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The temporal and spatial distributions of precipitation are extremely uneven; so, careful management
of water resources in Taiwan is crucial. The long-term overexploitation of groundwater resources poses
a challenge to water resource management in Taiwan. However, assessing groundwater resources in
mountainous basins is challenging due to limited information. In this study, a geographic information
system (GIS) and stable base-ﬂow (SBF) techniques were used to assess the characteristics of groundwater
recharge considering the Wu River watershed in central Taiwan as a study area. First, a GIS approach
was used to integrate ﬁve contributing factors: lithology, land cover/land use, lineaments, drainage, and
slope. The weights of factors contributing to the groundwater recharge were obtained from aerial photos,
geological maps, a land use database, and ﬁeld veriﬁcation. Second, the SBF was used to estimate the
groundwater recharge in a mountainous basin scale. The concept of the SBF technique was to separate
the base-ﬂow from the total streamﬂow discharge in order to obtain a measure of groundwater recharge.
The SBF technique has the advantage of integrating groundwater recharge across an entire basin without
complex hydro-geologic modelling and detailed knowledge of the soil characteristics. In this study, our
approach for estimating recharge provides not only an estimate of how much water becomes groundwater,
but also explains the characteristics of a potential groundwater recharge zone.

1. Introduction
Most of the annual precipitation (2500 mm) in
Taiwan comes from typhoons and convection rain.
Due to the complex topography and the occurrence
of monsoons, the distribution of precipitation is
not uniform in regard to either time or space. In
general, the annual precipitation in the mountainous and eastern coastal areas (3000 mm) is higher
than that in the plains and western coastal areas
(1500–2000 mm). The precipitation is concentrated
in the wet season, which accounts for 62% of the
total precipitation in northern Taiwan. The wet
season accounts for 70–80% of total precipitation

in central Taiwan and over 90% in the south.
Thus, the temporal and spatial distributions of precipitation are extremely uneven, making careful
management of water resources in Taiwan crucial.
Precipitation is a major water source for Taiwan;
it has a direct impact on the ecological environment
and the quality of life. The trend of precipitation
characteristics in Taiwan is negatively inﬂuenced
by climate warming, which has gradually led to
imbalance in distribution of water resources (Hsu
et al. 2007).
Long-term overexploitation of groundwater
resources poses a challenge to water resource management in Taiwan. Figure 1 shows the trend for
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Figure 1. Surface water and total water consumption between 1950 and 2004; dashed line indicates the declining trend for
surface water use (Wang 2007).

total water consumption and surface water from
1950 to 2004 in Taiwan (Water Resources Agency
2005). Total water consumption rose until early
1980s, increasing from 9.8 billion m3 to 19.4 billion m3 from 1950 to early 1980s. Since the mid
1980s, the amount of groundwater consumption in
Taiwan per year has increased and exceeds natural
recharge of groundwater due to decreased streamﬂow and an associated decrease in the use of surface water for human consumption. The problem
became worse in the early 1990s. Overexploited
areas are concentrated in the central-southern agricultural regions, where groundwater consumption
is the highest (Wang 2007).
The main factors causing groundwater level
declines is decreased recharge coupled with
increased groundwater pumping. Currently, a longterm downward trend in the groundwater level
can be seen in all regions except for the Taipei
Basin and Hualien-Taitung Valley, which veriﬁes
the decrease in groundwater storage (Wang et al.
2004). The downward trend is a warning signal for
declining groundwater storage.
Groundwater recharge refers to the entry of
water from the unsaturated zone into the saturated zone below the water table surface, together
with the associated ﬂow away from the water
table within the saturated zone (Freeze and Cherry
1979). Recharge occurs when water ﬂows past the
groundwater level and inﬁltrates into the saturated
zone. It is an extremely important water component of the circulation cycle in nature. Many factors aﬀect the occurrence and movement of groundwater in a region, including topography, lithology,

