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ABSTRACT 

 

The GRACE mission (Gravity Recovery and Climate Experiment) and its successor, 

the GRACE Follow-On (GRACE-FO) have been monitoring the terrestrial water storage 

anomalies (TWSA) since April 2002. The Space Research Center (CSR), Jet Propulsion 

Laboratory (JPL), and Goddard Space Flights (GSFC) are operationally providing individual 

monthly solutions based on the mass concentration (mascon) solution as the radial basis 

function. The inverted TWSA maps (or regional averaged values) from these centers are 

being used in many applications. However, as terrestrial data are unavailable, the uncertainties 

and their confidence intervals are unknown. Consequently, this work aims to evaluate the 

quality of each TWSA solution from the three processing centers using a generalized 

formulation of the three-cornered hat method (TCH) and estimate the respective confidence 

intervals for the uncertainties. Overall, the TCH results for the study period from April 2002 

to June 2017 over South America indicate that the uncertainties of TWSA from CSR, JPL, 

and GSFC are 34.4, 47.4, and 38.7 mm, respectively. At basin scale, the good performance of 

the TWSA based on CSR mascon solution is observed. The THC-based results agree with an 

ensemble mean from the three solutions. Regarding the confidence intervals, in general, the 

reliability of the data decreases as the area decreases. In this sense, this study supports 

hydrologists in selecting the best TWSA solution for hydrological studies. 

 

Keywords: GRACE; mascons; three-cornered hat method; TWSA; uncertainties. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

RESUMO 

 

A missão GRACE (Gravity Recovery and Climate Experiment) e sua sucessora, a 

GRACE Follow-On (GRACE-FO) têm monitorado as anomalias de armazenamento d’água 

terrestre (do inglês, terrestrial water storage anomaly - TWSA) desde abril de 2002. O Centro 

de Pesquisa Espacial (CSR) da Universidade do Texas, o Laboratório de Propulsão a Jato 

(JPL), e o Centro de Voos Espaciais Goddard (GSFC) estão operacionalmente fornecendo 

grades mensais contendo TWSA baseadas nas funções de base radial empregando-se a 

solução concentração de massa (do inglês, mass concentration - mascon). As grades contendo 

TWSA (ou valores médios regionais) produzidas por estes centros estão sendo usadas em 

muitas aplicações. No entanto, como observações terrestres não estão disponíveis, as 

incertezas e seus intervalos de confiança são desconhecidos. Consequentemente, este trabalho 

visa avaliar a precisão de cada solução TWSA dos três centros de processamento usando uma 

formulação generalizada do método do chapéu-de-três-pontas (do inglês, three-cornered hat - 

TCH) e estimar os respectivos intervalos de confiança para as incertezas. No geral, os 

resultados do método TCH para o período de estudo de abril de 2002 a junho de 2017 indicam 

que as incertezas das grades TWSA para a América do Sul provenientes do CSR, JPL e GSFC 

são 34,4, 47,4 e 38,7 mm, respectivamente. Para a média regional considerando as bacias 

hidrográficas, observou-se o bom desempenho da solução TWSA produzida pelo CSR. As 

incertezas baseadas no método THC concordam com as incertezas considerando média de 

conjunto para as três soluções como referência. Com relação aos intervalos de confiança, em 

geral, a confiabilidade dos dados diminui à medida que a área diminui. Neste sentido, esta 

dissertação auxilia hidrologistas a selecionarem a melhor solução TWSA para estudo 

hidrológicos. 

 

Palavras-chave: GRACE; mascons; método-do-chapéu-de-três-pontas; TWSA; 

incertezas. 
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1 INTRODUCTION 

 

Since March 17, 2002, the Gravity Recovery and Climate Experiment (GRACE) 

mission and its successor, the GRACE Follow-On (GRACE-FO), have been used to monitor 

Earth's gravitational field in the space and time domains. The variability in Earth’s gravity 

field as observed by GRACE, represents geophysical responses associated with mass 

distributions and redistribution at or near the Earth's surface. The mass variations are likely to 

occur at the Earth’s surface on the time scales examined by GRACE measurements. 

Generally, the largest time-varying gravity signals observable in GRACE data are expected to 

come from changes in the distribution of water and stored snow on continents (WAHR et al., 

1998, WAHR et al., 2009). Consequently, temporal variations in the Earth's gravitational field 

can be used to estimate global and regional terrestrial water storage anomalies (TWSA) (cf., 

WAHR et al., 2004). 

GRACE and GRACE-FO missions significantly expanded the frontiers of satellite 

geodesy applications in hydrology. For two decades, the GRACE mission has been enabling 

the hydrological community to explore how TWS evolves in space and time (TAPLEY et al., 

2019), analyze the water balance (HASSAN and JIN, 2016), investigate groundwater 

exploitation, flooding, and drought severity (RODELL et al., 2007; LONG et al., 2014; 

REAGER et al., 2014; FRAPPART and RAMILLIEN, 2018; HASAN et al., 2021), estimate 

regional evapotranspiration (RODELL et al., 2004), and precipitation minus 

evapotranspiration (SWENSON and WAHR, 2006), and study lake/reservoir storage 

dynamics (MOORE and WILLIAMS, 2014), among other applications. In the context of 

geodesy, GRACE missions allow geodesists to model geoid height, glacial isostatic 

adjustment, hydrological loading (VAN DAM et al., 2007), and glacial mass variations 

(PAULSON et al., 2007; GERUO et al., 2013; SUTTERLEY et al., 2014). These applications 

are possible due to an ever-increasing range of new products and data, and continuous 

improvements in existing processing and analysis methodologies produced by the GRACE 

processing centers. 

