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Hydrologic processes of groundwater in a small monsooninﬂuenced mountainous watershed
Ruiqiang Yuan, Shiqin Wang, Lihu Yang, Jianrong Liu, Peng Wang
and Xianfang Song

ABSTRACT
Mountain block recharge is the least well quantiﬁed owing to the lack of a thorough understanding of
mountain block hydrological processes. Observations of spatio-temporal variations of groundwater
were employed to clarify hydrologic processes in a semi-arid mountainous watershed of northern
China. Results showed that the annual feeding rate of precipitation changed between 21% and 40%.
However, inﬁltration of precipitation was mainly drained as interﬂow on slopes and recharged into
the mountain valley as focused recharge. As a result, the mean correlation coefﬁcient between
precipitation and groundwater level was only 0.20 and seasonal variations were reduced. Mountain
slope is essentially impermeable with no bedrock percolation under arid circumstances. Only a
bedrock percolation event occurred after multiple closely-spaced heavy rains during the four-year
observation, which induced a local rapid ascending of the water table and an enhanced lateral
recharge from upgradient watersheds. The inﬂuence of the enhanced lateral recharge lasted three
years, suggesting a huge groundwater catchment overcoming local watershed divides in mountain
blocks. The average of the gradual recession of the water table was 5.1 mm/d with a maximum of
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11.4 mm/d in the beginning stage. Both interﬂow and bedrock percolation are important. Our results
highlight the changeability of hydrologic processes in mountain watersheds.
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INTRODUCTION
Surface water is usually limited and inconsistent in semi-arid

from streams and not the subsurface inﬂow in the Adelaide

and arid regions. Groundwater offers a reliable source of

Plains basin, South Australia (Bresciani et al. ). In

water. Mountains often receive more precipitation than the

addition, reservoir seepage accounts for a large proportion

adjacent lowlands due to orographic effects (Wilson &

of mountain-front recharge (Li et al. ). Research on

Guan ) and produce a considerable mountain front

hydrologic processes of mountain groundwater is needed to

recharge (MFR) to adjacent basins (Manning & Solomon

improve the understanding of MFR.

; Gleeson & Manning ; Aishlin & McNamara ;

Although mountainous terrain occupies a signiﬁcant

Ajami et al. ). MFR is often divided into two components:

portion of the Earth’s land surface, hydrologic processes

(1) subsurface inﬂow from the adjacent mountains; and (2)

in mountain watersheds are still poorly understood. Moun-

inﬁltration from streams near the mountain front. The sub-

tain-block hydrology examines all hydrologic processes in

surface inﬂow forms 45% of recharge to the basin aquifers

the mountain block above the mountain front (Wilson &

in humid southwestern British Columbia (Doyle et al. ).

Guan ). Some studies tried to build a more thorough

However, basin aquifers are recharged through inﬁltration

understanding of hydrologic processes on the basis of long-
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term observations (Carling et al. ; Inamdar et al. ;

(115.3907 E, 39.3868 N). The northwest–southeast trending

Chiogna et al. ; Templeton et al. ). Models (Khazaei

watershed has a length of 5.1 km and an area of 6.2 km2

et al. ; Smerdon et al. ; Andreu et al. ) and

with an altitude range of 80–280 m. It is bounded by an

environmental tracers (Manning & Solomon , ;

upland plateau and mountains that rise more than 2,000 m

Manning ; Kao et al. ; Oda et al. ) were employed.

to the west, facing the piedmont plain of the North China

Fault systems complicate the groundwater ﬂow (Yuan et al.

Plain to the east (Figure 1). The land cover is mainly wood-

). Topographic uniqueness inﬂuences the amounts of

land (42.2%) and grassland (38.4%). Farmland only

mountain block recharge (MBR) (Welch & Allen ).

occupies 1.8% of the area in the watershed, distributed

Large values of groundwater recharge were observed

along the river terrace (Data Sharing Infrastructure of

(Manning & Solomon ; Liu & Yamanaka ). The

Earth System Science, China).