geological structures, depth of weathering, extent
of fractures, primary porosity, secondary porosity,
slope, drainage patterns, landform, land use/cover,
and climate (Mukherjee 1996; Jaiswal et al. 2003;
Jha et al. 2007). In-site hydrogeology experiments
and geophysics surveys help to explain the groundwater recharge process and help evaluate the
spatial-temporal diﬀerences in study regions. However, these surveys often focus on a single aﬀecting factor or an indirect site-speciﬁc experiment
for groundwater recharge, reducing the reliability
of the explanation. Recently, remote sensing (RS)
has been increasingly employed to replace on-site
exploration or experiments. RS not only provides
a wide-range scale of the space–time distribution
of observations, but also saves time and money
(Murthy 2000; Leblanc et al. 2003; Saraf et al.
2004; Solomon and Quiel 2006; Jha et al. 2007;
Tweed et al. 2007; Chowdary et al. 2008, 2010;
Rahman 2008; Gupta and Srivastava 2010; Preeja
et al. 2011; Choi et al. 2012). Sener et al. (2005)
pointed out that RS can eﬀectively identify the
characteristics of the surface of the earth (such as
lineaments and geology) and can also be used to
examine groundwater recharge.
RS technology, such as aerial photos, was used
in the present study to identify the geological features, topography, and distribution of the
rivers in the region under consideration. Additionally, the land utilization survey database, geologic maps, and on-site investigation were adopted
to quantitatively and qualitatively describe the
hydrogeological conditions of the area. The diﬀerent polygons in the thematic maps were labeled
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separately. The inﬂuence of the factors of groundwater recharge and the interaction between the
factors were examined. Weighting values were
assigned according to the on-site situation. The distribution of the groundwater recharge potential
zone was determined by coordinating it with the
space integrating function of the GIS.
The groundwater recharge potential zone has
been assessed by various methods and in many
countries (Krishnamurthy et al. 1996; Saraf and
Choudhury 1998; Shahid et al. 2000; Jaiswal et al.
2003; Sener et al. 2005; Shaban et al. 2006; Dinesh
Kumar et al. 2007; Tweed et al. 2007; Chowdary
et al. 2008; Rahman 2008; Chenini et al. 2010;
Machiwal et al. 2011; Mukherjee et al. 2012;
Forkuor et al. 2013; Jang et al. 2013). In this
study, the weights of diﬀerent factors for potential groundwater recharge and the scores obtained
under various characteristics were referred using
the study methods of Shaban et al. (2006) and Yeh
et al. (2009).
In addition, the concept of stable base-ﬂow
(SBF) model was to use the base-ﬂow separation
from the total streamﬂow discharge to obtain a
measure of groundwater recharge. This established
the relationship between the rate of recharge and
the controlling physical properties of basins. The
method described in this study was intended for
the analysis of the groundwater ﬂow system of
a basin for which a stream gauging station at
the downstream end can be considered the only
point of outﬂow. For most applications, it should
be reasonable to assume that all or nearly all of
the groundwater in the basin discharges into the
stream, except for that which is lost by evapotranspiration or human activity (Chen and Lee 2003;
Lee et al. 2006; Stewart et al. 2007; McCallum et al.
2010; Eckhardt 2012; O’Brien et al. 2013). The
area of contribution in the groundwater system is
equal to the surface drainage area for the purpose of expressing ﬂow in units of speciﬁc discharge
(Rutledge 1998). Base-ﬂow separation has been
shown to be a viable means of estimating recharge
using a streamﬂow drainage system to integrate a
hydrologic response over the entire drainage watershed, thus reducing the problem of site speciﬁcity
(Arnold and Allen 1999).
However, assessing groundwater resources in a
mountainous island such as Taiwan is challenging
due to limited information. Therefore, it is important to thoroughly understand Taiwan’s groundwater resources in order to enhance the eﬃciency and
performance of the planning, utilization, administration, and management of their water resources.
Very limited information, such as precipitation,
river ﬂux, hydrogeological properties, groundwater consumption, and groundwater recharge, is
available for the mountainous island of Taiwan.
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The assessment of groundwater resources is particularly diﬃcult for islands. In this study, a
geographic information system (GIS) and stable
base-ﬂow (SBF) techniques were used to assess
groundwater recharge within the Wu River watershed. This study used lithology, land use/cover, lineaments, drainage, and slope as the ﬁve signiﬁcant
factors aﬀecting potential groundwater recharge.
GIS technology was used to digitize both hydrologic and geographic information, and a fundamental database was constructed. SBF was
established to estimate the groundwater recharge
in a mountainous basin scale, and SBF was developed in this study to obtain more reliable results.
Evaluating the potential groundwater recharge of
this area can help determine the groundwater
recharge characteristics in Taiwan’s mountain
region for the goal of water resource protection.
2. Study area
The study area, the Wu River watershed, is located
in the central part of Taiwan. The basin encompasses an area of about 2025 km2 . The length of
the river is about 119.1 km, and it lies between
the longitudes 120◦ 28 57 and 121◦ 16 21 E and latitudes 23◦ 48 04 and 24◦ 16 47 N. Figure 2 shows
the geographical location of the Wu River basin.
The research region belongs to the tropical marine
climate, with a mean annual temperature of 22.5◦ C
and an average annual precipitation for 2001–2010
of 2400 mm/year. During the summer, southwest
monsoons occur, and typhoons bring heavy rainfall. The northeast monsoon brings vapour from
the Paciﬁc Ocean during the winter. Because water
vapour is blocked by the Central Mountains of Taiwan, there is little rainfall in the winter. Therefore, the wet and dry seasons are very distinct
in this region. The wet season is from April to
September, and the dry season is from October to
March.
3. Methodology
3.1 Mapping potential groundwater recharge zone
In this study, the weights of diﬀerent factors
for potential groundwater recharge and the score
under various characteristics were assessed based
on the characteristics of the study area. The factors inﬂuencing groundwater recharge, and their
relative importance, were compiled from previous
literature (Shaban et al. 2006; Yeh et al. 2009).
Duplicate factors were combined, and only representative factors were extracted. This study used
lithology, land use/cover, lineaments, drainage,
and slope as the ﬁve signiﬁcant factors aﬀecting
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Figure 2. Geographic location of the Wu River watershed in Taiwan, showing gauging station.

