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Abstract

Water storage change has implications not only for the hydrological cycle, but also for sustainable water resource manage-
ment in especially semi-arid river basins. Satellite/remote sensing techniques have gained increasing application in moni-
toring basin and regional hydrological processes in recent decades. In this study, the latest version of GRACE (Gravity
Recovery and Climate Experiment) is used to estimate total water storage change in the Hai River basin (HRB) of Northern
China for the period January 2003 to December 2006. Time-series comparisons show a good agreement between the esti-
mated storage change from the GRACE satellite data and in situ hydrological measurement data at especially the seasonal
cycle with R = 0.82 and RMSE = 17.25 mm. The good agreement suggests that GRACE detects storage change in the

318 866 km? HRB study area. It also implies that the in sifu hydrological measurements of soil moisture and groundwater
sufficiently characterise storage change in the semi-arid river basin. Change in soil moisture storage is less than that in
saturated storage, suggesting that storage depletion in the basin is mainly in the saturated zone. Both the GRACE and
hydrological measurement data indicate storage loss in the range of 12.72 to 23.76 mm/yr — a phenomenon that has been
detected in previous studies in the basin. GRACE hydrology data could therefore be handy in monitoring storage dynamics
and water availability in the study area. As GRACE data are available for virtually every region of the world, their applica-
tion in conjunction with hydrological models could improve hydrological studies. This may lead not only to water balance
closures, but also to sustainable water resource management at basin to regional scale.

Keywords: Hai River basin, GRACE, saturated storage, soil moisture storage, hydrological measurement data,

total water storage change

Introduction

Water shortage on North China Plain (NCP), the largest wheat/
maize production zone in China, is a limiting factor to socio-
economic development in the region (Guobin et al., 2004;
Yang et al., 2006). Per-capita water availability on the plain is
amongst the lowest globally (Nakayama et al., 2006). Since the
founding of the People’s Republic of China in 1949, flow has
dropped to insignificant levels in almost all the rivers on the
plain due largely to repeated dam construction for hydroelectric
power generation, and urban/industrial water supply (Brown
et al., 2005). Hence agriculture, the main stay of the larger
rural population, relies heavily on groundwater irrigation to
ensure sufficient food production for the staggering population.
Agricultural irrigation has induced severe groundwater draw-
down in the region, which is occurring at an estimated rate
of 1.5 to 2.0 m/yr. It is feared that water shortage on the plain
would develop into a major social crisis if sustainable counter-
measures are not implemented in time (Fei, 1998; Brown et al.,
2005; Yang et al., 2006; Blanke et al., 2007).

Before the satellite age, monitoring of storage availability
and exploitation relied largely on piezometric data and ad hoc
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model simulations. Such measures were often limited by elabo-
rate input requirements and parameterisation, data inconsistency
and complicated data formatting, spatial and temporal data gaps,
and instrumental and human oversights (Rodell et al., 2007). In
recent decades, however, more direct and efficient methods have
been developed to monitor storage dynamics and availability in
especially (semi)-arid river basins. One such method is GRACE
(Gravity Recovery and Climate Experiment).

GRACE has been proven reliable, and it offers a great
potential for water storage closure on basin to regional scale
(Swenson et al., 2006; Yeh et al., 2006). GRACE data are
available for virtually all river basins and can be inverted for
water storage change in the thin layer of the earth (Brunner et
al., 2006; Swenson et al., 2006) with unprecedented accuracy
(Tapley et al., 2005; Flamsteed, 2007). GRACE is promising
because no global network exists of hydrological observations
with temporal and spatial resolutions necessary to characterise
storage on regional to continental scale (Swenson et al., 2006;
Klees et al., 2006; Chen et al., 2007).

