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Abstract

A good understanding of water table fluctuation effects on vegetation is crucial for sus-
taining fragile hydrology and ecology of semiarid areas such as the Horgin Sandy Land
(HSL) in northern China, but such understanding is not well documented in literature.
The objectives of this study were to examine spatio-temporal variations of water table
and their effects on vegetation in a semiarid environment. A 9.71 km? area within the
HSL was chosen and well-instrumented to continuously measure hydrometeorologic
parameters (e.g., water table). The area comprises of meadow lands and sandy dunes
as well as transitional zones in between. In addition to those measured data, this study
also used Landsat TM and MODIS imageries and meteorological data at a station near
the study area. The spatio-temporal variations were examined using visual plots and
contour maps, while the effects on vegetation were determined by overlaying a water
table depth map with a vegetation index map derived from the MODIS imageries. The
results indicated that water table was mainly dependent on local topography, localized
geological settings, and human activities (e.g., reclamation). At annual and monthly
scales, water table was mainly a function of precipitation and potential evapotranspi-
ration. A region within the study area where depth to water table was smaller tended
to have better (i.e., more dense and productive) vegetation cover. Further, the results
revealed that water table fluctuation was more sensitive for vegetations in the meadow
lands than in the transitional zones, but it was least sensitive for vegetations in the
sandy dunes.

1 Introduction

Groundwater is vital for sustaining fragial hydrology and ecology of semiarid areas (Cui
and Shao, 2005), such as the Horgin Sandy Land located in northern China (Fig. 1).
The typical characteristics of these areas are that precipitation is much less than po-
tential evapotranspiration (PET), resulting in very low topsoil moisture (<10%; Hao
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et al., 2010) and negligible surface water, and that vegetation primarily depends on
groundwater for survival and development (Gries et al., 2003; Hipondoka et al., 2003;
Lamontagne et al., 2005). Thus, for a given area, space-time fluctuations of groundwa-
ter control the vegetation species, structure, and diversity (Mahoney and Rood, 1992;
Robbins and Bell, 2000; Munoz-Reinoso, 2001; Riis and Hawes, 2002). Vegetation
growth can be stressed when water table arises above a upper, or drops below a
lower, threshold level. Using the data on water table and vegetation collected along 14
transects that were established on one side of the Tarim River in northwest China, Hao
et al. (2010) found that depth to water table should be maintained at 2 to 4m in the
vicinity of the water way and at 4 to 6 m for the rest of this arid area.

Based on a field study conducted in a San Pedro River riparian zone watershed
located in the state of Arizona of the United States, Stromberg et al. (1996) found
that wetland vegetation community was noticeably changed when depth to water table
was elevated to 0 to 4 m and that obligate wetland herbs started to drastically decline
when water table reached 0.25m below ground surface. In the same riparian zone,
Horton (2001) showed that depth to water table of between 2 and 4 m was suitable
for vegetation growth as well as good for prevention of land desertification and soil
salinization. This is consistent with Cui and Shao (2005) and Hao et al. (2010). In
a California semiarid oak savanna, Miller et al. (2010) found that during dry season,
groundwater uptake rates varied from 4 to 25 mm per month, which accounted for 80%
of the total ET of a whole growing season, revealing the importance of groundwater in
semiarid environment.

However, these studies focused on riparian zones and few studies addressed water
table spatio-temporal variations as influenced by vegetation species (e.g., tall versus
short grasses), topography, and environment factors (e.g., PET). Information is scarce
in literature on how groundwater fluctuation affects vegetation development in long term
and at large spatial scale. Understanding such effects is crucial for sustaining fragile
environment of semiarid areas. The objectives of this study were to examine: (1) spatio-
temporal variations of water table in a semiarid environment; and (2) how water table
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fluctuation affects vegetation development. The study was conducted in a selected
area within the Horgin Sandy Land because this area is typical in terms of hydrology,
topography, soil, and land cover.

