
1  

Supplementary Information 

 
 
Water quality management could halve future water scarcity cost-effectively 
in the Pearl River Basin 
 
 
 

 
Supplementary notes: 

 

o Supplementary note 1 . Downscaling of annual nitrogen river exports at the sub-

basin scale to the monthly and grid scales. 

o Supplementary note 2. Mathematical formulation. 

o Supplementary note 3. Water availability (VIC hydrological model) 

o Supplementary note 4. The Marginal Abatement Cost Curve (MACC). 

o Supplementary note 5. Water transport management option. 

 

Supplementary tables: 
 

o Supplementary Table 1. Cost of transporting water in China’s South-North water transfer 

project for different cities, and distance of the cities from the source region (Dengzhou). 

o Supplementary Table 2. Transport distances between the different sub-basins of the 

Pearl River Basin (thousand km). 

o Supplementary Table 3. Effects and costs of water quantity and quality management 

options. 

o Supplementary Table 4. Data sources and their temporal and spatial variability. 

o Supplementary Table 5. Set-up of a sensitivity analysis for costs of water quantity and 

quality management options. 

o  Supplementary Table 6. Sensitivity analysis results under the SSP-RCP scenarios, 

water scarcity level, and increased cost of water quality management options. 

Supplementary figures: 
 

o Supplementary Figure 1. Marginal abatement cost Curve (MACC). 

o Supplementary Figure 2. Monthly nitrogen concentrations in the rivers of the Pearl River 

sub-basins in 2010 and in 2050 for the RCP2.6-SSP2, RCP8.5-SSP2, and RCP8.5-SSP5 

scenarios (mg/l).  

o Supplementary Figure 3. Changes in nitrogen concentration in the rivers of the Pearl River 

basin between 2010 and 2050 for the RCP2.6-SSP2, RCP8.5-SSP2, and RCP8.5-SSP5 

scenarios at 0.5° x 0.5° grid (%). 

 

Supplementary references



2  

Supplementary note 1. Downscaling annual nitrogen river exports at the sub-basin 

scale to the monthly and grid scales. 

Total Dissolved Nitrogen (TDN) concentration (C) is used in this study as an indicator for water 

quality. TDN concentrations are calculated by dividing the total amount of dissolved nitrogen 

(inorganic and organic) in the river (kton) by the natural river discharge (billion m3). This is done 

for the Pearl River Basin, the sub-basins of the Pearl River, and all of the 0.5° x 0.5° grid cells in 

the Pearl River Basin. The total amount of dissolved nitrogen in the river is derived from the 

MARINA-Nutrients model (Model to Assess River Inputs of Nutrients to seAs, version 2.0) 1. The 

MARINA- Nutrients model quantifies the total annual dissolved nitrogen (inorganic and organic) 

per sub-basin. The total annual dissolved nitrogen is derived for the six sub-basins of the Pearl 

River and         the whole Pearl River Basin for the years 2012 and 2050. The nitrogen input data for 

the year 2012 is used for the year 2010. The total annual dissolved nitrogen is downscaled to the 

total monthly dissolved nitrogen by dividing the total annual dissolved nitrogen by twelve months. 

Here it is assumed that the amount of dissolved nitrogen concentrations are equal for all months 

of the year. 

The TDN is downscaled from the sub-basin scale to 0.5° x 0.5° grid scale. This is done in three 

steps. First, the TDN that comes to the river from activities within the sub-basin is calculated. This 

is done because TDN in a sub-basin includes DIN (dissolved inorganic N) and DON (dissolved 

organic N) from upstream sub-basins. TDN is the sum of DIN and DON. The amount of TDN that 

comes from activities within the sub-basin is calculated by subtracting TDN  in that sub-basin from 

TDN from adjacent upstream sub-basins. Secondly, the TDN in a sub-basin is divided by the 

number of 0.5° x 0.5° grid cells in that sub-basin. The number of 0.5° x 0.5° grid cells in the sub-

basins of the Pearl River are derived from the ddm30 river basin map 2. This average value of TDN 

in a sub-basin is given to each cell in that sub-basin. In this calculation, it is assumed that the TDN 

inputs to the river are equally distributed within the sub-basin and are therefore equal for all cells 

in a sub-basin. Thirdly, the TDN in a cell is calculated. This is calculated as TDN inputs to the river 

in that cell plus the sum of TDN inputs to the river of all the upstream cells in that sub-basin (e.g., 

mimicking the routing scheme for the cells within the sub-basin). The direction of the cells is 

determined with the ddm30 drainage direction map derived from 2. 
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Supplementary note 2. Mathematical formulation. 
 

An overview of the main equations of the integrated modeling approach is presented in this 

subsection. The modeling approach entails integrating a biophysical (MARINA-Nutrients) model 

for nitrogen 1 with a cost optimization procedure for abating water scarcity, accounting for future 

climate change and socio-economic development. MARINA-Nutrients quantifies river export of 

nitrogen by sources as a function of human activities (population, urbanization, fertilizer 

application) and land characteristics (land use, hydrology), accounting for nutrient losses and 

retentions in soils. We used an updated version of MARINA-Nutrients model (version 2.0) 

developed by Wang et al. 
1
.The approach of Strokal et al. 3 that integrates the MARINA-Nutrients 

model (version 1.0) with a cost- optimization approach to reduce coastal eutrophication in the 

Yangtze Basin was followed and adjusted for reducing water scarcity in this study. Supplementary 

Box 1 presents the equations of the integrated modeling approach. 

Supplementary Box 1. Overview of integrating the MARINA-Nutrients model (version 2.0) and a cost- 
optimization procedure to minimize the total costs of management options in 2050 to mitigate future water 

scarcity. This method is inspired by the approach of 3. The cost-optimization procedure is used to identify 
the cost-effective water quantity and quality management options to reduce nutrient pollution and increase 
water supply. MARINA-Nutrients is used to quantify river export of nutrients. 

