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ABSTRACT: 

We study the terrestrial water storage (TWS) and groundwater storage (GWS) changes in Canada and United States. We employ the 

separation approach from Wang et al. (2013) together with the improved GRACE data of Release 6 for a longer time span until 

December, 2016. The TWS signals from lake levels are derived from satellite altimetry data over the lakes while TWS signals due to 

soil moisture (SM) and snow water equivalent (SWE) changes from hydrology models. There are four significant trend anomalies in 

North America for both TWS and GWS changes. Two positive anomalies are found in Canada with their centers in the provinces of 

Saskatchewan and Quebec, respectively, due to increased precipitation and/or increased runoff in their surroundings. Two negative 

anomalies are shown in the United States with their centers in California and the northwest of Texas, respectively, which are due to 

decreased precipitation and, especially for California, high water usage for agriculture. 

1. INTRODUCTION 

Continental water resources are influenced by climate change, 

drought and deluge, increasing water use, land use, and 

agricultural practices. Although, the spatial and temporal 

features in water storage can be monitored by the GRACE 

(Gravity Recovery and Climate Experiment) monthly data, the 

trend signal of hydrological changes in formerly glaciated areas 

(e.g. North America) is strong interfered by the effects of glacial 

isostatic adjustment (GIA) (Wang & Wu, 2006a,b; Wang et al., 

2008). The attempts to separate the hydrological trend signal 

from the total signal with GIA models are affected by the 

uncertainties of the glacial history and mantle viscosity in the 

GIA model. Fortunately, there are methods to estimate the trend 

of water storage changes reliably without using any GIA model 

(Wang et al. 2013,2015; Lambert et al. 2013; Li et al. 2018) 

Wang et al. (2013) proposed a combination of GRACE gravity 

and Global Navigation Satellite System (GNSS) measurements 

to separate the terrestrial water storage (TWS) signals without 

any model assumption. They found that central North America 

had undergone a recovery in TWS after the extreme Canadian 

Prairies drought between 1999 and 2005 (Hanesiak et al., 2011). 

The largest rise in TWS was found southwest of Hudson Bay. In 

total, TWS in central North America increased by 43.0±5.0 Gt/a 

from 2002 to 2010. The results uncovered the poorly known 

TWS on the North American continent. However, Wang et al. 

(2013) did not try to reduce the leakage effect due to harmonic 

truncation and Gaussian filtering in the estimation of the 

hydrology signal.  

For this study, we focus not only on the total TWS changes but 

also on ground water storage (GWS) changes in Canada and 

United States. We employ the separation approach from Wang 

et al. (2013) but use the improved GRACE data of Release 6 for 

a longer time span until December, 2016, which improves the 

uncertainty of the separated TWS signals and eases the 

identification of time-variable features. The TWS signals from 

lake levels are estimated from satellite altimetry data over the 

lakes while TWS signals due to soil moisture (SM) and snow 

water equivalent (SWE) changes are calculated from hydrology 

models. Therefore, the GWS signals can be calculated. The 

theoretical framework (including the relevant equations) can be 

found in Wang et al. (2013, 2014). 

2. DATA SETS AND THE PROCESSING 

The ITSG RL06 SH solutions contain monthly Stokes 

coefficients from degree 2 to 90 from August, 2002 to 

December, 2016. They are frequently updated by the Institute of 

Geodesy of the Technische Universität Graz, Austria (Mayer-

Gürr et al., 2016).  

Removal of correlated errors from GRACE monthly data is an 

important step for the accurate estimation of TWS changes. For 

a conventional destriping method (e.g., Swenson at al., 2006), a 

polynomial of selected degree x is used in a window of width w, 

fitted to all the coefficients of the same parity in degrees y for a 

certain order (y), and the coefficients used in fitting are 

subtracted by the fitting values. In this way, the striping errors 

can be reduced in the coefficients within the window. The 

parameters x and y are empirically determined to be 2 and 8 

respectively. Although the de-correlation filter can help reduce 

the stripe errors, they should be selectively applied only to 

correlated harmonic coefficients to avoid signal over-filtering. 

Piretzidis et al. (2018) therefore developed a method (DP 

method) that identifies the presence of correlated errors by 

utilizing the capabilities of machine learning algorithms, which 

are proven to be effective in Canada and Greenland by 
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calculating monthly changes of equivalent water height and 

secular trends. The DP method results in improved recovery of 

mass changes with less geophysical signal attenuation, which 

can lead to a more accurate estimation of mass changes. Hence, 

our monthly coefficients are processed with the DP method for 

efficiently reducing the stripe noise.  

Adding degree one coefficients and substitution of C20 

coefficient are also necessary. The CM reference frame with its 

origin at the Earth’s center of mass (CM) was used in the 

GRACE gravity field determination. In this frame, the degree 

one coefficients of surface TWS changes are undefined 

(Swenson et al., 2006; Wahr et al., 1998). However, the 

omission of the degree one information may probably have a 

significant impact on the estimation of TWS changes (e.g., 

Chen et al., 2005). Following Swenson et al. (2008), the degree 

one terms of TWS changes can be calculated based on degree 

one coefficients and the load Love number (Wang et al., 2012) 

for potential perturbation with respect to the CF frame with its 

origin at the center of figure (CF) of the Earth’s outer surface. 

