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Abstract The Earth’s surface fluid mass redistribution, e.g., groundwater depletion and
severe drought, causes the elastic surface deformation, which can be measured by global
positioning system (GPS). In this paper, the continuous GPS observations are used to
estimate the terrestrial water storage (TWS) changes in southwestern USA, which have a
good agreement with TWS changes derived from Gravity Recovery And Climate Exper-
iment (GRACE) and hydrological models. The seasonal variation is mostly located in the
Rocky mountain range and Mississippi river watershed. The largest amplitude of the
seasonal variation is between 12 and 15 cm in equivalent water thickness. The timing and
duration of TWS anomalies caused by the severe drought in 2012 are observed by the GPS-
derived TWS, which are confirmed by the GRACE results. Different hydrological models
are further used for comparison with GPS and GRACE results. The magnitude of TWS
depletion from GRACE and GPS observations during the drought is larger than that from
hydrological models, which indicates that the drought was caused by comparable
groundwater and surface water depletion. The interannual TWS changes from GPS are also
consistent with the precipitation pattern over the past 6 years, which further confirms the
severe drought in 2012. This study demonstrates that continuous GPS observations have
the potential as real-time drought indicator.
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1 Introduction

Water discharge and balance play key role in water cycle, and therefore it is critical to
measure and quantify the changes in terrestrial water storage. The total terrestrial water
storage (TWS) comprises the surface water, rainfall, evaporation, runoff, soil water,
groundwater and other effects. Several in situ techniques have been developed to monitor
TWS variations, such as soil moisture sensor, ground-penetrating radar (GPR), wireless
sensor, and so on. However, the in situ measurements are focused one point measurements
with high costs and strong labor intensity. Furthermore, it is hard to monitor and quantify
global TWS variations with high spatial resolution due to the lack of a comprehensive
global monitoring network (Jin and Feng 2013).

Recently, satellite remote sensing and satellite altimetry have been developed to
monitor the water cycle, but most detect the surface water variations or just one component
of TWS variations. In order to understand the land surface—atmosphere interaction and the
effect of land surface processes on climate, several hydrological models have been
developed by assimilating the in situ and satellite-derived water and energy components,
e.g., global land data assimilation systems (GLDAS) (Rodell et al. 2004a) and WaterGAP
Global Hydrology Model (WGHM) (Giintner et al. 2007). The GLDAS is a global, high-
resolution and offline terrestrial modeling system with input of satellite- and ground-based
observational data products using the advanced land surface modeling and data assimila-
tion techniques, which can provide optimal near real-time fields of land surface state and
flux (Rodell et al. 2004a). The WGHM has been developed to simulate variations of water
storage components, which can estimate water availability in a global scale with the
exception of Antarctica and Greenland at a spatial resolution of 0.5° by 0.5° (Giintner et al.
2007). The GLDAS and WGHM have been widely used for estimating global and regional
hydrological cycle and spatial-temporal variations in terrestrial water storage changes as
well as drought and flood monitoring. However, the GLDAS does not contain ground water
component, and the WGHM does not consider water storage within the biomass and ice
(including permafrost). Most important, these models have a lack of comprehensive in situ
measurements.