2 Materials and methods
2.1 Study area

A 9.71km? area (122°36.15" to 122°38.23'E, 43°19.25' to 43°21.10' N) within the
51700 km? Horgin Sandy Land (118°35' to 123°30' E, 42°41' to 45°15' N) (Fig. 1) was
selected for this study because this area is a typical semiarid agro-pastoral transitional
zone with diverse landscape features of sandy dune (54.5%), meadow (26.6%), agri-
culture (10.4%), lake (5.2%), and residential area (3.3%). Based on Ma (2007), this
area has a temperate and semiarid continental monsoonal climate, with an average an-
nual precipitation of 389 mm, of which 69.3% falls during the growing season (i.e., from
June to August), and an average annual PET of about 1412 mm. The average annual
temperature is around 6.6 °C, with a minimum monthly mean temperature of —-13.3°C
in January and a maximum temperature of 23.8°C in July. The average annual wind
speed is 3.8ms™', with a minimum monthly mean wind speed of 3.0ms™ " in August
and a maximum of 5.0ms™" in April. The prevalent wind direction in winter and spring
is northwest, whereas in summer and autumn it is southwest. The aquifer underneath
the study area is composed of Quaternary loose sediments of a thickness ranging from
100 to 200 m. The sediments are mainly fine sand (particle size from 0.074 to 0.42 mm)
in the upper layer of the aquifer, medium (particle size from 0.42 to 2.0 mm) to fine sand
in the mid layer, and coarse sand (particle size from 2.0 to 4.75 mm) to gravel (particle
size from 4.75 to 76 mm) in the lower layer. Groundwater is mainly from precipitation
and can either be lost to phreatic evaporation or discharged into the lake in the study
area (Fig. 1).
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The combination of dry-windy climate and vulnerable sandy soils favors wind erosion,
likely resulting in quick spread of desertification in this region (Wang, 2002) and large-
scale dust storms (Wang et al., 2006; Bagan et al., 2010). The study area, which
has a topographic elevation varying from 186 to 232 m above mean sea level and is
mingled with rolling sandy dunes and desert as well as flat interdune (i.e., meadow)
lowlands, agricultural land, and lakes, has an average dust storm outbreak frequency
of 1.92days per year. The sandy dunes are either bare or covered by sparse native
plants, namely Artimisia halodendron, Caragana microphylla, Salix gordejevii, and/or
Populus, whereas the lowlands are mainly covered with Leymus chinensis, Phragmites
australis, and/or Ixeris chinensis.

The Horgin Sandy Land, located between the Inner Mongolian Plateau and the
Northeast China Plain (Fig. 1), is one of the four main sandy lands in northern China
(Wu and Ci, 2001) and an important part of the Inner Mongolia’s grassland resources
(Liu et al., 1996). However, the Horgin Sandy Land has undergone severe desertifi-
cation in recent decades (He et al., 2008; Wang, et al., 2008) the desertified land has
reached 57.8% of the Land’s total area (Zhao et al., 2004), primarily because inap-
propriate reclamation for agriculture (e.g., chisel plough tillage in fall) and overgrazing
(Zuo, et al., 2008) adversely altered the natural hydrologic conditions. As a result,
most of the sandy grasslands have evolved into mobile, semi-mobile and/or semi-fixed
dunes with severe, moderate or light desertification (Zhu and Chen, 1994; Guan et al.,
2000). The increased frequency and intensity of dust storms (i.e., sandstorms) result-
ing from the desertification have resulted in serious environmental concerns not only
for the adjacent rural areas but also for the major metropolis in China, including the
country’s capital city of Beijing, as well as in neighboring countries such as Japan and
Korea (Takemi, et al., 2005). Similar concerns also exist in other regions in the world
(Rooyen, 1998; Dey et al., 2004; Portnov and Safrielb, 2004). Thus, this study area
can somewhat represent these systems, where groundwater is crucial for sustaining
their fragile environments.
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2.2 Instrumentation and data collection

The study area was instrumented in 2003 to continuously collect data on water ta-
ble at 16 sites (Table 1) and hydrometeorology at site A3 and C3. Water table
was measured using PC-2X transducer manufactured by the Yangguang Co. Ltd.
(http://jz322.shuoyi.com). For each observational well, a perforated iron pipe with an
inner diameter of 5 cm was installed to prevent collapse of the well bore hole and to al-
low placement of the transducer. The wells have a depth of 5 to 15 m and a wellhead at
0.2 to 1.5m above ground surface, depending on land cover and geographic location.
The hydrometeorologic parameters, including rainfall, snowfall, sunshine duration, air
temperature, relative humidity, wind speed, and barometric pressure, using either an
unrecorded (i.e., manual) gauge or a sensor (Tables 2 and 3). These sites, maintained
by the Agula Ecohydrological Experiment Station of the Inner Mongolia Agricultural
University, were selected to monitor all combinations of the soils and land covers within
the study area, and are named using combinations of the six letters from A to F with
three numbers of 1, 2, and 3 and further grouped as KTS, GKTS, and GTS (Fig. 1 and
Table 1) for description purposes. The sites are fenced by wire netting to prevent any
unexpected interference from livestock and are accessible through narrow observation
brick roads to minimize disturbance to the natural conditions.

