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Abstract 

Within the framework of a comprehensive baseline assessment of transboundary aquifers 

(TBAs) around the world, we have quantified different groundwater indicators under current 

(2010) and projected conditions in 2030 and 2050 using WaterGAP 2.2. All indicators were 

computed for 91 selected TBAs larger than 20,000 km2 and for each nation’s share of the 

TBAs (TBA-CU: country unit). TBAs outlines were provided by IGRAC, but as 22 of the 105 

provided TBA outlines overlapped, indicating overlying aquifers, these outlines were merged. 

The set of indicators comprises groundwater recharge, groundwater depletion, per-capita 

groundwater recharge, dependency on groundwater, population density, and groundwater 

development stress (groundwater withdrawals to groundwater recharge). Only the latter four 

indicators were projected to 2030 and 2050. Current-state indicators were quantified using 

the Watch Forcing Data climate dataset, while projections are based on five climate scenar-

ios that were computed by five global climate models for the high-emissions scenario 

RCP 8.5. Water use projections are based on the Shared Socio-economic Pathway SSP2 

developed within ISI-MIP. Furthermore, two scenarios of future irrigated areas were explored. 

For individual water use sectors, the fraction of groundwater abstraction was assumed to 

remain at the current level. 

According to our assessment, aquifers with the highest current groundwater depletion rates 

worldwide are not transboundary. Exceptions are the Neogene Aquifer System (Syria) with 

53 mm/yr between 2000 and 2009 and the Indus River Plain aquifer (India) with 28 mm/yr. 

For current conditions, we identified 20 out of 258 TBA-CUs suffering from medium to very 

high groundwater development stress, which are located in the Middle East and North Africa 

region, in South Asia, China, and the USA. Considering projections, ensemble means of per-

cent changes or percent point changes to current conditions were determined. Per-capita 

groundwater recharge is projected to decrease in 80-90% of all TBA-CUs until 2030/2050. 

Due to the strongly varying projections of the global climate models, we applied a worst-case 

scenario approach to define future hotspots of groundwater development stress, taking into 

account the strongest computed increase until either 2030 or 2050 among all scenarios and 

individual GCMs. Based on this approach, the number of TBA-CUs under at least medium 

groundwater development stress increases from 20 to 58, comprising all hotspots under cur-

rent conditions. New hotspots are projected to develop mainly in Sub-Saharan Africa, China 

and Mexico. 

  



TWAP GW - Final Report, Goethe University Frankfurt, revised March 2015 2 

1 Introduction 

The Transboundary Waters Assessment Programme (TWAP) was initiated by the Global 

Environment Facility (GEF) to create the first comprehensive baseline assessment of the 

planet’s transboundary water resources. TWAP covers five interconnected transboundary 

water systems: river basins, lake basins, groundwater basins, large marine ecosystems, and 

open oceans. The TWAP groundwater component (TWAP GW) deals with transboundary 

aquifers (TBAs) as well as with aquifers in small island developing states (SIDS). Its goal is 

to assess the current state of transboundary groundwater resources globally as a basis for 

long-term monitoring and to develop scenarios of possible future developments that are con-

sistent with scenarios derived by the other TWAP water systems, in particular by the two 

groups who will deal with the river and lake basins components. The assessment is further 

aimed at facilitating priority setting for GEF action and strategies as well as indicating the 

effectiveness of stress reduction measures being implemented by GEF and by others 

(UNESCO, IGRAC, WWAP, August 2012). 

UNESCO-IHP (Paris) and Goethe University Frankfurt (UF) are partners in the implementa-

tion of the TWAP groundwater component (Implementation Partners Agreement, dated 

9 August 2013). UF contributes to the TWAP project by simulating groundwater resources 

and use for the selected TBAs and country shares of TBAs using an improved version of the 

global water resources and use model WaterGAP 2.2. The work focused on the quantifica-

tion of six “core indicators” and three “additional indicators” for current conditions and climate 

and water use scenarios in 2030 and 2050 (so-called “projected groundwater stress indica-

tors”) that were defined in UNESCO-IHP, IGRAC, WWAP (2012). Furthermore, an additional 

indicator to assess groundwater development stress was suggested by UF and is presented 

in this report. 

The methodology to quantify current-state and projected indicators including a model de-

scription of WaterGAP as well as a description of used data are presented in section 2. In 

section 3, the computed indicators are described and discussed. In section 4, the results are 

summarized and final conclusions are drawn. 
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2  Methods 

2.1 WaterGAP model description 

WaterGAP (Water - Global Assessment and Prognosis) is a global hydrological and water 

use model to assess the human-freshwater system under historical and future climate condi-

tions. It comprises the WaterGAP Hydrology Model WGHM and five water use models for the 

sectors irrigation, livestock, households, manufacturing, and cooling of thermal power plants. 

Covering the entire global land area except Antarctica on a 0.5° grid (55 km × 55 km at the 

equator), WGHM computes daily time series of fast surface and subsurface runoff, ground-

water recharge, and river discharge as well as storage variations of water in canopy, snow, 

soil, groundwater, lakes, reservoirs, wetlands, and rivers. Model input includes time series of 

climate data between 1901 and 2009 (e.g. precipitation, temperature and solar radiation) and 

physio-geographic information like land cover, soil type, relief, and hydrogeology (Döll et al. 

2003, 2012). 

2.1.1 WaterGAP Water Use Models 

Domestic and manufacturing water use simulations are based on published country values 

for population density, urban population, and access to safe drinking water that are 

downscaled to 0.5° grid cells. Livestock water use is computed based on cell-specific live-

stock numbers and livestock-specific water use (Döll et al. 2003). For the simulation of cool-

ing water use, the location, type and electricity production of more than 60,000 power plants 

are taken into account (Alcamo et al. 2003). Irrigation water requirements are modeled as a 

function of cell-specific irrigated area, crop, and climate. Statistics on area equipped for irri-

gation and area actually irrigated with either groundwater or surface water were obtained 

from national census reports, online data bases (FAO-AQUASTAT, Eurostat) or from the 

literature (Siebert et al. 2010). 

Based on the output data from the water use models, the sub-model GWSWUSE computes 

net abstractions from groundwater (NAg) and from surface water (NAs) (lakes, wetlands, riv-

ers) taking into account independent information of the source of water and making assump-

tions on irrigation water use efficiencies and return flows (Döll et al. 2012). Net abstractions 

are computed as the difference of water withdrawals from the specific source and the return 

flows from water use to the source. Net abstractions can become negative if return flows ex-

ceed water withdrawals. For NAg, this can only occur in case of irrigation from surface water. 

In GWSWUSE, it is assumed that groundwater is only abstracted for the water use sectors 

irrigation, household, and manufacturing, while water for livestock and cooling of thermal 

power plants is only abstracted from surface water (Döll et al. 2012). Monthly time series of 



TWAP GW - Final Report, Goethe University Frankfurt, revised March 2015 4 

NAg and NAs are inputs to the WaterGAP Global Hydrology Model WGHM, where they are 

distributed evenly to all days of the months and subtracted from groundwater and surface 

water storages, respectively. 

2.1.2 WaterGAP Global Hydrology Model WGHM 

Within each grid cell, total runoff Rl is computed, with a daily time step, as a function of cli-

mate, land cover, and soil. Total generated runoff is partitioned into surface runoff Rs and 

diffuse groundwater recharge Rg and routed through the storage compartments groundwater, 

lakes, reservoirs, wetlands, and the river segment (Figure 2-1). The resulting river discharge 

then becomes the inflow of the downstream cell. A global drainage direction map is applied 

to simulate the direction of surface water flows (Döll et al. 2012). 

In WGHM, the groundwater storage compartment represents one continuous unconfined 

aquifer beneath the unsaturated zone. There is no differentiation between upper and lower 

aquifer units. Furthermore, discharge and recharge areas are not distinguished. Depending 

on climate, soil properties, and vegetation, diffuse groundwater recharge can potentially oc-

cur in each land cell of the WaterGAP landmask. Diffuse groundwater recharge Rg is mod-

eled as a function of total runoff, relief, soil texture, hydrogeology, and the existence of glaci-

ers or permafrost. Neither hydraulic heads nor groundwater table locations are taken into 

account, and there is no groundwater flow between grid cells. Consequently, the complete 

groundwater recharge of a cell discharges as baseflow Qb (see Figure 2-1) into surface water 

bodies of the same cell. 

Groundwater recharge was tuned by simple comparisons with a global map by L‘vovich 

(1979) and different regional maps. Furthermore, in semi-arid and arid cells with a medium to 

coarse soil texture groundwater recharge only occurs on days with at least 10 mm precipita-

tion. This modification is based on long-term average groundwater recharge estimates in 

semi-arid and arid regions derived from analyses of chloride profiles in the soil and isotope 

measurements (Döll & Fiedler 2008). 

In its standard version, WGHM only computes diffuse groundwater recharge from land area. 

For the TWAP project, an improved version was used taking into account groundwater re-

charge beneath surface water bodies Rg_swb (lakes, reservoirs, wetlands) in semi-arid and 

arid cells (red arrows in Figure 2-1) as described in Döll et al. (2014). To avoid that Rg_swb 

again recharges surface water bodies as baseflow Qb, it is assumed that in dry areas Qb 

flows directly into the river (Figure 2-1). Furthermore, a fractional routing is implemented in 

the improved version, where only part of the surface runoff (and the baseflow in case of hu-

mid conditions) recharges the surface water bodies, while the rest directly flows into the river 

(Figure 2-1). This approach was applied to avoid unrealistically high values of Rg_swb, which 
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would most likely result if all surface runoff was added to lakes or wetlands (Döll et al. 2014). 

Finally, deficit irrigation at 70% of optimal irrigation was applied in certain grid cells, which 

were selected based on a study by Döll et al. (2014, their Figure 3a), who computed human-

driven mean annual groundwater depletion between 1989 and 2009 as the difference be-

tween a WaterGAP model run with optimal irrigation and a model run without water use. 

Thus, decadal trends of precipitation superimposing anthropogenic impacts were excluded 

from the assessment. Grid cells were selected for 70% deficit irrigation based on the follow-

ing two characteristics: 1) human-driven mean annual groundwater depletion exceeds 

5 mm/yr and 2) the fraction of mean annual irrigation water withdrawals in total water with-

drawals between 1989 and 2009 exceeds 5%. 

Since global hydrological models rely on uncertain data and simplifying model assumptions, 

the accuracy of model output is necessarily limited. To obtain meaningful results despite the-

se limitations, WGHM is calibrated against observed mean annual river discharge at 1319 

gauging stations, covering around 50% of global land area (Müller Schmied et al. 2014), such 

that estimated renewable water resources in river basins are reasonably well represented by 

WaterGAP. Groundwater recharge estimates have been validated by regional experts as 

they were included in UNESCO’s Groundwater Resources of the World map (WHYMAP). 

 

Figure 2-1: Schematic of water storage compartments (boxes) and flows (arrows) within 
each 0.5°grid cell of the WaterGAP Global Hydrology Model, including the simulation of water 
use impacts on water storage in groundwater and surface water. Compared to the WaterGAP 
standard version, routing of surface runoff Rs and baseflow Qb was modified to simulate that 
not the whole runoff from land Rl is routed through the surface water bodies. In addition, in 
semi-arid and arid regions, groundwater recharge is assumed to occur beneath surface water 
bodies (lakes, wetlands and reservoirs but not rivers), while in humid areas, groundwater 
recharges surface water bodies. Flows that are only modeled in semi-arid and arid regions 
are shown in red, those occurring only in humid regions are shown in green (Döll et al. 2014). 
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2.2 Data and scenario description 

2.2.1 General approach 

All computed indicators are listed in Table 2-2. Current-state indicators were calculated using 

the climate period 1971-2000, except for indicator 3.1 (changes in groundwater storage) 

where the simulation 2000-2009 was applied (see section 2.2.4). For the quantification of 

projected groundwater stress indicators for the reference years 2030 and 2050, five global 

climate models (GCMs) were selected to take climate modeling uncertainty into account. The 

GCMs were forced with the high-emissions scenario RCP 8.5 to support a precautionary ap-

proach to adaptation to climate change for the transboundary aquifers (see section 2.2.4). 

Furthermore, two irrigation scenarios were considered, with either temporally constant or 

variable irrigation areas (see section 2.2.6). This results in a total of ten scenarios for each of 

the simulation periods 2021-2050 and 2041-2070. The indicators 1.2, 2.1, 4.1, 4.2, and 4.2a 

were calculated for both current and future conditions based on five GCMs (see section 

2.2.4). For indicators already quantified in percent (indicators 2.1, 4.2, and 4.2a), future 

changes are expressed as changes in percent points, while future changes of indicators 1.2 

(in m³/(yr capita)) and 4.1 (in persons/km²) are presented as percent changes. Table 2-1 il-

lustrates the equations used to compute future changes for each projected indicator. The 

GCM-specific percent changes or changes in percent points were arithmetically averaged, 

resulting in ensemble mean values for each projected indicator (per time period and irrigation 

scenario). Table 2-2 gives an overview over the current-state and projected indicators and 

underlying climate data. 

