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Baseﬂow recession characterization and groundwater
storage trends in northern Taiwan
Kun-Ta Lin and Hsin-Fu Yeh

ABSTRACT
Groundwater is a critical component of the terrestrial water budget and acts as a relatively stable
water source in Taiwan. In the present study, river basins’ characterization and groundwater storage
trends in northern Taiwan are analyzed using the Brutsaert method. As groundwater storage sustains
baseﬂows in a water system during dry periods, it can be assessed directly from the streamﬂow
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record. The characteristic drainage time scale value, K, varied between 34 and 84 days, with a mean
value of 54 days and a standard deviation of 16 days. From correlation analysis, K is strongly
correlated with the main channel slope. Based on annual values of groundwater storage over the
period of record, ﬁve subbasins showed downward trends, ranging from 0.053 to 0.950 mm/year,
and three subbasins exhibited upward trends, ranging from 0.111 to 0.141 mm/year. During the
period of 2000–2014, the groundwater storage trends in northern Taiwan had an obvious spatial
distribution. River basins with signiﬁcant negative trends (mean value of 2.729 mm/year) are
located in the northeast part of the study area. In contrast, the subbasins in the northwest part all
showed positive trends (mean value of 0.944 mm/year) in groundwater storage.
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INTRODUCTION
Climate change has led to detectable variations in the water

groundwater (Yang ). Based on the observation data

cycle (Collins et al. ; Gao et al. ), which inﬂuence the

measured by weather stations all over Taiwan, the rainfall

way people utilize water. Therefore, water resources man-

distribution decreases gradually from the northeast to the

agement has become a global issue. Oceans are the

southwest, forming several closed rainfall centers in moun-

primary water resource since they account for 97% of the

tainous areas. Although the long-term mean annual

water distribution on Earth; however, salt water cannot be

precipitation in Taiwan is up to 2,510 mm, which is approxi-

directly used by humans. Terrestrial freshwater in liquid

mately 2.5 times more than the global average, water

form includes surface water, groundwater, and soil moisture,

resources available per capita in Taiwan are only one-ﬁfth

and that in solid form includes glaciers, ice sheets, frozen

of the world average owing to uneven precipitation distri-

lakes, snow, and permafrost (Collins et al. ).

bution, topography, and high population density (Water

Taiwan is an island in East Asia, located in the subtropi-

Resources Agency ). The spatial and temporal hetero-

cal zone along the southeast coast of Asia. Although almost

geneity of rainfall distribution leads to an apparent

two-thirds of Taiwan is covered by mountains, the island’s

distinction in the surface water quantity between wet and

western side is mostly alluvial plain, where most of its popu-

dry seasons (Figure 1). Rainfall in the wet season accounts

lation resides. About 80% of water consumed in Taiwan is

for 70% of annual precipitation. The Intergovernmental

supplied by surface runoff in combination with surface sto-

Panel on Climate Change assessment report (Collins et al.

rage reservoirs, with the remaining water supplied by

) indicated that the contrast of mean precipitation
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Mean monthly runoff in Taiwan.

between wet and dry seasons will increase over most of the

the Taiwan Water Resources Agency since the 1950s.

globe as temperatures increase. Increased heating leads to

These long-period monitoring data are relatively complete

greater evaporation and increases the intensity and duration

and available. Since the hydrometric records represent the

of drought. At the same time, the water holding capacity of

integrated behaviors of upstream catchment above the

W

air increases by about 7% per 1 C warming, resulting in

gauge station, understanding the river–groundwater inter-

more intense precipitation events (Trenberth ).

actions is important for sustainable water resources

Despite surface water still acting as the main water

management (Cai et al. ). Recession analysis methods

resource in Taiwan, there are some problems that need to

are widely used to investigate the storage–outﬂow relation-

be dealt with, including reservoir sedimentation, water con-

ship of a catchment area and characterize the features of a

tamination, and unstable precipitation caused by climate

speciﬁc catchment through the recession curve (Tallaksen

change. An unstable water supply has a signiﬁcant impact

; Biswal & Maranni ; Mutzner et al. ).