relationship of rainfall and water level data deciphers the

The study area is characterized by a semi-arid, warm tem-

recharge process (Panda et al. ). The depth dependence

perate, continental monsoon climate, with an average annual

of K is critical for quantifying hydrologic partitioning

air temperature of 11.6 . The annual precipitation ranges

between baseﬂow and MBR (Yao et al. ). Trenched hill-

from 257 to 889 mm with an average of 550 mm during

slopes received more recharge compared with unaltered

1966–2009 (meteorological data are from unpublished data

hillslopes (Somers et al. ). Although signiﬁcant efforts

of the local meteorological station). Over 70% of the precipi-

were made, substantial MBR to intermountain basins is

tation is concentrated in the rainy season from June to

plausible. The relative importance of vertical bedrock perco-

August. The Chongling Creek has been dry since 2000.

lation versus lateral interﬂow is debatable. The complexities

Bedrock is generally exposed at elevations greater than

of hydrologic processes of groundwater originating from geo-

100 m and is comprised of limestone and marble in the

logical conditions of mountain blocks needs to be clariﬁed.

north, granitic gneiss in the middle and conglomerate in

Long-term records of groundwater regimes provide a

the south of the watershed. The weathered layer is no

broad overview of hydrologic processes and a better understanding of the complexities of the hydrologic system in
mountain blocks. Unfortunately, only limited data were
available, which makes improving the estimation and understanding of MBR and MFR particularly challenging. This
study employed long-term and comprehensive hydrologic
observations in a semi-arid small mountain watershed to
examine hydrologic processes and recharge in mountain
blocks. The principal aim is to clarify the relative importance
of vertical bedrock percolation versus lateral interﬂow and
to discover the components of recharge to groundwater of a
small mountainous watershed. The data in the paper are valuable in advancing the understanding of mountain groundwater
and in achieving a better estimation of MBR and MFR.

STUDY AREA AND METHOD
Study area
The Chongling Creek Watershed is located in the transition
zone of the Taihang Mountains and the North China Plain
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Site map showing the major topographic and hydrologic features of the
Chongling Creek watershed. The contour map was derived from the ASTER
GDEM that is a product of METI and NASA.
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more than 3 m in depth. The valley bottom is ﬁlled with

was built in the valley where meteorological data have been

unconsolidated sediments from repeated alluvial processes.

recorded since 2003 (Figure 1). In the watershed, V-type

Soil in the area is mainly sandy loam and loess, which has

weirs were set on the outlet of the watershed to monitor

accumulated in the valleys up to depths of 1–2 m. The shal-

the runoff generation every hour during the study period.

low groundwater occurs in ﬁssured bedrock and basin-ﬁll

Groundwater samples were collected for cations and
stable water isotopes analyses from January 2008 to October

sediments.

2009 for W2, W6 and from June 2009 to October 2009 for
Method

W1, W5. Field surveys were carried out in March and September 2008 and June 2009. Groundwater was surveyed

Eight domestic wells (W1–W8) were used to record the

(T, pH, EC and ORP) and samples were collected from the

groundwater regime (Figure 1). All wells disclose fractured

wells for ions. Collections of precipitation samples were

bedrock with a weathered crust on the top. The thickness

conducted for stable water isotopes from 2008 to 2009.

of the weathered crust is about 1 m in the wells. Wells

Samples were ﬁltered through a 0.45 μm membrane and

W3, W7 and W8 are situated on slopes; W1, W2 and W4

ﬁlled 50 mL polyethylene bottles with double lids.

are located on the slope foot; and W5 and W6 lie on the

Major ions and isotopic compositions of water samples

valley bottom. Wells W1–W6 were monitored manually

were analyzed in the laboratory of the Institute of Geo-

for depth to water table. A sensor (CTD Diver, Eijkelkamp)

graphic

was set up in W7 where conductivity, temperature and water

Chinese Academy of Sciences. All samples were stored in

depth were measured automatically. Another sensor (Micro

the cold and dark until analysis. The chemical composition

Diver, Eijkelkamp) was installed in W8 for recording the

was characterized by ICP-OES for cations (Perkin Elmer

depth to the water table (Table 1). A meteorological station

Optime 5300DV) with a precision of 1 mg/L and by ion

Table 1

|

Sciences

and

Natural

Resources

Research,

Observation wells. W11 is a borehole with a 6-meter long screen section installed 37 m under the ground. Other wells are open wells

Well depth

Observation and

Altitude

sampling sites

(m)