Table 2-1: Numeric examples for the computation of projected changes of indicators 

Indicator 
Future change 
expressed in 

Equation to compute future 
changes 

I2010 
I2030 (or I2050) 

Future changes

1.2 percent 
2010

20102030

I

II 
; 

2010

20102050

I

II  20 m³/(yr cap) 
25 m³/(yr cap) 

20%

2.1 percent points I2030 – I2010; I2050 – I2010 
20% 
25% 

5 percent points

4.1 percent 
2010

20102030

I

II 
; 

2010

20102050

I

II  20 persons/km² 
25 persons/km² 

20%

4.2 percent points I2030 – I2010; I2050 – I2010 
20% 
25% 

5 percent points

4.2a percent points I2030 – I2010; I2050 – I2010 
20% 
25% 

5 percent points
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Table 2-2: Computed current-state and projected indicators and underlying climate data (pro-
jected indicators in bold; population data 2010, 2030, 2050; annual industrial and domestic 
water use 2010, 2030, 2050; irrigation water use based on respective climate period; projected 
indicators computed for two irrigation scenarios). Definition of indicators according to 
UNESCO-IHP, IGRAC, WWAP (2012) except for indicator 4.2a identified by authors of this 
report. 

No Categories, indicator names and 
units 

Classification/ scoring Climate data 
current-

state 
projections 

1 - Defining or constraining the value of aquifers and their potential functions  

1.1 Mean annual groundwater recharge 
depth including artificial recharge from 
irrigation (mean annual recharge volume 
per unit of area) 

[mm/year] 

1. Very low: < 2 mm/yr 

2. Low: 2 -20 mm/yr 

3. Medium:  20-100 mm/yr 

4. High: 100-300 mm/yr 

5. Very high: > 300 mm/yr 

WFD 

1971-2000 

 

- 

1.1a Additional indicator: 

Mean annual natural groundwater re-
charge depth (mean annual recharge 
volume per unit of area) 

[mm/year] 

1. Very low: < 2 mm/yr 

2. Low: 2 -20 mm/yr 

3. Medium:  20-100 mm/yr 

4. High: 100-300 mm/yr 

5. Very high: > 300 mm/yr 

WFD 

1971-2000 

- 

1.2 Annual amount of renewable ground-
water resources (including artificial 
recharge) per capita 

[m3/(yr capita)] 

1.  Low: < 1000 

2.  Medium: 1000 - 5000 

3.  High: > 5000 

WFD 

1971-2000 

5 GCMs 

2021-2050 

2041-2070 

2 - Role and importance of groundwater for humans (and the environment) 

2.1 Human dependency on groundwater 
(percentage of groundwater in total 
water abstraction for all human water 
uses  [%] 

1. Very low: < 20% 

2. Low: 20 -40% 

3. Medium:  40-60% 

4. High: 60-80% 

5. Very high: > 80% 

WFD 

1971-2000 

5 GCMs 

2021-2050 

2041-2070 

2.2 Human dependency on groundwater for 
domestic water supply (percentage of 
groundwater in total water abstraction for 
domestic water use) 

[%] 

1. Very low: < 20% 

2. Low: 20 -40% 

3. Medium:  40-60% 

4. High: 60-80% 

5. Very high: > 80% 

not climate 
dependent 

- 

2.3 Human dependency on groundwater for 
irrigation (percentage of groundwater in 
total water abstraction for irrigation) 

[%] 

1. Very low: < 20% 

2. Low: 20 -40% 

3. Medium:  40-60% 

4. High: 60-80% 

5. Very high: > 80% 

WFD 

1971-2000 

- 

2.4 Human dependency on groundwater for 
industrial water supply (percentage of 
groundwater in total water abstraction for 
industrial water use) 

[%] 

1. Very low: < 20% 

2. Low: 20 -40% 

3. Medium:  40-60% 

4. High: 60-80% 

5. Very high: > 80% 

not climate 
dependent 

- 

3 - Changes in groundwater state 

3.1 Groundwater depletion (mean annual 
changes in groundwater storage ex-
pressed as an equivalent depth of water 
averaged over the unit of area) 

[mm/yr]  

1. Absent to very low: 

< 2 mm/yr 

2. Low: 2 -20 mm/yr 

3. Medium:  20-50 mm/yr 

4. High: 50-100 mm/yr 

5. Very high: > 100 mm/yr 

WFDEI 

2000-2009 

- 
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No Categories, indicator names and 
units 

Classification/ scoring Climate data 
current-

state 
projections 

4 - Drivers of changes and pressures 

4.1 Population density 

[persons/km²] 

1. Very low: < 1 p/km² 

2. Low:  1-10 p/km² 

3. Medium: 10-100 p/km² 

4. High: 100-1000 p/km² 

5. Very high: > 1000 p/km² 

not climate 
dependent 

- 

4.2 Groundwater development stress 
(mean annual groundwater abstraction 
/ mean annual groundwater recharge, 
including artificial recharge) 

WWGW/(GWR+WWGW-NAg) [%] 

1. Very low: < 2% 

2. Low: 2-20% 

3. Medium:  20-50% 

4. High: 50-100% 

5. Very high: > 100% 

WFD 

1971-2000 

5 GCMs 

2021-2050 

2041-2070 

4.2a Additional indicator: 

Groundwater development stress 
(mean annual net abstractions from 
groundwater / mean annual natural 
groundwater recharge); negative val-
ues indicate that water is added to 
groundwater storage 

NAg/GWR [%] 

1. Very low: < 2% 

2. Low: 2-20% 

3. Medium:  20-50% 

4. High: 50-100% 

5. Very high: > 100%  

WFD 

1971-2000 

5 GCMs 

2021-2050 

2041-2070 

 

2.2.2 Population data 

For the reference years 2010, 2030, and 2050, estimates of gridded population data devel-

oped within ISI-MIP (see section 2.2.4) were applied, since projections from CIESIN were not 

available. Within ISI-MIP, the 0.5° x 0.5° gridded population data set was produced by scal-

ing the 2010 Gridded Population of the World, Version 3 (GPWv3) from CIESIN (available at 

http://sedac.ciesin.columbia.edu/) with the country totals of the socio-economic scenario 

SSP2 (see section 2.2.5). Changes in population distribution within countries were neglected. 

Population estimates used within TWAP sum up to 6.9 billion in 2010, 8.3 billion in 2030, and 

9.3 billion in 2050. 

2.2.3 TBA boundaries 

Due to lack of input data, WaterGAP simulations were focused on TBAs of at least 

20,000 km2. Global-scale results provided with a 0.5° resolution can be used to derive infor-

mation for smaller aquifers, albeit with a very high uncertainty. To calculate TBA areas, the 

sinusoidal equal-area map projection was applied, since grid cell areas in WaterGAP are 

based on this projection. Using the sinusoidal projection, 105 TBA larger than 20,000 km² 

were identified in the original TBA shapefile (status December 2014) provided by the Interna-

tional Groundwater Resources Assessment Centre (IGRAC, Laura del Val Alonso) located in 

Delft, Netherlands. However, some of these aquifers are lying on top of other aquifers. 

WaterGAP, like other global-scale hydrological models, cannot compute the water balance of 

individual overlying aquifers. It assumes that there is one aquifer that receives all the 
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groundwater recharge from the soil and surface water bodies above it and that all groundwa-

ter abstractions are taken from this aquifer. Therefore, it was necessary to merge overlying 

aquifers. 22 TBAs were merged into 8 TBAs due to large overlaps resulting in 91 TBAs as a 

basis for the WaterGAP assessment. Information on the merged TBAs is presented in Table 

2-3. A detailed documentation using figures is included in Appendix B of this report. Figure 

2-2 depicts the 91 TBAs included in the WaterGAP assessment. Merged TBAs are shown in 

blue. TBAs with unconfirmed or partially confirmed boundaries are displayed as dashed lines. 

All indicators were computed 1) at the 0.5° grid-cell level, 2) for each TBA, and 3) for each 

nation’s share of a TBA. In this report, the latter is referred to as TBA-CU (TBA country unit). 

Within the 91 TBAs, there are a total of 258 TBA-CUs. For TBA- and TBA-CU-based indica-

tors, the grid cell based population and volumes of water use and groundwater recharge in 

km³ were first aggregated over the TBAs and TBA-CUs and then divided by the respective 

unit of area. For grid cells intersected by TBA boundaries, the respective fraction of grid-

based model output was taken into account. In grid cells where TBA boundaries slightly over-

lap, the grid cell values were assigned to both TBAs leading to a negligible double counting 

of grid-based data. 

 

Figure 2-2: 91 TBAs included in the WaterGAP assessment (merged TBAs are shown in 
blue. TBAs with unconfirmed or partially confirmed boundaries are displayed as dashed 
lines). 
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Table 2-3: TBAs merged for the WaterGAP assessment 

ID of merged TBA Aquifers included Associated 
countries 

TBA 
confirmed

AS126_AS129 Tawil Quaternary Aquifer System: Wadi Sirhan 
Basin; Saq-Ram Aquifer System (West) 

Jordan, Saudi 
Arabia 

Confirmed 

AS127_AS130 
_fractionAS128 

(referred to as AS127_ 
in this report) 
 

Wasia-Biyadh-Aruma Aquifer System (North): 
Sakaka-Rutba; Umm er Radhuma-Dammam 
Aquifer System (North): Widyan-Salman; Fraction 
of: Neogene Aquifer System (South-East): 
Dibdibba-Kuwait Group 

Iraq, Kuwait, Saudi 
Arabia 

Confirmed 

7S_8S Coesewijne; A-Sand/B-Sand Guyana, Suriname Confirmed 

EU108_EU109 Ordivician - Cambrian groundwater body; Cam-
brian - Vendian - Voronka groundwater body / 
Lomonosovsky aquifer 

Estonia, Russia Confirmed 

AF19_AF24 Sand and Gravel Aquifer; Weathered basement Malawi, Tanzania, 
Zambia 

Confirmed 

4N_19N Poplar; Judith River Canada, United 
States of America 

Confirmed 
/ Partially 
confirmed 

20S_21S_22S_25S_26S 

 

Serra Geral; Sistema Acuífero Guaraní; Caiua-
Bauru-Acaray Aquifer; Litoral-Cretácico; Salto-
Salto Chico 

Argentina, Brazil, 
Paraguay, Uruguay 

Confirmed 

AS131_AS139_AS140 
_AS141_fractionAS128 

(referred to as AS131_ 
in this report) 
 

Umm er Radhuma-Dammam Aquifer System 
(South): Rub' al Khali, (Centre): Gulf; Wajid Aqui-
fer System; Wasia-Biyadh-Aruma Aquifer System 
(South): Tawila-Mahra/Cretaceous Sands; Frac-
tion of: Neogene Aquifer System (South-East): 
Dibdibba-Kuwait Group 

Oman, Saudi Ara-
bia, United Arab 
Emirates, Yemen, 
Bahrain, Qatar 

Confirmed 

 

2.2.4 Climate data 

The current-state indicators for the reference period 1971-2000 were computed based on 

monthly values of temperature, precipitation, longwave and shortwave radiation from the data 

set WATCH Forcing Data (WFD, Weedon et al. 2011). Only for the current-state indicator 3.1 

(groundwater depletion, GWD) the WATCH Forcing data ERA-Interim (WFDEI, Dee et al. 

2011) were applied. As in many regions of the world GWD rates had been highest in the first 

decade of the 21st century (Döll et al. 2014), the simulation period 2000-2009 was selected, 

which is not covered by the WFD but by the WFDEI. 

The projected groundwater stress indicators for 2030 (simulation period 2021-2050) and 

2050 (simulation period 2041-2070) were computed by applying daily climate model output 

developed within the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP, 

Warszawski et al. 2013). Within ISI-MIP, the five global climate models (GCMs) GFDL-

ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, and NorESM1-M were in-

cluded and forced by four emissions scenarios, the ‘Representative Concentration Pathways’ 

(RCPs) scenarios (Moss et al. 2010) until 2099. The climate model output was bias-corrected 
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to the WFD (Hempel et al. 2013). The RCPs were developed by the scientific community for 

the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change 

(IPCC) and are named according to the change of radiative forcing in W/m² at the end of the 

21st century relative to pre-industrial values (van Vuuren et al. 2011). 

Table 2-4: Global climate models applied in TWAP GW (Portmann et al. 2013) 

Global climate model Institute acronym Institute full name 

GFDL-ESM2M NOAA GFDL NOAA Geophysical Fluid Dynamics Laboratory 

HadGEM2-ES MOHC (additional 

realizations by INPE) 

Met Office Hadley Centre and 

Instituto Nacional de Pesquisas Espaciais 

IPSL-CM5A-LR IPSL Institut Pierre-Simon Laplace 

MIROC-ESM-CHEM MIROC Japan Agency for Marine-Earth Science and 
Technology, Atmosphere and Ocean Research 
Institute (The University of Tokyo), and National 
Institute for Environmental Studies 

NorESM1-M NCC Norwegian Climate Centre 

 

For the TWAP project, only the highest greenhouse gas (GHG) emissions scenario, RCP8.5, 

was selected, characterized by increasing GHG emissions until the end of the 21st century 

(van Vuuren et al. 2011). Applying RCP8.5 is considered as a precautionary approach ap-

propriate to inform adaptation to climate change. Furthermore, distinct differences between 

the four RCPs with regard to the change in global annual mean surface temperature only 

emerge in the second half of the 21st century, as can be seen from Figure 2-3 (IPCC 2013). 

