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There are vast regions with annual precipitation lower 

than 500 mm, and even lower than 100 mm, for 

example, in the northwestern China. 
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Introduction 

(Jägermeyr et al., 2016) 

(FAOSTAT, 2020) 

 Improving irrigation is a possible option to achieve higher yield levels in water-limited regions while improving the 

resilience of cropping systems to climate variability and making it possible to feed the world’s growing population 
and meet the food demand (Wang et al., 2021; Okada et al., 2018; Jägermeyr et al., 2016).  
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Introduction 

(Du et al., 2014) 

 Under optimal N management, irrigated maize yield is 16–26% higher than that under rainfed (Qiao et al., 2021). 

 China ranks first with 95.5 million ha of irrigated area in the world (FAOSTAT, 2020). Agricultural water use accounts for 68% 

of the total water supply, especially in northwestern China is about 90% (Du et al., 2014; Kang et al., 2017). 

(Qiao et al., 2021) 
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Introduction 

Virtual water balance per country and direction of gross virtual water flows 

related to trade in agricultural and industrial products over the period 1996–2005.  

Hoekstra and Mekonnen (2012, PNAS) 

18th World Water Congress | CAU | Wenfeng Liu 6 

Global virtual water trade embodied in crop trade. 
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 Strong Water-Food-Environment-Trade nexus, and Water-Food-Energy nexus. 

Introduction 

 

The contribution of 

irrigation to yield benefits 

on a large scale? 

 

How to reduce irrigation 

water consumption and 

mitigate the related 

challenges globally? 
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Large-scale questions: 



A simple model, but 

with complex soil-

water-climate-

environment interplays. 

 EPIC: Environmental Policy Integrated Climate 

 Wide application and good performance: USA, China, Canada, France, Argentina, Brazil, India, etc. 
 

 Free availability: Downloadable with source code from http://epicapex.tamu.edu/epic/. 
 

 Technical feasibility: Platform independent command-line program. 
 

 Low data requirement: Soil, climate, crop distribution, management practices. 
 

 One model for different crops: > 100 crops. 

Simulation framework 
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 Irrigation contribution; 

 Cropland redistribution; 

 Multiple-models uncertainty; 

 Combining with large-scale 

hydrological models; 

 Combining with economic 

analysis methods; 

 Scenario analyses; 

 Climate change impacts; 

     … 

Simulation framework 

What we can do: 

Liu et al., (2016) 
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EPIC  PEPIC (for large scale simulations) 



Müller et al. (2017, GMD) 

 The PEPIC model has been one of the key models in ISIMIP and AgMIP. 

Simulation framework 
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Simulation framework 
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Effects of irrigation——Crop water use 

Tropical Arid Temperate Cold Polar 

a) irrigated 

b) rainfed 

Growing season ET of maize at the Köppen-Geiger level for (a) irrigated and (b) rainfed cultivation 

Liu et al. (2016, AFM) 

Growing season ET is 

around 500 mm for tropical, 

arid, and temperate regions 

under irrigated cultivation. 

However, it declined to 

lower than 200 mm under 

rainfed cultivation in arid 

and part of temperate 

regions. 
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Five PET methods 



Water stress (days, a) and irrigation volume (b) of maize 
Liu et al. (2016, AFM) 

Effects of irrigation——Water stress 

a) water stress under rainfed 

b) irrigation amount 

Tropical Arid Temperate Cold Polar 

More than 60 days 

with water stress. 

Irrigation water 

around 400 mm. 
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Simulated maize yields for (a) irrigated and (b) rainfed cultivation 

irrigated 

rainfed 

Tropical Arid Temperate Cold Polar 

Liu et al. (2016, AFM) 

Effects of irrigation——Crop yields 

Yield lower 

than 2 tons 

Yield higher 

than 12 tons 
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∆𝒀 = 𝒊𝒓𝒓𝒊𝒈𝒂𝒕𝒆𝒅 𝒚𝒊𝒆𝒍𝒅 − 𝒓𝒂𝒊𝒏𝒇𝒆𝒅 𝒚𝒊𝒆𝒍𝒅𝒊𝒓𝒓𝒊𝒈𝒂𝒕𝒆𝒅 𝒚𝒊𝒆𝒍𝒅  

Wang, ..., Ciais, ..., Liu, et al. 

(2020, Nat. Comm.) 

wheat 

maize 

∆𝒀 (%) in several major producers  

At global scale, ΔY is 

      34 ± 9% for wheat 

      22 ± 13% for maize. 
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Effects of irrigation——Crop production globally 



Liu et al. (2019, FES) 

In China, there are high 

irrigation water 

requirements in 

northern China. 

Therefore, irrigation 

could largely increase 

crop yields there. 

Especially, irrigated 

crop yields could be 

more than 6 times 

higher than rainfed crop 

yields in northwestern 

China. 
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Irrigation water requirements 

Irrigation areas 

Rainfed yield 

Yield difference between IR and RF 

Effects of irrigation——Crop production in China 



a) irrigated 

b) rainfed 

Tropical Arid Temperate Cold Polar 

Liu et al. (2016, AFM) 

𝑪𝑾𝑷 = 𝒚𝒊𝒆𝒍𝒅𝑬𝑻  

Effects of irrigation——Crop water productivity 

Crop water productivity (CWP) for (a) irrigated and (b) rainfed cultivation 
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Nutrient: in 2000 



Liu et al. (2019, FES) 

Irrigation challenges——Water-food-energy nexus 

 The DBH model was coupled with the PEPIC model 

to investigate the impacts of irrigation on 

hydropower potential. 

