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Abstract7

Modelling continental freshwater dynamics is expected to be challenging in regions with consid-8

erable influence of multi-scale global climatic drivers. An assessment of the interplay between9

these climatic drivers (e.g., El-Niño Southern Oscillation-ENSO) that influence hydro-climatic10

conditions and hydrological processes is therefore required to optimize predictive frameworks.11

The main aim of this study is to assess the impacts of eleven key climate modes describing12

oceanic variability in the nearby oceans on the spatial and temporal distributions of terres-13

trial water storage (TWS) derived from Gravity Recovery and Climate Experiment (GRACE)14

(2002− 2017) over South America (SA). Considering that SA accounts for nearly one fifth of15

global continental freshwater discharge, this assessment is crucial because of the differences in16

the intrinsic response of freshwater availability in some regions to several important processes17

of inter-annual variability. The novel integration of independent component analysis with18

parameter estimation techniques in this study shows that climate variability drivers (ENSO;19

Southern Oscillation Index-SOI; Pacific Decadal Oscillation-PDO; Ninos 1+2, 3.0, 3.4 and 4.0;20

North Tropical Atlantic-NTA and the Caribbean Sea Surface Temperature (SST) anomalies)21

have considerable association (α = 0.05) with GRACE-derived TWS over SA. The influ-22

ence of Nino 4.0 (r = −0.72), Nino 3.4 (−0.68), Nino 3.0 (−0.53), ENSO (r = −0.71), PDO23

(r = −0.69), SOI (r = 0.64), Caribbean SST (r = −0.67), and NTA (r = −0.51) on TWS are24

relatively stronger in tropical SA (Amazon basin/northern SA) and result in higher amplitudes25

of TWS (> 100 mm). Given the temporal and spatial relationships of TWS with PDO over26

SA, there is also evidence to suggest strong multi-decadal variability in TWS.27
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1. Introduction29

The warming of the climate system and other multiple forms of human stressors (e.g.,30

deforestation, land use changes, etc.) affect natural systems, leading to accelerations in the31

global hydrological cycle.(e.g., 48, 84, 27). Significant changes in the various components of32

the hydrological cycle are induced by anthropogenic emissions of greenhouse gases (GHG),33

which alter the radiative equilibrium of the atmosphere leading to considerable rise in tem-34

perature (e.g., 24). In other words, GHG emissions are the key drivers of global warming,35

which in turn could provide major constraint on freshwater availability. For instance, as the36

climate warms, the hydrological cycle accelerates, causing a rise in the variability, duration37

and intensity of extreme events (e.g., droughts). This increase have implications that could af-38

fect the sustainability of water resources and alter the variability of hydrological regimes (e.g.,39

48, 24). Identifying the coupled relationship between land water storage and the surround-40

ing oceans, is therefore significant to assessing multi-scale climatic influence on continental41

hydrology (e.g., 51). Given that these oceans are the key producers of large-scale mesoscale42

convective systems, and other climate variability drivers (e.g., El-Niño Southern Oscillation-43

ENSO) that influence meteorological processes and induce extreme hydro-climatic conditions,44

their impacts on hydrological systems and water resources are undeniable.45

The scientific awareness of the rapid changes in global atmosphere and hydrological cycle46

driven by the influence of climate oscillations and indices of oceanic variability (see, e.g.,47

7, 28, 42) triggered some concerns on the impacts of climate teleconnections on terrestrial48

hydrology in general (e.g., 55, 52, 15, 38, 58, 65, 33). These few studies, which are rather limited49

in scope are indications warranting further diagnostics studies on the role of global climate on50

land water storage, especially for regions with increased susceptibility to the impacts of climate51

variability. A recent empirical analyses of global freshwater availability (60) converge with52

other reports on the composite influence of climate variability and human activities on changes53

in global freshwater resources (e.g., 53, 66, 37). Some new evidence nonetheless, suggest the54

influence of global climate will fundamentally continue to amplify freshwater scarcity and55

variability in some regions (e.g., 5, 53, 49, 12, 3, 67).56

Since its inception, the Gravity Recovery and Climate Experiment (GRACE, 71) satellite57

mission has given an unparalleled perspective to global terrestrial hydrology by providing58

quantitative estimates of monthly changes in terrestrial water storage (TWS-soil moisture;59

groundwater; surface water-lakes, rivers, wetlands; snow; and canopy) over large spatial scales60

(e.g., 48). Considering that strong ocean-land atmosphere interaction and the nearby oceans61
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produce the systems that regulates precipitation, which in turn impacts on continental TWS,62

assessing multi-scale climatic influence on continental hydrology is significant to modelling63

the influence of threats to freshwater availability and food security (e.g., 60, 76). However,64

limited ground observations and the lack of a suitable modelling framework are some key65

constraints to such assessments. Whereas investigating the utility of GRACE as an efficient66

tool to quantify the influence of global climate modes on continental freshwater dynamics is67

unarguably essential, such assessment has become necessary for South America (SA), which68

accounts for nearly one fifth of global continental freshwater discharge (e.g., 38).69

As the physical mechanisms behind extreme precipitation for some regions are significantly70

different from others, the assessment of climate teleconnection induced TWS at the global scale71

(e.g., 55, 58) would be insufficient to reveal the intrinsic response of specific regions to indices72

of oceanic variability that drives TWS considerably. Given that mesocale convective systems73

and other atmospheric mechanisms that drive precipitation differ for some regions, we argue74

that the nature of impacts and number of global climate modes that induces variations in TWS75

could differ across climatic regions (e.g., 5, 52, 3). Thus, its seems logical and more efficient to76

assess the influence of these multiple climate modes on TWS variations on a localised spatial77

scale (basin or regional). This perhaps was one of the basis for the study by Linage et al.78

