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Detectability of variations in continental water storage from 
satellite observations of the time dependent gravity field 

M. Rodell and J. S. Famiglietti 
Department of Geological Sciences, University of Texas, Austin 

Abstract. Continental water storage is a key variable in the Earth system that has never 
been adequately monitored globally. Since variations in water storage on land affect the 
time dependent component of Earth's gravity field, the NASA Gravity Recovery and 
Climate Experiment (GRACE) satellite mission, which will accurately map the gravity 
field at 2-4 week intervals, may soon provide global data on temporal changes in 
continental water storage. This study characterizes water storage changes in 20 drainage 
basins ranging in size from 130,000 to 5,782,000 km 2 and uses estimates of uncertainty in 
the GRACE technique to determine in which basins water storage changes may be 
detectable by GRACE and how this detectability may vary in space and time. Results 
indicate that GRACE will likely detect changes in water storage in most of the basins on 
monthly or longer time steps and that instrument errors, atmospheric modeling errors, and 
the magnitude of the variations themselves will be the primary controls on the relative 
accuracy of the GRACE-derived estimates. 

1. Introduction 

Soil moisture, groundwater, snow and ice, lake and river 
water, and vegetative water are the principal components of 
continental (or terrestrial, total) water storage. Although it 
constitutes only about 3.5% of the water in the hydrologic 
cycle, continental water storage has a tremendous influence on 
climate and weather as well as being fundamental to life on 
land. . 

The importance of soil water in Earth's climate system has 
been demonstrated using general circulation models (GCMs) 
and documented by numerous authors [e.g., Manabe, 1969; 
Shukla and Mintz, 1982; Milly and Dunne, 1994; Dirmeyer, 1995] 
(see also Entekhabi et al. [1996] for a recent review). For 
example, soil water links the water, energy, and biogeochemi- 
cal cycles; its high heat capacity provides thermal inertia over 
multiple timescales; and it fuels evapotranspiration, which 
helps to sustain storms through the process of precipitation 
recycling [Brubaker et al., 1993; Eltahir and Bras, 1996]. 

Frozen water and liquid water stored below soils in aquifers 
play important roles in the Earth system and hold practical 
significance for society. Seasonal melts replenish soils and 
streams, while groundwater provides base flow to streams and 
sustains deep-rooted plants through periods of drought. Pre- 
dicting the magnitudes of spring melts and the availability of 
groundwater is critical for natural hazard preparedness and for 
agricultural and domestic water resources management. 

Mass redistribution associated with changes in water storage 
on land has additional effects on the Earth system beyond 
those described above. For example, Chao and O'Connor 
[1988] and Kuehne and Wilson [1991] showed that changes in 
terrestrial water storage effect Earth rotation variations, and 
Chen et al. [1998] showed that the redistribution of water from 
the continents to the oceans is the primary driver of sea level 
variations. 
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The benefits that would result from improved monitoring 
and understanding of variations in continental water storage 
are evident. However, a system for routinely monitoring 
changes in terrestrial water storage is not yet in place. Ground- 
based techniques are labor intensive and provide only point 
estimates of water storage [e.g., Famiglietti et al., 1998]. Micro- 
wave remote sensing of soil moisture by satellite shows prom- 
ise [e.g., Jackson and LeVine, 1996], but it will not provide 
information on deeper soil moisture or groundwater. Models 
provide good spatial coverage, but their utility is limited by the 
quantity and quality of data available for input and validation. 

The current shortage of large-scale terrestrial water storage 
observations may be remedied in 2001 with the launch of the 
NASA Gravity Recovery and Climate Experiment (GRACE) 
satellite mission. The goal of GRACE is to measure Earth's 
gravity field with unprecedented accuracy at 2-4 week intervals 
[Tapley, 1997]. Because mass movements of water at and below 
Earth's surface are a major contributor to the time dependent 
component of the gravity field, it is believed that satellite-based 
gravity measurements obtained by GRACE could be inverted 
to produce estimates of changes in water storage for given 
terrestrial regions [Dickey et al., 1997; Wahr et al., 1998]. Esti- 
mates of the absolute magnitude of water storage would not be 
obtainable, and the technique would integrate changes in soil 
moisture, snow, groundwater, and the other components of 
continental water storage to produce an estimate of the net 
change in total continental water storage. In other words, 
GRACE will provide the spatial distribution of AS, the change 
in total water storage, during the time period A T. Note that in 
this paper, the terms "variations in water storage" and "chang- 
es in water storage" are used interchangeably to denote AS. 

This paper investigates the potential of GRACE to provide 
estimates of continental water storage variations by comparing 
simulated fields of water storage changes to the expected ac- 
curacy of GRACE-derived AS measurements. The analysis 
was conducted at various spatial and temporal scales and over 
different climatic regions of the world, and its purpose was to 
determine the limits of detection of the gravity-based tech- 
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nique. Toward that end, 20 continental-scale drainage basins 
were identified for detailed study. Mean changes in water stor- 
age were computed on monthly, seasonal, and annual bases for 
each basin using 12 modeled data sets. Uncertainties in hypo- 
thetical GRACE-derived water storage variation measure- 
ments were estimated as the sum of three individual error 

sources. The results presented in this paper have implications 
for how the detectability of water storage variations by 
GRACE and the level of precision of GRACE-derived AS 
estimates change with geographic location and with the time 
period A T. 

2. Background 
The gravitational force experienced at the surface of Earth 

varies in space and time, so that the gravity field of the whole 
Earth can be visualized as a not-quite-smooth ellipsoid. Spatial 
variations in Earth's gravity field arise primarily from irregu- 
larities in the mass distribution near the surface of Earth, e.g., 
continents, mountains, and depressions in the crust. The 
Earth's gravity field is said to have both static and time variable 
components, the static component being orders of magnitude 
stronger and encompassing all the factors that only vary on 
geologic timescales, e.g., the total mass of Earth and the dis- 
tribution of the continents. Jeffreys [1952] was among the first 
to report the existence of the time variable component, noting 
that mass movements such as ocean tides could effect temporal 
changes in the gravity field. At that time, spatial variations in 
the gravity field were observed primarily with the aid of pen- 
dulums. 