on water resources utilization. Thus, as a relatively stable

In this study, we use ﬂow recession analysis known as

water source, groundwater storage is a critical component

the Brutsaert method to parameterize the baseﬂow reces-

of the terrestrial water budget (Brutsaert ). The ground-

sion characterization in northern regions of Taiwan. This

water monitoring network of Taiwan was established in the

method was developed by Brutsaert & Nieber () based

1990s, but most of the observation wells have only recorded

on theoretical solutions of the Boussinesq equation and

water level data during the last decade. Very few reliable

groundwater hydraulic theory. The International Glossary

records are available of groundwater storage that are long

of Hydrology deﬁnes low ﬂow as ‘ﬂow of water in a

enough to analyze trends or quantity. Even with some

stream during prolonged dry weather’ (Smakhtin ).

direct records from some observation wells, the scale pro-

This ﬂow is also referred to as baseﬂow. During rainless

blem has to be considered. The measurements of water

periods, streamﬂow in natural streams is sustained mostly

level in isolated wells represent the local scale, whereas

by the cumulative outﬂow from upstream riparian aquifers.

water resources management requires information at the

The Boussinesq equation can be applied to the problem of

catchment scale (Zhang et al. ). Unlike groundwater

outﬂow into a fully penetrating stream channel from an

level observations, streamﬂow data have been recorded by

unconﬁned rectangular aquifer placed on a horizontal
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impermeable layer (Troch et al. ). Therefore, the tem-

(Yang ). The northern region is the major megalopolis

poral trends of the annual low ﬂows were then directly

in Taiwan and accounts for 45% of the population. There-

calculated by simple linear regression, from which the

fore, investigating the situations and trends of basin water

trends of the annual groundwater storage were estimated

resources is important. The novelty in this study is the

(Brutsaert ). The long-term groundwater storage

application of the Brutsaert method to explore ground-

changes in our study area can be inferred from streamﬂow

water resources and catchment characteristics in a sub-

records under several assumptions and data processing

tropical climate zone with high population density. The

procedures.

speciﬁc objectives of this study are: (1) to evaluate the

The Brutsaert method has been successfully applied to

main topography factors controlling the baseﬂow coefﬁ-

many basin-scale studies with different climatic and physio-

cients and characteristic drainage time scale and (2) to

graphic conditions. The initial derivation of this method

estimate long-term groundwater storage trends in northern

began from the problem of outﬂow from an unconﬁned

Taiwan from streamﬂow.

aquifer placed on a horizontal impermeable layer into a
stream channel. Brutsaert & Nieber () obtained the
baseﬂow coefﬁcient and related it to the geomorphological

MATERIALS AND METHODS

characteristics, including drainage area and stream length,
in the Finger Lakes region in upstate New York. Basins

Study area description

with arid and mountainous conditions, which seem not to
meet the theoretical equations, still successfully predicted

Taiwan is an island on the Paciﬁc Ocean with the geo-

groundwater hydraulic parameters that are consistent with

graphic coordinates of 25 030 N latitude and 121 300 W

ﬁeld measurements (Mendoza et al. ). In the cold

longitude. The terrain in Taiwan is divided into two parts,

regions, permafrost thawing causes the thickness of active

namely, ﬂat plains and rugged forest-covered mountains.

groundwater layer change. The rate of permafrost thawing

The Central Mountain Range extends from the northeast

can be quantiﬁed by measuring low ﬂows during the open

to the southern tip of the island, forming a ridge of moun-

water season in the upstream river basin. Thus, Lyon et al.

tains that acts as the principal watershed.

W

W

() and Brutsaert & Hiyama () utilized this character-

The northern region of Taiwan has four major river

istic to determine the permafrost thawing trends. The

basins, namely Lanyang River, Danshui River, Fengshan

groundwater storage changes inferred from the baseﬂow

River, and Touqian River (Figure 2). The Water Resources

were compared with trends of related hydrologic variables,

Agency (WRA) has been monitoring river discharge in

such as average groundwater level changes measured in an

these areas since the 1950s. In order to analyze the long-

observation well network (Brutsaert ; Zhang et al.

term groundwater storage trends and robust characteristic

), changes in sea surface temperature in the tropical

drainage time scale, eight gauge stations were selected for

Paciﬁc Ocean (Gao et al. ), annual average water

which daily streamﬂow records were available. The four

inﬂow rates (Sugita & Brutsaert ), and precipitation

river basins have at least 24 years of monitoring daily

over the same area (Sugita & Brutsaert ; Hughes et al.