(38) who examined the relationship of seven climate modes with a 10-year GRACE data over79

the Amazon basin and environs. But considering that some climate oscillations, e.g., ENSO80

have relatively large asymmetric amplitude variations with energy ranging from 3-5 years,81

only very limited cycles will occur in 10-years. However, even with an extended GRACE82

observations (15 years), to date, no study has assessed the impacts of global teleconnections83

and sea surface temperature (SST) products of the surrounding oceans (Atlantic, Pacific,84

and Caribbean) on TWS over the entire SA. Such assessment is required to improve our85

contemporary understanding of the climatic processes that governs inter-annual variations86

of continental land water storage in the world’s most humid region. Apart from leveraging87

on extended GRACE data, this study highlights a new statistical framework to enhance the88

assessment of climate impacts on GRACE-derived TWS.89

In this study, the main aim is to assess the impacts of key climatic drivers on the spatial and90

temporal distributions of GRACE-derived TWS (2002−2017) over SA. To this end, a novel two-91

step regularization approach that integrates multiple linear regression (MLR) and cumulant92

statistics (e.g., 48, 50, 10) is employed to assess the impacts of these climate modes (climatic93

drivers) and quantify their contributions on continental TWS. These climatic drivers are based94
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on eight prominent SST products of the nearby oceans (i.e., Nino 1+2, Nino 3.0, Nino 3.4, Nino95

4, North Tropical Atlantic-NTA, East Tropical Atlantic-ETA, South Tropical Atlantic-STA,96

and Caribbean) and three global climate teleconnections (e.g., Southern Oscillation Index-97

SOI and Pacific Decadal Oscillation-PDO; and ENSO). The hypothesis here is that strong98

ocean-land atmosphere interaction and the nearby oceans produce the systems that regulate99

precipitation, which in turn impacts on continental TWS. Except for some regions where100

human water abstraction and land use change drive hydrology, in general, this is the case for101

most tropical systems where changes in precipitation regulates dynamics in land water storage102

(e.g., 49, 60, 22, 17). More details about these datasets and methodological development are103

described in Sections 3 and 4.104

2. Study region105

Due to its unique hydrological and hydrodynamic characteristics, South America (SA) is106

quite an interesting continent. SA is one the most physiographically diverse wet-dry tropics107

that is characterised by numerous aquifer types, highlands, lowlands, and highly-productive108

watersheds (e.g., 21). The continent is home to extremely wet river basins (Amazon river109

basin) and considerably drier regions where geodetic perturbations and the impacts of other110

physical processes such as earthquakes and land subsidence have been reported (19, 21, 45).111

Some of the major hydro-goelogical river basins and physiographic domains within South112

American are indicated in Figs. 1 a and b. Apparently, water availability is high in tropical113

river basins of SA (e.g., Amazon, Orinoco, Magdalena) and shows considerable distribution of114

annual precipitation as opposed to other regions (Fig. 1a). Although about 12% of the world’s115

available freshwater is found in the tropical SA basins, which also accounts for approximately116

20% of global freshwater discharge (e.g., 21), population in the arid regions (e.g., north-east117

Brazil) however, are most often plagued with water scarcity because of limited rainfall (Fig. 1a)118

and frequent extreme hydrological drought conditions (e.g., 19). Rainfall patterns in SA119

are largely regulated by atmospheric circulation patterns and the intertropical convergence120

zone, which defines the seasonal behaviour of precipitation in much of the tropical wet-dry121

climatic belts. The study by Lu and Dong (40) also highlights the important role of sea122

surface temperature of the surrounding oceans on rainfall variability in this region. Similar123

to other highly productive freshwater ecosystems, rainfall drives TWS and changes in water124

fluxes in the tropical regions of SA (e.g., 49, 60). That is, areas that receive more annual125

rainfall are likely to experience stronger amplitudes and changes in TWS. For example, mean126
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annual precipitation in the Amazon basin is about 4500 mm (Fig. 1a) and show a rise in TWS127

during the same period owing to precipitation induced-exchange of fluxes within the floodplain128

corridors (Fig. 1b). But this is different for the water-deficit regions of north-east Brazil were129

TWS show significant decline (Figs. 1a-b). Generally, changes in land water storage (Fig. 1b)130

over SA during the 2000− 2017 period is the aftermath of several factors, including recovery131

from previous dry period, impacts of global warming on the continent, geodetic disturbances,132

and perturbations of the nearby oceans, human water developments, among other drivers.133

(e.g., 21, 60, 30, 38, 34).134

Figure 1: Study region showing major river basins in South America and the nearby oceans. (a) spatial

distribution of mean annual rainfall and (b) spatial patterns of trends in observed GRACE-derived terrestrial

water storage during the 2002− 2017 period. The computed annual rainfall was accumulated from the Tropical

Rainfall Measuring Mission satellite-based precipitation during the 2003− 2016 period.
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3. Data135

3.1. Land water storage assessment using GRACE136

The applications of GRACE data in hydro-climatic research globally is growing and well137

documented (e.g., 19, 1, 74, 50, 26, 85, 72, 73). The GRACE mascon solutions used in this study138

solves for monthly gravity field variations in terms of 120 km wide mascon block totaling 40,692139

equal-area geodesic grid tiles (63, 83, 79) and was accessed from the Center for Space Research140

(CSR) at The University of Texas through its data portal (http://www2.csr.utexas.edu/141

grace/RL05_mascons.html). The final CSR mascon solution is represented on a 0.5 arc-degree142

resolution, which helps to better the sampling of TWS within a river basin despite its native143

solution being equivalent to a quadrangle of approximately 120×120 km. Nevertheless, this144

“high-resolution” mascon solution is limited by the nature of GRACE measurements which is145

somewhat close to 340 km. The use of GRACE mascons offers the opportunity to implement146

geophysical constraints with ease, which in turn help to filter out stripes in the maps of147

TWS, which is presented in the solutions based on the unconstrained Level 2 GRACE data148

(e.g., 83). Leakage correction for the TWS regarding the CSR mascon solutions were not149

applied since the mascon blocks lying in both land and ocean do not impact the main river150

basins over South America. Furthermore, the TWS signal is well contained within the South151

America’s coastline domain. For other regions however, that might not be the case and filter152

schemes like the Coastline Resolution Improvement filter could be necessary (e.g., 83) or a153

120 km extension in the basin’s domain towards the ocean (e.g., 63). More details regarding154

the derivation of the mascon solution and its performance metrics have been documented in155

Save et al. (63). Ultimately, the availability of these pre-processed GRACE product simplifies156

the use of GRACE TWS observations for hydrological applications by hydrologists and other157

Earth scientists.158

3.2. Sea surface temperature products and teleconnections159

The sea surface temperature (SST) products used in this study include, Ninos 1+2 (0-10S,160