Water table was measured every 5days starting from 1 April 2003. Rainfall and
snowfall were manually observed at KTS sites starting from 1 June 2006 by using
Siphon rain gauge (Vasvari, 2005) and weighing method (Liu et al., 2002), respec-
tively, on a daily basis. Sunshine duration was observed at KTS sites starting from
1 June 2007, on a daily basis, by using sunshine duration instrument (Michalsky, 1992).
In June 2007, the KTS sites (i.e., site A3 and C3 in Table 1) were further equipped with
automated sensors (Table 3) for rainfall, air temperature, relative humidity, wind speed,
and barometric pressure. The acquisition time interval for these sensors was set to
30 min. Data collected during periods when an instrument malfunctioned or was inter-
fered by livestock were flagged as missing. The other data were checked in accordance
with reasonable ranges of the parameters.
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2.3 Other data

A contour map for the study area, which has an elevation interval of 2m and is stored
in a dwg format of AutoCAD® 2002, was obtained from the Tongliao Survey and Design
Institute of Water Conservancy and Hydropower (http://txl.dlztb.com/shejiyuan/201007/
13/442.html). This map was used to delineate the topographic variations and depths
to water table in ArcGIS® 9.2. In addition, the available Landsat 4-5 Thematic Mapper
(TM) images for the study area from April 2003 to December 2009 were downloaded
from the United States Geological Survey (USGS) Earth Resource Observation and
Science (EROS) website at http://glovis.usgs.gov/ImgViewer. These images were in-
terpreted to visually delineate boundaries of the three land covers (i.e., sandy dunes,
transitional zones, and meadow lands) as well as long-term average seasonal sizes of
the lake.

The Tongliao station (122°16' E, 43°36' N), maintained by the Tongliao Aviation
Agency and the Tongliao Survey and Design Institute of Water Conservancy and Hy-
dropower, is located at 43km northwest of the study area (Fig. 1). The station has
a ground elevation of 181 m, which is about 10 m lower than the average elevation
of the study area. This station was instrumented to collect hydrometeorologic data
since 1951. The measured daily values at this station for precipitation, air tempera-
ture, relative humidity, wind speed, barometric pressure, and sunshine duration were
downloaded from the Chinese Meteorological Data Sharing Service System website
http://cdc.cma.gov.cn, and used in this study to extend the measured time series of the
study area.

Further, Moderate Resolution Imaging Spectroradiometer (MODIS) images of the
study area for a period of April 2003 to December 2009 were downloaded from the Na-
tional Aeronautics and Space Administration (NASA) Earth Observing System (EOS)
website ftp://e4ftl01.cr.usgs.gov/MOLT/MOD13Q1.005. The images provide values of
Normalized Difference Vegetation Index (NDVI) on a 16 day basis. In this study, NDVI
was used to examine vegetation dynamics as influenced by water table fluctuation as
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well as precipitation and evapotranspiration variations. NDVI compositely reflects leaf
area index, biome, productivity, and percent vegetation cover (Huang et al., 2008).
NDVI varies between -1 and 1, with a greater value indicating better vegetation
cover/growth. A negative NDVI value indicates no vegetation cover, while sparsely-
vegetated grounds have a NDVI value of 0 to 0.1 (Stow et al., 2003).

2.4 Data preprocessing

The number of years for which the parameters were measured varies from site to site
(Table 2) and the measurement frequency at a given site is not consistent for all pa-
rameters. Thus, the raw data were first collapsed into a more manageable form. For
water table and for each observational well, daily values within a given month of a wa-
ter year (December to November) were used to compute a median. This computed
median was assumed as the mean monthly water table for that month of that year.
Further, the monthly values for a given season (i.e., spring, summer, fall, or winter)
of that same year were arithmetically averaged to compute the mean seasonal water
table. The seasonal values of that same year in turn were arithmetically averaged to
compute the mean annual water table. The mean annual values were arithmetically av-
eraged across the six measurement years (i.e., 2004 to 2009) to compute the annual
mean annual water table for that well. For a given season, its annual mean seasonal
water table for that well was computed as the arithmetic average of the corresponding
seasonal values across the six measurement years.