Climate data was selected in accordance with the TWAP River Basins Group except for the 

additional data set of the WFDEI used to compute mean annual GWD during 2000-2009. 

Furthermore, simulation results based on climate input from GFDL-ESM2M were excluded in 

the TWAP River Basins Group, while all five GCMs of ISI-MIP were applied in this study. 
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Figure 2-3: Multi-model simulated time series of change in global annual mean surface tem-
perature relative to 1986–2005. Projections and a measure of uncertainty (shading) are 
shown for scenarios RCP2.6 (blue) and RCP8.5 (red); the historical trend is depicted in black 
(grey shading). The mean and associated uncertainties averaged over 2081−2100 are pre-
sented for all RCPs as colored vertical bars. The numbers of GCMs used to calculate the 
multi-model mean are indicated (IPCC, 2013). 

 

2.2.5 Water use 

In accordance with the TWAP River Basins Group, the water use sectors irrigation, domestic, 

manufacturing, and thermal electricity production were included in this study. Livestock was 

not taken into account, since there are no projections available. However, given that in 

WaterGAP only surface water is used for livestock without return flows to groundwater, this 

does not affect the model parameters calculated in this study. 

Due to the stochastic nature of weather, irrigation water withdrawals for the reference years 

2010, 2030, and 2050 were computed as mean annual values for the simulation periods 

1971-2000, 2021-2050, and 2041-2070, respectively. During each period, climate varied but 

irrigated area was assumed to be constant (compare next section) such that the situation in 

the reference years was optimally represented. For the non-agricultural sectors, annual val-

ues of water withdrawals in 2010, 2030, and 2050 were used. To allow for a consistent com-

parison among indicators, net abstractions from groundwater (NAg) were simulated with tem-

porally varying irrigation water uses, while water uses in the other sectors were kept constant 

over the respective 30-year simulation period. 

With regard to the non-agricultural sectors, water use projections developed within ISI-MIP 

were applied. These projections were also applied for the assessment of the TWAP River 

Basins Group. The projections are based on RCP6.0 and the ‘Shared Socio-economic Path-

way’ SSP2 representing the ‘Middle of the Road’ scenario (Kriegler et al. 2010, O’Neill 2014). 

Assumptions regarding technological changes were jointly developed by the ISI-MIP partici-

pants. Projections of thermal electricity production were provided by the Integrated Assess-
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ment Model IMAGE (van Vuuren et al. 2011) (Martina Flörke, Kassel University, TWAP Riv-

ers Group, personal communication). 

2.2.6 Irrigated areas 

Two irrigation scenarios were analyzed. They are characterized by a) constant irrigated are-

as until 2050 (scenario “AAI constant”) and b) changed irrigated areas in 2030 and 2050 de-

fined by modeled percent changes per country (scenario “AAI LandSHIFT”). As a basis for 

current conditions and constant future irrigated areas, version 5 of the Global Map of Irrigated 

Areas (GMIA5, Siebert et al. 2013, available at http://www.fao.org/nr/water/ 

aquastat/irrigationmap/index10.stm) was applied. In total, GMIA5 comprises 307.6 million ha 

of area equipped for irrigation (AEI), of which 255.2 million ha (83%) are classified as areas 

actually irrigated (AAI). From this data set, estimates of the area actually irrigated around the 

year 2005 provided at the 5 arc-minutes grid-cell level were aggregated to 0.5° grid cells. 

These irrigated areas were applied for the reference year 2010 and in case of “AAI constant” 

also for 2030 and 2050. In case of scenario “AAI LandSHIFT”, output of the LandSHIFT 

model was used to scale the GMIA5 areas for each country. 

LandSHIFT model 

Changes of irrigated cropland in 2030 and 2050 were derived from the land-use model 

LandSHIFT described below. A detailed model description is given in Schaldach et al. (2011) 

and Schaldach et al. (2012). As LandSHIFT is based on a different land-use map than 

WaterGAP, the MODIS land-cover data set for the year 2001 (Friedl et al. 2010), only coun-

try-based percent changes of irrigated cropland were considered in this study. To this end, 

the area actually irrigated around the year 2005 (GMIA5) was multiplied by the change of 

irrigated area per country in 2030 and 2050 relative to 2005 as computed by LandSHIFT. 

The country-based ratios are depicted in Figure 2-4. The ratios were kept constant within the 

respective 30-year simulation period. At the global level, irrigated area increases by 25% in 

2030 and 23% in 2050 relative to 2005, but irrigated areas are projected to decrease by more 

than 10% in a large number of countries. 
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Figure 2-4: Country-based ratios of irrigated cropland in 2030 (top) and 2050 (bottom) com-
pared to areas in 2005 as modeled by LandSHIFT (applied in scenario “AAI LandSHIFT”). 

LandSHIFT is based on the concept of land-use systems (Turner et al. 2007) and couples 

components that represent the respective anthropogenic and environmental sub-systems. 

For the TWAP GW study, only the model components required to simulate the change of 

irrigated cropland (IRRI-module) and crop productivity (productivity-module) were included. 

Changes of irrigated area are computed globally on a 5 arc-minute raster (approximately 

9 km x 9 km at the equator). For each cell, the state variables ‘dominant land-use type’ and 

‘fraction of irrigated area’, different landscape characteristics (e.g. terrain slope, infrastruc-

ture), zoning regulations, and crop productivity are defined. Information on crop productivity 

is derived from the dynamic global vegetation model LPJmL (Sitch et al. 2003; Bondeau et al. 

2007), which computes potential yields under irrigated conditions for different crop types at 
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the grid-cell level. Within TWAP, LPJmL was forced with climate projections from HadGEM2- 

ES based on RCP8.5. 

The rational of the IRRI-module is to simulate changes of irrigated area in each country by 

distributing projections of irrigated crop production per country to the most suitable raster 

cells through modifying the two state variables ‘dominant land-use type’ and ‘fraction of irri-

gated area’, taking into account crop yields. In a first phase, the suitability of each cell for 

irrigated crop cultivation is determined based on potential crop yields (calculated by LPJmL), 

terrain slope, population density, infrastructure, and zoning regulations (nature conservation 

areas). In a second phase, the production of major crops is distributed to the most suitable 

cell with already existing irrigated area. If not all the crop production can be allocated on the 

existing irrigated area, additional land is converted into irrigated cropland, preferably on cells 

with a) already existing irrigated area and b) area equipped for irrigation. 

For the TWAP project, projections of irrigated crop production in each country were provided 

by the agro-economic model IMPACT (Rosegrant et al. 2012), which was forced by socio-

economic drivers of the ‘markets first’ scenario defined in the fourth Global Environment Out-

look Report (GEO-4, UNEP 2007). Furthermore, improvements on crop yield due to techno-

logical change and population growth were provided by IMPACT. The former was used in 

LandSHIFT to adjust potential crop yields generated by LPJmL. It should be noted that the 

fertilizing effect of an increasing atmospheric CO2 concentration was included in the LPJmL 

model run, which probably leads to an overestimation of potential yield per cell and thus to an 

underestimation of the expansion of irrigated area in LandSHIFT (Dieter Gerten, Potsdam 

Institute for Climate Impact Research, personal communication). 

Comparison with FAO projections 

In the following, LandSHIFT projections of future AAI are compared to FAO estimates of har-

vested irrigated area (Jippe Hoogeveen (FAO), personal communication, and Alexandratos & 

Bruinsma 2012). In our LandSHIFT scenario, global AAI increases by 25% between 2005 

and 2030, and then decreases by 2% between 2030 and 2050. FAO estimates of global har-

vested irrigated area are projected to increase by only 9% between 2005 and 2030, and then 

increase by another 3% between 2030 and 2050. In general, projections of both sources 

show an increasing trend of irrigated areas in developing countries, which is less pronounced 

after 2030, while in developed countries only a marginal increase or even a decrease is pro-

jected until 2050. Significant differences even in the sign of change exist at the regional 

scale. While LandSHIFT projects increases of about 30% in South Asia (Figure 2-4), FAO 

projects barely any increases. In East Asia, LandSHIFT projects a small decrease, while 

FAO projects an increase of more than 10%. For North America, FAO foresees almost con-

stant harvested irrigated areas, while the LandSHIFT scenario results in decreases of 15-

20%. 
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3 Results and discussion 

In the following, the computed indicators are presented and discussed for current-state (sec-

tion 3.1) and projected future conditions (section 3.1.10). Global maps of current-state indica-

tors are shown in Figure 3-1 to Figure 3-11 at the grid-cell, TBA-, and TBA-CU level. Project-

ed indicators, computed as either percent changes or percent point changes compared to 

current conditions (see section 2.2.1), are presented and discussed for TBA-CUs only 

(Figure 3-13 to Figure 3-21), since TBAs tend to obscure information on potential hotspot 

areas due to large aggregation units. All TBA- and TBA-CU-based indicators are, however, 

included in Appendix A (separate Excel-file). 

Projected indicators are presented as ensemble means over the five GCMs - but separately 

for each irrigation scenario - since ensemble means are considered as robust indicators bal-

ancing the errors of individual models. Besides, the conciseness of ensemble means facili-

tates the interpretation of model results, especially for non-experts. However, as the risks of 

climate change may be underestimated due to the averaging over model results, projected 

hotspots of groundwater stress were identified using the “worst-case scenario” among the 

five individual GCMs (see section 3.2.5). 

3.1 Current-state indicators 

3.1.1 Indicator 1.1: Mean annual GW recharge including artificial recharge from irriga-

tion 

Mean annual groundwater recharge depth was calculated as the sum of natural groundwater 

recharge including point recharge from surface water bodies and artificial recharge from irri-

gation. In WaterGAP, this artificial recharge is equal to simulated water withdrawals from 

groundwater (WWgw) minus net groundwater abstractions (NAg). As can be seen from Figure 

3-1, highest groundwater recharge rates exceeding 300 mm/yr are found in humid areas in-

cluding, e.g. the Amazonas aquifer, the Cuvette aquifer in Central Africa, the Indus River 

Plain aquifer, the East Ganges River Plain aquifer and the Khorat Plateau aquifer extending 

over Laos and Thailand. TBAs characterized by low recharge rates between 2 and 20 mm/yr 

are the Northwest Sahara Aquifer System and the two merged aquifers AS126_129 and 

AS131_ (see section 2.2.3) located on the Arabian Peninsula. Based on the aggregation over 

TBAs, no aquifers were identified with very low groundwater recharge rates below 2 mm/yr. 

When the aggregation level is reduced to country units, however, several TBA-CUs in arid 

regions are revealed receiving very low groundwater recharge, namely the Nubian Sand-

stone Aquifer System in Chad, the northern fractions of the lake Chad Basin aquifer, the 

Taoudeni Basin aquifer and the Irhazer-Illuemeden Basin aquifers in Algeria, and the Uzbek 

part of the Syr Daria aquifer. 
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In addition to the indicators at the TBA and country level, the results are presented for grid 

cells in order to illustrate how heterogeneous groundwater recharge is distributed over TBAs 

especially when the boundaries extend over different climate zones as in the case of the 

Lake Chad Basin aquifer. 

3.1.2 Indicator 1.1a: Mean annual natural groundwater recharge 

Natural mean annual groundwater recharge was calculated as the sum of natural groundwa-

ter recharge including point recharge from surface water bodies. Together with indicator 4.2a 

(see section 3.1.8), indicator 1.1a is computed in addition to the indicators presented in the 

TWAP GW Methodology Report (UNESCO, IGRAC, WWAP, August 2012). As indicator 1.1a 

does not account for return flows from irrigation, differences compared to indicator 1.1 are 

most evident in the major irrigation areas of the world including the East Ganges River Plain 

(East Ganges River Plain aquifer), the Indus River Plain (Indus River Plain aquifer), and the 

Nile delta (Nubian Sandstone Aquifer System) (Figure 3-2). Modeled return flows over the 

Indus River Plain aquifer in Pakistan and India account for about 70% and 40% of total 

groundwater recharge (including induced recharge). Over the Nubian Sandstone Aquifer 

System, return flows from irrigation were computed at 44% (Egypt) and 38% (Sudan) of total 

groundwater recharge. Over the East Ganges River Plain aquifer, 27% of total groundwater 

recharge is contributed by return flows. 