potential groundwater recharge. GIS technology
was used to digitize the hydrologic and geographic
information, and a fundamental database was constructed. Appropriate scores were set for diﬀerent factors. Finally, the spatial analysis function
was used to demonstrate the potential groundwater recharge zone of the research area. Figure 3
illustrates the ﬂowchart of this investigation.
3.1.1 Establishing potentially related
groundwater recharge factors
Lithology: Shaban et al. (2006) pointed out
that the type of rock exposed to the surface
signiﬁcantly aﬀects groundwater recharge. Lithology aﬀects the groundwater recharge by controlling the percolation of water ﬂow (El-Baz and
Himida 1995). Although some investigations have
ignored this factor by regarding the lineaments
and drainage characters as a function of primary
and secondary porosity, this study includes lithology to reduce uncertainty in determining lineaments and drainage. The 1/250,000 geological map
of Taiwan is used to describe the lithology in this
study.
Land use/cover: Land use/cover is an important factor in groundwater recharge. It includes the
type of soil deposits, the distribution of residential
areas, and vegetation cover. Shaban et al. (2006)
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Figure 3. Methodology ﬂowchart for the potential groundwater zone.
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concluded that vegetation cover beneﬁts groundwater recharge in the following ways:
• Biological decomposition of the roots helps
loosen the rock and soil so that water can
percolate to the surface of the earth easily.
• Vegetation prevents direct evaporation of water
from soil.
• The roots of a plant can absorb water, thus
preventing water loss. Leduc et al. (2001)
estimated the diﬀerence in the amount of groundwater recharge due to changes of land utilization and vegetation from changes in the
groundwater level. Land use/cover is included
in this study as an important factor aﬀecting
the groundwater recharge process. The land
use/cover of the study watershed is assessed in
accordance with the Territory Utilization Status Survey Database established by the Land
Administration Bureau of the Taiwan Provincial
Government.
Lineaments: The analysis of lineaments has
been applied extensively to explain geological status since geological images were ﬁrst utilized in
the 1930s. Lineaments are generally referred to
in the analysis of remote sensing of fractures or
structures. Lineament photos from satellites and
aerial photos have similar characteristics, but the
results of the explanation in situ may be diﬀerent. O’Leary et al. (1976) deﬁned lineaments as
the simple and complex linear properties of geological structures, such as faults, cleavages, fractures, and various surfaces of discontinuity, that
are arranged in a straight line or a slight curve,
as detected by remote sensing. Many nongeological structures, such as roads and channels, cause
errors in the analysis of lineaments. Therefore, geologic maps and on-site investigations must be used
to eliminate possible errors. Lineaments may be
used to infer groundwater movement and storage.
Lattman and Parizek (1964) were the ﬁrst to adopt
a lineament map to explore groundwater. Thereafter, many scholars have applied this approach in
complicated geological regions (Solomon and Quiel
2006). The present study used lineament-length
density (Ld ) [L−1 ] (Greenbaum 1985), which represents the total length of lineaments in a unit
area as:
n
Li
(1)
Ld = i=1
A
n
where
i=1 Li denotes the total length of lineaments [L], and A denotes the unit area [L2 ].
A high lineament-length density infers high secondary porosity, thus indicating a zone with high
levels of potential groundwater recharge.