streamﬂow and rainfall records. Table 1 shows the charac-

). Several studies have discussed the variability of

teristics of the study basins. The area of the subbasins

groundwater storage and catchment characteristic par-

ranges from 115.93 to 820.69 km2. The length of river chan-

ameters caused by climate change and land use change

nels ranges from 18.42 to 74.95 km. These regions have

(Gao et al. ; Bogaart et al. ).

varied terrain characteristics; the terrains range from less

The climate of the present study area is much more

than 100 m in elevation (plains), to less than 500 m in

humid than those in the research mentioned above. Pre-

elevation (hills), to more than 1,000 m in elevation (moun-

cipitation with signiﬁcant seasonal differences greatly

tains) (Yeh et al. ). The variability of topography results

affects the stability of a water supply. In 2015, Taiwan

in signiﬁcant main channel slope distinctions between

had the most severe drought damage in nearly 67 years

upstream and downstream subbasins. The climate of this
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Rainfall in the northern regions of Taiwan during the
summer and winter seasons primarily comes from frontal
rain, typhoons, and northeast monsoons. The average
annual rainfall in Lan-Yang Bridge is up to 2,932 mm. Due
to the orographic rain caused by the northeast monsoons,
long-period mean rainfall values in the northeast region are
higher than those in the northwest.
Theory and data selection procedure
Basin-scale low ﬂow parameterization
The conservation of mass equation of basin-scale hydrological systems can be represented as:
dS
¼PEy
dt

(1)

where S refers to water stored in aquifers and in the unsaturated zone; P is the rate of precipitation; E is the rate of
evapotranspiration; and y is the rate of ﬂow in the stream
(y ¼ Q=A, where Q is the volumetric rate of ﬂow and A is
the area of the river basin). S is measured in units of
depth; P, E, and y are measured in units of depth per time.
These variables are understood to be averaged over the
Figure 2

|

Locations of selected basins in northern Taiwan (major basins shown in italic
font).

whole catchment (Kirchner ).
During a period without precipitation and the effect of
evapotranspiration, the streamﬂow can be assumed to

area is warm and humid; monthly mean temperatures are
W

W

depend solely on the groundwater storage from the upstream

typically 15–18 C in winter and 27–29 C in summer. The

riparian aquifers. This kind of ﬂow is referred to as baseﬂow,

precipitation data were recorded by automatic weather

low ﬂow, drought ﬂow, or fair-weather runoff (Brutsaert &

stations near the gauge stations mentioned in Table 1.

Nieber ). The data selection procedure of the Brutsaert

Table 1

|

Characteristics of study basins

Basin

Gauge station

Drainage area
(km2)

Length of channel
(km)

Main channel slope
(m/m)

Mean rainfall (mm/
year)

Period of streamﬂow
record

Danshui River

Xiu-Luan
San-Hsia

115.93
125.34

25.28
24.80

0.0765
0.0220

2,040
2,314

1957–2014
1959–2014

Fengshan
River

Hsin-Pu

208.06

30.56

0.0246

1,765

1981–2014

Touqian River

Shang-Ping
Nei-Wan
Jein-Kuo Bridge

221.73
139.07
499.18

34.44
18.42
54.30

0.0515
0.0810
0.0308

2,340
2,597
1,765

1971–2014
1971–2014
1991–2014

Lanyang River

Chia-Yuang
Bridge
Lan-Yang Bridge

273.50

35.37

0.0763

2,717

1975–2014

820.69

74.95

0.0409

2,932

1959–2014
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method (Brutsaert ), which is described later in the section, avoids the uncertainty considering an appropriate time
reference after each rainfall event, and eliminates the effects
of evapotranspiration. As an alternative to common recession
curves, plotting the ﬂow recession rate (dy/dt) as a function
of discharge (y) prevents the uncertainty of a consistent time
reference. A recession plot is especially suitable in this
research because low-ﬂow recession analysis requires lowprecipitation, low-evaporation conditions, which usually
form an extreme discontinuous time series. Such a discontinuous time series would fail in conventional recession
analysis. Recession plots such as those in Figure 3 provide a
suitable way to display and analyze recession behavior without assuming that the underlying data are continuous over the
study period. With time variable t eliminated, the hydrograph
in differential form (Brutsaert ) can be expressed as:
dy
¼ f(y)
dt