Mapping spatial irregularities in Earth's gravity field was 
facilitated by the first artificial satellites, which began orbiting 
in the late 1950s. Satellite tracking via optical and Doppler 
techniques allowed scientists to compute departures from pre- 
dicted orbits, and these departures were attributed to previ- 
ously unobserved factors affecting the paths of the satellites, 
irregularities in the static gravity field in particular. For the 
past two decades, orbit determination has been accomplished 
by ground to satellite laser ranging. The increased accuracy 
afforded by this technique has allowed more detailed assess- 
ments of the gravity field. 

Yoder et al. [1983] reported that the orbit of the LAGEOS 
satellite was sensitive to temporal variations in the gravity field 
in addition to static, spatial variations. They believed that the 
primary sources of these temporal variations were redistribu- 
tions of groundwater and air mass and changes in sea level. 
Gutierrez and Wilson [1987] attempted to compute perturba- 
tions in the orbits of the LAGEOS and Starlette satellites 

caused by seasonal redistributions of air mass and terrestrial 
water storage. To characterize the changes in water storage, 
they divided the land surface, neglecting Antarctica, into ap- 
proximately 600 drainage basins on a 1 ø x 1 ø grid and per- 
formed a simple water balance for each basin, based upon 
archived precipitation data and published coefficients for run- 
off and evapotranspiration. By comparing their solutions with 
the observed orbits, they were able to confirm that seasonal 
variations in terrestrial water storage do influence the time 
variable gravity field enough to induce predictable satellite 
orbit perturbations. Chao and O'Connor [1988] reached a sim- 
ilar conclusion in their study of the effects of seasonal changes 
in surface water on Earth's rotation, length of day, and gravity 
field. More recent studies have attempted to define the global 
gravity field and its fluctuations more precisely [e.g., Ries et al., 

1989; Nerem et al., 1993], but significant future improvements 
demand the utilization of advanced technologies. 

Recently, Dickey et al. [1997] assessed several possible mis- 
sion scenarios for a dedicated satellite gravity mission and 
highlighted the potential benefits to research in hydrology (i.e., 
quantifying changes in continental water storage using gravity 
field observations), oceanography, and solid earth processes, as 
well as geodesy. Mission scenarios were evaluated based on 
trade-offs between expected mission lifetime at a particular 
altitude, measurement resolution, and maturity of the required 
technologies. 

Dickey et al. [1997] helped to crystallize the plans that soon 
became the Gravity Recovery and Climate Experiment. 
GRACE is sponsored jointly by NASA, as part of its Earth 
System Science Pathfinder Project, and two German agencies: 
GeoForschungsZentrum Potsdam and Deutsche Forschung- 
sanstalt fiir Luft und Raumfahrt. Mission design is being led by 
scientific teams at the University of Texas Center for Space 
Research and NASA's Jet Propulsion Laboratory. GRACE is 
scheduled for launch in July 2001 with a nominal duration of 5 
years. The instrument will consist of two satellites in a tandem 
orbi't 100-400 km apart at about 450 km altitude. Microwave 
tracking integrated with Global Positioning System receivers 
will measure range perturbations between the satellites caused 
by spatial variations in the gravity field, while nongravitational 
accelerations will be monitored by onboard accelerometers 
[Tapley, 1997]. The high degree of precision afforded by this 
technique will enable GRACE to map the gravity field at 
intervals of 2 weeks or longer, with an accuracy equivalent to a 
few millimeters of water (note that 1 mm water depth is equiv- 
alent to 1 kg/m 2 water mass, given a constant density of 1 
g/cm2). 

In order to use GRACE gravitational measurements to es- 
timate changes in continental water storage, certain operations 
will be necessary. The following describes these operations in a 
very general manner (see Wahr et al. [1998] for a more detailed 
explanation). For a particular averaging period (the time pe- 
riod during which GRACE observations contributing to a sin- 
gle global gravity field are gathered), GRACE observations 
will be used to estimate thousands of coefficients of a spherical 
harmonic expansion that describes Earth's total (static plus 
time variable) gravity field as the shape of a geoid. To estimate 
changes in water storage, a global field of temporal gravita- 
tional variations must first be computed from two such total 
gravity fields. Postglacial rebound (PGR) and changes in the 
distribution of atmospheric mass also will influence the time 
dependent gravity signal over land, so that models of surface 
pressure changes and PGR must supply the data necessary to 
remove their effects. On monthly to annual timescales, other 
factors influencing the time variable gravity signal over inland 
regions (e.g., the solid Earth tide) are assumed to be negligible. 
For a specific region the spherical harmonic expansion that 
describes the corrected global field of temporal gravitational 
variations will be inverted to determine the change in mass (or 
equivalent height of water) corresponding to the change in 
terrestrial water storage in the region. It should be noted that 
redistribution of oceanic mass will contribute to the time de- 

pendent component of the gravity signal in coastal regions. 
Wahr et al. [1998] developed a technique for minimizing this 
"leakage" by first using the GRACE gravity fields to solve for 
the oceanic mass changes and then removing these from the 
original fields. Because the basins considered by this study exist 
largely in the interiors of the continents, it is assumed that 
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Figure 1. Locations of the 20 continental-scale drainage basins examined in this study (Robinson projec- 
tion). 

oceanic effects will be inconsequential. However, the tech- 
nique of Wahr et al. [1998] should significantly reduce the 
effects in basins where substantial oceanic leakage exists. 

Dickey et al. [1997] included a promising forecast of the 
potential resolution and accuracy with which variations in ter- 
resthal water storage could be derived from a dedicated gravity 
mission. Wahr et al. [1998] continued this investigation from a 
geophysical perspective. Using modeled global time series of 
soil moisture, snow, atmospheric pressure, PGR, and sea level, 
they constructed synthetic total gravity fields. Hypothetical sat- 
ellite observations, which incorporated estimates of instrument 
noise and the errors associated with removing the effects of 
PGR, atmospheric mass variations, and sea level changes from 
the signal, were produced from the synthetic gravity fields, and 
time series of water storage were extracted from these "observa- 
tions." The water storage time series were then compared to the 
original data. Results were analyzed for circular regions with radii 
of 100-10,000 km at locations centered in the Amazon and Mis- 
sissippi river basins. For a monthly averaging period, accuracy was 
of the order of 26 mm at 230 km and 2 mm at 500 km. 