 

 

 

 

 

 

Objective function 

෍ 𝑆𝑇𝑂𝑅𝑖𝑛𝑗.𝑚 = ෍ 𝑆𝑇𝑂𝑅𝑜𝑢𝑡𝑗.𝑚 

12

𝑚=1

12

𝑚=1

 

෍[ ෍ (𝑇𝑅𝐴𝑁𝑆𝑜𝑢𝑡𝑗.𝑗2.𝑚)] ≤ ෍ 𝑄𝑎𝑗.𝑚

6

𝑗=1

6

𝑗2=1

6

𝑗=1

 

෍ 𝑋𝑎𝑗.𝑂𝑎𝑔𝑟 ≤ 1

3

𝑂𝑎𝑔𝑟=1

 

𝑊𝑆𝑞𝑗.𝑚 = 
(𝐷𝑗.𝑚 − 𝑇𝑆𝑗.𝑚) +𝑑𝑞𝑗.𝑚 

𝑄𝑎𝑗.𝑚 − 𝐸𝐹𝑅𝑗.𝑚

 

𝐸𝐹𝑅𝑗.𝑚 = 𝑄𝑎𝑗.𝑚 ∗ 0.37  

𝑑𝑞𝑗.𝑚 = 

0                         ;   𝑁𝑗.𝑚 ≤ 𝑁𝑚𝑎𝑥 

𝑄𝑎𝑗.𝑚 ∗ 𝑁𝑗.𝑚

𝑁𝑚𝑎𝑥𝑗.𝑚

 - 𝑄𝑎𝑗.𝑗    ;  𝑁𝑗.𝑚 ≥ 𝑁𝑚𝑎𝑥 

(Eq. 2) 

(Eq. 3) 

(Eq. 4) 

𝑄𝑎𝑗.𝑚 =  𝑄𝑛𝑗.𝑚 − 𝑆𝑇𝑂𝑅𝑖𝑛𝑗.𝑚 + 𝑆𝑇𝑂𝑅𝑜𝑢𝑡𝑗.𝑚 

+ σ ൫𝑇𝑅𝐴𝑁𝑆𝑖𝑛𝑗.𝑗2.𝑚൯6
𝑗2=1  − σ ൫𝑇𝑅𝐴𝑁𝑆𝑜𝑢𝑡𝑗.𝑗2.𝑚൯6

𝑗2=1 +  σ 𝑇𝑆𝑗2.𝑚
𝑛
𝑖=𝑗+1  

(Eq. 5) 

(Eq. 6) 

(Eq. 7) 

(Eq. 17) 

(Eq. 18) 

(Eq. 19) 

𝑁𝑗.𝑚 =  
(𝑇𝐷𝑁𝑗 12)Τ

𝑄𝑎𝑗.𝑚

 
(Eq. 8) 

𝑇𝐷𝑁𝑗 =  𝐷𝐼𝑁𝑗 + 𝐷𝑂𝑁𝑗 + σ (𝑅𝑆𝐷𝐼𝑁.𝑗2 ∗  𝐹𝐸𝑟𝑖𝑣𝐷𝐼𝑁. 𝑗2−𝑗
𝑛
𝑗2=𝑗+1   

+ 𝑅𝑆𝐷𝑂𝑁.𝑗2 ∗  𝐹𝐸𝑟𝑖𝑣𝐷𝑂𝑁. 𝑗2−𝑗
) (Eq. 9) 

𝐷𝐼𝑁𝑗  = ൫𝑅𝑆𝑑𝑖𝑓𝐷𝐼𝑁.𝑗 +  𝑅𝑆𝑝𝑛𝑡𝐷𝐼𝑁.𝑗 + 𝑅𝑆𝑜𝑡ℎ𝑒𝑟𝑠𝐷𝐼𝑁.𝑗൯ 

∗  𝐹𝐸𝑟𝑖𝑣𝐷𝐼𝑁. 𝑗
 (Eq. 10) 

𝐷𝑂𝑁𝑗 = ൫𝑅𝑆𝑑𝑖𝑓𝐷𝑂𝑁.𝑗 +  𝑅𝑆𝑝𝑛𝑡𝐷𝑂𝑁.𝑗 + 𝑅𝑆𝑜𝑡ℎ𝑒𝑟𝑠𝐷𝑂𝑁.𝑗൯ 

∗ 𝐹𝐸𝑟𝑖𝑣𝐷𝑂𝑁. 𝑗
 (Eq. 11) 

𝑅𝑆𝑝𝑛𝑡𝐹.𝑗 =  ෍ 𝑋𝑝𝑛𝑡𝑂𝑝𝑛𝑡. 𝑗  ∗ ൫1 −  𝑅𝐸𝑝𝑛𝑡𝑂𝑝𝑛𝑡൯
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𝑂𝑝𝑛𝑡=1

 

∗  𝐹𝐸𝑝𝑛𝑡𝐹, 𝑂𝑝𝑛𝑡
 (Eq. 12) 

𝑅𝑠𝑑𝑖𝑓𝐹.𝑗 =  𝑊𝑆𝑑𝑖𝑓𝑡𝑜𝑡𝑎𝑙𝑗  −  𝑊𝑆𝑑𝑖𝑓𝑒𝑥𝑝𝑜𝑟𝑡𝑗)  

∗  𝐹𝐸𝑊𝑆𝐹.𝑗
 

(Eq. 13) 

𝑊𝑆𝑑𝑖𝑓𝑡𝑜𝑡𝑎𝑙𝑗 =  ෍
൫𝑋𝑑𝑖𝑓𝑂𝑑𝑖𝑓.𝑗൯

+ 𝑊𝑆𝑑𝑖𝑓𝑜𝑡ℎ𝑒𝑟𝑠𝑗

3

𝑂𝑑𝑖𝑓=1

 (Eq. 14) 

𝑋𝑚𝑎𝑡𝑜𝑡𝑎𝑙. 𝑗 =  𝑋𝑑𝑖𝑓𝑂𝑑𝑖𝑓2. 𝑗 +  𝑋𝑑𝑖𝑓𝑂𝑑𝑖𝑓3. 𝑗 + 𝑋𝑝𝑛𝑡𝑂𝑝𝑛𝑡1. 𝑗 
+𝑋𝑝𝑛𝑡𝑂𝑝𝑛𝑡2. 𝑗 + 𝑋𝑝𝑛𝑡𝑂𝑝𝑛𝑡3. 𝑗 + 𝑋𝑝𝑛𝑡𝑂𝑝𝑛𝑡4. 𝑗 (Eq. 15) 

