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Groundwater storage (GWS) 

u Direct	
  observa-ons	
  from	
  monitoring	
  wells	
  (-me	
  consuming,	
  
limited	
  spa-al	
  distribu-on,…	
  	
  )	
  

u Groundwater	
  models	
  (e.g.,	
  MODFLOW	
  )	
  
u Remote	
  sensing	
  (GRACE)	
  

l  To	
  estimate	
  the	
  groundwater	
  storage	
  change	
  using	
  GRACE,	
  we	
  
need	
  to	
  subtract	
  soil	
  moisture	
  (SM)	
  and	
  other	
  components	
  from	
  
total	
  water	
  storage	
  change.	
  

l  SM	
  can	
  be	
  estimated	
  from	
  models	
  (GLDAS,	
  CPC,	
  WGHM,…)	
  or	
  
from	
  ground-­‐based	
  soil	
  moisture	
  measurements.	
  

Monitoring methods: 

Globally, irrigation has caused groundwater depletion (by groundwater pumping)  
in many parts of the world.   



Percentage of  grid cell area equipped for irrigation with groundwater, Siebert [2010] 
 

Mississippi	
  rive	
  basin	
  
Rodell	
  [2007],	
  
High	
  Plains	
  
Strassberg	
  [2007,	
  2009]	
  

North	
  India	
  and	
  Pakistan	
  
Rodell	
  [2009]	
  
Tiwari	
  [2009]	
  

North	
  China??	
  

Central	
  Valley,	
  California	
  
Famiglietti	
  [2011]	
  
Scanlon	
  [2012]	
  

8.9 km3/yr 

~9 km3/yr 

17.7 km3/yr，54 km3/yr  

Background 



Groundwater depth changes in Hebei 	


2008 2010 2009 

Groundwater Bulletin of Hebei Plain 

Whether GRACE can observe the groundwater depletion here? 



Data 

Ø  GRACE products:  
-­‐  CSR,	
  	
  GFZ,	
  JPL（Swenson’s	
  destriping,	
  200km	
  Gaussian	
  filter	
  ）	
  

-­‐  GRGS	
  

Ø  Hydrological models: GLDAS (Noah,	
  Mosaic	
  and	
  Vic), CPC 

Ø  In-situ observations: 40 daily monitoring well observations  

Ø  Government reports: Groundwater Bulletin of China Northern 
Plains (GBCNP), Groundwater Bulletin of Hebei Plain 

Ø  Groundwater model output of North China Plain	
  



GRACE Data processing 

TWSF	
  	
  	
  	
  =	
  	
  	
  	
  SMF	
  	
  	
  	
  +	
  	
  	
  	
  GWSF	
  

TWS	
  	
  	
  	
  =	
  	
  	
  	
  	
  SM	
  	
  	
  	
  +	
  	
  	
  	
  	
  GWS	
  

Filtering  

Rescaling 

“Regular” processing 

“Updated” processing 

Es-ma-on	
  of	
  scaling	
  factor	
  in	
  “Regular”	
  processing：	
  
method1 : assuming the signal over the study region is uniform (1 inside, 0 outside) 
method2 : assuming the hydrology model can assimilate the TWS in the region 

Es-ma-on	
  of	
  scaling	
  factor	
  in	
  “Updated”	
  processing：	
  
using a prior groundwater model or groundwater observations of GWS 

TWS:	
  terrestrial	
  water	
  storage	
  
SM:	
  	
  	
  	
  soil	
  moisture	
  
GWS:	
  groundwater	
  storage	
  

	
  Scanlon	
  et	
  al.	
  2012	
  	
  