This paper advances the investigation of GRACE's potential 
to produce accurate estimates of changes in continental water 
storage in three ways. First, the analysis is global, with 20 
regions of varying dimate and spatial extent examined individ- 
ually. Second, to improve understanding of the nature of ter- 
restrial water storage variations themselves, 12 global time 
series are assessed with a critical eye toward the realism of the 
estimates, with results from five independent water balance 
studies included for comparison. Third, GRACE's potential is 
evaluated for three timescales commonly encountered in hy- 
droclimatology: 30, 90, and 365 days. 

3. Methods 

3.1. Study Areas 

Twenty continental-scale drainage basins were selected for 
detailed study. These are shown in Figure 1 and listed in Table 
1 from largest to smallest drainage area (this is the order used 
in most of the subsequent figures and tables). Drainage basins, 
rather than grid squares or circular regions, were chosen as the 
units over which to analyze GRACE's potential to measure 
variations in terrestrial water storage because they are funda- 
mental subdivisions of the land surface from a hydrological 
perspective. Furthermore, the future use of GRACE data to 

compute changes in storage over watersheds will facilitate 
comparisons to runoff measurements. The 20 basins were cho- 
sen to encompass an array of climates, from wet equatorial 
(Amazon) to dry subtropical (Murray-Darling) to boreal/ 
tundra (Ob). Also desirable was the existence of Global En- 
ergy and Water Cycle Experiment (GEWEX) projects and 
other large-scale experiments in the regions (e.g., in the Mis- 
sissippi, Mackenzie, and Amazon basins). The basins range in 
size from 5,782,000 to 130,000 kJn 2 and include four internally 
draining basins. They were delineated with the aid of a geo- 
graphic information system using the Terrain Base 5 arc min 
global digital elevation model [Row et al., 1995]. 

3.2. Water Storage Data 

Twelve modeled data series of soil moisture and snow water 

were acquired. Ten series were modeled by Global Soil Wet- 
ness Project (GSWP) contributing groups on 1 ø global grids, 
spanning the 24 month period beginning January 1, 1987 
[Dirmeyer et al., 1999]. GSWP is an ongoing GEWEX project 
that serves as a pilot study of the feasibility of producing a 
global data set of soil wetness for use in global climate models. 

Table 1. Twenty Continental-Scale Drainage Basins 

Map Number 
in Figure 1 Drainage Basin Area, x 10 3 km 2 

1 Amazon 

2 Zaire 

3 Parana-Uruguay 
4 Mississippi 
5 Ob 
6 Lake Chad 

7 Niger 
8 Lena 
9 Mackenzie 

10 Volga 
11 Huang He 
12 Murray-Darling 
13 Ganges 
14 Oranje 
15 Columbia 
16 Tibetan Plateau 

17 Chao Phraya 
18 Wisla 
19 Great Salt Lake 
20 Odra 

5782 
3788 

3375 
3166 

3143 
2416 

2306 

2273 
1933 

1290 

1154 
1009 

997 
932 

817 

416 

201 

184 

142 

130 
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Table 2. Global Soil Wetness Project Models 

Abbreviation Model Group/Agency 

NCEP ETa 

CNRM 

JMA 

MOS 

Interface Soil-Biosphere- 
Atmosphere (ISBA) 

Modified Simple Biosphere (SiB) 
Mosaic Land Surface Model 

MAPB Parameterization for Land- 

Atmosphere Cloud Exchange 
(PLACE) 

GSMW Simplified SiB 
COLA Simplified SiB 
CCSR Bucket (200 mm depth) 

BATS Biosphere-Atmosphere Transfer 
Scheme (BATS) 

CSU SiB2 

NOAA National Center for Environmental 
Protection 

M6t6o-France Centre National de Recherches 

M6t6orologiques 
Japan Meteorological Agency 
Hydrological Sciences Branch, NASA Goddard 

Space Flight Center (GSFC) 
Mesoscale Atmospheric Processes Branch, 

NASA/GSFC 

Climate and Radiation Branch, NASA/GSFC 
Center for Ocean-Land-Atmosphere Studies 
Center for Climate System Research, University 

of Tokyo/National Institute for 
Environmental Studies 

Department of Hydrology and Water 
Resources, University of Arizona 

Department of Atmospheric Science, Colorado 
State University 

Ten independent groups used a common data set of model 
parameters, meteorological observations, and analyses to drive 
state-of-the-art land surface models, which produced fields of 
soil moisture, snow, and other variables. The 10 GSWP con- 
tributing groups and their models are listed in Table 2. The two 
other series are products of the European Centre for Medium- 
Range Weather Forecasts (ECMWF) Re-analysis [ECMWF, 
1996] and the joint National Center for Environmental Pre- 
diction (NCEP) and National Center for Atmospheric Re- 
search (NCAR) Reanalysis Project [Kalnay et al., 1996]. The 
two reanalysis products span the years 1979-1993 and 1974- 
1996 and have approximately 1.875 ø and 1.125 ø spatial resolu- 
tions, respectively. These 12 modeled data sets were chosen 
because they contain some of the only terrestrial water storage 
estimates that are currently available with global coverage. 
Time series of water storage from each of the 12 models were 
plotted and compared to each other and to independently 
derived water storage data, which resulted in the exclusion of 
the two reanalysis time series from further consideration in this 
study. Results of the analysis are described in section 4.1. 

Water storage changes ZIS were derived over specific inter- 
vals zX T (i.e., the time step) for each of the time series of water 
storage S described above. This was necessary because 

GRACE will not measure the total magnitude of water storage 
in the land at any given time; rather, GRACE will allow 
changes in water storage over specific intervals to be deter- 
mined by comparing gravity fields measured over different 
averaging periods. Note that when time series of water storage 
changes are derived by comparing GRACE measurements 
from consecutive averaging periods, the measurement averag- 
ing period and the series time step ZIT will be equivalent in 
length; therefore in this paper the descriptors "monthly," "sea- 
sonal," and "annual" when modifying "change" or "error" will 
refer to both the averaging period and the time step. 

