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Foreword 
 

The agricultural sector increasingly relies on groundwater abstraction for irrigation in many 

regions of the world. Expansion of irrigated agriculture and groundwater use has contributed to 

increased food production and has improved food security. At the same time, the depletion of 

groundwater resources by excessive pumping has become a common challenge in key agricultural 

production areas across the world, threatening the sustainability of production. Over-pumping of 

aquifers causes ecological and environmental degradation of vegetation, wetlands and streams 

and reduces the ability of aquifers to serve as a buffer for weather extremes, induced by climate 

change. Unsustainable use of groundwater needs to be urgently addressed through sustainable 

rehabilitation and management strategies, in order to assure the availability of groundwater, 

today and for future generations. 

Recognizing the groundwater over-exploitation issue in the North China Plain, the Swiss Agency 

for Development and Cooperation and the Ministry of Water Resources of the People’s Republic 

of China co-launched the project “Rehabilitation and management strategies of over-pumped 

aquifers in a changing climate” in 2014, in partnership with the China Geological Survey. The 

leading project implementation partner on the Chinese side is the General Institute of Water 

Resources and Hydropower Planning Design (GIWP), and the leading project implementation 

partner on the Swiss side is the Swiss Federal Institute of Technology (ETH) Zurich. 

The overall goal of the project is to test and implement groundwater management and water 

saving policies in order to strengthen the capacity for adaptation to climate variability and climate 

change. Any management strategy must be based on reliable data. A main element of the project 

is thus to establish a real time groundwater monitoring and control system. This monitoring data, 

coupled with state-of-the-art modelling, serves as a basis for the development and 

implementation of different policy instruments in the fields of water resources and agriculture.  

The present report features the impressive results of the second phase of the project. The project 

developed, tested and implemented an array of innovative approaches and tools for monitoring 

and modelling groundwater abstraction, as well for supporting sustainable management 

decisions. To name just a few: For the first time in China, groundwater abstraction has been 

monitored on such a large-scale using electricity consumption as proxy indicator. Cutting-edge 

groundwater models, both real-time and data driven, were established and a web-based 

comprehensive decision support system (DSS) was developed. The DSS entails tools for water 
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quota planning, scenario analysis, estimation of actual crop water demand, remote sensing based 

automatic mapping of cropped areas, and a data base, all integrated in one platform. The project 

also developed a groundwater game, which mimics the agricultural practice in the North China 

Plain and was used in a serious game approach to assess farmers’ reactions to policy changes.  

With all the monitoring, modelling and decision-support in place, SDC will continue the dialogue 

with sub-national and national governments in China to support the uptake of the findings in 

existing and new policies for sustainable groundwater management. Many of the findings of the 

project and all the tools developed under it are also highly relevant for other areas in the world 

suffering from groundwater depletion. We are thus convinced that the findings and tools 

presented in this report can provide inspiration and advice in support of our common goal of 

managing groundwater more sustainably across the globe.  

 

 

Felix Fellmann 

Head of International Cooperation Division 

Swiss Embassy in the People’s Republic of China  
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Preface 
 

The project “Rehabilitation and management strategies of over-pumped aquifers under climate 

change” is a Sino-Swiss cooperation sponsored by the Swiss Agency for Development and 

Cooperation (SDC), the Ministry of Water Resources of China (MWR) and the China Geological 

Survey (CGS). The project was developed under the cooperation framework of climate change, 

water, and risk prevention. The overall goal of the project is to strengthen the capacity of water-

stressed areas to adapt to climate variability by improving groundwater management through 

real-time monitoring, modeling, and control. 

The project implementation has gone through three phases in seven years: opening phase (2014), 

phase 1 (2015-2018) and phase 2 (2018-2020). The project worked in two pilot sites: Heihe mid 

reach in Gansu province and Guantao County of Handan Prefecture in the North China Plain. The 

Heihe pilot site was chosen to demonstrate how to set up a real-time monitoring, modelling and 

control system for water management in an arid region, where agriculture is only feasible with full 

irrigation. A smart metering system enforcing water quota and price was installed in Luotuocheng 

Irrigation District in the Heihe pilot site to test the control concept. It has been successful in 

reducing groundwater abstraction. At the same time, a real-time system for managing the 

conjunctive use of surface water and groundwater has been proposed to the Heihe water 

authority. The pilot in the Heihe Basin was concluded at the end of phase 1 in 2018.  

The Guantao pilot in the North China Plain has been the main focus of the project. It has 

demonstrated how an integrated monitoring, modelling and decision support system can be used 

to manage groundwater in agreement with different policy requirements in a typical county of the 

North China Plain. In this project, policies on national, provincial, and local levels are summarized. 

Measures implemented in the field are assessed and effective measures are recommended for 

further implementation. Farmers’ feedback to agricultural and water policies are also analyzed 

based on a household survey and game test results. As a technical support to the local water 

authority, all tools developed, together with all monitoring data, have been integrated in an online 

decision support platform. The system facilitates water managers’ decision-making regarding 

measures to be taken to reach the goal of sustainable groundwater management. This pilot study 

has covered the whole period of project implementation from 2014 to 2020. This report 

summarizes the results of this pilot. 
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The project implementation has been supported through the Memoranda of Understanding and 

project agreements signed between SDC and MWR, and between SDC and CGS. The partners for 

the project implementation in Guantao include: 

Swiss side: 

• Swiss Federal Institute of Technology (ETH), Zurich 

• hydrosolutions Ltd.  

• Geopraevent Ltd., and 

• Zurich University of Arts (ZHdK) 

Chinese side:  

• General Institute of Water Resources and Hydropower Planning and Design (GIWP) 

• China Institute of Geo-Environment Monitoring (CIGEM) 

• China Center of Agricultural Policy (CCAP), Peking University 

• Center for Agricultural Resources Research (SJZIAM), Chinese Academy of Sciences 

• Departments of Water Resources in Handan and Guantao. 
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Executive Summary 
 

Groundwater overexploitation in the North China Plain 

The depletion of aquifers by excessive pumping is one of the prominent global sustainability issues 

in the field of water resources. It is mainly caused by the water needs of irrigated agriculture. The 

North China Plain is a global hotspot of groundwater overexploitation. Since the 1980s, 

groundwater levels dropped by about 1 m/yr due to the intensification of agricultural production 

by a double cropping system of winter wheat and summer maize, needed to feed a growing 

population. While the region has a precipitation of 500 to 600 mm/yr, rainfall mainly occurs in the 

monsoon season between June and September. Therefore, the winter crop heavily relies on 

irrigation with groundwater, as during its growth season both precipitation and surface water are 

scarce. The consequences of declining groundwater levels are felt throughout the region. They 

include the drying up of streams and wetlands, soil subsidence, seawater intrusion at the coast 

and rising cost of pumping. Last but not least, the depletion of storage makes the production 

system more vulnerable with respect to climatic extremes associated with climate change.  

To stop and reverse this development the Chinese government has made considerable efforts. 

The measures adopted for over-pumping control include activities in the sectors of agriculture, 

forestry and water resources and can be categorized into two classes: demand side measures and 

supply side measures. Among the demand-side measures agriculture contributed mainly with 

subsidized fallowing of winter wheat, while forestry gave incentives to convert winter crops to 

water saving non-food crops such as trees. The water resources sector contributed by water saving 

irrigation technology and a water price reform system. The main activity of the water resources 

sector was, however, on the supply side, consisting of massive imports of surface water from the 

South (Yellow River and Yangtze River) to replace groundwater pumping and to increase the 

aquifer recharge.   

To evaluate the adequacy of the measures, the size of the problem has to be quantified first. For 

the whole NCP the depletion rate of the aquifer system is somewhere between 4 and 8 Bio. m3/yr. 

Since 2015 the South North Water Transfer Project diverts some 2.5 Bio. m3/yr to the North, 

replacing about 80% of the groundwater resources utilized by households and industry. The total 

amount of water used consumptively by agricultural irrigation in the NCP is about 12 Bio. m3/yr. 

This means that for the return to a sustainable regime, consumptive groundwater use by 

agriculture has to be reduced by at least one third.  
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However, an averaged analysis does not do justice to the overexploitation problem of the NCP, 

which shows up in cones of depression of piezometric levels, distributed heterogeneously in space 

and over the aquifer layers. Therefore, this study chose a typical county of the NCP, Guantao 

County, in Handan Prefecture of Hebei Province for an in-depth analysis of a path to sustainable 

groundwater use, leading up to a groundwater management system for the county. 

Groundwater management system in Guantao County 

A groundwater management system consists of a monitoring module, a decision support module 

(involving modelling) and a policy implementation module. Monitoring database and technical 

products developed under the three modules were integrated into a unified framework by 

implementing a web-based decision support system, named Guantao Decision Support System 

(GTDSS). GTDSS informs decision makers about development and state of the groundwater system 

based on observation data and model estimates. It allows decision makers to design and evaluate 

management strategies according to sustainability criteria and the target performance specified. 

In Guantao, the items monitored were groundwater levels in both the shallow and the deep 

aquifers, water abstraction by pumping wells, and land use.  The observation network for 

groundwater levels was installed jointly by Hebei Department of Water Resources and the China 

Geological Survey, with most of the wells being recorded automatically on a daily basis. It 

comprises 55 observation points, 38 in the shallow aquifer and 17 in the deep aquifer. For pumping 

monitoring, the project first experimented with smart water meters for wells to measure pumping 

rates directly. It turned out that this method is too expensive and fragile. In the short run it is 

infeasible for Guantao’s 7600 pumping wells, most of which are primitive and would need an 

infrastructural upgrade first. Poor maintenance also hinders the smart water metering system 

from working functionally. As all wells are powered by electricity, the path chosen for abstraction 

estimates was the conversion of electricity consumed to water pumped. The conversion factor 

was determined by pumping tests on individual wells. A relatively small number of wells already 

allows to estimate the aggregated abstraction of a village or a township to an accuracy of better 

than 80%. This allows for the first time to provide reliable data for groundwater abstraction on 

village, township and county level. For fee collection, however, a pumping test for each well is 

necessary to guarantee a fair treatment of individual farmers. The typical conversion coefficients 

obtained are 2.6 m3/kWh for pumping from the shallow aquifer and about 1.3 m3/kWh for 

pumping from the deep aquifer. As surface water has to be pumped from the canal to the fields, 

its amount can also be estimated via electricity consumption, with a conversion factor of 13 

m3/kWh.  The land use was monitored via a remote-sensing based crop mapping method, using 

optical as well as radar images, which are publicly accessible. Land use monitoring comprises 

planting areas of winter wheat, summer maize and greenhouses. The processed land use map has 
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a spatial resolution of 10 m, which allows to monitor single plots. It therefore can be used for 

verification of fallowing measures as well as for estimating irrigation water needs of wheat and 

maize. Greenhouses were included as their area has been increasing fast in the last few years. As 

they produce all year round, their specific water use exceeds the requirements of the double 

cropping of wheat and maize. They can be recognized by the spectral signal of the greenhouses’ 

plastic cover. 

The modeling efforts included a water balance (or 0D box model) of the whole county as well as a 

2D model capturing the spatial distribution of groundwater levels in the shallow aquifer. While the 

0D box model allows to assess the development of the average groundwater level over the county, 

the 2D model shows the spatial distribution of the cones of depression and thus the priority areas 

for groundwater saving measures. The groundwater system in Guantao can be conceptualized as 

a two-layer aquifer, with a deep aquifer separated from a shallow aquifer by a thick clay aquitard. 

Consequently, the deep aquifer has no local recharge. While the shallow aquifer water in Guantao 

is highly mineralized and not fit for use as drinking water, the deep aquifer offers water of drinking 

water quality. It is used for both households’ and agricultural water supply.  

The 0D model found a water gap filled by overexploitation of the two aquifers of about 37 Mio. 

m3/yr on average between 2000 and the start of the project in 2014. It allows to screen 

combinations of surface water imports and seasonal land fallowing sufficient to fill this gap. The 

2D model only considers the shallow aquifer, but implements more input options to achieve a 

comprehensive ability for scenario analysis and planning. Users can play through different crop 

choices for the county. The respective water needs are determined via an irrigation calculator, 

which computes the irrigation requirements for any individual crop on a monthly basis, according 

to the FAO method. Once the respective areas are chosen, the total irrigation water demand of a 

township or the county as a whole can be computed for normal or dry years, depending on the 

weather data used. Users can further plan conjunctive water allocation settings, and/or insert 

infiltration basins into the groundwater model. An infiltration experiment in Guantao showed that 

a basin of 35’900 m2 area and a volume of 110’000 m3 of water per filling could infiltrate half of 

its water into the shallow aquifer while the other half will be lost to evaporation. Despite the 

limited efficiency, it allows to convert surface water arriving outside of the irrigation season into 

groundwater available for use in the next season. In a real-time version of the 2D model, newly 

incoming observation data are assimilated in order to improve the model’s parameters and 

predictions. At the same time, the uncertainty of the model can be quantified. The model is used 

to regularly update the initial conditions of the 2D model integrated in the decision support 

system. A purely data-driven model based on machine-learning techniques was developed to 

predict groundwater levels over different lead times.  



24 

 

The project proposed the principle of the two red lines to guide the management of the shallow 

aquifer. The upper limit red line corresponds to the extinction depth of phreatic groundwater 

evaporation. As long as the groundwater level is below this line (which in Guantao is about 5 m 

below ground level) no salinization can occur. The lower limit is set at a depth below ground, which 

on one hand guarantees 70% of the designed well yield and on the other hand leaves a reserve for 

fighting a four-year design drought.  In Guantao the lower red line is set at 30 m below ground 

level. The integrated decision support system guides the user through the steps of water balancing 

and pumping scenarios with the goal of staying within the red lines. All data collected are 

conveniently visualized. The system can be readily updated by future users. Its most suitable time 

of use is in September, before the planting of the winter crop.  

Policy implementation and farmers’ reaction 

In addition to the development of technical tools, the project also reviewed and assessed various 

control policies, including the ones introduced in Guantao by the provincial government. So far, 

an area of 4000 ha of winter wheat has been fallowed, with a net saving of about 8 Mio. m3/yr. 

Surface water imports have been increased considerably from 5 Mio. m3/yr before 2014 to up to 

59 Mio. m3/yr in 2019. The combination of fallowing, water saving irrigation and substituting 

groundwater by surface water was effective in reducing aquifer depletion. 

The positive outcomes of the last 6 years’ management were evaluated on the basis of the water 

balance as well as the monitoring data. The water gap was about halved compared to the pre-

project period from 2000 to 2013 and is now limited to the deep aquifer. The groundwater 

monitoring data show the same result. While in the shallow aquifer groundwater levels have been 

practically in equilibrium in recent years, piezometric levels in the deep aquifer are continuing to 

decline, although at a slower rate.  

Sustainable use of the deep aquifer implies zero pumping. The regional government has decided 

to abandon all deep aquifer wells. This goal has been reached only partially. Since 2015, half of the 

public deep aquifer water supply has been substituted by water from the South North Water 

Transfer. Agricultural use of the deep aquifer is prevalent in regions where the shallow aquifer is 

too saline for irrigation purposes. In these areas, deep wells can only be shut down if their water 

can be substituted by surface water or fallowing measures. 

It has been noticed that the use of surface water imports has been extremely inefficient. As far as 

the imported quantities are concerned, they should be sufficient to close the water gap. However, 

as water arrives at unsuitable times with no storage capacity available and as some of the deep 

aquifer pumping wells cannot be reached by the surface canal system, the contribution of surface 

water imports to mitigate over-pumping of the deep aquifer has been limited. 
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A fee and tax system for irrigation water use has been introduced, however, only in theory. The 

theoretical fees on the level of villages and townships have been calculated using the conversion 

factors produced by the project. Fees are only due if the quota (222 m3/mu/yr in the case of double 

cropping of grain crops) are exceeded. On average, this occurs only in three out of six townships 

of Guantao County. Of course, the average hides over-pumping by individual farmers. Still, fees 

collected will be rather small and mainly concern the greenhouses, which are so profitable that 

payment of the fees poses no problem. It is therefore doubtful whether the planned system will 

be effective. Only a water fee, which non-negligibly increases the present price of groundwater of 

0.32 CNY/m3 spent on electricity, well maintenance, and labor cost for irrigation would encourage 

farmers to save water e.g. by abandoning the winter crop. We propose a water price system, 

where water has to be payed for from the first cubic meter pumped. This fee would be 

proportional to the electricity consumption and could be collected together with the electricity 

fee by the utility, making obsolete a separate fee collection system.   

The willingness of farmers to take part in the present winter wheat fallowing program has been 

evaluated in a farmers’ survey, carried out by a research team from the China Center of 

Agricultural Policy of Peking University. It shows that the subsidy of 500 CNY/mu/season is 

welcome and farmers are eager to take part in the program. However, more than half of the 

farmers will go back to winter wheat growing if the subsidy is decreased or discontinued. A 

weakness of the measure is that it does not take into account the local differences in farmers’ 

opportunity cost. Farmers who already fallowed spontaneously are now reluctant as they can do 

it more profitably under subsidy. Other farmers expect more than the 500 CNY/mu to abandon 

the wheat crop. The efficiency of the measure really depends on its future financial sustainability, 

which is in doubt.  

The survey was piggybacked by game-playing with a subset of farmers interviewed. The game 

“Save the Water” was developed by the project in two stages, a board game and a computer app 

based on it. Both were used in Guantao to test farmers’ feedback to different pumping control 

policies. The reactions of the farmers in the game were taken as indicators for their real behavior. 

Results showed that farmers are not so much led by profit optimization as by customs and inertia 

against change. They, however, reacted strongly to the visualized decline of groundwater levels 

which led to the idea of making groundwater levels more visible for the farming population 

through information panels in village squares. 

Way forward of sustainable use of groundwater in the North China Plain 

Turning back to the larger picture of the North China Plain, scenario calculations concerning crop 

choice and scale showed that a sustainable cropping in the Beijing-Tianjin-Hebei region with 

respect to available groundwater resources is only possible if the region restricts its production to 
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the local food requirements. All other scenarios are not sustainable without the import of surface 

water resources from the South – not only for household and industry purposes but also for 

irrigation.  

The solution of the North China Plain’s water problems is determined by the balance of three big 

forces: the national requirement of grain security, the water resources administration and the 

agricultural administration. Water authorities are in favor of water transfers while agricultural 

authorities are in favor of subsidized adaptation of the cropping system. Both are constrained by 

the national grain security policy. However, there is no silver bullet. The solution of the NCP’s 

water problems until 2050 and beyond consists of a mosaic of measures, which needs all available 

pieces to complete the puzzle. The transition from small family farms to large industrial farms will 

increase the overall efficiency of farming including the water efficiency. New cultivars may 

increase yield without increasing water needs. Some pieces of the puzzle are not easily recognized 

as contributors. China rightfully relaxed its requirements of grain self-sufficiency. Imported grain 

is imported virtual water. Other pieces of the puzzle are for example irrigation with wastewater 

(after proper treatment) and seawater desalinization. 

Actors should be encouraged to contribute their inventive share, hopefully avoiding the pitfalls 

existing in every method. They can all be guided by the value of irrigation water expressed in terms 

of a stiff water price. The government need not make people pay that price in every case. A tax 

and fee system makes only sense if it leads to a reduction of pumping, if not directly via farmers’ 

profit optimization then by turning the revenue into subsidies to incentivize proven water saving 

methods in agriculture.  

Looking forward in time, the role of groundwater resources will be co-determined by future 

climate and socio-economic development. Under the ICCP’s RCP4.5 scenario for the periods of 

2035 to 2064 and 2070 to 2099, the water deficit indices of double cropping show a general intra-

annual increase, due to the increase in evapotranspiration and a decrease in precipitation, except 

for July. The projected mild decrease of wind-speed, which reduces evapotranspiration, cannot 

reverse that trend. If we look that far ahead, we also must look at other societal developments. 

Towards the end of the century, China’s population will probably be half of that of today. Then 

water resources will easily get into equilibrium with demand, and management can concentrate 

on other issues such as water quality, which is probably the more serious long-term problem.  

However, before that time, China will still need to sustain its agricultural production in the North 

China Plain for another 20-30 years to feed its population in the face of climate change. 

Rehabilitation of its aquifers will certainly increase China’s adaptation capacity. 
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To conclude, we see the continued need of managing groundwater sustainably, avoiding not only 

over-pumping of the resource but also utilizing its buffer capacity to overcome extremes and 

preventing the further deterioration of its quality.   
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Chapter 1 Introduction 

1.1 Groundwater over-pumping and consequences 

The depletion of aquifers by excessive pumping is one of the prominent sustainability problems in 

the field of water resources. It has been described in the literature over the last two decades 

(Foster and Chilton, 2003, Kinzelbach et al., 2003, Konikow and Kendy, 2005), with the Ogallala 

aquifer in the United States’ Midwest being the first and iconic case of a large, significantly 

depleted aquifer (Wines, 2013). The Millenium Ecosystem Assessment Report (MEA, 2005) 

identifies more hotspots of aquifer depletion due to agricultural irrigation, including California, 

Spain, Pakistan, India, and the main case of interest here, the North China Plain (NCP) (Figure 1).  

 

Figure 1: Hotspots of unsustainable agricultural groundwater abstraction, indicating North China Plain, Northwest 
India, High Plains Aquifer and Southern California in USA as moderate to high overdraft regions. 
Source: MEA, 2005. 

In all these cases, aquifer depletion shows through constantly declining groundwater levels. In the 

North China Plain, for example, rates of decline of up to 2 m per year since the 1980s have been 

observed. 
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A global vision of large-scale groundwater depletion has been provided by the Grace mission, a 

satellite mission, which has been measuring the gravity field of the earth and its changes in time 

since 2002 (http://www2.csr.utexas.edu/grace/overview.html).  

 

Figure 2: Distribution of average mass change over the globe between 2004 and 2016 in cm of water equivalent per 
year (reddish tones: mass loss, bluish tones: mass gain) (Source:NASA, 2020). 

Temporal changes of the gravitational field are caused by displacement of large water masses over 

time. The water losses on the landmass not only include water from the melting of glaciers but 

also from the depletion of aquifers. Comparison of Figure 2 to Figure 1 shows the coincidence of 

high agricultural groundwater abstraction and mass-losses (reddish tones). A thorough analysis of 

areas of water loss and water gain and their respective causes is given in Rodell et al. (2018). Figure 

3 shows the mass change in a rectangle covering the North China Plain (between 35° and 40°N 

and 114° and 117.5°E) using the mascon approach. The gravitational signal has been decreasing, 

indicating a loss of 39 cm of water column (or about 2.4 cm/yr) between 2004 and 2020. The 

associated area is about 165’000 km2. 

This leads to a total mass loss of 64 km3 or an average annual loss of 4 km3/yr. An analysis by Feng, 

et al. (2013) taking into account an area of 370’000 km2, identifies a storage loss of 8.3 ± 1.1 km3/yr 

(2.2 ± 0.3 cm/yr) from 2003 to 2010. Figure 3 shows that there is quite some variation in the 

decline rate and one has to be careful when comparing figures for different periods in time. 

http://www2.csr.utexas.edu/grace/overview.html
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Further the attribution of the signal to an area introduces uncertainty. Ascribing the total loss of 4 

km3/yr to the unconfined aquifer and assuming a specific yield of 0.03, it translates to a 

groundwater level decline rate of about 0.8 m/yr on average.  

 

Figure 3: Mass loss averaged over the North China Plain between 2004 and 2020 in monthly steps (in cm water 
equivalent) (Data retrieved from NASA’s GRACE data analysis tool https://grace.jpl.nasa.gov/data-
analysis-tool, note that no data were available mid 2017 to mid 2018 before the launch of GRACE 
FO). 

Why do we actually bother about aquifer depletion? Aquifer depletion inherently contains a 

mechanism by which abstraction will decrease with a declining groundwater table. On one hand 

the well yields decrease with declining groundwater levels, reaching zero, when the groundwater 

level falls below the level of the pump. On the other hand, the energy cost of pumping increases 

with depth to groundwater, making water more and more expensive. Eventually, pumping will 

have to decrease due to economic constraints and an equilibrium is reached again, however at 

much lower groundwater levels. In economics, optimal use of groundwater means maximizing net 

present value of revenue derived from it. This implies that depleting aquifer storage today yields 

a higher total benefit over time than preserving it for the future, as standard discounting values 

production gain by irrigation today higher than the same production gain in the future. Some 

economists (Gisser and Sanchez, 1980a,b) have argued that compared to free market forces, 

contributions of groundwater management are at best marginal.  

This view undervalues the negative consequences of aquifer depletion encountered before a limit 

for pumping is reached. In particular, it undervalues water storage of an aquifer, which provides a 
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buffer against droughts. Depleting an aquifer allows high agricultural production and leads to a 

grain bubble (Lester Brown in George, 2011).  A return to sustainable groundwater abstraction is 

almost inevitably associated with the bursting of this bubble and a possibly disruptive reduction in 

agricultural production. 

An aquifer in dynamic equilibrium is characterized by its average recharge being equal to its 

average discharge in the long term. The equilibrium is disturbed, when the recharge decreases or 

the discharge increases over a prolonged period of time. Consequently, groundwater levels will 

decline, eventually reaching a limit. There are basically three ways in which pumping can come to 

an end: The first is reaching the physical limit of drying up of the aquifer. The second is reaching 

the water quality limit. With increasing depth to groundwater, mineralization usually increases, 

and when it hits a threshold unsuitable for use, pumping will stop. The third, considered in the 

analysis of Gisser and Sanchez, is reaching the economic limit, in which case the water price due 

to cost of deep-well infrastructure and energy requirements becomes unacceptable. If 

groundwater levels develop towards any one of these limits, abstraction is not sustainable over 

time. The High Plains aquifer in Kansas is the first example of an aquifer, which has been exploited 

to the physical limit in certain parts (Whittemore et al., 2018). 

Long before reaching any of the above limits, undesirable consequences of declining groundwater 

levels may arise, which require a reduction of pumping.  

Adverse consequences may be related to ecological concerns. Groundwater cannot be viewed 

separately from surface water. When groundwater levels fall below a streambed, groundwater 

discharge to the stream stops and the groundwater-dominated dry-weather stream flow is 

depleted, possibly disrupted completely. Stream-depletion by groundwater table decline is a 

serious worldwide problem (Döll et al. 2009, de Graaf et al., 2014). Springs and wetlands suffer if 

their groundwater feed is cut off by consumptive uses. With groundwater table decline, 

phreatophytic plants relying on a shallow depth to groundwater may no longer be able to survive. 

The degradation of populus euphratica forests in the Tarim basin of Xinjiang is a vivid example for 

that phenomenon (Liu et al., 2005). Generally, shallow groundwater affects terrestrial ecosystems 

by sustaining river base-flow and root-zone soil water in the absence of rain. 22 to 32% of global 

land area is of this type (Fan et al., 2013). Its decline over time is a cause for concern.  

Adverse consequences may also be related to infrastructural safety and water quality. A common 

phenomenon of declining groundwater tables is soil subsidence, which is prominent if soft aquifer 

layers are depressurized by pumping (Herrera-García et al. 2021). In Cangzhou (a city in Hebei 

province, China) for example, the soil subsidence has led to a sinking of the topography by 2.5 m. 

All over Hebei Province, soil fissures often several kilometers long have appeared (Gong et al. 

2018). The most prominent example of soil subsidence due to groundwater pumping is Mexico 
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City, where the settling has caused immense damage to infrastructure (Ortega-Guerrero et al. 

1999). At the coast, groundwater level decline may lead to seawater intrusion as it is seen for 

example in California (Franklin et al., 2017), and the east coasts of India and China. In Hebei 

Province, the saline waterfront has advanced inland by up to 50 km due to groundwater level 

decline (CIGEM, 2019) with the subsequent pollution of wells located within that zone.  

Last but not least, adverse consequences may be related to loss of resilience. Storage volumes of 

aquifers are often large compared to surface water reservoirs and therefore able to buffer multi-

year droughts. Depletion of an aquifer decreases its storage and thus its ability to buffer the 

stochastic nature of precipitation and surface water availability. Loss of storage makes a 

groundwater supply system – e.g. an irrigation system – less reliable. Maintaining storage by 

allowing recharge in years of good rains is considered an adaptation measure to extremes 

associated with climate change.  

A disequilibrium between recharge and discharge can be caused by decreasing recharge (e.g. due 

to climate change), increasing discharge (due to increased pumping) or both at the same time. 

Typically, a climatic change with decreasing precipitation will both decrease recharge by rainfall 

and increase water demand for irrigation and thus discharge by pumping. Note that not every 

groundwater table decline indicates over-pumping. The aquifer could just be on the way from one 

equilibrium to another one, trading off discharge to streams or by phreatic evaporation against 

discharge by pumping. We generally speak of over-pumping, when in the long term – typically 

decades – discharge by pumping exceeds recharge.  

Estimates of global unsustainable groundwater depletion vary from about 115 km3/yr (Döll et al. 

2014) to 283 km3/yr (Wada et al, 2010) and 362 km3/yr (Pokhrel et al, 2012), with the respective 

authors’ estimates of total global abstractions being anywhere between 600 and 1000 km3/yr. 

These figures are of interest to scientists who estimate for example the contribution of 

groundwater depletion to sea level rise or the impact of decreasing groundwater availability on 

the global production of agricultural goods. They are less relevant for water managers caring about 

a single aquifer, since groundwater is essentially a local resource, which has to be managed locally.   

The major user of groundwater by far is agriculture, which accounts for more than 70% of total 

water withdrawals and for more than 90% of total consumptive water use (Döll, 2009). About 40% 

of irrigated agriculture relies on groundwater (Siebert et al., 2010). Its popularity is increasing, as 

it is a convenient resource, which is available throughout the year and at the location of use. 

Groundwater depletion due to domestic use also exists, but usually confined to very large cities.  
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Box 1: Water terminology: usage vs consumption. 

1.2 What does sustainable groundwater use mean? 

The most prominent sustainability problems in the field of water are related to groundwater. 