GRACE mission was jointly launched by NASA (National
Aeronautics and Space Administration) and DLR (Zentrum fiir
Luft-und Raumfahrt) in March 2002. The mission was due to
expire in April 2007, but has been approved to continue through
early 2010 (Rodell et al., 2007). GRACE consists of 2 satellites
(trailing each other at a distance of =220 km) in identical earth
orbits. The satellite-to-satellite separation distance is monitored
by highly sensitive onboard microwaves as they move over
gravity highs and lows (at an initial altitude of 485 km).
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Gravity fields are generally influenced by non-gravitational
forces, glacier isostatic adjustments, mass transports in the
atmosphere and oceans, and redistribution of water, snow and
ice on the land surface. Hence after corrections for the non-
gravitational forces, GRACE gravity field solutions reflect
water storage change on the earth’s surface. This includes
storage change in groundwater, soil moisture, and in surface
water bodies like rivers, lakes and snow/ice packs (Klees et al.,
2006). GRACE data, after de-striping for the so-called north-
south trending errors, can be applied at a spatial resolution of
=200 000 km? (Yeh et al., 2006). A spatial resolution of this
magnitude is commensurate with most river basins for which in
situ hydrological measurements are available (Swenson et al.,
2000).

Previous studies have shown that groundwater and root-
zone soil moisture storage do not only exhibit significant vari-
ability, but also adequately reflect total storage change in river
basins at monthly to seasonal scale (e.g. Eltahir and Yeh, 1999;
Seneviratne et al., 2004; Syed et al., 2005; Garcia et al., 2006;
Hinderer et al., 2006; Swenson et al., 2006; Rodell et al., 2007,
Rietbroek, 2007). In this paper therefore, GRACE and the
combined hydrological measurement data of soil moisture and
groundwater were used to analyze total water storage change in
the 318 866 km? Hai River basin (HRB). We spatially averaged
and compared the GRACE data with the hydrological measure-
ment data and showed that GRACE detects storage loss in the
semi-arid HRB study area.

Data and method
Location and hydrology of the study area

Hai River basin is one of the most important grain-production
regions in Northern China. Lying between 35.01 and 42.72 °N
and 111.95 and 119.84 °E (Fig. 1), it has an area of =318 866
km? and a population of 112 m. (Wu et al., 2008). In the basin,
land surface elevation is higher than 2 832 m in the Taihang
Mountains and below 5 m in the littorals of the Sea of Bohai.
As nearly all the rivers in the basin are repeatedly dammed,
river flow is severely limited. The climate is typically semi-arid
with cold winters and hot summers. In the basin, precipitation
is uneven both in space and time and with an annual aver-

age of =550 mm/yr. Over 70% of the precipitation falls in the
summer months of June, July and August (Yang et al., 2006).
Designations like commercial, industrial, residential and urban
land-use form a small, but vital part of the landscape. However,
agriculture is the largest land-use type accounting for over 90%
of the arable lands. Over 69% of the cultivated lands are under
a continuous wheat-maize rotation cropping system (Yang et
al., 2002; Yang and Tian, 2009).

In the study area, groundwater is predominantly a bicarbo-
nate type (Fei, 1998). Hydrogeologically, quaternary-aged aqui-
fers of inter-fingering gravel, sand and silt deposits extend to
a depth of 400 m below surface alluvial fans (Zhu et al., 1995;
Chen et al., 2007). While the potential for groundwater storage
is highest in the plains, significant recharge largely occurs in
the gravelly piedmont regions (Yang et al., 2002; Nakayama et
al., 2006). Land productivity has been enhanced since the early
1950s due to extensive water conservancies, afforestation, soil
improvement measures and farmland development. To further
facilitate agricultural production, thousands of tube-wells
and pumping stations have been developed. While this has
enhanced land productivity, it has at the same time led to dras-
tic groundwater drawdown and the development of widespread
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Figure 1

Location map of the study area showing main river systems
and cities; soil moisture and water table monitoring sites;
and provincial and coastal boundaries

groundwater depression cones in the basin (Brown et al., 2005;
Xu and Cai, 2005; Yang et al., 20006).

