
ISSN 0378-4738 = Water SA Vol. 28 No. 2 April 2002 171Available on website http://www.wrc.org.za

Groundwater-table and recharge changes in the Piedmont
region of Taihang Mountain in Gaocheng City and its relation to

agricultural water use

Yonghui Yang1*, 2, Masataka Watanabe1, Yasuo Sakura3, Tang Changyuan3 and Seiji Hayashi1

1 Division of Soil and Water, National Institute of Environmental Studies, 16-2 Onogawa, Tsukuba, 305-8506, Japan
2 Shijiazhuang Institute of Agricultural Modernization, Chinese Academy of Sciences, Shijiazhuang, 050021, China

3Department of Earth Sciences, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan

Abstract

Rapid groundwater drawdown in Gaocheng City, the alluvial plain of the Taihang Mountain in the North China Plain, has become
the biggest threat to agricultural sustainability. In order to determine the factors resulting in the groundwater decline and to develop
a practical plan for long-term groundwater use, water-table fluctuation data were collected over a period of 25 years. The analysis
showed that although the drawdown of the water-table was mainly due to water used for winter wheat production and other crops,
another reason for groundwater level decline was the tremendous decline of upstream groundwater recharge. It was estimated that,
compared to the 1970s, decrease in upstream groundwater recharge in the 1990s resulted in about 1.2 m/a of groundwater level
decline. Thus, decline of upstream groundwater recharge rather than agricultural water use was the main reason for the recent
groundwater drawdown. On the other hand, gradually improved agricultural practices have saved a great deal of water since the
1970s. The analysis also revealed that, although the groundwater level declined during the wheat-growing season, corn-growing
season and over the whole year strongly correlated with the amount of precipitation in that period, aside from one year of extremely
high precipitation, precipitation did not recharge groundwater directly but affected groundwater levels through a decrease in
irrigation water use. Finally, in order to maintain the groundwater balance, agricultural practices have to save about 180 mm/a of
irrigation water from their present level.

Introduction

The North China Plain (NCP) is one of the most important
agricultural regions in China. Each year, it produces more than 20%
of China’s grain (China’s Agricultural Statistics Edition Committee,
1999; Huang, 1989). Water shortage is a serious problem, threatening
the long-term agricultural and industrial development and even the
long-term food supply of the whole of China (Liu and He, 1996,
Lester and Halweil, 1998). In Haihe Plain, the northern part of the
NCP, where some big cities such as Beijing, Tianjin, and
Shijiazhuang are located, water/cap·a is only about 359 m3

(calculated from the data of Liu and He, 1996), which is far lower
than 1 000 m3/cap·a, a benchmark of water scarcity recognised by
world organisations and also in China (e.g. IPCC, 1996; National
Sustainable Development Research Group of the Chinese Academy
of Sciences, 2000). Rapid groundwater-table decline caused by
overpumping of groundwater for irrigation is taking place in
more than 40 000 km2 (Chen, 1999; Hebei Department of Water
Conservancy, 1998; National Bureau of Environmental Protection,
2000), which is estimated to be the largest groundwater drawdown
area in the world (Chen et al., 2000). In addition, in the face of rapid
population and economic growth (National State Department,
1996; National Planning Committee, 1998) to 2050, a dramatic rise
in water use is expected (Liu, 2000).

The studied region, Gaocheng County (114o38'45" -
114o58’47"E and 37o51’00" - 38o18'44"N), falls inside this area
(Fig. 1) and is located in the piedmont plain of the Taihang
Mountain, which serves as the source of groundwater recharge.
During the past 50 years, several different scale groundwater
surveys have been carried out. Although most of these surveys
were not sufficiently accurate, new water use plans were drawn up.
In the 1960s and 1970s, most of these surveys led to optimistic
plans to encourage further development of irrigation systems. After
1972, irrigation systems in the NCP were developed very quickly
(Liu and Wei, 1989). By the early 1980s, small-sized cones of
depression had started to form in 5% of the area while in vast areas
of the central and eastern plains, groundwater depth was considered
to be about equilibratory (Zhu, 1983). By the end of the 1980s, the
continuous decline of the water-table, caused by the overpumping
of groundwater for agriculture production, clearly suggested that
agricultural practices were using too much water. Thus, agricultural
water-saving technologies were gradually developed (Wang et al.,
1993). However, not only did the trend in the water-table decline
not change, but also the situation worsened. Sustainable development
of agriculture in this region is facing huge challenges (Hebei
Department of Water Conservancy, 1999).