Besides the depletion issue, other concerns such as the reduction of low flows of rivers, the drying 

up of wetlands, seawater intrusion and soil salinization are related to groundwater levels (Alley et 

al., 1999, Kinzelbach et al., 2003, Liu et al., 2001).  

Usage or consumption? Some water terminology  

Volumes of water are expressed in m3 or km3, flowrates or pumping rates in m3/s or m3/yr. 

If applied to the water delivered to our house or to an irrigated field, the colloquial word water consumption is 
inaccurate. Real “consumption” of water happens only when water is evaporated e.g. by the evapotranspiration 
of plants. This water is also not lost for the globe as it is recycled via the atmosphere. It may even be recycled 
locally in thunderstorms. However, usually it is lost for the catchment from which it is evaporated. In household 
and industry the consumptive part of water use is small (<20%).  

Water use in irrigation is mostly consumptive use (around 80%), of which again a part is productive use leading 
to plant growth and another part is non-productive evaporation from the soil. Irrigation water that is not 
consumed by evaporation or transpiration (around 20%) seeps to the underlying aquifer or flows to a drainage 
canal.  Seepage can already happen during conveyance in an irrigation canal. Conveyance by piping reduces 
seepage. 

 

Depletion of an aquifer represents consumptive water use, if seepage returns to the same aquifer. All water 
pumped from a deep aquifer, which does not receive irrigation backflow counts as depletion. Irrigation with 
surface water provides a net recharge to the underlying aquifer by seepage. Water saving in agriculture only 
happens if consumptive use is reduced. A reduction in water demand due to a reduction in seepage losses in the 
field or during conveyance saves only little water (a fraction of the 20% seepage losses). It mainly saves energy by 
reducing the useless cycling of water by pumping  

Water statistics of water authorities widely used in this report list total water use. Agronomists’s figures usually 
express water consumption. A more comprehensive definition also counts water lost to sinks like the sea or 
rendered unusable by pollution as consumptive (Seckler, 1996). 
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Sustainable groundwater use can be defined as an abstraction regime, which keeps groundwater 

levels within a range bounded by an upper and a lower limit – or two red lines - which guarantee 

the fulfilment of sustainability criteria specific for the region considered (Figure 4).  

 

Figure 4: The red-lines concept defining groundwater level range required for sustainability 

The upper limit has the function of preventing phreatic evaporation in agricultural regions, which 

leads to water logging and salinization. The upper red line in that case is located at the extinction 

depth of phreatic evaporation, typically between 2 and 5 m below soil surface. The lower red line 

could be determined by ecological criteria such as low flow requirements of streams, or the 

maximum root depth of phreatophytic plants. In an agricultural context, it should incorporate the 

requirement of minimum well yield and a reserve required to overcome a design drought. Well 

yield determines the time needed to pump a given amount of irrigation water. If it drops below a 

critical minimum, it may limit the ability to provide sufficient water to crops when it is needed 

(Foster et al., 2017). Close to the coast, the lower red line is determined by the seawater level. 

Note that the red line levels are groundwater levels as observed in observation wells, possibly 

averaged over a certain time and area, and not the momentary dynamic water levels in a pumping 

well which may be considerably lower.  

There are a number of best practices recommended by groundwater managers worldwide to 

control groundwater levels between the two red lines. Abstraction from an aquifer should allow 

the establishment of an equilibrium between recharge and discharge, which respects the two red 

lines, not at every moment, but on the average over times on the order of a decade. Surface water 

and groundwater should be used conjunctively. This means that surface water is the primary 

source of supply in years with average and above average rainfall and associated surface water 

flows, allowing groundwater to recharge, while in years of low flow or zero flow, groundwater 

takes over the supply. The ideal use of groundwater is as a buffer, with recharge in water rich years 

and drawdown of groundwater levels in dry years. Theoretically, this means that it is sufficient to 

design the maximum abstraction to stay below average recharge. However, in times of climate 

change, averages change and management has to be adaptive, correcting the average e.g. by 
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considering moving averages or by actively controlling the groundwater level based on the red-

line concept.  

Real sustainability of agriculture irrigated with groundwater is achieved, when water resources 

availability and agricultural production are in balance. Both an increase in supply and a decrease 

in demand can contribute to the restoration of an equilibrium between recharge and discharge of 

the aquifer. This means that in the efforts to reach aquifer sustainability, an adaptation of the 

cropping system and a reduction of agricultural production should be taken as seriously as the 

search for new resources. In water scarce areas of today demand management of water resources 

increasingly replaces supply management.   

An engineering measure of control is managed aquifer recharge (MAR), which uses excess water, 

e.g. surface water available outside of the irrigation season, for infiltration into the aquifer via 

ponds, canals, or wells. This water can then be pumped again at times of need. MAR is a promising 

adaptation measure to reduce vulnerability to climate change and hydrological variability. It can 

play a certain role in the restoration of the groundwater balance of aquifers. It can also be used to 

control saltwater intrusion or land subsidence. Finally, it can contribute to sustaining groundwater 

dependent ecosystems. The extreme form of MAR is water banking, where water is bought 

cheaply in times of excess, infiltrated into an aquifer, and pumped and sold in times of scarcity at 

the high water price associated with it. Several such schemes are working beneficially in the US 

and Australia. One of the first successful examples is the Arvin Edison groundwater bank in 

California (Scanlon et al., 2012). 

Nevertheless, MAR is not a panacea. It is notoriously inefficient and plagued by clogging. It is 

always easier to pump water out of an aquifer than to put it back into the aquifer. Before 

considering such an operation the suitability of sites and methods, the costs of building and 

maintenance and the alternatives have to be investigated (Dillon et al., 2007). Given the order of 

magnitude of over-pumping In the North China Plain, the role of MAR in restoring the aquifer 

balance is limited. Two examples are discussed in chapter 2.3. 

1.3 Role of irrigation in over-pumping in NCP 

The NCP is bounded by the Taihang Mountains in the West, the Yanshan Mountains in the North, 

the Yellow River in the South and the Bohai Sea in the East (Figure 5). Its area is about 140’000 

km2 and it is home to about 150 Mio. inhabitants. Due to its flat geomorphology, the NCP is one 

of the major agricultural areas in China. Within its boundaries, it produces 21% of China’s wheat 

crop and 13% of its maize crop. Its climate is semi-arid with rainfall of about 500 mm/yr and a 

potential evapotranspiration of about 1500 mm/yr. There is a South-North gradient of 
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precipitation, with higher rainfall in the South and lower rainfall in the North (Figure 6). 70-80% of 

rainfall occurs in the summer monsoon season between June and September.  

The NCP can be divided into four hydrogeological zones: (I) the piedmont plain adjacent to the 

mountains in the west, (II) the central alluvial fan and lacustrine zone formed by the rivers coming 

from the Taihang and Yanshan mountains, (III) the flood plain created by the ancient Yellow River 

(including today’s Zhang and Wei rivers) and (IV) the coastal plain bordering on the Bohai Sea in 

the East. Zones II and III occupy most of the NCP (Figure 7).  

 

Figure 5: The North China Plain (NCP) covering the sedimentary plain within the hydrogeological borders formed 
by the Taihang Mountains, the Yanshan mountains, the Yellow River and the Bohai Sea. It includes 
parts of Beijing, Tianjin, Hebei, Henan and Shandong Provinces. 

The groundwater system of the NCP is divided into four main aquifers. The bottom of the first 

aquifer is at a depth of 40 to 60 m, the bottom of the second at 120 to 170 m, while the third and 

the fourth aquifers reach to depths of 250 to 350 m and 550 to 650 m, respectively. The first and 

the second aquifer are well connected and form the so-called “shallow aquifer”, while the two 

deep layers are known as the “deep aquifer” (Wu, et al., 2010). The shallow and the deep aquifer 
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are only connected in the piedmont region, while with distance from the mountains they are 

increasingly separated by thick aquitards of low hydraulic conductivity and high salinity (Figure 8). 

The shallow aquifer has recharge from rainfall and to a lesser extent from irrigation water backflow 

and river infiltration. Natural groundwater recharge by rainfall is between 10% and 30% of 

precipitation (Figure 6). The shallow aquifer’s water quality in Zones II and III is usually not up to 

drinking water standard as mineralization is high (1 to 5 g/l TDS). The deep aquifer gets its recharge 

only in the piedmont region (Zone I) on the western boundary. Its water satisfies drinking water 

standards with a mineralization usually well below 1 g/l.  

   

Figure 6: Distribution of long-term average precipitation 
and groundwater recharge in the NCP 
(Cao et al., 2013). 

Figure 7: Geological map of the NCP (Meng, S. et al, 
2015) 

Large-scale irrigation in NCP started in the 1950s and was based on surface water supplied through 

canals. The seepage losses led to a groundwater table rise and widespread soil salinization as the 

flat terrain did not provide an efficient drainage. This changed in the 1980s when China due to 

population growth had to supply more grain. The double cropping system of winter wheat and 

summer maize was promoted. The water demand of this crop rotation of about 900 mm/yr 

surpasses the effective rainfall of about 500 mm/yr. As rainfall is concentrated in summer, winter 

wheat has to rely almost completely on irrigation with groundwater (Figure 9). 
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Figure 8: Hydrogeological cross section of the NCP (Foster et al., 2004). 

 

Figure 9: Distribution of rainfall, crop water demand (crop ET) and water deficit (hatched area) over the year in the 
double cropping system of winter wheat and summer maize (Average data for Guantao County). 

Thus, China’s efforts to feed a growing population dramatically increased the use of groundwater 

since the 1980s, leading to widespread over-pumping. Typical declines in the shallow unconfined 

and the deep confined aquifers are shown in Figure 10 and Figure 11. The decline of groundwater 

levels in the shallow aquifer (Figure 10) was fast in the 1990s and slowed down after 2000.  In 

recent years, levels are relatively constant, apart from the seasonal variation indicating the 
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abstraction of irrigation water. In some regions, even a rise has been observed. The same tendency 

is seen in an average of 559 unconfined aquifer wells distributed over the NCP (Zhang et al., 2020). 

The authors ascribe local rises after 2014 to the influence of water imports by the South North 

Water Transfer scheme (SNWT). The decline in the 1980s and 1990s is not caused by pumping 

alone. It is also influenced by a decrease in rainfall (Figure 12). After 2003, the decline rate of 

shallow groundwater levels decreased.  (Zhang et al, 2017) estimate that the increase of rainfall 

after 2002, contributed with 64% to that slowdown, while water saving contributed with 36%. 

Ignoring the influence of precipitation in the interpretation of groundwater levels may lead to an 

overestimation of the efficacy of water saving efforts.  

 

Figure 10: Groundwater table decline in the shallow aquifer, using observation well in Guanguzhuang, Rongcheng 
County, Hebei as an example. 

The piezometric levels of the deep aquifer (Figure 11) are not related to local precipitation as the 

aquifer receives little local recharge. The levels have been falling continuously since the nineties 

due to pumping of water not only for irrigation but also for households and industry. The decline 

even accelerated in recent years, which is also seen by an increasing seasonal amplitude.  
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Figure 11: Decline of piezometeric head in deep aquifer, using the example of an observation well located in 
Fuwangcun, Xiong County, Hebei. 

 

Figure 12: Development of rainfall since 1961 (Example Guantao County). Tendencies are clarified by taking a 5-
year moving average.  

The head difference between the two aquifers is ever increasing, which conjures up the danger of 

polluting the deep aquifer by saline water intruding from the aquiclude.  This danger has been 

indicated by Foster et al. (2004) and may prevail much longer than the present over-pumping 
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issue. The processes involved are depicted in Figure 13. In the NCP, evidence of increasing leakage 

recharge from the shallow aquifers to the deep aquifers has been found after 2000 (Cao et al., 

2013; Huang et al., 2015). While the quantities are far too small to effectively recharge the deep 

aquifer, they present a danger for its water quality.  

 

Figure 13: Processes leading to salinization of groundwater resources (from Foster et al, 2004).  

The distribution maps of groundwater levels and piezometric heads (Figure 14 and Figure 15) show 

the overexploitation zones as pronounced cones of depression, both in the shallow and the deep 

aquifers. The over-pumping is clearly more serious in the deep aquifer, even though its 

abstractions are only about a quarter of the abstractions in the shallow aquifer. It is a confined 

aquifer, which consequently has a very small storage coefficient. Therefore, a relatively small 

abstraction already causes a large drawdown. The deep aquifer is not only used by agriculture but 

also by households and industry because of its drinking water quality. 



42 

 

 

Figure 14: Spatial distribution of observed water levels in the shallow aquifer in the NCP (2019) (Cones of depression 
marked with red contours) (Groundwater levels in m asl, in steps of 5 m from -75 m asl to 70 m asl) 
(CIGEM, 2019).  
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Figure 15: Spatial distribution of observed piezometric levels in the deep aquifer in the NCP (2019) (Cones of 
depression have joined to a large depression zone. Drawdown zones of different intensity are 
marked with red and black contour lines) (Piezometric levels in m asl, in steps of 10 m from -120 m 
asl to 60 m asl) (CIGEM, 2019). 
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A rough water balance has been suggested in various groundwater-modelling efforts. Results for 

the period 2002 to 2008 from Cao et al. (2013) and for 2002 to 2003 from Wang et al. (2008) are 

shown in Table 1. As storage change is calibrated, fluxes are not unique. 

Table 1. Water balance of the the NCP aquifer system.  

Item Flux (in km3/yr) (+ in, - out) 

Average 2002-2008 

(Cao et al., 2013) 

Flux (in km3/yr) (+ in, - out) 

Average 2002-2003 

(Wang et al., 2008) 

Recharge by precipitation and irrigation backflow +18.71 +20.77 

Boundary flux and river seepage +2.21 +2.60 

Pumpage (shallow aquifer) -17.70 -17.52 

                 (deep aquifer) -5.01 -3.11 

Phreatic evaporation and outflow to the sea -2.58 -6.32 

Storage change -4.37 -3.58 

 

The depletion of storage in both models is close to the estimate made based on GRACE data 

(Figure 3). It indicates the gap between discharge and recharge, which has to be closed in order 

to return to a sustainable mode of resource use. Even if abstractions could be reduced to achieve 

zero storage change within a few years, the restoration of groundwater levels requires much 

longer times. A storage change of zero would freeze present average groundwater levels. Only an 

excess of recharge over discharge, which is bound to be small, would allow to gradually refill the 

accumulated depletion of 40 years. A return to the shallow aquifer’s groundwater levels of 1980 

is not desirable as they were so high that they led to water logging and soil salinization.  

While the global consideration of Table 1 gives a feeling for the order of magnitude of the problem 

and the efforts needed in its solution, it is not useful for the planning of concrete management 

measures. Figure 14 and Figure 15 show clearly that aquifer depletion is not distributed 

homogeneously over the NCP. They also show that the situation of the deep aquifer is more severe 

than the situation of the shallow aquifer. The adverse consequences of long-term groundwater 

overexploitation such as land subsidence, ground fissures, rivers drying up, wetland degradation 

and seawater intrusion (Yuan et al., 2013, Moiwo et al., 2010) are also area specific. Finally, zero 

storage change for the whole aquifer system could hide deterioration in some locations by 

improvement in others. This means that for the efficient restoration of a sustainable pumping 

regime a thorough, spatially resolved analysis is necessary. For an example of such a local analysis, 

we turn to the pilot area of Guantao County, which is a typical county in the NCP. 
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1.4 Requirements for sustainability in NCP and Guantao as 

an example  

Guantao County, located in Handan Municipality of Hebei Province, is a typical county of the NCP 

(Figure 5 and Figure 16). It was chosen as pilot region for the implementation of the Sino-Swiss 

groundwater project. It had been the object of an earlier study funded by the World Bank under 

a GEF project (Foster and Garduno, 2004b). Its long-term average annual precipitation is 525 mm 

with an annual potential evapotranspiration of 1516 mm. Annual average temperature is 13.4°C. 

Guantao has a population of 363’000 and an irrigated agricultural area of almost 30’000 ha. The 

total annual water use is about 123 Mio. m3, of which agricultural irrigation covers 82%, industrial 

water use 4%, domestic and other water use 14%.  

 

 

 

Figure 16: Guantao County map (left) and remote sensing image (right). 

The main planting area is dedicated to the double cropping of winter wheat and summer maize. 

The main crops, their planting areas and calendars as well as their irrigation norms are listed in 

Table 2.  

Table 2. Main crops and their respective planting area, growth period, planting month, harvesting month and 
irrigation norm. (Data supplied by Guantao Department of Water Resources based on the local year 
book for 2012.) 

Crop type 
Total planting 

area (ha) 

Growth period 

(days) 
Planting month Harvest month 

Irrigation norm 

(mm) 

Winter wheat 20’570 240 October June 247.5 

Summer maize 16’663 120 June October 75 

Cotton 5’730 210 April November 150 
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Oil crop (soy) 1’025 120 June October 150 

Oil crop (peanut) 3’761 160 April October 90 

Tomato 325 60 March May 300 

Tree garden 1’000     

Orchard (apple) 1’615 210 March October 180 

Orchard (pear) 500 210 March October 225 

Orchard (wine) 350 100 April September 150 

Orchard (peach) 200 100 March July 180 

Millet 157 120 June October 75 

Vigna radiate 33 100 April August 75 

Fall sweet potato 211 120 June October 150 

Vegetables 7’675 140 February July 375 

Melons 183 120 April July 375 

Note: Due to double cropping, the sum of total planting areas is larger than Guantao’s agricultural area. 

The crop water supply depends on three sources: precipitation, the exploitation of shallow and 

deep groundwater layers through about 7300 shallow and 300 deep wells, and surface water 

provided both from the Weiyun River and from the Yellow River via Weidaguan Canal and Minyou 

Canal. For household and industry, the SNWT scheme has been providing 4 Mio. m3 per year since 

2014. This allowed a reduction of deep-aquifer abstractions for households and industry by about 

one half.  

Wells are operated and managed by well managers, who are owners of a well or take care of a 

well co-owned by several households. A household of four persons is allocated a planting area of 

about 1/3 of a hectare. A well typically covers about 3 ha of cropland and is equipped with an 

electricity meter. Village electricians collect electricity fees based on the readings of electricity 

meters by well managers, who organize the recording of irrigation electricity use and collect 

electricity fees from farming families sharing the same well. The collected fees include the rural, 

subsidized electricity fee (0.5115 CNY/kWh) for pumping and in some regions an additional fee 

(about 0.3-0.5 CNY/kWh depending on the farmland’s distance from the well) charged for the 

service of the well manager.  

To reach the goal of sustainable groundwater use, a management system has been set up in 

Guantao, integrating policy with databased decision support. It comprises three modules: data 

monitoring, decision support by modelling, and implementation of policies in the field (Figure 17). 

Monitored items include groundwater levels, pumping rates, and land use. In addition, data on 

surface water imports and meteorological quantities are collected. All data are transferred to a 

server, where they are analyzed by various models and policy options are identified. The chosen 

policies are then implemented in the field. Success or failure can be assessed via the monitoring 
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data in the following year. The management cycle is gone through annually, decisions being taken 

before the winter wheat planting in October.  

 

Figure 17: Architecture of a real-time groundwater management system, including real-time data monitoring and 
transmission, modelling for decision support, and policy implementation in the field, with feedback 
by data monitored. 

The following chapters demonstrate how such a management system can be successfully 

implemented. This includes a review of the policy options used in the NCP to control groundwater 

over-pumping, the evaluation of the most effective control measures in the field, the farmers’ 

feedback obtained from a household survey and a policy test based on game playing. Eventually 

the above-mentioned management system was set up in Guantao through an integrated decision 

support platform.   
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Chapter 2 Policy options of over-pumping control in 
the NCP 

 

In China, policies are generally implemented through a top-down approach. Even though some 

policy pilots start on provincial or county level, eventually a national policy follows, upscaling the 

pilot experience to all relevant regions. This chapter summarizes China’s recent national policy for 

groundwater management and assesses the efficiency of major measures for groundwater over-

pumping control implemented through various pilots in Hebei province from 2014 to 2017. The 

chapter also highlights the most effective control measures adopted for further implementation 

in Beijing-Tianjin-Hebei (BTH) region from 2018 on and their implementation status. The 

governance structure of the water sector in China is introduced presenting the overall picture of 

groundwater management across different governmental bodies. 

2.1 China’s groundwater policies in recent years 

China has issued regulations and policy rules related to groundwater management and pumping 

control on both national and provincial levels. These policies include the requirement of permits 

for well drilling, a well spacing policy, pumping quota management, water resource fee collection, 

setting of irrigation water prices, a water rights system, water markets, and more. A summary of 

these policy instruments is given below:  

2.1.1 Permit policy for well dri l l ing  

In the early 1990s, some provinces in northern China began to implement formal or informal well-

drilling permit policies in an effort to control the drilling of tube wells and thus limit the utilization 

of groundwater. Although the policy has been implemented in certain provinces as early as the 

1990s and is effective up to now, well permits were not included in the 2002 Water Law and no 

national water regulation has addressed this policy. Shen (2015) pointed out that well permits are 

inconsistent with the recent reform aiming at a reduction of administrative permits in China. 

Based on a survey covering six provinces (Hebei, Henan, Shanxi, Shaanxi, Liaoning and Inner 

Mongolia) in North China done by Prof. Jinxia Wang and her team at Peking University, in 1995 

18% of villages had implemented a well-drilling permit policy. This share increased to 34% by 2004 

and to 54% by 2015 (Wang, Jinxia et al., 2020). 
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2.1.2 Well -spacing policy  

In 2010, the Ministry of Water Resources issued a technical guidance on tube well spacing in both 

rural and urban regions (MWR, 2010). Depending on the distance, the groundwater withdrawal of 

one tube well will affect the groundwater availability at other tube wells in the same aquifer 

(Huang et al., 2013). Frija et al. (2015) stated that management tools such as appropriate well 

spacing are needed in areas with groundwater overexploitation and degradation. Therefore, a 

well-spacing policy to control farmers’ tube well investments is a crucial measure to ensure the 

supply reliability of groundwater irrigation. However, it is both time-consuming and technically 

demanding to provide scientific information for well spacing based on the local hydrogeological 

conditions. The implementation of this policy so far depends mainly on local people’s experience 

(e.g. county officials, drilling teams, farmers).  

2.1.3 Quota management  

Water quota management was first introduced in China in the 2002 “Water Law”. It only became 

a priority policy instrument after the Three Red Line policies were issued by the central 

government in 2012 (State Council, 2012). The central government required river basin 

management authorities and local water resources bureaus to determine water quotas for various 

water users at different administrative levels (i.e. river basin, province, city, county, irrigation 

district, and village). Under the water quota system, all water users should be issued withdrawal 

permits from upper-level water management authorities and their withdrawal rates (of both 

surface and groundwater) should not exceed the allocated quota. In recent years, the water quota 

concept has also been used in groundwater pumping control in the framework of the agricultural 

water pricing reform.  

Despite central and local governments’ efforts, implementation of water quota management 

remains difficult in rural areas. The main reasons are: First, water use differs by crops, farmers, 

and regions (according to soil and climate conditions) and it is difficult to calculate generally 

applicable water quota. Second, metering facilities for groundwater use in irrigation rarely exist. 

Third, the water rights system has not yet been established in all of China, and the relationship 

between water quota and this system remains unclear.  

2.1.4 Water resources fee and tax 

Kemper (2007) indicated that a water resources fee could provide incentives to use groundwater 

more efficiently. This is especially true if this fee is tied to the volume of groundwater used. Since 

the early 1980s, water resources fees have been introduced in certain provinces in northern China 

(e.g. Tianjin, Shanxi, Beijing) (Shen, 2015). They are also included in the 2002 Water Law. In 2006 

China’s central government issued the “Regulations on the Management of Water Abstraction 

Permit and Collection of Water Resources Fee”. The fee is collected by the water administration 
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departments at the county level based on approved water abstraction permits. Where an 

abstraction permit is approved by river basin management organizations, the fee is collected by 

the relevant department of the province in which the water intake is located. It is based on the 

actual water abstraction volume and fee standards (Shen, 2015). 

Collecting groundwater resource fees in rural areas remains a major challenge for policymakers. 

Groundwater cost for irrigation includes pumping costs (including cost for drilling and equipment 

of tube wells, electricity cost or diesel fuel cost) but does not account for the scarcity value of 

groundwater. As Yu et al. (2015) pointed out, the water price does not include the groundwater 

resource fee in most parts of rural China.  

There is an ongoing transformation from a water resources fee to a water resources tax to 

enhance its potential role. In 2016 Hebei Province was selected as the pilot province for the fee to 

tax transformation. From 2017 the fee to tax reform has been expanded to 9 provinces including 

Beijing, Tianjin, Shanxi, Inner Mongolia, Henan, Shandong, Sichuan, Ningxi and Shaanxi. No matter 

whether fee or tax, it is difficult implement the policy in rural groundwater use. Farmers’ low 

revenue from agricultural production and the lack of metering facilities for millions of irrigation 

pumping wells are both huge obstacles preventing the collection of water resources tax from 

individual farmers.  

2.1.5 Irr igation water price policy  

Over the past 40 years, the reform of China’s irrigation water price policy has made some progress. 

After the first water fee regulation in 1985, surface water supply for irrigation was transformed 

from being fully subsidized to covering at least part of the cost by a supply fee. In 1992, price 

bureaus took over the management responsibilities for the irrigation fee from the Water 

Resources Bureaus, changing the nature of the fee from an administrative issue to a commodity 

issue. The irrigation fee further changed from a single to a two-part structure in the last two 

decades. The two parts include a basic fee charged by area and a volumetric fee charged by the 

amount of water used. In the last decade, the scarcity value of water resources was added as a 

component of the irrigation fee. In addition, from 2016 on, the central government began 

selecting regions to set up pilot projects to shift from water resources fees to water resources 

taxes. This might seem a change in name only. However, fees go to the water administration, 

possibly reducing their interest in water saving, while taxes go to the government tax office. The 

government also realized that irrigation price reform should be accompanied by improvement of 

irrigation facilities and institutional innovation (such as establishing WUAs).  

Reform progress mainly related to the price of surface water resources for irrigation, and not to 

the price for groundwater. In groundwater irrigation the major investors are farmers or village 

collectives. They mainly pay electricity or diesel fuel cost incurred for pumping water and do not 
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need to pay the resource fee. Collection of a groundwater resource fee is what the government 

expects from the reform of the irrigation water price. However, due to high implementation cost 

for collecting such a fee, until now this expectation cannot be realized. Therefore, groundwater 

irrigation cost presently mainly consists of the energy cost (electricity or diesel fuel cost), cost for 

drilling and equipment of tube wells and eventually labor or service cost incurred during irrigation.  

Due to poor measurement facilities and high implementation cost, it is hard to implement 

volumetric groundwater irrigation fees in the field. However, since most tube wells include 

electricity metering, and the major operation cost of a tube well is the electricity cost, it is common 

to collect groundwater irrigation fees based on electricity use. Charging groundwater irrigation 

fees according to electricity use can be treated as a proxy approach to a volumetric irrigation fee. 

A field survey by Wang, J. et al. (2015) tracked 125 community tube wells managed by well 

managers. For this sample, the percentage of tube wells collecting a groundwater irrigation fee 

proportional to the electricity fee increased from 36% in 2001 to 78% in 2015. In another 

approach, tube well managers collected groundwater irrigation fees by time of use of the well, 

which is another type of proxy approach to a volumetric irrigation fee. Over the past 15 years, the 

share of tube wells collecting groundwater irrigation fees by time of use slightly decreased from 

25% in 2001 to 22% in 2015. Before 2015, some tube well managers also collected groundwater 

irrigation fees by area irrigated or by the amount of diesel fuel consumed. 

2.1.6 Water r ights system and water markets  

Chinese government has been trying to set up a water rights system and allocate water through 

market mechanisms since the early 2000s (Calow et al., 2009). In theory, regulatory caps on total 

water use within a given region in a rational water rights system can lead to socially optimal 

allocation of water resources; thus, water can be used by those who value it most (Howe et al., 

1986; Debaere et al., 2014). Considering the potential benefit, the central government has been 

issuing regulations to promote the development of a water rights system over the last two 

decades. The first two important regulations were issued in 2005: “Some Opinions on Water Rights 

Transfer and Establishing a Framework of Water Rights System”. In 2014, the government 

launched formal pilot projects in seven provinces to further accelerate the development. These 

provinces included Ningxia, Jiangxi, Hubei, Inner Mongolia, Henan, Gansu, and Guangdong. To 

support the implementation of pilot projects and encourage water rights transaction among 

regions, sectors, and individual water users, the MWR issued the “Temporary Management 

Regulation on Water Rights’ Transfer” in 2016. In the same year, the first national Transaction 

Institute of Water Rights was established in Beijing.  

So far, only a few pilot projects of water rights transfer have been considered successful, especially 

those which trade among regions and industries. For example, there are two prominent water 
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rights transfer projects (Speed, 2009; Moore, 2015): between Dongyang and Yiwu in Zhejiang 

province, and between agricultural and industrial sectors in Inner Mongolia and Ningxia provinces. 

Though successful, they are mainly coordinated by local governments; water users in these regions 

have not been directly involved in the transaction. It should also be noted that while the transfer 

of water rights may increase water use efficiency it does not reduce the amount of water pumped 

from an aquifer and is therefore no solution to over-pumping. 

It is more difficult to establish a water rights system to promote rights transfer among irrigation 

water users in rural areas. At the irrigation district (ID) level, water rights have only been granted 

to farmers at a few select pilot sites, where water rights transactions among individual farmers are 

not always effective (Sun et al. 2016). Field surveys in China seldom found evidence of water rights’ 

transfer among farmers. In fact, many farmers are unaware of their water use rights or the fact 

that they can be traded. A typical example for establishing a water rights system in rural areas is 

the institutional reform in Zhangye Prefecture in Gansu Province. Here, water rights have been 

granted to individual farmers in the form of water rights certificates. These certificates state the 

upper limit of the amount of water a household can buy, which is computed by the water rights 

area and crop irrigation quota. Even so, transactions involving water rights are rare in Zhangye. 