(2)

where f is a function characteristic for a given watershed.
To describe groundwater outﬂow from an unconﬁned
aquifer based on the Dupuit–Boussinesq hydraulic approach,
Equation (2) can be expressed as a power function:
dy
¼ ayb
dt

(3)

where a and b are constants for a particular recession ﬂow
regime, also called baseﬂow coefﬁcients. The recession exponent b of baseﬂow coefﬁcients varies signiﬁcantly between
early stage of recession with high discharge and late stage
of recession with low discharge. The factors controlling the
recession exponent values are complex, including groundwater hydraulics and stream contraction

(Biswal &

Maranni ). The long-time outﬂow rate obtained from
the fundamental harmonic of the linear solution of the Boussinesq equation during late stage of recession has the
constants (Brutsaert & Nieber ; Brutsaert ):
Figure 3

a ¼ π 2 k0 pDL2 (ne A2 )1

(4a)

b ¼ 1

(4b)

|

Relationship between log(dy/dt) and log(y) for selected gauge stations,
where y ¼ Q/A is the rate of ﬂow in the stream: (a) Xiu-Luan, (b) San-Hsia, (c)
Hsin-Pu, (d) Shang-Ping, (e) Nei-Wan, (f) Jein-Kuo Bridge, (g) Chia-Yuang Bridge,
and (h) Lan-Yang Bridge. Lower envelope line (dashed line) has unit slope and
is estimate of characteristic drainage time scale K.

where k0 is the hydraulic conductivity; p is a constant
approximately 0.3465, which is introduced to compensate

channels; ne is the drainable porosity and A is the drainage

for the approximation resulting from the linearization; D is

area. These constants can be characterized to display hydro-

the aquifer thickness; L is the total length of upstream

logic behavior for each basin. The recession characteristics
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during late stage are mainly governed by groundwater

One of the more commonly used equations in hydrologic

hydraulics due to minimal contraction of ﬂowing streams

practice to describe baseﬂow is the exponential decay type,

(Ghosh et al. ). Data points plotted on logarithmic coor-

which can be written in the following form (Brutsaert ):

dinates ﬁtted by the lower envelope can parameterize the
baseﬂow recession characteristics. To maximize the likeli-


y ¼ y0 exp

hood of selecting data that constitute pure drought ﬂow


t
K

(5)

during recessions, several criteria were used in the selection

where y0 is the outﬂow rate at the arbitrarily selected time

process. The method was implemented by plotting values of

origin; and K is the characteristic time scale of the basin drai-

(yi1yiþ1)/2 against yi during recessions of the daily ﬂow

nage process, also referred to as the storage coefﬁcient.

time series, where the subscript i refers to the ﬂow on the ith day. While plotting the scatter plot, the data selection pro-

From simultaneous Equations (3) and (5), the value of K
is related to the baseﬂow coefﬁcients a and b as:

cedure should consider the mass balance assumption.
As suggested by Brutsaert (), data points that meet
the following criteria were excluded from the analysis:

K ¼

1 1b
y
a

(6)

The lower envelope can be analyzed using ﬁxed slope b
1. Data points with positive or zero values of dy/dt.

(equal to 1), representing a linearized outﬂow from a rec-

2. Two data points before the changes in the ﬂow rate that

tangular aquifer into a fully penetrated channel. Thus, the

are zero and positive; 3 data points after the changes in

reciprocal of constant a is equal to the characteristic drai-

the ﬂow rate that are zero or positive.

nage time scale value.

3. Four data points after major events (ﬂow duration curve is
used to determine the major event (Kingsford et al. )).
4. Suddenly anomalous data points with dy/dt that is
much larger than the previous one.
5. Runoff on days of rainfall, and a number of days after the
rainfall event.
Evapotranspiration during recession ﬂow tends to accel-

Evolution of groundwater storage and trend analysis
In the absence of recent precipitation, conservation of mass
requires that groundwater storage in the river basin be
related to the outﬂow by the following integral, meaning
that the water stored in an aquifer is the volume of water
that has not yet ﬂowed out of it:

erate the decline of the streamﬂow rate, and leads to higher
values of dy/dt. Also, the rate of decline of groundwater storage from a basin phreatic aquifer is lower than that