Locationa

(m)

Monitoring periods

Monitoring intervals

W1

104

S

3

11/2005–10/2009

W2

102

S

3

10 days for dry seasons and 5 days for
rainy seasons

W3

101

S

8

W4

92

S

4

W5

88

V

6

W6

78

V

6

W7

113

S

9

5/2004–3/2005 12/2005–11/2006
11/2007–3/2008

30 min

W8

87

V

6

3/2005–6/2005
9/2005–12/2005
8/2006–1/2007
4/2007–1/2007
3/2008–5/2008

30 min
30 min
1 hour
1 hour
1 hour

W9

127

S

2

–

–

W10

113

S

11

–

–

W11

102

S

43

–

–

W12

137

S

–

–

–

W13

93

S

4

–

–

a

S, slope; V, valley bottom.

Downloaded from http://iwaponline.com/hr/article-pdf/49/6/2016/509885/nh0492016.pdf
by guest

2019

R. Yuan et al.

|

Mountain watershed hydrologic processes

Hydrology Research

|

49.6

|

2018

chromatography (Shimadzu LC-10A) for anions with a

table depth variability and the averages were obviously

precision of 0.1 mg/L. Hydrogen and oxygen isotopic

larger in slopes than in the valley bottom (Table 3) revealing

compositions of the water samples were analyzed by the

the changeful hydrologic processes. Finally, strong corre-

Isotope Ratio Mass Spectrometer (Finnigan MAT-253).

lations of groundwater level cross sites on slopes and

18

The δD and δ O measurements were reproducible to ±1.0

weak correlations at the valley bottom existed (Figure 5).

and ±0.2‰ respectively.

The strongest correlation (r ¼ 0.82) was found between W4

Nonparametric Mann–Kendall test (Klaus et al. )

and W1. Similarly, good correlations were found between

and Sen’s slope method (Odongo et al. ) were employed

W2 and W1 (r ¼ 0.80) and between W2 and W4 (r ¼ 0.79).

to reveal trends of water table depth. Correlation analyses of

In the valley bottom, the correlation of groundwater level

time series including water table depth and precipitation

between W5 and W6 was weak. In addition, the spatio-

were made to discover relevance in time domain. Fourier

temporal connection of major cations was only signiﬁcant

transforms were employed producing the periodograms of

on slopes or in the valley. Correlation coefﬁcient (r)

time series to show similarity in the frequency domain.

ranged from 0.53 to 0.73 between sites on slopes and from

The above mathematical analyses were achieved by pro-

0.46 to 0.62 between sites in the valley. The distinct spatio-

gramming under the Matlab environment.

temporal pattern of groundwater regime suggested different
hydrologic processes were occurring in the slopes and the
valley bottom respectively.

RESULTS AND DISCUSSION
Distinct spatio-temporal patterns of groundwater

Considerable inﬁltration of precipitation

Groundwater was alkalescent and slightly mineralized with

The effective precipitation is usually smaller than the total

an average EC value of 68.3 mS/m in the watershed

precipitation in woodland, equal to the sum of throughfall

(Table 2). The hydrogeochemical type of groundwater was

and stem-ﬂow. Based on long-term observation, throughfall

were the dominant cations

P1 and stem ﬂow P2 can be obtained (Table 4). The average

accounting for about 90% during the observation from Jan-

precipitation input of the watershed P can be estimated as

uary 2008 to October 2009, although the concentration of

follows:

Ca-HCO3 type. Ca

2þ

2þ

and Mg

Ca2þ ﬂuctuated greatly in groundwater (Figure 2). The δD
and δ18O values of groundwater samples plotted closely

P ¼ ðP1 þ P2 Þ × 42:2% þ Pt × 57:8%

(1)

18

around the averages of precipitation (7.48‰ for δ O
and 56.3‰ for δD) and lay on the LWML (Figure 3).

where Pt is the total precipitation (mm); the area percentage

Although precipitation depletes heavy isotopes in winter

of the woodland is 42.2%. No surface runoff was generated

and enriches them in summer, the seasonality was not pre-

during the period according to the records from the V-type

sented in the groundwater system based on the two-year

weirs stations. Therefore, the water balance of the studied

observation. It is inferred that the groundwater is meteorolo-

watershed was established as follows:

gically originated and well mixed to smooth seasonal
isotopic variation. Therefore, there is no quick cycled