The TWSA fields, expressed as equivalent water height, can be estimated from the 

spherical harmonics coefficients or based on the mass concentration (mascon) solution. The 

spherical harmonic coefficients are available through different parameterizations, and their 

inversion to TWSA requires different filtering strategies, smoothing, and scaling factors (cf. 

LANDERER and SWENSON, 2012; LONG et al., 2015). Alternatively, the Center for Space 

Research (CSR) at the University of Texas, the Jet Propulsion Laboratory (JPL), and the 
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Goddard Space Flight Center (GSFC) are producing direct TWSA solutions by inverting the 

GRACE raw data based on the mascon solutions. TWSA solutions based on mascons have the 

advantages of retaining enhanced gravity signals using regional constraints, reducing residual 

noise, and minimizing spatial leakage error. In most cases, mascons solutions can be used 

directly without applying scaling factors or post-processing schemes (cf. WATKINS et al., 

2015). Consequently, mascon solutions present advantages to the hydrological community. 

However, evaluation of available mascons solutions is still necessary to assist hydrologists in 

selecting the best product and their limitations in terms of the noise level. 

Error estimates for satellite-based products require validation using ground datasets. 

Nevertheless, assessing the uncertainties is challenging without ground data, especially for 

regions such as South America, where data is limited or nonexistent. This situation is even 

worse for the TWSA, where no direct measurements exist, since it is virtually the sum of soil 

moisture, inland waters, groundwater, and ice and snow storage. Noise decoupling problems, 

such as the three-cornered hat (TCH) method, offer an approach to assess the uncertainty of 

each GRACE processing center without the need for ground measurements (FERREIRA et 

al., 2016). Efforts were made to evaluate the GRACE uncertainties using the TCH method. 

For example, Ferreira et al. (2016) evaluated the uncertainties of four GRACE processing 

centers on a global scale using spherical harmonic solutions and found results between 9.4 

and 14.8 mm. Furthermore, Yao et al. (2019) analyzed the uncertainties related to TWSA 

changes derived from GRACE of five spherical harmonic solutions over mainland China and 

the results showed that the average uncertainties of TWSA changes over mainland China are 

between 15 to 56 mm. However, the confidence interval for the errors estimated by the TCH 

method was not presented in previous works, as well as the use of mascons solutions. In this 

study, the generalized formulation of the TCH method is applied to evaluate the different 

TWSA solutions produced by three mascon solutions. Specifically, the main objectives of this 

study are: 

(i) to calculate the validation metrics for each of the three mascon solutions (CSR, 

JPL, and GSFC), and 

(ii) to estimate their respective confidence intervals. 
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2 STUDY AREA 

 

 The study area is composed of South American watersheds, which comprise a total of 

25 basins with areas equal to or larger than 100,000 km2 (Figure 1). This region contains the 

world's largest watershed (the Amazon Basin) and drier regions, such as eastern Patagonia 

and the extremely arid Atacama Desert. In addition, it has two other important hydrographic 

basins, La Plata and Orinoco, the two largest and most productive hydrographic basins on the 

continent.  

 

Figure 1 - Watersheds of South America extracted from the South American Hydrological 

Basins, available in FAO (2006). The numbers assigned to each catchment here can be used to 

identify the catchment names (Table 2). 

 

Source: Author (2023). 
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The South American continent, with unique ecosystems and high biodiversity, 

presents extreme geographic variations and diverse weather and climate patterns, including 

tropical, subtropical, and extratropical characteristics (GARREAUD et al., 2009). The 

continent is responsible for approximately 20% of global freshwater discharge (DE LINAGE 

et al., 2013), thus crucial in the global biogeochemical cycle. The region is largely under the 

influence of large-scale atmospheric-oceanic phenomena, including mainly the El Niño 

Southern Oscillation (ENSO) and the North Atlantic Oscillation (NAO), which affect the 

climate and its phases associated with droughts, floods, and extreme weather events in 

different parts of the continent (MAGRIN et al., 2007, TEDESCHI and COLLINS, 2016).  

Climate variability across South America can be categorized based on distance from 

the equator and the altitude of the area. These climate variabilities have significant impacts on 

the continent's water storage. Other important essential factors such as excessive water use, 

especially for agricultural purposes, widely threaten water resources (GRAU and AIDE, 2008, 

MAGRIN et al., 2014). Therefore, considering the diversity of South America presented and 

the limitations of terrestrial observations, it becomes interesting to use it for this study. 
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3 MATERIAL AND METHODS 

 

 This section describes the dataset as well as the methods used in this study. 

 

3.1 Datasets 

 

 This topic aims to present the datasets, divided into (i) GRACE mascon solutions and 

(ii) pre-processing of GRACE mascon solution. 