S¼

ð∞
ydt

(7)

t

displayed by the other outﬂow components, which result

Performing this integration with Equation (5), one

from overland ﬂow, interﬂow, or channel drainage. This

obtains the linear relationship between groundwater storage

means that low ﬂows during periods of minimal evapotran-

and outﬂow rate from the catchment:

spiration can be regarded as the smallest dy/dt for a given
ﬂow rate y, corresponding to the slowest recession rate,
which is the lower envelope of the data cloud in the reces-

dS
dyL7
¼K
dt
dt

(8)

sion plot. Because the data points are scattered, the

Because daily ﬂow varies, the running average of the

determination of the exact position of the lower envelope

annual lowest 7-day ﬂow yL7 is used to replace daily ﬂow y to

is subjective. Hence, the position of the lower envelope

reduce uncertainty. Since the K value and yL7 value for each

was determined such that 5% of the ﬂow data points are

subbasin can be measured from each gauge station, the basin

below it to make some allowance for the unavoidable

groundwater storage is obtained through Equation (8).

error suggested by Troch et al. (). In our study, with

In this study, a linear true trend slope is calculated using

ﬁxed slope b, we gradually calibrated to allow 5% of data

the Theil–Sen estimator (Sen ). If a time series exhibits

points to lie below the ﬁtted envelope line, then obtained a.

linear trend characteristics, the true slope can be calculated
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using simple equations. These slope values are different from
those calculated using a linear regression, since the Theil–Sen
estimator takes the median value of a slope between two
points in a time series as the true slope. Therefore, one of
the advantages of the Theil–Sen slope is that it is less affected
by extreme values. In general, when a time series contains
extreme values, linear regression methods are prone to their
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Estimates of baseﬂow coefﬁcient (a) and characteristic drainage time scale (K)

Basin

Gauge station

a

K (days)

Danshui River

Xiu-Luan
San-Hsia

0.0165
0.0298

61
34

Fengshan River

Hsin-Pu

0.0266

38

Touqian River

Shang-Ping
Nei-Wan
Jein-Kuo Bridge

0.0157
0.0159
0.0284

64
63
35

Lanyang River

Chia-Yuang Bridge
Lan-Yang Bridge

0.0119
0.0178

84
56

effect, resulting in overestimated or underestimated slopes.
The magnitude of the trend is deﬁned as follows:

|

(9)
humidity of the basin is related to baseﬂow coefﬁcient,

where β is the slope between two data points in the time

which could be the reason that northern Taiwan shows a

series and xj and xk are the corresponding data values for

higher average magnitude of K. The long-term mean

time points j and k (1< k < j < n), respectively.

annual precipitation in Taiwan is approximately 2.5 times
more than the global average. Larger mean annual precipitation makes a river basin more wet, and the inverse

RESULTS AND DISCUSSION

relationship of a (i.e., K) tends to be higher than in other
regions of the world.

Baseﬂow recession characteristics

Baseﬂow recession characteristics show apparent regional
differences in our study area. The basin on the northeastern

Raw streamﬂow records were ﬁltered and treated using the

side (Lanyang River) displayed a longer drainage time scale

procedure mentioned in the previous section. Figure 3

than those of basins on the northwestern side (Danshui

shows the logarithmic recession plot of data points dy/dt

River, Fengshan River, and Touqian River). Since the

against the corresponding y data points for eight gauge

mean annual rainfall of Lanyang River is about 690 mm/

stations in four major basins of northern Taiwan. With the

year higher than that in the other three basins in the north-

lower envelope ﬁtting lines with slope 1 (i.e., b ¼ 1), the

western region (Table 1), we believed that initial status of the

baseﬂow coefﬁcient a for each subbasin can be determined.

basin is more wet, and caused a higher drainage time scale.

As shown in Equation (6), the reciprocal of constant a can

The results also show that even in a given major basin, the

be considered as a characteristic drainage time scale value

physiographic differences between upstream subbasins and

in the long-time outﬂow rate. The values of coefﬁcient K

downstream subbasins can produce distinct a and K

for the eight selected gauge stations varied from 34 days to

values. The characteristic drainage time scale mean value

84 days (Table 2). The mean value is 54 days and standard

of San-Hsia, Hsin-Pu, and Jein-Kuo Bridge gauge stations

deviation is 16 days.

