1 0.1 0.2 0.02
HSV1-8 0 0 0.2 0.02 HSV2-8 0.5 0.05 0.3 0.03
HSV1-9 -1 -0.1 0.3 0.03 HSV2-9 -1 -0.1 0.3 0.03
HSV1-10 -3 -0.3 0.3 0.03 HSV2-10 -1 -0.1 0.2 0.02
HSV1-11 15 0.15 0 0 HSV2-11  -0.5 -0.05 0.1 0.01
HSV1-12 -1 -0.1 0 0 HSV2-12 -0.5 -0.05 0.3 0.03
HSV1-13 -1 -0.1 0.2 0.02 HSV2-13 -0.5 -0.05 0 0
HSV1-14 0 0 0.2 0.02 HSV2-14 -1 -0.1 0.2 0.02
HSV1-15 -3 -0.3 0.3 0.03 HSV2-15 -1 -0.1 0.2 0.02
HSV1-16  -2.5 -0.25 0.3 0.03 HSV2-16 0.5 0.05 0.5 0.05
HSV1-17 0 0 0.3 0.03 HSV2-17 0 0 0.3 0.03
HSV1-18 -1 -0.1 0.5 0.05 HSV2-18 -0.5 -0.05 0 0
HSV1-19 -1 -0.1 0.3 0.03 HSV2-19 -0.5 -0.05 0 0
HSV1-20 -0.5 -0.05 0.3 0.03 HSV2-20 -1 -0.1 0.3 0.03
HSV1-21  -0.5 -0.05 0.5 0.05 HSvV2-21 -1 -0.1 0.3 0.03
HSV1-22 -1 -0.1 0.2 0.02 HSv2-22 -1 -0.1 0.2 0.02
HSV1-23 -2 -0.2 0.3 0.03 HSV2-23 -1 -0.1 0 0
HSV1-24 -3 -0.3 0.5 0.05 HSV2-24 -0.5 -0.05 0.1 0.01
HSV1-25 -0.5 -0.05 0 0 HSV2-25 -0.5 -0.05 0.1 0.01
HSV1-26 0.5 0.05 0.5 0.05 HSV2-26 -0.5 -0.05 0.1 0.01
HSV1-27 -1.5 -0.15 0.3 0.03 HSV2-27 -0.5 -0.05 0.2 0.02
HSV1-28 -0.5 -0.05 0.3 0.03 HSV2-28 -0.5 -0.05 0.3 0.03
HSV1-29 -0.5 -0.05 0.2 0.02 HSV2-29 0.5 0.05 0.2 0.02
HSV1-30 -1 -0.1 0.3 0.03 HSV2-30 0.5 0.05 0 0
HSV1-31  -0.5 -0.05 0.3 0.03 HSV2-31 1 0.1 0.3 0.03
HSV1-32 0.5 0.05 0 0 HSV2-32 0 0 0.3 0.03
HSV1-33 0.5 0.05 0 0 HSV2-33 1 0.1 0 0
HSV1-34 1 0.1 0.1 0.01 HSV2-34 1 0.1 0 0
HSV1-35 1 0.1 0 0 HSV2-35 0.5 0.05 0 0

Seepage Velocity and Flux

The seepage velocity along the width of the stream
indicates that stream at HSV1 was strongly losing and
weakly gaining at HSV2 in August, consecutively (see
Fig. 6). Fig. 7 shows the seepage velocity in October,
2011. The stream was converted to strongly losing
stream at HSV2 after considering the stream velocity.
With a considerable change of stream type, the variation

of the hydraulic head by stream velocity was observed
along the width of stream.

Because there is frequent occurrence of downwelling
at the middle of stream (Fig. 8), total seepage flux
increased. Based on the seepage flux at HSV1 and
HSV2 in October, the results showed that the stream
was strongly gaining. The seepage flux was measured
as upwelling for the most part of stream along its width.
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There were no downwelling points in October. The
seepage flux in August clearly showed that mixing of
downwelling and upwelling flux occurred. A comparison

of seepage flux with season suggests that downwelling
phenomenon is retarded by stream velocity. In particular,
the downwelling flux was clearly observed in August

rather than October.
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Groundwater Levels

The depth of groundwater ranged from 1.7 to 2.4 m in
August 11 and 1.5 to 2.0 m in October. The change in
groundwater levels with time indicates that they readily
responded to precipitation and irrigation. The
groundwater levels represented the direction of stream
water flux and were measured near the stream.

The average level in wet season was 2.11 m while
that of dry season was 1.8 m. The maximum
groundwater levels were 2.4 and 2.0 m while the
minimum levels were 1.7 and 1.5 m in August and
October, respectively (Table 2). The levels increased in
the dry season and groundwater was consumed more in
the wet season than in the dry season in this area (Choi
and Lee 2010). Consequently, the streams were

generally highly losing which contradicts our
expectation.

