
Supplement of Earth Syst. Dynam., 11, 775–791, 2020
https://doi.org/10.5194/esd-11-775-2020-supplement
© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

Supplement of

Climate–groundwater dynamics inferred from
GRACE and the role of hydraulic memory
Simon Opie et al.

Correspondence to: Simon Opie (simon.opie.18@ucl.ac.uk)

The copyright of individual parts of the supplement might differ from the CC BY 4.0 License.



Supplementary Information: 
 
 

 
 

 
 

 

Figure S1: 37 Large Aquifer Systems of the World. Map ©WHYMAP & Margat 2008 
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Figure S2: a) WTD [original dataset from: (Fan et al., 2013)] b) Hydraulic Conductivity [original 

dataset from: (Gleeson et al., 2014)], c) Porosity [original dataset from: (Gleeson et al., 2014)]  – all 

datasets sourced as noted. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Aquifer Aridity Class GRT: 
 log (GRT) 
[GRT in yrs] 

WTD:  
Meters below 
surface 

Hydraulic 
Conductivity 
(K): log(K)                
[K in m yr-1] 

Porosity:  
%/100 

Upper 
Kalahari  

Semi-Arid 2.95 16.70 1.40 0.21 

Karoo  Semi-Arid 5.74 53.51 -0.73 0.14 

Senegal Semi-Arid 5.70 9.68 0.13 0.20 

California 
Central Valley 

Semi-Arid 3.01 17.86 1.26 0.21 

Great 
Artesian  

Arid 6.33 12.86 0.97 0.21 

North China 
Plains 

Dry Sub-
Humid 

2.74 4.62 0.91 0.19 

Umm 
Ruwaba 

Semi-Arid 4.42 2.44 1.45 0.21 

Congo Humid 2.12 15.80 1.26 0.21 

Maranhao  Humid 2.55 17.50 0.71 0.20 

Indus River Arid 3.96 4.20 1.32 0.21 

Amazon  Humid 2.03 3.08 0.76 0.21 

Guarani  Humid 2.20 15.93 0.68 0.16 

Ganges-
Brahmaputra 

Humid 2.10 3.22 1.34 0.21 

Canning Arid 6.46 20.94 1.36 0.21 

 
Table S1: Summary of geomorphological statistics for each aquifer. GRT dataset is skewed so median 
average is used. All others are mean average. Statistics extracted using QGIS. 
 
 
Anomalous Climate-Groundwater relationships – Karoo, Maranhao and Guarani aquifer systems: 
 
Figure S2 and Table S1 show WTD, K and 𝛷 which are direct measures of the physical characteristics 

of the 14 large-scale aquifer systems. The Karoo Basin has, by a considerable degree, the deepest 

WTD and the lowest K and 𝛷 of any of the studied aquifers (MacDonald et al., 2012). Despite these 

exceptional characteristics the anomalously long 7-month lag time between PCP and ∆TWS found 

for this basin is best explained by the lag between heavy rains that fall in the Angolan Highlands and 

focused recharge via leakage from the Okavango Delta supplying the northern side of the Karoo 

Supergroup (Wolski and Murray-Hudson, 2005). Climate-Groundwater responses in the humid 

Maranhao and Guarani Basins are complicated by regional-scale hydrogeological variations that 

include relatively deep WTD (both), spatially variable K (both) and low 𝛷 (Guarani).  In particular, the 

Guarani has a complex geomorphology and is separated into two geologically contrasting zones with 

rapid GRT/deep WTD/greater permeability in the north and slow GRT/shallow WTD/lesser 

permeability in the south. Approximately 80% of groundwater abstraction from the Guarani aquifer 

is concentrated in the northern zone (Foster et al, 2009), leaving this section of the aquifer more 



vulnerable to seasonal variability. This characteristic may explain why the Guarani ∆GWS shows a 

relatively poor correlation with monthly PCP but a strong correlation with the annual PCPA signal.  

 

Groundwater Storage Decline – Indus River and Canning Basins: 
 
The Indus River Basin has been described as “the most overstressed aquifer system in the world” 

(Lutz et al., 2016) based on the extent to which the requirement for water for irrigation outstrips 

precipitation; the basin supports a population of ~210 million people (Immerzeel et al., 2010). 

Immerzeel et al. (2010) estimate that for the period 2001-2007 this imbalance was more than a 

factor of 2:1 with average annual precipitation of 423 mm and annual irrigation demand of 908 mm 

EWH. The basin relies primarily on precipitation in the mountainous upstream area for downstream 

supply, where recharge of GW in low-lying areas has been estimated to be less than 5 mm per year 

(Döll et al., 2016; Immerzeel et al., 2012; Miller et al., 2012; Wanders and Wada, 2015). Several 

major dams exist in the basin catchment to exploit river flows supplied from the Tibetan plateau that 

include a combination of precipitation and glacier meltwater. The latter of which has been shown to 

be particularly important to the hydrology of the Indus River Basin (Immerzeel et al., 2010). These 

dams supply water for extensive irrigation schemes and provide hydroelectric power. The hydrology 

of the Indus Basin is therefore significantly influenced by human intervention and Cheema et al. 

(2014) have estimated that in 2007 groundwater depletion in the basin amounted to an annual loss 

of 121 mm EWH based on a combination of direct observational data and modelled analysis 

(Cheema et al., 2014).  