The following approach was used to construct time series of 
water storage changes from the modeled data. First, because 
GRACE will not be able to differentiate between soil water 

and snow water, the two were combined to represent total 
terrestrial water storage. Second, changes in storage were com- 
puted as the backward difference between average terrestrial 
water storage for each 30-, 90-, or 365-day period correspond- 
ing to a GRACE measurement averaging period, and average 
terrestrial water storage for the immediately preceding period, 
for the duration of each modeled time series and for each of 

the basins. This approach was designed to be consistent with 
the manner in which GRACE will measure water storage 

10 5 
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ß 101 
E 
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Figure 2. Instrument errors (millimeters of water equivalent) versus area of the region for monthly, sea- 
sonal, and annual averaging periods. 
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Figure 3. Two-year time series of terrestrial water storage (as deviation from mean) averaged over the areas 
of the drainage basins. Included are results from 10 GSWP models. See Table 2 for definition of model name 
abbreviations. 

changes. The water storage change time series were subse- 
quently compared to the corresponding uncertainty in the 
GRACE technique, which is described below. 

3.3. Sources of Uncertainty 

Three sources of uncertainty will contribute errors to the 
GRACE-derived water storage variation fields. One source is 
the instrument itself. "Instrument errors" account for the com- 

bined effects of errors in the orbital parameters, microwave 
ranging measurements, accelerometer measurements, and er- 
ror in the ultrastable oscillator [Dickey et al., 1997]. Two other 

sources of error will arise from the problems of removing the 
effects of atmospheric mass redistribution and PGR from the 
gravity signal. The global fields required for these corrections 
must be modeled because observations of surface pressure and 
PGR rates are not continuous in time and space. Therefore 
errors in the models will impact the water storage change 
estimates. 

3.4. Uncertainty Estimation 

Instrument uncertainty estimates were provided by the 
GRACE science team (S. Bettadpur, University of Texas, per- 
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sonal communication, 1998). Instrument errors will be in- 
versely related to both the length of the measurement averag- 
ing period and the length scale of the region (see Figure 2), 
although estimates over long, narrow regions may be less ac- 
curate than estimates over more equiproportional regions. 
This inverse relationship between spatial and temporal resolu- 
tion and instrument errors is certain, but the error estimates 
themselves may change before GRACE is launched because 
the mission specifications are still evolving. From these data 
the instrument uncertainty in a single GRACE gravity field was 
estimated for monthly (30 day), seasonal (90 day), and annual 
(365 day) averaging periods for each drainage basin based on 
its area. Recalling from section 3.2 that two GRACE measure- 

ments will be required to determine a temporal variation in the 
gravity field, the following relation was used to calculate in- 
strument error, E/, in an estimate of the change in water 
storage' 

E, = (E,2,1 + E,2,2) 1/2, (1) 
where E/,• and E/, 2 are the instrument errors in GRACE 
measurements of the global gravity field for averaging periods 
1 and 2, respectively. This relationship is appropriate because 
GRACE instrument errors are expected to be uncorrelated in 
time (S. Bettadpur, University of Texas, personal communica- 
tion, 1998). 

Modeled atmospheric surface pressure fields will be used to 
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Table 3. Range of Soil Depths Used in the GSWP Models 

Soil Depth, mm 

Drainage Basin Minimum Mean Maximum 

Amazon 1000 2339 6000 
Zaire 1000 3104 8000 
Parana-Uruguay 1000 2377 6000 
Mississippi 1000 2205 3600 
Ob 1000 2202 3600 
Lake Chad 1000 1715 8000 
Niger 1000 2261 8000 
Lena 1000 1079 3600 
Mackenzie 1000 1898 3600 
Volga 1000 2337 3600 
Huang He 1000 2181 3600 
Murray-Darling 1000 1665 3600 
Ganges 1000 1518 3600 
Oranje 1000 1673 3600 
Columbia 1000 2332 3600 
Tibetan Plateau 1000 1676 5000 
Chao Phraya 1000 2641 3600 
Wisla 1000 1922 3600 
Great Salt Lake 1040 2098 3600 
Odra 1000 1670 3600 

Table 4. Comparison of Estimates of Two Characteristics of the Water Storage Cycle: Amplitude of the Mean Annual 
Cycle; and Annual Change in Storage 

Annual Amplitude, mm Annual Change, mm 

Drainage Basin A B C D F G H I A C E F J K L 

Amazon 82 191 2 
Zaire 37 62 12 
Parana-Uruguay 45 30 21 
Mississippi 36 52 55 37 78 29 41 65 18 
Ob 68 70 18 
Lake Chad 40 90 14 
Niger 62 156 19 
Lena 50 70 12 
Mackenzie 57 57 9 
Volga 80 91 22 
Huang He 19 43 1 
Murray-Darling 31 34 28 
Ganges 76 162 9 
Oranje 22 89 30 
Columbia 46 146 2 
Tibetan Plateau 5 5 
Chao Phraya 99 93 27 
Wisla 61 61 8 
Great Salt Lake 26 15 
Odra 61 75 28 

29 25 58 56 23 38 

Source Averaging Period Technique 

A GSWP (10-model median) 1987-1988 
B Oki et al. [1995] 1989-1992 
C Roads [1994] 1984-1988 
D Roads [1994] 1960-1988 
E Roads [1994] 1984-1988 
F Repelewski and Yaresh [1997] 1973-1988 
G Rasmussen [1968] 1958-1963 
H Rasmussen [1968] 1958-1963 
I Rasmussen [1968] 1958-1963 
J Matsuyama et al. [1995] 1985-1989 
K Matsuyama et al. [1995] 1989-1992 
L Matsuyama et al. [1995] 1985-1988 

model 
combined water balance 
combined water balance 
terrestrial water balance 
terrestrial water balance 
combined water balance 
combined water balance 
terrestrial water balance 
terrestrial water balance 
combined water balance 
combined water balance 
terrestrial water balance 
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Table 5. Contributions to the Mean Total Uncertainty in Estimates of Changes in Water Storage from Instrument, 
Atmospheric, and PGR Errors 