90W-80W), 3.0 (5N-5S, 150W-90W), 3.4 (5N-5S, 170W-120W), and 4.0 (5N-5S, 160E-150W).161

Other SST products are those of the Atlantic ocean (North Tropical Atlantic-NTA, East162

Tropical Atlantic-ETA, South Tropical Atlantic-STA) and the Caribbean. These products163

are normalised monthly means from 2002 to 2017 (corresponding to the GRACE period) and164

are freely available online (https://www.esrl.noaa.gov/psd/forecasts/sstlim/atlantic_165

indices.html). The ENSO (El-Niño Southern Oscillation) data used in this study describes166

6

http://www2.csr.utexas.edu/grace/RL05_mascons.html
http://www2.csr.utexas.edu/grace/RL05_mascons.html
http://www2.csr.utexas.edu/grace/RL05_mascons.html
https://www.esrl.noaa.gov/psd/forecasts/sstlim/atlantic_indices.html
https://www.esrl.noaa.gov/psd/forecasts/sstlim/atlantic_indices.html
https://www.esrl.noaa.gov/psd/forecasts/sstlim/atlantic_indices.html


the presence of abnormally warm (El-Niño) and cold (La-Niña) sea surface temperature anoma-167

lies in the eastern Pacific and was downloaded from National Oceanic and Atmospheric Ad-168

ministration’s (NOAA) data portal (http://www.esrl.noaa.gov/psd/enso/mei/). ENSO is169

a quasi-periodic oscillation of strong atmospheric coupling in the eastern and near-equatorial170

Pacific Ocean that is usually characterised by considerable fluctuations in ocean temperature171

in the tropics and complex teleconnections across the globe (25). In the tropical north-eastern172

sections of South America, reduced precipitation are associated with the El-Niño phase (e.g.,173

14). Given that different types of ENSO exhibit several dynamics and teleconnections with174

rainfall patterns (e.g., 14, 32), we chose the aforementioned SST products to represent the175

influence of nearby tropical oceans on land water storage anomalies over South America.176

The PDO (Pacific Decadal Oscillation) and SOI (Southern Oscillation Index) are other177

climate teleconnections used in this study and are available on NOAA’s website (https://178

www.ncdc.noaa.gov/teleconnections). All these climate oscillations have been normalised179

similar to the SST products. PDO is a long-lived El-Niño-like pattern of Pacific climate180

variability with extremes marked by widespread fluctuations in the Pacific Basin and the North181

American climate (https://www.ncdc.noaa.gov/teleconnections/pdo/). It is an irregular182

oscillation characterised by low frequency variability, and could be useful for prospective future183

climate outlook (e.g., 51). The SOI on the other hand, is a measure of observed large-scale184

variations in air pressure occurring between the western and eastern tropical Pacific during185

El-Niño and La-Niña episodes. In order words, it is the atmospheric component of ENSO186

and basically serves as an indicator for the development and intensity of El-Niño and La-Niña187

events in the Pacific Ocean. Extended periods of negative (positive) SOI values coincide with188

abnormally warm (cold) ocean waters across the eastern tropical Pacific typical of El-Niño189

(La-Niña) episodes. The study by Salisbury and Wimbush (62) has demonstrated that the190

dynamics of ENSO are adequately captured in the SOI observations, making it useful in the191

prediction of ENSO episodes.192

3.3. Satellite precipitation193

The Tropical Rainfall Measuring Mission (TRMM 3B43) (36) based precipitation covering194

the same period (2002− 2017) as GRACE-TWS was used in this study to identify regions in195

South America that are vulnerable to the impacts of teleconnections. The monthly TRMM196

3B43 data with a spatial resolution of 0.25◦ x 0.25◦ has a global coverage (50◦S and 50◦N) and197

represents reliable precipitation estimates across the globe. This data can be accessed at the198
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National Aerospace and Space Administration (NASA) Goddard Space Flight Center (GSFC)199

website (http://disc.gsfc.nasa.gov/datacollection/TRMM3B43-V7.shtml).200

4. Method201

4.1. Assessing climatic influence on terrestrial water storage202

4.1.1. Deseasonalization of terrestrial water storage203

To assess the footprints of global climate modes in GRACE-derived TWS over SA, GRACE-204

hydrological signal was deseasonalized (removal of trends and harmonic components) leaving205

the residual variability hereafter known as dTWS. Based on the multiple linear regression206

(MLR) technique, the trends and harmonic components of TWS (mean annual and semi207

annual amplitudes) were compartmentalised from the GRACE time series YTWS through208

parameterizations as (e.g., 52),209

Y(l, k, t) = β0 + β1t+ β2sin(2πt) + β3cos(2πt) + β4sin(4πt) + β5cos(4πt) + β6E(t+ φE) + ε(t),

(1)

where (l, k) are the grid locations, t is the time in years, β0 is the constant offset, β1 is the210

linear trend, β2 and β3 account for the annual signal while β4 and β5 represent the semi-211

annual signal. The variable β6 is the amplitude of TWS changes related to climate indices212

describing large scale ocean-atmosphere phenomenon (e.g., ENSO, PDO). E is the normalized213

time series (i.e., after removing long term mean) of each climate mode, φE is the phase lag214

between the time series of TWS and each climate index, while ε(t) is the random error term.215

The amplitudes of TWS (i.e., mean annual and semi annual) over the region are formulated216

as217

Annual Amplitude = [(β2)
2 + (β3)

2]1/2, SemiAnnual Amplitude = [(β4)
2 + (β5)

2]1/2. (2)

Removing these harmonic components (Eqn 2) and the linear rates in Eqn. 1 leaves the218

residual component, which is here hypothesized as comprising predominantly slow dynamic219

climate processes (e.g., over the Pacific, Atlantic, and Caribbean) and other regional forcings.220

Some of the inherent residual variations however, could also include low frequency noise.221

The local least-squares polynomial approximation-based filter of Savitzky and Golay (64) was222

therefore applied to smoothen out such effects from both variables (TWS and climate modes).223

The deseasonalized (XdTWS) signal is characterised as224

XdTWS = Y − [β1t+ β2sin(2πt) + β3cos(2πt) + β4sin(4πt) + β5cos(4πt)]. (3)
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4.1.2. Multivariate analyses of terrestrial water storage in relation to climate modes225