GRACE data acquisition and processing

GRACE data release-04 (RL04) spanning from January 2003
to December 2006 was used in the study. This set of data
constitutes a significant improvement over earlier releases
because of improvements in the background processing mod-
els (Chambers, 2007; Kusche et al., 2008). The GRACE data
used in this study were obtained from http:/geoid.colorado.
edu/grace/grace.php — developed by Sean Swenson under
the auspices of NASA Research, Education and Applications
Solution Network (NASA-REASON). The site provides online
interfaces for a series of GRACE data analysis. GRACE grav-
ity data, when filtered or de-stripped for the so-called cor-
related north-south trending errors can be applied at a spatial
resolution of =200 000 km?, which is commensurate with the
~318 866 km? study area. De-stripped GRACE data are widely
used in the estimation of terrestrial water storage change (e.g.
Swenson et al., 2006; Rodell et al., 2007; Slobbe et al., 2009).
In this study, GRACE monthly water storage anomalies
were computed at a Gaussian half-width of 200 km. This
smoothing radius sufficiently constrained the data on the 318
866 km? study area. To minimise the effect of geographical
truncation on the analysis, a maximum of 1° was maintained
around the basin (see also Mayer-Guerr et al., 2007). The
monthly storage anomalies (which are regularly spaced 1° x
1° point data) were projected to WGS 1984 UTM Zone 51N
coordinate system. The projected data were then interpolated
at a grid-cell size of 1 000 m x 1 000 m via the IDW (inverse
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distance weighted) interpolation method on GIS platform.

The basin-averaged monthly storage anomaly was afterwards
derived from the raster maps after re-truncation to the study
area. This processing technique was necessary because the
spatial extent of HRB defined in our study (see Fig. 1) is essen-
tially different from that on the GRACE website — where the
basin definitions are based on TRIP (Total Runoff Integrating
Pathways; see Oki and Sud (1998)). Furthermore, this tech-
nique supports sufficient spatial display of the water storage
components.

Uncertainty and bias estimates of GRACE data are beyond
the scope of this paper. However, this aspect of the data is well
reported in several other studies, especially those concerning
GRACE hydrological applications (e.g., Klees et al., 2006; also
visit http:/grace.jpl.nasa.gov/publications/ for related studies).
Furthermore, the increasing and wide application of GRACE
data in hydrological studies is, in itself, a good manifestation
of the degree of accuracy and reliability associated with this
source of data.

Hydrological measurement data acquisition and
processing

The hydrological measurement data used in this study basically
comprise of in situ soil moisture and groundwater measurement
data. Data from a total of 129 soil moisture and 87 water table
measurement stations (see Fig. 1) were collected for January
2003 to December 2006.

The water table data were obtained from the Hydrological
and Water Resources Bureau of Hebei Province, and consisted
of 2 water-table measurements per month (the 6 and 26" of
each month). Only monitoring wells in the unconfined aqui-
fer and with reasonable distance from production wells were
considered for the groundwater measurement data. Additional
hydrogeological data including specific yield were obtained
from Geological Memoirs (1992). Because the confined and
phreatic aquifer systems are hydraulically interconnected via
outcrops, the data were considered representative of saturated
storage in the basin.

The soil moisture data, on the other hand, were obtained
from the Meteorological Bureau of Hebei Province. The bureau
maintains measurements of soil moisture at every 10 cm depth
for the first 50 cm soil depth. The data consist of gravimetric
soil moisture measurements taken on the 8", 18" and 28" of
each month. The data were converted into equivalent soil mois-
ture via the bulk density factor.