With the launch of the Gravity Recovery And Climate Experiment (GRACE) mission in
2002, the Earth’s time-variable gravity field has been determined by measuring accurately
the relative positions of a pair of low Earth orbit (LEO) satellites (Tapley et al. 2004; Jin
et al. 2011). By removing the effects of the atmosphere and oceans mass variations, the
total terrestrial water storage (TWS) variations can thus be inferred from the observed
time-variable gravity field (Wahr et al. 1998; Jin et al. 2010, 2012). Currently, the GRACE
has been widely used to monitor monthly water storage variations at both global and
regional scales (Jin and Feng 2013; Zhou et al. 2016). For example, Tapley et al. (2004)
and Wahr et al. (2004) presented early results of the application of the GRACE products
for detecting hydrological signals in different major river basins (e.g., Amazon basin and
Mississippi River). Hassan and Jin (2014) used GRACE data and global hydrological
models to study total water discharge in the Great Rift Valley of East Africa (i.e., Lakes
Victoria, Tanganyika, and Malawi) from January 2003 to December 2012 and found
significant consistent variation patters in the lake level for the three lakes with satellite
altimetry. Furthermore, GRACE can monitor extreme climate events (e.g., droughts) with
monthly release data (Reager and Famiglietti 2009; Long et al. 2013; Thomas et al. 2014;
Castle et al. 2014). Therefore, the satellite gravimetric observations provide a unique
opportunity to estimate the total water storage and its change at global and regional scales.
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However, GRACE has low resolution with monthly time interval and 300-500 km spatial
scale, which is not sensitive to small scale mass variations. In addition, a number of errors
are existing in GRACE results, e.g., noise, aliasing errors, uncertain GIA model and
leakage effects. For example, in order to get accurate TWS variations, spatial filtering
functions are used to reduce the high degree noise, and the de-striping averaging filter is
used for suppressing the ‘N-S’ striping noise in the GRACE gravity field. While the spatial
averaging functions will cause the GRACE mass anomalies and leak into the outside of the
region of interest, namely leakage effects, such effects can lead to aliasing errors by 40 %
in glacier mass estimation from GRACE in Greenland (Jin and Zou 2015).

Water storage variations from precipitation and evaporation cause a change in surface
loading. It is commonly assumed that the Earth’s crust deforms elastically in response to
the variations of the surface mass load. The fluid mass load change, including land water,
groundwater, snow and ocean, results in the deformation on the Earth’s surface. Contin-
uous global positioning system (GPS) measurements can monitor the surface mass load
change on the Earth (e.g., Sauber et al. 2000; van Dam et al. 2007; Jin et al. 2013). On the
global scale, GPS coordinate time series can be used to estimate the large scale mass
variations (Wu et al. 2003; Gross et al. 2004; Tregoning et al. 2009). On the other hand, the
regional mass load induced deformation can also be detected by GPS coordinate time
series (Amos et al. 2014; Chanard et al. 2014; Chew and Small 2014). GPS is difficult to
separate the viscoelastic response to the Earth due to past deglaciation and the elastic
response due to present-day ice mass loss, but the accelerating uplift rates caused by the
acceleration of the ice melting can be measured by GPS. Compton et al. (2015) reported
that the uplift acceleration was 1-2 mm/year” from 27 continuous GPS stations in Iceland,
which is the reaction to the drastic climate change. The recent accelerated uplift rates were
measured by GPS stations in the North Atlantic region (Jiang et al. 2010), which showed
essentially ice melting at an average rate of 8.7 + 3.5 GUyearz.

In addition, the displacement measured by GPS shows a good consistency with
GRACE-derived deformation (Fu and Freymueller 2012; Zhang et al. 2012), which indi-
cates that GPS has similar ability to estimate surface mass loads compared with GRACE
measurement. The deformation caused by the snow, ice and water loadings above the Earth
can be measured by continuous GPS observations. GPS observations on the land surface
reflect the elastic response of the snow and water loadings, which can be used to estimate
the snow water equivalent (SWE) (Grapenthin et al. 2006; Ouellette et al. 2013) and infer
the snow or water load over local areas (Wahr et al. 2013). Continuous GPS observations
of vertical land motion have been used to monitor the total water storage in California,
Washington and Oregon (Argus et al. 2014; Fu et al. 2015) at a spatial resolution of
approximately 50 km. Ongoing drought contributing to the reduced precipitation and
streamflow can be revealed in continuous GPS time series, which makes GPS measurement
as a drought indicator possible (Chew and Small 2014; Borsa et al. 2014).