The independent component analysis-based cumulant scheme was used to statistically de-226

compose the time series of the data matrix XdTWS into spatio-temporally independent patterns227

(e.g., 50, 52, 86). Prior to this, XdTWS was regularized through orthogonalization (i.e., pre-228

filtering) using the principal component analysis (PCA, 47, 31). The interest in identifying229

periodic signals embedded in multi-resolution climate data is increasing and has resulted in230

several applications of PCA in the regionalization of climate patterns and in the analysis of231

geophysical time series around the globe (see, e.g., 49, 1, 29, 44). In addition to its simplicity232

and being the most widely used statistical data analysis tool in climate science (81), the choice233

of this technique in this study is because of its unique capability to separate both inter-annual234

signals, and long-term periodic variations (e.g., 47, 59). So, the statistically significant orthog-235

onal modes of variability from the PCA technique were selected through a scree plot analysis236

(43). To ensure that only significant orthogonal modes of XdTWS were further analysed, the237

Bartlett’s test statistics (e.g., 69) was also used to examine the number of modes necessary to238

explain the non-random variations in XdTWS at 95% confidence level before the implementa-239

tion of the cumulant scheme, the independent component analysis (ICA). Fundamentally, as240

indicated in Eqn 4, the scheme decomposes a typical data matrix ZP (t), into a mixing matrix241

B and a number of statistically independent source signals sj(t) as,242

ZP (t) =
∑

Bijsj(t), (i = 1, ..., n, j = 1, ...,m), (4)

where t is the time index, i and j are the rows and columns respectively. Computational details243

and numerical steps for its implementation and algorithm development have been documented244

in the earlier works of Cardoso (8), Cardoso and Souloumiac (10), and Common (11), Cardoso245

(9). GRACE-hydrological signal over SA is considerably strong and dominated by strong246

annual components that make residual variabilities induced by climate teleconnections and247

large anomalies of the surrounding oceans difficult to identify. So, the ICA decomposition248

approach enhances the detection of this kind of less dominant (i.e., obscured) signals and249

enables their localisation (e.g., 52), making it possible to relate their temporal evolutions250

concurrently with those of climate modes. After the cumulant decomposition of XdTWS ,251

the evolving independent modes (i.e.., dTWS-1, dTWS-2..., dTWS-n, representing localized252

hydrological signal in the region) of variability were compared with the normalised time series253

of each climate modes (Fig. 2). To recover the amplitudes of estimated climate induced TWS254

for each region, the evolving temporal pattern is jointly interpreted with the corresponding255
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spatial pattern.256

4.1.3. Quantifying the contributions of climate modes to changes in terrestrial water storage257

The contribution of each of the climate modes (i.e., ENSO, PDO, Nino 3.4, Nino 4, NTA,258

ETA, STA, and Caribbean) on the amplitudes of TWS was estimated using a least square fit259

on each grid location of XdTWS in Eqn. 3 following previous approaches (52, 58)260

XClimate mode(x, y) = a(x, y)+ b(x, y)∗ climate mode+ c(x, y)∗ imag(H(climate mode)), (5)

where coefficients b and c are used to estimate the climate induced variations in TWS Xclimate mode(x, y)261

at grid locations (x, y), while the imaginary part of the Hilbert transform (H) of the climate262

index represents the lag between TWS anomalies and climate modes. The pioneering work of263

Phillips et al. (58) clearly highlighted the importance of Hilbert transformation as a simple264

tool in Fourier analysis that move the sinusoidal Fourier components of the signal (e.g., ENSO,265

PDO, etc.) by 90 degrees. In the prediction of ENSO episodes from the SOI observations,266

Salisbury and Wimbush (62) found the Hilbert transform quite useful in the analysis of non-267

linear and non-stationary time series. After the estimation of coefficients b and c in Eqn. 5268

above, the amplitude of climate-induced dTWS was computed as269

A = [b2 + c2]1/2, (6)

where A, is the estimated magnitude of climate mode on continental TWS (i.e., the estimated270

contribution of each of the climate modes to observed variations in TWS).271

4.2. Precipitation over South America: amplitudes and covariability with climate modes272

Although the focus of this study is on identifying climate modes in GRACE-derived TWS,273

deseasonalized rainfall was also decomposed using the ICA technique. The leading temporal274

evolution of TRMM-based precipitation was thereafter compared with key climate modes, such275

as the PDO and ENSO-related teleconnections. The covariability of these climate oscillations276

with the leading independent pattern of rainfall is aimed at exploring further perspectives on277

the impacts of teleconnection-induced rainfall on TWS. Furthermore, the mean annual and278

semi annual amplitudes of precipitation over South America were also retrieved by using Eqn279

2. This was necessary to initiate a further understanding of the roles of key multi-scale global280

climate teleconnections on the spatio-temporal patterns of rainfall on hydrological hot spots281

(regions with significant impact of climate modes on TWS).282
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Figure 2: Cumulant decomposition of TWS over South America after removing all harmonic components (mean

annual and semi annual amplitudes) and linear rates using the MLR. The spatial patterns (columns 2 and 3)

are scaled using the standard deviations of the computed independent components (columns 1 and 4). The

relationship between the normalized time series of climate modes (ENSO, NTA and PDO) and the independent

temporal series are also shown.