Importantly, because of poor implementation and high monitoring cost, water rights certificates 

do not have a sustainable function in reducing irrigation. They only played a significant role in the 

early stages of the reform, where irrigation of wheat was reduced by 23% (before 2010). The 

survey (Sun et al., 2016) also found that farmers incurred practically no penalty for exceeding their 

water rights, which encourages them to use yet more water. 

Despite progress made in establishing a water rights system and developing water markets, China 

still faces challenges in expanding reforms. There has also been a heated debate on the suitability 

of a water markets in rural areas. The major issue is that initial water rights have not yet been 

allocated to various water users in most regions (Wang J. et al. 2017). It is impossible to develop 

water markets without a fully established water rights system. Recently, a water quota system has 

been suggested for allocating initial water rights to users. However, there is no clear agreement 

on the relationship between the water rights system and the water quota policy. In addition, the 

implementation of a water quota policy in rural areas has been slow because of the lack of 

metering facilities and the high cost involved in monitoring large numbers of small-holder farmers’ 

wells. Therefore, some officials and scholars question its suitability for developing water markets 

in rural China, at least at the individual farmer level. If possible, it is better to encourage trade at 

the level of WUAs or IDs instead. Lewis and Zheng (2018) noted that promoting water trade at the 

WUA level requires strong efforts to encourage farmers to participate in the activities of WUAs. 

Finally, the potential effects of water rights transfer on disadvantaged water users and on the 
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environment also need to be seriously considered (Heaney et al., 2005; Johansson et al., 2002; 

Etchells et al., 2006). 

2.1.8 National policy focus: NCP’s groundwater over -pumping 

Regardless of all the policy rules and regulations published, implementation lags and groundwater 

over-pumping remains a major issue in the NCP. It has become a focus of national policy, appearing 

in many important state documents issued by the Central Committee of Communist Party of China 

and the State Council. The most recent state documents include: 

1. “Decision of the Central Committee of the Communist Party of China and the State Council on 
Accelerating Water Conservancy Reform and Development” in 2011 

This document demands that groundwater over-pumping should basically be stopped by 2020. 

2. “Opinions of the State Council on Implementing the Strictest Water Resources Management 
System” in 2012 

This document calls for strict groundwater management and protection to reach a balance 
between groundwater exploitation and recharge. 

3. “Decisions of the Central Committee of the Communist Party of China on Several Major Issues 
of Comprehensively Deepening Reform” in 2013 

This document proposes several measures for groundwater management, including the 

establishment of pre-warning mechanisms based on the monitoring of resources and 

environmental carrying capacity and the implementation of restrictive measures for areas 

where water and soil resources are exploited beyond their capacities. The measures include 

adjustment of cropland area in regions with severe pollution and severe groundwater 

overexploitation, in order to rehabilitate arable land, rivers and lakes.  

4. “Opinions of the Central Committee of the Communist Party of China and the State Council on 
Accelerating the Construction of Ecological Civilization” in 2015 

The document states that the balance between groundwater extraction and recharge should 
gradually be reached by implementing groundwater protection and comprehensive 
management of the over-exploited areas characterized by depression cones. 

5. “Outline of the 13th Five-Year Plan for the National Economic and Social Development of the 
People's Republic of China” in 2016 

The document states that groundwater management should focus on areas of groundwater 
depression cones, exploring pilot measures of farmland rotation and fallowing mechanisms, 
developing scientific methods for the conjunctive use of surface water and groundwater and 
various types of unconventional water sources, strictly controlling groundwater exploitation, 
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improving the national groundwater monitoring system and comprehensively managing 
groundwater over-exploitation areas. 

All these documents prove that groundwater depletion has been paid great attention to on the 

central government level since the beginning of the 2010s. This has resulted in the deployment of 

the pilot program “Comprehensive Control of Groundwater Overdraft in North China Plain” in 

Hebei Province in 2014, which has been supported by the Ministries of Finance, of Water 

Resources, of Agriculture and Rural Areas and of Land Resources (now Natural Resources). The 

pilot program started in four prefectures (including Handan) in Hebei Province, covering 49 

counties (including Guantao County in Handan Prefecture). 

2.2 Groundwater over-pumping control measures in Hebei 

Province 

From 2014 to 2017, Hebei Province yearly issued a report on “Integrated Pilot Planning for 

Governing Groundwater Overdraft”. Different governmental departments in Hebei Province 

contributed different measures to reach the goal of groundwater overdraft control. The measures 

used by various governmental departments are listed in Table 3. They cover all sectors involved, 

including Agriculture, Forestry, and Water Resources. 

Table 3. List of measures used in Hebei Province for groundwater overdraft control from 2014 to 2017. 

Sector/Department       Measures 

Agriculture • Seasonal land fallowing (new) 

• Fertigation (traditional) 

Forestry • Substitution of non-food crops for grain 

crops (new) 

Water 

resources 

Water Conservation • Replacing groundwater by surface 

water (new) 

• Irrigation water saving technologies 

(traditional) 

Agricultural water price reform • Buy-back of water rights (new)  

• Increase of prices and provision of 

subsidies (new) 

• Tiered scheme of water fees (new) 

Note: New measures are the ones not been used before 2014. Traditional measures have been used before 2014. 

 

The effects and challenges of all the new measures listed in Table 3 are assessed in the following 

sections. 

2.2.1  Seasonal land fallowing 
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The Seasonal Land Fallowing Program (SLFP) was introduced as one of the important measures for 

groundwater overdraft control in Hebei. The main fallowing crop is winter wheat, which needs 

irrigation during its growth season from October through May. Seasonal land fallowing has an 

immediate effect on groundwater table recovery. Water which is not pumped remains in the 

aquifer. The annual water saving claimed for fallowing winter wheat is up to 180 m3/mu (1 mu = 

1/15 ha). 

Seasonal land fallowing has been implemented in Handan Prefecture including Guantao County. 

The subsidized fallowed area in Guantao from 2014 on is listed in Table 4. The subsidized winter 

wheat fallowing in Guantao implies a reduction of groundwater pumping by up to 10 Mio. m3 per 

year under current funding. (Note that the net groundwater saving compared to winter wheat 

planting is only 80% of that figure when taking into account the irrigation backflow). It is a 

substantial contribution towards elimination of Guantao’s groundwater gap. The fallowed area 

determined by remote sensing is virtually identical to the official figures (see Figure 59).                                             

Table 4. Subsidized fallowed area and groundwater saved through subsidized fallowing in Handan and Guantao from 
2014 to 2020 

Year Subsidized fallowing area in 

Handan (mu) 

Subsidized fallowing area 

in Guantao (mu) 

Reduction in groundwater 

pumping in Guantao (Mio. m3) 

2014 50’000 5’000 0.80 - 0.90 

2015 73’500 15’000 2.40 - 2.70 

2016 183’500 35’000 5.60 - 6.30 

2017 226’656 37’000 5.92 – 6.66 

2018 305’160 42’000 6.72 – 7.56 

2019 395’400 62’000 9.92 – 11.16 

2020 395’400 62’000 9.92 – 11.16 

Note: The range of reduction in groundwater pumping in Guantao is calculated with the irrigation norm for winter wheat as 
lower estimate (160m3/mu/yr) and the claimed water saving from the seasonal land fallowing program in Hebei Province as 
upper estimate (180 m3/mu/yr).  

Regardless of the success of seasonal land fallowing (mainly winter wheat fallowing) regarding 

groundwater saving, there is no clear prospect for a sustainable funding source, unless the central 

finance authority can provide funds in the future. To eliminate over-pumping, the measure should 

cover a larger area, which could contradict the country’s grain security policy. The farmers’ 

feedback and other challenges of the Seasonal Land Fallowing Program are described and 

discussed in more detail in Chapter 3. 

2.2.2  Substitution of non-food crops for grain crops 

Substitution of winter wheat by non-food crops was implemented mainly through subsidizing the 

planting of drought resistant tree species, with intercropping of forage grass, medicinal herbs and 

other drought-tolerant crops instead of grain crops. Main tree species are fast growing poplar, 
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Chinese ash, locust tree, and walnut tree. The subsidy standard is 1500 CNY/mu in the first year 

and 750 CNY/mu/yr from the second to the fifth year (altogether 4500 CNY/mu in five years). 

Farmers do not need any more subsidy after the five-year period. 

Replacing grain crops with trees can ideally save water for irrigation of winter crops, however the 

newly planted trees also need irrigation for the first few years before their roots have grown deep 

enough to completely rely on precipitation and deep soil water. Farmers can expect higher income 

through the subsidy in the first few years, but the income afterwards depends both on the market 

price of the trees and the management and technology for pest control. In some places it was 

reported that farmers planted fruit trees (for example pear trees), which in contradiction to the 

measure’s purpose require intensive irrigation. Tree planting has been implemented in Handan 

and Guantao, but only on a very small scale. Its contribution to closing of the water gap is negligible 

up to now. 

2.2.3  Replacing groundwater by surface water  

Since 2014 the Central Government has funded numerous engineering projects in all pilot 

prefectures in Hebei Province, involving dredging of river channels, renovation of the canal system 

and digging pits or ponds to improve the surface water supply system with storage facilities. All 

these measures aimed at increasing the fraction of the cropping area, which can be irrigated by 

surface water.  

The measure has an immediate and direct effect on saving groundwater and in addition increases 

net recharge through irrigation backflow. It also exhibits a high level of acceptance by farmers. The 

unit surface water price being lower than the pumping cost of the same amount of groundwater, 

they can cover their irrigation water needs at lower price. 

However, the primary constraint is that surface water is insufficient, and supply is not reliable, 

neither spatially nor temporally. It often fails to arrive at the time of need. This was the reason 

why groundwater pumping had become so popular in the first place. The implementation of this 

measure mainly focused on the construction of canals, infiltration ponds, and pumping stations, 

while neglecting management including timing, which is the main prerequisite for distributing 

surface water efficiently. Although amounts imported to Guantao after 2014 look impressive 

(Table 5), their use has been extremely inefficient.  

Table 5. Surface water imported to Handan and Guantao, including water for both domestic and agricultural use. 

Year 
Surface water imported to Handan  

(Mio. m3) 

Surface water imported to Guantao 

(Mio. m3) 

2014 643.25 31.87 

2015 689.54 36.00 

2016 658.32 36.00 
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2017 794.22 39.00 

2018 852.14 43.00 

2019 800.00 59.00 

2020 862.41 43.10 

Source: Handan General Management Office of Water Resources, Handan Water Resources Bulletin 2014-2020. Note that these 
figures contain surface water imported from inside and outside the NCP. They cannot be compared to figures in Table 19. The 
Guantao figures were used in the modelling in Chapter 4. 

 

2.2.4  Buy-back of water rights 

Buyback of water rights was a measure promoted by the Ministry of Water Resources and tested 

in Cheng’an County in Handan Prefecture, starting in 2016. It integrated 10 villages in a monitoring 

platform. In 2017, the network was extended to over 70 villages. The ideal scheme for this system 

makes the water user association (WUA) buy back unused water rights from farmers at higher 

price, to subsequently sell them to other WUAs either through government or directly. The 

measure, which is illustrated in Figure 18 was intended to enhance groundwater trading and 

establish a groundwater market. In reality, however, there was no WUA buying water from 

another WUA. The government had to buy back the water rights at CNY 0.2 per m3. Farmers may 

trade informally among themselves, but they do not trade through the network in order to avoid 

the higher water price. 

A positive outcome is that farmers’ consciousness of water saving has been improved, once they 

know that saved water can be sold. Water that has been sold to a WUA is not used as it is not 

traded to another WUA, which implies real water saving. Water trading, on the other hand, only 

increases water value. While it may incentivize individual farmers to save water on their own field, 

it will not reduce regional pumping as the traded water will also be used, only by users who can 

pay more. 

The system in Cheng’an County had to be abandoned after a couple of years of trial due to lack of 

adequate and stable government repurchasing funds. Only 100’000 CNY available from the 

provincial government in 2016, were not enough to satisfy the sellers’ demand in 2017, which was 

so high that government had to suspend the buy-back. A large number of informal water rights 

transactions exists within farm neighborhoods, who do not bother to go through the trouble of 

using the formal water rights market for the small amount of water rights they can trade. There is 

no high-value-added agriculture or local industry water user who can buy additional water rights 

at higher price from the government. Such users, however, have proven to be an important 

prerequisite for a successful water market as established in Northwestern China. 
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Figure 18: Water right transfer model planned in Cheng’an. 

2.2.5  “Increase price and provide subsidy”  

As part of the agricultural water pricing reform actions, “Increase price and provide subsidy” has 

been practiced in 14 counties in Hengshui prefecture, but not in Handan and the other two pilot 

prefectures. The mechanism of the reform measure is illustrated in Figure 19. The water fee is 

charged to the farmers every month by their well managers by increasing the electricity price from 

0.65 to 0.95 CNY/kWh. The price increase of 0.30 CNY/kWh together with an additional subsidy of 

0.15 CNY/kWh from local government is collected in an account managed by the Water User 

Association of the village. These funds are paid back to farmers according to their water saving 

performance twice a year in order to give an incentive for water saving and to guarantee that 

farmers’ income is not affected by the additional water fee.  

The field research in one of the pilot districts in Hengshui, Taocheng District, showed that the local 

farmers’ groundwater use for irrigating wheat and cotton decreased by 21% each. However if no 

subsidies were granted, half of the region’s farmers would lose money due to the increased 

electricity/water price. However, with the subsidy most farmers in the pilot villages were able to 

earn even some extra money (Wang et al., 2016). In another pilot site, Anping County, the scheme 

was less successful: 33 villages conducted the reform in 2017 and many of them abandoned the 

scheme in 2018. There was no obvious water-saving effect. The local government just wanted to 

accomplish the task given by the higher government level of making a reform, without the 

determination to have a real reform. 
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Figure 19: Mechanism of “Increase Price and Provide Subsidy” pilot reform for groundwater irrigation in Taocheng 
District in Hebei Province. 

In the implementation process, the inclusion of the water fee in the electricity fee does not make 

the farmers feel that there is a fee for water. Regardless of the provincial government’s request 

for inter-departmental cooperation, the electricity supplier was not willing to cooperate in the fee 

collection due to a conflict of interest. For them the scheme meant less sale of electricity and more 

administrative work. Due to the lack of data sharing mechanism, the Department of Water 

Resources had to put considerable efforts into installing water meters and keeping water records, 

which induced heavy costs for the whole accounting process.  

2.2.6  Tiered scheme of water fees 

The tiered scheme of water fees is also called the “Three lines and four ladder steps” method for 

determining the water fee (Figure 20). The scheme is formulated, but calculation of water 

resources tax and fee according to use relies on installation of measurement facilities and 

metering. To meter millions of primitive irrigation wells in the NCP with smart water meters is 

almost an impossible task. It requires huge investments not only for the meters themselves but 

also for reconstructing wells and their piping and providing appropriate housing to protect the 

meters. In addition, such a system produces high maintenance cost. In 2017 Hebei Province 

adopted our suggestion for metering pumped volumes by proxy through electricity consumption. 

As every well has an electricity meter, this solved the difficulty of metering the large number of 

small, primitive wells. However, the fee collection could not be implemented up to now, neither 

in Guantao nor in any other pilot region in Hebei Province, due to the scheme’s complex structure, 
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the difficulty of collecting small amounts of money from millions of individual farmers and last not 

least the farmers’ opposition to any fees.  

The proposed agricultural water-pricing scheme is illustrated in Figure 20. The basic price contains 

the electricity fee and an eventual management fee for the well manager. The water resources tax 

is 0.1 CNY/m3；the water fee for usage between water right and water limit (called price hike in 

the figure) is 0.1-0.2 CNY/m3; the water saving reward for grain crops staying below the quota is 

0.2-0.3 CNY/m3. If a farmer stays even below the water right, he/she is eligible for a water saving 

reward e.g. in the form of buy-back at higher price or carry-over to the next season. There is not 

yet a unified standard among counties. The values of the three lines depend on the local 

hydrogeological situation and are expressed in units of m3/mu/yr. In Guantao the figures are 150.5 

m3/mu/yr for the water right, 222 m3/mu/yr for the quota and 296 m3/mu/yr for the limit. The 

difference between a fee and a tax is where it ends up: The fee stays in the county while the tax 

goes into the state treasury. 

 

Figure 20: Illustration of “Three lines and four ladder steps” fee collection system. The values of water limit, quota 
and rights are for Guantao. 

Unlike the situation in Hengshui, Guantao Department of Water Resources managed to establish 

a close and friendly cooperation with the Electricity and Power Supply Company (EPSC) of 

Guantao. Electricity data were shared for the calculation of pumped volumes. The data includes 

monthly data of each district and yearly data of each irrigation well. Together with the conversion 

factors described in Chapter 4, this has enabled us for the first time to estimate with good accuracy 

how much groundwater was pumped in each district and well.  

The tax scheme is based on water use per area. In principle, it is possible to calculate the pumped 

groundwater volume per unit area for each village and each family from the land area and the 
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electricity consumption recorded by village electricians and well managers. It is not possible to do 

so with the easily accessible electricity data for each well, as the area irrigated by a well can change 

considerably with the season and from year to year. The flexibility is made possible by the 

underground piping infrastructure created since the World Bank financed GEF project.  

DWR is responsible for calculating each well’s specific water use. Since 2017, they report every 

well surpassing the limit to the tax department, which in turn is responsible for collecting the tax. 

Although water tax has been due for a number of wells, the tax department did not collect the tax, 

the amount generated in the irrigation sector being minor compared to the cost of organizing the 

tax collection. Water tax has, however, been collected from industrial users since 2016.  

Water fees for wells surpassing the quota have been calculated by DWR, but fees were not 

collected due to farmers’ opposition. Moreover, present fees for water use above the quota are 

too low to make an impact. On average, no township exceeds the limit of 294 m3/mu/yr relevant 

for taxing. Average water use of the county as a whole does not exceed the quota of 222 m3/mu/yr.  

In townships with exceedance of the quota, the amounts are between 20 and 50 m3/mu/yr, the 

fee for which would amount to insignificant 2 to 5 CNY/mu/yr. Only greenhouse farmers will have 

higher water fees, which, however, they can easily pay due to higher profits from their cultures. It 

has been suggested that present fees should be low to introduce the system smoothly. Once it is 

in place, fees can be increased. Only if fees lead to water saving, they are justified. If they have no 

effect on water use, they should either be increased to a level inducing water saving or be 

abandoned.  

The option of automatic smart water metering was tried out in an experiment, collecting the water 

fee directly via smart cards, but the investment and maintenance costs were both exceedingly 

high compared to the fees collected. Most meters were broken within a couple of years of 

installation.  

The fee according to the current scheme can only be calculated at the end of the irrigation season, 

involving all surface and groundwater use. By that time, mistakes of the past season can no longer 

be corrected. A price solution may have an immediate effect on farmers’ irrigation practice. In 

addition, a price solution does not require the knowledge of the area irrigated by each well. We 

therefore proposed a direct collection of water fees together with and proportional to the 

electricity fees. This would make an extra collection system for water fees obsolete. Up to now, 

Guantao EPSC is not willing to provide this service. The water fee collection system has promoted 

the consciousness among farmers that water is a valuable resource, but lacking the 

implementation in practice, it does not unfold its potential to promote water saving.  

When choosing the water price solution, the water price (added to present electricity cost) should 

be at a level equal to farmers' marginal earnings from agricultural production. For example, if 
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marginal earnings in planting wheat amount to 100 CNY/mu and 160 m3/mu/yr are required for 

irrigation that means the water price should be at least 0.6 CNY/m3. At that level, farmers on the 

margin would abandon wheat planting.  

2.3 Import of surface water vs water saving and change of 

cropping structure 

In 2019 the State Council approved the “Integrated action plan for groundwater overdraft control 

in North China Plain” (or in short form: Action Plan 2019). This plan lists 18 main control actions 

grouped in four categories of instruments. It is hoped that these allow to reach the target of 

reducing annual groundwater exploitation by 2.57 Bio. m3/yr (about 70% of the remaining annual 

groundwater over-exploitation) in Beijing, Tianjin, and Hebei (BTH) region by 2022. Note that in 

this action plan the already existing annual surface water imports to BTH region are not included. 

In 2018 they reached a total of 4.5 Bio. m3/yr, basically eliminating the over-pumping in Beijing 

and Tianjin.    

The Action Plan 2019 lists the measures to be implemented in BTH region by 2022 to further 

reduce groundwater pumping. They include water saving, change in cropping structure, and 

replacement of groundwater by surface water imported from the SNWT, the Yellow River and 

other local water resources. The targeted amounts of groundwater pumping reduction each 

measure can achieve are listed in Table 6. The long-term goal is to eliminate over-pumping 

completely by 2035.   

Table 6. Tasks of groundwater over-pumping control in BTH area to be reached by 2022 (source: Action Plan 2019). 

 Units 

(109 m3/yr) 

Current 

over-

pumping  

Reduce pumping 

through  

Replace groundwater though imports of 

water from  

Total 

pumping 

reduction 

Residual 

Water 

saving 

Cropping 

structure 

change 

SNWT 

eastern 

route 

SNWT 

central 

route 

Yellow 

River 

Local 

water 

sources 

Total 3.47 0.24 0.6 1.26 0.17 0 0.3 2.57 0.9 

Beijing - 0 0 0 - - - - - 

Tianjin 0.16 - - 0.01 0.02 - 0.04 0.07 0.09 

Hebei 3.31 0.24 0.6 1.25 0.15 - 0.26 2.5 0.81 

 

The main measures recommended in the Action Plan 2019 are the ones, which have proven to be 

effective in the pilot projects. Figure 21 lists the implementation results of 2019 in terms of the 

main measures of the Action Plan 2019. To appreciate the tasks a few comments are helpful. A 

reduction of pumping by 0.24 Bio. m3/yr through water saving measures on 4.17 Mio. mu of 
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farmland is ambitious. It averages to a saving of 57.6 m3/mu/year, which is equivalent to the 

amount of a single irrigation event and probably overestimates the water saving capacity for grain 

crops. For greenhouses, savings of this order of magnitude are feasible through drip irrigation. 

Cropping structure change is mainly implemented through winter wheat fallowing and could save 

0.60 Bio. m3/yr through fallowing of 4.85 Mio. mu (or 0.32 Mio. ha) by 2022. This amounts to 

13.6% of the wheat planting area of Hebei (2.36 Mio. ha in 2018 according to China’s Statistical 

Yearbook) and might be difficult to achieve. Importing surface water seems less difficult to 

accomplish. Using it to replace groundwater in irrigation still poses problems: The farmland 

infrastructure, which is mainly based on groundwater irrigation, is not yet capable to receive such 

large amounts of surface water. The canal system is insufficient as are storage facilities, which 

would allow to match the timing of surface water imports to the irrigation calendar. This is also 

the reason why a large percentage of surface water imports accomplished by the end of 2019 

(3.49 Bio. m3 out of 8 Bio. m3 shown in Figure 21) could only be used for artificial groundwater 

recharge through rivers and lakes. Note that the progress in the first two measures shown in Figure 

21 is expressed in area equipped. While the bars for the accomplished task look longer for water 

saving than for change of cropping structure, the corresponding amounts of water saved are 

clearly larger for the second item.   

 

Figure 21: Main measures listed in Action Plan 2019 for BTH area: Implementation progress from September 2018 
to December 2019, in comparison to task figures for 2019 as well as the whole implementation 
period until 2022. 

The groundwater saving capacity added through the newly implemented measures in BTH area in 

2019 is shown in Figure 22. In total, only an additional 0.67 Bio. m3 of imported surface water 

could be used to replace groundwater pumping in comparison to a total amount of 5.6 Bio. m3 

imported to the region. Within this small replacement, more than 60% was used to replace 
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groundwater supply for domestic use in both rural and urban regions. Replacing groundwater by 

surface water in irrigation contributed less than one third to the total increase in groundwater 

saving for the year. Out of 250 Milo. m3 only 70 Mio. m3 was diverted to the newly equipped 

farmland (495’000 mu), while the rest was diverted to farmland, which had already been equipped 

with surface water irrigation infrastructure before 2019, but never received water.  

Cropping structure change (mainly through 
fallowing of winter wheat) contributed about 50 
Mio. m3 of groundwater saving, water saving 
irrigation another 60 Mio. m3. Both measures 
seem to contribute little, but in comparison to 
the real increase of surface water irrigation 
capacity (70 Mio. m3), all three measures are 
important in achieving the goal of reducing 
groundwater pumping, especially when 
considering that farmland with surface water 
irrigation capacity might still use groundwater 
when surface water does not arrive on time. 
Increasing the efficiency of surface water use in 
replacing groundwater in irrigation should be the 
main focus in the future. 

 
Figure 22: Groundwater saving achieved by different 

measures in 2019 (Units: 108 m3). 

From September 2018 to December 2019, the actual amount of surface water imported to the 

BTH region was 8 Bio. m3 in total. More than 40% were used for artificial recharge in rivers and 

lakes to promote ecological rehabilitation, in exceedance of planned figures, as the ability of 

agricultural land to receive surface water for irrigation was too small.  In this situation, MAR is a 

convenient way of making use of excess surface water not used for irrigation. Two examples are 

shown here.  

In Guantao County, two infiltration basins were built (Figure 23). They were filled once or twice a 

year with off-season surface water from the Yellow River. Seepage conditions were not ideal in 

Guantao’s rather clayey soils. Still, according to our measurements they allowed about half of the 

applied water to infiltrate, while the other half evaporated (Mérrilat, 2016). The infiltrated amount 

of a full basin of 35’900 m2 area was 110’000 m3 per filling. Such ponds can at the same time serve 

as short term water storage, holding surface water until it is needed to increase the efficiency of 

its utilization.  

Better results were achieved by discharging excess water from the SNWT into some of Hebei’s dry 

riverbeds, leading to a significant groundwater table rise along the river courses. One example is 

shown in Figure 24. Water from the SNWT was diverted into the bed of the usually dry Fuyang 

River in Hebei via a weir in the location, where the Central Route of the SNWT crosses the river. 

Cropping structure 
change , 0.5

Urban WS 
replaced by 

SW, 3.2

Rural WS replaced 
by SW; 1.0

GW irrigation 
replaced by 

SW, 2.5

Water saving 
irrigation, 0.6
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The observation wells in the vicinity of the river showed a rise of the groundwater table of 0.5 m 

to more than 5 m.  Infiltration of South-North water in the outskirts of Beijing has also been 

successful in raising groundwater levels (Long et al., 2020). Of course, due to the high cost of water 

imports, their use for MAR can only be the option of last resort. 

Figure 23: Infiltration basin in Guantao County with water depth gauge (left) and floating evaporation pan (upper 
right) to measure evaporative losses. A satellite image (bottom right) shows the extent of the 
infiltration pond, which is called “Moon Lake”. 

Using surface water for irrigation saves the energy required for pumping groundwater and allows 

to rehabilitate not only land adjacent to lakes and rivers, but areas in larger need, such as the most 

severe overdraft zones. In addition, it contributes to groundwater recharge by irrigation backflow. 

Improving conjunctive allocation of various water resources for the region should be the focus in 

the coming years to make sure the imported surface water could replace groundwater in irrigation 

to its maximum potential. 
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Figure 24: Infiltration in river bed: Example Fuyang River, Hebei. Reaction of groundwater table to water release 
from South-North Transfer Central Route (MWR/IWHR, 2019).(Three blue tones in increasing 
intensity: water table rise, up to 2m, 5m and 15 m). 

2.4 Governance structure in the water sector  

Water governance comprises all processes of governing the supply and use of water by relevant 

institutions throughout society by means of laws, norms, and regulations. As everywhere in the 

world, it is a multi-stakeholder affair in China. There are three main institutional systems involved: 

The Ministry of Water Resources with its substructures on provincial and county levels, the 

Ministry of Agriculture and Rural Affairs with similar substructures and the State Grid Corporation 

of China with its branches on provincial and county level. Another but lesser player is the Ministry 

of Natural Resources, whose competences are mainly in groundwater monitoring and resource 

capacity assessment rather than groundwater governance. The Ministry of Agriculture and Rural 

Affairs is the national agricultural policy maker and no agricultural measures can be taken without 

its consent. Agriculture as the main water user is responsible for 60-80% of total groundwater 

pumping in the NCP. With the cropping structure governed by it through its subsidies, it has the 

largest influence on limiting over-pumping. At the same time, it has the – conflicting – national 

task of upholding food security. The Ministry of Water Resources has the decisive power in 

supplying water infrastructure and diverting surface waters, which explains their preferred 
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strategy of water transfers. The electric power utilities as the power supplier for pumping have a 

very comprehensive and fully functional metering and fee collection network for electricity 

consumption. Since the electricity suppliers certainly opt for selling as much electric energy as 

possible, pumping control in principle harms their interest. Involving electricity suppliers is crucial 

in designing pumping metering, fee collection and control strategies for groundwater usage. 

The ideal case would be a smooth cooperation among the three governing structures serving the 

farmers as private stakeholders, who in the end will have to cooperate in the implementation of 

policies. In practice, the existing cooperation is often hampered by the struggle for competences, 

power and funds among the three governing structures.  While all governance in China seems top-

down, it cannot ignore the wishes of the governed, in this case the farmers, who can render any 

policy ineffective by refusing to cooperate.  

2.4.1  Governmental stakeholders in water sector  

On the central government level, Ministry of Water Resources and Ministry of Agriculture and 

Rural Affairs are both working under the State Council. Departments of agriculture and water 

resources are governmental bodies, which follow both the administrative orders from the local 

government (provincial, prefecture and county levels), and the technical instructions from their 

respective ministries, as shown in Figure 25. The heads of departments are normally employed by 

the local governments, but the technical staff working at different departments are hired through 

government funds, or partially through project funds procured either from the local governments 

or from ministries. 

