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[ 1] In highly-productive agricultural areas such as C alifornia's 

C entral V alley, w here groundw ater often supplies the bulk 

o f the w ater required for irrigation, quantifying rates o fground-

w ater depletion rem ains a challenge ow ing to a lack o f m on-

itoring infrastructure and the absence o f w ater use reporting 

requirem ents. H ere w e use 78 m onths (O ctober, 2003-M arch, 

201 0) o f data from  the G ravity R ecovery and C lim ate E xper- 

im ent satellite m ission to estim ate w ater storage changes in 

C alifornia's Sacram ento and S an Joaquin R iver B asins. W e 

find that the basins are losing w ater at a rate o f 31.0 ± 

2. 7 m m  yr - I equivalent w ater height, equal to a volum e o f 

30.9 km

3 

for the study period, or nearly the capacity o f L ake 

M ead, the largest reservoir in the U nited States. W e use addi- 

tional observations and hydrological m odel inform ation to 

determ ine that the m ajority o f these losses are due to ground-

w ater depletion in the C entral V alley. O ur results show  that the

C entral V alley lost 20.4 ± 3.9 m m  yr-

1 

o f groundw ater during 

the 78-m onth period, or 20.3 km

3 

in volum e. C ontinued 

groundw ater depletion at this rate m ay w ell be unsustainable, 

w ith potentially dire consequences for the econom ic and food

security o f the U nited States. C itation: Fam iglietti, J. S., M . L o,

S. L. H o, J. B ethune, K . J. A nderson, T. H . Syed, S .C . Sw enson,

C . R . de L inage, and M . R odell (2011), Satellites m easure recent

rates o f groundw ater depletion in C alifornia's C entral V alley,

G eophys. R es. Lett., 38, L 03403, doi:l0.1029/2010G L 046442.

1. Introduction

[ 2] N early 2 billion people rely on groundw ater as a pri-

m ary source o f drinking w ater and for irrigated agriculture 

[A lley et al., 2002]. H ow ever, in m any regions o f the w orld, 

groundw ater resources are under stress due to a num ber 

o f factors, including salinization, contam ination and rapid 

depletion [W ada et al., 2010]. W hen coupled w ith the pres- 

sures o f changing clim ate and population grow th, the stresses 
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on groundw ater supplies w ill only increase in the decades

to com e.

[ 3] In spite o f its im portance to freshw ater supply, ground-

w ater resources are often poorly m onitored, so that a con-

sistent picture o f their availability is difficult and som etim es

im possible to construct. M oreover, w ater w ithdraw als from

pum ping w ells are often unrestricted and unm onitored, fur-

ther com plicating attem pts to estim ate rates o f groundw ater

consum ption. In short, no com prehensive fram ew ork for

m onitoring the w orld's groundw ater resources currently exists.

[4] Satellite observations o f tim e-variable gravity from  the

G ravity R ecovery and C lim ate E xperim ent (G R A C E ) m is-

sion [Tapley et al., 2004] m ay ultim ately provide an im por-

tant com ponent o f such a m onitoring fram ew ork. R ecent

studies have clearly dem onstrated that G R A C E -derived

estim ates o f variations o f total w ater storage, T W S (all o f

the snow , ice, surface w ater, soil w ater and groundw ater in

region), w hen com bined w ith auxiliary hydrological datasets,

can provide groundw ater storage change estim ates o f suffi-

cient accuracy to benefit w ater m anagem ent [ Yeh et al., 2006;

Zaitchik et al., 2008]. M ost recently, the G R A C E -based

approach has been applied to estim ate rates o f groundw ater

depletion in northern India, a vast agricultural region that

relies heavily on unm onitored groundw ater w ithdraw als for its

irrigation w ater supply [R odell et al., 2009; Tiw ari et al.,

2009].

[ s] In this study w e use 78 m onths o f G R A C E  data, from

O ctober, 2003 through M arch, 2010, to exam ine w ater stor-

age changes in C alifornia's Sacram ento and San Joaquin 

R iver B asins ( ~  154,000 km

2


J (Figure 1 ), w hich encom pass the

C entral V alley ( ~ 5 2 , 0 0 0  km  ) and its underlying groundw ater

aquifer system . T he Sacram ento B asin and San Joaquin

B asin, w hich includes the internally-draining T ulare B asin,

are hom e to C alifornia's m ajor m ountain w ater source, the

snow pack o f the Sierra N evada range. T he C entral V alley is

the m ost productive agricultural region in the U . S., grow ing

m ore than 250 different crops, or 8 percent o f the food pro-

duced in the U . S. by value [F aunt, 2009]. It accounts for 1/6

o f the country's irrigated land and supplies 1/5 o f the dem and

for groundw ater in the U nited States. A s the second m ost

pum ped aquifer in the U . S. after the H igh Plains aquifer, the

C entral V alley offers a com pelling exam ple o f the im por-

tance o f groundw ater as a resource, as w ell as the need to

m anage its use for sustained availability and productivity.