Because the hydrological measurement data are spatially
not evenly distributed, they were analyzed for temporal sta-
bility. The concept of temporal stability was introduced by
Vachaud et al. (1985) and defines the time-invariant association
between spatial locations and classical statistical parametric
values of given properties. Temporal stability analysis reduces
the number of measurements needed to establish the general
behaviour of a data set by identifying those locations that are
representative of a given area with regard to that data prop-
erty (Martinez-Fernandez and Ceballos, 2003). The relative
difference parametric test (Vachaud et al., 1985) was used to
determine temporal consistency among the measurement sites.
In relative difference parametric tests, time-stable locations are
those locations with minimal deviation from the mean rela-
tive difference (Martinez-Fernandez and Ceballos, 2003). For
the purpose of this study, all measurement sites with standard
mean relative difference deviation above the average mean
(5.20 mm for the soil moisture and 5.07 m for the water table
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Figure 2
Relative difference averaged for soil moisture (top plate) and
groundwater (bottom plate) measurement data; error bars
denote standard deviation of mean relative difference (note that
not all the station numbers are depicted on the x-axis because of
the large number of observation sites)

data) were considered outliers and were therefore rejected.
Based on the analysis and the selection criteria, data from 77
stations (out of 129 soil- moisture measurement stations) and 65
wells (out of 87 water-table monitoring wells) were eventually
used. The results of the temporal stability analysis are plotted
in Fig. 2.

The statistically tested data (for both the soil moisture
and groundwater) were then projected on the same coordinate
system as that for the GRACE data and interpolated in more or
less the same way at a grid-cell size of 1 000 m x 1 000 m. As
most of the basin is under wheat/maize (shallow-rooted crops
with root penetration hardly exceeding 50 cm) rotational cul-
tivation system, soil moisture storage in the 50 to 200 cm soil
depth should be fairly stable (Han et al., 2008). Hence storage
change in the top 50 cm soil depth was assumed to be repre-
sentative of unsaturated storage change in the study area (Yang
et al., 2006). To also convert change in water-table depth into
saturated storage change, the well data were multiplied by the
basin-averaged specific yield — taken as 0.066 (see Geological
Memoirs, 1992).

Auxiliary data

Auxiliary data in this study refer to the set of data not directly
factored into the water balance model, but are used to explain
the behaviour of water storage change in the basin study area.
The set of auxiliary data used for the above purpose includes
precipitation, evapotranspiration, irrigation and temperature
data. The temperature and precipitation data were collected
from 67 meteorological stations that are relatively evenly
distributed over the study area — see Wu et al. (2008) for the
location of the meteorological stations in the HRB study

area. The stations are owned and operated by China National
Meteorological Bureau (CNMB) and are equipped with auto-
matic data-loggers. Those of irrigation and evapotranspiration
were collected at the Luancheng Comprehensive Agricultural
Eco-systems Experimental Station (LCAEES). The station is
owned and run by the Chinese Academy of Sciences (CAS).
LCAEES (located at latitude 37°53" N and longitude 114°41°
E) maintains a large weighing lysimeter for measuring evapo-
transpiration on well-irrigated maize/wheat fields. Over 69%
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of the basin is under irrigated wheat/maize rotation farming
(Yang et al., 2002; Yang and Tian, 2009) hence the lysimeter
data should be representative of the study area.

Hai River basin water balance model

In Hai River basin, over 80% of the plains are under wheat and
maize crops (both of which are shallow-rooted and heavily irri-
gated crops). In the plains therefore, significant soil moisture
variation is limited mainly to the first 50 cm root-zone (Yang
et al., 2006). Storage in the intermediate zone (which is unusu-
ally thick due to drastic groundwater drawdown) is relatively
stable (Han et al., 2008). Furthermore, surface water is highly
limited in the basin due to repeated damming for hydroelectric
power generation, and urban and industrial water supply (Yang
and Tian, 2009). Hence the most important sources of storage
change in the basin are soil moisture and groundwater. In the
terrestrial-based water balance approach, these sources of stor-
age change are equated to GRACE total water storage change
(Swenson et al., 2006; Yeh et al., 2006; Rodell et al., 2006) as:

TWSC = SMSC + GWSC )

where:
TWSC is total water storage change
SMSC is storage change in soil moisture
GWSC is storage change in groundwater

The term on the left-hand side of Eq. (1) was derived from
GRACE data whereas those on the right-hand side were com-
puted from in situ hydrological measurements of soil moisture
and groundwater. The terms on the opposite sides of the equa-
tion should be commensurate and therefore comparable.