Stream Water Flux and Groundwater-Stream Water
Interaction

Stream water flux measured at 20 points (except for
HSV1 and HSV2) in August and October 2011 is
presented in Table 3. The calculated water balance at
the junction SWV7 was 3.75 and 2.09 m*/sec in August

and October, respectively. However, the measured
stream fluxes were 3.32 and 2.11 m%sec. Thus, the
stream water fluxes of 0.43 m%sec was losing due to its
penetration into groundwater in the wet season,
whereas groundwater fluxes of 0.2 m%sec at SWV7 was
upwelling through the groundwater-stream water
interaction zone. At the other points, the measured
stream water fluxes of SWV12 were 3.84 and 2.52
m®/sec and those of SWV18 were 8.92 and 4.61 m*/sec
in August and October, respectively. However, the
calculated stream water flux was 3.95 and 2.59 m%/sec
at SWV12 and 9.75 and 5.37 m%sec at SWV18 in
August and October.

With respect to water balance, stream water flux
showed that study area was losing stream pattern with
season. Most interesting, was the finding that the losing
pattern of stream showed in wet season generally,
losing pattern of stream showed in dry season. The
stream and groundwater at the basin are highly linked.
Therefore, stream water flux was influenced not only by
precipitation but also groundwater levels. During the wet
season, groundwater level decreased due to excessive
pumping for agricultural use.



Table 2 Groundwater levels (depth to water, m) in August and October of 2011

Kim et al.,

Groundwater well

Wet season

August 11, 2011

Dry season

October 10, 2011

G1 2.2 1.7
G2 24 1.9
G3 1.8 1.5
G4 1.9 1.7
G5 1.7 1.8
G6 2.0 1.9
G7 2.1 1.75
G8 2.3 1.85
G9 2.4 2.0
G10 2.3 1.9
Average 2.1 1.8
Maximum 24 2.0
Minimum 1.7 1.5
Std.deviation 0.25 0.14

Table 3 Stream water flux at 20 points in August and October 2011

Measured stream water flux (Q) (ms/sec)

Locations Explanation
August 11, 2011 October 10, 2011

SWV1 1.82 0.67

SWv2 1.88 0.96

SWV3 1.93 1.35

SWv4 1.78 0.98

SWV5 1.89 1.07

SWV6 1.94 1.25

SWv7 3.32 211 Junction

SWv8 3.3 2.15

SWV9 3.31 2.2

SWv10 0.64 0.38

SWV11 0.64 0.39

SWvV12 3.84 2.52

SWV13 3.88 2.51

SWV14 4.8 2.55

SWV15 4.9 2.66

SWV16 4.9 2.57

SWV17 4.85 2.71

SWvV18 8.92 4.61 Junction

SWvV19 8.8 4.55

SWva0 8.78 4.58
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Fig. 7 Seepage velocity of HSV1 and HSV2 in October 2011

Conclusions

The seepage fluxes showed a seasonal variation and
there was a significant difference between August and
October. The rapid stream velocity leads to an increase
of the downwelling point and seepage flux in August.
Furthermore, the stream in the study area was losing
stream regardless of seasons. This result was furthered
supported by measured groundwater levels, stream
water fluxes and calculated water budget data. The
overall average seepage flux of flow measured at two
different points was temporal and spatial variations
across the wet and dry seasons. The highest observed
seepage flux occurred in wet season which is
concentrated most by precipitation. However, the flux in
the dry season showed a declining trend. There is a
variation in quantity of seepage with the season.

The findings indicate that seepage of groundwater-
stream water interaction zone is a significant and

ubiquitous process through the upper interaction zone.
Several pieces of evidence suggest that both spatial and
temporal patterns observed in the rate and directions of
seepage are highly linked to stream water flux and
groundwater levels. Despite the considerable
precipitation, there was surprisingly no significant
relationship with seepage patterns. Interestingly,
although there was much more precipitation in August,
the groundwater levels were much lowered in this wet
season than in October.

There was a large amount of groundwater
consumption in August (wet season). Agricultural
activities affected the hydrologic interaction as much as
the precipitation. Consequently, due to the increased
groundwater levels in the dry season, the vertical
hydraulic gradients of streambed were positive.

Stream water was partially downwelling in all



seasons. These findings will also provide a useful model
for predicting groundwater levels connections with
stream water for calculating the water budget for
agricultural area. An integrated approach using seepage
flux, vertical hydraulic gradients, groundwater levels and

Kim et al., 1

stream water budgets can provide substantial evidences
of groundwater-stream  water interaction. The
information is important for predicting future stream
responses to climate change and agricultural practices.

30 20
(a) HSV1 (b) HSV1
< 15
[]
0
E 0+
Q
b4
e -15
X
5 .30
=
o
g -45 | -
a ) Strongly gaining
S Strongly losing August 5 October
-60 I Upwelling I Upwelling
[T Downwelling [ Downwelling
-75 T I T -10 T | |
0 3.9 7.7 11.6 13.5 39 7.7 116 13.5
Width of stream (m) Width of stream (m)
10 10
(c) HSV2 |(d) HSV2
g
8 °7
E .
(&)
& 0
E ) I_L
x
& -5
[«¢)
() ]
':.;. Strongly gaining
3 -10 Gaining and losing August 25 October
i mixed I Upwelling I Upwelling
1 Downwelling ["1Downwelling
-15 | | T -5 T | |
0 4.9 97 145 17.0 49 9.7 14.5 17.0

Width of stream (m)

Width of stream (m)

Fig. 8 Seepage flux at HSV1 and HSV2 in August and October of 2011
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