P ¼ ET þ Rss þ Fd þ ΔS

(2)

groundwater with a transit time shorter than the seasonal
period.

where ET is the actual evapotranspiration, Rss is interﬂow,

Spatio-temporal variance of groundwater table depth

Fd is bedrock percolation and ΔS is the change in soil

was distinct between slopes and the valley bottom (Figure 4).

water storage. Considering the long duration of water

First, narrow peaks of water table depth mainly occurred in

budget from 2006 to 2009, ΔS can be reasonably assumed

the valley bottom (W5 and W6) indicating a notable

as zero (Figure 6). According to the collected meteorological

recharge. Second, standard deviations and ranges of water

data by an automatic weather station in the site of Weather
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Table 2

Water chemistry and isotopic characteristics during the ﬁeld surveys

Sites

pH

EC (mS/m)

Date

March 2008

September 2008

June 2009

March 2008

September 2008

June 2009

September 2008

W4

7.3

8.1

7.8

62.8

64.1

65.0

262

W6

8.2

7.6

7.6

60.7

56.7

61.1

243

W7

8.0

7.8

7.7

65.1

108.0

73.5

260

W8

7.5

7.5

7.6

84.5

91.3

84.6

282

W9

7.8

8.0

8.1

72.1

81.1

87.6

299

ORP (mV)

W10

8.0

8.3

8.2

55.6

57.0

55.7

292

W11

–

8.0

–

–

56.2

–

171

W12

8.0

7.6

7.8

37.2

39.1

38.6

291

W13

7.7

7.6

7.7

60.0

61.3

65.0

277

Sites

Ca2þ

Mg2þ

Naþ

Kþ

HCO
3

Cl

SO2
4

Date

September 2008

W4

72.4

26.1

12.7

1.1

256.2

19.1

74.5

38.6

64.4

W6

67.6

29.7

12.0

2.9

256.2

20.2

88.2

19.7

81.7

W7

139.8

29.0

19.7

3.2

175.7

77.8

109.0

147.8

78.2

21.3

16.6

2.2

215.9

36.8

84.7

81.5

W8

112.6

27.7

24.2

0.8

255.1

38.5

94.1

53.3

58.7

28.8

21.0

1.0

351.4

33.4

96.6

38.6

W9

97.0

38.3

12.6

3.5

300.1

32.4

86.7

68.8

88.3

44.4

13.6

3.2

333.1

27.4

97.9

65.3

W10

74.7

25.4

10.5

1.7

248.9

15.5

74.6

46.9

82.0

26.9

10.2

1.1

252.5

11.1

57.8

41.8

W11

46.9

21.7

11.7

1.4

158.1

12.4

75.6

42.2

–

–

–

–

–

–

–

–

W12

61.7

11.4

12.6

1.3

135.7

13.3

87.9

46.2

62.1

10.8

13.1

1.3

150.1

5.4

74.1

22.3

W13

78.5

29.0

10.7

1.8

241.6

17.4

78.3

38.4

87.8

31.7

11.4

1.4

267.2

20.6

79.7

51.7

NO
3

Ca2þ

Naþ

Kþ

HCO
3

Cl

SO2
4

NO
3

26.9

13.4

0.9

292.8

16.8

57.2

32.1

33.0

13.1

2.8

270.8

20.5

77.8

11.0

Mg2þ

June 2009
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Figure 2
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Box plots of time-varying concentrations of major cations in groundwater.

Figure 3

|

Isotope composition of groundwater and precipitation.

Hydrology Research

Figure 4

|

|

49.6

|

2018

Variability of water table depth and precipitation every 10 days from November
2005 to October 2009.