 

3.1.1 GRACE mascon solutions   

 

The TWSA can be described as a functional of the Earth's time-varying gravitational 

field, related to hydrological applications, and represents the sum of water stored in the soil, 

water contained in glaciers, surface and underground runoff and precipitation for a studied 

area or basin (e.g., AHI and CEKIM, 2021). TWSA products can be estimated based on 

mascons solutions. The mascons solutions represent changes in the Earth's gravitational field, 

which can be defined as blocks of mass concentration in a sphere (MULLER and SJÖGREN, 

1968). Mascons have some advantages over spherical harmonic functions. First, the 

geophysical constraints applied support noise filtering. This is more rigorous than the 

empirical methods used to remove the north-south stripes present in spherical harmonic 

solutions. In addition to better noise filtering, mascons also prevent information leakage 

between land and ocean, leading to a better representation of coastal zones (SAVE et al., 

2016). The mascon blocks are provided by the GRACE mission's CSR, JPL and GSFC 

processing centers. Mascon solutions provided by these individual processing centers differ 

by processing variants and sizes, shapes, and spatial resolution of the blocks on the Earth’s 

surface (generally taken as a spherical approximation). 

In this study, mascon GRACE solutions were used in their most recent version labeled 

as RL06 (Release-06) provided in the form of monthly grided TWSA values by CSR (SAVE 

et al., 2016; SAVE, 2020), JPL (WATKINS et al., 2015; WIESE et al., 2016; WIESE et al., 

2018; LANDERER et al., 2020), and GSFC (LOOMIS et al., 2019). Table 1 presents the 

main processing techniques and spatial resolution of blocks in a sphere used by each GRACE 

center. 
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Table 1 - Main processing techniques and spatial resolution of each GRACE center. 

Centers 

Replacement 

of C20 

Coefficients 

Reduced effect of 

Glacial Isostatic 

Adjustment (GIA) 

Noise reduction 
spatial 

resolution 

CSR 

Satellite Laser 

Range (SLR) 

Estimates 

Using the ICE6G_D 

model (PELTIER et 

al., 2018) 

Application of restrictions 

based only on GRACE 

observations (SAVE et al., 

2016) 

0.25°  

JPL 

Satellite Laser 

Range (SLR) 

Estimates 

Using the ICE6G_D 

model (PELTIER et 

al., 2018) 

Coastline Resolution 

Improvement (CRI) method 

(WATKINS et al., 2015) 

0.5°  

GSFC 

Satellite Laser 

Range (SLR) 

Estimates 

Using the ICE6G_D 

model (PELTIER et 

al., 2018) 

Adaptive decomposition filter 

using anisotropic constraints 

(LUTHCKE et al., 2013) 

0.5°  

Source: Author (2023). 

 

3.1.2 Pre-processing of GRACE mascon solutions   

 

 For the evaluation of uncertainties, it is initially necessary to perform a pre-processing 

step in order to find correspondences in space and time between estimates that have different 

spatial resolutions since the datasets are sampled in different grids and/or acquired at different 

times (GRUBER et al., 2020). The process of finding matches between these data is 

commonly referred to as collocation, being essentially a resampling task (LOEW et al., 2017). 

This step is used to minimize the impact of representativeness errors (primarily spatial) on 

validation metrics (GRUBER et al., 2020). 

 As the spatial resolutions of the gridded TWSA products differ from each other, a 

reference grid must be selected on which the other products are resampled for collocation 

purposes. For this investigation, a spatial resolution of 0.25° was chosen as a reference, this 

being the resolution of the CSR solution and the resolution of the JPL and GSFC centers were 

resampled from 0.5° to 0.25° using the conservation of mass (see, WIESE et al., 2016) in 

order to promote the reduction of leakage errors along coastlines. It is important to note that 
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the resampling consisted only of dividing the cell into other smaller cells under the condition 

that the volume must be conserved. So, no mathematical manipulation was used. 

 Subsequently, the GRACE-derived monthly TWS fields were re-sampled precisely in 

the middle of each month, and the missing 20-month data were interpolated using data from 

neighboring months as suggested by Mo et al. (2022). This was necessary as the number of 

days differs by a few days between GRACE processing centers, and all datasets must be time-

aligned to use the TCH method (FERREIRA et al., 2016). Monthly TWSA observations 

during the interval between GRACE and GRACE-FO are absent, leading to discontinuity in 

the time series and therefore preventing full utilization and analysis of the data (SUN et al., 

2021, YI and SNEEUW, 2021). Hence, due to this 11-month GAP between the GRACE 

mission and GRACE-FO, the data used are only for the first mission, ranging from April 2002 

to June 2017. 

 

3.2 Methods 

 

 This topic aims to present the methods used in this study, divided into (i) TWSA time 

series processing, (ii) Gaussian filtering, (iii) The three-cornered hat method, (iv) Validation 

metrics and (v) Confidence Intervals from block-bootstrapping. 