Therefore, the objective of this study was to clarify the factors
influencing fluctuation in the water-table in order to set up a more
practical plan to maintain the balance of groundwater and to
achieve sustainable development of agriculture in this region.
Moreover, since most agricultural scientists prefer to use mm as the
unit of irrigation in the agricultural field, rather than m3/a.km2 for
the whole region, a water-saving target in mm from the present
water-use level is preferred.
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Description of the hydrogeology

The study area, Gaocheng County, covers an area of about 830 km2.
Geologically, it belongs to the piedmont alluvial plain of the
Taihang Mountain. The studied aquifer is the unconfined aquifer
within 50 m of the surface, which was originally formed during the
Quaternary period (Liu and Wei, 1989). The constituents of the
studied aquifer are large grain and sand, and the aquifer is basically
homogeneous (Zhang et al, 2000). In this county, all irrigation
water is pumped from the studied shallow groundwater whereas
water for industrial and domestic use comes mainly from other
deep aquifers. The simplicity of the studied aquifer and its direct
relation to agricultural water use establish a good background for
the groundwater study.

Groundwater recharge in the region is made up of direct
upstream groundwater recharge and recharge from surface water
such as precipitation, irrigation, and water flow in rivers and canals.
Since 1980, because of the cutoff of river water flow by big
reservoirs for industrial and domestic water supply for the large
upstream city of Shijiazhuang, only in the flooding season of 1988
and 1996, river water flow was observed. During the dry season,
although there was some artificial water transfer through Shijin
Canal, because the groundwater problem in the studied region was
not as serious as that downstream, the irrigation water supply to this
county from the canal was cancelled at the beginning of the 1980s.
It was estimated that the recharge of groundwater from Hutuo River
and Shijin Canal was less than 1% of the total groundwater recharge
of Gaocheng City (Gaocheng Water Conservancy Bureau, 1992).
Therefore, the groundwater recharge in Gaocheng City could be
treated as comprised of the lateral recharge from upstream and the
vertical recharge from precipitation and irrigation.

Because groundwater buried depth was at all times more than
7 m and root depth of the major crops was generally distributed in
soil layers of less than 2 m (Zhang et al., 2000), it was clear that
crops could not absorb water from groundwater directly. Any kind
of water absorbed could only be supplied through pumping.

Since 1974, water-table fluctuation has been observed in 22
wells at 5 d intervals. Average groundwater depths of 22 observation
wells are presented in this study.

Results

General trend of groundwater decline

In order to determine the general trend in water levels, changes in
the water-table over a 25-year period and the annual dynamics of
groundwater buried depth throughout the study period are plotted
in Fig. 2 and Fig. 3 respectively. Monthly changes in the ground-
water level on a 25-year average are presented in Fig. 4.

Figure 3 shows the changes in groundwater buried depth and
the dynamics of annual precipitation since 1974. In the 1970s,
groundwater was basically balanced. Since 1978, however, the
water-table has been decreasing continually, with the exception of
two heavy precipitation years, 1988 and 1996, the latter of which
was a one-in-30-year storm. For the whole period, the groundwater
level declined 14.5 m, which was about 0.68 m/a on average. When
1996 was not taken into account, the water-table declined on
average by 0.85 m/a.