(located in the downstream region of the study area) is

Brutsaert () inferred that the e-folding drainage time

36 ± 2 days; for gauge stations located in the upstream

scale is relatively insensitive for large basins and that the K

region, namely Xiu-Luan, Shang-Ping, and Nei-Wan, the

value is approximating 45 ± 15 days, which is a typical value

mean value is 62 ± 1 days. We utilized the results of K to

for a working assumption. Compared with previous studies

correlate with physiographic factors of each subbasin

(Brutsaert & Sugita ; Zhang et al. ; Sánchez-Murillo

(excluding the two stations at Lanyang River basin which

et al. ), the results of the present study show a higher

show signiﬁcantly different magnitude of K value with

average magnitude of K with a similar uncertainty. Power

other stations) by Pearson’s correlation. We observed that

law coefﬁcient a depends on the initial storage in the

K values are strongly correlated with the main channel

basin. If a basin is more wet, coefﬁcient a will be smaller

slope (r ¼ 0.90) (Figure 4). The resulting r value might be lar-

(Biswal & Kumar ; Sánchez-Murillo et al. ). The

gely uncertain due to fewer points in the regression.
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Correlation (r) between characteristic coefﬁcients (baseﬂow coefﬁcient, a; characteristic drainage time scale, K) and topography factors.

However, this result could still be interpreted for the catch-

can be used to ﬁnd out the groundwater storage long-term

ment characteristics of northern Taiwan. Based on the

evolution in a basin-scale study. In the application of

calculation of the K average value, the uncertainty of par-

Equation (8), we used the results of the characteristic drai-

ameters is limited in a narrow range of less than 2 days.

nage time scale calculated from previous sections. With

These data showed strong consistency. This means that the

the product of K and yL7, the groundwater storage for

storage coefﬁcient has a high consistency under similar geo-

each subbasin can be obtained. Then, trends of annual

morphic conditions. The smaller drainage time scales were

groundwater storage can be estimated via the Theil–Sen

found in ﬂatter plain subbasins. Gauge stations situated in

slope method. The results are listed in Table 3 and Figure 5.

mountainous areas had larger K values. Unlike past studies

In the present study, two different forms of temporal length

(Brutsaert & Sugita ), K had a poor correlation with

records were analyzed, namely the period of the entire

drainage area (r¼ 0.44) and length of channel (r¼ 0.45)

record of each individual station and the period of the

for the northern Taiwan basins.

21st century (i.e., most recent 15 years) of all selected
stations. In the period of the entire record time, the results

Groundwater storage trends

are relatively invariable. The trends of groundwater storage
for most subbasins showed merely slight changes, with an

In this analysis, the groundwater storage trends were deter-

average value of 0.103 ± 0.030 mm/year, with exceptions

mined to have a linear relationship with discharge in the

being Chia-Yuang Bridge (0.950 mm/year) and Nei-Wan

river. The running averages of the annual series of mini-

(0.646 mm/year). However, the variable amplitude of

mum 7-day ﬂows are regarded as dry weather ﬂows,

groundwater storage signiﬁcantly increased in the most

denoted as yL7. Compared with the lowest 1-day ﬂow

recent 15 years. Compared with results from all recording

value, yL7 is less affected by measurement errors (Smakhtin

time analysis, the amount of changing values are 1.4 (Nei-

). The running average of minimum 7-day ﬂows was

Wan) to 20 (Lan-Yang Bridge) times higher at all subbasins.

applied because it indicates the lowest groundwater storage

The Chia-Yuang Bridge subbasin at the Lanyang River basin

level in each year, which can be carried over to the next

in the northeast of the study area exhibited the strongest

year (Gao et al. ). This means that the quantity value

downward
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Groundwater storage trends

Groundwater storage trend (mm/year)
Basin

Gauge station

Period of streamﬂow record

Individual station record period

2000–2014

Danshui River

Xiu-Luan
San-Hsia

1957–2002; 2009–2014
1959–2005; 2007–2014

0.132
0.098

0.245a
1.454b

Fengshan River

Hsin-Pu

1981–2014

0.141

1.519

Touqian River

Shang-Ping
Nei-Wan
Jein-Kuo Bridge

1971–2014
1971–2014
1991–2014

0.082
0.646
0.111

1.193
0.929
0.326

Lanyang River

Chia-Yuang Bridge
Lan-Yang Bridge

1975–2014
1959–2014

0.950
0.053

4.392
1.065

a

Trend over the period of 20092014.

b

Trend over the period of 20072014.