 

3.2.1 TWSA time series processing 

 

To evaluate the TWSA time series derived from GRACE on a grid scale, the annual 

amplitude and linear trend were calculated using the following functional model: 

 

 

(1) 

 

 is the original input series as a function of time,  is the value of  at the reference 

epoch ,  is the linear trend,  is the angular frequency (  = 2π/ , where  is the 

period , one year in our analyses), and the coefficients  and  contain information on the annual 

amplitude , where it is calculated by: 
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(2) 

3.2.2 Gaussian filtering 

 

In order to make comparisons between the GRACE processing centers, a spatial 

smoothing of the observed amplitudes is performed. Here, it is proposed to average the annual 

amplitudes and linear trends using the Gaussian smoothing function, a low-pass filter, to 

reduce the signal strength. The weighted Gaussian mean is calculated by the expression 

(BOMFIM et al. 2013): 

 

 
(3) 

 

where the Gaussian operator  is a function of the spherical distance, , between 

the computation point and the execution point, calculated by Wahr et al. (1998) as: 

 

 
(4) 

 

where  is dimensionless and defines the smoothing process of the Gaussian operator, 

which is calculated as (WAHR et al. 1998 ): 

 

 
(5) 

 

where,  is the average radius (or smoothing radius), which is equivalent to the 

distance on Earth at which  drops to half its value at the origin (  = 0ᵒ), in this case, the 

smoothing radius used was 150 km, and R is the radius of a spherical Earth (6378 km). 

 

3.2.3 The three-cornered hat method 

 

The TCH method was initially proposed to estimate the relative accuracy of oscillators 

and atomic clocks (GRAY and ALLAN, 1974) but has been widely used in geodetic studies 

(CHIN et al., 2005; KOOT et al., 2006; VALTY et al., 2013). The TCH is applicable when at 

least three observations of the same quantity obtained by different sensors are available. The 

presupposed hypothesis is that the observations contain the same signal in common, that is, 
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the true signal, plus independent noise responsible for the observed differences. The method 

consists of introducing covariances of the measured data, with the proposal of an adequate 

optimization criterion, allowing estimation of the complete covariance matrix of the three 

measures, provided that its positive definition is guaranteed (PREMOLI and TAVELLA, 

1993). 

Regarding the GRACE TWS variable, in the absence of a reference dataset, the TCH 

method can be used to estimate the relative uncertainties of the TWS derived from different 

sources if at least three products are available. To estimate the uncertainty in the TWS 

datasets, consider the time series of stored available products as  where   

corresponds to each solution center (that is,  , corresponding to the GRACE processing 

centers that produce mascons solutions). Let each time series be expressed as: 

 

 (6) 

 

where   is the true sign and  is a zero mean white noise process, representing the noise 

deviation of the GRACE processing center .  

 Since no true estimate of  is available, the differences between  processing 

centers and an arbitrarily chosen reference center are calculated as (KOOT et al., 2006): 

 

 (7) 

 

with  being the time series designated as reference. For this study, the TWSA time series 

derived from the CSR was selected as the reference series. However, the results of the 

uncertainty estimates are independent of the choice of the time series of a given GRACE 

processing center as a reference since the calculations are based on the covariance of 

differences (Equation 7) (see, for example, TAVELLA and PREMOLI, 1994; KOOT et al., 

2006). 

 The samples of the  differences of solution centers (Equation 7) are stored in the 

columns of an   matrix as: 

 

 (8) 

 

where each row contains a monthly observation (here,  = 183; that is, 183 months from 

April 2002 to June 2017, after allowing for the missing months as shown in Section 3.2), and 
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each column represents the difference between each time series and the reference. The 

covariance matrix of the difference series is calculated as: 

 (9) 

 

where cov (∘) is the covariance operator, and elements of  ( ) being variance estimates (for  

) or covariance estimates (for ) otherwise. Presenting the unknown N x N 

covariance matrix of the individual noises R, it is related to S by (PREMOLI and TAVELLA, 

1993): 

 

,      . (10) 

 

Equation 9 is indeterminate because there are  (  1)/2 unknowns, but only  

(  1)/2 equations. Thus, there remain  'free' parameters that must be determined to obtain 

a unique solution (GALINDO and PALACIO, 2003). 

An important restriction on the solution domain for free parameters, however, is that 

the estimated covariance matrix should be positive defined (KOOT et al., 2006), i.e.,   

(GALINDO and PALACIO, 2003). This condition restricts the solution domain to the free 

parameters (  ), but it is still not sufficient to determine them 

(Koot et al., 2006). The free parameters are thus chosen so that the sum of the estimated 

correlations between all-time series is minimal, considering the restriction . To 

determine the free  parameters, an appropriate objective function must be defined. The 

objective function used is given by (PREMOLI and TAVELLA, 1993) as: 

 

 

(11) 

 

where ,  is a quadratic average of covariance and 

 both depending on the free parameters. Solution of the objective 

function minimization problem can be done analytically as Premoli and Tavella (1993). 

Therefore, when the free parameters were estimated, the solution to the other unknown 

elements of   is given by Equation 9. 
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3.2.4 Validation metrics 

  

 In this study, the metrics used to validate the TWS-GRACE uncertainties based on the 

TCH method were the unbiased Root Mean Squared Error (ubRMSE) and the Signal-to-Noise 

Ratio (SNR). According to GRUBER et al. (2020), the ubRMSE is the root mean squared 

error without the bias component, which can be interpreted as the standard deviation of the 

random error, calculated as: 

 

 

(12) 

       

Where , ,  and  the covariances of the matrix. 

 The signal-to-noise ratio is the dimensionless ratio between the true signal power and 

the noise power. The higher the signal-to-noise ratio, the less the effect of background noise 

on signal detection or measurement. In terms of random variables, the signal-to-noise ratio 

can be defined as: 

 

 
(13) 

 

where std refers to the standard deviation of the TWSA series and  the value of the 

variance of the error for the respective TWS time series. 