Monthly Uncertainty, mm Seasonal Uncertainty, mm Annual Uncertainty, mm 

Drainage Basin E I EA EvGR Er Ei E.4 EvGR Er Ei E.4 Ev•a Er 

Amazon 0.39 3.97 0.01 4.38 0.23 3.53 0.03 3.79 0.11 2.70 0.14 2.95 
Zaire 0.49 9.33 0.01 9.83 0.28 9.26 0.04 9.58 0.14 9.26 0.14 9.55 
Parana-Uruguay 0.52 2.96 0.01 3.49 0.30 2.70 0.03 3.03 0.15 2.38 0.14 2.66 
Mississippi 0.54 3.16 0.00 3.70 0.31 2.78 0.00 3.09 0.15 2.08 0.02 2.25 
Ob 0.54 3.24 0.01 3.79 0.31 2.70 0.02 3.04 0.15 2.12 0.09 2.36 
Lake Chad 0.63 6.44 0.01 7.08 0.36 6.55 0.03 6.94 0.18 5.74 0.14 6.06 
Niger 0.65 6.59 0.01 7.25 0.37 6.83 0.04 7.24 0.19 6.24 0.14 6.57 
Lena 0.65 5.62 0.01 6.28 0.38 5.17 0.02 5.57 0.19 2.80 0.10 3.09 
Mackenzie 0.72 4.38 0.02 5.12 0.42 3.44 0.05 3.91 0.21 1.83 0.20 2.23 
Volga 0.95 4.79 0.01 5.74 0.55 4.80 0.02 5.36 0.27 4.42 0.07 4.76 
Huang He 1.03 6.24 0.01 7.29 0.59 6.41 0.04 7.04 0.29 5.59 0.16 6.05 
Murray-Darling 1.14 3.06 0.01 4.21 0.66 2.96 0.03 3.65 0.33 2.76 0.12 3.21 
Ganges 1.15 4.82 0.01 5.99 0.67 3.87 0.04 4.58 0.33 2.06 0.17 2.56 
Oranje 1.22 5.21 0.01 6.44 0.70 4.89 0.03 5.63 0.35 4.39 0.13 4.87 
Columbia 1.37 6.13 0.00 7.50 0.79 5.68 0.00 6.47 0.39 3.45 0.01 3.85 
Tibetan Plateau 3.17 19.77 0.01 22.96 1.83 18.77 0.04 20.64 0.91 13.41 0.14 14.46 
Chao Phraya 20.08 9.43 0.02 29.53 11.60 9.51 0.05 21.15 5.76 9.19 0.20 15.16 
Wisla 28.23 2.50 0.00 30.74 16.30 1.98 0.01 18.29 8.09 1.43 0.06 9.58 
Great Salt Lake 87.70 12.46 0.01 100.16 50.63 12.20 0.02 62.85 25.14 11.82 0.07 37.03 
Odra 131.26 2.27 0.00 133.54 75.79 1.73 0.01 77.53 37.63 1.14 0.05 38.83 

Uncertainty values are equivalent heights of water. Ei is instrument error, E.• is atmospheric error, Epoa is PGR error, and Er is total error. 

remove the effect of atmospheric mass changes from the time 
variable gravity signal because the atmospheric mass per unit 
area at a point on Earth's surface is essentially equal to the 
surface pressure divided by the acceleration due to gravity. 
Therefore atmospheric pressure data were obtained from two 
sources, the ECMWF Re-analysis and the NCEP/NCAR Re- 
analysis, in order to estimate atmospheric errors E,•,i. Both 
data sets are globally gridded at 2.5 ø resolution. Monthly, sea- 
sonal, and annual errors for each drainage basin were com- 
puted as in Wahr et al. [1998], as 

[PECMWF- PNCEP/NCARI 
E,,l,i = 21/2 , (2) 

where P is mean surface pressure over a particular region and 
time period i. Dividing by 21/2 accounts for the assumption that 
the two pressure estimates contribute equally to the variance in 
(PECMWF -- PNCEP/NCAR), which difference is assumed to be 
comparable to the error in the modeled pressure fields. The 
atmospheric error estimates were then used to compute the 
associated uncertainty in changes in water storage, as 

2 1/2 EA = (EA2,1 + EA,2) , (3) 

where E.q is the atmospheric error in the storage change and 
E.q,1 and E.q,2 are the atmospheric errors in GRACE mea- 
surements for averaging periods 1 and 2, respectively. While 
temporal correlation in the atmospheric errors may exist, it is 
assumed to be small (K. Trenberth, NCAR, personal commu- 
nication, 1998). Equation (3) results in an estimate of the 
atmospheric uncertainty that is conservative in that it does not 
account for future improvements in the models. 

Uncertainty resulting from the use of modeled PGR rates, 
EpcR, was assessed as a uniform 20% error in the rebound 
rates of a PGR model [Peltier, 1994, 1995], which were con- 
verted to equivalent units of water mass change. Total uncer- 
tainty in the change in storage ET was taken as the sum of the 
three error components: 

ET = Ei + E.4 + EpGR. (4) 

4. Results 

4.1. Terrestrial Water Storage 

Preliminary analysis showed that terrestrial water storage in 
the ECMWF data series is consistently and significantly 
smaller than that in the other 11 series because of low soil 

moisture values. Investigation into this matter revealed that 
the ECMWF model does not allow soil moisture in the deeper 
layers to vary above wilting point values even during episodes 
of flooding, as in the midwestern United States in 1993. Be- 
cause of this unrealistic constraint, water storage data from 
ECMWF were omitted from this analysis. 

In comparison, the NCEP/NCAR Reanalysis allows soil 
moisture to vary over a larger, more realistic range. However, 
examination of this time series showed that only minor varia- 
tions in the amplitude and timing of the annual cycle exist, 
resulting from a dependence on a prescribed climatology. In 
the NCEP/NCAR model, soil moisture is nudged toward the 
Mintz and Serafini [1992] climatology, which is not governed by 
the model water and energy balances, and additionally, no 
observations which directly affect soil moisture are assimilated 
into the model [Kalnay et al., 1996]. Therefore the NCEP/ 
NCAR water storage data were also eliminated from this anal- 
ysis. 