3.1.3 Indicators 1.2 and 4.1: Mean annual GW recharge per capita and population 

density 

The mean annual groundwater recharge per capita (indicator 1.2) was calculated as total 

groundwater recharge in m³ (including recharge from surface water bodies and return flows) 

divided by the population in 2010 (Figure 3-3). The population density (indicator 4.1) is de-

picted in Figure 3-4. As can be seen from in Figure 3-3, low per-capita groundwater re-

sources of less than 1000 m³/(capita yr) are not only limited to TBAs in arid regions (Tawil 

Quaternary Aquifer System, Nubian Sandstone Aquifer System), but are also present in hu-

mid areas due to high population densities (Belgian-Dutch-German Lowland aquifer system, 

East Ganges River Plain aquifer) (Figure 3-4).  
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Figure 3-1: Current-state indicator 1.1 - Mean annual groundwater recharge under current 
conditions including artificial recharge from irrigation in mm/yr per a) grid cell, b) TBA-CU, c) 
TBA  
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Figure 3-2: Current-state indicator 1.1a – Mean annual groundwater recharge (natural) un-
der current conditions in mm/yr per a) grid cell, b) TBA-CU, c) TBA 
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Figure 3-3: Current-state indicator 1.2 – Mean annual per-capita groundwater recharge un-
der current conditions including artificial recharge from irrigation in m³/(yr capita) per a) grid 
cell, b) TBA-CU, c) TBA  
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Figure 3-4: Current-state indicator 4.1 – Population density 2010 [persons/km²]: number of 
people per a) grid cell, b) TBA-CU, c) TBA 
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3.1.4 Indicator 2.1: Human dependency on GW (all water use sectors) 

Indicator 2.1 measures human dependency on groundwater and was computed as the per-

centage of annual groundwater abstraction in total water abstraction for all human water uses 

(Figure 3-5). As described in section 2.2.5, annual values of the year 2010 were applied for 

the domestic and industrial sectors, while climate-dependent irrigation water use is based on 

the climate period 1971-2000 and irrigated areas of about 2005. According to modeling re-

sults, 193 out of 258 TBA-CUs have a very low to low dependency on groundwater (0-40%), 

while in 39 TBA-CUs the dependency on groundwater is classified as medium (40-60%). In 

22 TBA-CUs, mostly situated in Africa, groundwater abstractions account for 60 to 80% of 

total water abstractions. The highest fractions of groundwater use of about 90% were com-

puted for the Libyan part of the Lake Chad Basin aquifer and the Amu-Darya aquifer in Uz-

bekistan. Please note the effect of spatial aggregation on this indicator in e.g. Saudi Arabia. 

While the majority of 0.5° grid cells show a very high fraction of groundwater use, the low 

TBA and TBA-CU values are caused by a few coastal grid cells with high population and wa-

ter use not from groundwater. 

3.1.5 Indicators 2.2 to 2.4: Human dependency on GW (domestic, irrigation, industrial 

sectors) 

The indicators 2.2 to 2.4 quantify human dependency on groundwater in the domestic (indi-

cator 2.2), agricultural (indicator 2.3) and industrial (indicator 2.4) sectors. The indicators 

were computed as the percentage of groundwater in total water abstraction per sector. Fo-

cusing on TBA-CUs with an overall high to very high dependency on groundwater, high to 

very high groundwater fractions in the domestic sector were identified, e.g. for the Península 

de Yucatán-Candelaria-Hondo aquifer (Mexico), the Amu-Darya aquifer (Uzbekistan), the 

Keta/Dahomey/Cotier basin aquifer (Benin, Togo), and the TBA-CUs located in Libya. 

Groundwater fractions in the irrigation sector are highest over TBAs extending over Libya 

and Algeria, the Taoudeni Basin aquifer in Mauritania, the Kalahari Karoo Basin/Stampriet 

Artesian Aquifer System in Namibia, and TBAs in Saudi Arabia and Oman (e.g. Tawil Qua-

ternary Aquifer System, Wajid Aquifer System, Neogene Aquifer System). A high degree of 

human dependency on groundwater for industrial purposes was estimated in Mongolia 

(Delger River aquifer, Shishhid River aquifer), the Volta Basin aquifer (Burkina Faso, Benin, 

and Togo), the Keta/Dahomey/Cotier basin aquifer in Benin, and the Gedaref aquifer in Ethi-

opia. 
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Figure 3-5: Current-state indicator 2.1 – Human dependency on groundwater in %: 
percentage of groundwater in total water abstraction for all human water uses in 2010 per a) 
grid cell, b) TBA-CU, c) TBA 
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Figure 3-6: Current-state indicator 2.2 – Human dependency on groundwater for domestic 
water supply in %: percentage of groundwater in total water abstraction for domestic water 
use in 2010 per a) grid cell, b) TBA-CU, c) TBA 
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Figure 3-7: Current-state indicator 2.3 – Human dependency on groundwater for irrigation in 
%: percentage of groundwater in total water abstraction for irrigation in 2010 per a) grid cell, 
b) TBA-CU, c) TBA 
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Figure 3-8: Current-state indicator 2.4 – Human dependency on groundwater for industrial 
water supply in %: percentage of groundwater in total water abstraction for industrial water 
use in 2010 per a) grid cell, b) TBA-CU, c) TBA 
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3.1.6 Indicator 3.1: GW depletion 

Indicator 3.1 represents the mean annual change in groundwater storage in mm/yr. As can 

be seen from Figure 3-9, groundwater depletion rates averaged over TBAs are very low (less 

than 2 mm/yr) in most regions of the world. Low groundwater depletion rates of more than 

10 mm/yr occur in the Neogene Aquifer System in Syria and Iraq, the South of the outer 

Himalayas aquifer in India and Nepal, and the Indus River Plain aquifer in India and Pakistan. 

Focusing on the TBA-CU level, the groundwater depletion rate increases to 53 mm/yr (high) 

in the Syrian part of the Neogene Aquifer System and to 28 mm/yr (medium) in the Indian 

part of the Indus River Plain aquifer. A comparison of aggregated and grid-based results re-

veals that most TBAs are located outside of the major groundwater depletion regions of the 

world. Furthermore, low groundwater depletion rates in, e.g. western Africa or the Nether-

lands are attributable to natural decadal precipitation trends superimposing human-driven 

groundwater depletion. 
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Figure 3-9: Current-state indicator 3.1 – Groundwater depletion in mm/year: mean annual 
change in groundwater storage for the period 2000-2009, expressed as an equivalent depth 
of water divided by area of a) grid cell, b) TBA-CU, c) TBA (overestimation of groundwater 
depletion in the North China Plain) 
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3.1.7 Indicator 4.2: GW development stress (GW withdrawals per GW recharge) 

Indicator 4.2 measures groundwater development stress computed as the ratio of annual 

groundwater abstractions and mean annual groundwater resources including artificial re-

charge from irrigation. The indicator describes the degree of modification of (altered) renew-

able groundwater resources caused by anthropogenic groundwater use. A value of 100% is 

reached if water withdrawals equal natural plus artificial groundwater recharge. Figure 3-10 

(top) depicts the major regions in the world at the grid-cell level suffering from groundwater 

development stress. In general, most TBAs are located outside of highly affected regions. 

TBA-CUs with groundwater withdrawals accounting for more than 50% of renewable 

groundwater resources include aquifers in northern Africa (Lake Chad basin aquifer, Taoud-

eni basin aquifer), the Arabian Peninsula (Tawil Quaternary Aquifer System, Saq-Ram Aqui-

fer System) and India (South of outer Himalayas aquifer, East Ganges River Plain aquifer). In 

Algeria (Taoudeni basin aquifer), however, human dependency on groundwater (indicator 

2.1) was computed at 15% only. Other TBA-CUs suffering from groundwater development 

stress satisfy between 35 and 91% of their water demand from groundwater. 

3.1.8 Indicator 4.2a: GW development stress (net abstractions from GW per natural 

GW recharge) 

It is suggested to also consider the additional indicator 4.2a (Figure 3-11), since it is believed 

to allow for a more differentiated assessment of groundwater development stress in combina-

tion with indicator 4.2. Indicator 4.2a is defined as the ratio between mean annual net 

groundwater abstractions (NAg) to mean annual natural groundwater recharge (without return 

flows from irrigation). NAg is computed in WaterGAP as the difference between total water 

abstractions from groundwater and return flows to groundwater from surface water and 

groundwater irrigation. Thus, in regions with extensive surface water irrigation, NAg can be-

come negative indicating that water is added to groundwater storage.  

TBA-CUs identified as being under very high groundwater development stress based on indi-

cator 4.2 remain in the same category using indicator 4.2a with even slightly higher values. In 

TBA-CUs with groundwater withdrawals of less than 100% of groundwater recharge (indica-

tor 4.2), indicator 4.2a generally leads to a decrease of groundwater development stress, as 

the groundwater use component in this ratio (NAg) is reduced by return flows as compared to 

water withdrawals. In Figure 3-11, these decreases are very distinct in the Nubian Sandstone 

Aquifer System and the Indus River Plain aquifer, as these regions are characterized by ex-

tensive surface water irrigation. Grid-based surface water withdrawals for irrigation are de-

picted in Figure 3-12 (bottom) together with NAg (top) and total groundwater withdrawals 

(centre). Regarding the Indian shares of the East Ganges River Plain aquifer and the South 

of outer Himalayas aquifer, where groundwater withdrawals account for 50% and 80% of 
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renewable groundwater resources, groundwater development stress as measured by indica-

tor 4.2a is reduced to 27% and 64%, respectively, in these TBA-CUs. 

In the following Table 3-1, the indicators 4.2 and 4.2a are compared using four numerical 

examples. For instance, if water withdrawals from groundwater are balanced completely by 

return flows from irrigation (NAg = 0 mm/yr), and no groundwater storage changes due to 

water use occur, indicator 4.2a would become zero, while indicator 4.2 would show an ele-

vated level of groundwater development stress of 17%. Indicator 4.2a can measure the modi-

fication of groundwater resources even if no groundwater is abstracted at all in case of return 

flows from surface water irrigation. A disadvantage of using net abstractions from groundwa-

ter instead of groundwater withdrawals is that it masks negative impacts that may occur due 

to water withdrawals that are balanced by return flows, including water quality degradation by 

return flows or local depletion below the scale of the grid cell or TBA. 

Table 3-1: Difference between the indicators 4.2 and 4.2a using simplified numeric examples 

GWR 
[mm/yr] 

WWgw 

[mm/yr] 

NAg 

[mm/yr] 

Indicator 4.2 [%] 

ggw

gw

NAWWGWR
WW


 

Indicator 4.2a [%] 

GWR
NA g  

100 20 10 18 10 

100 20 0 17 0 

100 0 -10 0 -10 

100 10 -10 8 -10 
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Figure 3-10: Current-state indicator 4.2 – Groundwater development stress in %: annual 
groundwater abstraction divided by mean annual groundwater recharge, including artificial 
recharge from irrigation per a) grid cell, b) TBA-CU, c) TBA  

Groundwater recharge = 0 mm/yr and 
groundwater abstractions > 0 mm/yr
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Figure 3-11: Current-state indicator 4.2a – Mean annual net groundwater abstraction divided 
by mean annual natural groundwater recharge in % per a) grid cell, b) TBA-CU, c) TBA 

Groundwater recharge = 0 mm/yr and 
groundwater abstractions > 0 mm/yr
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Figure 3-12: a) Mean annual net groundwater abstractions 1971-2000, b) annual groundwa-
ter abstractions 2010 and c) annual water withdrawals from surface water for irrigation 2010 
in mm/yr 
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3.1.9 Discussion of current-state indicators 

Table 3-2 presents the indicators 1.2, 2.1, 4.2, and 4.2a for TBA-CUs identified as being un-

der medium to very high groundwater development stress according to indicator 4.2. The 

results are grouped into TBA-CUs with either medium to high or very low to low dependency 

on groundwater (indicator 2.1 either above or below 40%). Calculated per capita groundwater 

resources (indicator 1.2) are mostly low in these TBA-CUs. Additionally, eight TBA-CUs are 

presented, in which computed groundwater development stress is low, but which are charac-

terized by low per-capita groundwater resources in combination with a medium to high de-

pendency on groundwater, probably indicating economic groundwater stress. 

Indicator 3.1 is not shown in Table 3-2, since mean annual groundwater depletion depths 

were very low to low in most TBA-CUs. Only in three TBA-CUs, the Neogene Aquifer System 

in Syria, the Indus River Plain aquifer in India, and the merged Umm er Radhuma-Dammam 

Aquifer System in Bahrain, which are all included in Table 3-2, medium to high depletion 

rates of 53 mm/yr, 28 mm/yr, and 222 mm/yr, respectively, were computed. It is emphasized 

that indicators computed for the TBA-CU in Bahrain are highly uncertain due to the small 

area of 535 km². 

Furthermore, the identified groundwater depletion rate in the Indian part of the Indus River 

Plain aquifer seems inconsistent at a first glance when compared to the small negative value 

of indicator 4.2a (-9%) indicating a mean annual increase in groundwater storage. This in-

consistency is attributable to the level of aggregation over the whole TBA-CU. The grid-

based distribution of indicator 3.1 and 4.2a reveals that very high depletion rates only occur 

in the northeastern part of the aquifer, while in the remaining area groundwater storage is 

increased (see slightly negative net abstractions from groundwater aggregated over the 

TBA). Groundwater depletion rates of almost 300 mm/yr in the northeast, however, are not 

counterbalanced by the slightly negative values in the remaining area resulting in a ground-

water depletion depth of 28 mm/yr in the Indian part of the Indus River Plain aquifer and 

10 mm/yr aggregated over the whole TBA. 