 

3.2.5 Confidence Intervals from block-bootstrapping 

 

Estimating confidence intervals for validation metrics is not always straightforward 

because the sampling error probability density function (pdf) of the various estimators is often 

poorly understood or contains parameters that are typically unknown (ZWIEBACK et al., 

2012). For TCH-based metrics, it is necessary to use bootstrapping to approximate the 

sampling error pdf. Bootstrapping is a non-parametric method for obtaining confidence 

intervals of estimators with unknown sampling distribution (EFRON and TIBSHIRANI, 

1986). 

The calculation of the above metrics is based on finite-sized samples, with the sample 

size directly affecting the statistical performance. To quantify the statistical uncertainties 
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caused by sampling errors, this study relied on the block-bootstrapping resampling technique 

(Ólafsdóttir and Mudelsee, 2014) to construct confidence intervals (CI) for the ubRMSE 

validation metric. Relative differences were considered greater than the sampling uncertainty 

(i.e., they are statistically significant) only when the CI of various cases does not overlap. 

Compared with resampling single data points, block-bootstrapping can prevent the 

autocorrelation in the TWSA time-series from generating an enlarged CI (GRUBER et al., 

2020). The specific steps to apply block-bootstrapping to estimate CI of validation metrics are 

summarized as follows: 1) Resample blocks of collocation input datasets 1000 times, with 

replacement and preserve the original sample size. For detailed information about the 

calculation of the optimal block length see GRUBER et al. (2020). 2) Repeatedly calculate the 

validation metrics in each resampling procedure. 3) Construct the empirical probability 

distribution of these iteration metrics and obtain the corresponding 95% CI to visually express 

the sampling errors. 
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4 RESULTS AND DISCUSSIONS 

 

 In this section, the main results of this study are presented. Section 4.1 shows the results 

related to the comparisons of the solutions of the three GRACE processing centers on a regional scale 

and Section 4.2 shows the results of the solutions on a basin scale. 

 

4.1 Grid-Scale Comparison 

 

First, the pre-processing stage described in section 2.3 was performed by obtaining the 

monthly TWSA fields. Then, annual amplitudes were estimated using least-squares at each 

grid point for the respective series. In addition, the average between the three processing 

centers was calculated (Figure 2(d)). This was necessary to verify the differences/similarities 

of the intercomparison in the spatial domain. The resulting annual amplitudes are presented in 

Figure 2 (a)-(d). It is possible to observe that the signals from the CSR and GSFC solutions 

showed greater agreement and had a gradual change along adjacent 1° grid cells compared to 

the marked change observed between adjacent 3° cells seen in the JPL solution. 
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Figure 2 - Annual amplitudes of processing centers (a) CSR, (b) GSFC, (c) JPL and (d) 

Ensemble and smoothed annual amplitudes of processing centers (e) CSR, (f) GSFC, (g) JPL 

and (h) Ensemble of regional TWSA fields for the period April 2002 to June 2017. 

 

Source: Author (2023). 

 

Furthermore, spatial smoothing of observed amplitudes was performed to reduce 

signal intensity using the Gaussian filter per section 3.2.2. After applying the Gaussian filter, 

the results show the same spatial patterns with insignificant differences and good agreement 

between the three solutions and the ensemble (Figure 2 (d)-(g)). Relative comparisons of 

annual amplitudes between processing center show correlations of 0.97 between CSR and 

GSFC, 0.97 between CSR and JPL, and 0.96 between GSFC and JPL. The relative 

comparisons of the smoothed annual amplitudes between each set of two products showed 

correlations greater than 0.99. 

Figure 3 shows the linear trends of TWSA series based on a least square fitting 

procedure at each grid point.  

 



24 

Figure 3 - Linear trends of processing centers (a) CSR, (b) JPL, (c) GSFC and (d) ensemble 

and smoothed linear trends of processing centers (e) CSR, (f) JPL, (g) GSFC and (h) 

Ensemble of regional TWS fields for the period April 2002 to June 2017. 

 

Source: Author (2023). 

 

Like the annual amplitudes, it is possible to observe in the linear trends that the signals 

from the CSR and GSFC solutions show greater agreement, with a gradual change along the 

grid cells, whereas in the JPL solution, it is possible to observe a more accentuated change 

(Figure 3c), which is reduced after applying Gaussian smoothing (Figure 3f), where it shows 

the same patterns with insignificant differences. In addition, the CSR shows lower linear trend 

values compared with the other solutions, followed by the GSFC and JPL, respectively. It is 

also possible to notice that the linear trend of the ensemble resembles the linear trend of the 

GSFC. 

The quality of the results published by the three processing centers was evaluated 

through the uncertainties calculated from the TCH method. First, Equation (10) was 

minimized at each grid point to estimate the three (  = 3) free parameters, which were used to 

calculate the other elements of matrix using Equation (9). The diagonal elements of matrix , 
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which contain noise variations ( , , ), were then used to calculate the noise deviations, 

which express the quality of each mascon solution (i.e., CSR, JPL, and GSFC). Despite the 

differences between the strategies adopted for each mascon solution to estimate the 

parameters, the GRACE measurements are the same among the centers. Thus, it is possible to 

suppose that GRACE detects the same geophysical phenomena and the common signals are 

canceled using Equation (7), making the TCH method capable of providing dependent errors 

in the methodology of each solution, which agrees with the finds reported by FERREIRA et 

al. (2016). The results of TCH-derived uncertainties are presented in Figure 4. 