Terrestrial water storage data produced by the 10 GSWP 
models appear to be more realistic than the reanalysis data. 
Figure 3 shows the 2-year time series of water storage S for 
each of the GSWP models and each of the 20 drainage basins. 
Note that in each time series, S is shown as a departure from 
its 2-year mean, which was arbitrarily set to zero. The ampli- 
tudes of the variations and the differences between the 2 years 
are seemingly reasonable. All 10 GSWP model data series 
display similar characteristics because all 10 models used the 
ISLSCP Initiative I Global Data Sets for Land-Atmosphere Mod- 



2714 RODELL AND FAMIGLIETTI: CONTINENTAL WATER STORAGE 

60 

E 
E 40 

E 20 

• 0 

.•. 

• -20 

.c_ -40 

.c -60 

-80 

Amazon Zaire 

. 30 

i ii 

i 0 - - 

-20 

-30 

-40 

40 I 
E 30 
E 

E 20 

• 10 

• 0 
.•. 

• -10 

.c_ 
ß -20 

o -30 

-40 

4O 

......................... 30-. 

10 

, 

o 

-20 

-30 

-40 

Parana-Uruguay Mississippi 
.. 

.......................... 

.. 

__: .... :: .......... ..... 
.. 

40 I 

30 
20 

lO 
o 

-lO : 

-30 

-4o 
-50 
-60 

Lake Chad " 

......................... 

.. 

.. 

,, :• < z ,,e :• < z ,, :• < z ,? :• < z 
Month Month 

Figure 4. Two-year time series of GSWP median monthly terrestrial water storage changes, with error bars 
that represent the total uncertainty in GRACE-derived estimates of the change in water storage. 

els, 1987-88 [Meeson et al., 1995; Sellers et al., 1995] for input, 
and all but the Center for Climate System Research (CCSR) 
model used the same pixel-specific soil depths, which are sum- 
marized in Table 3. The soil depths averaged about 2 m, which 
indicates that variations in deeper soil water storage are not 
reflected in the GSWP data. Contrasting the time series in 
Figure 3, the amplitude of the strongest modeled annual cycle 
of water storage is typically not more than twice the amplitude 
of the weakest annual cycle. Lag time between the water stor- 

age peaks of different GSWP models is rarely more than a 
month, and in general, the phase differences are small. The 
similarity of the 10 data sets is an encouraging validation of the 
GSWP results. 

Additional information on water storage variations was de- 
rived from five terrestrial and combined atmospheric- 
terrestrial water balance studies [Matsuyarna, 1995; Oki et al., 
1995; Rasrnusson, 1968; Roads, 1994; Ropelewski and Yarosh, 
1997, 1988] in order to compare the GSWP time series to 
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Figure 4. (continued) 

independent, observation-based results and thereby justify 
their use in this study. Estimates of the amplitude of the mean 
annual cycle of water storage from these sources are summa- 
rized and compared to mean GSWP amplitudes in Table 4. 
Amplitude was computed as half the difference between the 
maximum and minimum storage values in the mean annual 
cycle. A limitation of these comparisons is that the drainage 
basins were not delineated in exactly the same way by the 
various authors. Furthermore, the mean annual cycles are of- 
ten based on data from incongruent time periods (Table 4). 

Nevertheless, the amplitudes of the storage cycles determined 
by these water balances should be, for our purposes, reason- 
able approximations of the actual amplitudes. Note that 
only Oki et al. [1995] extended their study beyond North 
America. 

The comparisons seen in Table 4 indicate tha. t the GSWP 
time series are similar to the water balance estimates. In the 

Mississippi basin the GSWP amplitude of the annual cycle is 36 
mm, which is larger than the smallest water balance estimate 
(29 mm) and just less than half of the largest estimate (78 mm), 
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Table 7. The Number of Time Intervals AT During Which 
AS Is Detectable (Er/AS < 1) by GRACE, Given the 
Data in Figures 4, 5, and 6 

Number of Time Intervals 

Monthly Seasonal Annual 
Drainage Basin (23 Total) (4 Total) (1 Total) 

Amazon 20 4 0 
Zaire 12 2 1 

Parana-Uruguay 15 4 1 
Mississippi 18 4 1 
Ob 21 4 1 
Lake Chad 14 4 1 

Niger 18 4 1 
Lena 20 3 1 

Mackenzie 19 4 1 

Volga 19 3 1 
Huang He 10 3 0 
Murray-Darling 20 4 1 
Ganges 20 4 1 
Oranje 14 3 1 
Columbia 17 4 0 

Tibetan Plateau 0 0 0 

Chao Phraya 13 4 1 
Wisla 5 3 0 
Great Salt Lake 0 0 0 
Odra 0 0 0 

with the median estimate being 52 mm. That the GSWP am- 
plitude is at the low end of the range may be explained by two 
factors: (1) it only reflects surface soil moisture and snow 
variations, while results from the independent water balance 
studies implicitly include deeper soil water, groundwater, veg- 
etative water, and lake and river channel storage variations; 
and (2) the GSWP years, 1987 and 1988, were dry in terms of 
precipitation for the Mississippi basin, which may have caused 
storage variations to be subdued. 

Comparing the estimated amplitudes of Oki et al. [1995] to 
those from GSWP in 17 other basins shows a similar result. 

GSWP amplitudes are generally smaller but rarely by more 
than 50%. From this analysis it seems reasonable to conclude 
that actual variations in total terrestrial water storage may be 
underestimated to some extent by GSWP modeled soil mois- 
ture and snow water variations, but these estimates would be of 
the correct order of magnitude. Further, the use of GSWP 
estimates in this study is well justified: when the estimated 
errors derived in section 3.4 are imposed upon GSWP esti- 
mates of changes in water storage, use of these lower ampli- 
tude storage estimates may provide a conservative, upper 
bound on relative error. 