The USA has suffered from the severe drought in 2012, which caused terrible damage
and economic loss (Basara et al. 2013; Hoerling et al. 2014). In this paper, the recent severe
drought in southwestern USA is investigated by continuous GPS observations, which are
compared with GRACE TWS results and soil moisture change from hydrological models.
This paper is organized as follows: in Sect. 2, theory and methods are presented. Obser-
vation data and models are introduced in Sect. 3. In Sect. 4, GPS TWS changes and
responses to the drought are investigated and compared with GRACE results and hydro-
logical models. Finally, the conclusions are given Sect. 5.
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2 Theory and Methods

The mass load variations cause the deformation of the underlying Earth, which can be
approximately expressed as elastic displacement based on the elastic theory (Farrell 1972).
The horizontal and vertical displacements caused by the change in the mass load are
measured by the continuous GPS coordinate time series. As illustrated in previous studies
(Wahr et al. 2013), the vertical displacements are more sensitive to the change in mass load
than horizontal displacements, which result in the larger seasonal amplitude in vertical
direction. Therefore, the vertical GPS time series will be employed to investigate the TWS
change. The elastic displacement can be expressed by the integration of the mass load and
Green’s function (Wang et al. 2012) as follows:

AM><R

Zh P, (cos 0) (1)

where £, is the elastic Love number, 0 is the angular distance, P, are the Legendre
polynomials, R and M, are the radius and mass of the Earth, and AM is the mass load.
The load Love number is truncated up to 500° for the computation of the displacement,
and the higher degree contributes little change in the displacement.

First, the inverted mass load will be discretized into grid cells with a spatial resolution
of 0.5°. The ‘edge effect’ discussed in Fu et al. (2015) will be solved using a different
approach in this paper. If there is only one single mass load on the surface at the known
location, the pattern and amplitude of the loading can be uniquely and accurately deter-
mined by the observation of the uplift. However, the water load spreads broadly over the
entire surface, and it is a non-unique problem for the inversion of the load from the uplift
data. Therefore, a regularization constraint is applied to balance the model misfit and
smoothness to invert the loads. The Tikhonov regularization method (Tikhonov and Ars-
enin 1977) is applied to estimate the surface mass water variations. We will employ the
least-squares method by minimizing the following expression (Argus et al. 2014; Fu et al.
2015):

((Ax — b) /o) + AL’ 2)

where A is the design matrix consisting of the Green’s functions from Eq. (1), x is the
surface mass load at each grid cell, b is the observation vector of the GPS seasonal
amplitude, ¢ is the vector of standard errors, L is the regularization matrix (Hansen and
O’Leary 1993), which will be replaced by the Laplacian operator, and / is the regular-
ization parameter that determines the model misfit and roughness of the neighboring disk
loads. Based on the Eq. (1), the seasonal mass load distribution can be inverted from the
vertical GPS annual amplitude. Therefore, it is very essential to choose a reasonable value
of regularization parameter for better estimation. The trade-off curve method (Calvetti
et al. 2004) will be applied to choose the parameter and more details can be found in Fu
et al. (2015). A group of candidate values are evaluated in the test, and 4 = 2 will be the
optimal value that generates both reasonable data misfit and model roughness.
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3 Observation Data and Models
3.1 Continuous GPS Observations

In order to obtain more stable and precise results for geophysical and geodynamic inter-
pretation, a complete reprocessing of GPS data from raw observations has been developed
recently. For example, high-order ionospheric effects that introduced several centimeters
range bias were corrected in the reprocessing optimized strategy (Fritsche et al. 2005). As
more high-precision GPS satellites orbits are utilized in IGS (International GNSS service)
Analysis Centers, an improvement has greatly contributed to improve the quality and
consistency of the IGS products (Steigenberger et al. 2009). With the improvement of the
GPS reprocessing strategies, crustal deformation can be measured by GPS with an accu-
racy of millimeter level for better interpretation of the geophysical and geodynamic pro-
cess. It has been almost 20 years since the GPS sites were built to measure the crustal
deformation. Continuous GPS stations distributed over the southwest USA are shown in
Fig. 1, ranging from 30°N to 41°N, 94°W to 115°W. The daily solutions of global GPS
coordinate time series processed by GIPSY (GNSS-Inferred Positioning SYstem) are
provided by Jet Propulsion Laboratory (JPL). The position time series of all continuous
GPS stations are obtained from 2002 to 2014 in daily solution. The surface displacement
measured as GPS coordinate time series is sensitive to the variation of the load, including
the atmospheric loading. Here, the atmospheric loading was removed from the GPS
coordinate time series so as to study the loading deformation caused by the hydrological
cycle. According to the previous research (Tregoning and Watson 2009), the atmospheric
load contributes to surface displacement with smaller amplitude when compared to the
hydrological load. The deformation caused by the atmosphere can be calculated by the
surface atmosphere pressure variations convolved with Green’s functions. The pressure
data were generally obtained from either the European Center for Medium-Range Weather
Forecasts (ECMWF) (Boehm et al. 2006) or National Centers for Environment Prediction
(NCEP) (Tregoning and van Dam 2005). Here, the atmosphere loadings are removed using
the global surface displacement with the resolution of 2.5° from NCEP (http://geophy.uni.
lu/ncep-loading.html) (van Dam 2010). The amplitude of the atmosphere effects is <1 mm