Monthly changes in the water-table on a 25-year average are
plotted in Fig. 4. These results suggested that groundwater draw-
down takes place mainly from March to June. Then, as the rainy
season starts in July, groundwater levels start to rise. In this region,
crop rotation is practiced, and two crops such as winter wheat and
corn are planted each year. The growing period of wheat is from
October to the beginning of June, and that of corn is from the middle
of June to the end of September. Figure 4 clearly illustrates that
groundwater drawdown is caused mainly by winter wheat
production. The simplest way to decrease the decline of the
groundwater-table would be to reduce the area planted with winter
wheat or plant other crops such as cotton. Given that more than 70%
of the local farmers’ food supply is currently from wheat, purchasing
food from outside is still not practical, and a simple change in
agricultural crop rotation would be difficult.

Figure 1
Location of Gaocheng City in

North China
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Figure 2 (left, top)
Comparison of water-tables at the beginning of 1974 and at the

end of 1998 in Gaocheng City (19 wells were plotted; 3 wells
were not observed at the beginning)

Figure 3 (left, middle)
Groundwater drawdown and precipitation changes in Gaocheng

County from 1974 to 1998

Figure 4 (left, bottom)
Average monthly groundwater level changes in the 1974 to 1998
period (* Negative data suggest a decline in the water-table, the

same as in other figures)
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Groundwater level changes in different seasons and
their relation to precipitation

Since water-table changes for different crop-growing seasons
differ, groundwater-table changes in different seasons were analysed
separately in order to establish the main factors influencing the
utilisation of groundwater.

Influence of precipitation on water-table changes in
wheat-growing season

The beginning of March to the beginning of June marks the major
growing season of winter wheat after its long winter dormancy. It
is also the major groundwater drawdown season.

Figure 5 shows changes in the water-table and precipitation
during the wheat-growing season, from March to May, since 1974.
One very obvious trend indicated in Fig. 5 is the gradual slowdown
of groundwater-table decline during the specified season. In the
1970s, groundwater showed a general decline of more than 1.5 m,
in contrast to its general decline of less than 1.0 m in the 1990s.
Meanwhile, the relationship between water-table changes and
precipitation was also found to be significant. Based on statistical
analysis, the following equation was established:

G
l
 = 7.54206 - 0.06945 A

 
- 0.00365 P    r = 0.94 (1)

where:
G

l
 is the change in groundwater level in meters (a negative

value indicates a groundwater level rise)
P is the precipitation during the period in mm
A is the last two digits of the year, between and including 74
and 98.

Because the study aquifer is homogeneous and no substantial
change in specific yield (µ variations from 0.08 to 0.21 spatially but
relatively slighter changes in depth) is taking place, changes in
groundwater level basically reveal changes in groundwater
utilisation by agricultural irrigation. Thus, it can be concluded that
improvement in agricultural practices has already resulted in more
efficient agricultural water use. The decline in the groundwater
level has improved by 0.07 m each year, though this trend is still not
sustainable over the long term. The equation also indicates that
precipitation plays a very important role in easing the decline of
groundwater. When precipitation increases by 100 mm, groundwater
drawdown decreases by 0.365 m. It is believed that the effect of
precipitation on groundwater level is achieved through its influence
on irrigation water use rather than its direct contribution to
groundwater recharge, since the amount of rainfall in every event
is generally less than 20 mm.
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Influence of precipitation on water-table
changes in the corn-growing season

From the middle of June to the end of September is the
growing season for corn. Since this is during the rainy
season, corn production on average does not cause much
groundwater drawdown. Figure 6 shows the changes in
water-table levels in correspondence with annual
precipitation changes since 1974 during the corn-growing
season. According to the statistics, precipitation during
this period (June to September) was 353 mm on a 25-year
average, which accounted for 76% of the annual total
precipitation. The water-table still declined by 0.15 m/a on
average for this season. As indicated in Fig. 4, the only
month of the groundwater decline is June, when the corn
is in the seedling stage. In fact, it is very surprising that the
groundwater decline in June accounted for nearly 40% of
the total annual groundwater decline on a 25-year average.
In June, when the corn is still in the seedling stage, a large
proportion of evapotranspiration is wasted in soil
evaporation, therefore, the application of water-saving
techniques would have some fundamental effect on
groundwater drawdown.