Station (Figure 1), the actual evapotranspiration was esti-

permeability contrast. Direct recharge diffusing vertically and

mated by Hu () using the FAO Penman–Monteith

entering a mountain aquifer becomes a bedrock percolation,

equation and Pei method ().

which often produces water level ascending. The sum of inter-

In mountainous terrain, a layer of higher-permeability

ﬂow and bedrock percolation can be calculated by the water

rocks often overlies lower-permeability rocks (Gleeson &

balance residual approach (Table 5). The two parts originated

Manning ). Interﬂow usually occurs on the interface of

from inﬁltration of precipitation becoming groundwater
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Statistics for depth to water table during November 2005 to October 2009 (Unit: m)

Well

Number

Minimum

Maximum

Mean

Std. Deviation

W1

135

2.76

5.29

3.8

0.65

W2

136

1.80

3.90

2.6

0.49

W3

141

5.36

7.91

6.4

0.50

W4

137

2.25

5.52

3.6

0.75

W5

140

2.01

3.64

2.5

0.26

W6

141

1.52

2.6

2.2

0.19

Figure 6

|

Sketch of the conceptual model.

Weak correlation between precipitation and
groundwater due to strong interﬂow
Correlation between precipitation and groundwater level was
weak both in the slopes and the valley bottom. On the one
hand, the mean correlation coefﬁcient was only 0.20
(Figure 5). On the other hand, the maximum peaks for W1,
Figure 5

|

Correlation matrix for time series of water table depths and precipitation.
Lable P means precipitation every 10 days.

W2, W3 and W4 occur at a frequency of 0.00694 Hz (Figure 7),
which corresponds to 1,440 days (the entire period of observation). Therefore, the groundwater level changed without

Table 4

|

Throughfall and stem-ﬂow observations in the Chongling Creek watershed
(according to Hu et al. 2010)

an obvious period. However, the time series of precipitation
shows an obvious annual period. Despite the considerable

Throughfall

Stem-ﬂow

inﬁltration of precipitation, the correlation between precipitation and groundwater level was weak.

Precipitation

Event

Rainfall

(mm)

number

(mm)

(mm)

(%)

(mm)

(%)

<5

18

43.7

25.3

57.7

0.1

0.2

5—10

4

22.6

16.1

71.0

0.2

0.7

10—25

6

123.8

105.6

85.3

1.2

1.0

25—50

3

96.2

84.2

87.6

1.3

1.4

>50

1

68.0

55.2

81.2

1.4

2.1

Bedrock percolation reaches downwards groundwater
in an aquifer producing water level ascending. However,
peaks of water level were not a common phenomenon
after precipitation events beneath slopes (Figures 4 and 8).
The water level remains constant or even declines after
rain events. It is inferred that bedrock percolation is not
the main recharge mechanism for mountain blocks in this

eventually. It was reported that annual inﬁltration coefﬁcients

case. Precipitation inﬁltration was held by soil or trans-

of precipitation varied between 3% and 42% in semiarid

ported downslope as interﬂow.

mountainous basins (Scanlon et al. ). Our results show

Interﬂow often occurs through preferential ﬂow net-

that the coefﬁcients changed from 21% to 40% during the

works. Usually, there are two types of subsurface lateral

water budget period. The groundwater in the watershed

preferential ﬂow (LPF) network: (1) a network of connected

received remarkable recharge from precipitation, which is

preferential ﬂow pathways and (2) a network of water ﬂow

consistent with the mountainous area recognized as the

along permeability contrast (Guo et al. ). Therefore,

main recharge zone for regional groundwater.

the total matrix potential gradients could be strongly lateral
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Water budget in the Chongling Creek watershed

Year

Precipitation (mm/yr)

Effective precipitation (mm/yr)

Actual evapotranspirationa (mm/yr)a

Badrock percolation and interﬂow (mm/yr)

2006

358.3

313.0

236.0

77

2007

603.9

547.0

303.1

244

2008

564.0

510.0

334.2

176

2009

467.6

416.7

249.5

167

a

Data from Hu (2012).

layer. The weathered crust-bedrock interface offers the permeability contrast. As antecedent soil wetness increases
after precipitation, preferential ﬂow systems would begin
to self-organize into complex networks. It is rational that
the downslope interﬂow would occur along the LPF pathways. In this case, soil moisture is low due to recent
drought. Most inﬁltration has to ﬁll the soil water deﬁcit
ﬁrst. Then inﬁltration can be distributed as interﬂows
under strongly lateral matrix potential gradient. Therefore,
there is usually no sufﬁcient inﬁltration left to support a bedrock percolation in an arid environment. The occurrence of
the bedrock percolation becomes even harder.
Based on the water level record, bedrock percolation did
not occur beneath slopes most of the time. Inﬁltration of precipitation was drained as interﬂow and recharged into the
valley as the seasonal focused recharge. It is considered as
the main mechanism of MBR by precipitation in an arid and
semi-arid watershed. Narrow valleys were the main area for
groundwater receiving rainfall inputs. Therefore, the groundwater level did not respond to rainfall events beneath the
slopes, but peaks of water level occurred in the valley.
Despite the focused recharge, the highest correlation
coefﬁcient between groundwater level and precipitation was
only 0.41, found in the valley where pumping-induced dips
Figure 7