Fig. 1 GPS sites distributed in southwestern USA
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in our study region. The horizontal displacement shows smaller annual amplitudes than
that in the vertical, which is less sensitive to the hydrological loading change. Therefore,
only vertical GPS displacements are used for the inversion.

To be consistent with GRACE TWS change for better comparison, all GPS time series
in daily solutions are converted into monthly solutions. The annual amplitudes of the
monthly vertical GPS time series are obtained to invert for the pattern of seasonal loadings.
The vertical GPS time series are fit as follows:

h(t) = Aqcos(wat — @,) + Asa cOS(Waal — @) + Vi + B + &(1) (3)

where h(t) are vertical GPS coordinate time series, A,, A, are annual amplitude and semi-
annual amplitude, @,, ¢, are annual phase and semi-annual phase, respectively, m,, s,
are the frequency of annual and semi-annual term as w, = 2 * pi, ws, = 4 * pi, respec-
tively, v is the rate of the trend, B is constant, &(?) is residual error. The annual and semi-
annual amplitudes are obtained by minimizing the total residual errors in least-squares
method. The anomalous GPS sites that may be affected by the aquifers with different
annual phases are not included in our inversion.

3.2 GRACE Measurements

The Gravity Recovery And Climate Experiment (GRACE) mission with more than 10 years
of observations provides a unique opportunity to estimate global mass redistribution within
the Earth system. Here, we employed the level 2 monthly spherical harmonic coefficients of
GRACE Release 05 from the University of Texas Center for Space Research (CSR) with a
truncation of up to degree 60. The monthly gravity coefficients are used by CSR from April
2002 to December 2014 (ftp://podaac-ftp.jpl.nasa.gov/allData/grace/LL2/CSR/RL04/). Some
missing month data are interpolated from the adjacent 2 months. The residual Stokes
coefficients are obtained after removing the mean gravity field for 2002-2014. In order to
reduce the systematic and correlated errors of GRACE measurements, the 300 km width of
Gaussian filter and de-striping filter were applied to the GRACE observations (Swenson and
Wahr 2006; Wahr et al. 2004; Jin and Feng 2013). In addition, the C,, component was
replaced by the result from Satellite Laser Ranging data (Cheng and Tapley 2004). Due to
the truncation and Gaussian filter effect, the amplitude of GRACE-inferred TWS has been
attenuated on the global scale. Here, the land-grid-scaling method (Landerer and Swenson
2012) is applied. After all the corrections, the gridded TWS can be obtained in the same
region as in Fig. 1, ranging from 30°N to 41°N, 94°W to 115°W. To be consistent with GPS
processing strategy, the equivalent water thickness is determined by the approach of Lan-
derer and Swenson (2012) without considering the atmosphere load effects.