The relationship between the water-table change and
the periodic precipitation is described as follows:

    G
l
 = 1.73352 - 0.00436 P r = 0.88    (2)

This relationship suggests that when precipitation during
this period decreases by 100 mm, water-table drawdown
increases by 0.436 m.

Unlike the water-table changes during the growing
season of winter wheat, which is using increasingly less
groundwater, the water-table changes during the corn-
growing season correlated only with precipitation.

Groundwater level changes and precipitation in
yearly steps

Precipitation can have an effect on groundwater level
changes from two aspects: by decreasing the amount of
irrigation water and by recharging groundwater directly.
The basic trends of annual water-table changes and annual
total precipitation changes are presented in Fig. 7. The
similarity between the two curves suggests the important
effect of annual precipitation on groundwater level change.
Statistics also strongly suggest a significant correlation

between annual precipitation and groundwater level change.

G
l
 = 3.214 - 0.00558 P            r = 0.84    (3)

Eq. (3) indicates that when annual precipitation decreases
by 100 mm, the groundwater level drops by 0.558 m.

Groundwater recharge

Groundwater recharge in dry and low irrigation
season

Figure 4 shows that the water-table starts to rise after
August. In particular, during November to February, low
agricultural water use and very low precipitation (only
24 mm in four months on average) creates a relatively
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Figure 6
Groundwater level and precipitation changes in the corn-growing

season (June- September)

Figure 5
Groundwater level and precipitation changes in the March to May

period of the wheat-growing season
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simple situation for the study of groundwater recharge. Since the
effect of water pumping and precipitation recharge on groundwater
level changes has become very low, groundwater level changes, to
a great extent, reflect changes in groundwater recharge. Figure 8
shows the changes in the water-table from November to February
since 1974. As indicated, a dramatic change in groundwater level
recovery has occurred since 1984. Before 1984, in this period of 4
months, the water-table usually rose by more than 0.8 m, in contrast
to a rise of less than 0.4 m in most years after 1985. Thus, it is
possible that the recharge rate of groundwater change dropped
dramatically between the 1970s and 1990s.

Usually, from August, with the coming of the rainy season, the
groundwater level starts to recover. Figure 9 shows the relation
between rises of groundwater level and annual precipitation from
August to February. As indicated, directly or indirectly, rises in
groundwater level during this period were strongly influenced by
annual precipitation. By statistical analysis, the following two
equations were developed:

G
l

= 6.2658 – 0.0431 * P + 0.000087 * P2

– 0.00000006 * P3

r = 0.82    (4)

G
l

=  -5.218 + 0.0586 * A – 4.72E-09 * P3

r = 0.87    (5)

Eq. (4) simply expresses the relationship between
precipitation and groundwater level changes. Based
on Eq. (4), Fig. 10 is plotted to demonstrate the trend
of groundwater level recovery in relation to
precipitation change. It is illustrated that when annual
precipitation is less than 250 mm, even in the
recognised groundwater recovery period, ground-
water level continues to decrease; namely, water-
pumping is higher than groundwater recharge. When
precipitation reaches the average annual precipitation,
which was about 474 mm over 25 years, the
groundwater level rises about 1 m on average. Then,
as precipitation rises higher than average annual
precipitation, groundwater levels rise more and more
quickly.

Aside from the important influence of preci-
pitation on groundwater, Eq. (5) suggests that the groundwater
level increases over the August to February period are decreasing
year by year at a rate of 0.059 m/a. Considering this change, the
annual drawdown of groundwater, which was less than 1 m on
average in the 1990s, was greatly influenced by the decline of
groundwater recharge. This remains the major cause of groundwater
drawdown whereas water for agricultural use is being used far more
effectively.