The CSR (Figure 4a) seems to present the slightest uncertainties compared to the other 

two solutions (Figures 4b and 4c), especially in the regions of Colombia, Ecuador, Peru, 

Bolivia, and Chile. The JPL uncertainty map (Figure 4c) shows larger general error patterns 

than GSFC, which shows higher uncertainties in Brazil. The area-weighted uncertainties for 

each processing center were calculated considering the uncertainties distribution presented in 

Figure 4. The results showed that the CSR has a regional (weighted) average uncertainty 

equals to 34.4 mm, JPL 47.4 mm, and GSFC 38.7 mm. It is known that the average of the 

datasets is effective in reducing noise compared to the individual members, as shown by 

Sakumura et al. (2014). Here, the average of the CSR, JPL, and GSFC time series was 

calculated and compared to each individual solution. The standard deviation of differences 

was 28.2 mm for CSR, 32.5 mm for JPL, and 32.3 mm for GSFC, which agrees with the 

results derived by the TCH method. The results of the uncertainties derived from the mean of 

the ensemble of solutions are presented in Figure 5, where it is possible to observe the 

similarity with Figure 4 of the results of the uncertainties derived from the TCH. 

 



26 

Figure 4 - TCH-derived TWSA uncertainties of processing centers (a) CSR, (b) GSFC and (c) 

JPL and SNR based of processing centers (d) CSR , (e) GSFC and (f) JPL. 

 

Source: Author (2023). 

 

However, the noise itself is insufficient to describe the relative quality of each 

processing center. Thus, for each mascon product (i.e., CSR, JPL, and GSFC), the Signal-

Noise-Ratio (SNR) was estimated using Equation (13). The results are presented in panels (d), 

(e) and (f) of Figure 4. The spatial patterns of SNRs are different from those of noise 

distribution (panels (a), (b), and (c) Figure 4), indicating higher values in regions with strong 

hydrological signals (e.g., Amazon, La Plata, Orinoco, and Tocantins Basins). The areal 

weighted SNRS values were calculated for each mascon solution. The results show that CSR 

has a SNR value equal to 5.3, JPL 3.5, and GSFC 4.7, indicating the good overall 

performance of the CSR product compared to the other two centers. Again, compared to the 

ensemble mean, the average SNRs show 7.1 for CSR, 5.0 for JPL, and 6.1 for GSFC. As for 

the uncertainties, the results of the SNRs derived from the mean of the ensemble of solutions 

are presented in Figure 5, where it is possible to observe the similarity with Figure 4 of the 

results of the uncertainties derived from the TCH. 
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Figure 5 - TWSA uncertainties derived from the ensemble of processing centers (a) CSR, (b) 

GSFC and (c) JPL and SNR of processing centers (d) CSR, (e) GSFC and (f) JPL. 

 

Source: Author (2023). 

 

4.2 Watershed-scale Comparison 

 

South America's watersheds (Figure 1 and Table 2) were chosen to quantify the 

validation metrics of TWs' relative differences, as well as the confidence intervals relating to 

the ubRMSE of the three mascon solutions on basin-scale to analyze whether variations 

strongly impact the content of information within the data. The limits of the 25 basins selected 

with areas equal to larger than 90 × 10³ km² were obtained from the South America 

hydrological basins, available in FAO (2006). This choice was based on the fact that smaller 

basins than the spatial resolution of the GRACE-derived TWSA (approx. 300 km) cannot be 

properly captured by GRACE. The watersheds were characterized according to Long et al. 

(2017) as large basins (basin area > 1,000,000 km²), medium-sized basins (200,000 km² < 

basin area ≤ 1,000,000 km²), and small basins (basin area ≤ 200,000 km²). Based on basin 

size, 8% (2) of the basins are grouped into large basins, 72% (18) in medium basins, and 20% 
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(5) in small basins. In addition, the basin average TWSA for all 25 basins was calculated by 

applying a regional average by defining a mask with the perimeter of the basins. TCH-based 

ubRMSE values are shown in Figure 6.  

Figure 6 - TCH -based UbRMSE for the 25 watersheds. 

 

Source: Author (2023). 

 

It is evident that in terms of large basins, the CSR center provides the best 

performance (Figure 6), followed by the JPL and the GSFC. It is possible to note that 

ubRMSES vary concerning the size of the basin, which is following the fact that the GRACE 

is more sensitive and accurate for large watersheds (see, for example, WAHR et. al, 2006; 

SUN, 2013; REAGER and FAMIGLIETTI, 2013). Regarding medium-size basins, JPL 

performs better compared to other centers, except among the Atlantic Western Northeast 

basins (Basin N° 17), Pacific Coast, North Chile (Basin N° 18), Magdalena Basin (Basin N° 

19), Atlantic Southeast Coast (Basin N° 20) and Salinas Grande Basin (Basin N° 21). The 

CSR has greater variations in the results, presenting greater ubRMESs for the Caribbean 

Coast (N° 13) and Atlantic Eastern Northeast Coast (N° 16) basins. The GSFC overall had 

larger ubRMSES except for the Atlantic North Coast (N° 07), Caribbean Coast (N° 13), 

Atlantic Eastern Northeast Coast (N° 16), Atlantic Western Northeast (N° 17), Pacific Coast, 

North Chile (N° 18) and Magdalena Basin (N° 19). In terms of small basins, each mascon 

solution’s performance differs from basin to basin. 