507

Drainage: The structural analysis of a drainage
network helps assess the characteristics of a
groundwater recharge zone. The quality of a
drainage network depends on lithology, which provides an important index of the percolation rate.
The drainage-length density (D d ) [L−1 ], as deﬁned
by Greenbaum (1985), indicates the total drainagelength in a unit area, and is determined by:
n
Si
(2)
Dd = i=1
A
n
where i=1 Si denotes the total length of drainage
[L], and A denotes the unit area [L2 ]. The drainagelength density is signiﬁcantly correlated with the
groundwater recharge: a zone with a high drainagelength density has a high level of groundwater
recharge. Many studies have integrated lineaments
and drainage maps to infer a potential groundwater recharge zone (Edet et al. 1998; Shaban et al.
2006).
Slope: Rainfall is the main source of groundwater recharge in both tropic and subtropic regions.
The slope gradient directly inﬂuences the inﬁltration of rainfall. Larger slopes produce a smaller
recharge because water ﬂows rapidly down a steep
slope during rainfall, so it does not have suﬃcient
time to inﬁltrate the surface and recharge the saturated zone. The slope analysis function in the GIS
is used to assess the variation of slope in the study
basin using data from the Digital Terrain Model
(DTM) database in Taiwan.
3.1.2 Establishment of relationships among
potential groundwater recharge factors
During the process of recharge, groundwater
recharge factors do not have the same inﬂuence,
and not every factor is independent (Shaban et al.
2006). When calculating potential groundwater
recharge, these factors were used for evaluation,
and weight accumulation was applied to get a
recharge potential score. Recharge potential P r can
be expressed as:

wi ri ,
(3)
Pr =
where w i is the i th factor weight [-]; r i is the i th
factor rate [-], and the subscripts i refer to the
individual features of a theme.
The weight of a factor represents the proportion
of its value in the potential recharge scale. For a
large-scale study area, the potential recharge value
cannot be tested and veriﬁed, so the score weight of
the recharge potential must be subjectively determined according to the importance of each factor
during the recharge process. Thus, the higher the
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Table 1. Recharge potential factor weights obtained from
Shaban et al. (2006) and Yeh et al. (2009).
Factor
Lineaments density

Drainage density

Lithology

Slope gradient

Land use/cover

Weight

Rate

10
8
6.5
5
5
8
6.5
5
3.5
2
10
8
5
2
1
10
8
6.5
5
6.5
5
3.5
2
1

2.0

1.5

3.0

1.5

2.5

Assigned
weight
20
16
13
10
10
12
9.75
7.5
5.25
3
30
24
15
6
3
15
12
9.75
7.5
16.25
12.5
8.75
5
2.5

Note: Assigned weight = weight × rate. Weight modiﬁed
from Shaban et al. (2006), rate cited from Yeh et al. (2009).

recharge weight, the larger the inﬂuence of the factor. Each of the contributing factors has a degree
of positive or negative eﬀect in terms of groundwater recharge. Therefore, ﬁve major descriptive
levels were given, ranging from very high to very
low. Proposed weighting of these levels starts from
a maximum of 10 points to the minimum level of
1 point. This study referred to the study methods
of Shaban et al. (2006) and Yeh et al. (2009). The
factor weights are shown in table 1.
This study used the inﬂuential factor diagram
of groundwater recharge potential (ﬁgure 4) drawn
by Yeh et al. (2009). In the diagram, there were
primary inﬂuential relationships and secondary
inﬂuential relationships among the factors. Each
relationship was weighted according to its strength.
The representative weight of a factor of recharge
potential was the sum of all weights from each factor. A high weight indicated that the factor had
a large inﬂuence on groundwater recharge. If a
primary inﬂuential relationship existed among
factors, then a weight of 1.0 was assigned. If a
secondary inﬂuential relationship existed among
factors, then a weight of 0.5 was assigned. The
weights for each factor were added together to

Figure 4. The interactive inﬂuence of factors concerning the
recharge property (Yeh et al. 2009).

Table 2. Relative rates for each factor.
Factor
Lithology
Land cover/use
Lineaments
Drainage
Slope

Calculation
3 × 1.0 = 3.0
1 × 1.0 + 3 × 0.5 = 2.5
2 × 1.0 = 2.0
1 × 1.0 + 1 × 0.5 = 1.5
1 × 1.0 + 1 × 0.5 = 1.5