|

Periodograms of time series of water table depth. Peaks appeared for W1, W2,
W3, and W4. The maximum peaks are at a frequency of 0.00694 Hz, which is a
period of about 1,440 days, namely the entire period of observation. There was
no other obvious period for water table depths.

were removed to calculate correlation. In the rainy season,
rains mainly occurred on a scale of several hours depending
on the form of the storm. The observation interval was 5 days
for water table depth. The time interval of observation may be

on slopes (McDonnell ). The lateral by-pass ﬂow could

too large to achieve the exact correlation.

take a dominant role in the redistribution of precipitation
inﬁltration (Laine-Kaulio et al. ). In the study area,

Rare but signiﬁcant bedrock percolation

there are two types of preferential ﬂow networks. A layer
of weathered crust and top soil has a thickness of more

Some hillslope hydrologic studies assume that the bedrock

than 0.7 m on slopes. The laterally orientated roots are abun-

is essentially impermeable and do not allow signiﬁcant

dant which increases the hydraulic conductivity in this

bedrock percolation. According to our observations, the
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Dynamic of groundwater depth, temperature and EC in well W7. Time interval is 30 minutes. A sharp rise of water level on August 12, 2004 was evidence of bed percolation. For
the most part, the water level did not respond to precipitation beneath the mountain slopes even during rainy seasons (June–August). For pumping from W7, the water level
declined rapidly and then stabilized at approximately 7.5 m below ground. Water level rebounded at a decreasing rate once pumping ceased.

hypothesis is applicable in an arid or semi-arid watershed.

During the observation, a detailed hydrologic process of

However, when rock is fractured, its permeability can

bedrock percolation was recorded at site W7 (Figure 8).

increase by several orders of magnitude. Bedrock with sufﬁ-

Before the sharp rise (5.5 m) of water level occurred on

ciently high bulk permeability (fracture and matrix) has the

August 12th, 2004, the water table depth was greater than

potential to allow for signiﬁcant bedrock percolation

7 m. An extreme heavy rain event with a total amount of

(Wilson & Guan ). If the water is available, it can

180 mm occurred which resulted in the quick rise of water

accept water at rates high enough to lead to signiﬁcant bed-

level lasting 2 days, accompanied by rapid rises of EC and

rock percolation.

temperature. The sharp rise of water level was a real-time
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response to the extreme rainfall by bedrock percolation.

recharge formed by bedrock percolation was rare under

Leaching salts from soil produced the EC peak. Higher air

semi-arid circumstances.

temperature introduced the temperature peak of ground-

In recent studies, LPF was identiﬁed as the dominant

water. Although the water table did not ascend in the ﬁrst

mechanism (Laine-Kaulio et al. ), while vertical perco-

two months of the rainy season due to long-term dry con-

lation was also found to play an important role even at

ditions, antecedent soil water deﬁcit was compensated.

slope angles of up to 46 (Mueller et al. ) and at the

Therefore a heavy rain event could produce the prominent

rain snow transition zone (Kormos et al. ). Lateral

bedrock percolation. Increased soil moisture could increase

interﬂow is the dominant hydrologic process, but bedrock

permeability of the unsaturated sediments and water head

percolation should not be ignored in the semi-arid moun-

can increase to a point where the system can overcome

tain watershed. Furthermore, the partition between the

the permeability barrier of the lower K bedrock. Bedrock

interﬂow and the bedrock percolation is strongly related

percolation can still occur during temporally wet periods

to the correlation between groundwater level and precipi-

even in a semi-arid environment. In such cases, the occur-

tation inﬁltration.