2. D ata and M ethods

[ 6] W e use 78 m onths o f G R A C E  gravity coefficients

from  R elease-04 com puted at the C enter for Space R esearch

at the U niversity o f T exas at A ustin. T he tem poral m ean w as

rem oved to com pute gravity anom alies, and each field w as
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Figure 1. T he Sacram ento and San Joaquin river basins,

including the Tulare basin and the C entral V alley in C alifornia.

filtered to reduce noise [Sw enson and W ahr, 2006] and then 

converted to m ass in units of equivalent w ater height. W e 

then used the m ethod o f averaging kernels [Sw enson and 

W ahr, 2002] convolved w ith the G R A C E  coefficients to 

estim ate the average w ater storage change for the com bined 

Sacram ento and San Joaquin R iver B asins. In order to 

restore pow er of the signal reduced by the truncation of the 

gravity coefficients (at degree and order 60) and filtering, 

the original estim ate of G R A C E  TW S w as scaled by a factor 

of 2.35 in order to recover an unbiased m ass change esti-

m ate for the region [Velicogna and W ahr, 2006].

[7] Precipitation (P) data from  the PR ISM  system  [D aly

et al., 2008], satellite-based evapotranspiration (E) [Tang

et al., 2009] and U . S. G eological Survey (U SG S) stream - 

flow  (Q ) m easurem ents at the V erona and V ernalis gauging 

stations (see Figure 1) w ere used in a w ater balance to assess

the accuracy of the G R A C E  data (see R esults).

[ s] Snow , surface w ater and soil m oisture data w ere

required to isolate the groundw ater contribution to TW S

changes. Snow  w ater equivalent (SW E) data w ere obtained

from  the N ational O perational H ydrologic R em ote Sensing 

C enter, and w ere determ ined from  a com bination of rem ote,

field survey and in situ observations assim ilated into an

operational snow  sim ulation m odel [http:/ /w w w .nohrsc. 

noaa.gov/technology/]. Surface w ater storage data w ere com - 

piled for the 20 largest reservoirs in the river basins, w hich 

accounted for the bulk of the observed surface w ater chan-

ges, and w ere obtained from  the C alifornia D epartm ent of

W ater R esources [http:/ I cdec. w ater. ca. gov /reservoir.htm l].

Soil m oisture content is largely unm easured in the U nited

States. C onsequently, w e estim ated soil m oisture storage 

using the average of three different soil m oisture sim ulations 

[Rodell et al., 2009] for the corresponding tim e period taken 

from  land surface m odels [E ket al., 2003; K oster and Suarez, 

1992; Liang et al., 1994] included in the N A SA  G lobal L and 

D ata A ssim ilation System  [Rodell et al., 2004a].

[9] G R A C E  TW S m onthly errors are 45.3 m m , w hich is

the sum  of the leakage error [Sw enson and W ahr, 2002] and

the residual error in the filtered, scaled G R A C E  data. Since

no published error estim ates for the m onthly surface w ater

and SW E w ere available, w e assum ed an error of 15 percent

of the m ean absolute changes in each, i.e., 4.0 m m  for

surface w ater and 7.0 m m  for snow . Soil m oisture error w as

estim ated as the m ean m onthly standard deviation of the

three m odel tim e series, or 11.9 m m . T hese errors com bine

to yield a m onthly error in our groundw ater estim ate of

47.5 m m . U ncertainties in the G R A C E  TW S, SW E, and

surface w ater trends w ere estim ated using a least squares fit,

and then propagating errors from  the m onthly data using the

covariance m atrix. W e find trend errors of 2. 7 m m  yr -

1


,

0.4 m m  yr-

1


, and 0.2 m m  yr-

1 

for G R A C E  TW S, SW E, and

surface w ater respectively. E rror in the soil m oisture trend

w as com puted as the standard deviation of trends from  the

three m odels, w hich is 2.8 m m  yr-

1


. T he total error estim ate

for the groundw ater trend, 3.9 m m  yr-

1


, com bines these values

and assum es that the individual errors are uncorrelated.

3. R esults

[ 10] To assess the accuracy of our G R A C E -derived w ater

storage estim ate for the com bined river basins, w e com pared

its tim e derivative, dS/dt, to that determ ined from  an inde-

pendent w ater balance for the region (dS/dt = P - E - Q ).