TWAP GW - Final Report, Goethe University Frankfurt, revised March 2015 35 

Table 3-2: TBA-CU with identified medium to very high groundwater development stress or 
low per capita groundwater resources under current conditions. 

Aquifer name Country 
unit 

Current-state indicators 

1.2 2.1 4.2 4.2a

[mm/yr/cap] [%] [%] [%]

GW development stress  > 20% (indicator 4.2) and dependency on GW > 40% 

Lake Chad Basin Libya 666 91 346 4477

Northwest Sahara Aquifer System 
(NWSAS) 

Libya 1315 74 37 30

AS126_AS129 1) 
Saudi Arabia 823 73 276 1006

Jordan 398 43 32 25

Neogene Aquifer System (North-West): 
Upper and Lower Fars 

Syria 621 70 137 188

AS131_ 2) Yemen 387 47 42 13

Indus River Plain aquifer India 1035 35 35 -9

South of outer Himalayas aquifer 
India 266 45 82 64

Nepal 504 34 22 -6

East Ganges River Plain aquifer 
India 286 36 51 27

Bangladesh 323 55 47 28

Edwards-Trinity-El Burro aquifer USA 4280 63 27 21

GW development stress  > 20% (indicator 4.2) and dependency on GW < 40% 

Taoudeni Basin aquifer Algeria 5 16 156 156

Irhazer-Illuemeden Basin aquifer Algeria 17 17 50 50

AS127_ 3) Kuwait 59 2 32 13

AS131_ 2) 
Qatar 101 3 29 23

Bahrain 17 15 876 1089

Indus River Plain aquifer Pakistan 809 18 36 -137

Tacheng Basin / Alakol aquifer China 11103 11 21 -3751

Illi River aquifer China 2594 11 20 -2022

Per capita GW resources < 1000 m³/(yr capita) and dependency on GW > 40% 

Syr Daria aquifer Uzbekistan 558 50 20 14

Keta/Dahomey/Cotier basin aquifer 

Nigeria 240 49 11 11

Togo 256 71 8 8

Benin 467 80 5 5

Ghana 316 50 5 4

Mereb aquifer 
Ethiopia 414 52 4 2

Eritrea 436 53 4 2

Aquifère du Rift DR Congo 432 42 2 2

For full aquifer names of the following merged TBAs, please refer to Table 2-3: 
1) AS126_AS129: Tawil Quaternary Aquifer System: Wadi Sirhan Basin, etc. 
2) AS131_AS139_AS140_AS141_fractionAS128: Umm er Radhuma-Dammam Aquifer System (South), etc. 
3) AS127_AS130_fractionAS128: Wasia-Biyadh-Aruma Aquifer System (North): Sakaka-Rutba, etc. 
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Comparison of groundwater recharge with estimates from national experts 

Within the framework of a TWAP GW workshop in Nairobi in 2014, WaterGAP model results 

of groundwater recharge (diffuse and from surface water bodies) in different African TBAs 

were evaluated by national experts. In general, only modeled diffuse groundwater recharge 

was assessed; information on groundwater recharge from surface water bodies was not 

available. In total, results for five TBAs could be compared to independent estimates: 

 According to national experts, groundwater recharge over the Karoo Sedimentary aq-

uifer as modeled by WaterGAP is too high in South Africa (30 mm/yr) and too low in 

Lesotho (17 mm/yr). Given the small range of these values, model results are consid-

ered to be in good accordance with independent estimates. 

 In Tanzania (Karoo Sandstone aquifer), WaterGAP possibly overestimates diffuse 

groundwater recharge of 206 mm/yr aggregated over the TBA by a factor of 1.7. 

However, a reduction of groundwater recharge to the estimated 120 mm/yr would still 

result in a low classification of groundwater development stress. 

 For the Aquifère du Rift in Uganda, WaterGAP results are within the range of 

groundwater recharge between 25 and 125 mm/yr given by national experts. 

 In Djibouti (Afar Rift valley/Afar Triangle aquifer), modeled diffuse groundwater re-

charge of 2 mm/yr was considered a little too low by national experts. An evaluation 

of groundwater recharge under surface water bodies, which is model at 120 mm/yr 

averaged over the TBA, was not possible. For the Ethiopian part of the aquifer, na-

tional experts confirmed modeled diffuse groundwater recharge of 8 mm/yr, while re-

turn flows of approximately 3 mm/yr were considered too high. Groundwater recharge 

under surface water bodies accounts for 70 mm/yr aggregated over the TBA.  

 Modeled diffuse groundwater recharge in the Gedaref aquifer in Ethiopia was con-

firmed. Modeled recharge from surface water bodies is zero in this area. 

In conclusion, indicator results are highly uncertain in regions where the contribution of sur-

face water bodies to total groundwater recharge is large, as modeled e.g. in Ethiopia, Eritrea 

and Djibouti. 

Comparison of groundwater recharge with Margat & van der Gun (2013) 

Estimates of total groundwater recharge and the contribution of surface water bodies (mainly 

floods) are provided in Margat & van der Gun (2013) for different regions in the world. In the 

following Table 3-3, natural groundwater recharge (Rg,nat,swb), recharge plus return flows 

(Rg_RF) and point groundwater recharge under surface water bodies (Rg_swb) as modeled by 

WaterGAP are compared to these estimates. Groundwater recharge estimates of Margat & 

van der Gun (2013) are likely to neglect groundwater recharge from irrigation return flows.   

Modeled and estimated contributions from surface water bodies cannot be meaningfully 
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compared, as Margat & van der Gun primarily consider groundwater recharge from floods, 

while WaterGAP estimates only recharge beneath lakes and wetlands. Therefore, it is best to 

compare the difference between Rg_swb and Rg of Margat & van der Gun to natural diffuse 

groundwater recharge Rg,nat  of WaterGAP (Table 3-3). For Mexico and Cyprus, WaterGAP 

estimates are in good accordance with estimates from Margat & van der Gun. As already 

discussed in Döll et al. (2014), WaterGAP underestimates groundwater recharge in the North 

China Plain. Diffuse groundwater recharge in Mexico is twice as high in this study than the 

independent estimate. For the other four countries, the diffuse groundwater recharge values 

fit together quite well. 

Table 3-3: Comparison of diffuse groundwater recharge and recharge from surface water 
bodies as model by WaterGAP for current conditions with estimates from Margat & van der 
Gun (2013) (Rg_swb from Margat & van der Gun should be compared to Rg,nat,swb and Rg_RF 
from WaterGAP). 

Country 
/ aquifer 

WaterGAP Margat & van der Gun (2013) 

Rg 
1) 

[km³/yr] 
Rg_swb

 2) 
[km³/yr] 

Rg_swb/Rgnat_swb 

[%] 
Rg 

3) 
[km³/yr] 

Rg_swb
 4) 

[km³/yr] 
Rg_swb/Rg 

[%] 

Iran Rg,nat 41.6 

49.7 54 49.3 12.7 26 Rgnat,swb 91.3 

Rg_RF 130.5 

Mexico Rg,nat 111.1 

25.5 19 67 19 28 Rgnat,swb 136.6 

Rg_RF 151.1 

North 
China 
Plain aq. 

Rg,nat 10.4 

0.4 4 35.9 7.6 21 Rgnat,swb 10.8 

Rg_RF 22.0 

United 
Arab 
Emirates 

Rg,nat 0.4 

10.8 96 0.12 ≈ 0.10 83 Rgnat,swb 11.2 

Rg_RF 11.6 

Saudi 
Arabia 

Rg,nat 5.1 

8.0 61 2.2 ≈ 2.0 90 Rgnat,swb 13.1 

Rg_RF 15.7 

Cyprus Rg,nat 0.49 

0.06 11 0.41 0.14 34 Rgnat,swb 0.55 

Rg_RF 0.62 
1) Rg_nat: diffuse groundwater recharge; Rgnat_swb: sum of Rg_nat and groundwater recharge under sur-

face water bodies Rg_swb’; Rg_RF: Rgnat_swb plus return flows from irrigation 
2) Rg_swb: groundwater recharge from surface water bodies 
3) Mean groundwater flux including contribution by surface water 
4) Contribution of surface water to groundwater fluxes (mainly floods) 
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3.1.10 Effects of modeling assumptions on computed indicators 

As described in section 2.1.2, horizontal groundwater flow between cells as well as capillary 

rise is not taken into account in WaterGAP. The effect of neglecting these processes on indi-

cators 3.1 (groundwater depletion) and 4.2 (groundwater development stress), however, is 

considered to be small compared to uncertainties regarding estimated groundwater recharge 

and abstractions. Furthermore, only one unconfined aquifer is modeled in WaterGAP (see 

section 2.1.2) meaning that indicators cannot be assigned to individual, three-dimensional 

aquifer bodies that may be overlaying. However, knowledge about shape and extent of TBAs 

is, in most cases, highly uncertain. 

In accordance with the TWAP Rivers Group, livestock water use was not taken into account 

in this study as for most areas there are no projections available for this sector (see section 

2.2.5) and livestock water use is very small compared to other sectoral water uses. An analy-

sis of consumptive water use of livestock in 2010 showed that values of less than 1 mm/yr 

occur in most TBAs with the exception of the Belgian-Dutch-German Lowland aquifer system 

(< 10 mm/yr), the East Ganges River Plain aquifer and the South of outer Himalayas aquifer 

(both < 5 mm/yr) and the merged Serra Geral/Guaraní aquifer system (< 2 mm/yr). To as-

sess the potential effect of neglecting livestock water use on the current-state indicator 4.2a 

(NAg divided by natural groundwater recharge), the TBA-CU-based indicator was re-

calculated after adding the total consumptive water use of livestock in 2010 to NAg (annual 

mean 1971-2000). This implies that livestock water use is only satisfied from groundwater 

and that return flows from the livestock sector are assumed to recharge surface water only. 

Based on this approach, eight out of 258 TBA-CUs would fall into a higher risk class for indi-

cator 4.2a as compared to the model run neglecting livestock. These TBA-CUs and the as-

sociated indicators are summarized in Table 3-4. None of the four aquifers with higher than 

1 mm/yr livestock water use would be affected by a change in risk class if livestock water use 

had been taken into account due to high groundwater recharge rates or high total water ab-

stractions. 
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Table 3-4: TBA-CUs with an increase in risk class of the current-state indicator 4.2a when 
livestock water use is considered (the total consumptive water use of livestock in 2010 was 
added to NAg 1971-2000). 

TBA_CU 
Indicator 4.2a [%] 

without livestock 1) 

Indicator 4.2a [%] 

including livestock 1) 

Increase 

[percent points] 

AF56_DZA (Algeria)  49.6 (medium)  339.4 (very high)  289.8 

AF52_DZA (Algeria)  14.7 (low)  21.5 (medium)  6.8 

AF63_TCD (Chad)  ‐1.5 (very low)  9.2 (low)  10.7 

AF5_NAM (Namibia)  1.7 (very low)  2.7 (low)  1.0 

AS97_RUS (Russia)  1.4(very low) 2.7 (low)  1.3 

AS36_UZB (Uzbekistan)  14.2 (low)  22.1 (medium)  7.9 

AS111_MNG (Mongolia) 0.8 (very low)  3.9 (low)  3.1 

16N_MEX (Mexico)  1.1 (very low)  3.1 (low)  2.0 
1) Classification of GW development stress: 0-2%: very low; 2-20%: low; 20-50%: medium; 

50-100%: high; > 100%: very high 

3.2 Projected indicators 

As outlined in section 2.2.1, projected indicators are computed as ensemble means of the 

results of individual GCMs. To gain an impression on the variability of groundwater resources 

and withdrawals as computed with different climate input (5 GCMs and the observed Watch 

Forcing Data), global totals of mean annual groundwater recharge and annual withdrawals 

from groundwater were compiled in Table 3-5 for the reference years 2010 and 2050 for all 

model runs. Current conditions are presented as absolute values; projections are shown as 

percent changes to current conditions. Modeled groundwater recharge for the period 1971-

2000 is lowest based on WFD, while water withdrawals based on GCMs range between 94% 

and 104% of the WFD result. Future trends of natural groundwater recharge between the two 

irrigation scenarios are similar, while increases of water withdrawals are more pronounced in 

the “AAI LandSHIFT” scenario. Strongest increases and decreases, respectively, result from 

model runs forced with GFDL-ESM2M climate data. 



TWAP GW - Final Report, Goethe University Frankfurt, revised March 2015 40 

Table 3-5: Comparison of modeled global natural groundwater recharge and water with-
drawals from groundwater under current conditions for each GCM and irrigation scenario as 
well as Watch Forcing Data WFD and projected percent changes as compared to current-
conditions (groundwater recharge includes contributions from surface water bodies but no 
return flows from irrigation). 