 

Figure 25: Illustration of matrix structure of governmental administration in China involved in groundwater over-
pumping control in Guantao County. 

The program “Integrated Pilot Planning for Governing Groundwater Overdraft” was initiated by 

the central government in Beijing with funds given to Hebei Province directly. Four prefectures 
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(including Handan) in Hebei Province were chosen as pilot sites, different departments on 

prefecture level took up the task to implement the measures and distribute the work among their 

respective county level departments. The ministries involved supported the national initiative of 

over-pumping control by providing planning guidelines and recommending and promoting various 

measures. 

2.4.2  Stakeholders in the electricity sector related to irr igation  

In China the electricity supply and distribution network belong to the State Power Corporation of 

China, a state enterprise founded in 1997 and dismantled in 2002 due to the institutional reform 

of the electric power sector. Since then, the power supply grid in all of the NCP belongs to the 

State Grid Corporation of China, a state-owned enterprise. The company has sub-branches in 

Hebei Province, Handan Prefecture and Guantao County.  

In Guantao County, electric energy is supplied and managed by Guantao Electric Power Supply 

Company (EPSC), which is affiliated with the State Grid Corporation of China. Its organizational and 

electricity metering systems are shown in Figure 26.  

  

Figure 26: Organizational system and terminal ends of the electric power distribution system (left boxes) and the 
metering system (right box). 

The EPSC is in charge of eleven Electric Power Supply Agencies (EPSA) at district level. Each EPSA 

manages the electric power supply of about twenty villages. In each village, one or two electricians 
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employed by EPSA are responsible for power infrastructure maintenance. The village electricians 

are also responsible for collecting electricity fees from the end users. In the case of irrigation, the 

end-users are the well managers who are owners of a well or take care of a well, owned by several 

households. For a well shared by several farmers, a written chronological log of pump operations 

is kept, recording the readings of the electricity meter when the pump is turned on and off. The 

electricity fees are collected by the well manager on a monthly basis, according to the energy 

consumption records of individual farmers. Based on the existing electricity metering system, 

groundwater pumping can be monitored at different levels. Since 2018, all wells are equipped with 

smart electricity meters, which transmit daily electricity consumption to the utility. 

2.4.3  Stakeholders in the water sector of  Guantao County 

The Department of Water Resources in Guantao County is the main governmental stakeholder 

playing a major role in the pilot program for over-pumping control. It is responsible for 

implementing the engineering measures of replacing groundwater by importing surface water, 

through construction of canals, infiltration pools, and surface water pumping stations. The 

department is also responsible for promoting water saving by providing subsidies for water saving 

irrigation equipment and carrying out the agricultural water pricing reform.  

On one hand, the Department of Water Resources in Guantao made a huge effort to set up 

metering and fee collection for imported surface water. However, for groundwater pumping 

control, which involves individual farm households, they have to rely on the village administration. 

In 2007, a World Bank project tried to set up Water User Associations (WUA) in each village. Due 

to China’s strict control of the number of non-governmental organizations within a county, 

eventually a WUA was set up in Guantao as one organization for the whole county, each village’s 

WUA being a sub-branch of it. The village WUA therefore normally only comprises the village 

leaders and part of the village administration receiving governmental orders instead of the normal 

setting of a bottom-up initiative outside China.  

In recent years after our strong recommendation and also due to the fact that groundwater 

pumping has to be metered and calculated through pumping electricity, most of the villages have 

integrated the village electricians as members into the WUAs. As contract employees of Guantao 

EPSC, village electricians are paid to collect electricity fees from well managers, who themselves 

receive an additional irrigation service fee from the well users according to the amount of 

pumping. The governmentally organized WUAs, however, exist in name only. They do not receive 

any funding, neither from villagers nor from the government. Therefore, their possibly very useful 

function in collecting water fees cannot be realized so far.  

  



70 

 

 

Chapter 3 Cropping choices and farmers’ options  
 

Since 2014 the central government of China has made major efforts to control the groundwater 

overdraft problem in the NCP. As agricultural irrigation is the main cause of the aquifer depletion 

problem, agriculture is the first candidate to contribute to its solution. The opinions of farmers as 

individual policy recipients are key to the assessment of a policy’s acceptance and effectiveness. 

The purpose of this chapter is to evaluate the options of agriculture to curb over-pumping in 

Beijing-Tianjin-Hebei region based on an analysis of planting scenarios, and to assess the 

implementation status and effects of seasonal land fallowing in Hebei province based on a field 

survey. The farmers’ opinions and their policy preferences were evaluated through a farmer 

household survey. It was followed by an innovative policy test in Guantao County based on a 

groundwater game. 

3.1 Options of optimizing crop structure in Hebei -Beijing-

Tianjin region  

3.1.1  Introduction  

The Beijing-Tianjin-Hebei (BTH) Plain is the most serious area of groundwater depletion in China 

(Feng et al., 2013 and 2018). In the piedmont plain of the Taihang Mountains the groundwater 

level dropped most rapidly. It is estimated that its shallow aquifer under present abstractions 

could be depleted to its physical limit within the next 80 years (Zhang et al., 2016). Hebei Plain has 

become one of the most vulnerable areas in China and possibly worldwide (Wang et al., 2015).  

Food production in the BTH area, the main cause of groundwater overexploitation, increased 

continuously and today exceeds the region’s total food requirements by far. The grain surplus in 

the region is 49% of the total grain production, if only considering the food grain requirement. It 

is 9% of the total production if the requirements for feed grain used in the production of meat, 

eggs and milk are also included. Meanwhile, the surplus amounts of fruit, vegetables, eggs, milk 

and aquatic products are all more than 50% of the respective production in BTH region (Figure 

27). According to the national estimates on water resources and water use, the BTH region 

overexploited groundwater resources on average by 6.7 Bio. m3/yr between 2005 and 2015. 

Meanwhile the imports of surface water through the SNWT project have to a large part replaced 

groundwater use by households and industry, leaving a deficit mainly due to agricultural 
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groundwater use. It is estimated to be about 4.4 Bio. m3/yr (or 65% of the overexploitation 

between 2005 and 2015), which still makes both water resources use and agricultural production 

unsustainable.  

  

Figure 27: The food supply, demand and surplus of households in Beijing-Tianjin-Hebei region (Luo, 2019). 

Irrigation of the intensifying cropping system has become the main cause for serious groundwater 

depletion. Before the 1970s, Hebei Plain was a dry-land farming area dominated by wheat and 

millet, without any problem of groundwater overexploitation. Since the 1970s, however, with the 

improvement of irrigation conditions, the planting system gradually developed in intensity from 

one harvest per year via three harvests in two years, and four harvests in three years into a high-

intensity irrigated agricultural production mode, which is dominated by a winter wheat-summer 

maize double cropping system with two harvests in a year (Xiao et al., 2013; Wang et al., 2012; 

Mo et al., 2009).  

The planting structure of crops has changed remarkably in the past 35 years. It has become simpler 

with respect to the crop variety while the crop yield has greatly improved (Figure 28). A planting 

mode dominated by wheat, maize, fruit and vegetables evolved. The water consumption of well-

watered winter wheat, the main food crop, is approximately 420-430 mm (Shen et al., 2013; Zhang 

et al., 2011), but the precipitation in its growth season is less than 150 mm (1963-2013), leading 

to a water deficit of approximately 270-280 mm. For the economic crops, such as vegetables and 

fruit, the precipitation is also less than their water consumption during the growth period. Green 

house planting can consume considerably more water per year than any other cropping pattern 

(including double cropping of winter wheat and summer maize) due to its water intensive 

vegetable and fruit cultures and its multiple cropping all year round. 

As the scale of irrigation expanded, groundwater consumption also increased (Cao et al., 2013). In 

the period of 1984-2008, 139 Bio. m3 of groundwater have been consumed by grain production in 

Hebei Province (Yuan and Shen, 2013). In the BTH region, the current irrigated planting area has 
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exceeded the carrying capacity of the region’s water resources. Therefore, a reduction in the 

irrigated planting area has become the key to achieving the required massive water saving on a 

regional scale. Its implementation is an urgent task. 

   

Figure 28: Development of crop prouction according to sown area (left) and yield (right) of crops in Beijing-Tianjin-
Hebei region between 1980 and 2015 (Source: Luo, 2019). 

Reducing or replacing high water consumption crops (such as winter wheat, vegetables and fruit) 

is the most efficient way to save water. There are two ways to downsize the irrigation area: one is 

to de-intensify the cropping system, changing the conventional winter wheat and summer maize 

double cropping system to a cropping system of for example three harvests in two years (Luo et 

al., 2018); the other is to optimize the planting structure in terms of economic output under 

different constraints (Luo, 2019).  

In this study, the bearing capacity of water resources, the food requirements of BTH region and 

the self-sufficiency of the region in the main agricultural products were considered as constraints. 

Four scenarios with different objectives for optimization were defined. Using the Elitist Non-

dominated Sorting Genetic Algorithm (NSGA-II), the planting structure was optimized with respect 

to economic benefits for each of the four objectives, quantifying the optimal planting structure, 

its water use, and its crop production. The ecological benefits were derived according to a method 

by Xie et al. (2008). The goal was to explore a sustainable planting structure in a tradeoff between 

water resources requirements and agricultural production, providing a policy basis for the 

sustainable utilization of water resources and regional food security in the BTH region. 

3.1.2  Optimization scenarios  

Four simulation scenarios for optimizing the planting structure were defined. The results are 

described in terms of water use, land use, and the values of economic output and ecological 
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services of farmland. Apart from the first scenario, which should be reached by 2030 given current 

trends, the scenarios are not predictions but rather benchmarks, against which actual policy can 

be calibrated. Therefore, no time scales for their implementation are given.  

Scenario I (current development trend): This scenario assumes that the planting structure of crops 

will evolve according to current trends without being affected by a macro-control and 

management policy. After optimization, the total sown area of crops will be smaller than currently, 

the total water consumption will decrease, while the values of economic output and ecological 

services of farmland will change only slightly.  

Scenario II (self-sufficiency in the main agricultural products): In this scenario, the planting 

structure of crops will depend on the needs defined by the self-sufficiency in the main agricultural 

products in the BTH area (excluding rice). The total sown area and the total water consumption 

will be reduced greatly, and moderate fallowing with its efficient water saving can be carried out. 

The economic output value of farmland will decrease, but the value of ecological services 

increases. Scenario II leads to a planting structure with the largest amount of water saving possible 

under 100% food self-sufficiency of the region.  

Scenario III (maximum grain output under the constraints of water resources): In this scenario, the 

planting structure of crops aims at the maximum grain output scale which can be supported by 

the water resources available in the area in view of satisfying national grain security requirements. 

The scale of other high-water-consumption crops will be constrained by the area’s self-sufficiency 

in these crops. The total sown area of crops will be reduced greatly, moderate fallowing can be 

carried out, and the total water needs will decrease to the regionally available water resources. 

The economic output value of farmland will be reduced, but the value of ecological services 

increases.  

Scenario IV (coordination of grain crops, cash crops and water needs): In this scenario, the 

optimized planting structure will be constrained by the scale needed to ensure grain self-

sufficiency of the area (total amount of wheat and rice) while maximizing the economic output. 

The total sown area will be smaller than currently, the total water consumption will be reduced, 

but the economic and ecological output values of farmland will change only little.  

Detailed information on the formulation of the objectives can be found in Luo (2019). The 

following sections will discuss scenario by scenario the results, which are summarized in Table 7. 

3.1.3  Scenario analysis of planting structure optimization  

Scenario of the current development trend  

The first scenario (S1) predicts the future crop planting structure based on current trends in the 

BTH region. The scenario will result in 2% reduction in the sown area of major crops in the Hebei 
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Plain. The planting scale of wheat will decrease by 11%, while planting scales of corn and 

vegetables will increase by 20% and 11%, respectively. The planting scale of fruit, however, will 

not change much, showing a decrease of 3%.  

Under the current development trend scenario, the future planting structure will be more water 

efficient. The winter wheat-summer maize planting system will reduce water consumption by 700 

Mio. m3/yr, cotton and fruit will reduce water consumption by 400 Mio. m3/yr and 100 Mio. m3/yr 

respectively, and vegetables will increase water consumption by 300 Mio. m3/yr. Major crops in 

the BTH region can reduce water consumption in total by 1.0 Bio. m3/yr compared to the current 

total amount (Table 7). In addition, the total grain output will increase by 5% with no significant 

change in economic benefits but improved ecological benefits and reduced water use in farming, 

which will reduce the amount of groundwater overexploitation to some extent. However, due to 

the small amount of water saved (less than 10% of the agricultural water consumption), it is 

difficult to improve the situation of groundwater overexploitation in the BTH-region significantly 

by this scenario.  

Table 7. Optimization scenarios of planting structure in Beijing-Tianjin-Hebei (BTH) region (Luo, 2019). 

Scenarios Current status Optimization results 

S0 S1 S2 S3 S4 

Planting area 

(106 ha) 

Rice  0.10 0.10 0.05 0.07 0.08 

Wheat  2.52 2.23 1.97 1.48 2.33 

Maize  3.43 4.12 3.29 3.76 3.80 

Millet  0.15 0.10 0.29 0.20 0.20 

Soybean  0.18 0.05 0.52 0.31 0.31 

Potato  0.27 0.28 0.09 0.09 0.09 

Cotton  0.53 0.10 0.23 0.42 0.18 

Oil crop  0.47 0.33 0.46 0.46 0.46 

Vegetable  1.36 1.51 0.25 0.25 1.17 

Fruit  1.16 1.12 0.32 0.32 0.95 

Total  10.17 9.93 7.48 7.35 9.55 

Irrigation water consumption 

(109 m3/yr) 

12.3 11.3 6.6 5.6 10.5 

Economic benefit (109 CNY/yr) 239.9 239.1 118.6 117.7 213.7 

Ecological benefit (109 CNY/yr) 32.8 80.2 146.9 193.8 87.2 

Note: S1 - Current trend scenario; S2 – regional self-sufficiency in agricultural products; S3 - maximum grain output; S4 - 
coordination of grain crops, cash crops and water need.  

Scenario of self-sufficiency in the main agricultural products  

The maximum potential for water conservation resulting from this scenario is an important 

reference for the formulation of any agricultural and water policy in the BTH region. Under this 
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scenario, the sown area of major crops in the region will be reduced to 7.48 Mio. ha, a reduction 

of 2.69 Mio. ha (or 26%) compared to the current status. Among them, the planting scales of 

wheat, vegetable and fruit will decline by 0.55, 1.11 and 0.84 Mio. ha respectively, corresponding 

to reduction rates of 22%, 82% and 72%. The maize planting area will decrease by 4%.  

The scenario reduces water use of the winter wheat-summer maize planting system by 1.4 Bio. 

m3/yr relative to current planting scale, and water consumption of vegetables and fruit can be 

reduced by 2.3 Bio. m3/yr and 1.4 Bio. m3/yr, respectively, when both are grown at self-sufficiency 

levels. The total amount of water saved by major crops relative to the current planting structure 

is 5.5 Bio. m3/yr, which may be the maximum potential for water conservation in the BTH region, 

when only the region’s local demand for major food crops is considered.  

Comparing to the estimated overexploitation of the BTH region, regional self-sufficiency may be 

able to solve the problem of groundwater over-abstraction almost without surface water import 

by the SNWT Project. In this scenario, the total grain output will decrease by 11% with reduced 

economic output, increased ecological benefits and a balance between exploitation and 

replenishment of groundwater used for farming. This scenario can eliminate agricultural 

groundwater overexploitation.  

Scenario of maximum grain output under water resources constraints  

The maximum scale of wheat production, which can be supported by regional water resources, is 

an important basis for determining the maximum scale of agricultural production under a balanced 

groundwater budget. Based on the national data on current water resources, the mean regional 

water resources available in the BTH region are 18.8 Bio. m3/yr (average 2005-2015). Other major 

crops with water deficits during the growth period (including vegetables, fruit, cotton, oil crops 

and potatoes) are constrained by the food consumption needs of the area to ensure that 

maximum water resources are left for wheat irrigation. When vegetables and fruit in the region 

are at self-sufficiency level, their planting scales will be reduced by 82% and 73%, respectively 

compared to today. Under this scenario, the maximum wheat planting scale that can be supported 

by regional water resources is 1.48 Mio. ha, equivalent to about 60% of the status quo wheat 

planting scale.  

In this scenario, regional water resources are used as the limit of water consumption to balance 

exploitation and replenishment of groundwater. The total sown area of crops will decrease by 28% 

and the total grain output by 13%. The economic output will be reduced, ecological benefits will 

improve, and water saving will balance out the estimated regional overexploitation by agriculture. 

Use of regional agricultural water resources will be sustainable and the development of the 

agroecosystem will be environmentally friendly.  
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Scenario of coordination of grain crops, cash crops and water 

requirements  

The coordinated development of grain crops, cash crops and water has long been an issue of great 

concern in the optimization of planting structures. The scenario optimizes the planting structure 

by demanding self-sufficiency in food crops for the region (total demand for rice and wheat, where 

the rice deficit is converted into wheat), groundwater protection and economic benefits as the 

critical criteria for the development. The results show a 6% reduction in the crop planting scale 

relative to the current cropping structure. Wheat, rice, vegetables and fruit roughly maintain a 

scale similar to the current planting structure, which can meet the regional requirement for food 

(wheat and rice), save water and largely secure economic benefits. Therefore, the current planting 

structure is a relatively reasonable planting structure if one does not take restrictions on water 

resources into account.  

The scenario can save 1.8 Bio. m3/yr of water relative to the current planting structure, with 490 

Mio. m3/yr for the winter wheat-summer maize planting system, 399 Mio. m3/yr for vegetables 

and 337 Mio. m3/yr for fruit. This scenario can mitigate the problem of groundwater 

overexploitation, but the water saved is much less than the estimated 6.7 Bio. m3/yr of 

overexploitation before 2015. Therefore, 4.9 Bio. m3/yr of other water sources are still required 

for a balanced groundwater budget, while meeting the demand for food crops and economic 

output. This amount is equivalent to 86% of the annual water import via the Central Route of the 

SNWT Project.   

3.1.4  Conclusion and discussion  

The water deficits of the major crops – wheat, vegetables, and fruit – account for about 90% of 

the total water consumption in farming. Different planting structure scenarios can alleviate 

groundwater overexploitation with the amount of water saved ranging from 1.0 Bio. m3/yr to 6.7 

Bio m3/yr. The sown area of major crops has to be reduced by 2% to 28%, and the scale of winter 

wheat, a major crop of high water consumption, by 8% to 41% of the current scale. Changes in 

food production over the scenarios range from 5% increase to 13% decrease, while the reduction 

in direct economic output in farming ranges from 0.3% to 51%. Although the direct economic 

output declines, the potential economic benefits from water saving and its ecological services 

increase.  

Overall, self-sufficiency in the main agricultural products (S2) and maximum food output under 

water resource constraints (S3) are planting structure optimization scenarios with a relatively high 

degree of sustainability in agricultural water use. In the case of regional self-sufficiency in 

agricultural production (S2), the amount of water saved will be 5.5 Bio. m3/yr, which is higher than 

the present regional overexploitation from agriculture, and sufficient to achieve the balance 
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between exploitation and replenishment of agricultural water use. In this scenario, ecological 

benefits, agricultural land use and the sustainability of groundwater will be improved considerably, 

making it a viable option for current restructuring of the planting system. In the case of maximum 

food output under water resource constraints (S3), the regional water resources are the limit for 

water consumption. The self-sufficiency rate of wheat will be reduced to 75%, when sustainability 

is to be achieved. Therefore, it is probable that even if the planting structure is optimized, 

appropriate water diversions and grain transfers would still be necessary for ensuring a 

coordinated development of regional water use and grain supply.  

In scenarios with relatively low degree of sustainability regarding agricultural water resources (S1 

and S4), it is theoretically possible to achieve a balanced groundwater budget only if the full 

potential of surface water imports by the SNWT project is envisaged.  

The above scenarios provide reference thresholds for restructuring of the planting system to 

achieve sustainable use of agricultural water resources. They show how big the contribution of 

agricultural restructuring to sustainable groundwater use can theoretically be and what this means 

in terms of production and farmers’ income. Sustainability in groundwater resources could be 

reached by agricultural restructuring alone, but it would come with a high price tag regarding 

farmers’ income. In comparison to an income loss on the order of 100 Bio. CNY/yr, the cost of 

additional 2-3 Bio. m3/yr of SNWT-water at a price of 2-3 CNY/m3 seems affordable. It also must 

be noted that no scenario can reach the national goals of grain security and a balanced 

groundwater budget at the same time without additional water imports through the SNWT 

project. 

In practice, adoption of an optimized crop structure will depend on farmers’ behavioral traits as 

well as yield and market forces and willingness to pay for the water resources. To a certain degree 

the process can be steered by the state through subsidies, be it on agricultural products, fallowing, 

water saving technology or the water price itself.  

3.2 Farmers’ feedback in a household survey on Seasonal 

Land Fallowing (SLF)  

A large-scale field survey was conducted in four prefectures in Southern Hebei Province from April 

2018 to September 2019 by the China Center for Agricultural Policy (CCAP) of Peking University. 

The four prefectures (Cangzhou, Handan, Hengshui, and Xingtai) participated in the Seasonal Land 

Fallowing Program (SLFP) from the start and account for nearly 90% of the implementation area 

of Seasonal Land Fallowing (SLF). In addition, these four prefectures are the most serious regions 

of groundwater overdraft in Hebei Province. Within these four prefectures, 7 counties (Yanshan, 
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Pingxiang, Qinghe, Gucheng, Jizhou, Qiuxian and Guantao, shown in Figure 29) were selected to 

conduct a field survey. Within each county, two townships and within each township, two villages 

were chosen for the survey, one village which participated in the SLF project and another village 

which did not. In each village, 20 farm households were randomly selected for conducting a face-

to-face interview. The final sample included 560 households in 28 villages of 14 townships in 7 

counties and 4 prefectures. Among the 28 surveyed villages, 14 villages participated in the SLF and 

14 did not. Among the 560 households surveyed, 249 participated and 311 did not. 

 

Figure 29: Location of sample counties for the field survey in four prefectures (Cangzhou, Hengshui, Xingtai and 
Handan) in Hebei Province. 

3.2.1  Effects of Seasonal Land Fallowing 

Relative high targeting efficiency  

According to the policy guidelines, pilot sites participating in the SLF should satisfy the following 

four conditions:  

1. They should be located in a groundwater overdraft zone.  

2. Irrigation should mainly depend on groundwater.  

3. They should grow winter wheat and,  

4. Land considered for fallowing should cover a coherent area of at least 50 mu (1 mu = 1/15 

ha).  
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The survey’s results show that most pilot sites participating in the project satisfied the four 

requirements. For example, all sample villages participating in the project are located in 

groundwater overdraft zones in accordance with the definition given by Hebei Province. Among 

14 villages, 6 villages are not only located in General Overdraft Zones of Shallow Groundwater but 

in Serious Overexploitation Zones of Shallow Groundwater. 8 villages belong to the Serious 

Overexploitation Zone of Deep Groundwater. The definition of the Overdraft Zones can be found 

in Hebei Government (2017). In addition, 77% of cultivated land in the sample villages mainly use 

groundwater for irrigation. Most cultivated land (93%) of the participating villages is concentrated 

and it is not hard to find a coherent plot larger than 50 mu. About 70% to 80% of plots within the 

SLFP were planted with winter wheat before participating. This also means that between 20% and 

30% of plots did not plant winter wheat before participating in the SLFP.  

Reduction of water use 

Our first-hand survey data prove that the SLF can reduce farmers’ groundwater use. We compared 

the changes in water use (Table 8 and Table 9) between SLF households who started to participate 

in the SLFP in the winter of 2017/2018 and non-SLF households, both before and after the SLFP. 

We found that the SLF households, who started to participate in SLF in the winter of 2017, reduced 

their annual water use by 15.7% (735 m3/ha) in 2019 (Table 8). Comparing the same two years, 

the annual water use of non-SLF households increased by about 4.7% (300 m3/ha) due to 

differences in precipitation in the years compared. Consequently, it can be estimated that the 

project led to an annual reduction of total water use and the groundwater use by 20.4% and 24.3% 

respectively. Similarly, it can be estimated that the total water use and the groundwater use of 

households who started to participate in the SLF in the winter of 2018 (Table 9) both decreased 

by approximately 22%. Hebei Provincial Government claims that SLF can decrease annual irrigation 

water use by 2700 m3/ha (180 m3/mu), while the Action Plan 2019 and the evaluation report used 

a more realistic number of 120-140 m3/mu.  However, since farmers only participated in the SLF 

with part of their arable land, the water saving per hectare of SLF households’ total area is much 

lower than the above values. 

Table 8. Comparison of annual water use per hectare of non-SLFP households and SLFP households who participated 
in the SLFP in winter of 2017. 

 SLFP households Non-SLFP households 

2017 2019 Change 2017 2019 Change 

Annual agricultural water use per 

hectare (m3/ha) 
4680 3945 -735 6375 6675 300 

Annual agricultural groundwater 

use per hectare (m3/ha) 
3855 3120 -735 6060 6375 315 

Source: SLFP survey in 2019. 
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Table 9. Comparison of annual water use per hectare of non-SLFP households and SLFP households who participated 
in the SLFP in the winter of 2018 

 SLFP households Non-SLFP households 

2018 2019 Change 2018 2019 Change 

Annual agricultural water use per 

hectare (m3/ha) 
4440 3600 -840 6435 6675 240 

Annual agricultural groundwater 

uses per hectare (m3/ha) 
4275 3510 -765 6120 6375 255 

Source: SLFP survey in 2019. 

3.2.2  Challenges of implementing SLFP 

Despite the progress made in SLFP, there are some problems challenging its effective 

implementation in the long term.  

Some participating farmers were not qualified 

Some participating farmers retired land themselves before the SLFP started. These farmers had 

already spontaneously fallowed land before being involved in the SLFP. Participating farmers 

should have had at least one plot of land on which winter wheat had been grown before, to be 

subsidized under the policy (Table 10). The table shows that about one fifth of the farmers did not 

fulfill this requirement. 

Fallowing land is economical for some farmers irrespective of a subsidy. The survey found that 

these farmers tended to stop growing winter wheat years ago, partly due to higher income from 

off-farm work. Another common reason is that they grow crop of higher economic value such as 

cotton instead of the wheat-maize succession. This means that some farmers, who should not 

have participated according to the project’s policy, crowded out other farmers who would have 

really fallowed wheat – and thus saved water - through their participation. 

Table 10. Farmers share of winter wheat area in total sown area the year before participation. 
 

Share of winter wheat area in total sown area of a farmer interviewed (%) total 

0 Between 0 and 100 100 

Number of farmers 54 92 103 249 

Share of farmers (%) 22 37 41 100 

Source: SLFP survey in 2019. 

Fallowing land was underused 

The government encouraged farmers to grow green manure crops such as oilseed rape and alfalfa 

on land retired in winter and spring. However, only a fraction of the arable land involved in the SLF 

has been planted with such crops. Most fallowed land remains uncultivated, which may affect its 

fertility and result in a decline of production. In the NCP, the wind erodes the soil surface, 
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especially in winter and spring when there is no plant cover and the winds are strong. Among a 

total of 2374 plots subsidized under the SLF project, 93.81% carried no crops in winter and 3.58 % 

lay fallow for the full year. Only 2.61% of the plots carried some crops in winter, mainly oilseed 

rape.  

Planting green manure crops helps to maintain and improve soil fertility while reducing water use. 

However, farmers rarely do so. There are a number of reasons. First, many farmers lack experience 

in planting green manure crops and publicity and scientific guidance provided by local government 

(on county or town level) are insufficient. Second, green manure crops generate costs for seeds, 

labor and other items. It takes a long time for green manure crops to be converted into fertilizer 

in the soil, so in the short term the effect on improvement of soil fertility is slight or even not 

apparent at all. In addition, due to the late sowing time, seedlings of green manure crops may die 

through frost.  

In conclusion, the willingness of farmers to plant green manure crops is very low, leaving the 

fallowed land underused. By forgoing the opportunity of improving soil fertility, the potential of 

SLF is not fully utilized.  

Subsidy has not reflected the varying opportunity cost of land fallowing 

among farmers 

The subsidy for fallowing is always 500 CNY/mu/yr (1 mu = 1/15 ha), irrespective of the local 

circumstances, which means that the subsidy may be lower than farmers’ expectation in some 

places and higher in others. Some studies show that the opportunity cost of SLF varies with the 

yield or the price of wheat. The yield of wheat in turn is affected by many factors such as soil 

quality and the availability of irrigation water. Therefore, compensation for fallowing in different 

areas should be adjusted according to the local conditions for agricultural production, in order to 

achieve fairness and efficient incentives for farmers in any area to be involved in the SLFP. 

Policy sustainability is doubtful  

Many farmers commented that if the policy ends, their retired land would be used to plant winter 

wheat again. In fact, the purpose of this policy is to encourage farmers to retire their winter wheat 

plots even if no subsidy can be provided in the future. The survey shows that 57.1% of households 

will plant winter wheat again after quitting participation in the SLFP.  

When the subsidy decreases, the willingness of households to participate in the SLFP will decrease 

or even cease to exist (Table 11). When asked in the survey, the share of farmers willing to 

participate in the SLFP declined from 77% to less than 1% when the subsidy decreased from 500 

CYN/mu/yr to 100 CNY/mu/yr. The issue is even more pronounced among participating farmers, 

92.8% of which are content to take part in the policy under the current compensation standard. 
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The willingness to participate decreased to 33.3% for a slightly lower subsidy of 400 CNY/mu/yr, 

and none of the farmers was willing to participate if the subsidy declined to 100 CNY/mu/yr (Table 

11). So, farmers are very sensitive to the amount of subsidy. This implies that under the constraints 

of the government’s budget for SLF, the sustainability of the policy needs to be carefully 

addressed.  