For a given land cover (i.e., sandy dunes, transitional zones, and meadow lands),
the mean annual water table for a given water year was computed as the arithmetic
average of the monthly water tables for the observational wells within the area of this
land cover. The annual mean monthly water table for a given month was computed as
the arithmetic average of the monthly water tables for the observational wells within the
area of this land cover and at this month across the six measurement years.

For a given day, the observed snowfall depth was multiplied by a prevalent conver-
sion factor of 0.1 (Chang et al., 1982) to convert the snowfall into its equivalent water
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depth. The equivalent water depth was added to the observed rainfall on the same
day to determine the daily precipitation. For air temperature, relative humidity, wind
speed, or barometric pressure, its daily value for a given day was computed as the
arithmetic average of the observed values in that day. For sunshine duration, its daily
value for a given day was determined as the summation of the observed values in that
day. For each of these meteorological parameters, its areal value for a given day was
computed as the arithmetic average of the daily values at site A3 and C3. In order
to make these meteorological parameters have a time-series length coincident with
that of water table, the computed areal daily values for a parameter were regressed in
Microsoft Excel® with respect to the corresponding measured daily values of that pa-
rameter at the Tongliao station (Fig. 2). As indicated by the large values of coefficient
of determination (R2 > 0.7), the metrological parameters in the study area and those
at the Tongliao station are well correlated. Subsequently, the regression equation for a
meteorological parameter was used to estimate the areal daily values of that parameter
for a period from April 2003 to the starting measurement date (Table 2), during which
daily values at the Tongliao station are available. As a result, a time-series dataset from
1 April 2003 to 31 December 2009 was created for these five meteorological parame-
ters. Further, this dataset was used to compute site daily potential evaportranspiration
(PET) using the FAO56 Penman-Monteith method (Monteith, 1965; Adeboye et al.,
2009).

The computed daily precipitations for a given month were accumulated to determine
the monthly precipitation of that month, and the monthly precipitations for a given sea-
son were accumulated to determine the seasonal precipitation. The seasonal values
in turn were accumulated to compute the annual precipitation for each water year. This
same procedure was used to determine monthly, seasonal, and annual PETs. In ad-
dition, the 16-day values of NDVI were extracted from the MODIS images for each
of the six years (i.e., 2004 to 2009) and used to determine a maximum NDVI of that
year. Previous studies (e.g., Cuomo et al., 2001; Hope et al., 2003; Stow et al., 2004)
revealed that maximum NDVI can be a reliable indicator of vegetation cover and its
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growth condition, and that a year with a larger value for maximum NDVI tends to have
an overall better vegetation growth situation (i.e., a more dense vegetation cover) and
vice versa. Further, the vector topographic map was rasterized using Raster Interpola-
tion Tools of ArcGIS® 9.2 to generate a 10-m digital elevation model (DEM).

2.5 Analysis method

The values for annual mean annual water table at the 16 observational wells were
used in Surfer® 8.0 to generate a contour map. This map was visually compared with
the topographic map and the Landsat 4-5TM image to examine the spatial patterns
of water table as influenced by topography and land cover. Similarly, for each season,
the values for annual mean seasonal water table at the 16 observational wells were
used to generate a contour map of that season. The four seasonal contour maps were
compared with each other as well as with the annual contour map to examine any
discrepancies. In addition, visual plots were generated to examine the temporal trends
of water table at annual and monthly time scales for each of the three land covers
and site by site. Further, the temporal trends for a given time scale were examined to
identify any causal relations with those of precipitation and PET at the same time scale.

The contour map of annual mean annual water table was rasterized using Raster
Interpolation Tools of ArcGIS® 9.2 with a spatial resolution of 10 m. This rasterized
water table contour map was subtracted from the 10-m DEM to generate a grid map
of annual mean annual depth to water table. This grid map in turn was converted in
ArcGIS® 9.2 into a contour map of depth to water table. Subsequently, this contour
map was overlain with the maximum NDVI grid to examine effects of water table fluc-
tuation on vegetation growth and health. Moreover, the values of maximum NDVI were
regressed with respect to factors of mean annual water table, precipitation and PET to
partition the overall effects among these three factors.
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3 Results and discussion
3.1 Water table spatial patterns