Proposed
relative rates
3.0
2.5
2.0
1.5
1.5
Σ 10.5

obtain the recharge potential factor weight. For
example, there was a primary inﬂuential relationship among the lithology factor and the lineament, drainage, and land use/cover factors; thus,
the weight for the lithology factor was set to 3.0.
The results are shown in table 2. In this study,
satellite images were used to analyze the completed
digital map and to set appropriate inﬂuential scores
according to inﬂuential factors. The superposition
principle was used to determine recharge potential
scores for all locations in the study area (ﬁgure 5)
to serve as the reference for division.
3.2 Quantifying groundwater recharge: The stable
base-ﬂow (SBF) model
Various techniques have been used to estimate a
record of groundwater discharge under the streamﬂow hydrograph. Most of these techniques involve
a considerable degree of subjectivity with regard
to their applications. Horton (1933) described
a method of shifting a horizontally ‘normal
depletion-curve’ across a hydrograph. It is noted
that segments of the hydrograph which coincide
with this curve represent periods of streamﬂow
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GW out is the groundwater eﬄux from the basin
through an aquifer [L T−1 ]; ET is the evapotranspiration losses from the basin [L T−1 ]; NP is the
net pump of groundwater by people into or out of
the basin [L T−1 ], and ΔS/t is the rate of change of
groundwater storage with respect to time [L T−1 ].
If watersheds can be selected where GW in =
GW out=NP =ΔS/t=0, and if recharge is deﬁned as
net groundwater recharge (I − ET ), then equation
(4) reduces to
Recharge = Net recharge = Qbf
= Streamﬂow base-ﬂow.

(5)

Flow as complete groundwater discharge (while
surface runoﬀ is negligible) can be based on the
antecedent recession. Linsley et al. (1982) proposed
the following empirical relationship:
N = A0.2 .

Figure 5. GIS technology used in spatial integration and
analysis to demarcate basin potential groundwater recharge
zone.

equal to groundwater discharge. Thus, estimating groundwater discharge during periods of surface runoﬀ can be done by simply connecting the
points where the hydrograph departs from the
normal depletion curve. Barnes (1939) separated
surface ﬂow, storm seepage, and base-ﬂow by
assigning a distinct ‘depletion factor’ to each part.
Kulandaiswamy and Seetharaman (1969) pointed
out that Barnes’ method may not separate streamﬂow into three parts reliably, and they separated
the hydrograph into direct runoﬀ and base-ﬂow.
In some applications, investigators have used characteristic curves of groundwater discharge in conjunction with records of precipitation, snowfall,
temperature, and groundwater levels (Olmsted and
Hely 1962).
Cherkauer and Ansari (2005) pointed out that
base-ﬂow separation involves developing a simple
groundwater budget equation for a small basin:
I + GWin = Qbf + GWout + ET + N P +

ΔS
, (4)
t

where I is the inﬁltration to the system [L T−1 ];
GW in is the groundwater inﬂux to the basin
through an aquifer [L T−1 ]; Q bf is the groundwater discharge to the streamﬂow base-ﬂow [L T−1 ];

(6)

This relationship gives the time base of surface
runoﬀ (N ) [T] as a function of the drainage area
(A) [L2 ] upstream from a stream gauging station, in
square miles. Equation (6) is a simple relationship
that may not be reliable in all hydrologic systems.
The time of surface runoﬀ might involve other
variables in addition to the drainage area, such
as the channel slope and physiographic setting.
Although little information on the time of surface runoﬀ is available from the literature on this
topic, the concept of lag-time might be useful
because it has been related to various watershed
properties, including channel slope. From unithydrograph theory, lag-time is deﬁned as the time
from the centroid of the rainfall excess to the centroid of the runoﬀ hydrograph. Lag-time is generally considered to be constant for a basin. The time
base of the surface runoﬀ is the number of days
after a peak in the streamﬂow hydrograph while
the component of ﬂow attributed to surface runoﬀ
(including the bulk of interﬂow) is considered negligible. A part of the streamﬂow hydrograph may
thus be considered completely to be groundwater
discharge if it is preceded by a period of recession
equal to or greater than N.
The base-ﬂow estimation explained here is
a form of streamﬂow partitioning. Rutledge
(1992) ﬁrst developed this method based on the
antecedent streamﬂow recession. The principles of
this method are as follows: (1) Daily streamﬂow
data is required. (2) Linear interpolation is used
to estimate groundwater discharge during the surface runoﬀ period. There are some basic assumptions of this model: (1) surface runoﬀ and base-ﬂow
are the two main components of streamﬂow; interﬂow is out of consideration; (2) the groundwater
table is invariable; natural factors, such as evapotranspiration, precipitation, and human-induced
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factors, do not aﬀect the water level; (3) the
evapotranspiration of saturated zone approaches
zero; (4) the aquifer is underlain by impermeable
material; its side boundaries are vertical and have
no ﬂow crossing them.
Detailed steps of the method for base-ﬂow estimation can be found in previous studies (Chen and
Lee 2003; Lee et al. 2006). The requirement of the
antecedent recession is met for the day in question
if for the part of the daily mean streamﬂow record
that includes all days that precede the day in question by N days or less, the stream ﬂow on each
of these days is greater than or equal to the streamﬂow on the day that follows, where N is the time
base of surface runoﬀ.
To prevent overestimation caused by rainstorm
events, Rutledge (1993, 1998, 2000) suggested that
wintertime recession data be chosen to represent the behaviour of the recession characteristic.
Zektser (2002) indicated that the lowest two
monthly base-ﬂows should be chosen to be the average value of the year in some cases. For this purpose, an alternative method, the SBF, is developed
in this study to obtain more reliable results. The
diagram of the SBF analysis according to our previous study, and based on the topographic and climatic conditions in Taiwan, is shown in ﬁgure 6
(Chen and Lee 2003; Lee et al. 2006, 2008). The
procedure of the SBF analysis is as follows:
• Obtain the monthly base-ﬂow from the base-ﬂow
record estimation.
• Obtain the long-term mean monthly base-ﬂow.
• Perform data processing by sorting and accumulating the long-term mean monthly base-ﬂow to
obtain a new series of long-term mean monthly
accumulated base-ﬂows.