𝑋ℎ𝑤𝑡𝑜𝑡𝑎𝑙. 𝑗 =  2050𝑊𝑆𝑑𝑖𝑓ℎ𝑤𝑙𝑎𝑛𝑑. 𝑗 + 𝑋𝑝𝑛𝑡𝑂𝑝𝑛𝑡5. 𝑗 
+𝑋𝑝𝑛𝑡𝑂𝑝𝑛𝑡6. 𝑗  + 𝑋𝑝𝑛𝑡𝑂𝑝𝑛𝑡7. 𝑗  + 𝑋𝑝𝑛𝑡𝑂𝑝𝑛𝑡8. 𝑗  (Eq. 16) 

𝑇𝐶𝑎𝑔𝑟 =σ {6
𝑗 σ [σ

(𝐷𝑎𝑗.𝑚 *  (1 - 𝑆𝑎𝑂𝑎𝑔𝑟) * 𝑋𝑎𝑗.𝑂𝑎𝑔𝑟 

* 𝐶𝑂𝑎𝑔𝑟)]}
3
𝑂𝑎𝑔𝑟

12
𝑚  

𝑇𝐶𝑑𝑜𝑚=σ [σ (𝑋𝑑𝑗.𝑂𝑑𝑜𝑚 * 𝑃𝑗 *  𝐶𝑂𝑑𝑜𝑚)]
6
𝑂𝑑𝑜𝑚

12
𝑗  

𝑇𝐶𝑆𝑇𝑂𝑅=σ [6
𝑗 σ (𝑆𝑇𝑂𝑅𝑖𝑛𝑗 𝑚 * 𝐶𝑆𝑇𝑂𝑅)]

12
𝑚  

𝑇𝐶𝑇𝑅𝐴𝑁𝑆=σ {6
𝑗 σ [σ (𝑇𝑅𝐴𝑁𝑆𝑖𝑛𝑗 .𝑗2 .𝑚 * 𝐶𝑇𝑅𝐴𝑁𝑆. 𝑗. 𝑗2)]}

12
𝑚

6
𝑗2  

𝑇𝐶𝑁 = σ [6
𝑗 σ

(
𝑋𝑑𝑖𝑓𝑂𝑑𝑖𝑓 . 𝑗

𝐶𝐹𝑑𝑖𝑓𝑂𝑑𝑖𝑓
 ∗  𝐶𝑂𝑑𝑖𝑓) +

 σ (
𝑋𝑝𝑛𝑡𝑂𝑝𝑛𝑡 . 𝑗

𝐶𝐹𝑝𝑛𝑡𝑂𝑝𝑛𝑡
  ∗  𝐶𝑂𝑝𝑛𝑡

8
𝑂𝑝𝑛𝑡 ]

3
𝑂𝑑𝑖𝑓   

(Eq. 1) 

MARINA 2.0-Water scarcity cost optimization model 

𝑚𝑖𝑛 𝑇𝐶= 𝑻𝑪𝒂𝒈𝒓 + 𝑻𝑪𝒅𝒐𝒎 + 𝑻𝑪𝑺𝑻𝑶𝑹 + 𝑻𝑪𝑻𝑹𝑨𝑵𝑺 + 𝑻𝑪𝑵  

                                    Minimize the total cost of management options to mitigate water scarcity. 

Subject to 

𝑊𝑆𝑞𝑗.𝑚 ≤ 𝑊𝑆𝑞𝑚𝑎𝑥 

Water quality management options Water quantity management options 

Water scarcity  

𝑇𝑆𝑗.𝑚 = ෍ ൫𝐷𝑎𝑗.𝑚 ∗  𝑋𝑎𝑗.𝑂𝑎𝑔𝑟  ∗  𝑆𝑎𝑂𝑎𝑔𝑟൯

3

𝑂𝑎𝑔𝑟=1

 

+ ෍ (𝑆𝑑𝑂𝑑𝑜𝑚 ∗  𝑋𝑑𝑗.𝑂𝑑𝑜𝑚 ∗  𝑃𝑗

6

𝑂𝑑𝑜𝑚=1
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Notations: 
TC is the total annual cost of management options to mitigate water scarcity (billion $).  

𝑻𝑪𝒂𝒈𝒓 is the total annual cost of management options in the agricultural sector (billion $).  

𝑻𝑪𝒅𝒐𝒎 is the total annual cost of management options in the domestic sector (billion $).  

𝑻𝑪𝑺𝑻𝑶𝑹 is the total annual cost of water storage (billion $).  

𝑻𝑪𝑻𝑹𝑨𝑵𝑺 is the total annual cost of water transport. TCN is the total annual cost of nitrogen sources (billion $). 

𝑫𝒂𝒋.𝒎 is the total agricultural water use in sub-basin j in month m (billion 𝑚3).  

𝑺𝒂𝑶𝒂𝒈𝒓 is the share of water use that is saved by implementing management options Oagr (0-1).  

𝑿𝒂𝒋.𝑶𝒂𝒈𝒓 is the share of the agricultural area in sub-basin j where management options Oagr are implemented 

(0-1).  

𝑪𝑶𝒂𝒈𝒓 is the cost of water use  for management options Oagr ($/𝑚3). 

𝑿𝒅𝒋. 𝑶𝒅𝒐𝒎 is the share of the total population in sub-basin j that implements management option Odom (0-1).  

𝑺𝒅𝑶𝒅𝒐𝒎 is the domestic water saving from water efficient technology Odom (billion 𝑚3/capita/year).  

𝑷𝒋 is the total population in sub-basin j (number of individuals).  

𝑪𝑶𝒅𝒐𝒎 is the cost of one unit of management options Odom (billion $). 

𝑺𝑻𝑶𝑹𝒊𝒏𝒋 𝒎 is the amount of water that goes into the storage in sub-basin j in month m (billion 𝑚3).  
𝑺𝑻𝑶𝑹𝒐𝒖𝒕𝒋 𝒎 is the amount of water that is taken out of the storage in sub-basin j in month m (billion 𝑚3).   
𝑪𝑺𝑻𝑶𝑹 is the cost of storing water in reservoirs ($/𝑚3). 

𝑻𝑹𝑨𝑵𝑺𝒊𝒏𝒋 .𝒋𝟐 .𝒎 is the amount of water that is transported from basin j to basin j2 in month m (billion 𝑚3). 