rence of bedrock percolation requires multiple closelyspaced rainstorms.
Annual precipitation was obviously lower than 550 mm

Lateral recharge dominates water level ﬂuctuation in
mountain blocks

(the long-term average) from 1997 to 2003 (Figure 9). However, annual rainfall reached 642 mm in 2004 when the

After the sharp rise of water level on August 12th, 2004, the

bedrock percolation occurred. During 2005 and 2006,

high ﬂow persisted from August 13th to 14th with the smal-

annual rainfall was around 413 mm. As a result, the water

lest water table depth of 1.14 m (Figure 8). After that, the

table fell (Figure 4). In 2007, precipitation was sufﬁcient

water level decreased quickly. However, the arrival of the

and the decline of the water table ceased (Figures 4 and 8).

second high ﬂow hindered the decline. The transient

In 2008, precipitation was still higher than average and

period lasted 2 days (August 18th–20th) with the water

there may be a chance to produce bedrock percolations.

table depth remaining around 1.70 m, then the water level

Unfortunately, high time-resolution data of water level

increased

missed the rainy seasons in 2007 and 2008. In addition,

accompanied by a gentle wave of EC value arrived and con-

the data with intervals of several days were not sufﬁcient

tinued from September 21st to October 26th with the

for distinguishing responses of groundwater to rainfall

smallest water table depth of 0.60 m (on October 1). The

events. There was no direct evidence supporting another

maximum value of water level of the second high ﬂow was

bedrock percolation. It is rational that the vertical diffuse

again.

Eventually,

the

second

high

ﬂow

higher than the ﬁrst high ﬂow. The duration of the second
high ﬂow was almost 18 times longer than the ﬁrst high
ﬂow. The ﬁrst high ﬂow was the result of the vertical diffuse
recharge (a bedrock percolation) closely following the storm
events within the watershed. The second high ﬂow with a
long duration was the result of the enhanced upgradient lateral diffuse recharge out of the small watershed.
To explore the inﬂuence of lateral recharge, increasing
rates of water level were calculated based on the high-temporal resolution records. In the ﬁrst stage, August 12th–
14th, the ascending rate was 2.73 m/d. On the second
stage, August 21st–September 21st, the rate was 3.12 cm/d.
It is inferred that lateral recharge imposed a stronger and

Figure 9

|

Annual precipitation from 1997 to 2009. The dashed line indicates the average
of annual precipitation for 1966 to 2009.
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depth was more than 6.6 m before the bedrock percolation
and about 6.5 m after the two-year recession (Figure 8).
The inﬂuence of the enhanced lateral recharge triggered
by the bedrock percolation lasted three years until the
rainy season of 2007, which suggested a huge groundwater
catchment in the mountainous region. This is common in
a wide variety of topographic and hydrogeologic settings
(Pellicer-Martínez & Martínez-Paz ). The recession of
the lateral recharge lasted three years, dominating the
groundwater hydrologic process as observed during the
periods from October 26th, 2004 to March 4th, 2005 and
from December 22nd, 2005 to November 20th, 2006. The
decline of the water level was calculated based on the observation and the hypothesis that the recession was not
interrupted. The hypothesis is reasonable according to the
result of manual measurements of water level (Figure 4).
The recession gradually decreased over time. The average
was 5.1 mm/d with a maximum of 11.4 mm/d in the beginning stage (Table 6).
Groundwater was pumped almost daily at W8. The
water level recovered very soon after the pumping ended
(Figure 10). Before 2006, the average drawdown was
0.71 ± 0.23 m with a mean pumping time of 5.8 ± 3.8
hours and mean water level recovery duration lasting
7.8 ± 3.9 hours after pumping ended. After that, a more
powerful pump was installed to replace the old one. The
average drawdown was then 0.82 ± 0.33 m during a mean
pumping time of 2.5 ± 1.4 hours and mean recovery dur-

Figure 10

|

Dynamic of water table depth in well W8. Observation occurred each hour.
Groundwater was pumped almost daily. The water level recovered very soon
after the ceasing of pumping events. Peaks formed by water level rebounds
were detected after recovering. Recovered water level generally ﬂuctuated
between the depths of 1.5 to 2.0 m without any trend detected. A high water
level period occurred in December 2005. During the period, the water level
experienced two sudden increases due to human interference. Those data
were ignored.