3.3 Hydrological Models

The soil moisture data from North American Land Data Assimilation System (NLDAS)
(Mitchell et al. 2004) and Global Land Data Assimilation System (GLDAS) (Rodell et al.
2004a) are used for comparison with GPS results. Using three different land surface
models Noah, Mosaic and Variable Infiltration Capacity (VIC) as input, they will generate
different models consisting of soil moisture and snow water equivalent. Regional and
global spatial distribution of surface energy fluxes and states, as well as the phase of their
mean diurnal cycles are included in all three models, but some differences still exist
between the models and observations (Xia et al. 2012a, b). The NLDAS and GLDAS
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models provide their products from 1979 to present, which specify values at 1/8° and 1°
intervals of latitude and longitude, respectively. The NLDAS models assimilate observa-
tion data of North America, which provide simulation products over the USA (125° to
67°W, 25° to 53°N). The products from GLDAS are provided globally from 60°S to 90°N
and 180°W to 180°E. We will obtain the soil moisture data from NLDAS and GLDAS
models at the same region as in Fig. 1, ranging from 30°N to 41°N, 94°W to 115°W. The
time span of the collected data is from 2002 to 2014. The magnitude of soil moisture
anomalies from GLDAS has some difference from NLDAS because of different forcing
data, different versions of land surface models and different spatial resolution (Long et al.
2013).

Due to the overly low snow forcing data, all three models underestimate snow water
equivalent (SWE) when compared to observations. Therefore, snow water equivalent from
Snow Data Assimilation System (SNODAS) that is fit to the snow telemetry (SNOTEL)
measurements will be merged into NLDAS and GLDAS models for comparison (National
Operational Hydrologic Remote Sensing Center 2004). The SNODAS model was devel-
oped by the National Operational Hydrologic Remote Sensing Center (NOHRSC), which
provided a model estimate of snow cover for hydrological modeling and analysis. SNO-
DAS provides estimates of snow cover and associated variables for hydrological analysis
with a spatial resolution of 1/120°, ranging from 24.9504°N to 52.8754°N, 66.9421°W to
124.7337°W. The data from SNODAS will be filtered into the resolution consistent with
NLDAS and GLDAS for replacing the underestimated snow water equivalent in NLDAS
and GLDAS models.

3.4 Precipitation, Evapotranspiration and Runoff Data

To better understand the correlation of TWS change with precipitation accumulation, we
obtain precipitation data from Parameter elevation Regressions on Independent Slopes
Model (PRISM), Global Precipitation Climatology Project (GPCP) and Tropical Rainfall
Measuring Mission (TRMM). The monthly estimates of precipitation obtained from
PRISM data were derived by the Oregon State University’s climate research initiative
known as the PRISM Climate Group (Daly et al. 2008). PRISM uses point data, digital
elevation model and other spatial datasets to generate gridded estimates of climatic
parameters (Daly et al. 1994). PRISM provides gridded precipitation data and surface
temperature at a spatial resolution of 4 km from 1981 to 2015 covering the whole USA.
The precipitation data from GPCP have a spatial resolution of 2.5 degree from 1979 to
present. We obtain the GPCP products in southwestern USA from 2002 to 2014. Another
precipitation data set retrieved from the Tropical Rainfall Measurement Mission (TRMM)
provide precipitation products from low to middle latitudes. The 3 hourly products from
TRMM are used from 2002 to 2014 with a spatial resolution of 0.25 degree.

For better characterization of the TWS changes in southwestern USA, the TWS changes
can be obtained by water balance equation method (Rodell et al. 2004b). The evapo-
transpiration data and runoff data are provided by NLDAS VIC (Variable Infiltration
Capacity) model at a resolution of 1/8°. The terrestrial water budget in basin-scale can be
expressed by the water balance equation as follows:

0S/ot = P— R —ET (4)

where ET is the evapotranspiration, P is the precipitation, R is the total basin discharge,
and OS/0t. Ot is total water storage change averaged over space. Here, the sampling rate is
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1 month, which is consistent with the time resolution of data and models. The TWS
anomalies can be obtained by integration of 0S/0t. Ot from January 2003 to December
2014.