𝑻𝑹𝑨𝑵𝑺𝒐𝒖𝒕𝒋 .𝒋𝟐 .𝒎  is the amount of water that is transported to sub-basin j2 from basin j in month m (billion 𝑚3). 

𝑪𝑻𝑹𝑨𝑵𝑺. 𝒋. 𝒋𝟐 is the cost of transporting water from sub-basin j to sub-basin j2 ($/ 𝑚3). 

𝑸𝒂𝒋.𝒎 is the total available water discharge in sub-basin j in month m (billion 𝑚3).  
𝑸𝒏𝒋.𝒎 is the natural river discharge in sub-basin j in month m (billion 𝑚3).  
𝑵𝒋.𝒎 is the nitrogen concentration in sub-basin j in month m (mg/l).  
𝑻𝑫𝑵𝒋 is the total annual dissolved nitrogen at the outlet of sub-basin j (kton).  
𝑵𝒎𝒂𝒙𝒋.𝒎 is the water quality standard for nitrogen concentration (mg/l). In this study, the water quality standard of 
nitrogen for the domestic sector of 1.0 mg/l is used. 
𝑫𝑰𝑵𝒋 is the total dissolved inorganic nitrogen at the outlet of sub-basin j (kton).  

𝑫𝑶𝑵𝒋 is the total dissolved organic nitrogen at the outlet of sub-basin j (kton).  

𝑹𝑺𝑫𝑰𝑵.𝒋𝟐 is the total amounts of  inorganic nitrogen input to the rivers in sub-basin j2 (kton). 

𝑹𝑺𝑫𝑶𝑵.𝒋𝟐  is the total amounts of  organic nitrogen input to the rivers in sub-basin j2 (kton). 

𝑭𝑬𝒓𝒊𝒗𝑫𝑰𝑵. 𝒋𝟐−𝒋 is the export fractions of DIN from sub-basin j2 that are exported to the outlet of sub-basin j (0-

1). 

𝑭𝑬𝒓𝒊𝒗𝑫𝑶𝑵. 𝒋𝟐−𝒋 is the export fractions of DON from sub-basin j2 that are exported to the outlet of sub-basin j (0-

1).𝑹𝑺𝒅𝒊𝒇𝑫𝑰𝑵.𝒋  is the input of inorganic nitrogen to the river from diffuse  sources in sub-basin j (kton).  

𝑹𝑺𝒅𝒊𝒇𝑫𝑶𝑵.𝒋 is the input of organic nitrogen to the river from diffuse  sources in sub-basin j (kton). 

𝑹𝑺𝒑𝒏𝒕𝑫𝑰𝑵.𝒋 is the input of inorganic nitrogen to the river from point sources in sub-basin j (kton).  

𝑹𝑺𝒑𝒏𝒕𝑫𝑶𝑵.𝒋 is the input of organic nitrogen to the river from point sources in sub-basin j (kton). 𝑹𝑺𝒐𝒕𝒉𝒆𝒓𝒔𝑫𝑰𝑵.𝒋 

is the input of inorganic nitrogen to the river from other sources in sub-basin j (kton). 

𝑹𝑺𝒐𝒕𝒉𝒆𝒓𝒔𝑫𝑶𝑵.𝒋 is the input of organic nitrogen to the river from other sources in sub-basin j (kton). 

𝑭𝑬𝒓𝒊𝒗𝑫𝑰𝑵. 𝒋 is the export fractions of inorganic nitrogen to the outlet of sub-basin j (0-1). 

𝑭𝑬𝒓𝒊𝒗𝑫𝑶𝑵. 𝒋 is the export fractions of organic nitrogen to the outlet of sub-basin j (0-1). 

𝑿𝒅𝒊𝒇𝑶𝒅𝒊𝒇. 𝒋 is the amount of nitrogen applied to land with management option Odif in sub-basin j (kton).  

𝑿𝒑𝒏𝒕𝑶𝒑𝒏𝒕. 𝒋 is the amount of nitrogen applied to land with management option Opnt in sub-basin j (kton).  

𝑪𝑭𝒅𝒊𝒇𝑶𝒅𝒊𝒇 is the nitrogen content factor of   management options Odif (kton/kton).  

𝑪𝑭𝒑𝒏𝒕𝑶𝒑𝒏𝒕 is the nitrogen content factor of   management options Opnt (kton/kton).  

𝑪𝑶𝒅𝒊𝒇 is the cost of management options Odif ($/kton). 

𝑪𝑶𝒑𝒏𝒕 is the cost of management options Opnt ($/kton). 

𝑹𝒔𝒅𝒊𝒇𝑭.𝒋 is the total amounts of nitrogen input to the river from diffuse 

sources as nutrient form F (DIN, DON) in sub-basin j (kton).  

𝑹𝑺𝒑𝒏𝒕𝑭.𝒋 is the total amounts of nitrogen input to the river from point sources as nutrient form F (DIN, DON) in 
sub-basin j (kton). 

𝑾𝑺𝒅𝒊𝒇𝒕𝒐𝒕𝒂𝒍𝒋 is the total input of nitrogen to agricultural land in sub-basin j (kton).  

𝑾𝑺𝒅𝒊𝒇𝒆𝒙𝒑𝒐𝒓𝒕𝒋 is the export of nitrogen from agricultural land by crop harvesting and grazing in sub-basin j 

(kton).  

𝑾𝑺𝒅𝒊𝒇𝒐𝒕𝒉𝒆𝒓𝒔𝒋 is the nitrogen input to agricultural land from other diffuse sources in sub-basin j (kton). 

𝑹𝑬𝒑𝒏𝒕𝑶𝒑𝒏𝒕 is the removal efficiency of nitrogen in the treatment of management option Opnt (0-1).  

𝑭𝑬𝑾𝑺𝑭.𝒋 is the export fraction of nitrogen from land to rivers as diffuse sources in nutrient form F (DIN, DON) 

in sub-basin j (0-1).  

𝑭𝑬𝒑𝒏𝒕
𝑭, 𝑶𝒑𝒏𝒕 

is the export fraction of nitrogen from point sources as nutrient form F (DIN, DON) that enters the river 

after treatment of management option Opnt (0-1). 
𝑿𝒎𝒂𝒕𝒐𝒕𝒂𝒍. 𝒋 is the total projected amount of nitrogen in human waste in 2050 in sub-basin j (kton).  
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𝑿𝒉𝒘𝒕𝒐𝒕𝒂𝒍. 𝒋 is the total projected amount of nitrogen in human waste in 2050 in sub-basin j (kton). 