• Choose the most stable (near-linear) segment
and obtain the slope of the stable base-ﬂow.
To avoid overestimating the results, the largest
monthly values (minimally adjusted requirements for each gauging station) should not be
chosen.
• Use linear interpolation on the remaining months
to obtain the mean annual base-ﬂow.
4. Results and discussion
4.1 Spatial analysis of potential groundwater zone
The distribution of factors was determined using
the recharge potential factor maps of the study
area. The division standard of Shaban et al. (2006)
and Yeh et al. (2009) was used to deﬁne the weight
division standard of every recharge factor in the
study area, as shown in table 3. According to the
division standard, the area was divided into 500
× 500 m squares, and the weight was calculated
according to every factor in a given square. The
ﬁve factor maps obtained using this method is
described below.
4.1.1 Analysis of the types of lithology
The 1/250,000 geological map of Taiwan surveyed
in 2004 revealed that the upstream region of the
Wu River watershed was mainly composed of a
mix of sandstone with slate and phyllite (45.5%).
In the midstream region, the basin mainly consists of sandstone with thick/thin shale from the
Lushan Formation (32%). The downstream region
was mainly composed of gravelly sand (22.5%).
The gravelly sand in the downstream provides

Figure 6. The diagram of the stable base-ﬂow analysis (Lee et al. 2006).
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Table 3. Categorization of factors influencing recharge potential in the Wu
River watershed.
Factor
Lineaments density

Drainage density

Lithology

Slope gradient

Land use/cover

Domain of eﬀect
5–6 (segment/km2 )
5–4
4–3
3–2
0–2
0
10–15 (segment/km2 )
6–10
4–6
2–4
0–2
0
Gravelly sand
Sandstone, slate and phyllite
Sand-shale alternation (sandstone)
Sand-shale alternation (shale)
Shale
0–10◦
10–20◦
20–35◦
35–60◦
Surface water body/river channel
Agricultural land
Bare land
Forest
Building

excellent regions for percolation. The data indicates that the valleys had higher scores due to
alluvial fans. Figure 7(a) shows the distribution of
lithology in the study area.
4.1.2 Analysis of land use/cover
The land use/cover of the study watershed was
assessed in accordance with the Territory Utilization Status Survey Database established by
the Land Administration Bureau of the Taiwan
Provincial Government (2006). The information
was obtained from the original map of the territory
utilization survey drawn by the Land Administration Oﬃce of the counties and cities. In the urban
planning districts, 1/500, 1/600, 1/1000 or 1/1200
cadastral maps were used as the base maps. In
the nonurban planning districts, the 1/5000 farming map from the Agriculture and Food Agency
was used as the base map. The total area for
the study watershed was approximately 2025 km2 .
The mountain area occupies around 1520 km2 ,
i.e., 75% of the watershed. Most of the mountain
area, which was forest land covered by vegetation, was located in the midstream and upstream.
This reduces runoﬀ and increases the recharge. The