Comparison of the winter season groundwater
recharge between a low precipitation year and a rich
precipitation year in the 1970s and 1990s

As indicated in Eq. (4), when annual precipitation is less than
250 mm, due to groundwater use by irrigation, groundwater level
declined continuously even throughout the recognised groundwater
recovery period. On the other hand, when precipitation is higher
than 500 mm, groundwater has a good opportunity to recover. It is
believed that groundwater recovery is influenced by upstream
groundwater recharge and recharge from local precipitation. Thus,
a comparison of groundwater recharge between a rich-precipitation
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The groundwater level rises during August to the end of the next
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Figure 8
Water-table recovery in the November to February period
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year and a low-precipitation year could be helpful for
identifying the changes in upstream groundwater recharge
and those in groundwater recharge from local precipitation.

For this purpose, 1975, with annual precipitation of
257 mm, and 1994, with annual precipitation of 266 mm,
both precipitation rates occurring once-in-more-than-10-
years in accordance with 90 meteorological records in
Gaocheng City, were selected to represent low-precipitation
years in the 1970s and 1990s, respectively (Fig. 11). In
contrast, 1976, with annual precipitation of 702 mm, and
1995, with annual precipitation of 686 mm, both preci-
pitation rates occurring once-in-10-years and following
the selected low-precipitation years, were selected to
represent high-precipitation years in the 1970s and 1990s,
respectively (Fig. 12). In addition, precipitation in 1974,
the year preceding 1975, and that in 1993, the year preceding
1994, were 533 mm and 491 mm, respectively, which rates
were similar, and, therefore, make the comparison of
groundwater recharge in the 1970s and 1990s more
acceptable.

According to these two figures, in both the rich-
precipitation year and the low-precipitation year, because
of the very low agricultural water use over the 4 months of
the winter season, groundwater levels to some extent rose.
Therefore, it was ascertained that groundwater recharge
was still taking place in the 1990s.

However, groundwater recharge rate between the 1970s
and 1990s was very different. In 1976, the rich precipitation
year of the 1970s, the groundwater level rose by 0.73 m, in
contrast to a rise of only 0.34 m in 1995, the rich precipitation
year in the 1990s. The difference in groundwater level
rises between these two years was 0.39 m. Similarly, in
1975, the low-precipitation year of the 1970s, the ground-
water level rose 0.76 m, in contrast to 0.32 m in 1994, the
low-precipitation year of the 1990s. The difference was
0.44 m, which is very similar to 0.39 m, the difference in
groundwater recharge between the 1970s and the 1990s in
rich-precipitation years. Therefore, it is reasonable to
conclude that groundwater recharge in the winter season
between the 1970s and 1990s was very different.

On the other hand, in both the 1970s and the 1990s,
tremendous changes in annual precipitation did not result
in substantial changes in groundwater recovery. Ground-
water recovery between 1975 and 1976 in the 1970s, and
between 1994 and 1995 in the 1990s was very similar.
Therefore, it is clear that precipitation had very little direct
effect on groundwater in the winter season most years.
Groundwater recharge analysis in the winter season, the
results of which are shown in Fig. 5, perfectly reflect the
tremendous decline of upstream groundwater recharge in
the 1990s.

Comparison of groundwater recharge in a high
precipitation year and a very high-precipitation
year

In order to determine how strongly local precipitation can
recharge to groundwater, groundwater level changes in
1996, a flooding year, taking place once-in-30-years, was
selected and compared with groundwater level changes
in 1995, the aforementioned high-precipitation year
(Fig. 13).

As shown in Fig. 13, precipitation in 1996 was 834
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Figure 13
Comparison of groundwater level changes between 1995, a relative high

precipitation year, and 1996, the highest precipitation year in 25 years

Figure 11
Comparison of groundwater level rises in the groundwater recovery
season in 1975 and 1994, two relatively low precipitation years in

the 1970s and 1990s, respectively

Figure 12
Comparison of groundwater level rises in the groundwater

recovery season in 1976 and 1995, two relatively high precipitation
years in the 1970s and 1990s, respectively
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mm, and that in 1995 was only 686 mm. Starting from the rainy
season, although both curves showed that the groundwater level
was rising, the shapes of two curves were very different. As
discussed above, groundwater recharge in 1995 seemed to be
influenced mainly by upstream recharge in the 4 winter months.
But the uniformly rising water-table of 1995 suggests that even in
the rainy season, direct recharge of precipitation to groundwater is
very low or nearly null. In contrast, in 1996, after a heavy rain event
on August 4, sharply rising groundwater level clearly indicated the
direct influence of precipitation on groundwater.