To determine whether variations in the hydrological signal of the relative basins 

influence the magnitude of the ubRMSES, SNR values were calculated for each watershed 

(Figure 7). For the large basins it is evident that the dispersion of the SNRs is relatively 
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decreasing. That is, it usually depends on the size of the basin. This finding agrees with the 

results by Sakumura et al. (2014) and Ferreira et al. (2016), where it was shown that solutions 

are due to random errors and not signal differences. Regardless of the basin's size, the 

hydrological signal's amplitude also plays an essential role in the performance of the GRACE 

-derived TWS fields. For example, the SNRs of the Atlantic East Coast (N° 05), Atlantic 

South Coast (N° 08), and La Puna Region (N° 11) are relatively lower than those of the basins 

with smaller areas. Overall, all three solutions presented high performance in recovering 

hydrological variations on the basins considered here. 

 

Figure 7 - TCH-based SNR for the 25 watersheds. 

 

Source: Author (2023). 

 

The ubRMSE (Figure 6) and the SNR (Figure 7) of the CSR, for the Amazon (N° 01), 

La Plata (N° 02), Orinoco (N° 03), and Parnaiba (N° 12) basins, present the noise deviations 

relatively lowest and highest SNRs. The JPL and GSFC processing centers have the highest 

SNR values for the Amazon Basin (N° 01), due to its size and the strength of its hydrological 

signal (Table 2), while the CSR has the highest SNR for the Orinoco Basin (N° 03). The 

ubRMSE for the Amazon basin is 5.0 mm based on CSR, 4.6 mm for JPL solutions, and 6.8 

mm for GSFC (Table 2). The relative comparison between the CSR and the GSFC, in terms 

of SNR, shows that the first presents values approximately four times greater than the second 

for the Orinoco (N° 03) and Parnaiba (N° 12) watersheds. Furthermore, for the La Plata basin 

(N° 02), the SNR of the CSR is five times greater than that of the GSFC. 
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Figure 8 - The ensemble mean based standard deviations for the 25 watersheds. 

 

Source: Author (2023). 

 

Similar to section 4.1, the ensemble solution calculated as the arithmetic mean of the 

TWSA time series derived from the three processing centers was used to evaluate each 

ensemble member. The results are shown in Figure 8 and can be compared to those in Figure 

6 where they are very similar. The results of the SNRs shown in Figure 9 are also comparable 

to those in Figure 7. 

Figure 9 - SNRs for the 25 watersheds. 

 

Source: Author (2023). 
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Table 2 - ubRMSE and its respective confidence intervals for the 25 largest basins 

investigated. The lines [l. u.] are the 95% confidence intervals of the estimates, where l. 

means low, av. means average and u. means upper. 

Basin Area 

(km²) 

Confidence Interval – ubRMSE (mm) 

CSR JPL GSFC 

Nº Name l. av. u. l. av. u. l. av. u. 

1 Amazon Basin 5,970,775 2.6 5.0 6.1 1.8 4.6 7.3 4.9 6.8 9.4 

2 La Plata Basin 3,016,800 0.5 2.3 4.3 4.6 7.1 8.8 9.3 12.9 16.4 

3 Orinoco Basin 974,772 0.8 3.7 6.2 8.4 12.7 17.9 8.6 10.4 12.6 

4 Tocantins Basin 915,661 3.0 8.4 11.8 17.8 21.2 25.0 11.5 14.0 16.1 

5 
Atlantic East 

Coast 
830,359 12.0 18.9 23.0 6.7 18.3 22.4 1.5 6.3 11.1 

6 
Sao Francisco 

Basin 
635,159 12.1 15.2 17.2 1.9 9.0 13.7 19.0 30.4 37.1 

7 
Atlantic North 

Coast 
561,413 11.9 14.5 17.0 11.8 14.5 17.3 3.5 9.1 13.9 

8 
Atlantic South 

Coast 
484,180 18.4 25.8 37.9 2.7 11.8 17.5 28.9 33.5 39.1 

9 
Pacific Coast, 

South Chile 
469,783 15.3 21.9 27.1 3.3 21.3 34.6 28.6 34.4 38.1 

10 Colorado Basin 373,863 3.9 19.2 29.7 5.8 18.8 22.0 14.3 20.7 22.6 

11 La Puna Region 348,890 3.1 11.7 18.0 10.8 14.1 17.6 14.5 17.8 20.6 

12 Parnaiba Basin 331,643 1.3 6.7 12.4 15.8 19.6 23.1 16.6 21.2 25.7 

13 Caribbean Coast 317,043 18.9 24.8 30.2 1.2 5.7 9.3 16.8 19.1 21.2 

14 

Pacific Coast, 

Colombia / 

Ecuador 

290,939 3.0 6.7 8.7 1.6 6.5 9.8 15.7 19.6 23.7 

Source: Authors (2023). 
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Table 2 - ubRMSE and its respective confidence intervals for the 25 largest basins 

investigated. The lines [l. u.] are the 95% confidence intervals of the estimates, where l. 

means low, av. means average and u. means upper. 