After the SLFP, more than half of the participating farmers claim they no longer have the incentive 

to fallow land without subsidy, partly because their income is very low and fallowing land has still 

some – albeit small - impact on their income. When there is no more subsidy, they will plant winter 

wheat again to compensate for the loss of the subsidy. Take for example the allocation of time 

after fallowing land: in most cases, the time allocation was not affected by fallowing of land. Only 

10% of farmers respond that the time they engaged in off-farm work contributing to their income 

increased (Table 12). This indicates that for most farmers, fallowing land has little impact on their 

life. They will adopt the previous planting mix and plant winter wheat when there is no subsidy.  

Table 11. Percentage of farmers willing to participate in SLF as a function of subsidy level (from CNY 100 to 500 per 
mu per year). 

 
Number of farmers 

Subsidy (CNY/mu/yr) 

100 200 300 400 500 

Non participant 311 1.6 6.1 8.7 15.1 64.3 

Participant 249 0.0 6.4 13.3 33.3 92.8 

Total  560 0.9 6.3 10.7 23.2 77.0 

Source: SLFP survey in 2019. 

 

Table 12. Influence on farmers’ time allocation after participating in the SLFP. 

  Percentage (%) 

Without influence  77.5 

Leisure time increase 6 

Time engaged in agriculture decreases 12.4 

Time engaged in agriculture increases 0.8 

Time engaged in off-farm work increases 10 

Source: SLFP survey in 2019. 

 

In conclusion, the SLFP has without doubt brought about real water saving. It could be more 
efficient by adjusting amounts of subsidy to local conditions and by avoiding free riding. The most 
crucial point is its financial sustainability over time. At an avoidance cost of more than 2 CNY per 
cubic meter of water saved it is a rather expensive measure (see also Box 5).  
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3.3 Farmers’ reaction to policy  assessed through a 

groundwater game 

3.3.1  Introduction 

During the Sino-Swiss project implementation, one item enthusiastically shared among the project 

team and the stakeholders was the groundwater game Save the Water (referred to as StW for 

short hereafter), which mimics the agricultural practice in the NCP. The development of StW 

resulted in two products, namely a board game version (Kocher, M. et al., 2019) (Figure 30) and a 

digital version (Figure 31), respectively. The digital version is a web-based app, featuring real-time 

data transmission and the option to customize games. 

 

Figure 30: The “Save the Water” StW board game.  
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Figure 31: User interface of the digital game “Save the Water” StW. The game can be accessed through the web link 
https://savethewater-game.com/game/.  

Serious games originated in pedagogical fields (Apt, 1970; Michael and Chen, 2005) and have been 

increasingly used in public policy contexts, e.g. related to health care (Kato, 2010), social morality 

(Katsarov et al., 2019) and, more recently, natural resources management (e.g., Morley et al., 

2017; Craven et al., 2017). Bots and van Daalen (2007) divide the possible functions of serious 

games for natural resource management in six categories, namely: 1) Research and analyse policy 

contexts as systems (game as a laboratory); 2) design and recommend alternative solutions to a 

policy problem (game as a design studio); 3) provide advice to a client on what strategy to follow 

in the policy process (game as a practice ring); 4) mediate between different stakeholders (game 

as a negotiation table); 5) democratize policy development by actively bridging stakeholder views 

(game as a consultative forum) and; 6) clarify values and arguments pertinent to the policy 

discourse (game as a parliament). Among those functions—given a sufficient correspondence 

between game and real natural system—using game as a laboratory allows researchers to draw 

valid conclusions from observations of the gaming process, which unfolds as players navigate 

through the game world. In addition, since the game world is a conceptual representation of 

reality, one can treat a player’s decisions at different stages of a game as a reflection of his/her 

actual strategy under changing conditions of the real world. In this regard, a gaming episode is 

comparable with an interview, and hence the serious game may be used as a survey tool for data 

https://savethewater-game.com/game/
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collection. Questions that one would ask in a questionnaire are now “answered” automatically and 

stored in a database as a game is played out. Compared with the questionnaire, the playfulness of 

serious games can make the “survey” process more enjoyable and, consequently, more motivating 

for farmers to participate in. Inspired by the literature, later in the project our team members 

carried out a field survey in Guantao using the digital StW game, and then conducted a behavioural 

analysis based on the game results to better understand Guantao farmers’ decision-making and 

preferences in their agricultural activities.   

3.3.2  Data and materials 

The game survey was conducted in October 2019, covering all eight townships in Guantao. For 

each township, two villages were selected from which 20 farmers were chosen. In total, 160 

farmers were surveyed, including 26 farmers, who also participated in the CCAP’s survey. Their 

profiles are shown in Figure 32. The age of participants shows a two-modal pattern, with one group 

concentrated around 40 years of age and the other around 55. It is consistent with the pattern 

from the Hebei survey. The majority of farmers received an education of nine years as mandated 

by China’s national compulsory education program. The typical farm size is about 5 mu per family, 

and most participants have been farming for twenty to forty years. Despite the small sample size, 

the farmers’ profiles are consistent with the previous SFLP survey by CCAP.   

During the survey, each farmer first received oral instructions about the game rules, followed by 

a trial under customized easy mode to familiarize themselves with the StW game. At last, they 

proceeded to play formal games under the supervision of students (Figure 33). To compensate for 

their working hours lost, participants are granted a base subsidy plus an additional reward. This 

reward is set proportional to gaming results to keep participants motivated until they finish the 

games. Farmers are required to finish the game at least once. However, it was found that about 

37% of players played more than three times.  

The analysis of the gaming results has the goal to gain insights about players’ underlying decision-

making processes, especially the identification of factors that drive certain decisions.  

In this work we adopt the decision-tree classification technique (Safavian and Landgrebe, 1991; 

Breiman et al., 1984) for a behavioral analysis. Originating from the data mining field, the decision-

tree classification fits a model on a sample by recursively partitioning the data into groups that 

involve instances of classes as uniform as possible. The structure of the model can be represented 

as a tree composed of nodes and branches, where the former corresponds to different features 

of a sample, and the latter are the splits of (sub-)samples. The derived rules are easy to interpret 

since they are merely “if...else” clauses that are, arguably, similar to the human decision-making 

process (e.g., Drakopoulos, 1994; Drakopoulos and Karayiannis, 2004). Therefore, the decision-



86 

 

tree classification can be used to formulate decision heuristics in modeling choice behavior, each 

rule stating a path of reaching a specific decision. 

 

Figure 32: Farmer players’ profiles regarding age, educational level, farm size and farming experience.  

 

Figure 33: Photos of farmer participants playing StW in the game-based survey. 
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Since in StW most variables are of discrete type, it is straightforward to use decision-tree 

classification for the analysis, and the derived decision-tree may represent the discrete choice 

model of a player. Specifically, we use the Python implementation of the classification and 

regression tree algorithm (CART; Pedregosa et al., 2011) as the classifier, which has been applied 

in behavioral studies of different contexts (e.g., Arentze et al., 2000; Su et al., 2017; Schilling et al., 

2017; Huang and Hsueh, 2010). The algorithm also provides measures for relevant feature 

importance as well as for the classification accuracy (Menze et al., 2009; Hossin and Sulaiman, 

2015). Table 13 shows a list of the main variables related to decisions, states and random events 

in the game. 

Table 13. List of main variables that characterize the StW game world and will be recorded in a database during a 
play. “Decision” refers to feasible actions that players can input in the game, while “Events” are 
external and random disturbances. They both affect the state of the game. Note that the weather 
conditions determine the amount of precipitation recharge to the aquifer. 

Category Variable Values 

Decisions Crop discrete choice among: “single crop”, “double crops”, “vegetables”, 

“fallowing” * 

 Farmland discrete choice between: “buy field” and “return” 

 Amount of irrigation a crop specific integer between 0 to 5 

 Other input discrete choice among: “tractor”, “water-saving irrigation”, 

“greenhouse”, “agricultural insurance” 

States Total capital a positive integer 

 Groundwater storage an integer between 0 (empty storage) to 288 (the maximum storage) 

 Current farm size an integer between 1 to 36 (the maximum land size) 

Events Weather “dry year”, “normal year”, “wet year” 

 Neighbouring water use a positive integer depending on current water table 

 Other “thunder strike”, “pest damage”, etc. 

 *: Here “fallowing” means not cultivating any crop on a field. It is different from “seasonable fallowing’’ practiced in the NCP, 
where government subsidizes farmers for growing only summer maize instead of summer maize plus winter wheat in a year. In 
the game seasonal fallowing corresponds to the choice of single crop.  

3.3.3  Results 

Figure 34 summarizes the final performance of the games of all participants, with each line 

corresponding to one player. The performance is defined by a number of indicators (see Table 14). 

According to the plot, typical crop choices are single and double crops, with only few farmers 

growing vegetables. During the game survey, it was noticed that farmers unconsciously linked the 

game to their farming experience, and selected crop types based on what they actually grew in 

their farms. Moreover, only about 12% of players own a greenhouse. The irrigation behavior is 

also similar to reality, where Guantao farmers are used to irrigate twice for single crop and 3 to 4 

times for double crops.  



88 

 

 

Figure 34: Performance of players pooling results from all participants. Each line corresponds to the final 
performance of an individual player (yellow lines), with the best player who in the end owns the 
most assets highlighted in blue.  

Regarding economic performance (i.e., totAssets and WP), results are clustered around the low 

end of the axis. In particular, the economic water productivity (WP) is around 10 and sometimes 

even negative, meaning that players did not exploit the value of groundwater to its maximum. In 

the StW game, acquiring more land plots is a key to the success of capital increase, and buying 

farming equipment such as sprinklers and tractors will further boost productivity. However, in the 

game farmers are rather conservative: they mostly get only one to two farm fields - similar to real-

life households - and the adoption of tractors is low. In comparison, farmer players prefer to invest 

in sprinklers for saving irrigation cost, as shown by the high sprinkler ratio in the results.  

Table 14. Definition of indicators used for comparing players’ results. Among them, the “totAssets” indicator is used 
to define a winner within each policy group. 

Performance indicator Definition 

waterLV groundwater level in the last year of the game 

NrOfFields the total number of crop fields in the last year 

totAssets the total value of assets (capital and fixed assets) in the last year 

WP average economic water productivity during a game 

singleCropRatio the ratio between single crop fields and total fields 

doubleCropRatio the ratio between double crops fields and total fields 

vegeCropRatio the ratio between greenhouse vegetable fields and total fields 

sprinklerRatio the ratio between fields with sprinklers and total fields 
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tractorRatio the ratio between fields with tractors and total fields 

irrUse average irrigation water use per field 

 

Results of feature importance obtained from decision tree analysis are summarized in Figure 35. 

For single crop decision (Figure 35a), the crop chosen in the previous decision time step (i.e., last 

“year”) appears as a dominating factor. This implies that farmers’ crop decision in this year strongly 

depends on what they did in last year, indicating a strong behavioral inertia. The economical factor 

such as capital level appears to have less influence on the decision. The second important factor 

is relative groundwater level, indicating that farmers do take into account groundwater availability 

in their decision-making process. Informing farmers about groundwater level, therefore, can be 

useful to promote single cropping (SLF in real life). Secondary to the factor of previous crop choice 

are capital level and weather forecast, which show a similar importance. This, on one hand, 

indicates that farmers’ crop decision is not strongly economical motivated. On the other hand, 

farmers trust weather forecast and use this information in planning their crop choices, even 

though the forecast accuracy in the game is uncertain. 

Figure 35b shows the feature importance of “water saving” behavior. The “water saving” decision 

includes three situations in the game: 1) use deficit irrigation to save water at the cost of reduced 

income; 2) use sprinklers in the game to improve irrigation efficiency; and 3) do not irrigate at all. 

Results show that, in this case, the groundwater level [%] is the main factor that triggers players’ 

water saving action. The capital level is the second important, possibly because each irrigation 

induces a cost. Sprinklers are the third important factor, which is expected since it saves irrigation 

water as defined by the rules: In StW, sprinklers can reduce a crop’s water demand by one unit 

without affecting its yield. 

Turning to the adoption of sprinklers (Figure 35c), the number of sprinklers possessed has the 

highest importance, which is an intuitive result since it is less likely, even impossible, to buy new 

sprinklers during a game if one has already acquired many of them. But the results also confirm 

that the CART algorithm is working as expected. The second and third important factors are the 

capital and relative groundwater level, respectively. Therefore, if farmers have no sprinkler at all, 

the capital level will be the main obstacle that prevents them from adopting water saving 

equipment, while groundwater severity is the second concern. This might explain why programs 

such as subsidizing water saving equipment are welcomed by farmers, even though they have to 

pay maintenance cost themselves. Our results also suggest that, informing farmers about the 

severity of groundwater depletion could help to reinforce farmers’ willingness in accepting 

programs for subsidizing water-saving equipment. 
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Figure 35: Boxplots of feature importance for single crop decision (a), water saving irrigation (b), adoption of 
sprinklers (c) and land acquication (d). the statistics of the box is computed from 50 times of 
training, each with a different sub-sample. Scores with larger value implying a higher importance 
in determing a specific decision. The notions of the factors along x-axis are: “capital” - Money 
owned at decision-making step; “gw level” - groundwater level at decision-making step; “gw 
level[%]” – Relative groundwater level at decision-making step; “forecast” - forecast weather at 
decision-making step; “weather” - actual weather at decision-making step; “preMainCrop” - the 
main crop type from previous step; “NrTractors” - the number of tractors possessed; 
“NrSprinklers” - the number of sprinklers possessed; “NrGreenHse” - the number of greenhouses 
possessed. 

Regarding the land acquisition decision (Figure 35d), the capital appears as the dominating factor, 

followed by weather forecast and groundwater level. Possibly because they are linked to 

groundwater availability for irrigation (In StW, buying new fields allows players to access more 

groundwater). 

3.3.4  Discussion and conclusions  

The analysis of game results shows that farmers’ crop choice has strong inertia and is less 

motivated by economic factors. The reasons behind such inertia are not clear, and can possibly be 

linked to the lack of experience with innovation, high age of farmers, risk averseness fearing failure 
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when growing new crops or just to farmers’ planting habits, since in NCP the single/double 

cropping has a well-established routine using mechanization. However, farmers in NCP do not buy 

but rather rent agricultural machinery from a company, which not only provides equipment but 

also service. Currently, smallholder farmers cannot afford to buy those machines themselves. One 

observation from the previous SLFP survey shows that farmers are willing to give up winter wheat 

for a subsidy of 500 CNY/mu, but few farmers take advantage of fallowed land to grow other 

permitted crops such as oilseed rape or alfalfa, even though such a practice can help to maintain 

the fertility of the soil. Therefore, unless changing crop structure is relatively cost-free (e.g., 

compensated by subsidy) and operationally easy, it will require a stronger economic incentive to 

persuade farmers to adopt new crops.  

Water-saving irrigating behavior strongly depends on the groundwater level. Moreover, the 

groundwater level plays an important role in affecting other decisions in the game. Therefore, a 

proper communication with farmers about the severity of groundwater depletion can help to 

motivate water-saving behavior. In Guantao, the local water resource bureau has set up posters 

with historical records of groundwater head to show the declining trend. Also, the StW game can 

serve as such a communication tool for awareness raising.  

The capital level is the main influencing factor for farmers’ land acquisition and adoption of 

sprinklers—if one excludes the number of sprinklers possessed as a candidate determining factor. 

Therefore, if farmers have sufficient money, they are willing to invest on water-saving equipment. 

The higher capital level can also encourage farmers to buy new land, but from the results it is 

found that the land expansion behavior is rather conservative, with mostly only 1-2 new fields 

acquired during the game.  

Using the game as a survey and analysis tool is a new concept proposed in our project, and the 

field experiments also suggests that farmers’ decisions in the game show consistency with their 

real farming practice. Although the StW game omitted many nuances seen in real agricultural 

activities, such as the influence of seed quality, extreme weather other than precipitation, time 

length of irrigation, etc., it is nevertheless able to capture essential farmers’ behavioral traits, and 

to provide directions for further investigation with formal econometric methods.  
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Chapter 4 Decision support for local water authorities 
in Guantao 

 

This chapter presents the technical tools, which can be adopted to manage groundwater in 

Guantao County. It includes hydrogeological information, monitoring options and various 

groundwater models developed for Guantao. All these scientific tools together with monitoring 

data and current pumping control options are eventually integrated in a web-based decision 

support system with a simple user interface. This allows local water managers without specialized 

knowledge to use the complex technical tools in their groundwater management practice. 

4.1 Hydrogeological basis: shallow vs. deep groundwater 

Commissioned by the local project partners, a hydrogeological survey of Guantao has been carried 

out by China National Administration of Coal Geology (CNCG) in 2015. The contents of the report, 

which is directly relevant to our project is summarized in this section. It is augmented by some 

results from the hydrogeological mapping conducted by the China Geological Survey (CGS).  

4.1.1  Borehole locations 

20 boreholes in total were drilled for this work to investigate the hydrogeological conditions in 

Guantao including 11 wells in the shallow aquifer and 9 wells in the deep aquifer (Figure 36). The 

depths of the boreholes in the shallow aquifer vary from 60 m to 100 m while the depths of the 

deep boreholes vary from 300 m to 400 m.  
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Figure 36:  Borehole locations of the hydrogeological survey. 

4.1.2  Borehole logs and pumping tests  

Guantao is located in the Yellow River alluvial plain mainly composed of porous Quaternary 

deposits.  In vertical direction, the deposits in Guantao can be divided into four aquifer layers 

interbedded with clay and silt aquitard layers. All aquifers are composed of permeable fine sand 

layers. The upper two aquifer layers are called “shallow aquifer”, while the lower two are referred 

to as “deep aquifer” (Figure 37). The average bottom level of the shallow aquifer is around 90 m 

below ground surface. The deep aquifer has a large thickness of around 200 m. The aquitard layer 

separating the shallow and deep aquifers has an average thickness of around 100 m. The 

groundwater levels in shallow and deep aquifers differ by as much as 50 m. Furthermore, the 

hydrochemistry of groundwater is very different in both aquifers, with the deep aquifer being 

considerably less mineralized than the shallow aquifer. Hence, one can conclude that there is no 

direct hydraulic connection between the shallow and deep aquifers in the region of Guantao. The 

deep layer receives only little recharge from upstream at the piedmont, so groundwater levels 

have been decreasing continuously since pumping for domestic, industrial and irrigation uses 

started. The only way to stop the decline and start a recovery of the deep aquifer’s piezometric 

levels is to abandon all pumping from the deep aquifer. The shallow aquifer is exclusively used for 

irrigation. It is recharged by precipitation, irrigation backflow and canal and river seepage. We 

focus mainly on modelling the shallow aquifer in the project. 
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Figure 37: Left: Hydrogeological cross-section of Guantao  from west to east according to 3 borehole logs (Elevations 
in m asl. Brown: Aquitard, Green to Blues: Aquifers, I+II Shallow aquifer, III+IV deep aquifer) 
Right:Schematic view of aquifer structure generalized from borehole logs. 

Pumping tests were conducted at each borehole to investigate aquifer properties such as hydraulic 

conductivity (HK), and specific yield (SY) for the shallow aquifer. The HK-value of the shallow 

aquifer is around 10 m/d in the south of Guantao and decreases to around 1 m/d in the north. 

Similar results were found by the CGS in their mapping work. The SY values show a similar trend 

and decrease from south to north. Their absolute values could not be determined as the pumping 

tests were too short. Values from the literature were used. 

4.1.3  The distribution of total  dissolved sol ids (TDS)   

The TDS distribution in the shallow aquifer is shown in Figure 38 (left). The groundwater with TDS 

larger than 3 g/L cannot be used for irrigation. In these areas, groundwater from the deep aquifer 

is needed to irrigate crops. Therefore, the irrigation wells installed in the deep aquifer are mainly 

distributed in the areas with high salinity in the shallow aquifer (Figure 38, right). The deep aquifer 

water is of drinking water quality with TDS-values clearly less than 1 g/L. Except for irrigation, the 

deep aquifer provides water supply for domestic and industrial use (Zone 2, the small area in 

purple color on the east boundary in Figure 38 right). In recent years over 30 Mio. m3/yr of surface 

water were diverted into Guantao to replace groundwater used for irrigation, domestic and 

industrial purposes. 

Shallow aquifer

Aquitard

Deep aquifer
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Figure 38: TDS distribution in the shallow aquifer (left) and locations of surveyed pumping wells in the deep aquifer 
on the background of a satellite remote sensing map of wheat growing area and greenhouses (right). 
Wells in Zone 2 are urban drinking water wells. Zones 1, 3 and 4 have recently been connected to 
surface water canals. 

4.2 Monitoring options  

Monitored items include groundwater levels, pumping rates, land use and meteorological 

quantities. The monitoring data are transferred to a server, where they are used as input time 

series for model simulations and decision support. 

4.2.1  Groundwater level monitoring  

The groundwater level observations wells of the shallow and deep aquifers in Guantao are shown 

in (Figure 39). The modelling focus of the project is on the shallow aquifer (up to 100 m depth). 

Therefore, more observation wells are installed in the shallow aquifer. Since there is practically no 

recharge to the deep aquifer, head observations directly reflect pumping as the only item balanced 

by the long-term storage decrease. In 2017, it has been decided to close down all deep aquifer 

pumping wells. This has however only happened partially. The data obtained from the observation 

wells are discussed in detail below. 
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Figure 39: Piezometers installed and monitored since 2015 within the project. Left shows the shallow aquifer 
observation wells, right show the deep aquifer observation wells. Red stars: automatic wells 
monitored by CIGEM, blue triangles: Automatic wells monitored by Hebei Province, Green 
diamonds: Wells monitored manually by Hebei Province. 

GW levels close to the river 

The shallow observation wells ZK01-1, ZK02-1, ZK03, ZK04, ZK05, ZK06, ZK07, ZK08 and ZK09-1 of 

CIGEM (Figure 40), lie on the eastern boundary of the county, on the two banks of the Weiyun 

River. The peak of observed heads in July/August 2016 is due to heavy rains and flooding, which 

means that the infiltration of water from the river is fast and leads to a groundwater level rise with 

practically no delay. After August, the “water mountain” under the river diffuses and the 

groundwater levels drop again. After 2016, groundwater levels fluctuate little as they are still 

mainly controlled by river infiltration. Since 2019, the groundwater levels again show large 

fluctuations as pumping for irrigation becomes the dominant driver, which is typical for normal 

and dry years. Due to little precipitation in 2019, the groundwater level shows a declining trend in 

that year. 
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Figure 40: Observed groundwater levels in the shallow aquifer recorded since 2015 by observation wells of CGS 
CIGEM close to the eastern boundary of Guantao County. 

GW levels on Guantao boundary away from the river  

The heads recorded in the newly drilled observation wells of CIGEM in the shallow aquifer are 

shown in Figure 41. These wells have been operating since 2017. The observed groundwater levels 

in wells ZKP-2-1, ZKJ-1, ZKP-5 and ZKY-2 are almost constant, which means that they are sufficiently 

far away from any individual pumping well and represent the outcome of the collective pumping 

in the surrounding area. The other wells show a decrease in groundwater level in the irrigation 

season and a recovery when pumping stops. The groundwater level in well ZKY-3 shows an 

increasing trend in 2020, probably caused by reduced groundwater pumping in that area. 

Generally, the groundwater levels on the boundary of Guantao represented by these observation 

wells have not shown any obvious decline since 2018.  
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Figure 41: Observed groundwater levels of the shallow aquifer recorded in new observation wells of CIGEM since 

2017.  

GW levels inside Guantao boundary 

The temporal pattern of the automatic observation wells of Hebei Province in the shallow aquifer 

(Figure 42) shows the usual decline after the start of irrigation in March and recovery after 

September. In some locations, pumping activity in September/November is observed. Well 915s 

shows a constant groundwater level, comparable to what is seen in wells close to the western 

boundary in Figure 41.  

The deep observation wells of Hebei Province show a very similar pattern to the ones in the 

shallow aquifer (Figure 43). Obviously they supply irrigation water at the same time as wells in the 

shallow aquifer. The levels are generally lower and the amplitudes larger than in the shallow 

aquifer. As the deep aquifer is not recharged locally in Guantao, an increase in piezometric heads 

is either due to a decrease in pumping or due to pressure increase caused by the increased weight 

of the overburden in the course of large input of water at the surface (e.g. by extreme precipitation 

events as in 2016). Any decrease of a piezometric level is caused by pumping. The groundwater 

level decreased dramatically in 2019, due to intensified groundwater abstraction for irrigation in 

the drought year of 2019. Pumping in the deep aquifer has to be reduced to zero and the 

monitoring data can directly be used to verify, whether this goal has been reached. 
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Figure 42: Observed groundwater levels of the shallow aquifer recorded in automatic observation wells of Hebei 
Province since 2016. 

 

Figure 43: Observed piezometric heads of the deep aquifer recorded in automatic observation wells of Hebei Province 
since 2016 

The data of the observation wells of Hebei Province have been read manually, twice a year before 

2015, three times a year in 2015, and four times a year after that. One can see that the levels of 

shallow boreholes gradually decreased from 2002, reached the lowest value in 2011, then started 
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to recover and stayed practically constant between 2016 and 2018. After that they started to 

decline again (Figure 44) in the dry year of 2019.  

The decline in observed heads of the deep aquifer is caused by both drinking water wells and 

irrigation wells. Before 2011 the levels showed a slow decline. From 2011 on, they declined 

considerably faster until 2017. Then the decline slowed down again (Figure 45). The accelerated 

decline of some piezometers after 2011 is surprising. Possibly, there is an inhomogeneity in the 

data end of 2011. After 2017, the rate of decline in groundwater heads decreased due to the 

partial replacement of groundwater pumped for households and industry by surface water from 

the SNWT scheme. 

 

Figure 44: Observed groundwater levels of the shallow aquifer recorded manually in observation wells of Hebei 
Province. 
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Figure 45: Observed piezometric heads of the deep aquifer recorded manualy in observation wells of Hebei Province. 

Groundwater level contour map 

In July 2020, a simultaneous measurement of groundwater levels of the shallow aquifer in Guantao 

and its surrounding areas was carried out by CIGEM to better characterize the regional 

groundwater flow direction. The groundwater level was determined in more than 200 wells 

(including some pumping wells). The groundwater level contour map of the shallow aquifer is 

shown in Figure 46 (left). It is clear that groundwater flows from east to west. The reasons are 

twofold: There is less overpumping in the neighboring Shandong Province and the Weiyun River, 

which forms the eastern border of Guantao, supplies some recharge through river seepage. Two 

cones of depression are visible, one close to the western boundary in central Guantao, the other 

on the southern boundary, where the lowest groundwater level is located.  

Similarly dense, simultaneous measurements of the groundwater levels of the deep aquifer are 

not available. The groundwater level contour map of the deep aquifer shown in Figure 46 (right) 

is interpolated from the observed data of May, 2019 in the observations wells marked in Figure 

39 (right). It shows that groundwater in the deep aquifer also flows from east to west. This can 

also be seen from the regional head distribution provided in Figure 15. Piezometric heads are 

higher in the east.   

It should be noted that the head distributions in Figure 46 are momentary “snapshots”. The 

general flow direction, however, does not change significantly.  
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Figure 46: Groundwater level contour map, left: shallow aquifer; right: deep aquifer. 

Conclusions 

In recent years groundwater levels in the shallow aquifer stayed constant or decreased only 

slightly indicating reduced pumping compared to the time before 2014. This is due to two reasons: 

a large import of surface water after 2014 (Table 5), which amounted to about one third of the 

usual irrigation amount, and the fallowing measures implemented for winter wheat in Guantao 

since 2014 (Table 4).  

The situation in the deep aquifer is different. While about half of the wells for drinking water and 

industrial water were decommissioned after their substitution with surface water from the SNWT 

scheme, agricultural pumping continued and even increased. It is essential for areas, where the 

salinity of the shallow aquifer is high and less mineralized water from the deep aquifer is needed 

for dilution of shallow aquifer water or for sensitive greenhouse cultures. Consequently, 

groundwater heads in the deep aquifer layer are still declining. While the recharge-discharge gap 

in the shallow aquifer has practically been closed, the remaining gap is caused by the deep aquifer 

pumping. Paradoxically the increased pumping in the deep aquifer supports the groundwater 

levels in the shallow aquifer by irrigation backflow.  

The equilibrium or even increase in heads in the shallow aquifer is very welcome. However, one 

should not become complacent as there are cycles of wet and drought years as seen in the past 

(Figure 12). The next drought will certainly come and it will be easier to manage if water levels in 

the shallow aquifer are allowed to increase now. Another important consideration is that with 

decreasing heads in the deep aquifer and with stagnant or increasing heads in the shallow aquifer 
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the head difference between the two aquifers is further increasing. This implies an increased 

possibility of contamination of the high-quality water of the deep aquifer by leakage from the 

saline aquifer and aquitard above (Figure 13). 

4.2.2  Groundwater pumping monitoring  

A water meter is the most straightforward method to monitor groundwater pumping. However, 

direct water metering at irrigation wells is still absent in most of the NCP despite huge investments 

by the local water authority. In comparison to the monitoring of groundwater levels, monitoring 

of abstraction is much more difficult, given the large number of wells. A low cost metering solution 

would use cheap mechanical meters on each well, which are read off once a year. However, this 

solution is not deemed feasible by the water authorities. Previous experience shows that 

mechanical meters are unreliable and commonly tampered with. They often break under freezing. 

They are not inseparably connected to pumps. They are removed when pumps are repaired, 

moved to another well, or completely taken out of the wells in winter.   

A modern high-end solution is the smart water meter, which is offered for irrigation wells by a 

number of suppliers in China. A smart water meter is operated with a swipe card, which carries a 

prepaid amount of water. The volume pumped is abstracted from the amount stored on the card. 