Terrestrial water storage changes in China 

Trend	
  map	
  of	
  terrestrial	
  water	
  storage	
  (TWS)	
  
changes	
   in	
   China	
   derived	
   from	
   GRACE	
   over	
  
2003-­‐2010	
  

Map	
  of	
  North	
  China	
  showing	
  loca-ons	
  of	
  
monitored	
  well	
  sta-ons	
  and	
  shaded	
  relief	
  
topography	
  and	
  boundaries	
  of	
  Beijing	
  (BJ),	
  
Tianjin	
  (TJ),	
  the	
  Hebei	
  province	
  and	
  the	
  
Shanxi	
  province	
  

Ø  the largest wheat/maize production zone in China 
Ø  Since 1970s, the very rapid development of agriculture and industry has resulted in 

great demand for water resources 
Ø  In 2009, groundwater accounted respectively for 61%, 26%, 80% and 58% of total 

water supply in Beijing, Tianjin, Hebei and Shanxi. 
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Groundwater storage trends in North China 
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Groundwater storage trends in North China 

Based on the comparison between the isopleth map of spe-
cific yields in the NCP provided by Zhang and Fei [2009]
and the locations of wells, we concluded that a reasonable
range of average values for specific yields was 0.05–0.07,
which we used to estimate GWS changes [Geological
Memoirs, 1992; Moiwo et al., 2009; Zhang and Fei, 2009].
In addition, we used the 2003–2010 GWS statistics of shal-
low aquifers from the Groundwater Bulletin of China
Northern Plains (GBCNP), which is issued annually by the
MWR, and the Groundwater Bulletin of Hebei Plain
(GBHP), which is issued quarterly by the DWRHP [MWR,
2010b; DWRHP, 2010].

3. Results

[13] The spatial pattern of TWS trends estimated from
GRACE data for China and its surrounding regions from
2003 to 2010 is shown in Figure 2. The most obvious nega-
tive trend is located in northern India and Pakistan, which
is believed to be due to groundwater depletion [Rodell et
al., 2009; Tiwari et al., 2009]. GRACE-derived glacial
mass loss in the Himalayas and Tian Shan, shown in Figure
2, was discussed by Matsuo and Heki [2010]. Figure 2
shows the obvious TWS loss in North China, specifically in
Beijing, Tianjin, the Hebei province, and the Shanxi
province.
[14] Figure 3 shows the percentage of each 5 arc min

grid cell equipped for irrigation with groundwater globally
[Siebert et al., 2010]. Numerous studies have demonstrated
that GRACE can detect GWS changes in many heavily
groundwater-based irrigated areas, shown in Figure 3, such
as in northern India and Pakistan [Rodell et al., 2009;
Tiwari et al., 2009], the High Plains aquifer [Strassberg et
al., 2007, 2009], the Central Valley [Famiglietti et al.,
2011; Scanlon et al., 2012], and the alluvial aquifer along
the Mississippi River in the United States [Rodell et al.,
2007]. Groundwater-based irrigation is also used

extensively in the NCP (Figure 3). We further investigated
how much of the GRACE-derived TWS loss in North
China is the result of groundwater depletion.

3.1. GRACE Estimates of GWS Changes and
Comparison With Ground-Based Measurements
[15] Figure 4a illustrates the time series of GRACE-

derived changes in TWS in North China, which showed a
persistent decrease since 2004. The averaged SM changes
from the four hydrological models (NOAH, VIC,
MOSAIC, and CPC) showed a smaller amplitude than the
GRACE-derived TWS changes (Figure 4b). The phases of
the TWS and SM time series agree relatively well, both
peaking around October/November and reaching a mini-
mum near April/May. Changes in GWS were estimated as
the difference between GRACE-derived TWS and simu-
lated SM, which decreased continuously since 2005 (Figure
4c). The rate of groundwater depletion obtained by sub-
tracting simulated SM from GRACE-derived TWS was 2.2
cm/yr from 2003 to 2010. Average groundwater depth
changes from the monitoring well stations over the same
period also showed a continuously decreasing tendency, at
a rate of 1.4 m/yr (Figure 4d). Assuming that no ground-
water depletion occurred in the mountain areas and that the
average specific yield is in the range of 0.05–0.07, the
groundwater depletion rate estimated from well measure-
ments is within the range of 2.0–2.8 cm/yr.
[16] The GRACE-based GWS trend from the CSR