Long-term (i.e., 2004 to 2009) annual mean annual water table exhibited an overall
decrease pattern from the sandy areas in the south and north of the study area to
the transitional zones and then to the meadow lands in the middle (Fig. 3a and b).
Water table underneath the high-altitude (191.8 to 232.3m) peripheral sandy areas
was almost 0.9 m higher than that underneath the medium-altitude (188.2 to 191.8 m)
transitional zones, which in turn was about 0.1 m higher than that underneath the low-
altitude (187.1 to 189.8 m) meadow lands (Table 4). This pattern follows that of the
general topographic relief: the sandy areas have a higher altitude than the transitional
zones, which in turn have a higher altitude than the meadow lands (Fig. 3b). The
average overland gradient is around 3 m elevation drop per 100 m geographic distance
(i.e., 3%). Groundwater in the northwest of the study area either flows into the lake at a
hydraulic gradient of 0.65 to 1.05%. or to the sink surrounding site C2(M) and C2(G) at a
greater gradient of 1.08%.. This sink was probably resulted from the localized geological
settings (e.g., the higher ground spot between site D2 and C3 shown in Fig. 3b), which
formed a geological slant against the southeasterly flowing groundwater (Sultan et al.,
2004). Another probable explanation is that the natural water table surrounding the sink
was lowered by agricultural activities (Fig. 1) to a level below which the groundwater
flowing direction beyond site C2(M) was reversed.

In addition, groundwater in the northeast of the study area flows into the lake at a
much smaller hydraulic gradient of about 0.4%., while groundwater in the south flows
into the lake at a maximum gradient of up to 5.0%.. Further, water table in the north of
the lake exhibited more spatial heterogeneities than that in the south (Fig. 3a). Again,
this can be attributed to the localized geological settings as well as groundwater con-
sumptions by human, livestock, and crop. In contrast, the spatial variability of topogra-
phy in the south is simpler (Fig. 3b) and had no phenomenal human activities.
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The aforementioned pattern also holds for long-term annual mean seasonal water ta-
ble (Fig. 3c through 3f). Lake surface area was smaller in fall (September to November)
than that of annual average, but it became larger in the other three seasons. Because
the lake is solely fed by groundwater, the variation of lake surface area indicates that
water table fluctuated from season to season (Table 4). Fluctuation mainly occurred
in the meadow and agricultural lands, where the depth to water table was usually less
than 2.0 m and thus could be directly influenced by seasonally varied precipitation and
evapotranspiration as discussed in the following context. For a given location in the
lands, water table was up to 0.1 m lower in summer and fall than in spring and win-
ter. The explanation is that vegetation (e.g., Leymus chinensis) and crop uptook more
groundwater during growing season as well as that phreatic evaporation tended to in-
crease with decrease of depth to water table in summer and fall. In contrast, water table
in the south of the lake exhibited negligible variations from season to season because
of larger depths to water table (>4.0m). For the sandy dunes, water table tended to
drop marginally from spring to winter as a result of water table fluctuation in the tran-
sitional zones and meadow lands. Water table in the transitional zones declined from
spring to fall, but it had no detectable changes from fall to winter.

3.2 Water table temporal trends

For a given water year (December to November), mean annual water table was de-
pendant on precipitation and PET (Fig. 4). Regardless of the land cover, water table
was gradually increasing before 2006 as a result of moderately high precipitation and
low PET, but it started to decline after that year because the abnormally large PET
(>2200 mm) in 2007 depleted soil water and thus resulted in a more-than-normal soil
storage in the subsequent years. The increased soil storage tended to diminish replen-
ishment of infiltrated water to the aquifer. However, the large precipitation (450 mm)
in 2008 slightly increased (0.08 m) water table underneath the meadow lands and
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decelerated decline speed of water table underneath the transitional zones as well
as the sandy areas. In addition, because of a smallest depth to water table (<2.0m),
water table underneath the meadow lands exhibited most sensitive responses to pre-
cipitation and PET. The less fluctuation of water table underneath the other two types
of land covers was partially due to the greater depths to water table (>2.5m). Also, be-
cause of a larger permeability (>415mm h‘1) of the sand soils in the sandy areas and
transitional zones, a dry topsoil layer could be imminently formed after a precipitation
event (Yamanaka et al., 1998; Mutziger et al., 2005; Romano and Giudici, 2009). This
dry layer tended to restrict further soil evaporation, allowing more percolation into the
aquifer underneath.