5. Results283

5.1. Impacts of global climate modes on GRACE-hydrological signals284

The novel approach in this study integrates parameter estimation method with the ICA285

technique sequentially. Firstly, the harmonic components and trends in GRACE-hydrological286

signals were removed through a parameterisation process based on MLR (multiple linear regres-287

sion) formulation (Eqns. 1-3). This is essential as these quantities (harmonic components and288

trends) dominate TWS variability and would make tracking the footprints of climate modes289

rather difficult (52, 58). Secondly, the contributions and impacts of teleconnections and SST290

products on continental land water storage were assessed through a fourth order cumulant291

decomposition of the output from the MLR scheme (i.e., significant modes of deseasonalised292

TWS, i.e., dTWS) into spatio-temporal independent patterns (Fig. 2). The strongest influ-293

11



Table 1: Correlation coefficients showing the relationship of climate teleconnections (PDO, ENSO, SOI) and

SST products (Nino 3.4, Nino 4, Nino 3.0, Nino 1+2, North Tropical Atlantic-NTA, East Tropical Atlantic-

ETA, South Tropical Atlantic-STA, and Caribbean) with localised TWS (i.e., dTWS) over South America. This

localised TWS is the independent component (IC) associated with spatial patterns. Correlation coefficients in

bold are significant at α = 0.05

IC (dTWS) Nino3.4 Nino4 PDO SOI NTA ETA STA Caribbean ENSO Nino 1+2 Nino 3.0

1 -0.68 -0.72 -0.69 0.64 -0.15 -0.13 -0.18 -0.67 -0.71 -0.30 -0.53

2 0.34 0.35 0.54 -0.28 0.02 0.26 0.33 0.44 0.36 0.25 0.28

3 0.12 0.09 0.06 -0.14 -0.51 -0.23 -0.09 -0.24 0.16 0.26 0.20

4 0.21 0.25 0.41 -0.25 0.06 0.02 -0.06 0.41 0.32 -0.00 0.09

5 -0.30 -0.33 -0.58 0.30 0.30 0.05 0.07 -0.13 -0.31 -0.22 -0.26

6 0.13 0.12 0.02 -0.18 -0.19 -0.07 -0.05 -0.19 0.15 0.15 0.17

7 0.25 0.27 0.46 -0.33 -0.01 0.13 0.09 0.36 0.32 0.28 0.23

ence of these climate modes are considerably notable in tropical SA (South America), which294

encompasses the Amazon and northern catchments of the continent (dTWS-1, Fig. 2). Based295

on Pearson’s correlation (r), ENSO, PDO, SOI, SST anomalies of the Caribbean and Pacific296

oceans (Nino 4 and Nino 3.4), which corresponds to the ENSO region show the highest as-297

sociation (r = -0.68, -0.72, -0.69, -0.67, and -0.71 for Nino 3.4, Nino 4, PDO, Caribbean,298

and ENSO, respectively) with the temporal evolutions of TWS over Amazon and northern299

catchments (Figs. 3a-f and Table 1). Moreover, independent patterns of TWS variations over300

SA in general, are largely associated with the PDO signal (dTWS-1, dTWS-3 to dTWS-5,301

and dTWS-7, Fig. 2 and Table 1) except for the central Amazon basin where NTA also show302

a modest association (dTWS-2, Fig. 2) with a correlation (r) of −0.51. SST products from303

relatively closer oceans, Ninos 1+2 and 3.0 show significant relationship with the region trop-304

ical SA (r = -0.30 and -0.53, respectively). Caribbean SST also show moderate relationship305

with TWS evolutions in regions dTWS-2 and dTWS-4 of Fig. 2 and indicates r = 0.44 and306

r = 0.41, respectively. The relationships of these climate modes with the temporal patterns307

of TWS have been summarised in Table 1 and highlights the significant footprint of global308

climate in observed TWS over tropical SA.309

In terms of numerical results, there is a methodological agreement in the two statistical310

frameworks used to assess the influence of these climate modes on land water storage dynamics311

over SA. From the localised spatial and temporal patterns obtained from cumulant decomposi-312

tion (dTWS-1, Fig. 2), relatively higher amplitude of TWS is observed in the northern-Amazon313

section (i.e., Orinoco and Amazon basins, Fig. 1). As estimated from the MLR technique, the314

strongest amplitude of TWS induced by these climate modes were observed in this same region315
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Figure 3: Influence of PDO and SST products (Ninos 1+2, 3.0, 3.4, 4.0, and Caribbean) on localised TWS in

the north east and upper Amazon basin regions (dTWS-1, Fig. 2) based on linear regression. (a) dTWS-1 vs

Nino 3.4, (b) dTWS-1 vs Nino 4, (c) dTWS-1 vs PDO, (d) dTWS-1 vs Caribbean, (e) dTWS-1 vs ENSO, (f)

dTWS-1 vs SOI, (g) dTWS-1 vs Nino 1+2, and (h) dTWS-1 vs Nino 3.

(Figs. 4a-i), consistent with the cumulant decomposition technique. In the Amazon/northern316

section, the influence of ENSO, SOI, Nino 4, and Nino 3.4 results in considerable magnitudes317

of more than 100 mm to the amplitudes of TWS (Figs. 4a, c-d, and g). The contribution of318

these climate modes to TWS in this location coincides with their strong temporal relation-319

ships with TWS in the same region (Figs. 3a-f). As Nino 4 and Nino 3.4 are signals from320

the ENSO region (i.e., Central/East Central Pacific), TWS variations in the Amazon and321

northern catchments of the continent are more driven by the ENSO phenomenon. Moreover,322

the Caribbean SST show considerable association with relatively higher amplitudes of TWS323

in the south-east section of the continent (Fig. 4e). Bearing in mind the low association of324

ETA and STA with TWS (Table 1) in all hydrological regions as localised in Fig. 2, climate325

induced amplitudes of TWS were only estimated for ENSO, PDO, SOI, NTA, Ninos 1+2, 3.0,326

3.4, 4.0, and Caribbean SST (Figs. 4a-i).327

Taking advantage of a 15-year GRACE data, this study confirms that El Niño induced328

water deficits (positive phase) and increased TWS (negative phase) (e.g., 14) caused by La329

Niñas in the Amazon region are more likely to be the direct influence of SST anomalies in330
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the surrounding oceans. Although the SOI shows positive correlations with dTWS-1 (Fig. 2)331

as opposed to other Ninos (1+2, 3, 3.4, and 4) and ENSO (Figs. 3a-b, e, and g-h), as a332

reminder, they are all ENSO-related teleconnections and result in higher (lower) amplitudes333

during the La Niñas (El Niños) episodes as highlighted earlier. This is because sustained334

negative (positive) values of SOI below a certain threshold indicate El Niño (La Niña) events.335

Further, the grid-base relationships between these climate modes and TWS indicate that336

land water storage in much of tropical SA are impacted by the Caribbean SST, SOI, PDO,337

eastern-Pacific and central-Pacific-related ENSOs (Figs. 5a-k). Whereas STA and ETA show338

very minor and limited influence on TWS (Figs. 5g-h), PDO, ENSO, and Caribbean SST have339

extensive significant influence over the continent, showing relatively higher correlations ranging340

from about 0.7 to 1 (Figs. 5b, e, i,). However, the spatial correlations between Ninos 1+2 and341

