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[1] Satellite gravimetric observations of monthly changes in continental water storage are
compared with outputs from five climate models. All models qualitatively reproduce the
global pattern of annual storage amplitude, and the seasonal cycle of global average
storage is reproduced well, consistent with earlier studies. However, global average
agreements mask systematic model biases in low latitudes. Seasonal extrema of low-
latitude, hemispheric storage generally occur too early in the models, and model-specific
errors in amplitude of the low-latitude annual variations are substantial. These errors are
potentially explicable in terms of neglected or suboptimally parameterized water stores in
the land models and precipitation biases in the climate models.
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1. Introduction

[2] Water storage is a major term in river basin water
balances at subannual timescales, and interseasonal stor-
age plays a critical role in the seasonal and annual
partitioning of precipitation into runoff and evapotranspi-
ration [Milly, 1994]. That partitioning, in turn, controls
the moistening and sensible heating of the atmosphere,
thereby exerting a major influence on climate [Milly and
Dunne, 1994]. For this reason, it is desirable that numer-
ical models of the climate system be evaluated with
respect to their ability to reproduce the seasonal cycle
of continental water storage.
[3] The intense spatial variability of terrestrial water

storage prohibits comprehensive global-scale analysis based
directly on measurements [Robock et al., 1998]. Indirect
estimates of storage from large-scale (105–106 km2 basin
area) differencing of river discharge and atmospheric water-
vapor flux convergence provide useful information where
atmospheric sounding networks are sufficiently dense
[Seneviratne et al., 2004]. However, such analyses must
be seriously questioned when, as is common, long-term
convergence fails to agree with surface discharge, and the
disagreement is too large to explain by transient storage or
subsurface discharge. Apparently, budget methods and
measurements do not account adequately for all important
spatial and temporal scales of flux variability.
[4] Changes in continental water storage are balanced by

changes in the other global water reservoirs. If the problem
of model evaluation is limited to global average storage,
indirect estimates can be obtained by estimation of mass
changes in the global ocean and atmosphere, typically with
neglect of the changes in mass of the Greenland and
Antarctic Ice Sheets. Such analyses have shown generally

favorable agreement between models and observations
[Chen et al., 1998], but provide no information on the
spatial structure of temporal variations of storage.
[5] The land models in global climate models all track

water storage in snowpack and the subsurface. Many
models at least implicitly track storage in the river network
and some include storage in wetlands and/or lakes. Subsur-
face water is represented on a domain that typically extends
1–10 m downward from the surface. If infiltration of
precipitation consistently exceeds evapotranspiration at
some time of year, excess water will accumulate; during a
dry season, storage will be depleted. If the annual mean
balance is such that net accumulation tends to occur, then
during the wet season water will leave the soil domain under
the force of gravity. Such drainage may be parameterized as
a downhill slope flow to the stream network or as a vertical
flux that recharges a deeper groundwater reservoir, which in
turn drains to the stream network. In either case, seasonal
changes in drainage fluxes will lead to seasonal storage
changes whose magnitude is controlled by the lateral
resistance to flow. This representation is inadequate in arid
regions, where the water table may be tens or hundreds of
meters below the surface. In this study, however, the signals
examined are dominated by humid regions, and this inad-
equacy is not expected to be a problem.
[6] The Gravity Recovery and Climate Experiment

(GRACE) satellite mission was launched jointly by the
National Aeronautics and Space Administration and the
Deutsches Zentrum für Luft- und Raumfahrt in March
2002 [Tapley et al., 2004]. The month-to-month gravity
variations obtained from GRACE provide information
about changes in the distribution of mass within the Earth
and at its surface. In general, the largest time variable
gravity signals are the result of changes in the distribution
of water and snow stored on land [Wahr et al., 1998]. The
seasonal effects of human water management activities and
seasonal biomass changes are both negligible compared to
the effect of water storage. GRACE can thus provide global
observations of changes in total water storage (vertically
integrated water content), averaged over scales of a few
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hundred km and greater [Wahr et al., 2004; Swenson et al.,
2003].
[7] Ramillien et al. [2005], Ellett et al. [2005], and Chen

et al. [2005] have made preliminary comparisons of
GRACE water storage estimates with estimates from
stand-alone land model simulations. The objective of this
paper is to provide a quantitative evaluation of continental
water storage changes computed in five climate models by
comparison with storage changes estimated from GRACE
observations. The comparison accounts for internal vari-
ability of the climate system and GRACE observational
errors, so that the statistical significance of our results is
apparent.