namely, Nei-Wan, Shang-Ping, and San-Hsia, had opposing

basin are dominated by conglomerate and clasolite. The

trends between different analysis periods. This phenom-

results show that the lithological characteristics of river

enon is commonly seen in areas around the world

basins is the main factor that determines the groundwater

(Brutsaert ; Sugita & Brutsaert ). Different land

storage quantity.

use or regional climate ﬂuctuation inﬂuences the groundwater recharge and storage state.
Over the period of 2000–2014, the groundwater storage

CONCLUSIONS

trends in northern Taiwan had an obvious spatial distribution (Figure 6). River basins with signiﬁcant negative

The Brutsaert method, based on the concept that baseﬂow in

trends in groundwater storage are located in the northeast

a natural drainage system is directly controlled by ground-

of the study area (Chia-Yuang Bridge and Lan-Yang Bridge

water storage, can provide estimates of basin-scale recession

subbasins). In contrast, the subbasins in the northwest,

characteristics and evolution of groundwater storage. The

namely Xiu-Luan (0.245 mm/year), San-Hsia (1.454 mm/

advantage of this method is that it uses streamﬂow data,

year), Hsin-Pu (1.519 mm/year), Shang-Ping (1.193 mm/

which are more easy to obtain for longer periods of record

year), Nei-Wan (0.929 mm/year), and Jein-Kuo Bridge

than groundwater level data in Taiwan. In this study, we cal-

(0.326 mm/year), all showed positive trends in groundwater

culated the catchment characteristics and groundwater

storage. In the present study, we compared these results

storage trends in northern Taiwan using streamﬂow measure-

with trends of related hydrologic variables, i.e., annual

ments in a number of major river basins. With a high-density

precipitation and annual lowest groundwater table level.

population, the study area is under the inﬂuence of human

Groundwater storage quantity also displays spatial differen-

activity. Eight selected subbasins with gauge stations that

tiation in this area. The groundwater storage we mentioned

recorded at least 24 years of complete daily streamﬂow data

here is the water capacity over ﬁeld capacity in the phreatic

were used to represent stable basin features. The analysis

aquifer. The values of groundwater storage for the Lanyang

showed that the characteristic drainage time scale value K

River basin are larger than those for the other three major

varied between 34 and 84 days, with a mean value of 54

basins in the northwest of Taiwan. Based on a groundwater

days and a standard deviation of 16 days. Compared with pre-

geological map in a WRA report (Water Resources Agency

vious studies, the results show a higher average magnitude of

), the Lanyang River basin is dominated by alluvial

K, but the uncertainty is consistent with estimates of roughly

deposits, which contain abundant groundwater. The

15 days by Brutsaert. K values in upstream subbasins and

Danshui River basin is dominated by limestone and some

downstream subbasins reﬂect an obvious spatial pattern.

alluvium. The Fengshan River basin and the Touqian River

The characteristic drainage time scale mean value for
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Evolution of annual groundwater storage over periods of individual station records (solid line) and 2000–2014 (dotted line) for selected subbasins: (a) Xiu-Luan, (b) San-Hsia,
(c) Hsin-Pu, (d) Shang-Ping, (e) Nei-Wan, (f) Jein-Kuo Bridge, (g) Chia-Yuang Bridge, and (h) Lan-Yang Bridge.
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Groundwater storage trends derived from low ﬂow measurements for various periods: (a) spatial map and (b) graph of trend magnitude.

subbasins located in the downstream regions of the study area

from 0.111 to 0.141 mm/year. Over the period of 2000–

is 36 ± 2 days, and that of those located in the upstream

2014, the groundwater storage trends in northern Taiwan

region is 62 ± 1 days. This ﬁnding means that the storage

had an obvious spatial distribution. River basins with signiﬁ-

coefﬁcient has a high consistency under similar geomorphic

cant negative trends in groundwater storage are located in the

conditions. Our study shows that the K value is strongly cor-

northeast of the study area. In contrast, subbasins in the

related with the main channel slope. Over the period of

northwest all showed positive trends in groundwater storage.

record, groundwater storage of ﬁve subbasins showed down-

Since groundwater is a stable water source in Taiwan, the

ward trends ranging from 0.053 to 0.950 mm/year;

trend analysis results can be used as reference for water

another three subbasins exhibited upward trends ranging

resources management.
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