3 with TWS are also high but location-specific and in addition suggest the influence of SST342

from relatively closer oceans on TWS (Figs. 5j and k). Despite the agreements between TWS343

and climate modes in SA, the contributions and influence of these climate teleconnections to344

TWS in some regions are statistically insignificant while much of the continent show significant345

contributions (Supporting information, S1).346

5.2. Multi-decadal variations in TWS347

Figure 4: Quantifying the contributions of climate modes and SST products on TWS over South America (a)

SOI, and (b) PDO, (c-d) Ninos 3.4 and 4, (e) NTA, (f) Caribbean, (g) ENSO, and (h-i) Nino 1+2 and Nino 3,

respectively. These estimates are climate induced amplitudes of TWS obtained using a least square fit on each

grid location of dTWS (i.e., Eqns 5 and 6)

Apparently, the temporal series of TWS are characterised by inter-annual variations (Fig. 2).348
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But multi-decadal variability is also evident in the temporal patterns of TWS in some of the349

regions (dTWS-1, dTWS-2, dTWS-4, dTWS-5, and dTWS-7, Fig. 2). These regions show a350

change in phase after 2010, consistent with the PDO time series. For instance, the increasing351

(2002− 2009) and decreasing (2010− 2015) phases of TWS in dTWS-1 coincide with those of352

SOI (dTWS-1, Fig. 2 and Table 1). From the numerical results, it is obvious the PDO is in353

opposite phase in regions dTWS-1 and dTWS-5 while maintaining similar phase relationship354

with regions dTWS-2, dTWS-4, and dTWS-7 (Fig. 2). Generally, PDO shows modest and355

considerable associations with TWS in these regions (Table 1). In the lower Colorado River356

basin, PDO appeared to have been strongly correlated with deep soil moisture (28). More-357

over, the influence of PDO on hydro-climatic conditions in North America has been reported358

in previous studies (e.g., 28, 41). The results in this study also highlights the influence of359

PDO on TWS over SA and could imply that the low-frequency mode of the PDO regulate360

both the Northern and Southern American climate. As with ENSO, the positive PDO phase361

is associated with droughts while the negative phase is linked to extreme wet conditions (i.e.,362

depending on the region in Fig. 2). Although the PDO is more correlated with ENSO at363

inter-annual scales (38, 41), its links with TWS in much of SA (Fig. 5b) suggests a reasonable364

multi-decadal influence in the variability of TWS. This reaffirms the explicit role of ENSO365

and PDO as important multi-scale process of water availability not just in the southwestern366

United States (28), but as significant drivers of GRACE-hydrological signal over SA.367

5.3. Precipitation over South America: Amplitudes and impacts of climate teleconnections368

Some teleconnection patterns (ENSO, PDO, Ninos 3.4 and 4, and the Carribean SST369

anomalies) were also identified in the TRMM-based precipitation over SA (Figs. 6a-b). The370

river basins in SA whose precipitation patterns are influenced by these teleconnections include,371

Orinoco, Amazon, Uruguay, Parana, amongst others (Figs. 6a, cf. Fig. 1a). From the indepen-372

dent patterns of rainfall highlighted in Figs. 6a-b, the ENSO-related teleconnections showed373

the strongest associations (r =0.71, 0.67, 0.66, 0.67 for Nino 3.4, Nino 4.0, ENSO, and Nino374

3.0, respectively) with rainfall in these areas. However, Nino 1+2 (r = 0.48), PDO (r = 0.40),375

and SOI (r = −0.58) were also moderately associated with rainfall in this region (Fig. 6a).376

Interestingly, the influence of climate modes on the spatial and temporal distribution of TWS377

in these climatically diverse sub-regions are also obvious (Figs. 4). On the one hand, the areas378

with considerable amplitudes in annual and semi-annual rainfall tend to show considerable379

amplitudes in climate-induced TWS while on the other hand, water-deficit and arid climates380
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Figure 5: Association between TWS (2002 − 2017) over South America and all climate oscillations (a-k)

examined in this study based on Pearson’s correlation coefficients.

that receive relatively lower annual rainfall show modest amplitudes in climate-induced TWS381

(Figs. 6c-d, 4, and cf. 1a-b). However, TWS in some river basins in the dry tropics of SA382

where mean annual amplitude in rainfall ranges from about 20 mm to 100 (Fig. 6c) indicate383

significant associations with ENSO, PDO, and Carribean SST (Figs. 5b, e, and i).384

6. Discussion385

6.1. Identifying multi-scale global climate footprints in GRACE-hydrological signals386

Globally, the direct and remote impacts of tropical oceans and quasi periodic signals on387

rainfall extremes are well known (35, 18, 40, 82, 56). This litany of evidence has recently388

been corroborated further and indicates that SST anomalies of the surrounding oceans and389

the ENSO phenomenon have large scale influence on hydro-meteorological processes (e.g., 51).390

Some pioneering studies (e.g., 52, 38, 58, 7, 28) found significant impacts of ENSO and other391

teleconnections on continental freshwater dynamics. While variations in global soil moisture392

have been associated with variabilities in ENSO (e.g., 68), new results re-emphasising and393
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Figure 6: TRMM-based precipitation patterns and role of multi-scale global climate teleconnections. (a)

ICA-derived spatial patterns of rainfall, (b) relationship between independent component and climate telecon-

nections, (c) mean annual amplitude, and (d) mean semi-annual amplitude.

validating the influence of ENSO on variations in hydrological state variables are emerging394

(e.g., 53, 5, 55). The numerical results presented in this study show that ENSO, PDO, and395

the Caribbean SST have considerable influence on TWS in the Amazon basin/northern section396

of SA (dTWS-1, Figs. 2 and 3). The statistical relationships of Ninos 1+2, 3.0, 3.4, and 4.0397

with TWS also highlight the influence of SST anomalies in the tropical Pacific and around398

coastal South America on the continent (Figs. 4-5).399

Except for NTA, which shows relatively strong impacts only in the central Amazon basin400