Climate data GMIA5 2005 AAI constant AAI LandSHIFT 

1971-2000 

[km³/yr] 

2010 

[km³/yr] 

2041-2070 2050 2041-2070 2050 

Rg,nat WWgw_irr Rg,nat WWgw_irr Rg,nat WWgw_irr 

GFDL-ESM2M 16750 608 -2.8% 10.9% -2.8% 15.1% 

HadGEM2-ES 17384 634 -1.5% 8.4% -1.5% 11.6% 

IPSL-CM5A-LR 17166 614 -0.03% 8.8% 0.01% 12.3% 

MIROC-ESM-
CHEM 

17364 572 0.8% 11.6% 0.9% 13.3% 

NorESM1-M 17148 579 -1.0% 8.4% -0.9% 10.9% 

WFD 15926 609 - - - - 

 

3.2.1 Indicator 1.2 and 4.1: Per-capita GW recharge and population density 

Future projections of mean annual groundwater recharge per capita are presented as en-

semble means of percent changes in 2030 and 2050 to current conditions as described in 

section 2.2.1. Figure 3-13 depicts the results for the irrigation scenario “AAI constant” in 2030 

(center) and 2050 (bottom) as well as current conditions at the TBA-CU level (top). Results 

for the irrigation scenario “AAI LandSHIFT” are shown in Figure 3-14. Projected percent 

changes of population density in 2030 and 2050 are presented in Figure 3-4. 

Changes in per capita groundwater resources are influenced by climate, increased or de-

creased return flows from irrigation due to changed irrigated areas (only scenario “AAI 

LandSHIFT”) and projected population density in 2030 and 2050. For constant irrigated areas 

in 2030, per capita groundwater resources in 211 out of 258 TBA-CUs (82%) are reduced as 

compared to 2010. In 86 of these TBA-CUs, reductions between 30 and 50% were comput-

ed. In 2050, negative percent changes were computed for 221 out of 258 TBA-CUs (86%). 

Here, 143 TBA-CUs show reductions between 30 and 100%. Similar results were computed 

for the “AAI LandSHIFT” scenario. Reductions of indicator 1.2 were identified in 208 TBA-

CUs (85 TBA-CUs between -30 and -49%) in 2030 and in 220 TBA-CUs in 2050 (143 TBA-

CUs between -30 and -100%). A comparison between projected population changes (Figure 

3-15) and percent changes in per-capita groundwater resources indicates that population 

growth is an important influencing factor aggravating the groundwater situation in many Afri-

can aquifers. Here, population density increases by more than 100% in the Sahel region and 

in central Africa. Identified hotspots of groundwater stress based on indicator 1.2 are pre-

sented in section 3.2.5. 
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Figure 3-13: Projected indicator 1.2 (per-capita groundwater recharge): TBA-CU-based en-
semble mean of percent changes to current conditions for irrigation scenario “AAI constant” 

[m³/(yr cap.)] 

[%] 
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Figure 3-14: Projected indicator 1.2 (per-capita groundwater recharge): TBA-CU-based en-
semble mean of percent changes to current conditions for irrigation scenario “AAI 
LandSHIFT” 

[m³/(yr cap.)] 

[%] 
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Figure 3-15: Projected indicator 4.1 (population density): TBA-CU-based ensemble mean of 
percent changes to current conditions 

[%] 

[persons/km²] 
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3.2.2 Indicator 2.1: Human dependency on GW (all water use sectors) 

In WaterGAP, sectoral groundwater uses are computed by multiplying total sectoral water 

withdrawals and consumptive use in each grid cell by sector- and cell-specific temporally 

constant groundwater use fractions fg, which are assumed to be the same for water with-

drawals and consumptive use. It is highlighted that in the TWAP study the sector-specific 

fractions of groundwater and surface water demand (both consumptive uses and withdraw-

als) are assumed constant over time. Thus, future percent changes of indicator 2.1 are only 

attributable to projected changes in sectoral shares of total water demand. As an example: 

The assumed fractions of groundwater withdrawals in the domestic sector and the irrigation 

sector in a certain country are 0.7 and 0.4. Other sectors are neglected. An increase in indi-

cator 2.1 would then indicate that the ratio of domestic water withdrawals to irrigation water 

withdrawals has increased. 

Projections of indicator 2.1 as ensemble mean of percent point changes are depicted in Fig-

ure 3-16 (“AAI constant”) and Figure 3-17 (“AAI LandSHIFT”). In many TBAs in Africa, the 

Arabian Peninsula, India, and Bangladesh, the dependency on groundwater decreases, while 

increases are visible in TBAs extending over Chad, Niger, Nigeria, East Africa, and Uzbeki-

stan. Similar to the assessment of current-state indicators, the projected indicator 2.1 is used 

in section 3.2.5 to present identified TBA-CUs under groundwater development stress with 

either a high or a low level of dependency on groundwater. 
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Figure 3-16: Projected indicator 2.1 (human dependency on groundwater): TBA-CU-based 
ensemble mean of percent point changes to current conditions for irrigation scenario “AAI 
constant” 

[%] 

[percent points] 
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Figure 3-17: Projected indicator 2.1 (human dependency on groundwater): TBA-CU-based 
ensemble mean of percent point changes to current conditions for irrigation scenario “AAI 
LandSHIFT” 

[percent points] 

[%] 
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3.2.3 Indicator 4.2: GW development stress (GW withdrawals per GW recharge) 

Ensemble means of percent point changes for indicator 4.2 are presented in Figure 3-18 

(“AAI constant”) and Figure 3-19 (“AAI LandSHIFT”). Modeled increases in groundwater de-

velopment stress can be caused by 1) reduced natural groundwater recharge, 2) rising total 

water demand or 3) reduced return flows from irrigation, either due to assumed reductions in 

water demand for irrigation (both irrigation scenarios) or reduced irrigated areas in scenario 

“AAI LandSHIFT”. A detailed evaluation of projected changes of indicator 4.2 at the TBA-CU 

level is included in the following discussion in section 3.2.5. 

3.2.4 Indicator 4.2a: GW development stress (net abstractions from GW per natural 

GW recharge) 

Figure 3-20 and Figure 3-21 depict ensemble means of percent point changes for indicator 

4.2a for the irrigation scenarios “AAI constant” and “AAI LandSHIFT”. A detailed evaluation of 

projected changes of indicator 4.2a at the TBA-CU level is included in the following discus-

sion in section 3.2.5. 
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Figure 3-18: Projected indicator 4.2 (groundwater development stress): TBA-CU-based en-
semble mean of percent point changes to current conditions for irrigation scenario “AAI con-
stant” 

[percent points] 

[%] 
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Figure 3-19: Projected indicator 4.2 (groundwater development stress): TBA-CU-based en-
semble mean of percent point changes to current conditions for irrigation scenario “AAI 
LandSHIFT” 

[percent points] 

[%] 



TWAP GW - Final Report, Goethe University Frankfurt, revised March 2015 50 

 
Figure 3-20: Projected indicator 4.2a (NAg/natural GW recharge): TBA-CU-based ensemble 
mean of percent point changes to current conditions for irrigation scenario “AAI constant” 

[%] 

[percent points] 
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Figure 3-21: Projected indicator 4.2a (NAg/natural GW recharge): TBA-CU-based ensemble 
mean of percent point changes to current conditions for irrigation scenario “AAI LandSHIFT” 

[%] 

[percent points] 
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3.2.5 Discussion of projected indicators 

We focus here on future hotspots of groundwater stress. Hotspots of groundwater stress in 

2030 or 2050 presented in this section were identified using the following criteria: 

a) Selection based on indicators 4.2 and 2.1 (Table 3-6, Figure 3-22): In any of the four 

scenarios “AAI constant 2030”, “AAI LandSHIFT 2030”, “AAI constant 2050” or “AAI 

LandSHIFT 2050”, computed increases in groundwater development stress based on 

at least one GCM would lead to a medium or higher degree of groundwater develop-

ment stress (indicator 4.2 > 20%). Furthermore, dependency on groundwater is at 

least 40% for at least one of the four scenarios based on the individual GCMs. Thus, 

hotspots of groundwater stress are identified based on the worst-case scenario. 

b) Selection based on indicators 4.2 and 2.1 (Table 3-7, Figure 3-22): TBA-CUs meet 

the first criterion of a) (indicator 4.2 > 20%), but dependency on groundwater is low 

(indicator 2.1 < 40%) 

c) Selection based on indicators 4.2a and 2.1 (Table 3-8): Selection according to a), but 

based on indicator 4.2a (groundwater development stress > 20%, dependency on 

groundwater > 40%) 

d) Selection based on indicators 4.2a and 2.1 (Table 3-9): Selection according to b), but 

based on indicator 4.2a (groundwater development stress > 20%, dependency on 

groundwater < 40%) 

e) Selection based on indicators 1.2 and 2.1 (Table 3-10, Figure 3-22): TBA-CUs that 

were not identified as being under groundwater development stress under a) to d), 

but where per-capita groundwater resources are less than 1000 m³/(yr capita) and the 

dependency on groundwater exceeds 40%. TBA-CUs were selected by taking the 

strongest computed decreases (indicator 1.2) and increases (indicator 2.1) among all 

four scenarios and individual GCMs. The TBA-CUs meeting these criteria potentially 

suffer from economic groundwater stress. 

All TBA-CUs suffering from groundwater stress under current conditions (see Table 3-2) 

were also identified as hotspots under future conditions except for the Aquifère du Rift in the 

Democratic Republic of the Congo, where the dependency on groundwater is reduced to less 

than 40% in the future. Furthermore, all TBA-CUs selected using indicator 4.2 (Tables 3-6 

and 3-7, Figure 3-22) were also identified as hotspots based on indicator 4.2a (Tables 3-8 

and 3-9). As already outlined for current-state indicators, groundwater development stress 

computed with indicator 4.2a is generally reduced compared to indicator 4.2. In total, 31 out 

of 258 TBA-CUs (12%) extending over 21 TBAs are presented as hotspots with a high de-

pendency on groundwater in Table 3-6 and Figure 3-22. Projections for indicator 4.2a result 

in 24 TBA-CUs extending over 16 TBAs. When comparing the hotspots characterized by a 



TWAP GW - Final Report, Goethe University Frankfurt, revised March 2015 53 

low computed dependency on groundwater, indicator 4.2 results in 27 TBA-CUs (22 TBAs) 

(Table 3-7, Figure 3-22), while 17 TBA-CUs (14 TBAs) were identified using indicator 4.2a. 

Two thirds of the identified hotspots are located on the African continent and the Arabian 

Peninsula. The remaining TBA-CUs are distributed over Asia (Pakistan, India, Nepal, China, 

DPR Korea), and America (USA, Mexico, Chile). Furthermore, the level of groundwater de-

velopment stress (indicator 4.2) in the Austrian share of the Upper Pannonian Thermal aqui-

fer is projected to rise above 20% based on results of at least one GCM (Table 3-6). 

The indicators presented in the following tables for the identified hotspots include both the 

ensemble mean and the minimum and maximum values of individual GCMs in order to show 

the range of uncertainty related to the results. It is highlighted that in several TBA-CUs pre-

sented changes in percent or percent points would lead to negative indicator values if multi-

plied by or subtracted from the current-state indicators. It must be kept in mind that these 

changes are related to current conditions as computed based on individual GCMs. As shown 

in Table 3-5, groundwater recharge at the global scale under current conditions quantified 

with the five GCM climate datasets is always higher than the model results for WFD, even 

though time series were bias-corrected using WFD (see section 2.2.4). 

 

Figure 3-22: Potential future hotspots of groundwater development stress (indicator 4.2) at 
the TBA-CU level identified using a worst-case scenario approach (the number of TBA-CUs 
per category is indicated in parentheses) 
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Table 3-6: TBA-CUs under medium to very high groundwater development stress (indicator 4.2 > 20%) and a 
dependency on groundwater of > 40% in 2030 and/or 2050 identified using individual GCM results representing 
the “worst-case scenario”. In the third column, 2010 values of groundwater development stress are given in %. 
The columns to the right show changes of groundwater development stress in percent points, both ensemble 
means (EM) and minimum/maximum values of individual GCMs. 