4 Results and Discussion
4.1 Annual TWS Changes

The GPS data area is extended by 2° in four directions, which results in an area ranging
from 28°N to 43°N, 92°W to 117°W with 251 continuous GPS stations in the extended
area. The TWS is inverted in the extended region, and the annual amplitude of vertical
displacement distribution is shown in Fig. 2, which is interpolated by the surface program
in Generic Mapping Tools (GMT). All the GPS vertical displacements in the covered area
will be employed in our inversion. GRACE TWS change and soil moisture data from
hydrological models are also obtained in southwestern USA for comparison. The annual
amplitudes are obtained by fitting the TWS change and soil moisture data in each grid,
which are consistent with GPS-inferred results by using Eq. (3). The seasonal amplitude
patterns of TWS changes from GPS, GRACE and hydrological models are shown in Fig. 3.
The largest amplitude of the seasonal water storages from GPS is located in the regions
within the Rocky mountain range and Mississippi river basin (Fig. 3a). The snow water in
Rocky Mountain contributes to large amplitude in annual TWS change. The high pre-
cipitation and evapotranspiration rate in Mississippi river basin result in a large annual
TWS change. The similar pattern can also be seen from GRACE total water storage
anomalies (Fig. 3b), but with smaller amplitude due to the attenuation effects of the
sampling and post-processing of GRACE observations (Landerer and Swenson 2012). GPS
is more sensitive to the smaller scale water mass changes than GRACE measurements. The
uncertainties of GRACE results will be discussed in details in the next section. The major

Fig. 2 Annual amplitude distribution of vertical GPS displacement in an extended region (28°N—43°N,
92°W-117°W). The annual amplitude distribution is interpolated by using GMT surface program
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Fig. 3 Seasonal water storage changes from GPS, GRACE and soil moisture storage from NLDAS-Noah
and GLDAS-Noah

component of NLDAS-Noah (Fig. 3c) and GLDAS-Noah (Fig. 3d) model comes from soil
moisture storage, quite well estimating the seasonal variations in the Mississippi river
watershed. Because of the underestimation of the SWE in the Rocky mountain range, the
SWE data from SNODAS model have been merged with GLDAS and NLDAS models. For
the qualitative evaluation of GPS-inferred water storage, the hydrological models are
consistent with the inversion result in terms of magnitude and distribution. The largest
amplitude of seasonal storage anomalies in these two models shows good consistency with
GPS inversion water storage in Rocky mountain range and Mississippi river watershed
(Fig. 3).

From GPS vertical time series, we can derive the seasonal water storage variations
during spring, summer, fall and winter, which are compared with GRACE and hydro-
logical models (Figs. 4, 5). Due to the effect of snow melt, water runoff and evaporation,
the TWS change during spring and summer shows comparably larger pattern than that
during fall and winter. The annual amplitude from the storage of hydrological models
cannot all be revealed by GPS due to the limited GPS distribution stations.

4.2 TWS and Soil Moisture Changes During Severe Drought
4.2.1 TWS Change

The GPS vertical displacement shows elastic response to the TWS depletion as a drought
indicator (Chew and Small 2014). The magnitude and spatial extent of drought in USA
have been monitored. The drought monitoring system (www.droughtmonitor.unl.edu)
provides drought index for the assessment of drought severity over the whole USA. The
drought monitoring becomes very valuable to monitor the drought severity and extent
based on simulating soil moisture. Five categories, DO-D4, of drought intensities corre-
spond to abnormally dry through exceptional drought. Each state of the southwestern USA
has suffered from the severe drought to different extents. More than 70 % of the entire area
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Fig. 4 Increase in seasonal water storage variations during spring and summer from a GPS, b GRACE,
¢ NLDAS-Noah and d GLDAS-Noah

Fig. 5 Increase in seasonal water storage variations during fall and winter from a GPS, b GRACE,
¢ NLDAS-Noah and d GLDAS-Noah

is under severe drought (D2) in 2012, which can be observed by GRACE measurement and
GPS (Fig. 6). The drought starts from 2012 and increased almost steadily until 2014 with
high drought intensity.