(Fig. 4f), the influence of ENSO, PDO, Ninos 3.4 and 4.0 and the Caribbean SST on the401

spatial distributions of TWS spreads to the southern region of the continent of SA (Figs. 4a-402

e and Table 1). These findings align closely with the earlier work of Linage et al. (38) in403

tropical SA, which of course excludes much of the region we have studied (i.e., below Latitude404

18S). The widely reported influence of ENSO on rainfall and TWS patterns in the Amazon405

basin and environ as summarised by Linage et al. (38) is not only consistent with our findings406

but affirms our hypothesis that indices of oceanic variability and the nearby oceans regulate407

17



precipitation, which in turn impacts on continental TWS. Apart from the Pacific (Ninos 1+2,408

3.0, 3.4 and 4) and Atlantic (NTA) SSTs influence on the northeastern and Amazon sections409

of SA, our innovative approach of combined cumulant and parameter estimation methods has410

further revealed the significant contributions and influence of the Caribbean SST on the spatio-411

temporal distributions of TWS in the region (Figs. 3d and 4e). Hence, incorporating these412

large scale climatic drivers in a predictive scheme could improve the modelling of freshwater413

availability on a continental scale.414

Given the PDO-TWS relationship, there is also a considerable evidence to suggest multi-415

decadal variability in the observed time series of TWS over SA. This observed relationship416

could have some implications on modelling frameworks and water management. For example,417

the increased surface water use for hydropower and agriculture in Brazil, which is the main418

beneficiary of surface water from the Amazon/northern region of SA will therefore require an419

improved monitoring and governance scheme to help address water issues related to availability420

and the impacts of extreme hydro-climatic conditions (droughts). Given the irregularity in421

the periodicity of the PDO mode, which makes it difficult to predict its evolutions (e.g., 28),422

understanding the effects of PDO on the hydrological conditions on surface water hydrology423

in SA is a pathway to optimising freshwater forecast. The impacts of the positive and negative424

PDO phases on the climate and environment have significant implications on fisheries and425

evolution of water resources (e.g., 41). For instance, in the Colorado River basin, Hurkmans426

et al. (28) found that during the negative PDO phase, mean absolute anomalies of shallow soil427

moisture, snow, and discharge were slightly lower unlike the positive PDO phase. All over the428

western and central North America, negative PDO phase coincided with severe and prolonged429

dry conditions (28, 41). Although the causes of phase shifts in the PDO is unknown as it430

is quite a complex and somewhat unpredictable (e.g., 54, 77, 41, 28), the knowledge about431

the impacts of the two PDO phases on water resources and the ability to predict its phase432

shifts could be a useful benchmark in freshwater modelling. If the shifts in PDO phases are433

forced by strong El-Niño and La-Niña patterns as highlighted in past studies (e.g., 77, 41),434

new opportunities that leverage on the unique contrast in ENSO ’s behaviour during these435

PDO phases could be useful to optimizing global climate predictive frameworks.436

Furthermore, some new and emerging studies are reaffirming the critical roles of climate437

teleconnection patterns, low-frequency variability in the surrounding oceans, and several other438

physical mechanisms on the evolutionary patterns of rainfall across the globe. For instance,439

besides the well known influence of topography on East African rainfall (e.g., 57), the impacts440
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of ENSO, Indian Ocean Dipole (IOD), and low-frequency variability in the Pacific Ocean441

have been identified while the convergence of anomalous northerly and southerly winds in the442

lower troposphere were found to have intensified summer rainfall over central East China (see,443

e.g, 6, 78, 80). Similarly, rainfall in tropical SA are also influenced by these suite of global444

teleconnections, especially the ENSO-related climate oscillations (Figs. 6a-b). Indeed, the445

various mechanisms governing meteorological processes (e.g., monsoon circulations and other446

large scale atmospheric patterns) globally are expected to have different degrees of direct or447

remote contributions to TWS at local and continental scales. We found this to be true for448

tropical SA where these teleconnections were identified in TRMM-based precipitation (Figs. 6a-449

b), consistent with areas that showed considerable TWS-climate teleconnection relationship450

(Figs. 5a-k). Given the scientific basis that the impacts of teleconnections on rainfall will451

be different from TWS, which act as a buffer to rainfall (e.g., 47), atmospheric circulations,452

oceanic processes, and climate oscillations, which induce large precipitation anomalies will453

therefore result in the acceleration and intensification of the water cycle. For example, several454

components of the water cycle (e.g., precipitation, river discharge) and hydrological state (e.g.,455

soil moisture) variables are known to be influenced by ENSO and several other global climate456

teleconnections e.g., PDO, IOD, etc (e.g., 4, 52, 28, 13, 68).457

6.2. Non-climatic influence on terrestrial hydrology458

As opposed to other hydrological regions where seasonality and inter-annual variations in459

lakes, rivers, and natural systems do not have significant contributions to observed changes in460

the GRACE water column (23, 34), TWS over much of tropical SA (e.g., Amazon basin) is461

considerably driven mostly by its surface waters and sub-surface storage (e.g., 34). However,462

while water availability is considerable higher in the extremely wet tropical regions of SA such463

as the Amazon basin (Fig. 1a), the typically dry regions of the continent (e.g., north-east464

Brazil) depend on the water resources of these wet regions. This has resulted in a plethora of465

water resources development for agriculture, hydro-power generation, industrial and domes-466

tic applications. The 2017 report on water use in Brazil (see, 2) has this documented and467

indicates that irrigation, urban supply, power plants, and industrial applications accounted468

for about 46%, 23%, 10%, and 9%, respectively, of the total water withdrawals. While the469

report further predicts a rise of 30% in water withdrawals in Brazil by 2030, the proliferation470

of dams and heavy reliance on human-water infrastructures for the provision of freshwater471

and other ecosystem services could have significant impacts on land water storage dynamics.472
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Isolating non-climatic hydrological time series of surface water storage caused by human water473

management strategies is therefore a key methodological development that will be required to474

optimise the assessment of climate teleconnections to changes in surface hydrology.475

The strength of association between TWS and observed climate modes in some hydrological476

regions of SA may suggest the important role of non-climatic drivers, especially those caused477

by human activities and other environmental factors (e.g., subsidence caused by earthquakes).478