showed the largest groundwater depletion in the piedmont
region of the Taihang Mountains (Figure 5a), where irriga-
tion relies heavily on groundwater (Figure 3) [Kendy et al.,
2003; Yang et al., 2010; Siebert et al., 2010]. The spatial
pattern of the GWS trend was further estimated using a for-
ward-modeling method. In the forward-modeling scheme,
we used the spatial information of groundwater depletion
trends from the GBCNP and the GBHP [MWR, 2010b;
DWRHP, 2010] (see Figure 6) and rescaled the GWS esti-
mate to make it consistent with the GRACE-based GWS

Figure 2. Trend map of terrestrial water storage (TWS)
changes in China and surrounding regions derived from
GRACE data collected from 2003 to 2010. Destriping and
200 km Gaussian smoothing were applied. In addition to
the TWS loss in northern India and Pakistan, Figure 2
shows an obvious TWS loss in North China.

Figure 3. The area equipped for irrigation with ground-
water, given as a percentage of cell area, for 50 ! 50 cells
[Siebert et al., 2010]. The high percentage of area equipped
for irrigation with groundwater is mapped for the North
China Plain.
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Percentage of  grid cell area equipped for 
irrigation with groundwater, Siebert [2010] 

 

Trend map of groundwater storage 
changes from GRACE-SM 

 



Groundwater storage trends in North China 

courtesy: Fei & Zhang 

Groundwater	
  storage	
  changes	
  	
  =	
  	
  Groundwater	
  table	
  changes	
  	
  *	
  	
  Specific	
  yield	
  	
  	
  
   

spa-al	
  distribu-on	
  of	
  monitoring	
  wells	
   spa-al	
  distribu-on	
  of	
  specific	
  yields	
  



Groundwater storage trends in North China 
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Groundwater	
  deple-on	
  rates	
  in	
  North	
  China	
  
es-mated	
  from	
  different	
  methods	
  	
  and	
  data	
  	
  



monthly 
(cm) 

trend 
(cm/yr) 

 
 
 
 

TWS 
（GRACE） 

measurement error 3.54 0.16 
leakage	
  (kΔSleakage)	
   2.61 0.12 
scaling factor  
(Δk*S0)	
  
(Δk*Sleakage)	
  

 
<0.58 
<0.22 

 
0.03 
0.01 

Processing	
  error	
   -- 0.12 
GIA	
   -- 0.06 
total	
   4.87 0.24 

  SM Hydrological	
  model	
   3.98 0.18 
  GWS GRACE	
  -­‐	
  SM	
   5.96 0.30 

Groundwater storage trends in North China 
Ø Different	
  error	
  components	
  in	
  the	
  error	
  budget	
  of	
  monthly	
  GWS	
  

es&mates	
  and	
  the	
  trend	
  



Beijing Tianjin Hebei Shanxin Total (108 m3/yr) 

2003-2004 -3.90 -0.75 -12.75 -1.25 -18.65 
2004-2005 -6.39 +0.04 -28.44 -4.78 -39.57 
2005-2006 -6.87 +0.25 -29.74 -3.19 -39.55 
2006-2007 -6.42 -0.16 -23.62 -0.85 -31.05 
2007-2008 -0.67 +1.16 +5.89 -2.06 +4.32 
2008-2009 -5.28 -0.14 -12.09 -3.26 -20.77 
2009-2010 -4.26 -0.20 -26.07 -2.54 -33.07 

Shallow groundwater storage changes in plain areas of Beijing, Tianjin, Hebei and 
Shanxi. The data are based on Groundwater Bulletin of China Northern Plains 
(GBCNP) issued by the Ministry of Water Resources of China.  