From all of the above analyses, it can be concluded that, at
present, recharge of groundwater in Gaocheng City mainly results
from upstream groundwater, and from precipitation-induced
groundwater recharge in very high precipitation years. In most
years, precipitation influenced groundwater indirectly through its
direct effect on irrigation water use.

Discussion and conclusion

Given that agricultural water use accounts for more than 80% of
total water use in the whole piedmont region, it appears evident that
groundwater depletion is mainly caused by agricultural water use
(Hebei Department Of Water Conservancy, 1998, Gaocheng Water
Conservancy Bureau, 1992). Similarly, in this study, seasonal
changes in the groundwater levels suggest that production of winter
wheat exerts a great negative influence on the groundwater system.
According to the observations of Liu et al. (1998), Liu and Wang
(1999), and Xie (2001), during the growing season, winter wheat’s
total evapotranspiration is about 461 mm, and precipitation over
the whole growing season is usually less than 150 mm. Thus, winter
wheat’s production is largely dependent on the irrigation water
supply. In Fig. 4, it is shown that winter wheat is the most water-
consuming crop.

On the other hand, as discussed above, decrease in groundwater
recharge is also a major factor in groundwater drawdown. From
1990 to 1998, the average groundwater decline was about 1.1 m/a
(not including 1996, when the groundwater level rose by 2.84 m, or
the average would be 0.57 m/a). However, the difference in lateral
or upstream groundwater recharge between the 1970s and 1990s
during the 4 winter months varied between 0.39 m and 0.44 m,
which is about 1.2 m/a. Thus, it is reasonable to say that with a
groundwater recharge rate at the level it was in the 1970s,
groundwater decline should not have been a problem in 1990s. It is
believed that the application of agricultural water-saving techniques
has already resulted in large amounts of water savings in irrigation
and agricultural production. The decrease in upstream groundwater
recharge, which can be caused by over-exploitation of upstream
groundwater, the impoundment of river water for domestic and
industrial water use in Shijiazhuang City, the decrease in a
groundwater recharge sectional area resulting from groundwater
decline itself, and so on, is a very important factor affecting the
present water-table decline.

Analysis also indicated the important and positive influence of
precipitation on groundwater. When annual total precipitation
decreases by 100 mm, the groundwater level declines by 0.56 m/a.
Similarly, when precipitation in the wheat-growing season and
corn-growing season decreases by 100 mm, the groundwater level
declines 0.37 m and 0.44 m, respectively. Since direct recharge of
precipitation during normal precipitation years is very low or does
not occur, precipitation is either evaporated by crops or stored in
soil layers. In general, in the wheat-growing season, precipitation-
use efficiency (PUE) was the lowest. This is possibly due to a large
proportion of rainfall interception when rainfall in each event is

very low. In the rainy season, heavy rainfall can improve the PUE,
and a high amount of rainfall in a short period could make it
possible for the soil to store some water for the coming period of
wheat production. Thus, the influence of precipitation in the rainy
season on groundwater is less than the influence of annual preci-
pitation on annual groundwater changes. Therefore, the response
of groundwater level to rainfall in a whole year may better reflect
the relationship between irrigation water use and groundwater
level change; namely, when 100 mm of irrigation water is saved,
groundwater drawdown drops by about 0.56 m. This has been
proved to be exactly correct when the specific water yield (µ) is
0.12 (Gaocheng County Water Conservancy Bureau, 1992), and
when considering that the irrigated agricultural field accounts for
only 2/3 of the whole Gaocheng City area (the area of groundwater
layer). Thus, to achieve sustainable use of groundwater - that is, to
decrease the groundwater level decline from 1.1 m/a in the 1990s
(not including 1996) to zero in order to maintain the groundwater
balance, about 180 mm of irrigation water has to be saved.
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