The protection against tampering comes with the wireless connection of the smart meter to a 

server, receiving in real time all relevant data from the well usually at an interval of one hour. The 

transmission makes sure that the meter is working properly. If this is not the case, service 

personnel is sent to the field immediately to repair the meter. In China, such a system was first 

introduced in Minqin County, Gansu Province, in 2007 (Liu, 2016). In the Sino-Swiss groundwater 

project’s Heihe pilot site in Luotuocheng, Gansu Province, a smart metering system has been 

installed on 700 wells of the irrigation district in 2015, which is functioning very well up to today 

(Li et al., 2021). The reasons for its functioning are fourfold: Wells have large capacities pumping 

around 150’000 m3/yr. They provide full irrigation under arid climate leading to a non-negligible 

water bill for the single user. The collection of a high water fee of 0.1 CNY for every cubic meter 

pumped provides sufficient funds for the maintenance of the system. Finally, smart meters have 

been classified as electrical equipment, making vandalism against them a crime punishable by 

existing law. None of these conditions is fulfilled in the NCP.  

Equipment of more than 1000 wells in Guantao with smart water meters has been tried by Hebei 

Department of Water Resources with disappointing results. Of 700 meters installed in 2016 only 

6 were still working in 2018. While the initial installation was paid for by the water administration, 

funds for maintenance and repair were insufficient. Moreover, many wells are so primitive that 

they are not suited for the equipment with smart meters (Figure 47). The main reason for failure 
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was the farmers’ lack of cooperation or even opposition resulting from unwillingness to pay water 

fees. 

  

Figure 47: Typical irrigation wells and different meters installed in Guantao County. 

10 experimental smart water meters installed in this project provide the chance to assess the 

performances of different types of meters and to explore the feasibility of monitoring 

groundwater pumping by smart water meters on single wells. The measurements of the water 

meters allow us to understand farmers’ irrigation habits and the effectiveness of watersaving 

equipment.   

Comparison of water meters  

Five pairs of smart water meters from different producers were installed in Shoushansi District of 

Guantao. These meters differ in cost, meter type and data transmission method, which allows a 

comparison concerning the implementation of the different meters and measurement principles 

in practice. All the producers of water meters can provide the service of data management 

including data transmission and provision of a web-based data platform. A uniform 

communication protocol makes the data collection easier when several producers participate. An 

overview of the meter information is summarized in Table 15. 

Table 15. Comparison of meters installed in Guantao for testing.  

Meter producer Metering principle Measurements Price per unit*  

Haisen 

(Tangshan, China)  

Mechanical water meter 

(Nylon)  

Water abstraction, electricity 

consumption, water level 

4400 CNY 
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Hengyuan 

(Shijiazhuang, China) 

Ultrasound water meter  Water abstraction, electricity 

consumption, water level 

12000 CNY 

Hengze 

(Qingdao, China) 

Mechanical water meter Water abstraction, electricity 

consumption 

3000 CNY 

 

RSA  

(Iran) 

Electricity meter Electricity consumption calibrated 

for flow 

10000 CNY 

Itron 

(France/Suzhou) 

Mechanical meter with 

high accuracy 

Water abstraction 7600 CNY 

* Not including cost of installation and modification of well necessary to house meter. 

 

Mechanical water meters (Figure 48) have the advantages of low cost, long service life and simple 

technology. When used for measuring groundwater, sand in the water can clog up and damage 

the propeller, causing a deterioration of measurement accuracy. Farmers generally resist the 

installation of sand filters as they entail an increase in energy consumption. Freezing can destroy 

meters immersed in water. These are practical problems faced by mechanical water meters. The 

mechanical meters installed in the project differed in material, technology and accuracy.  

   

Figure 48: The Hengze meter (left), the Itron meter with transmission unit Watermind on the wall (middle) and the 
Haisen meter (right). 

Clamped-on ultrasonic water meters do not have the problem of clogging as mechanical water 

meters do, but the accuracy of the measurements can be reduced by air bubbles in the conveying 

pipe. Well houses or plastic huts are necessary accessories to protect the probes of the meters. 

The price of the meter and accessory equipment make ultrasonic water meters more expensive 

than mechanical water meters.  

The electricity-based water meters only monitor electric energy consumption, which is then 

converted to water abstraction within the meter. An initial pumping test is required for its 

calibration. The test provides a conversion factor as a function of the pump’s lift. Among the 

experimental monitoring systems, the electricity-based meter has the simplest hardware setup, 
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containing only an electricity meter. However, the price of this meter from Iran is high due to the 

patented technology of data processing, which provides corrections of the conversion factor in 

time. A similar meter is available on the Chinese market for a much lower price from Huafeng 

Electronics Company, Jiuquan. 

   

 

Figure 49: Hengyuan meter and RSA meter. Upper left: The Hengyuan ultrasonic water meter;Upper middle: The 
meter is protected by a cement box. The control box and data transmission unit is protected by a 
plastic hut; Upper right: RSA meter box; Bottom:Swiss expert answered questions from the local 
farmers during the installation of RSA meters by technicians from RSA and local DWR.  
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The experience of installing and operating these meters was very valuable, as it showed what could 

go wrong in the implementation of metering solutions regarding the issues of hardware 

installation, maintenance, data transmission and user-induced problems. Eight out of the ten 

smart water meters were not functional by the end of 2018 due to various reasons, listed below: 

• Malfunctioning of the water meters 

• Farmers’ unwillingness to cooperate and subsequent vandalism destroying the meters  

• Failures of data transmission unit due to unforeseen update of the data transmission 

network or due to the malfunctioning of the transmission unit.  

• Meters were bypassed manually due to circuit malfunction.  

• Theft (One meter was stolen during the change of the well users.) 

 

The meters that are still functional, are a clamped-on ultrasonic water meter and a high-resolution 

mechanical water meter. Although the operation of the ultrasonic water meter had been 

interrupted due to hardware malfunction and vandalism, its longer service time compared to 

other meters is attributed to the presence of an efficient local maintenance team. The high-

resolution mechanical water meter is still functional at present. This type of meter is usually used 

by water utilities. It provides robust hardware and an independent battery-based data 

transmission unit, which makes it less vulnerable to vandalism. However, the cost of this type of 

meter is twice that of the common mechanical water meters.  

The experience with the experimental water meters shows that a sustainable monitoring system 

must satisfy two requirements: 1) the hardware must be robust (both meters and data 

transmission units) and 2) a prompt and efficient maintenance service must be provided. Guantao 

DWR had the same experience with their installation of smart meters on a larger scale.  

Water usage and farmers’ irrigation habits  

From 2014 to 2016 in total 1037 water metering devices for pumping well monitoring have been 

installed in Guantao County through the locally funded projects. All these devices have been 

installed in wells with water saving equipment, covering about half of them. In contrast, the 10 

experimental water meters installed in this project have been installed in pairs on wells with and 

without water saving equipment (sprinkler) in the same region, to allow for an assessment of water 

saving by comparison between the two as well as farmers’ irrigation habits. Annual water 

application per mu at five locations with pipe irrigation (flood irrigation in small field units) and 

five locations with sprinkler irrigation is shown in Figure 50.  

For each pair of measurements from the same meter brand, sprinkler irrigation utilized more 

water than pipe irrigation, except for the Hengyuan meter, which underestimated the water use 
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by sprinklers due to missing measurements. The average annual amount of water applied in 

sprinkler irrigation is 277 m3/mu, while the average annual water application with pipe irrigation 

is 263 m3/mu. The values are close to the water quota of 296 m3/mu, exceeding which farmers 

need to pay a water tax. 

  

Figure 50: Water application monitored by 5 experimental water meters (Bars in light colour indicate that meters  
covered  less than one irrigation year)(Measurements of Itron sprinkler irrigation are missing due 
to malfunctioning of the pump.) 

The surprising fact that sprinklers use more water than pipe irrigation is due to improper use of 

the sprinklers by the farmers. Flood irrigation in small field units requires application of at least 70 

mm each irrigation time to flood the whole plot. So water saving can only be achieved by reducing 

the frequency of irrigation. The water application by a sprinkler system is much more flexible. A 

sprinkler system in principle saves water due to its more even spreading. The application times 

can be adapted to plant need and water can be given more often in smaller amounts. As can be 

seen from Figure 51, the irrigation days and the daily water application of sprinklers are similar to 

those of pipe irrigation, which means that farmers apply sprinkler irrigation in the same way as 

they apply pipe irrigation, according to a fixed irrigation calendar. Therefore, no water was saved 

by using sprinklers. Efficient use of a sprinkler system means making full use of its flexibility in 

applying less water per time, spreading out irrigation times and targeting plant needs in critical 

crop growth stages instead of simply following the calendar days of flood irrigation. Possibly labor 

cost prevented a more efficient use. 

It can also be observed that pumping lasts for one week (or less) in each irrigation season. Pumping 

observed in June and August was for irrigation of maize. Pumping in early October is usually 
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expected to irrigate the winter crop fields before seeding. However, there was little pumping in 

October in 2017 due to sufficient precipitation in the previous months. Therefore, pumping is only 

observed by the end of November and in early December due to the dry winter. 

 

Figure 51: Comparison of daily water application between pipe irrigation and sprinkler. 

Analysis without taking into account the particular situation in the field will produce biased results. 

Various factors can lead to a wrong determination of the amount of water pumped. For example, 

the Haisen meters did not work properly one year after installation. Still, the meter automatically 

transmits virtual data instead of real measurements when there is a hardware malfunctioning. For 

the user, this is difficult to detect as it can only be revealed when looking into the time series of 

flow rate in the data base. Additionally, when calculating water use per mu, errors can be 

introduced by inaccurate estimation of the irrigation area. This happens in two situations: 1) 

usually several households share one well, and the farmers or the electricians can only give a rough 

number of the total irrigation area of a well; 2) the irrigation area of one well varies as the fields 

located between two wells A and B can be irrigated by either well A or well B. The error in the 

irrigation area is estimated to be around 20% according to farmers. The aforementioned factors 

prevent us from getting reliable results. These problems raise difficulties in collecting water 

fees/taxes based on the monitored water use per mu. 

Lessons learned   

The smart metering experiment provided valuable experience in monitoring groundwater 

pumping at single wells. There is no evidence of obvious differences in the accuracy of the 

measurements using different types of water meters. The meters that monitor and convert 

electricity consumption to water abstraction have the advantage of being convenient and robust, 
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but the accuracy depends on the initial calibration at each single well. All water meters require 

protection against tampering and theft.  

The experiment raises questions about the feasibility of pumping monitoring based on water 

meters on single wells in well-intensive regions such as the NCP. First, the infrastructural 

investment of monitoring pumping on single wells will be enormous. Investment is not only 

needed for water meters and data management but also for upgrading and adapting the pipe 

systems at the primitive wells. Secondly, the monitoring system will not work functionally without 

efficient maintenance, which proved to be both costly and laborious. On-site inspection and data 

examination are two indispensable parts of maintenance work. The meter producers must offer 

to take on this task and cooperate closely with the local water department. Thirdly, farmers’ 

unwillingness to cooperate had serious negative impacts on the operation of the monitoring 

system. Efforts are needed to educate farmers to accept the use of water meters and to properly 

use and protect them. The second and third requirements are hard to fulfil in the NCP, where 

there is little experience with public-private partnership in meter installation and maintenance yet 

and where farmers are used to abstract groundwater without paying additional water fees. 

The conditions are quite different from the situation in Europe, the US, Mexico and even 

Northwest China where agricultural wells are fewer in number, larger in capacity, and owned and 

controlled by a small fraction of the population. Monitoring and quantification of groundwater 

abstraction in these regions is feasible through direct monitoring of pumping activity. In contrast, 

any monitoring or control action on the small wells in the NCP involves millions of individual users, 

which greatly complicates an effective abstraction management. 

4.2.3  Pumping electric ity monitoring  

In the project, a cheaper and more robust solution was proposed and implemented. It estimates 

the water pumped via a proxy, the amount of electricity consumed by pumping. This method has 

been applied for water fee collection for example in Qingxu, Shanxi Province (ADB, 2013, Wang et 

al., 2017).  

A large number of pumping tests were performed from 2016 through 2018 to determine the 

conversion factor between electricity consumption and pumped volume. It was shown that for a 

single well with a single pumping test the annual pumped volume can be estimated from the 

annual electricity consumed within an error of less than 20% (Wang Lu et al, 2020). The variation 

of the conversion factor from well to well is large with values varying between 1 m3/kWh and 4 

m3/kWh for shallow wells. This implies that for equitability in fee collection a test has to be 

performed on each well.   
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To obtain an estimate of the total annual abstraction in a village at the same accuracy, it is 

sufficient to apply an average conversion factor, obtained from about 20 pumping tests distributed 

over the village, to the aggregated annual electricity consumption of all wells involved (Wang Lu 

et al., 2020). In Guantao, the average conversion factors from electricity consumed to water 

pumped are 2.62 m3/kWh for shallow wells, 1.32 m3/kWh for deep wells and 13 m3/kWh for 

pumping of surface water from the main irrigation canal to the fields. The distribution of pumping 

in 2019 within the county is shown in Figure 54.  

Monitoring at single wells  

All irrigation wells in Guantao County are equipped with electricity meters, which were mostly 

traditional mechanical electricity meters without data transmission before 2018, recorded once 

per month by the village electricians. Since 2018 Guantao EPSC has upgraded the metering system 

by installing smart electricity meters with data transmission at the frequency of once a day, which 

makes real-time pumping monitoring possible and allows to observe and identify the irrigation 

patterns of different crops (Figure 52). 

 

Figure 52: Typical daily electricity consumption of single wells for irrigation of different crops in Guantao County. 

Due to the variability in the hydro-geological conditions, the types and working conditions of the 

pumps as well as the accuracy of the electricity meters, the spread in electricity-to-water 

conversion factors among single well is large. Using a uniform (average) conversion factor at single 

wells would lead to an error of up to 60%. Thus, for fee collection purposes, the conversion factor 
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should be established for each well to achieve an accuracy of pumped volumes within 10%-20%. 

Compared to using one uniform conversion factor, classifying the conversion factors by the 

pumps’ rated powers improves the accuracy of water use estimation to a limited extent. It would 

be a compromise solution to increase fairness in collecting water fees. As pumping tests have not 

been conducted at every well, the average conversion factor calculated from pumping tests at 

representative wells has been used to obtain annual water volumes pumped at single wells. Not 

knowing accurately the irrigated area covered by a single well, it was suggested to collect water 

resources fees or taxes at village level. For this purpose, the use of an average conversion factor 

for the village would be justified. Using a uniform conversion factor on single wells is the equivalent 

of taxing energy use instead of water use, which is another method of taxing groundwater. 

Quantification of water volumes pumped at single wells has been achieved by converting the 

annual electricity consumption of single wells shared by Guantao EPSC since 2017. Pumping 

electricity data include not only the electricity consumption of shallow wells but also energy 

consumption of deep wells and surface water pumping stations. By converting the electricity 

consumption using the corresponding electricity-to-water conversion factors, the spatial 

distribution of the use of different sources of water was revealed (Figure 53 and Figure 54). The 

use of deep groundwater is concentrated in Fangzhai, Chaibao, Luqiao and Weisengzhai 

Townships, where the salinity of the shallow groundwater is too high to be used for irrigation. The 

distribution of surface water consumption is concentrated along the Weixi Main Canal and branch 

canals in the southern and northern part of the county. 

     

Figure 53: Deep water use (left) and surface water use (right) of villages in Guantao in 2019. 

The specific use of the different sources of water in the 8 townships of Guantao County is shown 

in Figure 55. Shallow groundwater is the main water source for irrigation, while the fraction of 

deep groundwater is not negligible in most of the townships. On average, no township surpasses 

the limit of 296 m3/mu, while only 3 townships surpass the quota of 222 m3/mu. Although more 
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than 30 Mio. m3 of surface water were imported to Guantao every year since 2014, the actual use 

of surface water only accounts for a small fraction of the total water use (similar to the situation 

in BTH described in section 2.3). It is notable that the calculated total water use in some villages 

was greater than 1’000’000 m3/yr, which is questionable and needs to be verified. This can be 

caused by incorrectly including some non-pumping electricity consumption by rural industry (e.g. 

chicken farms), connected to the same meter as the pumping well. Verification of the reported 

data is necessary to avoid overestimation of groundwater extraction. 

   

 Figure 54: Total water use of all villages in Guantao in 2019.  

 

Figure 55: Water use per mu of different townships in Guantao County in 2019. 

Monitoring at transformers 

At the final stage of the electric power distribution system, transformers step down the 

transmission voltage to the level required by the end users, which is 380 V (line voltage) for 
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pumping wells. Power supply for agricultural use is separated from that of other sectors, i.e., 

residential and industrial uses, by using separate transformers. Electricity consumption is metered 

by Guantao EPSC at the transformers by smart electricity meters with remote data transmission 

once a day. There are 2 to 10 transformers for agricultural use per village. Each transformer 

supplies electric power for 3 to 10 irrigation wells. Monitoring at transformer level can certainly 

reduce the monitoring effort for a village by a factor of up to 10, from dozens of wells to a few 

transformers.  

To test the monitoring method, 100 smart electricity meters were installed by the project on 

electrical transformers that supply power to irrigation pumps. The frequency of data transmission 

of these meters is once per 2.5 minutes, much higher than that of EPSC’s meters. Since one 

transformer usually supplies power to several pumps, the meter on one transformer measures the 

total input power for the pumps connected to this transformer. The data collected, provide an 

opportunity to explore the possibility of monitoring several single wells’ electricity consumption 

by one meter on their common transformer (Figure 56). Machine learning techniques can be used 

to solve the data disaggregation problem involved. The method of Non-Intrusive Load Monitoring 

(NILM), which originated from household appliance monitoring (Zoha et al., 2012), was applied to 

separate the electricity consumption of single wells from the total electricity consumption on 

transformers. Attempts were made to distinguish between types of pumps connected to one 

transformer, along with pumping duration. Analyzing events, where only one pump was operating 

at a time, led to successful separation of single pumps’ contributions to the selected transformer’s 

power output when no more than 4 pumps were involved. More sophisticated analysis is ongoing. 

  

Figure 56: Time series of the working power showing status of pumps connected to one transformer (In this example 
4 pumps are connected to the transformer) 

Monitoring at regional level  

Historical electricity consumption records show that average pumping electricity for every month 

of the year is generally in line with the irrigation demand (Figure 57). (Averages were taken over 

the time period from 2007 to 2016). One has to note that the pumping electricity is not reported 

according to the calendar month, e.g., Shoushansi EPSA reads the electricity meter every 18th of a 

month. Thus, the peak of pumping electricity in April represents a peak of water consumption in 
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late March and early April, which is the time of spring irrigation for winter wheat. Spring irrigation 

requires more water than the other irrigation seasons due to lack of precipitation in spring. It is 

interesting to observe that there is quite an amount of pumping in May and June, supposedly for 

irrigating winter wheat and vegetables. The third high value appearing in July represents the 

pumping for seeding summer maize in late June. There is no peak in October as expected when 

seeding winter wheat. This can be explained by the abundant antecedent precipitation. 

 

Figure 57: Multi-year averaged monthly pumping electricity consumption of Guantao and irrigation demand for 
winter wheat-summer maize in dry and normal years (Averages of electricity consumption from 
2007 to 2016. 

The inter-annual variability of pumping electricity of single districts agrees well with that of the 

county (Figure 58). Only anomalies against multi-year average of pumping electricity are shown in 

the figure to avoid the influence of the magnitude of absolute values. The relative differences 

between the anomalies of single districts and that of the county are less than 20%, while the inter-

annual variability of pumping electricity is much larger, with anomalies up to 50%, caused by the 

randomness of rainfall. It was also observed that the ratio between the pumping electricity of a 

district and that of the whole county is relatively stable from year to year. This implies that the 

pumping electricity of one region is also a good representative index of the pumping electricity, 

and consequently the irrigation water use, of a larger region. This indicates that it is feasible to 

estimate groundwater pumping of a larger area through monitoring of a smaller area.  
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Figure 58: Inter-annual variability of pumping electricity of the county and main districts. 

As mentioned before, electricity-to-water pumping tests should be carried out for each individual 

well to reach an acceptable accuracy for taxing, while the required number of pumping tests can 

be much less, when estimating the groundwater abstraction of a larger area (village or county). Its 

accuracy depends on the accuracy of the areal conversion factor calculated as the average of 

tested conversion factors at individual wells. The results show that at a confidence level of 95%, 

at least 13 wells should be tested in Guantao if the error of the areal mean conversion factor of 

shallow wells is expected to be less than 20%. The number increases to 45 wells if the error is 

expected to be less than 10% (Wang Lu, 2020). Compared to the total of about 7300 shallow wells 

in the whole county, the required number of pumping tests is very small. It implies that reliable 

areal estimates of aggregated groundwater abstraction can be obtained by testing only a small 

proportion of wells in the region. This conclusion provides the basis for reconstructing historical 

groundwater abstraction of the county for groundwater balance analysis (see details in the box 

model section Chapter 4.3.1).  

Recommendations 

In Guantao, the depth to static groundwater table is large, on average more than 20 meters. The 

cyclical fluctuation of the groundwater level within a year (on average ± 5m) is small compared to 

the depth to groundwater table, which means that a pump’s total lift does not vary much within a 

year, e.g., within 20% according to the measurements of conversion factors at a representative 

well. This situation is typical for over-pumped aquifers, where groundwater management is 

necessary. Under other circumstances, more tests may be needed to obtain a temporal 

distribution of the conversion factor over the year. The influence of a long-term groundwater 

decline is negligible within a year but becomes more significant over time. It has to be taken into 
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account by repeating pumping tests every few years. Additional tests are also needed in extreme 

drought events when groundwater levels decline drastically beyond the normal range of pump lift 

or when a new pump is installed in a well.  

Besides the errors introduced by energy-to-water conversion, there are also uncertainties in 

energy data collection. Although less critical compared to water meters, tampering is still a risk 

with traditional electro-mechanical meters. The introduction of new smart electricity meters with 

remote data transmission has eliminated this risk through efficient on-line detection. In China, 

power for irrigation wells is supplied by transformers for agricultural use, which are separate from 

those for industry and residential use. However, besides providing pumping energy, transformers 

for agricultural use also supply power for other agricultural activities, which are eligible for the 

subsidized electricity price of 0.5115 CNY/kWh, e.g., animal husbandry and preliminary processing 

of agricultural products. The regular price for households is tiered between 0.52 and 0.82 

CNY/kWh. Additional efforts are needed to separate pumping electricity from non-pumping 

electricity in areas, where energy records of wells are not easily identifiable.  

Cooperation between water and energy departments (DWR and EPSC) is crucial to achieve a 

successful system of groundwater abstraction monitoring using electric energy as proxy. EPSC has 

been sharing annual energy data at single wells with DWR since 2017 for water resources tax 

collection in all counties of Hebei Province. This is the first step of cooperation between electricity 

and water departments. Policy support and legislation are needed to achieve further multi-

departmental cooperation to ease the procedures of data collection, data sharing, quantification 

of groundwater abstractions and implementation of control methods.  

4.2.4  Land use monitoring  

The planting area of the most irrigation intensive crops, winter wheat and greenhouse vegetables, 

can be monitored through satellite remote sensing. The relevant methods were developed or 

adapted in the project (Ragettli et al., 2018). Figure 59 shows the winter wheat area of Guantao 

in the 5 consecutive years of 2016 to 2020. Some changes are visible, which are related to the 

policy of encouraging farmers through subsidies to fallow winter wheat. Winter wheat is easy to 

monitor as in January and February it is the only green crop in the fields. Except for haze days good 

images can be obtained in this season. The control of a cropping system by remote sensing alone 

has been practiced successfully in the Eastern La Mancha of Spain, where each irrigation unit 

assigns crops to each of its plots within its water right. The execution of the plan is verified by 

weekly satellite images (Sanz, et al. 2016). The crop-specific temporal variation of the vegetation 

index week by week allows identification of the different crops and comparison to the crops 

declared. Only in cases of doubt an inspector has to do a check on the ground. Similarly, subsidized 

fallowing can be verified in Guantao by remote sensing (Figure 60). 
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Figure 59: Winter wheat area in Guantao County in five consecutive years 2016-2020. 

 

Figure 60: Identification of fallowed wheat areas by comparison of images from two consecutive years.  

A relatively new development in Guantao is the fast increase in greenhouses, which are used for 

growing vegetables such as cucumbers and tomatoes. Although greenhouses save water for a 

single crop, greenhouse vegetables harvested multiple times per year are using more water per 



 

 

119 

hectare than wheat-maize double cropping. Greenhouses can be detected by the spectral 

fingerprint of the plastic covers used (Yang et al., 2017). Figure 61 shows the development of the 

greenhouse area in Shoushansi irrigation district from 2017 to 2020. 

 

Figure 61: Development of greenhouse area in Guantao (Image focuses on concentration in Shoushansi district) from 
2017 to 2020. 

4.3 Modeling for decision support  

Four different groundwater models have been developed for interpreting the monitoring data 

gathered and to draw conclusions for groundwater management. Each of them has a different 

task. The first is a box model (0-D model), calculating a water balance for the whole of the county. 

This lumped model allows to determine the water gap for the whole county and the size of 

interventions necessary to close it. The second model is a 2D model of the shallow aquifer. It 

describes the spatial distribution of groundwater levels and allows to locate interventions (e.g. 

construction of infiltration basins, allocation of surface water supply) in an efficient way to fill up 

deep cones of depression. The third model is a real time version of the 2D model. It updates the 

2D model continuously by assimilating monthly incoming observation data. From this model one 

can at any time get the best possible groundwater contour map of the county as a starting point 

for the calculation of scenarios. Not everywhere data are available in the same density as in 

Guantao. Therefore, the last model uses Guantao data to develop a machine learning procedure 

to predict groundwater levels at an observation well, which can be transferred to other locations. 

It is based on long-term records of past groundwater levels at the same well and all related time 

series data from its surroundings such as rainfall, irrigated area, pumping electricity use etc.. 

Guantao’s deep aquifer is not modelled, as pumping has to be reduced to zero and the monitoring 

data are sufficient to verify whether this goal is reached. 

4.3.1  Box model 

A box model was used to analyze the water balance of the shallow aquifer in Guantao County. It 

can also be used as a simple alternative to a spatially resolving numerical groundwater model to 

simulate the yearly change of the groundwater level averaged over the county. It is useful for fast 

scenario analysis in decision support.  
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Model description 

The box model considers the shallow aquifer of Guantao County as a whole and looks into the 

yearly inflows, outflows and change of storage. The scheme is illustrated in Figure 62. 

 
Figure 62: Scheme of the water balance model of Guantao shallow aquifer 

The recharge of the shallow aquifer includes infiltration of precipitation and irrigation backflow as 

well as seepage of surface water from the Weiyun River and the Weixi Canal system. Recharge 

components were estimated using empirical functions of the Handan Water Resources 

Assessment (Yang and Gu, 2008). Pumping for irrigation is the only net outflow of the shallow 

aquifer. The lateral flux of the shallow aquifer is negligible compared to vertical fluxes (recharge, 

pumping), and so is exchange with the deep aquifer. Phreatic evaporation need not be taken into 

account, as the depth to groundwater has been larger than 10 m since the 1980s. This is well 

below the extinction depth for phreatic evaporation. It is also much lower that the bottom levels 

of river and canal beds. Therefore, surface water – groundwater interaction is a one-way-street: 

Surface water can seep in, but groundwater cannot drain to the river or irrigation canals.  

Groundwater abstraction for irrigation as the only discharge of the shallow aquifer also influences 

the recharge to this aquifer by irrigation backflow. Data errors in groundwater abstraction greatly 

affect the results of the water balance calculation. Therefore, a considerable effort was made to 

quantify abstraction using pumping electricity as a proxy. Electricity records also allow the 

reconstruction of groundwater abstractions in the past. The electricity records that were used to 

reconstruct the total annual groundwater abstraction in Guantao County since 1984 include: 1) 

Single wells’ electricity consumption from 2017-2019, 2) total electricity consumption for 

agriculture in Guantao from 2007 to 2016, and 3) rural electricity consumption in Guantao dating 

back to 1984, extracted from Guantao Statistical Year Books (SYB).  

Power supply for agriculture is separated from that for other purposes, such as domestic and 

industrial use. Therefore, it should represent the electricity consumption for irrigation. However, 
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considerable electricity consumption for other agricultural use, such as livestock and crop 

processing, was also included in the records of electricity consumption for agriculture. Before any 

conversion of electricity consumed to water volume pumped, it is important to exclude the non-

pumping electricity consumption to avoid overestimation of groundwater abstraction. From total 

electricity consumption for agriculture, pumping electricity can be extracted by excluding the 

electricity consumption in non-irrigation months. From rural electricity consumption, pumping 

electricity can be derived under the assumption that the annual economy-related electricity 

consumption (for domestic and industrial use) increases smoothly with GDP while the inter-annual 

variability of rural electricity consumption reflects the inter-annual variability of pumping 

electricity due to the variation of precipitation from year to year.  

Groundwater level has declined drastically since the 1980s due to pumping for irrigation, which 

implies that the electric energy used to pump a unit of water has increased accordingly. Thus, the 

electricity-to-water conversion factor in the past has to take into account the smaller depth to 

groundwater. Water abstracted from both deep and shallow aquifers is used for irrigation, but the 

energy used to pump a unit of water from the deep aquifer is about twice the amount needed to 

pump a unit from the shallow aquifer. Thus, electricity consumption for pumping from the shallow 

aquifer has to be separated from that of the deep aquifer. However, before 2017 only the sum of 

both was recorded. To solve this problem, a parameter 𝑐, which denotes the ratio between the 

amounts of irrigation water abstracted from the deep aquifer and from the shallow aquifer, is 

introduced. It can be estimated from the irrigation areas of shallow wells and deep wells, under 

the assumption that the water use per unit area does not differ between fields supplied by shallow 

and deep wells.  

Water balance of Guantao shallow aquifer  

The water balance of the shallow aquifer is determined by recharge and discharge. Rainfall 

infiltration is the main source of groundwater recharge followed by irrigation backflow (Figure 63). 