The estimate from GBCNP is about 2.5 km3/yr, which is far smaller than our 
GRACE-based estimates (CSR: 8.3 ± 1.1 km3/yr) 

Groundwater storage trends in North China 
（Groundwater Bulletins） 



GRACE vs. Groundwater Bulletins 

Ø  One of the main reasons is that the estimate from GBCNP only 
includes the groundwater information in shallow aquifers of China 
northern plains. 

Ø  High groundwater depletion rate estimated by GRACE indicates the 
important contribution of groundwater depletion in deep aquifers 
of North China. 

Ø  Some studies show that the deep groundwater table also decreases 
intensively in the piedmonts of Taihang Mountains and the central 
plain areas of Hebei province [World Bank, 2001; Foster et al., 
2004; Tamanyu et al, 2009]. 



Groundwater storage trends in North China 

Spa-al	
  distribu-on	
  of	
  (a)	
  annual	
  groundwater	
  withdral,	
  i.e.,	
  pumping	
  rate	
  per	
  unit	
  
area	
  and	
  (b)	
  water	
  level	
  change	
  over	
  1970	
  –	
  2008	
  

Ø  Groundwater	
  model	
  of	
  North	
  China	
  Plain	
  



Groundwater storage trends in North China 

Spa-al	
  distribu-on	
  of	
  average	
  groundwater	
  storage	
  deple-on	
  rate	
  es-mated	
  from	
  
the	
  groundwater	
  model	
  over	
  1970	
  –	
  2008	
  

Model-­‐derived	
  GWS	
  trend:	
  
2002-­‐2008：4.0	
  km3/yr	
  
  

GRACE-­‐based	
  GWS	
  trend:	
  
2003-­‐2008：3.9	
  km3/yr	
  
 

Ø  Groundwater	
  model	
  of	
  North	
  China	
  Plain	
  



Groundwater storage trends in North China 

Shallow	
  water	
  table	
  depth	
  changes	
  in	
  nine	
  main	
  ci-es	
  of	
  Hebei	
  province	
  from	
  2004	
  to	
  
2010	
  (	
  data	
  from	
  Groundwater	
  Bulle-n	
  of	
  	
  Hebei	
  Plain	
  )	
  



Ø  Based	
   on	
   the	
   GRACE-­‐derived	
   TWS	
   and	
   simulated	
   SM	
   es-mates,	
   the	
  
groundwater	
  deple-on	
  rate	
   in	
  North	
  China	
   is	
  8.3	
  ±	
  1.1	
  km3/yr,	
  which	
   is	
  about	
  
three	
  -mes	
  higher	
  that	
  the	
  official	
  es-mate	
  from	
  the	
  GBCNP	
  (2.5	
  km3/yr).	
  The	
  
study	
   region	
   lost	
   approximately	
   50	
   km3	
   	
  of	
   groundwater	
   from	
   2003	
   to	
   2010,	
  
which	
   is	
   greater	
   than	
   the	
   capacity	
   of	
   China’s	
   Three	
   Gorges	
   Dam,	
   the	
   largest	
  
power	
  sta-on	
  in	
  the	
  world.	
  

Ø  The	
   largest	
   groundwater	
   deple-on	
   is	
   located	
   in	
   the	
   piedmont	
   regions	
   of	
   the	
  
Taihang	
  Mountains.	
  

Summary 



Future work 

AGU fall meeting 2013 presentations: H51S-05, G23A-0772 

Ø  Groundwater	
  model	
  of	
  North	
  China	
  (2003-­‐2012)	
  
Ø  Comparison	
  of	
  different	
  GRACE	
  solu-ons	
  
Ø  Spa-al	
  and	
  temporal	
  varia-ons	
  of	
  groundwater	
  level	
  changes	
  from	
  the	
  monitoring	
  

network	
  	
  

Distribu-on	
  of	
  monitoring	
  wells	
  in	
  North	
  China	
  	
   Water	
  table	
  depth	
  in	
  North	
  China	
  (monthly)	
  



Thank	
  you!	
  

North China Plain 