Proposed weight
10
8
6.5
5
3
0
8
6.5
5
3.5
2
0
10
8
5
2
1
10
8
6.5
5
6.5
5
3.5
2
1

level ground was mainly distributed in the downstream alluvial plain and in fragmentary small
terraces along the riverbank. The scores indicate
that the study area was mainly composed of forest land (62.8%), agricultural land (21.8%), river
valley distribution, bare land, land under construction (10.8%), and river channel and surface water
bodies (4.6%). The factor potential distribution of
land use and cover of the study area are shown in
ﬁgure 7(b).
4.1.3 Analysis of lineament-length density
For the assessment of the lineaments of study
watershed, a stereoscope was used to interpret the
aerial photos from an agricultural aerial survey
from 1996 to 2000, which was veriﬁed on-site. A
computer algorithm was used to obtain the feature
lines of a topographic chart. The lineament-length
density of the completed linear structure map and
the structure line obtained by the Central Geological Survey, Ministry of Economic Aﬀairs (MOEA),
was then calculated. The scores showed that the
lineaments were more densely distributed in the
east of the study area, mainly due to the land elevation of this area being higher. The development
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Figure 7. Thematic maps for Wu River watershed prepared using GIS: (a) lithology map; (b) land use/cover map;
(c) lineament density map; (d) drainage density map; (e) slope gradient map and (f ) groundwater potential zone map.

of river system has caused serious erosion downstream, so the lineament-length density was higher.
The main distribution area of the length-density
value of the lineament-length density was found to
be 0–2 km/km2 , and the second was 2–3 km/km2 .
Figure 7(c) depicts the lineament-length density
diagram of the study area.
4.1.4 Analysis of drainage-length density
The distribution of drainage in the study watershed was determined using the aerial photos of an
agricultural aerial survey undertaken from 1996–
2000. The study basin can be roughly divided into
dendritic and grid drainage patterns. The dendritic drainage pattern was distributed mostly in
the northeast region of the watershed, while the
southeast was mainly grid drainage. The dendritic
drainage pattern was inﬂuenced more by lithology
than by the structure of the area. The drainagelength density was often larger than 2.0 km/km2 ,
making the region an excellent percolation recharge
zone. The distribution range of the drainage-length
density was mainly between 0–2 km/km2 (55.6%),
followed by 2–4 km/km2 (22.7%). The evaluation
of drainage-length density potential is shown in
ﬁgure 7(d).

Agriculture authorized the Aerial Survey Oﬃce
of Forestry Bureau to measure and to produce
the digital terrain information used in this study.
Three-dimensional aerial photos with regular 40 m
sampling intervals were applied. The study basin
was part of a mountainous area. The division
results show that the east region of the area was
steep and thus unfavourable for inﬁltration. The
slope became less and less steep towards the west.
The precipitous terrain caused rapid runoﬀ, and
did not store water easily. A small part of the downstream was fairly gentle, so the time for percolation
was longer. Since the terrain varies signiﬁcantly,
the factor slope varies inversely with the groundwater recharge. Figure 7(e) illustrates the distribution
of slopes in the study area.
4.1.6 Demarcation of the groundwater
recharge zone
In this study, for the purpose of calculating potential groundwater recharge, the factors were used for
evaluation, and weight accumulation was applied
to get a recharge potential score. The total weights
of diﬀerent polygons in the integrated layer were
computed using a weighted linear combination
method as follows:

4.1.5 Analysis of slope

Pr = LDw LDr + DDw DDr + LGw LGr
+ SGw SGr + LCw LCr,

The slope analysis function in the GIS was used
to assess the variation of slope in the study
basin using data from the Digital Terrain Model
(DTM) database in Taiwan (2004). The Council of

where P r is the groundwater recharge potential
index [-]; LD is the score of lineaments density [-];
DD is the score of drainage density [-]; LG is
the score of lithology [-]; SG is the score of slope

(7)
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gradient [-]; LC is the score of land use/cover [-],
and the subscripts w and r refer to the weight of
a theme and the rate of individual features of a
theme, respectively.
Our results demonstrate that the potential
groundwater recharge zone in this basin can be
divided into ﬁve grades, namely excellent, good,
moderate, low, and poor, based on the analysis of
the ﬁve factors for potential groundwater recharge.
The analytical results demonstrate that the excellent potential groundwater recharge zone was
concentrated in the downstream region due to
the distribution of gravelly stratum and agricultural land with high inﬁltration ability. Additionally, the concentration of drainage also helps the
streamﬂow to recharge the groundwater system.
The midstream region was less important, and
was inﬂuenced by the sandstone with thick/thin
shale of the Lushan Formation. Figure 7(f) shows
the groundwater recharge potential diagram of the
study area.