The TWS anomalies from water balance equation (WBE) method are obtained in this
paper, which are compared with GPS TWS and GRACE TWS in Fig. 6. Here, the
anomalies of the GPS, WBE and GRACE TWS are investigated to check whether they are
consistent with the drought intensity. The velocity and constant term of each GPS time
series are removed, and we obtain the GPS heights time series variations with respect to
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Fig. 6 a Drought index in southwestern USA, which means the spatial extent of the drought. Drought
classification increases in severity from DO to D4, DO Abnormally Dry, D1 Drought-Moderate, D2 Drought-
Severe, D3 Drought-Extreme, D4 Drought—Exceptional; b monthly TWS anomalies from GRACE (red) and
average vertical displacement of GPS stations (blue)

their mean value. The GPS TWS time series are smoothed with 3-month moving-average
window to reduce the high frequency fluctuations for better comparison with GRACE
TWS change. First, the GRACE TWS variations during the development and recovery
from the drought are discussed (Fig. 6). After the short-term recovery in early 2013, the
GRACE TWS decreased again until 2014 with reaching the second minimum. The drought
from 2002 to 2004 did not cause the obvious TWS depletion in GRACE measurement, but
GPS measurement shows low TWS. The TWS anomalies from WBE show good consis-
tency with GRACE results. The GRACE monthly TWS anomalies and GPS TWS change
are highly correlated with each other from 2005 to 2012. The GRACE TWS decreases
rapidly after 2012 as well as GPS because of drought effects. The GPS TWS shows great
consistency with the drought index from the drought monitoring system. The GPS TWS is
steady from 2005 to 2012 and decreases rapidly due to the drought in 2012. However, it
comes to the minimum 2 months later than GRACE. Then, it has stronger recovery in early
2013.

4.2.2 Soil Moisture Changes

GRACE measures the TWS variations, including surface water reservoir water, soil
moisture storage and groundwater storage. The soil moisture storage variations have high
contribution to the TWS changes. The GRACE TWS anomalies are highly correlated with
soil moisture storage anomalies from each hydrological model. The TWS anomalies
clearly show a distinct seasonal pattern with winter peaks and summer troughs. The large
interannual variability in TWS ranging from 100 mm in February 2005 to —100 mm in
August 2014 indicates the wet and dry period clearly.

Due to the lack of the surface water and groundwater storage data, the amplitude of
seasonal soil moisture storage from Noah, VIC and Mosaic of NLDAS and GLDAS is
smaller when compared to GRACE TWS (Fig. 6). The NLDAS models have a higher
spatial resolution than GLDAS models. In general, soil moisture storage anomalies in
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Mosaic, VIC and Noah from NLDAS are consistent in timing and magnitude except for
some extremely dry or wet periods. Soil moisture from VIC shows greater variations than
Mosaic and Noah, but root-mean-square (RMS) differences between them are <10 %. The
Mosaic, VIC and Noah from GLDAS also show similar soil moisture change. Because
groundwater storage and surface reservoirs are not taken into account, the hydrological
models underestimate the severity of the drought in 2012, which can be seen in Fig. 7. It
can be concluded that the drought in 2012 has caused large amount of groundwater and
surface water depletion.

4.3 Interannual TWS Change During the Severe Drought

It is a critical issue for water resource management to quantify the impact of the severe
drought on the depletion of water storage. The TWS measured by GRACE is proved to be
very efficient and useful to understand the impacts of the drought for better managing the
restricted water resources. But it is deficient for GRACE to estimate the spatial extent and
magnitude in small region with limited spatial resolution, while regional denser GPS
observations have the great potential to monitor the severe drought with enough obser-
vations (Chew and Small 2014).

To investigate the spatial extent of severe drought in southwestern USA, we obtain the
interannual precipitation anomalies from PRISM. The total accumulative precipitation
from July to September in recent 6 years is derived to evaluate the drought, which clearly
indicates the magnitude and severity of the drought because the drought is maximal during
these 3 months. Figure 8 has clearly shown that the precipitation in 2011 and 2012 is
extremely low when compared to other years. The average accumulative precipitation in
southwestern USA is 194, 180, 190, 116, 143 and 207 mm in the recent 6 years. The
accumulative precipitation in 2011 and 2012 is ~60 and ~80 % of a normal year. The
Rocky mountain range receives minimum precipitation during these months.