Compared with mean annual water table, annual mean monthly water table exhibited
much smaller temporal variations for all three land covers (Fig. 5). The replenishment
effect of increased precipitation in summer (June to August) was offset by elevated PET,
while precipitation in other three seasons was too small to cause a noticeable increase
of water table. In winter (December to February) and spring (March to May), water table
exhibited a gradual increase trend because of low PET. In fall (September to Novem-
ber), because precipitation was used to replenish soil water depleted in summer, water
table exhibited a marginal decrease trend. In contrast, monthly mean water table varied
greatly within a water year in response to precipitation and PET for all three land covers
(Fig. 6). Throughout three winter months, water table exhibited a marginally decrease
trend because precipitation was in the form of snowfall and thus could not replenish
the aquifer and also because PET was near zero. Throughout three spring months,
snowmelt and additional rainfall tended to increase water table but this replenishment
effect was partially offset by elevated PET. For summer months, water table exhibited
an overall decrease trend because of maximum PET. The sharp increases of the water
tables in July of 2005 and 2008 were caused by the large rainfall events occurred in
June 2005 (139 mm) and July 2008 (238 mm), respectively. Similarly, for fall months,
water table exhibited an overall decrease trend though PET started to decline. This
can mainly be attributed to reduced rainfall. Because depths to water table of the three
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land covers are distinctly different, water table underneath the meadow lands exhibited
quicker responses (i.e., fluctuations) than that underneath the transitional zones, which
in turn exhibited more sensitive responses than that underneath the sandy areas.

3.3 Effects of Water table variation on vegetation

Within the study area, a region with a smaller depth to water table tended to have
a better (i.e., more dense and productive) vegetation cover, as indicated by a larger
value for maximum NDVI (Fig. 7). Vegetation cover was best in the meadow lands
where depth to water table was less than 2m, while it was worst in the sandy areas
where depth to water table was greater than 4 m. Vegetation cover in the transitional
zones, where depth to water table varied from 0.6 to 3 m, exhibited noticeable spatial
variations. These findings are not in agreement with those of Horton (2001) and Hao
et al. (2010) because riparian zones and areas away from water way have distinctly
different groundwater cycling mechanisms (Brutsaert and Sugita, 2008).

Across the meadow lands, the southeastern region had a depth to water table of
only up to 1.4 m and thus was covered by well-developed vegetations, as indicated by
a value for maximum NDVI of 0.7 or larger. However, toward the northwest and/or east
vegetation development exhibited a deterioration trend, as indicated by the decreasing
NDVI. One explanation is that the increasing depth to water table tended to limit the
amount of groundwater available for vegetation transpiration (Cui and Shao, 2005; Hao
et al., 2010). Another explanation is that the intensive human activities (e.g., farming)
destroyed natural vegetations, resulting in a poorer vegetation cover. The impacts of
the human activities can be further verified by that the eastern region, where the depth
to water table was also less than 1.4m, had a just fairly-developed vegetation cover
(maximum NDVI=0.5 to 0.6). The meadow lands in the south alongside of the lake
(Fig. 7) had a depth to water table of less than 0.8 m but had a moderately poor or
fair vegetation cover (maximum NDVI=0.4 to 0.6). This can be attributed to that this
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region, with dominant hydrophyte vegetation of Phragmites australis (Table 2), was
subjected to frequent inundation and soil erosion and salinization as a result of lake
water surface fluctuation.

Across the sandy dunes, vegetation cover exhibited fewer spatial patterns, as indi-
cated by smaller variations (0.2 to 0.4) of maximum NDVI (Fig. 7). This can partially be
attributed to that depth to water table in this region was too deep (>4 m) for groundwater
fluctuation to exert direct influences on vegetation development (Cui and Shao, 2005).
Similarly, because the upper transitional zone had a depth to water table of greater
than 2 m, vegetation cover across this zone exhibited slight variations only. In contrast,
vegetation cover across the lower transitional zone, where depth to water table was
less than 2m, exhibited a spatial pattern of noticeable improvement from the east to
the west. The value for maximum NDVI is 0.4 to 0.5 in the east, while it increases to
0.6 in the west.