𝟐𝟎𝟓𝟎𝑾𝑺𝒅𝒊𝒇𝒉𝒘𝒍𝒂𝒏𝒅. 𝒋 is the projected amount of nitrogen from human waste that stays on land in 2050 (kton). 

𝑾𝑺𝒒𝒋.𝒎 is the level of water scarcity in sub-basin j in month m (unitless).  
𝑾𝑺𝒒𝒎𝒂𝒙 is water scarcity that is constrained. 

𝑫𝒋.𝒎 is water demand in sub-basin j in month m (billion 𝑚3).  

𝑻𝑺𝒋.𝒎 is the total water savings in sub-basin j in month m (billion 𝑚3),  

𝑻𝑺𝒋𝟐.𝒎 is the total water savings in upstream sub-basin j2 in month m (billion 𝑚3). 

𝒅𝒒𝒋.𝒎 is the total amount of water needed for dilution to reach the water of sufficient quality in sub-basin j in 

month m (billion 𝑚3).  

𝑬𝑭𝑹𝒋.𝒎 is the total amount of water for the environmental flow requirements (billion 𝑚3), and it was calculated 

as 37% of the available water discharge. 
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Supplementary note 3. Water availability (VIC hydrological model) 
 

The total available water quantity (Q) is defined in this study as the natural river discharge of the 

study area (billion m3). Natural river discharge is first calculated on a grid scale and then upscaled 

to sub-basin and river basin scales. Natural river discharge is derived in m3 per second at a 0.5° 

longitude by 0.5° latitude global scale grid for the years 1961-2099 from the global hydrological 

VIC (Variable Infiltration Capacity) model4. In this study, natural river discharges for both the 

RCP2.6 and RCP8.5 climate scenarios are calculated as the average of the five outputs from the 

VIC model forced with five different general circulation models 5. This is done to reduce the 

uncertainties that occur within the different general circulation models. Natural river discharge for 

2010 and 2050 is then calculated as a 30-year average to account for possible yearly extremes. 

For the year 2010 natural river discharge is calculated as the 30-year average of the years 1981-

2010, and for 2050 as the 30-year average of the years 2036-2065. 

 

For both 2010 and 2050 natural river discharge in the Pearl River Basin is derived from this global 

grid in GIS. A map with the outline of the Pearl River Basin is derived from the ddm30 river basin 

map 2. The total annual natural river discharge in the cells of the Pearl River Basin is calculated 

by multiplying the natural river discharge values (in m3/s) with the total amount of seconds in a 

year and is given in billion m3.  

 

The total modeled annual natural river discharge in 2010 is then adjusted with the observed total 

annual river discharge of the Pearl River in 2010. This is done to reduce the uncertainty in the 

globally modeled data from the VIC model in this regional assessment of the Pearl River Basin. 

The harmonization is done by multiplying the modeled total annual natural river discharge in every 

0.5° x 0.5° cell in the Pearl River Basin, by the ratio between the total modeled annual natural 

river discharge in the Pearl River Basin in 2010 and the total observed annual natural river 

discharge in the Pearl River Basin in 2010. Total natural river discharge in a sub-basin is equal to 

the natural river discharge in the most downstream 0.5° x 0.5° cell of the sub-basin since this is 

the accumulated natural river discharge of all the cells in the sub-basin. For the whole Pearl River 

Basin the total natural river discharge is equal to the sum of the most downstream 0.5° x 0.5° cells 

of the Delta Zhujiang and the Dongjiang sub-basins. 

 

For the sub-basins of the Pearl River Basin, the monthly natural river discharge is also calculated. 

This is done by multiplying the yearly total natural river discharge by monthly natural river 

discharge shares. The monthly shares are set the same for all the sub-basin of the Pearl River 

Basin and are calculated with observed monthly natural river discharge. Observed monthly natural 

river discharge data are taken from the Wuzhou river discharge measuring station, and are 

derived from the Global Runoff Data Centre 6. Monthly discharges are calculated as the average 

discharge of a month over the years 1946-1986. Monthly shares are then calculated as the relative 

share of that month to the total discharge in a year. These monthly shares are then multiplied by 

the total yearly natural river discharge of the sub-basins for both 2010 and 2050.  
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Supplementary note 4. The Marginal Abatement Cost Curve (MACC). 
 

The MACC is a tool for mitigation policy analysis that brings a wide range of information about 

mitigation management options and shows the potential of water scarcity abatement and the 

associated costs for different management options. The marginal abatement cost curve (MACC) was 

first used by McCarl and Schneider (2000)7 to analyze mitigation policies in US agriculture. Subsequently, it 

has been used in different studies at global, regional and national levels 8-11. The information provided by the 

MACC reveals which are the most effective policy interventions in order to facilitate the exchange between 

scientific studies and policy decision-making. The marginal cost of abatement can be calculated in various 

ways. Vermont and De Cara (2010) 12 divides MACCs into three main types based on the methodology 

used to derive the curves: (i) bottom up cost-engineering; (ii) micro-economic modelling, with exogenous 

prices; (iii) regional/sectoral supply-side equilibrium models.  

In this study, the MACC was based on bottom-up cost engineering approach. In this approach, information 

on the one-off and recurring costs of a range of water management options and their effect on water saving 

and N pollution is collected. These data are used to calculate (a) the average annual cost of each option, (b) 

the amount of water scarcity reduced each year, and (c) the cost-efficiency, i.e. the cost per unit of water 

scarcity reduced. The MACC in Supplementary Figure 1 shows   series of discrete bars that 

represents the rising costs and the % of water scarcity abatement from each water quantity and 

quality management option (e.g., low-pressure pipe irrigation, applying synthetic nitrogen 

fertilizer, recycling manure, and treating human waste). The width of each bar represents the 

reduction of water scarcity (%), while the height of the bar shows the cost-efficiency of the 

management options ($ Billion/1% of water scarcity abatement). The area under each bar is equal to 

the total cost of the management option. The different                        management options are ordered according to 

their cost-efficiency so that from left to right of the curve the marginal abatement cost worsens as 

the accumulated abatement levels by management options increase and additional measures 

become more expensive. The abatement level of management options is related to water savings, 

water storage, water transport or reduced nitrogen loads. The marginal abatement cost of each 

management option is estimated by dividing the  total cost of option implementation by the 

percentage of the water scarcity abatement of each option (Supplementary Figure 1). 
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Supplementary note 5. Water transport management option. 
 