Basin Area 

(km²) 

Confidence Interval – ubRMSE (mm) 

CSR JPL GSFC 

Nº Name l. av. u. l. av. u. l. av. u. 

15 
Pacific Coast, 

Peru 
290,939 9.7 12.7 15.2 11.0 15.0 18.4 12.8 16.1 19.0 

16 
Atlantic Eastern 

Northeast Coast 
285,877 17.1 26.5 32.0 1.5 7.5 12.0 11.1 15.0 18.6 

17 
Atlantic Western 

Northeast 
271,751 11.5 16.6 20.6 25.4 31.6 38.4 14.9 21.5 27.0 

18 
Pacific Coast, 

North Chile 
268,036 2.0 8.0 12.6 14.7 23.0 30.9 19.2 22.6 25.4 

19 Magdalena Basin 259,632 1.7 7.4 14.0 23.4 30.5 36.8 24.5 30.2 35.4 

20 
Atlantic Southeast 

Coast 
224,076 12.1 14.8 17.3 11.8 18.3 22.4 14.4 19.8 25.4 

21 
Salinas Grandes 

Basin 
177,187 7.1 16.4 25.7 9.0 21.8 28.4 10.8 15.9 20.5 

22 Pampas Region 175,610 13.9 23.5 29.2 3.1 12.6 17.6 11.5 18.4 28.0 

23 Negro Basin 162,658 18.3 22.0 25.3 8.8 14.1 17.9 1.6 7.7 12.2 

24 
Mar Chiquita 

Basin 
129,715 3.8 12.3 18.8 6.4 11.3 14.1 17.7 24.2 33.3 

25 
Central Patagonia 

Highlands 
121,293 9.0 11.9 14.5 9.7 12.7 15.1 11.6 16.9 22.1 

Source: Author (2023). 

 

Finally, a block bootstrapping resampling method described in Section 3.5 was used to 

estimate the 95% confidence interval of the TCH-based ubRMSE metric of the CSR, JPL, and 

GSFC solutions in the 25 watersheds. The results are shown in Table 2 and Figure 6. For the 

large basins, as well as the ubRMSE, the reliability of the data decreases as the area decreases. 

That is, it has larger confidence intervals for smaller areas. In terms of medium and small 
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basins, as well as the ubRMSE, each processing center's performance differs from basin to 

basin. The calculation of the weighted mean of the confidence intervals showed that the 

CSR_l and CSR_u present values of 5.2 and 12.2, respectively. The JPL_l and JPL_u have 

values of 6.0 and 14.3, respectively. The GSFC_l and GSFC_u have values of 10.0 and 17.0, 

respectively. Thus, in terms of confidence intervals for medium and small basins, there is no 

significant difference between the CSR and the GSFC. However, there is a significant 

difference between JPL and the other two. 
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5 CONCLUSIONS 

 

 The main goal of this work was to estimate the uncertainties of GRACE TWSA 

mascon solutions provided by CSR, JPL, and GSFC based on the generalized TCH method. 

Furthermore, the bootstrapping method was investigated to estimate the confidence intervals 

for the TCH-derived uncertainties, which was not addressed in the previous works. 

Experiments were carried out at South America’s grid-scale and over its largest river basins 

using GRACE data from April 2002 to June 2017. GRACE-FO TWSA datasets were not used 

due to the 11 months gap between the two missions (July 2017 to June 2018). 

The results are summarized as follows: 

1) On a regional scalever South America’s continental scale, the CSR processing center 

has a weighted average uncertainty of 34.4 mm and an SNR of 5.3, while JPL and 

GSFC have uncertainties of 47.4 and 38.7 mm, with SNRs of 3.5 and 4.7, 

respectively. 

2) Comparisons of the averaged TWSA time series for the 25 largest river basins in 

South America showed that CSR, JPL, and GSFC have mean uncertainties of 14.3, 

15.3 and 18.6 mm.  

3) The uncertainties at grid- and basin-scale using TCH were compared with those using 

the arithmetic mean of the three centers. It was found that the uncertainty values from 

both approaches agree. 

4) In addition, the 95% confidence intervals of the TCH-based ubRMSE metric of the 

CSR, JPL, and GSFC solutions in the 25 watersheds were estimated. It was possible to 

identify that for the large basins, the reliability of the data decreases as the area 

decreases. In terms of medium and small basins, each processing center's performance 

differs from basin to basin. Thus, in terms of confidence intervals for medium and 

small basins, there is no significant difference between the CSR and the GSFC. 

Overall, the CSR center provides the most accurate monthly solution in terms of 

TWSA during the period of the comparisons (2002-2017) at the regional and basin scale, 

although the performance of each processing center differs from basin to basin. It can be 

concluded that the applicability of GRACE for a specific watershed or region would depend 

on the signal strength and not on the size of the watershed. Although using the average of the 

set of three centers is recommended from a practical point of view, the present study 

contributed to the possibility of choosing appropriate weights so that the average series of the 

TWSA set will have a low noise variation. 
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