ation of 6.5 ± 3.6 hours. Under strong pumping, the
recovered water level only wavered slightly during the
four-year observation. The focused recharge from slopes
was usually ephemeral. Only the upgradient lateral recharge
Table 6

|

from the small watershed can support a stable and strong

Rates of water level decline for 2004–2007 in W7

groundwater ﬂow to the valley bottom.
Water level

Time

Average rate
of decline

decline (m)

(day)

(mm/d)

Comments

decreased before 2007. As a result, the water table depths

10/26/04–03/04/05 0.828

129

6.4

Measured

of W1, W2, W3 and W4 showed an increasing trend with gra-

03/04/05–12/22/05 1.849

293

6.3

Inferred

dients of 4.2–8.1 cm/month before August 2008 (Table 7),

12/22/05–11/20/06 1.799

333

5.4

Measured

suggesting a declined lateral recharge. Consequently, the lat-

11/20/06–11/07/07 1.176

352

3.3

Inferred

eral recharge is the dominating groundwater source for the

10/26/04–11/26/04 0.342

30

11.4

Measured
high ﬂow
recession

Chongling Creek watershed, determining the ﬂuctuation of

Periods

10/26/04–11/07/07 5.652

1,107 5.1

During the observation period, annual precipitation

On the whole
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Results of Mann–Kendall test and Sen’s slope estimate of water table depth

November 2005 to July 2008

August 2008 to November 2009

Sen’s

Sen’s

Sites

Mann-Kendall test

(cm/month)

Mann-Kendall test

(cm/month)

W1

Upward trend

6.3

Downward trend

3.9

W2

Upward trend

4.2

No signiﬁcant
trend

–

W3

Upward trend

4.2

No signiﬁcant
trend

–

|
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interﬂow and recharged into the valley. Therefore, the
groundwater level did not respond to the rainfall event
beneath slopes, but peaks of water level occurred in the
valley.
Spatio-temporal variance of groundwater table depth
was distinct between slopes and the valley bottom,
suggesting the different hydrologic processes occurring in
the slopes and the valley bottom respectively. Some hillslope hydrologic studies assume that the bedrock is

W4

Upward trend

8.1

Downward trend

6.9

essentially impermeable and do not allow signiﬁcant bed-

W5

No signiﬁcant
trend

–

Upward trend
detected

3.0

rock percolation. The hypothesis is applicable most of the

W6

No signiﬁcant
trend

–

Upward trend
detected

3.0

time in the semi-arid watershed due to the rare vertical diffuse recharge formed by bedrock percolation. Lateral
recharge is the main support for the bedrock aquifer. However, bedrock percolation can still occur after multiple
closely-spaced rainstorms, even in a semi-arid environment.

Flow paths with various lengths can occur in moun-

In this watershed, both interﬂow and bedrock percolation

tain blocks. In intermediate and regional ﬂow systems,

are important. Valley bottom sediments gain a stable and

groundwater discharges in a drainage basin down gradi-

strong recharge, mainly from interﬂow and upgradient lat-

ent from the basin where it recharged, which is the

eral recharge.

interbasin groundwater ﬂow. Bedrock percolation produces a vertical diffuse recharge into mountain blocks,
and interbasin groundwater ﬂow formed lateral diffuse

A signiﬁcant bedrock percolation would induce a local
rapid ascending of water table and an enhanced lateral
recharge from upgradient watersheds. The interbasin lateral

recharge. The lateral recharge came from the upgradient

recharge imposed a stronger and longer inﬂuence on

groundwater in deep bedrock aquifer, which indicated

groundwater of the watershed than that of the local bedrock

that groundwater ﬂow could overcome local watershed

percolation. The inﬂuence of the enhanced lateral recharge

divides in the Taihang Mountains block. The same evi-

lasted three years, suggesting a huge groundwater catchment

dence was found in the Daisen Mountains block

overcoming local watershed divides in mountain blocks.

(Fujimoto et al. ).

The average of the gradual recession of the water level
was 5.1 mm/d with a maximum of 11.4 mm/d in the beginning stage.

CONCLUSIONS
Hydrologic processes are closely related to dry/wet circumstances in the semi-arid mountain watershed. In this
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