Results and discussion
Groundwater depth and total water storage anomaly

Figure 3 (top plate) depicts the dynamics of the basin-averaged
monthly and seasonal groundwater depth anomaly plotted from
the monitoring well data. Also depicted on Fig. 3 (bottom plate)
is the basin-averaged monthly and seasonal total water storage
anomaly plotted from GRACE data. The time-series plots do
not only have striking similarities in especially the seasonal
phases, but also indicate storage loss in the basin. Storage loss
is readily noticeable from the slopes of the linear trend lines.
The slopes further suggest that the magnitude of change in
groundwater depth is higher than that in the GRACE-derived
total water storage anomaly. The trend of change in especially
the groundwater depth data suggests that storage change in the
basin is predominantly in saturated storage.

As shown in the next sections, storage change obtained
from the combined groundwater and soil moisture storage is
commensurate with the GRACE-derived total water storage
change. It then implies that saturated storage loss in the basin
is somewhat counter-balanced by storage gain in especially
root-zone soil moisture. This is because agricultural irrigation,
which is almost exclusively dependent on groundwater pump-
ing, augments root-zone soil moisture storage in the wheat-
maize rotational cultivation system (also see Tong et al., 2009).

The seasonal curves in Fig. 3 show storage loss in spring
(March to May) and storage gain in autumn (September to
November). Wheat irrigation is the main cause of saturated
storage loss in spring (Yang et al., 2006). Autumn is usually
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Time-series comparisons of the basin-averaged monthly
storage change in soil moisture with groundwater (top
plate); and in hydrological measurement (soil moisture and
groundwater combined) with GRACE data (middle plate); along
with monthly trends of precipitation, irrigation, temperature,
evapotranspiration and soil moisture (bottom plate) for the period
2003-2006. Acronyms are as defined in Table 1.

the harvest season, and a relatively high rainfall in the preced-
ing summer (June to August) augments storage in the autumn
season (see also Nakayama et al., 2006; Han et al., 2008).

Monthly storage change

Figure 4 (top plate) is a time-series of monthly storage change
in soil moisture and in groundwater in the study area. In the
middle plate of Fig. 4 is a comparison of the GRACE-derived
total water storage change with storage change computed from
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TABLE 1
Details on the statistical analysis for the storage components of
precipitation, soil moisture, groundwater, and total water storage

Variable (mm) | Min | Max [Mean| STD | R | R* [ SEM | SEE |RMSE

MONTHLY
SMSC -54.80| 4775 | 0.86 | 1896 | — — - — —
GWSC -35.02 | 33.02 | -1.98 | 20.06 | - - - — —
HMDSC -47.87|64.85 | -1.12 | 2836 | - - - - —
TWSC -96.03 | 80.35 | -1.06 | 33.99 | - - - - -
GWSC vs. SMSC — — - | 36.19| 0.08 | 0.01 | 5.17 | 31.82 | 35.84
TWSC vs. SMSC — - — |36.88| 0.15 | 0.02 | 5.38 | 33.68 | 36.49
TWSC vs. GWSC — - - [28.04| 0.61 | 0.38 | 4.09 | 2691 | 27.81
TWSC vs. HMDSC — - - [33.69| 0.56 | 0.31 | 4.91 |28.23|33.47

SEASONAL
SMSC -19.76 | 32.60 | 2.47 | 1445 | - - - — —
GWSC -66.85| 58.35 | -5.74 | 38.54 | - - - — —
HMDSC -73.29 | 87.45 | -3.27 | 45.71 — - - - —
TWSC -42.24| 57.34 | -3.18 | 29.96 | - - - — —
GWSC vs. SMSC - - — | 2824 0.03 | 0.00 | 7.06 |24.49 | 27.94
TWSC vs. SMSC - - — | 2596 0.07 | 0.00 | 6.49 |23.07 | 26.94
TWSC vs. GWSC - - - [ 983|091 | 0.83 | 246 | 9.57 | 10.20
TWSC vs. HMDSC — - — | 15.92| 0.82 | 0.67 | 3.98 | 13.35| 17.25