2. Data and Methods

[8] Twenty-one monthly GRACE gravity fields spanning
from August 2002 to July 2004 were analyzed. The tem-
poral coverage of this data set is not continuous; solutions
are not available for December 2002, January 2003, or June
2003. Each gravity field is composed of a set of spherical
harmonic coefficients complete to degree and order 70.
Degree-one and degree-two zonal (C_20) coefficients are
estimated independently via the Global Positioning System
(GPS) and satellite laser ranging (SLR), respectively
[Cheng and Tapley, 2003; Chen et al., 2004; Chambers et
al., 2004; X. Wu et al., Seasonal and interannual global
surface mass variations from geodetic data combinations,
submitted to Journal of Geophysical Research, 2005]. After
removal of the temporal mean and conversion of the gravity
field anomalies to an equivalent water thickness, each
monthly field was smoothed using a Gaussian filter with a
half-width corresponding to 750 km [Wahr et al., 1998].
Spatial averaging (smoothing) is required to reduce uncer-
tainty in the water storage estimates due to errors in the
short-wavelength gravity field coefficients [Swenson and
Wahr, 2002]. After smoothing in the spectral domain, the
data were transferred to a 1� by 1� global grid.
[9] To characterize the geographic distribution of tempo-

ral changes in storage, we used the phase and amplitude of
the best fit sine wave having a period of one year, which we
refer to as the annual cycle. To characterize the temporal
changes of large-area averages of storage, we used the
average monthly march of storage anomalies, obtained by
averaging across the available years of data.
[10] Accordingly, from the 21-month GRACE time series

at each grid point, the annual phase and amplitude were

determined, and an average seasonal cycle was computed
by averaging values for those months that had measure-
ments in 2 years. From the resulting 12-month time series,
spatial averages were computed for the global land area and
for the following zonal land regions: Northern Hemisphere
(NH) high latitudes (defined as 45�–90�N), NH middle
latitudes (defined as 30�–45�N), NH low latitudes (defined
as 0�–30�N), and Southern Hemisphere (SH) low latitudes
(defined as 0�–30�S).
[11] For each regional water storage time series, standard

errors were computed by the method of Wahr et al. [2004].
In brief, error fields for each month were estimated by
scaling the formal error estimates provided by the GRACE
Project to match the root-mean-square variability about the
annual cycle in the GRACE gravity fields. From these error
estimates, uncertainties for each spatial average time series
were computed [Swenson and Wahr, 2002], representing
one standard deviation from the expected monthly water
storage.
[12] In preparation for Assessment Report 4 of the

Intergovernmental Panel on Climate Change, 23 climate
models recently were run with estimates of historical
external forcing (i.e., atmospheric concentrations of radia-
tively active gases and aerosols) corresponding to the late
19th and full 20th centuries. When the experiments were
executed, some of the modeled terrestrial water storage
variables were not saved from some models. For those
models that saved all of their storage variables, not all of
those variables were reported publicly or otherwise easily
accessible. We identified only five models for which we
could obtain all significant continental water storage com-
ponents that were represented in the models (Table 1). For
the Meteorological Research Institute (MRI) model
[Yukimoto and Noda, 2002], we did not obtain canopy
storage, but the magnitude of this neglected term is very
small. The Geophysical Fluid Dynamics Laboratory
(GFDL) models [Delworth et al., 2006] include neither
canopy nor river stores and represent subsurface storage
as separate root zone and groundwater stores. In contrast,
the Model for Interdisciplinary Research on Climate
(MIROC) [K-1 Model Developers, 2004] and MRI models
have soil domains that are sufficiently deep to represent
groundwater storage in the humid regions that dominate the
signals in our analysis. The MRI model also tracks, and we
included in our analysis, dynamic stores of water in the
Caspian and Aral Seas and in Lakes Balkhash, Chad and

Table 1. Models Evaluated in This Study and Water Stores Useda

Institution Model

Water Store

Canopy Snow

Subsurface

RiverRoot Zone Groundwater

GFDL (USA) GFDL-CM2.0 0 X X X 0
GFDL (USA) GFDL-CM2.1 0 X X X 0
CCSR-NIES-FRCGC (Japan) MIROC3.2(hires) X X Xb Xb X
CCSR-NIES-FRCGC (Japan) MIROC3.2(medres) X X Xb Xb X
MRI (Japan) MRI-CGCM2.3.2 NO X Xb Xb X

a‘‘X’’ indicates presence of term in model and inclusion in our analysis; ‘‘0’’ indicates absence from model; and ‘‘NO’’ indicates presence in model but
absence from our analysis. GFDL, Geophysical Fluid Dynamics Laboratory; CCSR-NIES-FRCGC, Center for Climate System Research (University of
Tokyo), National Institute for Environmental Studies, and Frontier Research Center for Global Change; MRI, Meteorological Research Institute.

bIn these models, root zone and groundwater stores are represented in a unified manner.
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