This study has assessed the GRT of the Indus Basin to be ~9,150 years (Table 4), which 

suggests that the GRACE/CLM ∆GWS should correlate strongly with annual (HY) ∫PCPA. However, 

from Table 3 the correlation is not statistically significant, although the PCC is 0.89 if just the period 

from 2008 is considered. A ‘thought experiment’ was conducted to investigate the relationship 

further, given that the slow GRT can be considered robust within the limits of uncertainty previously 

noted, perhaps as much as 2 orders of magnitude due to the uncertainty of the hydraulic 

conductivity (K) values (Cuthbert et al., 2019, 2019). Firstly, to increase the HM length of the ∫PCPA 

dataset a time series of monthly PCP anomalies from the CRU TS4.03 0.5º dataset (Climate Research 

Unit, University of East Anglia, 2019) for the period 1996-2016 was obtained for the Indus River 

Basin aquifer from KNMI Climate Explorer (KNMI Climate Explorer, 2018). This extends the timestep 

𝛕	by 6 years relative to the SRP and was introduced to improve the correlation for the initial 2002-

2008 portion of the ∆GWS dataset by providing a ‘spin-up’ period. This time series was then 

integrated to provide an annual ∫PCPA time series. Secondly, to compensate for the depletion 

measured by Cheema et al. (2014), a cumulative yearly 12 cm EWH was successively added to the 



annual ∆GWS values (Cheema et al., 2014), starting in year 2 of the time series (2003) and 

consequently ending with 156 cm EWH being added in year 14 (2015). The lag is kept the same as 

for the main investigation and the results of the experiment are shown in Figure S3. 

 

INSERT [Figure S3] 

 

The PCC between annual ∆GWS and annual ∫PCPA is 0.81 for the whole period, and 

improves to 0.95 if taken from 2008. The extension of the ∫PCPA timestep accounts for some 

improvement in the correlation but the major contribution comes from the annual depletion 

compensation to ∆GWS. Whilst the framework for this experiment is not rigorous, the result, which 

may be considered exploratory in nature, is revealing. Extending the HM in the ∫PCPA dataset and 

compensating for groundwater depletion has resulted in a correlation value that is consistent with 

other aquifers that can be classified as dry/long HM/slow GRT.  

The Canning Basin is consistently an outlier in any patterns established by the investigations 

of GRACE and other datasets described in this study; the data in Table 3 show weak to no correlation 

with any of the PCP time series datasets. From the results of this study for drylands and given that 

the GRT for Canning Basin is ~2.9 million years, a correlation with annual ∫PCPA indicative of a long 

HM is expected. The Canning Basin is one of six of the large-scale aquifers that show a net decline in 

GWS over the SRP; the remaining five are Indus, Ganges-Brahmaputra, California Central Valley, 

North China Plains and Maranhao. Unlike the other five, the Canning Basin is not a centre of 

agriculture; ~0.4% of irrigation in the basin comes from groundwater whereas the equivalent figures 

for the other five aquifers are 31%, 56%, 58%, 33% and 37% respectively (data from Table 1). Further 

it is remote from human intervention with less than 1% of its area covered by population (Richey et 

al., 2015). Richey et al., (2015), suggest that the GRACE signal is perhaps overwritten by mining 

activity but most mining happens outside of the extent of the basin (dmp.wa.gov.au, 2019).  

Pilbara, a region just to the South West of the Canning Basin, is the centre of Iron Ore mining 

in Western Australia (WA), an industry that has seen rapid growth in the 21st Century with the 

increasing global demand for steel (Mercier, 2019). In 2017, Iron Ore delivered royalties of 4.7 billion 

$Aus to the WA state government, up from 285 million $Aus in 2000 (dmp.wa.gov.au, 2019). Iron 

ore extraction and processing are very water intensive and the only source of freshwater in most of 

the mining area is groundwater (Western Australia Department of Water, 2011). A report by the 

Commonwealth Scientific and Industrial Research organisation (CSIRO) puts the water used by the 

mining sector in 2008 at 5.08 x108 m3 and this is predicted to rise to 9.4 x108 m3 by 2020 with the 

growth principally expected in the iron-ore sector (Prosser et al., 2011). The quantity of water 



required has also increased as a result of increased exploitation of lower grade magnetite ore which 

requires water in all stages of processing and transport; each new licensed project is expected to 

add 3.7 x107 m3 per year to the water demand (Western Australia Department of Water, 2011). To 

meet this demand, groundwater is commonly abstracted from the Canning Basin and piped directly 

to the mine works, with a newly announced magnetite mining project including a 195 km pipeline 

for this purpose (Jamasmie, 2019). BHP, one of the three largest mining companies in WA, report 

that 37% of their global water requirement comes from groundwater of which only 0.8% is returned 

to aquifers (BHP, 2019). Precise groundwater usage data are difficult to obtain and are commonly 

under-reported (Prosser et al., 2011). 

To test whether Iron ore mining might be impacting the Canning Basin, we plot the Canning 

Basin annual GRACE/CLM ∆GWS data, adjusted for calendar year, against the annual production of 

iron ore, measured in million tonnes per year (dmp.wa.gov.au, 2019). The result, shown in Figure S4 

provides a plausible argument that GW abstraction for iron-ore mining has had an impact on the 

Canning Basin consistent with the GRACE/CLM ∆GWS data. However, the data is not evidence of a 

causal relationship and does not establish an unequivocal connection between mining use and 

groundwater depletion in the Canning Basin.  
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Figure S3: Indus River Basin experiment with HY ∫PCPA extracted from period 1996-2016. ∆GWS is adjusted to 
replace estimated depletion of 12cm EWH per year (Cheema et al., 2014). PCC is 0.81 for SRP.      
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Figure S4: a) Combined annual timeseries of Canning Basin ∆GWS (data from this study) with WA annual Iron Ore 
production in Million Tonnes per year ((dmp.wa.gov.au, 2019). b) Plot of same data with trend line giving a PCC of -0.72.  
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