For a given region within the study area, vegetation cover, as measured by maxi-
mum NDVI, varied from year to year (Fig. 8). A multiple regression analysis revealed
that the temporal variation was statistically dependent on (R2 > 0.99) water table, pre-
cipitation, and PET. Water table explained 42, 38, and 7% of the variations presented
by the maximum NDVI for meadow lands, transitional zones, and sandy dunes, re-
spectively, while PET explained 25, 7, and 30%, respectively. Precipitation explained
3, 17, and 8% of the variations for meadow lands, transitional zones, and sandy dunes,
respectively. These imply that water table fluctuation was more sensitive for vegeta-
tions in the meadow lands than in the transitional zones, and was least sensitive for
vegetations in the sandy dunes because of the deep water table underneath the sandy
dunes. In addition, climate, as comprehensively reflected by PET, had more direct in-
fluences on vegetations in the meadow lands and sandy dunes than on those in the
transitional zones. This is probably because the relation between PET and actual tran-
spiration became weak at depth to water table of 0.8 to 2.0 m (Hao et al., 2010) in the
transitional zones. The least influence of precipitation for the meadow lands can be at-
tributed to that regardless, the already high water table in this region made groundwater
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always available for vegetation transpiration. In contrast, precipitation could increase
soil moisture in the thick dry soil profiles of the transitional zones and sandy dunes,
and thus enhance the relation between PET and actual transpiration. As a result, pre-
cipitation had more direct influences on vegetation in these two regions.

4 Conclusions

This study examined spatio-temporal variations of water table underneath a 9.71 km?
area within the semiarid Horgin Sandy Land located in northern China using the data
collected from 2003 to 2009, Landsat 4-5 TM and MODIS images, and meteorologi-
cal data at the Tongliao station. The examination was implemented by generating and
cross-comparing various visualization plots and contour maps and by a multiple re-
gression analysis. The results indicated that for the study area, the spatial patterns of
water table were mainly controlled by local topography, localized geological settings,
and human activities, while the temporal trends were mainly dependant on precipita-
tion and PET. As a result of long-term reclamation for agriculture (e.g., site C2(M)),
water table was lowered by 0.3 m relative to that underneath the adjacent area (e.g.,
site C2(G)) where human disturbance is minimal. Within the study area, a region with
a smaller depth to water table tended to have better (i.e., more dense and productive)
vegetation cover, as indicated by a larger value (>0.7) for maximum NDVI. Further, the
results showed that vegetation development was statistically dependent on (/?2 >0.99)
water table, precipitation, and PET. Water table explained 42, 38, and 7% of the vari-
ations presented by the maximum NDVI for the meadow lands, transitional zones, and
sandy dunes, respectively. This implies that water table fluctuation was more sensitive
for vegetations in the meadow lands than in the transitional zones, but fluctuation was
least sensitive for vegetation in the sandy dunes. A reasonable generalization of these
results is that groundwater is a controlling hydrologic factor for fragile ecosystems in
arid and semiarid environment.
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Table 1. Characteristics of the water table and hydrometeorologic sites.

Site Group Land Soil Elevation Dominant Vegetaition
cover texture (m) vegetation density (%)
A3 KTS  Mobile dune Sand 199.35 Artimisia halodendron <20
C3 Meadow Sandy loam 188.50 Leymus chinensis > 50
A1 GKTS Fixed dune Sand 194.20 Populus >40
B2 Fixed dune Sand 190.87 Artimisia halodendron >40
C2(G) Meadow Loamy sand 188.60 Leymus chinensis 20to 50
C2(M) Meadow Loamy sand 188.51 Zea Mays L. >50
D1 Meadow Sandy loam 188.52 Leymus chinensis 51020
E1 Fixed dune Sand 190.89 Artimisia halodendron >40
E2(U) Meadow Sandy loam 189.59 Leymus Chinensis, 20 to 50
Phragmites australis,
Ixeris chinensis
E3(V) Meadow Sandy loam 188.42 Leymus Chinensis, >50
Phragmites australis,
Ixeris chinensis
F1 Fixed dune Sand 196.73 Caragana microphylla >40
F3 Semifixed dune ~ Sand 198.20 Salix gordejevii 20to 40
B1 GTS  Fixed dune Sand 190.13 Artimisia halodendron >40
B3 Fixed dune Sand 191.30 Artimisia halodendron >40
D2 Meadow Sandy loam 189.03 Leymus chinensis > 50
F2 Semifixed dune ~ Sand 196.62 Artimisia halodendron 20to0 40
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Table 2. The list of measured parameters1.