Aquifer name Country unit 

Ind. 4.2 
2010 

(WFD) 
[%] 

Changes in GW development stress relative to 2010 as computed by each GCM in percent points 

2030 AAI constant 2030 AAI LandSHIFT 2050 AAI constant 2050 AAI LandSHIFT 

EM  min max EM  min max EM  min max EM  min max 
SE Kalahri Karoo Basin/ 
Stampriet Artesian 
Aquifer System 

Namibia 2.0 3.3 -198 122 78 -250 568 -14.6 -200 127 65 -251 652 

Botswana 0.4 -508 -2521 0 -508 -2521 0 -1177 -6032 168 -1177 -6032 168 

Eastern Kalahari Karoo 
Basin 

Botswana 0.7 0.7 -2.0 5.1 0.7 -2.0 5.1 8.3 -1.0 36.6 8.3 -1.0 36.6 

Khakhea/Bray Dolomite Botswana 1.0 245 -47 1263 315 -47 1613 54 0.4 226 64 0.4 275 

Keta/Dahomey/Cotier 
basin aquifer 

Ghana 4.9 5.8 3.7 9.1 5.8 3.7 9.1 43.5 30.0 79.2 43.6 30.0 79.5 

Benin 5.0 4.5 3.5 5.1 4.5 3.5 5.1 35.6 28.7 44.9 35.6 28.7 44.9 

Togo 8.2 5.9 3.5 9.0 5.9 3.5 9.0 56.4 39.1 94.4 56.4 39.1 94.4 

Nigeria 10.8 16.2 14.7 18.4 16.2 14.7 18.4 70.8 64.3 76.5 70.8 64.3 76.5 

Lake Chad Basin 

Nigeria 1.7 2.7 0.9 4.7 2.8 0.9 4.8 14.2 6.3 25.3 14.2 6.3 25.4 

Niger 1.2 0.8 -0.2 2.4 0.8 -0.2 2.4 7.8 1.7 22.2 7.9 1.7 22.3 

Algeria 19.1 8.8 -26.9 79.1 13.4 -24.7 90.1 13.3 -20.4 57.4 16.8 -19.5 63.6 

Libya 346.3 -17.4 -65.7 4.2 -15.9 -56.8 3.8 -7.9 -29.9 13.9 -7.6 -26.2 12.6 

Irhazer-Illuemeden Basin Nigeria 1.9 2.9 1.4 4.1 3.0 1.5 4.1 14.4 8.3 19.5 14.4 8.3 19.6 

Northwest Sahara 
Aquifer System 
(NWSAS) 

Algeria 12.7 2.8 1.4 6.4 0.3 -0.9 3.4 4.9 2.2 10.1 1.3 -1.0 5.7 

Tunisia 8.2 3.1 0.9 9.7 -1.0 -2.2 3.0 5.4 1.4 15.3 0.2 -2.5 6.1 

Libya 36.6 7.8 0.3 27.8 14.2 5.8 36.1 15.6 0.7 47.6 20.2 4.6 54.0 

Afar Rift valley / Afar 
Triangle aquifer 

Eritrea 3.6 1.7 -1.0 4.4 1.7 -1.0 4.4 24.8 7.3 45.4 24.8 7.3 45.4 

Mereb 
Eritrea 3.6 3.7 0.6 6.7 4.1 0.8 7.1 26.8 11.2 36.2 26.7 11.3 35.9 

Ethiopia 3.9 16.9 11.9 22.7 16.9 11.9 22.7 57.1 40.1 73.2 57.0 40.0 73.0 

Nubian Sandstone 
Aquifer System (NSAS) 

Libya 11.5 2.3 0.8 3.6 4.1 2.4 5.7 4.5 2.9 7.7 5.9 4.1 9.4 

AS126_AS129 Saudi Arabia 276 0.5 -15.3 23.4 -3.4 -19.6 19.4 21.7 -3.8 52.3 15.3 -12.2 46.0 

Neogene Aquifer System 
(North-West): Upper and 
Lower Fars 

Syria 137 23.3 15.2 31.5 13.9 5.3 22.9 40.4 23.6 55.1 25.2 5.7 43.3 

AS131_ Yemen 41.9 -4.9 -18.2 7.9 7.9 -6.2 21.0 8.2 -7.8 41.0 15.9 0.6 48.1 

Upper Pannonian Ther-
mal aquifer 

Austria 15.9 2.0 -0.4 3.6 1.8 -0.6 3.4 2.8 0.9 4.9 2.3 0.5 4.2 

Syr Daria Uzbekistan 19.5 10.9 -5.5 32.5 11.3 -5.4 33.3 15.1 -12.8 42.3 15.7 -12.7 43.6 

Indus River Plain aquifer India 35.2 10.0 -0.1 18.2 12.4 2.7 19.2 17.8 7.1 29.5 19.4 9.2 31.3 

South of outer Himala-
yas aquifer 

India 81.8 13.8 1.9 23.5 20.0 8.4 30.1 20.9 10.6 40.6 25.9 16.2 45.3 

East Ganges River Plain 
aquifer 

Bangladesh 47.4 7.8 3.7 11.7 0.1 -3.1 3.4 18.3 13.9 21.1 8.9 5.5 11.4 

Dankhan Khudgiin Sair 
aquifer 

China 5.5 4.0 -1.0 20.6 3.5 -1.3 19.2 4.6 -1.0 21.4 4.0 -1.4 19.8 

Península de Yucatán-
Candelaria-Hondo 

Mexico 4.8 7.1 1.9 17.8 7.6 2.3 18.6 14.2 3.4 28.4 14.8 3.7 29.4 

Edwards-Trinity-El Burro USA 26.6 10.9 -0.3 23.5 5.8 -4.7 18.3 7.0 2.7 15.5 0.8 -4.2 10.4 
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Table 3-7: TBA-CUs under medium to very high groundwater development stress (indicator 4.2 > 20%) and a 
dependency on groundwater of < 40% in 2030 and/or 2050 identified using individual GCM results 
representing the “worst-case scenario”. In the third column, 2010 values of groundwater development stress 
are given in %. The columns to the right show changes of groundwater development stress in percent points, 
both ensemble means (EM) and minimum/maximum values of individual GCMs. 

Aquifer name 
Country 
unit 

Ind. 4.2 
2010 

(WFD) 
[%] 

Changes in GW development stress relative to 2010 as computed by each GCM in percent points 

2030 AAI constant 2030 AAI LandSHIFT 2050 AAI constant 2050 AAI LandSHIFT 

EM  min max EM  min max EM  min max EM  min max 
SE Kalahri Karoo Basin/ 
Stampriet Artesian 
Aquifer System 

South 
Africa 

0.1 18 -113 192 18 -113 192 53 -3 162 53 -3 162 

Khakhea/Bray Dolomite 
South 
Africa 

0.4 0.0 -15.6 14.8 4.3 -15.7 36.6 3.9 -4.2 23.7 0.0 -4.4 4.4 

Karoo Sedimentary 
Aquifer 

Lesotho 4.2 2.3 1.4 3.4 2.3 1.3 3.4 21.1 18.4 24.5 21.0 18.4 24.4 

Cuvelai and Ethosa 
Basin/ Ohangwena 
Aquifer System 

Namibia 1.4 20.4 0.2 52.4 20.4 0.2 52.4 46 -0.7 196 46 -0.7 196 

Aquifère du Rift 

Rwanda 2.8 11.0 8.0 12.0 11.0 8.0 12.0 30.5 20.1 38.5 30.5 20.1 38.5 

South 
Sudan 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.2 0.1 0.0 0.2 

Uganda 1.0 4.3 2.1 7.6 4.3 2.1 7.6 13.3 5.5 25.8 13.3 5.5 25.8 

Dawa Kenya 1.8 5.8 1.9 10.6 6.2 2.0 11.4 13.2 3.6 29.7 11.9 3.5 25.7 

Senegalo-Mauretanian 
Basin 

Western 
Sahara 

3.6 -10355 -52271 813 -10355 -52271 813 no value -52271 167 no value -52271 167 

Irhazer-Illuemeden Basin Algeria 49.6 2.0 -0.4 9.7 2.0 -0.4 9.7 10.9 -0.3 51.0 10.9 -0.3 51.0 

Taoudeni Basin Algeria 156.0 -1786 -8096 -14 -1786 -8096 -14 -586 -7964 5487 -586 -7964 5487 

AS131_ 

Bahrain 876.3 394 82 1028 495 120 1268 993 425 2103 822 363 1693 

Qatar 29.3 -0.5 -12.3 29.0 5.1 -8.4 38.4 11.2 1.4 42.7 5.9 -3.8 34.7 

Saudi 
Arabia 

13.4 0.1 -5.7 6.9 -0.7 -6.6 6.0 2.5 -1.5 8.0 4.3 0.8 10.1 

AS127_ 
Kuwait 32.2 -2.3 -8.9 4.7 -9.5 -15.9 -2.3 -7.7 -15.4 1.3 4.9 -3.6 14.3 

Saudi 
Arabia 

18.9 1.3 -3.5 6.1 0.6 -4.2 5.4 9.8 2.3 20.1 11.8 3.9 22.3 

AS126_AS129 Jordan 32.0 19.4 10.0 28.8 17.4 8.3 26.5 41.7 23.7 56.4 44.7 26.2 59.9 

Indus River Plain aquifer Pakistan 36.4 2.2 -0.8 3.4 1.2 -2.0 2.3 7.0 4.3 8.0 7.7 5.4 8.8 

East Ganges River Plain India 51.2 8.2 3.6 11.7 12.0 6.5 15.8 14.5 9.9 18.3 11.7 7.1 15.4 

South of outer Himalayas 
aquifer 

Nepal 22.0 3.0 1.3 3.8 5.0 3.3 5.8 10.8 8.4 13.3 9.3 6.9 11.6 

Illi River China 20.1 0.3 -0.1 0.5 0.2 -0.1 0.5 0.4 0.0 0.8 0.4 0.1 0.8 

Tacheng Basin / Alakol China 20.5 0.0 -0.1 0.1 0.0 -0.2 0.1 0.0 -0.1 0.1 0.0 -0.1 0.1 

Yalu River Basin 
China 10.5 9.5 8.6 11.8 9.8 8.9 12.0 11.7 10.2 13.8 11.6 10.0 13.6 

DPR 
Korea 

12.7 8.1 6.8 9.8 8.7 7.3 10.3 9.4 8.2 11.1 9.0 7.6 10.8 

Edwards-Trinity-El Burro Mexico 13.5 5.8 -7.2 13.5 7.4 -5.9 15.0 14.8 4.5 24.9 13.7 3.5 23.6 

Cuenca Baja del Río 
Bravo-Grande 

Mexico 8.2 5.8 4.2 7.4 5.1 3.7 6.4 7.8 5.3 10.5 8.8 6.1 12.2 

Titicaca Chile 8.8 5.9 -0.9 12.2 5.3 -1.8 12.1 14.4 1.3 26.6 14.7 2.3 26.5 

no value: divided by zero (groundwater recharge = 0) 
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Table 3-8: TBA-CUs under medium to very high groundwater development stress (indicator 4.2a > 20%) and 
a dependency on groundwater of < 40% (indicator 2.1) in 2030 and/or 2050 identified using individual GCM 
results representing the “worst-case scenario”. In the third column, 2010 values of groundwater development 
stress are given in %. The columns to the right show changes of groundwater development stress in percent 
points, both ensemble means (EM) and minimum/maximum values of individual GCMs. 

Aquifer name 
Country 
unit 

Ind. 4.2a 
2010 

(WFD) 
[%] 

Changes in GW development stress relative to 2010 as computed by each GCM in percent points 

2030 AAI constant 2030 AAI LandSHIFT 2050 AAI constant 2050 AAI LandSHIFT 
EM min max EM min max EM min max EM min max 

SE Kalahri Karoo Basin / 
Stampriet Artesian 
Aquifer System 

Namibia 1.7 224.1 -443 1198 -723 -3062 -6.8 9.6 -444.2 538.0 -830 -3355 -8.5 
Bots- 
wana 

0.4 -508 -2521 0.0 -508 -2521 0.0 -1177 -6032 168 -1177 -6032 167.9 

Khakhea/Bray Dolomite 
Bots- 
wana 

1.0 606 -46.4 3065 612 -46.2 3096.8 59.5 0.5 252 61.2 0.5 259.3 

Eastern Kalahari Karoo 
Basin 

Bots- 
wana 

0.7 0.7 -2.0 5.1 0.7 -2.0 5.1 8.3 -1.0 36.6 8.3 -1.0 36.6 

Lake Chad Basin 

Nigeria 0.3 3.0 1.8 4.2 2.9 1.7 4.1 14.4 7.2 24.6 14.2 7.1 24.3 

Libya 4477 -59085 2*105 4265 -50401 2*105 6155 2*107 2*105 1*107 2*107 2*105 1*107 

Niger 0.4 1.0 0.3 2.2 1.1 0.4 2.4 8.0 2.2 21.7 8.2 2.3 22.1 

Algeria 14.7 12.2 -22.9 88.1 17.5 -21.2 104.8 14.4 -17.1 59.4 17.9 -15.7 67.1 

Keta/Dahomey/Cotier 
basin aquifer 

Ghana 4.3 5.7 3.7 8.9 5.8 3.8 9.0 43.6 30.0 79.2 43.8 30.1 79.6 

Benin 4.9 4.5 3.5 5.1 4.5 3.5 5.1 35.6 28.7 44.9 35.6 28.7 44.9 

Togo 8.1 5.9 3.5 9.0 5.9 3.5 9.0 56.4 39.1 94.4 56.4 39.1 94.4 

Nigeria 10.8 16.2 14.7 18.4 16.2 14.7 18.4 70.8 64.3 76.5 70.8 64.3 76.5 
Northwest Sahara 
Aquifer System 
(NWSAS) 