The seepage from the canals was minor compared to other recharge components but has become 

comparable with the seepage from the river since 2014 due to the increase in imported surface 

water.   

The calculated and observed water levels (averaged over the county) and the corresponding 

changes of storage in the shallow aquifer from 1985 to 2019 are shown in Figure 64. Since only 

total pumping electricity was available before 2017, an uncertainty band of calculated water levels 

is presented to take into account  the uncertainty of the parameter 𝑐. The range of 𝑐 was set from 

0.0 to 0.3. It can be seen that the annual variability of the calculated water levels generally agrees 

with the observations. The upper uncertainty band of the calculated water level (𝑐 = 0.3) basically 

coincides with the observations since around 2000, while the lower band (𝑐 = 0) is closer to the 
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observations back in the 1980s and 1990s. This implies an increase in the fraction of deep 

groundwater use in recent years. It can also be partly attributed to an underestimation in 

converted pumping energy before the 1990s, when there were still some diesel pumps in use in 

irrigation. In the water balance calculations presented below c = 0 was used from 1985 to 1996, c 

= 0.3 was used from 1997 to 2016 and for the last years electricity use in irrigation was provided 

separately for shallow and deep aquifers.  

 

Figure 63: Recharge components of the shallow aquifer in Guantao. 

 

Figure 64: Observed and calculated water levels and annual water balance components in Guantao County. 
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Figure 64 indicates three periods of depletion of the shallow aquifer, a large water table decline 

rate between 1984 and 1999, a smaller one in the pre-project period from 2000 to 2013 and a still 

smaller one between 2014 and 2019. The corresponding depletion rates of the shallow aquifer are 

15 Mio. m3/yr, 6 Mio. m3/yr and 1 Mio. m3/yr, respectively. The total gap between discharge and 

recharge including the deep aquifer is shown in more detail for the periods 2000-2013 and 2014-

2019 in Figure 65.   

 

 

Figure 65: Sketches of water balance of Guantao County 2000-2013 and 2014-2019. 

The components of recharge and discharge of the shallow aquifer for the two periods are shown 

in more detail in Figure 66. In contrast to the relatively wet period between 2000 and 2013, three 
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out of six years between 2014 and 2019 were dry years with annual rainfall less than 450 mm. This 

led to an increase in the abstraction from the shallow aquifer by 3%. However, the use of deep 

groundwater decreased by 35%, mainly due to replacement by imported surface water and 

fallowing. The increase in surface water use led to a drastic increase in canal seepage and partly 

contributed to the increase of irrigation backflow. Thus, the total recharge increased by 11% 

despite the decrease in rainfall infiltration.  

 

Figure 66: Components of the shallow aquifer's water balance, 2000-2013 (dark blue) and 2014-2019 (light blue). 
Positive values for recharge (into the aquifer), negative values for discharge (out of the aquifer). 

The development of aquifer depletion in both 
shallow and deep aquifers for the two periods is 
shown in Figure 67. The total gap could almost 
be halved during the project period (2014 to 
2019) compared to the pre-project period (2000 
to 2013). The shallow aquifer’s recharge-
discharge gap is down to 1.3 Mio. m3/yr from 6.4 
Mio. m3/yr. The deep aquifer’s gap is still 18.5 
Mio. m3/yr but compared to the pre-project 
period it has been reduced by about 14 Mio. 
m3/yr due to project measures. If one takes the 
balance for the year 2019 only, the improvement 
is even more impressive. The total gap remaining 
in the deep aquifer is 11.2 Mio. m3/yr, while the 
shallow aquifer water level even rose, equivalent 
to a storage increase of 0.9 Mio. m3. A single year 
is, however, not as significant for comparison as 
a period of several years due to the variability of 
meteorological conditions.  

 

Figure 67: Guantao's aquifer depletion of different 
periods with contributions by 
irrigation and water supply for 
households and industry.  
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Box 2: Upscaling of box model approach to Heilonggang low plain region in the North China Plain. 

Transfer of the box model approach to other counties in the 
North China Plain 

 
Electricity data had to be corrected to remove non-irrigation use. Performance of the box model is acceptable in 
five out of eight counties Guantao, Guangping, Feixiang, Daming, and Cheng’an, where the inter-annual 
variability of water levels was captured most of the years. The poor performance of the box model in other 
counties is mainly attributable to the use of rural electricity instead of the actual pumping electricity. The 
reconstruction of pumping electricity for total rural electricity consumption is inaccurate due to the increasing 
fraction of non-pumping electricity consumption (for domestic and industrial use) in total rural electricity 
consumption. The performance of the box model will improve when pumping electricity is available for a more 
accurate estimation of groundwater abstraction, preferably separated into shallow and deep aquifer pumping. 

 

 

The box model can be used not only in Guantao but 
also in other areas with similar hydrogeological 
conditions. These conditions are:  

• the net lateral flux of the aquifer is negligible 
compared to vertical fluxes (recharge, pumping);  

• exchange with the deep aquifer is negligible;  

• depth to shallow groundwater table is 
sufficiently large to exclude phreatic ET and 
exfiltration to surface water bodies;  

• groundwater is extracted by electric-motored 
pumps and is the main source of irrigation water. 

Basically the whole of Heilonggang plain shown in 
the map fulfills these conditions. 8 counties of 
Handan prefecture served as a test (see insert in 
figure on the right). Data in Handan Reports of 
Water Resources were used as well as electricity 
data from Hebei and Handan statistical yearbooks.        
E 
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4.3.2  Distributed groundwater model for Guantao  

A numerical groundwater flow model facilitates the understanding a local hydrogeological system. 

It serves as a basis for decision making by allowing to evaluate and compare outcomes of different 

water allocation scenarios in a spatially resolved manner. As explained in the previous chapter, we 

focus mainly on the shallow aquifer. Therefore, a 2D groundwater model of the shallow aquifer in 

Guantao is developed using a structured grid discretization. 

Model development 

The groundwater model of Guantao is based on USGS Modflow (Harbaugh, et al., 2000) under the 

GUI Processing Modflow (PMWIN) (Chiang and Kinzelbach, 2000). The county area is discretized 

into 210 rows and 190 columns with a grid size of 200 m x 200 m. The top and bottom of the 

aquifer are determined by the digital elevation map and interpolated borehole logs, respectively. 

The model parameters including hydraulic conductivity, specific yield and recharge ratio are 

determined by data from hydrogeological maps, soil maps and pumping tests. The specified model 

boundary condition is determined by the observed groundwater levels in the wells on the 

boundary. The main sources of groundwater recharge in Guantao are precipitation and irrigation. 

The recharge is assumed to be a constant fraction of the sum of the two fluxes. Groundwater 

pumping is the main sink term in the numerical model. It is calculated by converting the pumping 

electricity consumption of each village by a conversion factor (see section 4.2.2). The Weiyun River 

on the east boundary infiltrates groundwater as well. Its infiltration is not described explicitly in 

the numerical model, but implicitly contained in the specified head boundary condition along the 

river, which is influenced by the river’s infiltration.  

The numerical model is running in transient mode for the period between March 2018 and 

December 2019 in monthly time steps. The initial condition of the transient model is interpolated 

from the measurement data recorded in February 2018, using the Kriging method. After 

transferring source/sink terms to each model grid, uncertain model parameters are adjusted to 

minimize the residuals between the observed and computed head values. 

Model results 

The calibrated hydraulic conductivities are shown in Figure 68. The value decreases in south-north 

direction. There is a relatively impermeable zone between HK1 and HK3 with a value of 3.3 m/d. 

Like the hydraulic conductivity, the calibrated specific yield decreases from south to north (Figure 

69). The specific yield influences both the amplitudes of head time series over the year and the 

general trend over the longer term. The calibrated recharge ratios are shown in Figure 70. The 

values tend to decrease from east to west, which is consistent with the local hydrological 

observations.  
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Figure 68: Distribution of hydraulic conductivity.  Figure 69: Distribution of specific yield. 

 

 

Figure 70: Distribution of recharge ratio. 

The correlation coefficients among different calibrated parameters are presented in Table 16. 

Correlation coefficients with a modulus above 0.6 mean that there is a non-negligible correlation 

among the respective parameters. The highest correlation coefficient between two zonal 

parameters is 0.6 (between HK1 and SY1). This indicates the non-uniqueness of the two parameter 

values. An increased HK1 with a simultaneously increased SY1 will lead to a similar model result. 

The smaller correlation coefficients show that all other hydraulic conductivities and specific yields 

are relatively independent and their relative values can be uniquely determined by calibration.  

Table 16. The correlation coefficients among different parameters. 
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 HK1 HK2 HK3 HK4 SY1 SY2 SY3 SY4 

HK1 1.00 0.03 0.00 0.00 0.60 -0.04 0.00 0.00 

HK2 

 

1.00 0.03 0.01 0.03 -0.15 -0.02 0.02 

HK3 

  

1.00 0.00 0.00 -0.02 0.01 0.16 

HK4 

   

1.00 0.00 -0.01 -0.06 -0.39 

SY1     1.00 -0.11 0.00 0.00 

SY2      1.00 -0.02 0.00 

SY3 

    

  1.00 -0.39 

SY4 

    

  

 

1.00 

 

The groundwater balance of the transient model is presented in Figure 71. The total groundwater 

recharge is about 0.22 Mio. m3/d, which contains an average recharge from irrigation backflow 

and precipitation of around 0.16 Mio. m3/d (73% of the total groundwater recharge). The 

infiltration from precipitation and irrigation fluctuates gently due to the delay and damping effect 

of the unsaturated zone. The boundary inflow and the main canals’ infiltration are not shown in 

the figure because they account for a small part of the total groundwater recharge (only 11% and 

16% respectively). The pumping rate fluctuates strongly. It follows the temporal behavior of 

precipitation, which directly (and without delay) influences the amount of groundwater pumping 

used for irrigation. The average pumping rate is about 0.2 Mio. m3/d.  

 

Figure 71: Water budget of 2D groundwater model. 
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The aquifer storage increases when groundwater recharge exceeds groundwater withdrawals and 

is depleted when the groundwater withdrawals exceed groundwater recharge. The groundwater 

storage starts to deplete in March and recovers after August. The average storage depletion is 

about 0.025 Mio. m3/d or 9 Mio. m3/yr. The depletion in 2019 is large as 2019 was a very dry year. 

Over-pumping is defined as the longer-term average depletion, which is clearly smaller. To a 

certain degree groundwater levels inside Guantao are influenced by the larger surroundings via 

the boundary heads. This influence from the outside can be separated from the influence by 

pumping in Guantao itself. Li et al. (2019) shows that on average inside and outside contribute 

about equally to groundwater level changes.  

The comparison of modelled and observed groundwater heads over time is shown in Figure 72. 

Some piezometers underestimate and others overestimate observations. The seasonal pattern of 

groundwater level dynamics, however, is reproduced in most observation wells. The groundwater 

levels start to decrease from March due to irrigation and reach their lowest values in July/August. 

From July/August on, groundwater levels start to recover and increase as pumping ceases and 

recharge from precipitation and irrigation backflow dominate. Some observation wells (wells 901s, 

907sd, o801) close to the boundary fail to capture the dynamics of groundwater levels because 

they are controlled by the specified values of observations on the boundary, which did not show 

any strong dynamics. As recharge from precipitation and irrigation backflow varies gently in time, 

the intra-annual groundwater level dynamics are mainly caused by pumping of groundwater from 

the shallow aquifer. Since the shape of the irrigation area of each village is not known exactly, it is 

defined by constructing Thiessen polygons around the village centers. It is quite possible that in 

this process, an observation well falls into the wrong village in the model, and thus captures 

different groundwater level dynamics. Besides, some observation wells are not strictly used for 

observation only. They are pumping wells which are monitored only once or twice per month 

when the pump is switched off. Therefore, it is inevitable that data monitored just before or right 

after an irrigation event show larger dynamics than they should.  
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Figure 72: Comparison of calculated and observed monthly time series of groundwater heads at different observation 
wells.  

 

4.3.3  Real-t ime groundwater model  

Real-time groundwater modelling, also known as data assimilation, is a dynamic model updating 

procedure incorporating all data monitored in real time such as groundwater levels, surface water 

diversions, groundwater pumping, etc. as they become available. It uses an ensemble technique 

(Ensemble Kalman Filter or EnKF) to update model parameters and states considering the 

uncertainties in parameters/states/inputs. The model also allows to make a forecast, which is 

continuously improved on the basis of new observations.  
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Uncertainty quantification  

The model parameters updated in the real time model include the 4 zonal hydraulic conductivities, 

4 zonal specific yields and 3 zonal recharge infiltration ratios shown previously. The parameters 

are assumed to follow log-normal distributions with a standard deviation of 0.5. The measurement 

error is assumed to follow a standard normal distribution with a standard deviation of 1 m. The 

pumping rate is assumed to have a normal error distribution with a standard deviation of 0.2 of 

the mean value.  

Procedure  

The principle of the updating process includes: 1) generating fifty replicates for each model 

parameter/state/input from the assumed distributions;  2) running the numerical model 50 times 

with different combinations of parameters and inputs; 3) updating model parameters and states 

by assimilating observations available at this time step using EnKF; 4) inserting the updated 

parameters/inputs into the numerical model for model forward run in the next time step; 5) 

repeating steps 2-4 until the end of the assimilation period. The procedure is applied to the 2D 

model of the shallow aquifer of Guantao. There are 22 monthly assimilation time steps. A damping 

factor (Hendricks Franssen and Kinzelbach, 2008) is introduced in the EnKF to correct spurious 

model updates and forecasts of the error covariance. Without damping, the procedure converges 

before having collected enough experience regarding uncertainty and cannot follow larger head 

changes (Li, et al., 2021).  

Results  

Figure 73 and Figure 74 represent the results from applying the EnKF method to update 

parameters and states. The uncertainty of parameters and states decreases with time due to the 

assimilation of observation data. The dynamics of the ensembles follow the observed groundwater 

level change very well. However, the ensemble in the northern well cannot completely capture 

the real observation values during the winter months. This indicates that there is still some bias 

between the numerical outputs and real observations, which cannot be explained by the presently 

assumed model uncertainties. The spatial distributions of groundwater level means and standard 

deviations are shown in Figure 75. It is clear that groundwater depression cones have formed in 

Guantao, which have a dominant influence on the groundwater flow direction. The areas with 

relative larger standard deviation indicate larger uncertainty. This is due to fewer or no 

observations in these areas (see observation location map Figure 39 in Chapter 4.2.1). It is obvious 

that new observation wells have to be installed to reduce uncertainty, especially in the Northeast 

corner of Guantao. 
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Figure 73: Evolution of typical parameters probability distribution (log value) (Left: log(SY3), right: log(Pr2)). 

 

  

Figure 74: Typical ensemble trajectory (Left: observation well in the north; right: observation well in the south). 

 

 

 

 

 

Figure 75: Groundwater contour maps of July, 2019, for ensemble mean (left) and standard deviation (right). 
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Conclusions 

The model results show that the assimilation of data in a model has two advantages over 

traditional modeling: First, it allows a sequential improvement of model parameters with incoming 

data. Second, it gives results for states and parameters together with a quantitative estimate of 

their error. The estimate of the error of groundwater heads shows how good the model is in 

predicting states in the following time step. The real time model has been developed and tested 

with past observations. In the application, the prediction for the next month is of major interest. 

The prediction interval can be increased, however at the cost of accuracy. In a predictive mode, 

the model can be used in operational decision-making, e.g. management decisions before 

determining winter crop planting in autumn. Irrespective of all parameter uncertainty and 

prediction uncertainty, the real time model with data assimilation presents the best possible use 

of all information. The map of the ensemble average heads after assimilation is the best head 

contour map one can obtain. This map is imported into the decision support system as basis for 

planning. Especially in its form of map of distance to groundwater (which is obtained by 

subtracting the head map from the digital terrain map) one can see where corrections in pumping 

in Guantao County are needed most urgently. 

4.3.4  Data driven groundwater model  

Traditionally groundwater level forecasts are computed with either box models or numerical 

models. They require various types of data concerning model structure, model parameters and 

other model inputs as explained before. Recently, with the development of automatic monitoring, 

head data sets of higher frequency and greater length are available in real time. Therefore, instead 

of using complex physically based models with a large number of model inputs and model 

parameters, more and more researchers explore the use of data driven models in predicting 

groundwater levels using a more limited number of data items but with much longer time series 

of each. Besides the predictions, a quantification of their uncertainty is provided. 

Data 

Data driven modelling builds a functional relationship between given pairs of input and target 

output datasets (i.e., samples). Based on the derived relationship, forecasts can then be made for 

new input data. In this study, the Support Vector Regression (SVR) method is used for the 

prediction of groundwater levels in Guantao County. The data used in Guantao for groundwater 

level forecasts include: monthly groundwater level data, monthly rainfall data, monthly surface 

water diversion data and monthly agricultural electricity consumption data without correction for 

non-pumping electricity. 
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Model development  

We develop data driven models for each of 3 observation wells and their average, which 

represents the whole of Guantao. The time series data sets are divided into three subsets: training 

data set from 2007 to 2015, validation data set in 2016 and test data set from 2017 to 2018.The 

input variables are wavelet decomposed into sub series (Figure 76). The time lags regarding the 

relevant input variables are preliminarily determined according to a hydrological analysis. The 

groundwater levels were time lagged by 12 months and the time lag of other input variables varied 

from 1 to 12 months. Thus there are 37 input variables in total before wavelet-decomposition. 

In the study we use both non-wavelet decomposed input variables and their wavelet decomposed 

components as potential model inputs to select the best features. During input feature selection, 

only the top features, providing more information to the forecasts than the rest of the features, 

are retained for the development of the models.  We use 100 bootstrap resamples to quantify the 

uncertainty in the input variable selection and model parameters. The groundwater levels are 

predicted for lead times of 1 month, 3 months and 6 months, respectively.  

 

Figure 76: Original groundwater level time series and the corresponding decomposed sub-time series ((a) is the 
original time serieis, (b) is the high-frequecy sub-time series at the first decomposition level; (c) is 
the high-frequency sub-time series at the second decomposition level; (d) is the Low frequecy sub-
time series at the second decompotion level). 

Results 

• Groundwater level prediction of the whole of Guantao 

After training SVR models, the groundwater levels are forecasted for 1, 3 and 6 months ahead 

using the test data. The quality of forecasts at the different lead times is quantified for different 
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SVR models for the three lead lead times 1, 3 and 6 months. Note that the optimized numbers of 

input features for the three lead times are 4, 5 and 5 respectively. The groundwater level 

predictions for the average groundwater level over the whole county are provided in Figure 77.  

t+1 

 

t+3 

  

t+6 

 

Figure 77: Groundwater level prediction at different lead times (t+1,t+3 and t+6). The gray, black and green shadows 
show the ensembles of groundwater levels calculated for the training period, the validation period 
and the test period, respectively. 
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The root mean square error (RMSE) and the Nash-Sutcliffe efficiency coefficient (NSE) are applied 

to quantify the model error. The results show that the ensemble mean fits observations well even 

though some forecasts over- or underestimate the observations. The 1-month lead time 

predictions have the lowest prediction error and the best fit. It is not surprising that the model 

performance degrades for predictions with larger lead times. Going from lead time of 1 month to 

lead time of 6 months, the RMSE of the groundwater head predictions averaged over Guantao 

County increases from 0.6 m to 0.78 m. The NSE decreases from 0.6 to 0.32 respectively. 

• Groundwater level predictions for each single well  

Table 17 shows the model evaluation metrics of groundwater forecasts for the average of the 3 

wells (representing the whole of Guantao) and for each observation well separately (well N in the 

north, well M in the middle and well S in the south) at 1, 3 and 6 months lead times, respectively. 

The stochastic groundwater level predictions for each single observation well lead to similar 

conclusions. As in the case of the county average, the 1-month lead time predictions at each single 

well have a lower prediction error and better fit than the predictions for larger lead times. The 

prediction for each single observation well underperforms compared to the results for the whole 

of Guantao (having higher RMSE and lower NSE).  

The prediction error decreases from north to south at all lead times. The RMSE decreases from 

2.14 m in well N to 0.62 m in well S at 1 month lead time, from 3.48 m to 0.83 m at 3 months lead 

time and from 3.75 m to 0.89 m for 6 months lead time. The model at well M has the highest NSE 

of all three wells, implying that the forecast’s mean fits observations quite well at well M. The 

lower accuracy of model predictions for each single well may arise from the fact that the 

groundwater level in the single well may not be representative for the local area where the other, 

area-averaged inputs are collected (e.g. precipitation). Besides, the groundwater level in the single 

well may also be influenced by lateral fluxes over county boundaries, which are not considered as 

inputs here. 

Table 17. Model performance for groundwater level predictions at lead times of 1, 3, and 6 months in the test period. 

Locations Index t+1 t+3 t+6 

Whole of Guantao RMSE (m) 0.59 0.71 0.78 

  NSE 0.60 0.43 0.32 

well N RMSE (m) 2.14 3.48 3.75 

  NSE -0.95 -1.75 -4.99 

well M RMSE (m) 0.74 0.97 1.09 

  NSE 0.63 0.37 0.2 

well S RMSE (m) 0.62 0.83 0.89 

  NSE 0.07 -0.76 -1.04 
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Discussions and conclusions 

A data driven model using a machine learning algorithm is a general way to forecast groundwater 

levels. Practically, there are also other conventional alternatives to forecast groundwater levels, 

such as long-term average (S1), long term average plus the average dynamics in a year (S2), simply 

using the data of the previous month as predictor (S3), and the ensemble mean from the data 

driven model (S4). Here we take the forecasts at 1 month lead time as an example. The results are 

shown in Figure 78. It is clear that the long-term average scenario cannot reproduce annual 

dynamics (or patterns). S2 considers the annual patterns averaged over the past, and therefore 

can make a better forecast when the real pattern fits the historical dynamics (e.g. in 2017 but not 

in 2018). S3 produces better results than S1 and S2 due to the inertia of groundwater level change. 

But S4 still performs lightly better than S3. The scenario S4 produces the smallest root mean 

square error (RMSE) of groundwater levels with a value of 0.6 m. The RMSEs for S1, S2 and S3 are 

1 m, 0.88 m, and 0.8 m respectively.  

 

Figure 78: Groundwater level predictions of different scenarios. 

In conclusion, the data driven model using a machine learning algorithm is recommended in 

practical applications. Future improvements include the use of longer time series and the use of 

agricultural electricity consumption data corrected for non-pumping use. This section 

demonstrates that one can easily implement data driven models to forecast groundwater levels. 

The method can be applied to any area in the NCP, provided sufficiently long data sets are 

available. It should however be noted that a model trained with data from the past cannot predict 

behavior due to events, which never happened within the available time series such as an extreme 
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rainfall, the sudden allocation of large amounts of surface water, or a severe change of the 

pumping regime due to policy change.   

4.4 An integrated decision support system (DSS)  

4.4.1  Motivation 

During the project implementation, a number of technical products were developed, including 

various groundwater models, a crop water demand model, algorithms for land use identification 

and, most importantly, a database for storing all information collected so far. Those tools have 

shown to be very useful in the analysis of the over-pumping issue in Guantao, and in exploring 

various mitigation strategies. However, each tool was developed as a separate software as a result 

of each team member’s own research task. But soon it became clear that the lack of coupling 

between the modules did not correspond to their interconnectedness in real life and thus limited 

the efficiency of their use. Therefore, in the second phase of the project, one main task was the 

seamless integration of those tools into a unified framework to assist groundwater management 

in Guantao. This naturally led to the idea of implementing a decision support system (DSS).  

Decision support systems (DSSs) refer to computer aided programs that help decision makers to 

solve unstructured or semi-structured problems using data and models (Morton, 1971). They are 

widely used in different fields nowadays. Among them, environmental decision support systems 

(EDSS) specialize in tackling environmental problems  and have attracted a growing attention from 

researchers (e.g., Matthies et al., 2007; Hadded et al., 2013; McDonald et al., 2019; Whateley et 

al., 2015; Shao et al., 2017). The popularity of EDSS, on one hand, is due to the increasing 

difficulties in solving environmental problems, which are often entangled with human society, 

turning them into complex coupled human-nature systems (Liu et al., 2007). The complexity is 

further amplified by global change which imposes extra uncertainties concerning the future state 

of the world (Pachauri et al., 2014; Walker et al., 2013; Milly et al., 2008). On the other hand, the 

improvement of computer and monitoring technologies have enabled researchers to 

produce/access vast amounts of information and to develop more advanced analytic tools. 

However, those trends not only increase the potential of EDSS, but also demand modern EDSS 

implementation to be more democratic, user-friendly, and flexible (Mir and Quadri, 2009; Loucks, 

1995; Hewitt and Macleod, 2017; Zulkafli et al., 2017). The democratisation implies the 

participation of stakeholders in data collection, development of EDSS as well as their final 

operation. The user-friendliness aims at lowering of technical barriers so that policy makers lacking 

specific knowledge can still themselves apply those analytic tools for their decision making. The 

flexibility requires EDSS to be able to include new information/functionalities with ease but also 

to allow integration with legacy models, which were built with state-of-the-art science but not 
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designed for the Internet context (Kumar et al., 2015). Web-based applications have become a 

popular solution that overcomes many of the challenges such as accessibility: Users can easily visit 

applications on their computers or smart devices (Swain et al., 2015). The benefit can be further 

leveraged via cloud computing to remove computation limits, and to provide on-demand load 

balancing in the face of a high numbers of simultaneous users. 

In this project, we implement such a web based DSS, named Guantao Decision Support System 

(GTDSS), using modern information and communication technology (ICT). The GTDSS aims to 

achieve two goals in particular, as shown below: 

1) Monitoring: Informing decision makers about states of the system based on observation data 

and model estimates, where the states include groundwater level, cropping area, water use 

and hydro-climatic conditions, etc. 

2) Planning: Designing management strategies according to sustainability criteria and the target 

performance specified by decision makers. 

The target users are officers from Guantao local water bureau, which is a small department. In 

addition, they have limited experience in using professional modelling tools, and poor access to 

ICT technical support—usually outsourced to 3rd party companies. To reduce the technical burden 

in using our system, the GTDSS is co-designed with stakeholders, implementing a user-friendly 

manner by adopting interactive visualization and adapting model configuration to their needs. In 

addition, the GTDSS is based on open-source software and is launched as a web site hosted on a 

Chinese cloud provider, namely the AliCloud. Users can access the system via the address: 

www.giwp-gtdss.cn. The webpage serves as a graphical user-interface (i.e., front-end), which can 

be opened with any modern browser (Safari browser is currently not supported). On the web site, 

users can perform various operations, such as running models or query monitoring data. All 

operations initiated by end-users are handled by the server (i.e., back-end), on which the models 

and the database are installed. The tools and development workflow can also be applied to other 

cases for implementing environmental decision support systems (see Li, 2020).  

4.4.2  Key components 

GTDSS is composed of five key modules:  

• Water quota planning  

• Scenario analysis 

• Irrigation Calculator 

• Crop mapping, and 

• Data portal  

http://www.giwp-gtdss.cn/
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Each module is implemented as individual web page, which can be accessed from the navigation 

panel on the top (Figure 79). In addition to that, the Home page provides brief descriptions of the 

project as well as the functionalities of each module, while the Others page introduces 

miscellaneous resources such as the groundwater game, the project’s and partners’ websites, etc. 

The following sections will give a quick glance at each module and explain its duty. Readers can 

refer to the Technical Guidebook in Appendices A-9 for more information regarding the 

instructions of use and technical details.   

 

Figure 79: Home page of Guantao Decision Support System (GTDSS).  

Quota planning  

This module allows users to plan shallow groundwater pumping and winter wheat fallowing for 

next year according to a target depth to groundwater table and expected surface water supply, as 

input by users. The target depth can only be set within a feasible range defined by two “red-lines”, 

namely an upper and a lower bound, respectively. The upper bound mandates the groundwater 

level to be no higher than the extinction depth (5 meters below ground level) to prevent soil 

salinization from phreatic evaporation. The lower threshold accounts for a minimal level to ensure 

that the reduced pump yield from a lowered groundwater level is not less than 70% of the 

originally designed pump yield, to which a reserve groundwater storage is added, sufficient for 

mitigating irrigation water shortage over a design drought of 4 years duration. In Guantao, these 
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requirements lead to a lower red line at 30 m below ground surface. The user interface (UI) is 

shown in Figure 80. 

 

Figure 80: The interface of Quota Planning module. Panels 1-3 inform users about key information about 
groundwater management from observations. Specifically, panel 1 shows the estimated spatial 
distribution of depth to groundwater head, panel 2 for the observation of recent average depth over 
Guantao and water use, and panel 3 for measurements of other key variables. Panel 4 implemnts 
input options for quota planning and the ouptut window for displaying results.  

As output, the module informs the user about the amount of reduction in pumping volume 

eventually required. This implies a comparison of the calculated sustainable pumping volume with 

last year’s pumping volume. If less shallow groundwater can be used, the quota planning module 

further suggests the area of winter wheat fallowing needed in order to achieve the required water 

saving.  

The suitable time for quota planning is September, because: 1) the winter wheat planting hasn’t 

started yet; 2) 90% of annual precipitation has fallen; and 3) the surface water supply is known. 

Under these conditions the uncertainty of model inputs is reduced and decision makers have 

sufficient time to prepare the budget for the seasonal fallowing program.  

Scenario analysis  

This module implements two groundwater models, namely the box model (or 0-D groundwater 

model) and the distributed numerical model (or 2-D groundwater model), which were described 

in Chapters 4.3.1 and 4.3.2.  

The inputs for the 0-D groundwater model are the expected surface water supply and the 

expected pumping electricity use. The output is the predicted (county) average depth to 

groundwater for the next year. The box model UI is shown in Figure 81. 
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Figure 81: UI of box modeling tool. Panel 1 is the input panel to define simulation scenarios, and panel 2 is the output 
of depth to groundwater table time-series, with uncertainty bounds for the forecast given in red.  