Poor correlations between TWS and climate patterns are rather obvious for most regions of479

North-east Brazil, and some areas of Pantanal and towards the south of Chobut (Figs. 5a-k,480

cf. Fig. 1). Further, Chile is one of the most complex hydrological regions in SA with higher481

vulnerability to vertical deformations, seismicity, and earthquakes. (see, e.g., 46, 30). With482

increased frequency in earthquakes, deformations, and other forms of natural disturbances483

(e.g., 20, 61, 30, 75, 39), the terrestrial hydrology of regions like Chile and the neighbouring484

Argentina is expected to also be characterised by non-climatic signals. Put together, these non-485

climatic factors, be it anthropogenic influence or natural factors, induce considerable changes486

in terrestrial hydrology.487

Furthermore, trends in observed TWS in tropical SA were attributed to multiple fac-488

tors, including human-induced increase in land surface temperatures, decadal variations in489

the North Pacific climate, and land use/cover changes (38). The recent diagnostics of various490

drivers of global freshwater systems suggest natural variability and climate change are the491

leading drivers of TWS over SA (60). This is evident in some tropical wet river basins where492

catchments with relatively higher rainfall amount (Fig. 1a) tend to experience stronger ampli-493

tudes and changes in TWS (Fig. 1b). Indeed, ENSO drives changes in large-scale atmospheric494

circulation patterns that regulate inter-annual variations in meteorological processes, leading495

to floods, extreme droughts, and strong monsoon changes (e.g., 51, 25). In South America,496

extreme droughts and water deficit conditions have been attributed to the impacts of ENSO497

(e.g., 16, 70) while significant relationship between ENSO and observed TWS in tropical South498

America has been reported (e.g., 55, 58). Building on the pioneering work of Linage et al.499

(38), which identified climate teleconnections between TWS and SST anomalies from the sur-500

rounding oceans, this study emphasizes the continued improvements of understanding related501

to regional climate processes that provide constraints on water availability in South America.502

Given that some regions with relatively low annual rainfall also show moderate rise in TWS,503

hydrological processes and the dynamics of land water storage however, could be complicated504

in SA because of the interplay between geodetic perturbations and climate variability. Gener-505
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ally, depending on the dynamic processes and geodetic characteristics of a region, geophysical506

signals as observed by GRACE are expected to be a mixed of climate, natural, and those507

caused by environmental factors. Hence, be it at regional or continental scale, further investi-508

gation is essential to unravelling the composite influence of human and environmental factors509

on GRACE-hydrological signals.510

7. Conclusion511

Global climate change will fundamentally continue to amplify water scarcity through in-512

creased variability. Therefore, predicting freshwater systems at regional or continental scales513

require an assessment of the interplay between large multi-scale climatic systems and hydro-514

logical processes. To this end, the novel integration of independent component analysis with515

parameter estimation techniques was employed to assess the complex interaction of key oceanic516

hotspots (Pacific, Atlantic and Caribbean) with continental freshwater dynamics over South517

America (SA). Whereas such assessment has become necessary for SA, which is one of the518

world’s water tower, accounting for nearly one fifth of global continental freshwater discharge,519

taking advantage of a 15-year GRACE data to demonstrate the efficiency of our proposed520

statistical framework is critical for some reasons. Firstly, this will improve contemporary521

understanding of hydrological processes and drivers of land water storage on a regional or522

continental scale. Secondly, in the light of limited ground observations for hydrological appli-523

cations, it further articulates the potential of time-variable gravity observations as an efficient524

tool to assess the role of multi-scale climate oscillations on land water storage. As a proof of525

concept, the methodological framework in this study was also useful to identifying the regions526

in SA whose precipitation are also driven by global climate teleconnections.527

The Pacific (Ninos 1+2, 3.0, 3.4 and 4.0), Atlantic (North Tropical Atlantic), and Caribbean528

SSTs anomalies influence the spatio-temporal distributions of TWS over SA with the north-529

eastern and Amazon sections receiving the most impact. The associations of other Atlantic530

SST (East Tropical Atlantic and South Tropical Atlantic) anomalies with TWS are also signif-531

icant (α = 0.05) but contributions are small and catchment-specific (around Pantanal and the532

extreme south of the Amazon basin) compared to the Pacific SST. Overall, ENSO shows the533

strongest association with continental TWS dynamics. There is also a considerable amount of534

evidence to speculate that the observed time series of TWS over different hydrological regions535

of SA are driven by multi-decadal global climate patterns (i.e., PDO). As ENSO, PDO, Ninos536

3.4 and 4, and the Carribean SST signals were also identified in satellite precipitation over537
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tropical SA, these teleconnection patterns are expected to provide significant controls on the538

evolutions of extreme hydro-climatic patterns in the region. Indeed, these patterns (ENSO,539

PDO, Ninos 3.4 and 4, and the Carribean SST), including Nino 3.0 and SOI were the most540

associated with TWS in much of SA.541

Given that TWS in most tropical systems are dominated by strong inter-annual variability542

caused by changes in precipitation patterns, the perceived roles of human induced climate543

change are also expected to result in increased freshwater variability. While this is evident544

in some tropically-wet river basins of SA where catchments with relatively higher rainfall545

amount tend to experience stronger amplitudes and changes in TWS, hydrological processes546

and the dynamics of land water storage could be a rather complex phenomenon in SA. This547

is because of the interplay between the role of geodetic perturbations and the influence of548

global climate teleconnections on TWS, especially the possibility of the former in inducing549

large changes in GRACE-derived TWS in SA. Whereas this study offers a rather systematic550

blue print to help identify the foot prints of global climate patterns, further investigation551

is essential to unravelling the composite influence of human and environmental factors on552

GRACE-hydrological signals over SA. Finally, while being cautious about the interpretations553

of some results on the observed relationships of climate modes with terrestrial water storage,554

further understanding related to regional climate processes that provide constraints on water555

availability in South America is advocated.556
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8. Supporting Information (S1): Statistical significance of estimated contributions557

and relationship of climate teleconnections with GRACE-derived TWS558

Figure 7: Statistical significance (α = 0.05) of estimated contributions and relationship of climate modes with

amplitudes of GRACE-derived TWS (2002− 2017) over South America.
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