However, the degree one coefficients (C10, C11 and S11) have 

to be solved for the CF frame, which can be estimated with the 

GRACE-OBP approach (Swenson et al. 2008), from a 

combination of GRACE Stokes coefficients data for degrees 

two and higher and the output of an ocean bottom pressure 

model. Although the monthly C20 coefficients are available 

from GRACE gravity solutions, they are subjected to large 

uncertainties (Chen et al., 2016), presumably due to tide-like 

aliases, and thus usually replaced with estimates from other 

techniques, such as satellite laser ranging (SLR, Cheng and 

Tapley, 2004). We evaluate the linear trend of Stokes 

coefficients or gravity perturbations by accounting for periodic 

signals due to annual, 2.5 year and S2-tide (161 days) variations. 

Separation of TWS signal from GIA is a key step for this study. 

The GIA effects are removed from the monthly Stokes 

coefficients based on the approach proposed by Wang et al. 

(2013). By converting the GPS signal into a gravity signal 

according to Wahr et al. (1995) we can remove the GIA 

contribution from GRACE. GNSS networks that observe GIA 

induced uplift motion over a long-time span exist in North 

America. We expand observed uplift displacement trends from 

at least a decade of GNSS data (1993-2006 in North America 

(Sella et al., 2006; Peltier et al., 2015) into spherical harmonics 

with degrees up to 90. The remaining signal shows the TWS 

contribution only.  

The average soil moisture data from 2002 to 2016 are from two 

land surface models: NOAH and VIC of GLDAS (Rodell et al., 

2004). The average SWE data are used from the three land 

surface models: CLM, MOSIC and VIC of GLDAS during the 

same period. GLDAS data are available from the Goddard Earth 

Sciences Data and Information Services Center 

(http://disc.gsfc.nasa.gov/hydrology). The monthly coefficients 

of the average SM or SWE data are computed for 

degrees/orders up to 90, and are removed from the GRACE 

Stokes coefficients so that the residuals give the contributions 

from the GWS changes. 

Inversion is necessary to recover a final mascon solution. If the 

TWS or GWS changes are calculated by spherical harmonic 

synthesis as described by Wahr et al. (1998), the results are 

inevitably affected by signal leakages due to the truncation of 

higher harmonic degree terms and necessary smooth filtering 

(e.g, using Gaussian filter (Jekeli, 1981)). The way used here is 

the mascon fitting treatment (Jacob et al., 2012), which can 

avoid the problem to a large degree. The uncertainties are 

estimated by considering 2 aspects: 1) the values of the TWS 

changes on the ocean for the same latitudes as in North America; 

2) the differences among the different hydrology models used.

However, smooth filtering is an important step in order to 

reduce measured noise for the high order Stokes coefficients 

data. Here, we use a 220-km Gaussian filter in the mascon 

fitting inversion. 

Time series of the GRACE-derived hydrological variation in 

selected areas are compared to time series of terrestrial data 

from groundwater wells. The majority of the data covers the 

time span since 2000. Groundwater levels for Manitoba, 

Saskatchewan and Alberta have been kindly provided upon 

request by the Water Stewardship Division of Government 

Manitoba, the Saskatchewan Water Authority and the 

Groundwater Information Centre of Government Alberta, 

respectively. The groundwater data have all been checked for 

significant outliers and anthropogenic influences before they are 

used to validate our mascon estimate of TWS and GWS changes. 

3. RESULTS AND CONCLUSIONS 

Trend rates of the separated TWS changes in North America are 

shown in Figure 1. The component signals for lake water level, 

soil moisture and SWE derived from hydrology models are 

shown in Figures 2 to 4 respectively. The results for the 

separated GWS changes are shown in Figure 5. 

We present 1-degree-grid mascon solutions for the TWS and 

GWS changes (Figure 6 and Figure 7 respectively) (i.e., 

monthly changes and the trends) from August, 2002 to 

December, 2016 in North America, and find different features 

in Canada and the United States. There are four significant 

trend anomalies in North America for both TWS and GWS 

changes. Two positive anomalies are found in Canada with their 

centers in the provinces of Saskatchewan and Quebec, 

respectively, due to increased precipitation and/or increased 

runoff in their surroundings. Two negative anomalies are visible 

in the United States with their centers in California and the 

northwest of Texas, respectively, which are due to decreased 

precipitation and, especially for California, high water usage for 

agriculture. For the TWS mascon solution, the four anomalies 

have magnitudes of 29.7, 11.3, 47.0 and 21.3 x10-3m/yr., 

respectively. For the GWS mascon solution, they are 32.6, 25.6, 

45.6 and 22.8 x10-3m/yr. Note that the first three anomalies are 

located in upper- or middle-stream areas. The Saskatchewan 

anomaly reflects the increasing trends of TWS and GWS after 

the extreme Canadian Prairies drought. Our mascon solutions 

for the GWS changes in the Canadian Prairies are well validated 

by well level data. The increased total TWS mass per year in the 

North America amounts to 15.1 Gt while the increased total 

GWS mass per year is 44.6 Gt. 

Figure 1. Trend rates of the separated TWS changes in North 

America (x10-3m /yr.) 
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Figure 2. Trend rates of the lake water level changes in North 

America (x10-3m /yr.) 

Figure 3. Trend rates of the soil moisture changes in North 

America (x10-3m /yr.) 

Figure 4. Trend rates of the SWE changes in North America 

(x10-3m /yr.) 

Figure 5. Trend rates of the separated GWS changes in North 

America (x10-3m /yr.) 

Figure 6. Mascon solution for the trend rates of the separated 

TWS changes in North America (x10-3m /yr.) 

Figure 7. Mascon solution for the trend rates of the separated 

GWS changes in North America (x10-3m /yr.) 
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