Figure 2a show s the m onthly-averaged P, E, and Q  data.

Figure 2b show s that the observed w ater balance agrees w ell

w ith the storage changes observed from  G R A C E , giving

confidence that the G R A C E  data accurately capture the

storage changes in the basins and can be used to estim ate

groundw ater storage trends. T he blue shading in Figure 2b

represents the error in the G R A C E  dS/dt of 63 m m

m onth -

1


. T he red shading represents the uncertainty in our

w ater balance estim ate of dS/ dt, calculated after R odell et al.

(a) O bserved P, ET, and Q
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Figure 2. (a) Precipitation (P), evapotranspiration (E ), and

stream flow  (Q ) (m m /m onth) from  O ctober 2003-M arch

2010. (b) C om parison betw een observed total w ater storage

change (dS/dt) and that from  G R A C E . B lue shading show s

G R A C E  dS/dt errors. R ed shading show s uncertainty in the

observed w ater balance estim ate o f dS/dt.
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F igure 3. M onthly anom alies o f (a) total w ater storage; 

(b) snow  w ater equivalent; (c) surface w ater storage; and 

(d) soil m oisture for the Sacram ento and San Joaquin R iver 

B asins in m m  from  O ctober 2003 to M arch 2010. 

[2004a, 2004b] assum ing relative errors o f 15 percent in P 

[Jeton et al., 2005] and E  [Tang et al., 2009], and 5 

percent in Q  [R odell et al., 2004b]. 

[11] Figure 3a show s the G R A C E -based estim ate o f 

T W S variations for the com bined Sacram ento-San Joaquin 

B asins. T he regional drought conditions, w hich persisted 

from  2006 through the end o f the study, are evident. D uring 

the 78-m onth period beginning in O ctober, 2003, total w ater 

storage declined at a rate o f 31.0 ± 2. 7 m m  yr -

1 

equivalent 

w ater height, w hich corresponds to a total volum e o f 

30.9 km

3 

for the study period.

[ 12] In order to isolate groundw ater storage variations

from  the G R A C E  T W S estim ate, w ater m ass variations in

snow , surface w ater and soil m oisture w ere estim ated and

subtracted from  the total. B elow -average SW E  (Figure 3b)

during the w inters o f 2006/07 through 2008/09 is apparent,

consistent w ith the regional drought conditions, as are above-

average conditions before and after that tim e period. T hese

data show  a slight decrease o f 1.6 ± 0.4 m m  yr-

1 

equivalent

w ater height, w hich corresponds to 1.5 km

3 

o f w ater loss in

78 m onths. Figure 3c show s that surface w ater storage has

been declining slightly since 2006. O ver the length o f the

study period, surface w ater storage decreased at a rate o f

8.8 ± 0.2 m m  yr-

1


, accounting for 8.7 km

3 

o f w ater loss. T he

loss o f soil m oisture (Figure 3d) w as not significant during

the study period. T he trends for total w ater storage, SW E ,

surface w ater, soil m oisture, and groundw ater, along w ith

the corresponding total volum e changes for the O ctober,

2003-M arch, 2010 period, are sum m arized in T able 1.

[ 13] Subtracting the snow , surface w ater and soil m oisture 

com ponents from  G R A C E  T W S for the com bined basins

yields the groundw ater storage variations show n in Figure 4. 

O ver the course o f the study period, groundw ater storage 

decreased by 20.4 ± 3.9 m m  yr- 

1 

, w hich corresponds to a 

volum e o f 20.3 km 


3 

o f w ater loss, or tw o-thirds o f the total 

w ater storage loss in the river basins. W e assum e in this w ork 

that nearly all o f the groundw ater loss occurs in the C entral 

V alley, and that the other m ajor geological features in the 

T able 1. T rends in W ater Storage for the C om bined Sacram ento-

San Joaquin R iver B asins"

T rend (m m  y r-

1


) 

V olum e L ost (km

3


)

T otal W ater Storage 

-31 .0 ± 2.7 

30.9 ± 2.6

S now  W ater E quivalent 

-1 .6  ± 0.4 

1.5 ± 0.3

Surface W ater Storage 

-8 .8  ± 0.2 

8.7 ± 0.1

Soil M oisture 

-0 .2  ± 2.8 

0.1 ± 2.7

G roundw ater Storage 

-20 .4 ± 3.9 

20.3 ± 3.8

G roundw ater Storage 

-1 .4 ± 1 2 .7  

0.5 ± 4.8

(2003/1 0-2006/03)

G roundw ater Storage 

-38 .9 ± 9.5 

23.9 ± 5.8

(2006/04-201 0/03)

aT rends and volum es are for O ctober, 2 0 0 3 -M arch , 2010 unless

otherw ise noted.