Water transport is a common water re-allocation practice in China with the implementation of 

China’s South-North water transfer project 13. The total cost of transporting water in this project is 

dependent on the total distance that the water is transferred and is given by Pohlner14 as the price 

of the water in the place where it is delivered. To get the cost of transporting water over any given 

distance, an exponential regression analysis is done on the costs and distances given in 

Supplementary Table 1 (R2=0.9972). The resulting relationship between the cost of transporting 

water and distance is given by the equation: 

𝐶𝑇𝑅𝐴𝑁𝑆,𝑗,𝑗2=0.0228 𝑒0.0032∗𝑋𝑗,𝑗2 

 
Where Xj,j2 is the distance between sub-basin j and sub-basin j2 (km). The distances between 

the sub-basins of the Pearl River Basin are set as the distance in a straight line between the 

centers of the sub-basins (Supplementary Table 2). This is calculated with GIS with sub-basins 

of the ddm30 sub-basins map 2. 
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Supplementary Table 1. Cost of transporting water in China’s South-North water transfer project for different 
cities, and distance of the cities from the source region (Dengzhou). 

Cities in China Cost ($/𝐦𝟑) Distance from source (km) 

Dengzhou 0.02 0 

Nanyang 0.03 55 

Zhengzhou 0.06 270 

Anyang 0.09 430 

Shijiazhuang 0.16 635 

Tianjin 0.35 850 

Beijiang 0.38 890 

 

The costs are the total cost of transporting water and are derived from 14. The distances are calculated as 
the accumulated straight-line distance between the centers of the consecutive cities from Denghzou to 
Beijiang. 
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Supplementary Table 2. Transport distances between the different sub-basins of the Pearl River Basin 
(thousand km). 

 

 Liujiang Yujiang Xijiang Beijiang Dongjiang Delta Zhujiang 

Liujiang 0 318 173 452 607 402 
Yujiang 318 0 164 696 815 585 
Xijiang 173 164 0 605 747 525 
Beijiang 452 696 605 0 172 157 
Dongjiang 607 815 747 172 0 229 
Zhujiang Delta 402 585 525 157 229 0 

The distance between two sub-basins represents the distance in a straight line between the centers of the 

sub-basins. 
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Supplementary Table 3: Effects and costs of water quantity and quality management options. 

 
Management options 

Waters saving 
(% or dm3) 

N removal 
efficiency 

𝑹𝑬𝒑𝒏𝒕𝑶𝒑𝒏𝒕 

Costs (𝑪𝑶𝒂𝒈𝒓; 𝑪𝑶𝒅𝒐𝒎; 

𝑪𝑺𝑻𝑶𝑹; 𝑪𝑶𝒅𝒊𝒇; 𝑪𝑶𝒑𝒏𝒕 ) 

Water quantity management options 

Agricultural sector 𝑿𝒂𝒋.𝑶𝒂𝒈𝒓    

Low-pressure pipe irrigation 42% - $0.017/ 𝑚3of water 

Canal irrigation 30% - $0.039/𝑚3 of water 

Sprinkler irrigation 39% - $-0.016/𝑚3 of waterb 

Domestic sector 𝑿𝒅𝒋.𝑶𝒅𝒐𝒎    

Water-efficient bathroom faucet 2.2a
 - $15/faucet unit 

Water-efficient kitchen faucet 10.6a
 - $15/faucet unit 

Water efficient showerhead 18.4a
 - $100/showerhead 

Water efficient toilet 6.17a
 - $420/toilet 

Water-efficient washing machine 3.4a
 - $670/washing machine 

Water efficient dishwasher 1.3a
 - $500/dishwasher 

Water transfers 𝑻𝑹𝑨𝑵𝑺𝒊𝒏𝒋.𝒋𝟐.𝒎 ; 𝑺𝑻𝑶𝑹𝒋.𝒎    

Water transport - - 0.02-0.38 

Water storage - - $0.72/𝑚3 of waterc 

Water quality management options 

Diffuse sources 𝑿𝒅𝒊𝒇𝑶𝒅𝒊𝒇.𝒋    

Apply synthetic nitrogen fertilizer - - $350/ton of N 

Recycle manure as slurry on land - - $18/ton of animal manure 

Recycle manure as solid on land - - $23/ton of animal manure 

Point sources 𝑿𝒑𝒏𝒕𝑶𝒑𝒏𝒕. 𝒋    

Treat manure with primary technologies - 10% $5/ton of animal manured 

Treat manure with secondary technologies - 60% $7/ton of animal manured 

 
Treat manure with tertiary technologies 

 
- 

 
90% 

$12/ton of animal 
manured 

Discharge untreated manure to rivers - 0% $0/ton of human wasted 

Treat human waste with primary 
technologies 

 
- 

 
23% 

$1.09/ton of human 
wasted 

Treat human waste with secondary 
technologies 

 
- 

 
41% 

$1.17/ton of human 
wasted 

 
Treat human waste with tertiary technologies 

 
- 

 
72% 

$1.56/ton of human 
wasted 

Discharge untreated human waste to rivers - 0% $0/ton of human wasted 

𝑪𝑶𝒂𝒈𝒓; 𝑪𝑶𝒅𝒐𝒎; 𝑪𝑺𝑻𝑶𝑹; 𝑪𝑶𝒅𝒊𝒇; 𝑪𝑶𝒑𝒏𝒕 ∶ costs of water use for management options. 𝑿𝒂𝒋.𝑶𝒂𝒈𝒓 : the share of the 

agricultural area in sub-basin j where agricultural management options are implemented. 𝑿𝒅𝒋.𝑶𝒅𝒐𝒎 : the share 

of the population that implements domestic management options. 𝑻𝑹𝑨𝑵𝑺𝒊𝒏𝒋.𝒋𝟐.𝒎 : the total amount of water 

that is transported from sub-basin j to sub-basin j2 in month m. 𝑺𝑻𝑶𝑹𝒋.𝒎 : is equal to the quantity of water 

that is stored in reservoirs. 𝑿𝒅𝒊𝒇𝑶𝒅𝒊𝒇.𝒋; 𝑿𝒑𝒏𝒕𝑶𝒑𝒏𝒕. 𝒋 : are respectively the amount of nitrogen applied to land 

with diffuse and point management options (Supplementary note 3). 
a dm3 of water per day per capita 
b For canal irrigation the cost-effectiveness is negative at $-0.016 per m3 of water, which means that the cost 
savings of canal irrigation are bigger than the cost of implementing this technology 15. 
c The cost of storing water is given by 16 at €0.53/m3. To transfer euros to dollars, the euro/dollar exchange  
rate was used at 1.36. 
d Total amount of animal and human waste that is treated with primary, secondary or tertiary technologies. 
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Supplementary Table 4. Data sources and their temporal and spatial variability. The 

meaning of all variables is provided in Supplementary Box 1 and Supplementary Note 3. 