SMSC = change in soil moisture storage; GWSC = change in groundwater storage;
HMDSC = storage change in soil moisture and groundwater combined; TWSC = total water
storage change; SEM = standard error of the mean; SEE = standard error of the estimate;
STD = standard deviation; RMSE = root mean square error

the combined hydrological measurement data of soil moisture
and groundwater. Groundwater storage is apparently high dur-
ing the precipitation months of June to August. However, this is
not always the case as saturated storage in the basin is also very
much influenced by irrigation. Although irrigation is a form of
internal water redistribution, its influence on the basin storage
is very evident in the relatively minimal change in soil moisture
storage on the one hand (bottom plate, Fig. 4), and the large
aquifer head loss on the other (top plate, Fig. 3). Generally,
however, soil moisture storage is influenced by several other
factors including precipitation, irrigation, evapotranspiration,
temperature, or even crop growth stage. Therefore its spatial
and temporal dynamics and distribution are unusually complex.
Irrespective of its complexity, minimal soil moisture storage
change in the basin can largely be attributed to groundwater
irrigation — the main drive of saturated storage loss in the basin
(Figs. 4, 5 and 6). Furthermore, low temperatures in the cold
and low-precipitation months of December to February limit
evapotranspiration, thereby reducing soil moisture loss.

Table 1 details the statistical trends of the water storage
components quantified in Eq. (1). At the monthly scale, soil
moisture is insignificantly correlated with both total water stor-
age (R =0.15, RMSE = 36.49 mm) and groundwater storage
(R =0.08, RMSE = 35.84 mm). This is because farmland irri-
gation (which augments soil moisture storage) is predominantly
from groundwater storage, which is the primary source of total
water storage change in the basin. Thus in the basin study area,
soil moisture storage tends to be inversely related with the
water balance components of groundwater and total water stor-
age. Though generally weak, the GRACE-derived total water
storage change has the strongest correlation with groundwater
storage change (R = 0.61, RMSE = 27.81 mm). Irrespective of
the weak correlations, the amplitudes (and more so the phases)
of the water balance components have considerable similari-
ties. This is particularly so for the GRACE-derived total water
storage change and storage change obtained from the combined
hydrological measurement data (Fig. 4). Storage is generally
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high for the high-precipitation months of June to August
(summer season) and low for the low-precipitation months of
December to February (winter season). For the basin study
area, average annual storage depletion (in terms of equivalent
water thickness) is -12.72 mm/yr for the GRACE data, -23.76
mm/yr for the groundwater data, and -13.44 mm/yr for the
combined hydrological measurements of soil moisture and
groundwater. Based on the analysis, there is a storage increase
of 10.32 mm/yr in soil moisture. In contrast, however, there is a
storage loss in groundwater. Taking the basin-averaged specific
yield as 0.066 (Geological Memoirs, 1992), an equivalent of
360 mm thickness of saturated storage is depleted per year. If
we further assume that all storage loss in the basin comes from
saturated storage, then the GRACE-estimated storage loss is an
equivalent of 192.93 mm/yr of saturated storage thickness. By
adjusting for the loss in saturated storage with the gain in root-
zone soil moisture storage and again using the average specific
yield of 0.066, the GRACE estimate is commensurate with that
of the combined hydrological measurement data (which is the
equivalent of 203.64 mm/yr of saturated storage thickness).
Despite the good similarities, however, some discrepancies
exist at the monthly cycle. Hence the data were aggregated and
compared at the seasonal scale. The results for the seasonal
analysis are presented and discussed in the next sections.