recession period was calculated from equation (6).
To estimate the annual groundwater recharge, the
daily streamﬂow for the Da-Du Bridge gauging
station in the Wu River watershed was collected
from 1966 to 2003 (see ﬁgure 2). Figure 8 shows
the monthly average streamﬂow and monthly average base-ﬂow. Chen and Lee (2003) and Lee et al.
(2006) pointed out that groundwater recharge
might be overestimated when base-ﬂow separation
is applied in a mountainous region such as central
Taiwan. In order to avoid this problem, SBF analysis is considered while analyzing the base-ﬂow data.
They also indicated that SBF analysis can obtain a
more reasonable result. In this case, the minimum
accumulation of recharge depths was ﬁtted by linear regression during the low-ﬂow period and the
SBF period since it better represented the stable
base-ﬂow point. Figure 9 indicates that the annual
recharge depth (stable point) was 851.2 mm/year.
The annual groundwater recharge can be obtained
from equation (8):
Rgw = h × Ai ,

4.2 Stable base-ﬂow (SBF) analysis
The method for the SBF model aims at separating the base-ﬂow from a streamﬂow hydrograph
in order to evaluate the discharge drained from
groundwater to a stream. The method was based
on the assumption that base-ﬂow (groundwater
discharge) was equal to the streamﬂow on days that
ﬁt the requirement of antecedent recession. For
those days that did not ﬁt this requirement, this
method calculated the base-ﬂow by linear interpolation, and separated the stream ﬂow hydrograph into two parts: the base-ﬂow and surface
runoﬀ. The aﬀected time of surface runoﬀ at the
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(8)

where R gw is the annual groundwater recharge [L3 ];
h is the depth of annual recharge [L], and Ai is the
drainage area [L2 ].
From the SBF model, the average of the groundwater recharge over 38 years (1966–2003) in the Wu
River basin was found to be 1.72 × 109 m3 /year.
The results indicated that the SBF model estimates a continuous or daily record of base ﬂow
under the streamﬂow hydrograph. In other words,
it required an extended period of recording eﬀort
for the purpose of estimating the long-term groundwater discharge, as well as a variety of manual
methods or a rapid analysis, and eliminated some

Figure 8. Result of monthly mean base-ﬂow separation at Da-Du Bridge gauging station of Wu River basin, 1966–2003.
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Figure 9. Result of stable base-ﬂow analysis.

elements of subjectivity in the SBF model research.
It is preferable but not required, that the record
of daily mean streamﬂow is at least several years
in duration. Results were useful if the computer
programs being used were executed to give longterm (at least yearly) data. In the application of
the methods for estimating either recharge or discharge, it is preferable that the record is complete
for each year in the period of analysis. As mentioned, it has to be stressed that the analysis must
be based on the basic assumptions of a base-ﬂow
model. The base-ﬂow model was intended for the
analysis of the groundwater ﬂow system of a watershed for which a stream gauging station at the
downstream end can be considered the only point
of outﬂow. The recharge value from the base-ﬂow
model was represented as mean value of a basin.

5. Summary and conclusions
In this study, an integrated approach for assessing
the characteristics of groundwater recharge using
GIS and SBF techniques was proposed for the Wu
River watershed, central Taiwan. First, this study
produced a groundwater recharge potential map of
the mountainous basin. The results indicated that
the most eﬀective groundwater recharge potential
zone was located downstream. In this region, the
gravelly stratum and agricultural land have high
inﬁltration ability. Additionally, the concentration
of drainage also indicates the ability of streamﬂow to recharge the groundwater system. The midstream region was least eﬀective for groundwater
recharge, mainly due to its sandstone with
thick/thin shale of the Lushan Formation. This

study established the interrelationships between
the groundwater recharge potential factors and
the groundwater recharge potential scores from the
general hydrology characteristics of Taiwan. Since
the potential groundwater recharge was directly
correlated with percolation, the established scores
may be more accurate and objective if the rate
of percolation and hydraulic conductivity of each
recharge potential factor can be measured in a
laboratory or on-site.
Second, this study used the water balance conceptual model in a mountainous basin to estimate the groundwater recharge. This study used an
SBF model of streamﬂow information to carry out
groundwater recharge calculations of a mountainous basin. From the results of base-ﬂow separation,
the SBF days for each basin cannot be obtained,
leading to a higher result for the estimated groundwater recharge. Therefore, SBF analysis can obtain
a more reasonable result. The base-ﬂow model was
intended for the analysis of the groundwater ﬂow
system of a basin for which a stream gauging station at the downstream end can be considered the
only point of outﬂow and in which the water volume extracted by pumping will be negligible. Baseﬂow separation has the advantage of integrating
groundwater recharge across an entire basin without complex hydrogeologic modelling and detailed
knowledge of the soil characteristics.
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