Data / parameter Unit Source  Temporal aggregation  Spatial aggregation  

For water quantity 

Qnj.m billion m3 Van vielt et al.4 m: month j: sub-basin 

STORinj.m billion m3 Brunner et al.17 m: month j: sub-basin 

STORoutj.m billion m3 Brunner et al.17 m: month j: sub-basin 

TRANSinj.j2.m billion m3 Rogers et al.13 m: month j, j2: sub-basins 

TRANSioutj.j2.m billion m3 Rogers et al.13 m: month j, j2: sub-basins 

Dj.m billion m3 Wanders et al.18 m: month j: sub-basin 

Daj.m billion m3 Wanders et al.18 m: month j: sub-basin 

Ddj.m billion m3 Wanders et al.18 m: month j: sub-basin 

Dij.m billion m3 Wanders et al.18 m: month j: sub-basin 

Pj People Jones and O’Neill19  j: sub-basin 
Water savings for water quantity management options (Agriculture options: Oagr; Domestic 
options Odom) 
SaOagr 0 – 1 Blanke et al.20   

SaOdom 
billion 
m3/capita 

Rasoulkhani et al.21   

For water quality (MARINA-Nutrients model, version 2.0) 

WSdiftotalj Kton Wang et al.1  j: sub-basin 

WSdifexportj Kton Wang et al.1  j: sub-basin 

WSdifothersj Kton Wang et al.1  j: sub-basin 

2050WSdifhwland.j Kton Wang et al.1  j: sub-basin 

Xmatotal.j Kton Wang et al.1  j: sub-basin 

Xhwtotal.j Kton Wang et al.1  j: sub-basin 

RSothersDIN.j Kton Wang et al.1  j: sub-basin 

RSothersDON.j Kton Wang et al.1  j: sub-basin 

Retention fractions of DIN and DON in downstream sub-basins 

FEriv.DIN.j 0 – 1 Wang et al.1  j: sub-basin 

FEriv.DON.j 0 – 1 Wang et al.1  j: sub-basin 

Removal efficiencies and retention fraction of water quality management options 

REpntOpnt Kton Strokal et al.3   

FEpntF.Opnt 0 – 1 Wang et al.1   

CFdifOdif kton/kton Wang et al.1   

CFpntOpnt kton/kton Wang et al.1   

For water scarcity 

EFRj.m billion m3 Pastor et al.22 m: month j: sub-basin 

Nmax mg/l MEE23   

Costs of water quantity and quality management options 

COagr $/m3 Blanke et al.20   

COdom $/unit Rasoulkhani et al.21   

CSTOR $/m3 Grygoruk et al.16   

CTRANSj.j2 $/m3 Pohlner14  j, j2: sub-basins 

COdif $/ton Strokal et al.3   

COpnt $/ton Strokal et al.3   

 
  



 

Supplementary Table 5. Set-up of a sensitivity analysis for costs of water quantity and quality management options.. 

Options 

Costs 

Unit 
Base value in the 
original model run  

50% increased cost relative 
to the base value  

100% increased cost relative to 
the base value 

Discharge untreated human waste to 
rivers 

$/ton of human waste a 0 0  

Treat human waste with secondary 
technologies 

$/ton of animal manure a 7 10.5 14 

Treat human waste with tertiary 
technologies 

$/ton of human waste a 1.56 2.34 3.12 

Recycle manure as slurry on land $/ton of animal manure 18 27 36 

Recycle manure as solid on land $/ton of animal manure 23 34.5 46 

Apply synthetic nitrogen fertilizer on land $/ton of synthetic 
nitrogen fertilizer 

350 525 700 

Low pressure pipe irrigation $/m3 of water 0.017 As the base value  As the base value  

Water transport (see Supplementary 
Note 2) 

0.02-0.38 As the base value  As the base value  

Water storage $/m3 of water  0.72 As the base value  As the base value  

Water saving kitchen faucet $/faucet 15 As the base value  As the base value  

Water saving showerhead $/showerhead 100 As the base value  As the base value  

Water saving bathroom faucet $/faucet 15 As the base value  As the base value  

Water saving washing machine $/washing machine 670 As the base value  As the base value  

Water saving toilet $/toilet 420 As the base value  As the base value  

Water saving dishwasher $/dishwasher 500 As the base value  As the base value  

The grey-highlighted management options reflect water quality options, with base cost values rising by +50% and +100%, while the base cost values of water 
quantity options are kept constant. 
  



 

Supplementary Table 6. Sensitivity analysis results under the SSP-RCP scenarios, water scarcity level, and increased cost of water quality management 
options. 

Low Water Scarcity Level (0.1) 

Options SSP2-RCP2.6 SSP2-RCP8.5 SSP5 -RCP8.5 

WS 
abat. 
(%) 

CE CE (+50%) 
CE 

(+100%) 
WS abat. 