Parameter  Definition Measurement method Measurement year
WT (m) Water table Transducer Apr 2003 to Dec 2009
AR (mm) Rainfall Siphon gauge Jun 2006 to Dec 2009
SF (mm) Snowfall Weighing gauge Jun 2006 to Dec 2009
SD (h) Sunshine duration Sunshine instrument  Jun 2007 to Dec 2009
R (mm) Rainfall Sensor Jun 2007 to Dec 2009
T (°C) Air temperature Sensor

RH (%) Relative humidity Sensor

WS (m s'1) Wind speed Sensor

BP (hPa) Barometric pressure  Sensor

'R (siphon gauge), SF, and SD were measured at 1 m above the ground surface on a daily basis. R (sensor) was
measured at 1m , and 7, RH, WS, and BP were measured at 2m above the ground surface on an acquisition time

interval of 30 min.
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Table 3. Characteristics of the automated sensors.

Model Manufacture Parameter’  Accuracy’ Installation site®

PC-2X Yangguang Co. Ltd. WT (m) (+£0.01) All sites
(http://jz322.shuoyi.com)

DSJ-2 Huayan Co. Ltd. R (mm) (£0.1) KTS
(http://www.chem17.com)

TRM-ZF1 Yangguang Co. Ltd. SF (mm) (£0.17)
(http://jz322.shuoyi.com)

SLR-I JWFU Co. Ltd. SD (h) (+£0.05)
(http://www.jwfu.com)

L3 Yangguang Co. Ltd. R (mm) (£0.1)
(http://jz322.shuoyi.com)

TRM-WD120 Yangguang Co. Ltd. AT (°C) (£0.1)
(http://jz322.shuoyi.com)

PC-2WSs4 Yangguang Co. Ltd. RH (%) (£1.0)
(http://jz322.shuoyi.com)

PC-2F Yangguang Co. Ltd. WS (m s") (£0.2)
(http://jz322.shuoyi.com)

PC-2-T Yangguang Co. Ltd. BP (hPa) (£0.2)
(http://jz322.shuoyi.com)

MODIS National Aeronautics and NDVI Resolution
Space Adiministration 250m x 250 m

http://modis.gsfc.nasa.gov/

" The symbols are defined in Table 2.

2 The accuracy noted in the parenthesis was determined based on the manufacturer‘s specifications, field calibration,

and/or literature values (e.g., Wang, et al., 2007).

8 See Table 1 and Fig. 1.
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Table 4. Values for annual mean water table underneath the study area.

Land cover

Temporal scale

Sandy Transitional  Meadow Lake

dune zone land

(m) (m) (m) (m)
Spring (Mar to May) 189.11 188.31 188.20 186.60
Summer (Jun to Aug)  189.10 188.27 188.07 186.60
Fall (Sep to Nov) 189.08 188.17 188.09 186.50
Winter (Dec to Feb) 189.04 188.17 188.14 186.50
Annual 189.09 188.23 188.13 186.50
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Fig. 1. The location and landscape features of the study area, and the water table and meteo-

rological stations (KTS, GKTS, and GTS).
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Fig. 2. Regression plots between the study area (“agula”) and the Tongliao station (“tongliao”)
measured daily: (a) precipitation (P); (b) air temperature (T); (c) relative humidity (RH); (d) wind

speed (WS); (e) barometric pressure (BP); and (f) sunshine duration (SD).
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table, and (f) annual mean winter water table. The units are in m and dots signify the sampling
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Fig. 4. Responses of mean annual water table (WT) to cumulative annual precipitation (P) and
potential evapotranspiration (PET) for the three land covers of the study area. The average
ground elevation is 212.0m for the sandy areas (Sandy), 190.0m for the transitional zones
(Transitional), and 188.5m for the meadow lands (Meadow).
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Fig. 5. Responses of annual mean monthly water table (WT) to annual mean monthly precipita-
tion (P) and potential evapotranspiration (PET) for the three land covers of the study area. The
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Fig. 6. Responses of mean monthly water table (WT) to cumulative monthly precipitation (P)
and potential evapotranspiration (PET) for the three land covers of the study area. The average
ground elevation is 212.0m for the sandy areas (Sandy), 190.0m for the transitional zones
(Transitional), and 188.5 m for the meadow lands (Meadow).
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Fig. 7. Map showing the contours of annual mean annual depth to water table and the annual
mean maximum Normalized Difference Vegetation Index (NDVI) grids. A contour interval of
0.2m was used for depths of less than 2m, an interval of 1 m used for depths between 3 and
8m, and an interval of 2m used for depths of greater than 8 m.
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