com bined basins, that is, the m ountain ranges surrounding the

V alley, have lim ited capacity to store groundw ater. B ased on

separate w ater budget analyses o f the Sacram ento and San

Joaquin basins (not show n) w e estim ate that over 80 percent

o f the 20.3 km

3 

o f groundw ater loss occurred in the San

Joaquin river basin, including the T ulare basin, w hich is

consistent w ith a recent U SG S report on groundw ater

availability in the C entral V alley [F aunt, 2009]. T he San

Joaquin portion o f the V alley has alw ays relied on

groundw ater m ore heavily than its Sacram ento counterpart

because its drier clim ate results in m ore lim ited natural

surface w ater availability.

[14] Figure 4 also show s a distinct break in the behavior

o f groundw ater storage variations. Prior to the onset o f

drought conditions in 2006, there w as no significant change

in groundw ater storage. H ow ever, beginning w ith the

drought in 2006, a steep decline in groundw ater storage o f

38.9 ± 9.5 m m  yr-

1 

(6.0 km

3 

yr-

1


) occurred betw een A pril,

2006 and M arch, 2010. O ur estim ate o f the current depletion

rate is nearly as large as previous m odel-based estim ates o f

200
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E

- 50

- 100

- 150

- 200

2004 2005 

G rou n d w a te r S to ra g e

2006 2007

T im e

2008 2009 2010

F igure 4. M onthly groundw ater storage anom alies for the

S acram ento and S an Joaquin R iver B asins in m m , from

O ctober 2003 to M arch 2010. M onthly errors show n by gray

shading. T he blue line represents the overall trend in ground-

w ater storage changes for the 78-m onth period. T he red lines

represent the trends from  O ctober 2003 and M arch 2006 and

A pril 2006 through M arch 2010.
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groundw ater losses [Faunt, 2009] during the tw o m ajor 

droughts of the last 50 years. R eported groundw ater losses

during those periods w ere approxim ately 12.3 km

3 

yr-

1

from  1974-76, and 8.2 km

3 

yr-

1 

from  1985-89. O ur esti-

m ated rate is also slightly larger than the loss of 4.9 km

3 

yr-

1

reported by F aunt [2009] for the m ore recent dry period

betw een 1998 and 2003. C om bining the U SG S estim ates

of groundw ater depletion betw een 1998 and 2003 w ith our 

G R A C E -based estim ates for O ctober, 2003 through M arch, 

2010 indicates that nearly 48.5 km

3 

of groundw ater has been 

lost from  the C entral V alley in the 12-year tim e period.

4. D iscussion

[ 15] T he picture that em erges from  our G R A C E  based

analysis is in agreem ent w ith F aunt [2009], and extends

aspects of that study from  its end date in 2003 to the present.

Furtherm ore, results are consistent w ith the historical pattern 

of C entral V alley agricultural w ater use. Facing significant

cuts in m anaged surface w ater allocations during periods of

drought, farm ers, in particular those in the drier San Joaquin 

V alley, are forced to tap heavily into groundw ater reserves 

to attem pt to m eet their irrigation w ater dem ands - this in a

region w here groundw ater dependence is already high. U nder

these conditions, groundw ater use rates exceed replenishm ent 

rates, and groundw ater storage and the w ater table drop.

G iven the naturally low  rates of groundw ater recharge in the

San Joaquin V alley, com bined w ith projections of decreasing 

snow pack [C ayan et al., 2006] and population grow th, con-

tinued groundw ater depletion at the rates estim ated in this 

study m ay becom e the norm  in the decades to com e, and m ay 

w ell be unsustainable on those tim e scales. 

[ 16] G R A C E -based estim ates of groundw ater storage 

changes provide a holistic view  of aquifer behavior that m ay 

not be otherw ise possible, in particular in the developing 

w orld. E ven in w ell-instrum ented regions, a typical ground-

w ater availability study is a m assive undertaking, often 

several years in the m aking assem bling supporting datasets 

and im plem enting num erical groundw ater m odels. W hile 

there is no substitute for a dense netw ork of ground-based 

observations and detailed groundw ater m odel sim ulations, 

it is not clear that the m ajor effort required for m odel-based 

studies can be sustained as part a routine m onitoring pro-

gram . Satellite gravim etry offers an im portant com plem ent

to both in situ observations and m odeling studies by enabling 

independent estim ates of groundw ater storage changes,

and by providing the opportunity to constrain aquifer-scale

groundw ater m odel sim ulations [Zaitchik et al., 2008; La 

et al., 2010].
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