Hydropower potential without irrigation 

Hydropower potential reduction with irrigation  

Up to 50% reduction 
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Zhao et al., (2015, PNAS) 

Large proportion of water resources has been withdrawn for 

irrigation, resulting in severe water scarcity around the world. 

It’s urgent to address the irrigation-related challenges. 

Irrigation challenges——Water scarcity and depletion 
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Nitrogen inputs 

Crop yields Nitrogen losses 

 Irrigation enlarges the upper limits of 

effective N application; 

 Irrigation significantly increases crop 

yield responses to N additions; 

 Irrigated yields are much higher than 

rainfed yields in some arid and 

temperate regions without N limitation; 

 Irrigation also reduces the response of 

N losses to N additions. 

Effects of irrigation on crop yields and N losses: 
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Irrigation challenges——Enlarging pollution 



Heihe Basin 

Haihe Basin 

Hetao

QID

Experimental site

China

Huanghe Basin 

Shiyanghe Basin 

Lowering the impacts——Improving WUE 

 Theory: 

• Under alternate partial root-zone irrigation, water 

use can be reduced by 23% and WUE increased 

by 27% (Kang et al., 2002; Du et al., 2006) 

• Regulated deficit irrigation can improve WUE 

(+47%) without significant yield reduction (Kang 

et al. 2000; Du et al. 2010) 

 Engineering: 

• Integration of water and fertilizer can significantly 

improve crop yield and reduce water and N loss 

(Ran et al., 2017)  

• Drip irrigation under film mulching can save 

water through reducing soil water evaporation 

(Qin et al., 2018) 
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Experimental stations 

of CWRCE, CAU  

https://en.wikipedia.org/wiki/Hai_River
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Lowering the impacts——Cropland redistribution 

Realistic? 
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Food production in China Food imports in China 

Virtual land imports Virtual water imports 

Liu et al. (2020, EF) 

Land: 56 Mha in 2017 

35% of total harvested 

land in China. 

Water: 61 Gm3 in 2017 

16% of total agricultural 

water supply in China. 

Through trade, China 

imported a large 

amount of land and 

water virtually. 
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Lowering the impacts——Crop trade 



Blue water: growing season ET from irrigation 

There are regional water savings and global water 

savings associated with crop trade. 

Liu et al. (2019, WIREs Water) 

Liu et al. (2018, STOTEN) 

Challenges: 

 Trade conflicts 

between countries; 

 COVID-19; 

 Self-sufficiency; 

 Extreme climate; 

 Unstable policies; 

 Water depletion in 

exporting countries. 
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Blue color indicates 

water conservation. 

Lowering the impacts——Crop trade 



Take-home messages 

 Irrigation plays an essential role on increasing crop yields worldwide, 

but with various performances in different regions. 

 Water withdrawal for irrigation also caused environmental issues, 

urgent to take measures to increase WUE and reduce irrigation water. 

 In addition to traditional measures, international and interregional 

trade could also help deal with irrigation-related challenges, but 

facing challenges. The Belt and Road Initiative offers a good 

opportunity. 

18th World Water Congress | CAU | Wenfeng Liu 25 



18th World Water Congress | CAU | Wenfeng Liu 26 



Growing season ET for maize under irrigated (a) and rainfed (b) cultivation 

a) irrigated b) rainfed 

Effects of irrigation——growing season ET 

Three hotspot regions with significantly higher ET under irrigation cultivation compared to the 

ET under rainfed cultivation.  

Liu et al. (2016, AFM) 
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Introduction 

(Tahmasebi et al., 2018) 

Contribution of the GHG emission 

(Davis et al., 2017) 

 Current situation neither attains maximum production nor minimum water use. Reshaping the crops distribution 

and optimizing water management would save more than12% of water consumption (Davis et al., 2017). 

 Compared with rainfed area, irrigated area obtained 22% higher yield, but produced 110% higher GHG 

emission and 62% higher carbon footprint (Tahmasebi et al., 2018; Jamali et al., 2021). 
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Long-term flux observation 

Different irrigation methods experiment 

Long-term plastic film mulching experiment 

Large weighing lysimeter observation 

Studies on WUE at CAU 

Trade-off 

WUE 

Yield 
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Wang, ..., Ciais, ..., Liu, et al. 

(2020, Nat. Comm.) 

CV of ∆𝑌 

High level of CV of across 10 large-scale crop models 

Contribution of irrigation to yields 
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Ren, ..., Liu* et al. (2021, AWR) 

Effects of trade on China’s water security 

Soybean production and import in China Conversation of soybean land to other crops 

 Soybean production has decreased since 2004. 

 Soybean imports increased dramatically, even reached 100 million tons in 2020. 

 The soybean areas was transferred to other crops: maize, rice, vegetables, and fruits. 
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Ren, ..., Liu* et al. (2021, AWR) 

Effects of trade on China’s water security 

Due to the conversion of soybean production to other crops: 

 Water uses doubled after the conversion; 

 Nitrogen uses increased by 5 times. 

Water uses for soybean and other crops Nitrogen uses for soybean and other crops 

Ren, ..., Liu* et al. (2021, AWR) 
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Introduction 

33 
(FAOSTAT, 2020) 

 Agricultural water use is the main source of water withdrawals, accounting 

for around 60% of all the world’s water withdrawals (FAOSTAT, 2020). 

 The global total irrigation area is around 371.7 million ha, 78% of which 

are concentrated in developing countries and emerging economies 

(FAOSTAT, 2020). 
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