Seasonal storage change

Averaging from lower to higher scale reduces data error as
extrema and outliers are filtered out from the data (Wu et al.,
2002). Hence at the seasonal cycle (Fig. 5, top plate), stronger
correlations exist among the water balance components, except
for soil moisture (see Table 1). For soil moisture, the lower
correlation at the seasonal scale is due to its increasing inverse
tendency with the other water balance components. Hence the
SEE (standard error of the estimate) and RMSE are a better
correlation measure for soil moisture at the seasonal scale
(Table 1). In fact in the basin, saturated storage (but more so
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Time-series comparisons of the basin-averaged seasonal
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unsaturated storage) is influenced by both irrigation and pre-
cipitation (Yang et al., 2006; Han et al., 2008), which are in turn
driven by temperature and evapotranspiration. Also because of
the unusually thick unsaturated zone, groundwater recovery is
mainly driven by lateral underflow from the neighbouring aqui-
fer systems (Nakayama et al., 2006; Han et al., 2008). Although
both the saturated and root-zone soil moisture storages are

high in summer and low in winter, the amplitudes and phases
are not so distinct for the root-zone soil moisture storage (Fig.
5, top plate). Change in soil moisture storage is particularly
moderated by groundwater irrigation in especially spring, low
temperature and evapotranspiration in winter, and high precipi-
tation in summer (see bottom plate, Fig. 5). It could therefore be
stated that saturated storage is by far the most important source
of storage change in the study area.

The middle plate in Fig. 5 is a comparison between the
GRACE-derived total water storage change and storage change
computed from the combined hydrological measurement data
of soil moisture and groundwater. Over the seasonal cycle, the
agreements are much stronger in amplitudes and phases (see
Table 1 and Fig. 5). Generally, the highest and lowest ampli-
tudes are in summer and spring respectively. The amplitudes
are highest for 2003 (the year with the highest annual precipita-
tion; 605.37 mm) and lowest for 2006 (the year with the lowest
annual precipitation; 446.62 mm) for the period 2003 to 2006.
The stronger correlation (between the GRACE-derived total
water storage and that from the hydrological measurement
data) verifies that GRACE detects storage change in the basin
study area. It also shows that storage change in the basin is
sufficiently characterised by change in root-zone soil moisture
storage and in groundwater storage.
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Despite the good agreements, however, some discrepan-
cies remain in the seasonal cycles. The discrepancies can
be ascribed to a range of factors including differences in
sensitivity and uncertainties in the hydrological data. For
instance, while GRACE data are sensitive to virtually all
sources of storage change, the hydrological measurement
data are largely sensitive to changes in soil moisture storage
and in groundwater storage. Differences in the time and fre-
quency of sampling of the data sets constitute another source
of discrepancy, e.g., whereas 3 soil moisture measurements
are made per month, only 2 groundwater measurements are
taken per month. Differences in spatial resolutions (1° x 1° for
the GRACE data, whereas they are not only sparse, but also
uneven for the soil moisture and groundwater measurement
data) are further reasons for the discrepancies. Instrumentation
and processing errors (especially in the soil moisture measure-
ment) induce additional limits on the agreements among the
data sets (Swenson et al., 2006). Geographical truncation of
GRACE data (Mayer-Guerr et al., 2007) and sparse ground-
based measurements (Swenson et al., 2006) are other sources of
discrepancy. But as these uncertainties are generally assumed
to be uncorrelated (Wahr and Molenaar, 1998), they should
have a negligible effect on the results of the spatial averaging.
Furthermore, temporal analysis of the hydrological measure-
ment data should stabilise this set of data and are therefore
representative of the study area.

Spatial trends of the water storage components

Figure 6 depicts the annual averages (2003 to 2006) of the
water storage components of precipitation, soil moisture,
groundwater and GR ACE-derived total water storage anomaly
for the HRB study area. Precipitation, the most significant
hydrological input in the basin, is highest in the south (938.51
mm/yr) and lowest in the north-west (363.20 mm/yr). From the
central floodplains down to the eastern coastal regions of Bohai
Sea (where excessive groundwater irrigation occurs across the
vast expanse of farmlands), precipitation is relatively moder-
ate. The pattern of the hydrological input (mainly precipitation,
but also the internal water redistribution of farm irrigation)

and storage loss (mainly evapotranspiration), is more or less
reflected in the overall storage pattern detected by GRACE.
Based on GRACE data, the central plains are the worst storage-
depletion zones in the basin. The storage pattern further sug-
gests that GRACE responds more to regional storage change
(also see Tapley et al., 2005; Swenson et al., 2006), hence
GRACE data application in hydrological studies is for now
limited to a minimum of =200 000 km? (Yeh et al., 2006).