Table 4 also compares the average GSWP estimate of the 
annual change in continental water storage over the Missis- 
sippi River basin to estimates of the annual change from the 
water balance studies. Six other estimates are shown. An an- 

nual change is defined here as the difference between two 
consecutive values of mean annual water storage. The GSWP 
annual variation, 18 mm, is smaller than all of the water bal- 
ance estimates, which range from 23 to 58 mm, but it is within 
the same order of magnitude. As before, it is speculated that 
the GSWP value is.smaller because it only includes variations 
in surface soil and snow water storage and because it was 
computed as the change between two drier-than-normal years. 
A longer time series would be more appropriate for determin- 
ing a representative value of the annual variation. Lacking 

other estimates for comparison, it is difficult to draw conclu- 
sions about the GSWP annual variations seen in the other 

basins. Considering that these variations do not include the 
effects of deeper soil moisture and groundwater, it is hypoth- 
esized that they are low, order-of-magnitude estimates of typ- 
ical annual variations, although some may be substantially 
smaller than the true mean variations. 

4.2. Potential Accuracy of GRACE-Derived AS Estimates 

As described in section 3.3, uncertainty in the GRACE- 
derived estimates of water storage changes will arise from 
errors inherent to the instrument and errors in the modeled 

fields of atmospheric mass variations and postglacial rebound. 
The average contributions from these sources are shown in 
Table 5 for the 20 basins on monthly, seasonal, and annual 
timescales. As smaller and smaller basins are considered, be- 
tween the Columbia and Tibetan Plateau regions, monthly 
total error increases abruptly from 7.50 to 22.96 mm, with 
similarly abrupt increases in seasonal and annual total errors. 
Total errors in the largest 15 basins are considerably smaller 
than in the Tibetan Plateau, Chao Phraya, Wisla, Great Salt 
Lake, and Odra basins. This is attributed to increased instru- 
ment errors in the latter four basins and unusually large atmo- 
spheric errors in the Tibetan Plateau region. 

Figure 4 plots monthly changes in water storage for each of 
the 20 drainage basins, computed as in section 3.2. Each 
change in storage value shown is the median from the 10 
GSWP models. Each error bar represents ___E r, the total un- 
certainty in a hypothetical GRACE-derived estimate of the 
change in water storage for the particular basin and month to 
month period, computed using (4). The changes and uncer- 
tainty values plotted in Figure 4 are summarized in Table 6. 
Mean uncertainty is less than 25% of the mean change in 
storage in the Amazon, Ob, Volga, and Ganges drainage ba- 
sins; mean uncertainty is 25-50% of the mean change in stor- 
age in the Parana-Uruguay, Mississippi, Niger, Lena, Macken- 
zie, Murray-Darling, and Columbia basins; mean uncertainty is 
50-100% of the mean change in storage in the Zaire, Lake 
Chad, Huang He, Oranje, and Chao Phraya basins; and water 
storage variations in the Tibetan Plateau, Wisla, Great Salt 
Lake, and Odra basins are likely to be smaller, on average, 
than mean uncertainty (i.e., undetectable). These results will 
be discussed further in section 5. 

Seasonal changes in terrestrial water storage in the 20 basins 
are plotted in Figure 5, with an error bar depicting the uncer- 
tainty in the GRACE estimate for each season-to-season pe- 
riod. These data are also summarized in Table 6. Thirteen of 

the 20 basins have a mean uncertainty that is less than 25% of 
the mean change in storage; of these, mean uncertainty in the 
Amazon, Parana-Uruguay, Ob, Mackenzie, Volga, and Ganges 
basins is less than 10% of the mean water storage change. 
Mean uncertainty in the Zaire, Huang He, Chao Phraya, 
and Wisla is 25-60% of the mean water storage change. 
Only in the Odra, Great Salt Lake, and Tibetan Plateau 
regions are water storage variations expected to be unde- 
tectable. 

The median GSWP annual changes in terrestrial water 
storage from 1987 to 1988 are shown in Figure 6, with error 
bars representing uncertainty in the GRACE estimates. 
These data are also summarized in Table 6. Owing to the 
relatively small errors for annual averaging periods, the 
mean annual uncertainty is less than 50% of the mean water 
storage variation for more than half of the 20 basins. The data 
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also imply that annual variations in water storage will be unde- 
tectable by GRACE in seven of the basins, including the Amazon. 
However, these water storage change estimates may not be reli- 
able because in addition to neglecting deeper groundwater they 
result from a single year-to-year cycle. 

5. Discussion 

Table 7 lists the number of time intervals during which water 
storage changes are detectable by GRACE (relative error, 
Er/AS < 1) within each basin for monthly, seasonal, and 
annual averaging periods, given the data in Figures 4-6. The 
table shows that monthly water storage variations are detect- 
able between 50% and 91% of the time in 15 of the 17 basins 

of area 201,000 km 2 and greater; that seasonal variations are 
detectable between 50% and 100% of the time in 17 of the 18 

basins of area 184,000 km 2 and greater; and that annual vari- 
ations are detectable in 13 of the 17 basins of area 201,000 km 2 
and greater. Close inspection of Table 6 reveals that when 
mean error is compared to mean change in storage, a similar 
pattern emerges: water storage variations are detectable in 16, 

17, and 13 basins on monthly, seasonal, and annual timescales, 
respectively. 

Relative error (uncertainty), and therefore detectability, in 
the GRACE-derived estimates will depend mainly on the size 
of the region (which is inversely related to the instrument 
uncertainty), the atmospheric modeling errors, and the mag- 
nitude of the variations themselves. The temporal resolution of 
the change in storage estimates will also affect relative uncer- 
tainty. Monthly total uncertainty is always larger than seasonal 
uncertainty, which in turn, is larger than annual uncertainty 
because the instrument and atmospheric errors decrease with 
increasing averaging period (long-term average modeled pres- 
sure estimates should approach measured mean values). PGR 
errors show the opposite trend, increasing linearly with time- 
scale, but as seen in Table 5, uncertainty due to PGR is typi- 
cally 2 orders of magnitude smaller than total uncertainty in 
the regions of this study. 