To make a quantitative estimate of the total precipitation in southwestern US, we have
analyzed monthly GPCP and TRMM data comparing with PRISM. It has been clearly
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Fig. 7 a Monthly TWS from GRACE, NLDAS and GPS. b Monthly TWS from GRACE, NLDAS and GPS
in southwestern USA from January 2002 to April 2014 (a filter with 6-month width is applied to show the
interannual TWS change)
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Fig. 8 a Monthly precipitation anomalies from GPCP (red), TRMM (blue) and PRISM (green);
b accumulated precipitation in July—September from GPCP (red), TRMM (blue) and PRISM (green)

shown that the precipitation in 2011 and 2012 is lower than 2 mm/day, indicating two dry
years in southwestern USA. And the average accumulative precipitation (July—September)
from GPCP, TRMM and PRISM in 2011 and 2012 is also the lowest among the recent
6 years.

The variations of TWS derived from continuous GPS observations can monitor the
effect of the drought on the water storage variation. In Fig. 9, the surface water storages
from 2008 to 2013 are presented to investigate the variations of TWS, which show clear
changes between each year. The interannual GPS changes (Fig. 9) are consistent with
precipitation pattern in Fig. 10. The interannual precipitation variations are derived from
monthly PRISM data, which are compared with the GPS-inferred surface water storage
variations. The severe drought occurred in 2011 results in the reduction in the TWS,
especially in Texas (Long et al. 2013). And in 2012 Utah and Colorado also suffered from
the drought. The recovery in 2013 shows the end of the severe drought in southwestern US.

4.4 Uncertainties in TWS from GPS and GRACE

The main seasonal variations of GPS coordinate time series are mainly due to the redis-
tribution of the geophysical fluid mass loads (Dong et al. 2002), but there are still unknown
errors. The poroelastic effects or sediment hydrocompaction are not taken into account,
and the annual amplitude of GPS sites is entirely interpreted to be hydrological loading.
The systematic error and other unknown signals in the GPS time series make difficult to
isolate the useful and unknown signals. One of the most important errors is GPS draconitic
year with a period of 351.2 days, which have large effects on GPS annual amplitude (Ray
et al. 2008; Amiri-Simkooei 2013; Griffiths and Ray 2013; Rodriguez-Solano et al. 2014).
Fu et al. (2015) have made a detailed discussion about the effect of draconitic error on the
inversion. On the other hand, the distribution and sparse GPS sites lead to the underesti-
mation of TWS change in some regions. More GPS sites and longer observations can
effectively solve this problem. Therefore, it still needs more work to understand and
separate GPS signals for more wide applications.
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Fig. 9 Interannual water variations in recent 6 years inferred from continuous GPS vertical displacements
of each year

The random errors increase as a function of spheric harmonic spectral degree in mea-
surement errors and noise of GRACE, which results in the signal degradation of TWS
estimate (Wahr et al. 2006). Several filters (Schmidt et al. 2006; Wouters and Schrama
2007) were proposed to isolate these errors, but the true geophysical signal is still
unknown. Furthermore, the leakage effect is one of errors in estimating GRACE TWS
change, which makes big difference in the land—ocean boundary TWS change.

5 Conclusions

In this paper, we have quantitatively estimated the terrestrial water storage variations in
southwestern USA from continuous GPS measurements, which are well comparable with
GRACE and hydrological models. The most seasonal water variability from GPS is located
with Rocky mountain range and Mississippi river watershed, which is consistent with
GRACE and hydrological models. The seasonal TWS changes revealed by GPS and
GRACE show some consistency with hydrological models, but limited due to the sparse
distribution of GPS sites. Furthermore, GPS can measure the severe drought in 2012 as an
independent technique. The magnitudes of TWS depletion from GRACE and GPS during
the drought are both larger than that from hydrological models, which indicates that the
drought is caused by comparable groundwater and surface water depletion. The interannual
TWS changes from GPS in recent 6 years are consistent with the pattern of precipitation
from PRISM, which also indicates the severe drought in 2012. Therefore, continuous GPS
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Fig. 10 Interannual precipitation variations in recent 6 years from PRISM climate group

observations have the potential to measure the drought. Although some differences in
latency, sensing footprint and error source exist between GRACE and GPS time series, it is
possible to combine them for drought monitoring in the future.
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