For the soil moisture and groundwater storage, the plots on
Fig. 6 shows a form of general relation between the 2 data sets
(also see Table 1). While the water-table depth is highest in the
central plain regions (indicating high saturated storage loss), soil
moisture storage is highest for the same zones (indicating soil
moisture augmentation mainly via groundwater irrigation). It then
suggests that storage depletion in the basin and the larger Northern
China is generally driven by farmland irrigation. In fact several
other studies have identified agricultural irrigation as the principal
driving factor of storage loss in the region (Brown et al., 2005;
Kendy et al., 2006; Nakayama et al., 2006; Yang et al., 2006).

Conclusion

In this paper, total water storage change in Hai River basin
was successfully estimated for the period January 2003 to
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December 2006 using GRACE and in situ hydrological meas-
urement data. Total water storage derived from GRACE data
was compared with that computed from in situ hydrological
measurement data of soil moisture and groundwater. There are
good agreements between the GRACE and hydrological meas-
urement data estimates of water storage change in the basin at
especially the seasonal cycle. The favourable agreements imply
that GRACE detects storage change in the 318 866 km? HRB of
Northern China. It also suggests that the hydrological measure-
ment data of soil moisture and groundwater sufficiently charac-
terise storage change in the basin study area.

Monthly and seasonal time-series of both the measured
water-table depth and GRACE-derived water storage anomaly
indicate storage loss in the basin. In the study area, storage loss
is mainly driven by irrigation of the vast expanse of farmlands.
Groundwater exploitation is therefore the main factor driving
storage loss in the basin. Soil moisture storage change is the
combined effect of precipitation, irrigation and evapotranspi-
ration. As such, change in soil moisture storage is relatively
minimal (0.86 mm/month), compared with that in saturated
storage (-1.98 mm/month; see Table 1). Therefore, efforts at
water management and utilisation in the basin should focus
largely on limiting evapotranspiration — the highest storage
depleter in the study area (Kendy et al., 2004; Yang et al., 2002;
Nakayama et al., 2000).

As storage depletion is an increasingly limiting factor to
socio-economic development and crop production, GRACE
data could be handy in monitoring not only the dynamics but
also the availability of storage in the basin, the larger Northern
China, and other regions with similar hydro-climatic condi-
tions. Furthermore, hydrological models generally do not
account for all basin storage components or are limited by
elaborate input requirements and data pre-processing (Yeh et
al., 2006). GRACE data could therefore provide a critical con-
straint on hydrological models for the accurate estimation of
storage change and other hydrological processes in river basins
or hydrologic regions.
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It should, however, be noted that though GRACE takes
into account virtually all sources of storage change, it per-
forms relatively poorly at lower temporal and spatial scales
(Tapley et al., 2005; Swenson et al., 2006). Furthermore, spatial
smoothing of GRACE data for applications at smaller spatial
scales induces a significant bias in GRACE estimates of mean
monthly storage amplitudes (Klees et al., 2006). This makes
bias corrections with a priori data almost inevitable in GRACE
data applications. Despite the limitations, however, the poten-
tial of GRACE data in hydrological studies is huge. This is
because unlike in situ hydrological measurements, GRACE
data cover virtually every region of the world. Hence the
combination of GRACE storage estimates with in situ hydro-
logical measurement data allows not only the closing of basin/
regional water balance, but the verification and improvement of
hydrological models. This could culminate into more accurate
modelling of land and atmospheric hydrological processes.
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