Libya 30.4 7.9 0.2 28.9 14.5 5.3 38.4 16.7 0.8 52.8 21.6 4.5 61.0 

Mereb 
Ethiopia 2.4 17.5 12.6 24.2 17.4 12.6 24.0 58.3 41.1 76.1 58.2 41.0 75.9 

Eritrea 2.2 4.4 1.4 6.6 3.0 0.9 5.1 27.9 12.2 39.8 27.2 12.0 38.5 
Neogene Aquifer System 
(North-West): Upper and 
Lower Fars 

Syria 188 86.1 47.1 134 43.6 11.1 81.1 167.6 71.3 290.3 74.7 4.8 160.2 

AS126_AS129 
Saudi 
Arabia 

1006 -33.4 -136 151 -72.5 -166 116 204 -68.7 446 101 -134 345 

Syr Daria 
Uzbe- 
kistan 

14.2 12.2 -3.6 34.6 13.1 -2.9 35.9 17.2 -9.3 46.0 18.4 -8.6 47.8 

AS131_ Yemen 13.3 -3.3 -21.7 6.3 3.9 -11.3 11.5 16.0 1.1 43.7 22.0 6.1 51.4 

Indus River Plain aquifer India -8.9 30.4 19.7 46.6 26.5 19.9 35.4 42.6 33.0 59.6 40.4 29.8 52.6 
South of outer Himalayas 
aquifer 

India 63.7 24.0 9.8 36.6 31.6 16.3 46.8 36.2 21.8 67.9 43.6 28.5 80.0 

East Ganges River Plain 
aquifer 

Bangla- 
desh 

28.0 9.8 6.5 13.0 5.1 2.7 7.8 22.9 18.3 26.1 16.6 13.3 19.2 

Edwards-Trinity-El Burro USA 20.6 10.7 -0.1 21.3 5.8 -3.9 16.5 6.6 2.3 13.5 0.8 -3.8 9.2 
Península de Yucatán-
Candelaria-Hondo 

Mexico 4.2 7.0 2.3 16.9 7.3 2.5 17.4 13.9 3.7 27.5 14.3 3.8 28.1 
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Table 3-9: TBA-CUs under medium to very high groundwater development stress (indicator 4.2a > 20%) and 
a dependency on groundwater of < 40% (indicator 2.1) in 2030 and/or 2050 identified using individual GCM 
results representing the “worst-case scenario”. In the third column, 2010 values of groundwater development 
stress are given in %. The columns to the right show changes of groundwater development stress in percent 
points, both ensemble means (EM) and minimum/maximum values of individual GCMs. 

Aquifer name 
Country 
unit 

Ind. 4.2a 
2010 

(WFD) 
[%] 

Changes in GW development stress relative to 2010 as computed by each GCM in percent points 

2030 AAI constant 2030 AAI LandSHIFT 2050 AAI constant 2050 AAI LandSHIFT 

EM  min max EM  min max EM  min max EM  min max 

Cuvelai and Ethosa 
Basin / Ohangwena 
Aquifer System 

Namibia 1.4 20.4 0.2 52.4 20.4 0.2 52.4 46.4 -0.7 195.6 46.4 -0.7 195.6 

SE Kalahri Karoo Basin / 
Stampriet Artesian 
Aquifer System 

South 
Africa 

0.1 18.5 -113 192 18.5 -113 192 53 -2.9 162 53 -2.9 162 

Khakhea/Bray Dolomite 
South 
Africa 

-0.1 -25.4 -137 9.6 31.2 0.4 141 9.1 0.0 40.1 34.4 0.5 154 

Karoo Sedimentary 
Aquifer 

Lesotho 2.9 2.3 1.6 3.0 2.8 2.1 3.7 21.2 18.5 24.4 21.8 19.0 25.2 

Aquifère du Rift 
Uganda 1.0 4.3 2.1 7.6 4.3 2.1 7.6 13.3 5.5 25.7 13.3 5.5 25.8 

Rwanda 2.7 11.0 8.0 12.0 11.0 8.0 12.0 30.5 20.2 38.5 30.5 20.2 38.5 

Senegalo-Mauretanian 
Basin 

Western 
Sahara 

3.6 -10356 -52273 813 -10356 -52273 813 no value -52272 167 no value -52272 167 

Irhazer-Illuemeden Basin Algeria 49.6 2.0 -0.4 9.7 2.0 -0.4 9.7 10.9 -0.3 51.0 10.9 -0.3 51.0 

Taoudeni Basin Algeria 156 -1786 -8096 -14 -1786 -8096 -14 -586 -7964 5487 -586 -7964 5487 

AS126_AS129 Jordan 25.4 19.4 10.0 29.0 17.7 8.8 27.0 47.8 27.0 65.6 44.7 25.0 61.5 

AS127_ 

Saudi 
Arabia 

15.0 1.7 -2.4 5.5 1.1 -2.9 5.0 11.4 4.4 20.5 9.9 3.2 18.7 

Kuwait 13.3 -0.5 -4.1 2.9 -4.4 -7.8 -0.9 4.2 -0.5 8.9 -3.1 -7.0 1.3 

AS131_ 
Bahrain 1089 657 -13.7 2322 618 -34.2 2244 1620 398 4545 1555 370 4398 

Qatar 22.7 0.3 -10.2 28.4 5.5 -7.1 38.6 6.0 -3.4 34.6 11.0 1.3 43.7 

East Ganges River Plain 
aquifer 

India 26.9 11.4 9.0 13.5 12.6 9.6 15.4 15.6 11.3 18.4 16.3 11.7 19.3 

Edwards-Trinity-El Burro Mexico 1.1 9.5 6.2 13.6 7.3 4.4 10.5 20.2 8.3 29.1 18.0 7.3 25.8 

Titicaca Chile -1.9 18.2 1.8 33.3 20.5 2.5 38.2 25.6 3.1 47.3 30.0 3.9 55.1 

no value: divided by zero (groundwater recharge = 0) 
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Table 3-10: Potential economic groundwater stress (indicators 1.2 and 2.1) in TBA-CUs with low 
groundwater development stress (indicator 4.2 < 20%), but with low per-capita groundwater recharge 
(indicator 1.2 < 1000 m³/(yr capita)) and a dependency on groundwater of > 40% (indicator 2.1) in 2030 
and/or 2050 identified using individual GCM results representing the “worst-case scenario”. In the third 
column, 2010 values of per-capita groundwater recharge are given in m³/(yr capita). The columns to the 
right show changes of per-capita groundwater recharge in %, both ensemble means (EM) and mini-
mum/maximum values of individual GCMs. 

Aquifer name 
Country 
unit 

Ind. 1.2 
2010 

(WFD) 
[%] 

Changes in per-capita GW recharge relative to 2010 as computed by each GCM in percent points 

2030 AAI constant 2030 AAI LandSHIFT 2050 AAI constant 2050 AAI LandSHIFT 

EM  min max EM  min max EM  min max EM  min max 

Taoudeni Basin Mauretania 2151 3 -31 85 3 -31 84 -21 -62 66 -21 -62 66 

Volta Basin 
Burkina 
Faso 

3221 -28 -52 23 -28 -52 23 -56 -79 -11 -56 -79 -11 

Aquifer extension Sud-
Est de Taoudeni 

Burkina 
Faso 

1686 -34 -53 -2 -34 -53 -2 -60 -77 -30 -60 -77 -30 

Aquifère Vallée de la 
Bénoué 

Nigeria 1476 -39 -44 -34 -39 -44 -34 -62 -65 -56 -62 -64 -56 

Cameroon 2895 -34 -44 -23 -34 -44 -24 -58 -70 -48 -58 -70 -48 

Irhazer-Illuemeden Basin Niger 1482 -30 -45 1 -30 -45 1 -59 -75 -32 -59 -75 -32 

Jubba Ethiopia 1606 -16 -49 8 -16 -49 8 -16 -49 24 -15 -49 24 

Gedaref Ethiopia 1433 -19 -30 2 -19 -30 2 -34 -44 -9 -34 -44 -9 
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4 Summary and conclusions 

Different groundwater indicators under current (2010) and projected conditions in 2030 and 

2050 were quantified using WaterGAP 2.2 to contribute to a comprehensive baseline as-

sessment of transboundary aquifers (TBAs) around the world. Current-state indicators were 

computed using the Watch Forcing Data climate dataset, while projections are based on five 

climate scenarios that were computed by five global climate models for the high-emissions 

scenario RCP 8.5 (with bias-correction done in the framework of the ISI-MIP project). Sce-

narios of domestic, manufacturing and thermal power production water use were derived for 

the Shared Socio-economic Pathway SSP2. To capture the additional uncertainty related to 

future irrigated areas, two scenarios of future irrigated areas were explored. However, in all 

scenarios, the fraction of groundwater use remains constant for each water use sector. All 

indicators were computed for 91 selected TBAs larger than 20,000 km2 and for each nation’s 

share of the TBAs (TBA-CU: country unit). Groundwater development stress was defined as 

either the ratio of groundwater withdrawals to groundwater recharge (including return flows 

from irrigation) or net abstractions from groundwater (return flows not considered) to natural 

groundwater recharge. Rough estimates of groundwater recharge from surface water bodies 

in dry areas were included in the groundwater recharge computed in this study. A compari-

son of WaterGAP output in selected TBAs with information from national experts in African 

countries and estimates from Margat & van der Gun (2013) indicated that groundwater re-

charge from surface water bodies in arid and semi-arid regions as model by WaterGAP may 

be overestimated. 

We found that aquifers with the highest groundwater depletion rates worldwide are not trans-

boundary. Exceptions are the Neogene Aquifer System (Syria) with 53 mm/yr between 2000 

and 2009 and the Indus River Plain aquifer (India) with 28 mm/yr. TBA-CUs identified as be-

ing under medium to very high groundwater development stress (indicator 4.2) under current 

conditions (2010) are located in the Middle East and North Africa region, in South Asia, 

China and the USA. In total, we identified 20 out of 258 TBA-CUs where water withdrawals 

account for more than 20% of groundwater recharge.12 of them are characterized by a me-

dium to high dependency on groundwater defined as the ratio of groundwater to total water 

abstractions. Eight additional TBA-CUs were identified with potential economic groundwater 

stress (indicator 1.2 < 1000 m³/(yr capita) and dependency on groundwater > 40%), namely 

TBA-CUs of the Syr Daria aquifer (Uzbekistan), the Keta/Dahomey/Côtier basin aquifer (Ni-

geria, Togo, Benin, Ghana), the Mereb aquifer (Eritrea, Ethiopia), and the Aquifère du Rift 

(DR Congo). 

Due to the uncertainty of climate models, future groundwater development stress is highly 

uncertain. The spread of projected changes of groundwater development stress among the 
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five GCMs is extremely high, sometimes with opposite signs of change. The spread between 

the two irrigation scenarios is in most TBA-CUs much less pronounced. 

Considering ensemble mean projections of groundwater recharge, per-capita groundwater 

recharge (indicator 1.2) will decrease from 2010 to 2030 in 208-211 TBA-CUs (taking into 

account both irrigation scenarios). From 2010 to 2050, 220-221 will be affected by a de-

crease. Groundwater development stress (indicator 4.2) will increase in 231-236 TBA-CUs 

until 2030 and in 235-242 until 2050. In all cases, more TBA-CUs are negatively affected for 

the scenario with constant irrigated areas. 

In the future, the number of TBA-CUs suffering from medium to very high groundwater de-

velopment stress in either 2030 or 2050 under the worst-case climate and irrigation scenario 

is projected to increase from 20 to 58, comprising all hotspots under current conditions. New 

hotspots are projected to develop mainly in Sub-Saharan Africa, China and Mexico. All TBA-

CUs with economic groundwater stress in 2010 (except the Aquifère du Rift) may reach an at 

least medium groundwater development stress in 2030 or 2050. The highest future ground-

water development stress values as well as the largest increases of groundwater develop-

ment stress of up to 40 percentage points are projected for TBAs located in Botswana, the 

Middle East and North Africa region, South Asia, Uzbekistan, and Yucatán. For the future, 

eight new TBA-CUs with economic groundwater stress are projected, all of them in West or 

East Africa. 

For future assessments of groundwater development stress, we recommend to consider an 

alternative aggregation of model results for 0.5° grid cells to TBAs and TBA-CUs. Instead of 

aggregating groundwater recharge and groundwater withdrawals first over the TBA and then 

computing the indicator, indicators quantified at the grid-cell level should be utilized to derive 

TBA indicators, e.g. by calculating the arithmetic mean. The advantage of this approach is 

that local groundwater scarcity detectable at the grid-cell level is captured. 
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Appendix B – Documentation of merged transboundary aquifers 

In the following figures, TBAs merged due to large overlaps are documented. Original TBA 

boundaries and codes are depicted on the left, boundaries of the respective merged TBAs 

and the new codes (combination of the original codes) are shown on the right. 

Arabian Peninsula: 

 

 

Africa: 
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Europe: 

 

North America: 

 

South America: 

 

 

 