In the Wisla, Great Salt Lake, and Odra basins, where water 
storage changes are expected to be undetectable (i.e., AS _< 
Er), instrument errors will be large and will tend to dominate 
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Figure 8. Global map of the annual amplitude of the terrestrial water storage cycle, based on data from the 
Japan Meteorological Agency's Modified SiB model (Robinson projection). 

E r because of the small size of the basins. Instrument errors 
also will dominate in the fourth smallest basin, the Chao 
Phraya, and will nearly obscure the water storage changes. In 
contrast, atmospheric errors will dominate E r in the other 16 
basins, which are more spatially extensive, but total uncertainty 
will not be large enough to obscure the water storage varia- 
tions. Exceptions occur in the Amazon, Huang He, and Co- 
lumbia basins, where the estimated annual variations are 
smaller than the uncertainty (but recall that these estimates are 
derived from a single year-to-year cycle), and also in the Ti- 
betan Plateau region, where the variations themselves appear 
to be small on all three timescales. From an examination of the 

atmospheric errors in Table 5, which bear no relationship to 
basin size, and the instrument error versus spatial-scale rela- 
tion shown in Figure 2, it can be concluded that, in general, 
instrument errors are small and atmospheric errors, though 
small themselves, will dominate E r in regions larger than 
about 400,000 km 2. Instrument errors increase as smaller re- 
gions are considered and dominate E r in regions smaller than 
200,000 km 2. These factors combined with the magnitude of 
AS will determine the detectability and relative error of water 
storage variations by GRACE. Estimates of seasonal water 
storage changes will have the lowest relative error primarily 
because seasonal changes in terrestrial water storage are sig- 
nificantly larger on average than monthly or annual changes. 

Since atmospheric errors dominate E r and hence signifi- 
cantly impact relative error in most of the basins considered 
here, it is worth further exploring their characteristics. The 
accuracy of atmospheric models is not spatially or temporally 
constant, so that the atmospheric component of total error will 
vary with time and location. The average of the monthly at- 
mospheric errors, E•,i, as computed by (2), is shown in Figure 
7 for each of the 20 basins. Note that the basins are ordered so 

that average uncertainty increases from front to back. Recall 
that E•, i is the error in a single GRACE measurement of the 
gravity field; given two such values, (3) would be used to com- 
pute the atmospheric error E• in an estimate of water storage 
change. The monthly errors range from a low of 0.5 mm in July 
in the Mississippi basin to a high of nearly 38 mm in November 

in the Tibetan Plateau region. Larger errors stem from a de- 
ficiency of surface, upper air, and satellite observations, so that 
fewer measurements are available for model assimilation and 

developing an understanding of regional climatology, although 
the way the two models handle topography is different in some 
regions, which also affects the atmospheric error estimates. 
Figure 7 also demonstrates that the level of uncertainty in the 
GRACE estimates due to atmospheric errors will not neces- 
sarily be constant for a particular region throughout the course 
of a year. There exists a seasonality that is stronger in some 
regions than in others. This seasonality can clearly be seen in 
Figure 7 in more than half of the basins, including the Ob, 
Niger, and Chao Phraya. 

Since the magnitude of AS is another important aspect of 
relative error, Figure 8 provides a more spatially continuous 
perspective of the range of water storage variations across the 
continents by mapping the amplitude of the mean annual cycle 
of water storage at 1 ø grid resolution. The map was generated 
using data from one GSWP model, that of the Japan Meteo- 
rological Agency (JMA), which was consistently close to the 
median of the GSWP models in the data series. Comparison of 
Figure 8 with the instrument error curve in Figure 2 and the 
range of atmospheric errors in Figure 7 and Table 5 gives a 
rough indication of potential detectability in regions of the 
world not considered in this study. 

Future circumstances, such as the evolution of the mission 
specifications, advances in technology, and improvements in 
atmospheric modeling capability, may influence the uncer- 
tainty in GRACE-derived water storage change estimates. Fur- 
thermore, the effects that hourly to daily water storage and 
atmospheric mass variations might have on the gravity mea- 
surements remains to be explored. It should be recalled that 
total terrestrial water storage variations may be significantly 
larger than those represented in the GSWP data, so that water 
storage variations may be detectable in more of the basins and 
at a higher level of relative accuracy than indicated by this 
study. The lack of a global-scale groundwater fluctuation data 
set has precluded a more thorough analysis of variations in 
total terrestrial water storage and the potential for monitoring 
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these variations. The water storage changes listed in Table 6 
may have been quite different if groundwater fluctuations were 
taken into account. This inadequacy implicates the need for 
further study in this area, but it also exemplifies the shortcom- 
ings in our basic understanding of large-scale hydrologic pro- 
cesses, some of which may be reconciled by GRACE. 

6. Summary 
Global time series of continental water storage were ob- 

tained from 12 modeled data sets. Two sources were elimi- 

nated because they were not believed to be representative of 
actual conditions. The 10 remaining data sets compared favor- 
ably with independent water balance studies and were shown 
to provide conservative estimates of actual water storage vari- 
ations. Based on these data sets, time series of changes in 
continental water storage were produced for 20 drainage ba- 
sins ranging in size from 130,000 to 5,782,000 km 2 on monthly, 
seasonal, and annual time steps. The modeled changes in water 
storage were compared to the expected total uncertainty in 
GRACE-derived estimates of the changes. Estimated errors 
from the GRACE instruments, atmospheric modeling, and 
postglacial rebound modeling all contributed to the total un- 
certainty estimates. The primary controls on the relative accu- 
racy of GRACE-derived water storage change estimates were 
determined to be instrument errors and therefore the area of 

the region, atmospheric modeling errors in the region, and the 
magnitude of the variations themselves. Monthly changes in 
continental water storage were predicted to be detectable on 
average in 16 of the 17 basins of area 201,000 km 2 and greater; 
seasonal changes were predicted to be detectable on average in 
17 of the 18 basins of area 184,000 km 2 and greater; and annual 
changes were predicted to be detectable in 13 of the 17 basins 
of area 201,000 km 2 and greater. 
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