(%) 
CE CE (+50%) 

CE 
(+100%) 

WS abat. 
(%) 

CE 
CE 

(+50%) 
CE (+100%) 

Treat human waste with 
tertiary technologies  

25 0.0000014 0.0000021 0.000003 13 0.000003 0.000004 0.000005 14 0.000002 0.000004 0.000005 

Recycle manure as slurry on 
land 

2 0.00013 0.00019 0.00026 9 0.00003 0.00004 0.00006 10 0.00002 0.00004 0.00005 

Apply synthetic nitrogen 
fertilizer on land 

23 0.01 0.02 0.02 19 0.01 0.02 0.03 14 0.02 0.04 0.05 

Low pressure pipe irrigation 3 0.09 0.09 0.09 3 0.09 0.09 0.09 3 0.09 0.09 0.09 

Water transport 14 0.20 0.20 0.20 14 0.05 0.05 0.05 14 0.04 0.04 0.04 

Water storage 34 5 5 5 43 3 3 3 44 3 3 3 

Water saving kitchen faucet 0.11 15 15 15 0.11 15 15 15 0.12 14 14 14 

Water saving showerhead 0.20 57 57 57 0.20 57 57 57 0.20 54 54 54 

Water saving bathroom faucet 0.02 72 72 72 0.02 36 36 36 0.02 68 68 68 

Water saving washing machine 0.14 267 267 267 0.14 23 23 23 0.15 427 427 427 

Medium Water Scarcity Level (0.2) 

Discharge untreated human 
waste to rivers 

- - - - - - - - 0.43 0 0 0 

Treat human waste with 
secondary technologies 

- - - - - - - - 12 4.38E-09 6.57E-09 8.76E-09 

Treat human waste with 
tertiary technologies 

24 0.0000014 0.0000016 0.0000022 12 0.000003 0.000004 0.000006 11 0.000003 0.000004 0.000005 

Recycle manure as slurry on 
land 

2 0.0001 0.0002 0.0003 8 0.00003 0.00005 0.00006 7 0.00003 0.00005 0.00007 

Apply synthetic nitrogen 
fertilizer on land 

21 0.012 0.018 0.023 17 0.01 0.02 0.03 11 0.03 0.05 0.06 

Low pressure pipe irrigation 2 0.10 0.10 0.10 2 0.10 0.10 0.10 2 0.12 0.12 0.12 

Water transport 19 0.22 0.22 0.22 8 0.17 0.17 0.17 9 0.22 0.22 0.22 

Water storage 31 6 6 6 52 4 4 4 47 5 5 5 

Water saving kitchen faucet 0.10 16 16 16 0.10 16 16 16 0.09 19 19 19 

Water saving showerhead 0.18 62 62 62 0.18 62 62 62 0.15 73 73 73 

Water saving bathroom faucet 0.02 78 78 78 0.02 79 79 79 0.02 93 93 93 

Water saving washing machine 0.26 291 291 291 0.26 292 292 292 0.21 344 344 344 

Water saving toilet 0.06 771 771 771 0.06 773 773 773 0.05 913 913 913 



 

Water saving dishwasher 0.01 4311 4311 4311 0.01 4323 4323 4323 0.01 5109 5109 5109 

High Water Scarcity Level (0.4) 

Options SSP2-RCP2.6 SSP2-RCP8.5 SSP5 -RCP8.5 

WS abat. 
(%) 

CE CE (+50%) 
CE 

(+100%) 
WS abat. 

(%) 
CE 

CE 
(+50%) 

CE 
(+100%) 

WS 
abat. 
(%) 

CE 
CE 

(+50%) 
CE 

(+100%) 

Recycle manure as solid on land 23 3.09E-08 4.63E-08 6.17E-08 - - - - - - - - 

Treat human waste with tertiary 
technologies  

19 0.000002 0.000003 0.000004 12 0.000003 0.000004 0.000005 14 0.000003 0.000004 0.000006 

Recycle manure as slurry on land 2 0.00015 0.00023 0.00031 8 0.00003 0.00004 0.00006 9 0.00003 0.00004 0.00005 

Apply synthetic nitrogen fertilizer on 
land 

17 0.01 0.02 0.03 18 0.014 0.020 0.027 13 0.019 0.039 0.051 

Low pressure pipe irrigation 2 0.12 0.12 0.12 3 0.09 0.09 0.09 3 0.09 0.09 0.09 

Water transport 11 0.26 0.26 0.26 7 0.16 0.16 0.16 6 0.16 0.16 0.16 

Water storage 26 6 6 6 51 4 4 4 55 4 4 4 

Water saving kitchen faucet 0.09 19 19 19 0.11 15 15 15 0.11 15 15 15 

Water saving showerhead 0.15 75 75 75 0.19 59 59 59 0.19 58 58 58 

Water saving bathroom faucet 0.02 95 95 95 0.02 75 75 75 0.02 74 74 74 

Water saving washing machine 0.21 351 351 351 0.27 278 278 278 0.27 273 273 273 

Water saving toilet 0.05 930 930 930 0.06 736 736 736 0.06 723 723 723 

Water saving dishwasher 0.01 5202 5202 5202 0.01 4117 4117 4117 0.01 4045 4045 4045 

The grey-highlighted management options reflect water quality options. WS abat. represents the potential abatement of water scarcity (%), and CE is the cost-
efficiency of management options for different values of the cost of water quality options (base value; +50%; +100% of the unit cost; see supplementary table 4) 
under the SSP-RCP scenarios (SSP2-RCP2.6; SSP2-RCP8.5; SSP5-RCP8.5) and water scarcity levels (low, medium, high), ($ billion/% of water scarcity 
abatement). RCP stands for Representative Concentration Pathway. SSP stands for Shared Socioeconomic Pathway. 
Depending on the scenario and water scarcity level, different combinations of management options could be selected by the optimization model. 
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Supplementary Figure 1. Marginal abatement cost Curve (MACC). 
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Supplementary Figure 2. Monthly nitrogen concentrations in the rivers of the Pearl River sub-basins 
in 2010 and in 2050 for the RCP2.6-SSP2, RCP8.5-SSP2, and RCP8.5-SSP5 scenarios (mg/l). RCP 
is short for Representative Concentration Pathway, and SSP is short for Shared Socio-economic 
Pathway, see section 2.1.1 for scenario descriptions. Source: Calculated with nitrogen data from the 
MARINA-Nutrients model (version 2.0) (Wang et al., 2020) combined with discharge data from the 
VIC model (Van Vliet et al., 2016).  
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Supplementary Figure 3. Changes in nitrogen concentration in the rivers of the Pearl River Basin 
between 2010 and 2050 for the RCP2.6-SSP2, RCP8.5-SSP2, and RCP8.5-SSP5 scenarios at 0.5° 
x 0.5° grid (%). These data were aggregated from sub-basins (Supplementary Figure 2) to grids using 
the description in Supplementary Note 2.  
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