The 2-D groundwater module allows more comprehensive input options, as shown in Figure 82. 

For example, users can specify driving forces such as precipitation and surface water supply, 

“build” ponds for artificial aquifer recharge, and, most importantly, specify inputs for water 

allocation. In addition, users can define crop water demand and irrigation area for different crops, 

based on which the model automatically estimates total water use. To take advantage of the 

spatially distributed nature of the model, the total water use, land use settings and surface to 

groundwater irrigation ratio can be defined at township level. The output of this module is the 

prediction of head development over next 10 years under the given scenario, assuming that 

conditions remain the same on average over the simulation horizon.  
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Figure 82: Interface of the 2-D groundwater modelling tool. Panel 1 provides comprehensive input options to specify 
boundary conditions and the allocation settings on a township basis. For each township, users can 
also define landuse and crop water demand via panel 1a and 1b, respectively. Panel 2 is the output 
window for the spatial map of simulated groundwater level change. Panel 3 displays the time-series 
of level change under selected location, as well as the water allocation results per township.  

Irrigation calculator  

This module implements the core routine of the Irrigation Calculator App, which is an on-line 

software (Box 3 and Box 4, https://app.hydrosolutions.ch/IrrigationCalc-Guantao2/) that simulates 

crop water demand under different climate and land conditions. As shown in the top panel of 

Figure 83, the main inputs to the Irrigation Calculator are soil type, crop type and planting date, 

while the output is crop water demand, either at monthly step or aggregated into the annual total. 

The same model is also used in the 2-D groundwater model introduced in the previous section for 

providing reference crop water demand. 

https://app.hydrosolutions.ch/IrrigationCalc-Guantao2/
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Box 3: The Guantao Irrigation Calculator. 

Guantao Irrigation Calculator  

A tool for monthly irrigation water demand in Guantao County, Hebei, China  
An important task of water managers around the world is 
to deliver water for irrigation when it is needed. 
Traditionally this is done by consulting irrigation norms 
that provide annual estimates of irrigation water demand 
depending on crop and soil types and on irrigation 
method and farm size. However, the distribution of the 
irrigation water throughout the growth season of the 
plant is often not included in the irrigation norms which 
makes the planning for timely water deliveries to the 
farms difficult. Within the frame of this project, a web 
application was developed which allows the monthly 
planning of irrigation water demand: Guantao Irrigation 
Calculator. 

Procedure 

• Choose local average climate or define user specified 
climate 

• Choose local crop types and enter planting dates 

• Choose among local predominant soil types 

• Choose typical local conveyances and application 
losses 

Output 

• Yield monthly irrigation demand 

• Comparison with local irrigation norms 

• Saving & loading of irrigation planning tables 

• Available in Chinese & English 

Monitoring of crop activity  

• Archive of weekly enhanced vegetation index (EVI) 

• Real-time computation of average EVI 

• Real-time computation of time series of average EVI 

• Comparison to time series of regional average EVI 

 

 

 

 
 

 

 

 

 

 

Reference: Allen, R. G., et al (1998). Crop Evapo-
transpiration. FAO Irrigation & Drainage Paper 
http://www.fao.org/3/X0490E/x0490e00.htm 

Web access to Guantao Irrigation Calculator: 

https://app.hydrosolutions.ch/IrrigationCalc-
Guantao2/ 

User manual for the Guantao Irrigation Calculator: 

https://www.hydrosolutions.ch/projects/guanto-
irrigation-calculator 

Video tutorial: 

https://youtu.be/rCeiuTboorY?list=PLrox336x2AMQ
y5qBfyPPLZmT1rVM82oHB   

   

   

 

http://www.fao.org/3/X0490E/x0490e00.htm
https://app.hydrosolutions.ch/IrrigationCalc-Guantao2/
https://app.hydrosolutions.ch/IrrigationCalc-Guantao2/
https://www.hydrosolutions.ch/projects/guanto-irrigation-calculator
https://www.hydrosolutions.ch/projects/guanto-irrigation-calculator
https://youtu.be/rCeiuTboorY?list=PLrox336x2AMQy5qBfyPPLZmT1rVM82oHB
https://youtu.be/rCeiuTboorY?list=PLrox336x2AMQy5qBfyPPLZmT1rVM82oHB
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Box 4: The Heilonggang Irrigation Calculator. 

Heilonggang Irrigation Calculator 

An online tool of calculating monthly irrigation water demand in the Heilonggang low plains  
The Guantao irrigation calculator has been modified for 
application in regions with similar characteristics 
concerning surface runoff and hydrogeology. These 
conditions are satisfied in the whole of Heilonggang low 
plains, which cover a sizable part of the over-pumped 
region in Hebei Province. Crop water demand is 
calculated on county level. Changes had to be made 
regarding the input of weather data, which show a clear 
South-North trend. 8 weather stations are available from 
which data can be interpolated for the respective 
county. Crop activity maps from remote sensing had to 
be extended to the larger region. 

 
Monitoring crop activity in the entire North China Plain 

 
 

  

 

 

 

Resources 

Access: 

http://app.hydrosolutions.ch/irrigationCalc-NCP  

Video tutorial: 

https://youtu.be/rCeiuTboorY?list=PLrox336x2AMQy
5qBfyPPLZmT1rVM82oHB   

   

http://app.hydrosolutions.ch/irrigationCalc-NCP
https://youtu.be/rCeiuTboorY?list=PLrox336x2AMQy5qBfyPPLZmT1rVM82oHB
https://youtu.be/rCeiuTboorY?list=PLrox336x2AMQy5qBfyPPLZmT1rVM82oHB
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In addition, the module also includes an option for looking up the irrigation norm of a crop from 

the database, which digitizes the official document (DB13/T 1161.1-2009). It specifies the 

reference water quota for main crops in different regions of Hebei Province, and gives adjustment 

factors taking into account the type of water source, the size of irrigation area and the irrigation 

method. The interface is shown in the bottom panel of Figure 83.  

 

Figure 83: Interface of the Irrigation Calculator module. The top panels are the UIs for estimating crop water demand 
based on the crop model, where panel 1 is the input window and panel 2 for outputs. The bottom 
panels are the UIs for looking up official value defined in the irrigation norm issued by Hebei 
government. Users’ query parameters are specified via panel 3, and the query results are shown in 
panel 4. 
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Crop mapper 

The original CropMapper is an online application that allows users to generate high resolution crop 

maps by running a state-of-the-art machine learning algorithm on the Google Earth Engine 

platform (https://hydrosolutions.users.earthengine.app/view/cropmapper-ncp). It utilizes 

publicly available remote sensing images as inputs. This module periodically retrieves the irrigation 

map outputs from the full-fledged CropMapper app and stores them into the database of GTDSS, 

which can then be used for monitoring the irrigation area for a specified crop type and year (see 

Figure 84). The crop types include summer crop, winter crop, maize, winter wheat and greenhouse 

vegetables.  

 

Figure 84: Interface of the CropMapper module. Panel 1 provides input options to query different crop maps under 
different years. Panel 2 is the output window where the extracted crop map will be rendered on the 
base layer of Guantao region. Panel 3 displays the time-series of crop area at township level.  

Data portal  

This module allows users to download/visualize various data related to Guantao groundwater 

management, as shown in Figure 85. Table 18 lists the variables included in this module and 

accessible features. All data are extracted from the database.   

Table 18. List of variables accessible in Data Portal module.  

Variable name Support for download Support for visualization 
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Monthly precipitation  Yes Yes 

Annual electricity use Yes No 

Annual crop area Yes Yes 

Monthly irrigation water use Yes Yes 

Monthly groundwater level/depth Yes Yes 

 

 

Figure 85: Interface of the data portal module. Panel 1 shows the data inventory and option for downloading data 
items individually. Panel 2 shows the plot of monthly precipitation time-series. Panel 3 allows users 
to visualize time-series of depth to groundwater table at different monitoring wells shown on the 
map. Panel 4 plots water use time-series estimated from E-Q method.  

4.4.3  Architecture of the GTDSS 

Figure 86 shows the scheme of the Guantao DSS and the data flow between different modules. 

Specifically, the database holds various types of information ranging from observation data to 

model parameters used by individual modules. The Irrigation Calculator, the 0-D groundwater 

model (box model) and the 2-D groundwater model are the main modelling components, with 

which one can run model simulations for given scenarios and assess outcomes (i.e., scenario 

analysis), or, inversely, specify the desired outcome and explore best strategies to get there (i.e., 

planning). In addition, the groundwater model parameters and initial conditions of the 2-D 

groundwater model are updated periodically with the Ensemble Kalman-Filter, which is a modern 
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data assimilation technique to keep a model up to date without manual intervention. The 

monitoring components consist of the CropMapper module for preparing spatial maps of the main 

irrigated crops in Guantao, and the data portal module for visualizing essential observation data, 

such as groundwater heads.   

 

Figure 86: Scheme of the Guantao DSS and data flow between different modules. 
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Chapter 5 Way forward  

5.1 Recommendations for Guantao 

The situation of over-pumping in Guantao has improved since 2014. The groundwater gap of about 

37 Mio. m3/yr before 2014 has been reduced to almost one half during the project. The shallow 

aquifer is basically in equilibrium between recharge and discharge. The remaining task is stopping 

the decline of piezometric levels in the deep aquifer, which implies the abandoning of all deep 

wells.  This means that on the order of 20 Mio. m3/yr from the deep aquifer still must be replaced, 

either by decreasing demand or increasing supply. Further fallowing of winter wheat, making 

better use of present surface water imports, adding more reliable surface water imports, and 

saving water through agricultural techniques can fill the gap. The necessary potential certainly 

exists (see analysis in Box 5).  

In its work in Guantao, the World Bank’s GEF project (Foster and Garduno, 2004b) stressed that 

only reduction of consumptive water use (i.e. transpiration and evaporation) is real water saving. 

This remains of course true, but looking at saving of deep aquifer water, the statement has to be 

modified. As there is no irrigation back flow or any other seepage back to the deep aquifer, any 

reduction of pumping is 100% saving of deep aquifer water, irrespective of whether it turns into 

evapotranspiration, seepage, or drainage outflow.   

The success of the last 7 years is mainly due to the fallowing measures and the import of surface 

water. It does not mean that no more management of the shallow aquifer is necessary. On the 

contrary, only from this situation as a starting point the storage of the shallow aquifer can be 

managed actively, hopefully increased, as a storage device to overcome future drought years. The 

system in place is also important to react to more systematic changes in the future, be it a change 

in crop water demand due to rising temperatures or changes in recharge due to changes in rainfall 

and rainfall patterns. The decision support system can keep track and help in designing the right 

answers in an adaptive management approach charted out by the red line concept.  

The metering of water use and the collection of fees either for amounts overstepping quota or for 

every cubic meter of water pumped certainly serves the purpose of ensuring general discipline in 

water use. It is however only justified if the fees lead to a reduction of pumping. This can happen 

either directly or by using the collected fees to subsidize water saving measures.  



 

 

151 

 

Box 5: Aquifer rehabilitation measures: remaining potential in Guantao and specific costs. The box shows two 
prominent items, improved used of water imports from the south and increased fallowing of winter 
wheat, which taken together are sufficient to close a gap of 20 Mio. m3/yr. They are followed in size 
by water saving through new cultivars (4 Mio. m3/yr) and numerous “small” measures of water 
conservation also add up to a considerable potential (about 4 Mio. m3/yr). Deep aquifer pumping 
by households and industry should be completely substituted by additional imports of 4 Mio. m3/yr 
of SNWT water. All measures together (30 Mio. m3/yr) should be sufficient to fill the deep aquifer 
gap in the coming years provided the continued commitment of the administration. 

Main aquifer rehabilitation measures, their remaining potentials 
in Guantao and unit costs 

Reduction of groundwater abstraction can be achieved by supply side measures, adding new water resources, 
and by demand side measures, reducing abstractions by water saving. Costs of both can be expressed by CNY per 
cubic meter supplied or saved. Demand side measures (darker shading in the table) are subsidy driven. Supply 
side measures consist of water imports from reservoirs, the Yellow River or - via the SNWT - from the Yangtze 
River Basin. 

Measure 
Remaining Potential in 
Guantao (Mio. m3/yr) 

Cost/Subsidy 
(CNY/m3) 

Traditional water saving* (small fields and low pressured pipe 
irrigation) 

0.4 1.6 

Highly efficient water saving* (drip irrigation in green houses) 0.7 2.5 

Highly efficient water saving* (sprinklers) 0.8 2.5 

Mulching* 0.2 1.0 

Conservation tillage* (maize) < 1 <0.5 

Conservation tillage* (wheat) 0.6 1.3 

Rain fed cropping** 0.9 4.5 

Water saving cultivars*** 4 1.9 

Fallowing of winter wheat** 10 3.0 

Yellow River and reservoir water (No increase, improvement of 
efficiency in use of existing imports only) 

< 15 0.4 

SNWT Central Route (Replace remaining deep aquifer 
pumping for drinking water supply) 

4 2.5 

SNWT Eastern Route 
 (Extension to Hebei under 

construction) 
< 1 

* These measures contribute to water saving by reducing unproductive evaporation. If the irrigation water is taken from 
the deep aquifer, all reduction in pumping contributes to real water saving.  

** These measures save groundwater by not pumping at all. 

*** These measures save groundwater by increasing WUE of crops. 

Main sources for data: a) Work experience summary of groundwater overexploitation control in Hebei Province. Jianghe 
Conservancy and Hydropower Consulting Center (2018). b) Self-assessment report on groundwater overexploitation control 
in Handan prefecture. Handan Municipal People's Government (2019-2020). c) The third-party evaluation report on the 
pilot project of comprehensive groundwater overexploitation control in Hebei Province, IWHR (2014) (all in Chinese). 
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Metering by electricity consumption is practicable and makes economic sense. It should be 

developed further with the electricity company using their daily available “big data”. It would be 

ideal if the water fee could be collected automatically together with the electricity fee saving the 

effort for a second fee collection system.  

Much has been achieved in the last years and a combination of crop system change and South-

North water transfer (SNWT) clearly has sufficient potential to stop the aquifer depletion, not only 

in Guantao but in the whole of the NCP. In future, the focus should extend to groundwater quality. 

The salinity of pumped water should be monitored at least once per year. The increased pumping 

in the deep aquifer of the last few years is probably related to an increase in salinity in the shallow 

aquifer. While the end of over-pumping is visible, salinity will not go away and has to be managed 

carefully.  

5.2 Agriculture and future groundwater management in the 

NCP 

Groundwater depletion in the NCP was a consequence of the governments’ will to battle famine 

in the early 1980s. Hebei Province played an important role in feeding the country since then. It 

increased its yield by 2-3 times over the past 3 decades. The intensification of food production 

coincided with a time of decreasing rainfall, which magnified the consequences regarding 

groundwater levels.  

The centralized governmental structure in China usually allows the Chinese leaders to mobilize a 

vast amount of resources to pursue a goal or solve any problem in a determined manner, once an 

issue is confirmed as extremely important. If a problem is perceived as in conflict with other 

objectives of interest, any decision is essentially a trade-off. This is the case for groundwater 

management in the NCP, because mitigating groundwater over-pumping may hurt national food 

security and farmers’ income, which are both considered at least as important as environmental 

protection, if not more important. In 2021, the agricultural department again received the task of 

increasing crop production (http://www.xinhuanet.com/2021-01/03/c_1126940702.htm).   

Population will peak between 2025 and 2030 at about 1.5 billion (Chen, Y. et al, 2020), who want 

to have an ever-richer diet with more meat, vegetables and fruit. Climate change will decrease the 

yield of some of today’s cultivars due to higher temperature and increase the water demand of 

crops due to higher ET (see Chapter 5.5). Water scarcity is exacerbated by deteriorating soil and 

water quality. Climate change may also put a question mark to the water transfers from the South, 

which has to maintain a reserve for its own growth. So will the solutions envisaged today still hold 

in 2050 or does it take more? To approach this question, a look at some trends of today is helpful. 

http://www.xinhuanet.com/2021-01/03/c_1126940702.htm
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5.2.1  Transit ion from smallholder agriculture to large farms  

The first trend is the transition from the present smallholder agriculture to modernized large-scale 

farming in the NCP. The smallholder family farms with a cropping area of a third of a hectare, are 

economically unattractive and have no future. The annual income from a winter wheat and a 

summer maize crop on that area is less than 3000 CNY per person and year, which compares 

unfavorably with the average annual income in China of about 30’000 CNY per person. Young 

people leave the countryside and look for jobs in the cities. Their support of their parents is usually 

more significant than the parents’ own income from farming. The majority of people working in 

the fields are above 50 and the question must be asked, who will produce China’s food in 2050. 

The situation is expected to change dramatically in the next decade(s) due to the fast change in 

rural population structure. With it, agricultural production activities and organization forms will 

change substantially too, from smallholder farming to large farms through land aggregation. 

Take Switzerland for example: For an economically viable farm of 4 persons in Switzerland a farm 

area of about 100 ha (300 times the area of a Chinese family farm or almost the size of the whole 

cropland of a village in the NCP) is necessary. It is typically managed by the family plus one 

additional farm hand, which is feasible due to a high degree of mechanization, applying modern 

technology both for remotely controllable hardware, including machinery and irrigation 

equipment, and for information technology harnessing information on plant health, weather and 

markets for example. 

Chinese farming is developing in the same direction. Farm sizes in the NCP are already increasing. 

Big entrepreneurs lease land from individual farmers, sometimes of whole villages, to practice a 

larger scale and more efficient style of farming. This opens up new opportunities also for increased 

efficiency in water use. However, it is unclear how grain production can eventually become 

profitable for big farms relying on land leased from small farm households. With the current 

leasing cost (800-1000 CNY/mu/year), planting grain crops (wheat and maize) is not sufficiently 

profitable to attract farming enterprises to take over. Agricultural land ownership and the right to 

trade ownership in a more permanent way will become more and more a critical issue in this 

transition process.  

Using engineering and agronomic approaches, larger farm units can fully exploit the potential for 

improving water use efficiency beyond today’s level. While highly efficient center-pivot sprinklers 

are neither applicable nor affordable for today’s small family farms, they can unfold their full water 

saving potential on farms of at least 100 ha in size. A large farm can also afford to fallow a certain 

percentage of its area in order to let the soil rest or to plant green manure without having to be 

pushed by government. Today’s pioneers of big farming go into niche products such as plant seeds, 
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health foods, medicinal plants or farm tourism to optimize income. At the next stage, grain 

production should be considered for scale-up to a more efficient and profitable operation.  

Greenhouses are the most profitable production units. When equipped with soil moisture sensors 

and automatic drip- or micro-sprinkling equipment they can save significant amounts of water 

compared to the traditional green houses. At the same time, they can save labor, which meanwhile 

has become expensive in China. In the US, vertical farms are quickly expanding. They produce 

vegetables in hydroponic cultures close to the consumer. Their water use is minimal as all 

transpired water can be recycled.  And they do not need any agrochemicals except nutrients. 

Economic viability relies on the consumers’ demand for healthy food. China’s urban elite is also 

conscious of food quality, which shows in collective ordering or “crowd farming” of farm products 

from trusted producers in the periphery.   

Bigger farms allow a more scientific approach to crop production, often termed “precision 

agriculture”, which benefits the quality of the produce as well as the environment. Drones already 

today apply crop protection products. In future they will be able to deposit those products on 

plants in need only. Similar technology can improve fertilizer application to conserve nutrients and 

reach more uniform production over the area.  

The smart water meters, which have been successfully applied in China’s west will also be 

sustainable in the NCP if pumping in big farms is concentrated on fewer wells. Management of 

water quota by a county’s water resources administration will become feasible when it needs to 

address only a small number of large farms instead of thousands of small farms. Already during 

the project, the biggest farm of Guantao enthusiastically volunteered to cooperate with our 

metering experiment. They want to save water - and thus energy - as they are much more 

conscious of cost-efficiency than the smallholder farmers. Smart devices such as smart water 

meters with data transmission to a central server and eventually a feedback from that server to 

the device, mark the beginning of the Internet of Things (IoT) in agriculture. 

Information technology and the full use of available information have to play a bigger role in 

farming. Alibaba launched the “ET Agricultural Brain”. This digital tool enables farmers to raise 

their crop yields and income by leveraging big data. The app allows farmers to digitally record 

information about their yields in order to optimize their entire production cycle, raising efficiency 

and capacity. It was preceded by similar efforts in North America where for example Climate 

Corporation analyses 50 terabytes of weather data every day and sends the information to users 

via its Software-as-a-Service platform Climate.com. The corporation’s goal is to leverage data to 

help farmers deal with the increasingly volatile weather caused by climate change. 

Agricultural research in China is quite advanced, but it is slow in trickling down into practice. A 

recent example shows how it can be made available to farmers faster: Through a national 
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campaign, about 20.9 million farmers adopted the recommendations of a study, which increased 

productivity and reduced environmental impacts. As a result of the intervention, farmers were 

together US$12.2 billion better off through savings in fertilizer and increase in yield (Cui et al., 

2018). The new type of agriculture requires human resources with the relevant education. To feed 

China's population in 2050, a scientifically educated workforce with an agricultural background 

will be vital (Tso, 2004).  

Increase of production per ha does not automatically mean increase of production per cubic meter 

of water, i.e. more “crop per drop”. Therefore optimization of production must go in parallel with 

other options of reducing water use. Agrotechnology has still some other methods in store, which 

under the name of “new green revolution” will help to optimize the combined efficiency of water 

and nitrogen use (see Chapter 5.3). 

5.2.2 Consumer behavior and demand 

Water saving must include the reduction of food waste post-harvest, in retail and on the level of 

the consumer. In recent years Chinese propaganda campaigns focused on the reduction of food 

waste in restaurants. In Europe initiatives push smart logistics for internet-based distribution of 

food close to expiration date. Food saved is water saved. 

Future water demand is closely related to the diet people desire (McLaughlin and Kinzelbach, 

2015). Even a stagnating population will further increase water demand if the present trend 

towards increasing consumption of meat and milk products continues. In the past 30 years China’s 

meat consumption has grown 2.5 folds with a population increase of about 15% and the trend 

towards more meat continues, with values admittedly still low in comparison to many western 

countries.  

However, the trend in meat consumption could change over health concerns. Young people in the 

west turn to vegetarianism. While the number of vegetarians in Germany was estimated to be 0.6 

% in 1983, it increased to about 10% of the population in 2016, with typical vegetarians being 

between 19 and 29 years old (Mensink et al., 2016). The market adapted to this dietary shift and 

the associated new demand. Sales of meat substitutes are increasing rapidly, creating a new 

billion-Dollar market.  

The diet plays an important part in the water demand in agriculture. Of course its meat component 

impacts in the first place the production of feed grain, which grows in summer and presents a 

smaller potential for water saving than wheat. But substitutes for wheat could also be considered. 

Potatoes yield the largest amount of calories with the least input of water per unit area. Of course, 

dietary changes need time for people to get accustomed to. But did China not get accustomed to 

wheat after centuries of millet? Potatoes, which were unknown before Columbus, are the 4th 



156 

 

staple food crop (after rice, wheat and maize) in China since 2015. Possibly China may also get 

used to Quinoa, which is advocated by the UN in its efforts to enhance the globe’s food security 

while saving water.  

 

Box 6: Development of China’s population and possible consequences for agriculture. 

 
Box 7: Development of China’s meat consumption. 

China’s Population  

According to the Institute of Health 
Metrics and Evaluation (IHME) China’s 
population will peak between 2020 and 
2030 at a population of 1.5 Bio. and 
then gradually decease to 730 Mio. at 
the end of the century. This is much 
less than the prediction by the UN 
bureau of population. This develop-
ment presents a big advantage for 
China’s resource availability. 

 

The age pyramid will also change 
significantly with the population over 
50 being in the majority. The over-
aging and lack of work force can be 
balanced out by more mechanization 
e.g. in agriculture. 

 

Source: http://www.healthdata.org/china 

 

 
 

China’s Diet  

“In 2026, an average 
Chinese citizen is expected 
to consume 55 kilograms 
of meat per year, up 10% 
from 2017. Pork will 
remain the Chinese favori-
te meat in the years to 
come, making up about 
60% of all meat consump-
tion, followed by poultry, 
beef and veal, and mutton 
and lamb” (OECD-FAO 
Agricultural Outlook 2020-
2029).   

Source: Caixin Oct. 12, 2018. 

The downside: “In 1991, among Chinese adults over 29-years-old, only 11.7 percent had a Body Mass Index (BMI) 
above 25, but in 2009, the number increased to 29.2 percent, according to a study published in 2014 in Obesity 
Reviews, the official journal of the World Obesity Federation.” (Liu Zhiping, China Daily 2014-07-25). 
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5.3 Drought resistant and high yield wheat varieties  

Managing groundwater sustainably depends to a high degree on agricultural strategies adopted 

in the NCP. Pursuing high yield to feed people was the major agricultural target pursued during 

the past 4 to 5 decades. The NCP played an important role in improving grain production during 

this period, when numerous high yield varieties were bred and widely cultivated. The yields of 

wheat and maize increased considerably from 1980 to 2010 (Figure 87). They can reach 9 t/ha for 

wheat and 10.5 t/ha for maize today. This is much higher than the respective national average 

yields of 6.2 t/ha and 5.4 t/ha (2019 data) and opens up a yield gap. While the development of 

crop varieties has helped to achieve the goal of self-sufficiency in agricultural goods, the yield gap 

still presents a reserve to be activated.  

   

 

Figure 87: Changes of grain yield and WUE for wheat and maize in NCP from 1980 to 2010 (Zhang et al., 2010). 

The achievements in grain production were accompanied by a tremendous increase in fertilizer 

and irrigation water inputs, with the well-known consequences for groundwater depletion. While 

over the last 40 years yield increase was the primary objective, now the reduction of agricultural 

intensity has become an essential option to mitigate groundwater level decline.  

Increasing attention has been given to the applications of biologic approaches, such as breeding 

of drought resistant varieties, or genetic modification and gene editing to largely improve 
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photosynthetic efficiency.  According to 30-year field experiments at the Center for Agricultural 

Resources Research, Institute of Genetics and Developmental Biology, CAS, a wheat variety with 

high water use efficiency could save 30-50 mm of irrigation water compared to the normal 

varieties planted in NCP (Fang et al., 2017) with almost the same level of yield. The WUE could be 

improved by 21.6% maximally by adoption of highly water productive varieties for wheat (Figure 

88). On average, adopting high WUE varieties could achieve an increase of grain yield by ~1% and 

an increase in WUE by 0.5% annually (Zhang et al., 2010). 

 

Figure 88: Water use efficiency (WUE) of major wheat varieties planted in the NCP (Fang et al., 2017). 

A recent study revealed that nitrogen status affects rice chromatin function through the 

modification of histones, and some specific genes regulating tillering. The transcription factor 

NGR5 mediates hormone signaling and increased NGR5 levels can drive increases in rice tillering 

and yield without increasing nitrogen fertilization requirements (Wu et al, 2020). This kind of 

breakthrough in genetic or biological sciences can be expected to greatly improve water and 

nitrogen use efficiencies of grain crops. Therefore, another “green revolution” through genetic 

editing technologies may happen in the near future. It should result in new drought resistant crop 

varieties and varieties with higher photosynthetic ability, using less water and nitrogen fertilizer.  

5.4 Importing surface water: benefit and risk   

For regions lacking large rivers while suffering from severe water shortage, groundwater overdraft 

seems to be inevitable and importing surface water from outside of the region is the most direct 

and effective way to alleviate the decline of groundwater levels. Based on the experience from 

groundwater overdraft control in the NCP so far, importing surface water should not only increase 

the availability of water but also the efficiency of its use.  Present use of surface water imports is 

extremely inefficient as the timing of water transfers depends on flows in the upstream, which are 

not synchronous with the irrigation calendar. Storage capacity available in the plain area is by far 

not sufficient to allow more efficient use of the imports. Improvement requires further updating 
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of water infrastructure including the water system’s connectivity and maintenance, e.g. by 

dredging river channels, renovating pools and ponds, as well as using imported water for MAR. 

In Hebei Province, surface water is imported mainly through three projects, the SNWT, the Yellow 

River diversion and the Wei River diversion (Table 19). The surface water imported through the 

SNWT Project has so far been used to replace groundwater abstraction for households and 

industry in urban areas within the project’s reach. In this way, over 80% of the urban groundwater 

abstraction has been eliminated by the end of 2020. Moreover, in areas with groundwater of high 

fluoride content and suitable local water supply networks, the imported surface water has been 

used to replace the extraction of deep confined groundwater and provide safe drinking water for 

4.3 million people in 50 counties of Cangzhou, Hengshui, Xingtai, Handan and Langfang. The Yellow 

River diversion project and its water supply network could currently play a dual role of both 

importing and storing water, as a series of water storage projects such as canals, pools and ponds 

have been constructed simultaneously with the diversion works. From 2014 to 2016, in total 784 

Mio. m3 of water from the Yellow River was transferred to Hebei and close to 7000 irrigation wells 

were shut down. The Wei River diversion project, which is traditionally supplying water for 

irrigation purposes, serves its task more efficiently through the updating of irrigation facilities in 

some small-scale irrigation districts. From 2014 to 2016, the actual amount of irrigation water 

applied increased by more than 150 Mio. m3 without increasing the total amount of imported 

water. In the same period, close to 1700 irrigation wells were shut down. According to the report 

of the pilot program “Comprehensive Control of Groundwater Overdraft in Hebei Province” 

(MWR/GIWP, 2019), the imports of surface water contributed more than 40% of the total 

decrease of groundwater abstraction from 2014 till the end of 2018.  

Table 19. Effect of imported surface water on groundwater over-pumping control in 2014-2016. 

Project Year of 

implementation 

Imported 

surface water 

(Mio. m3) 

Number of wells 

closed in 

urban/rural areas 

Groundwater 

replaced in rural 

areas (Mio. m3) 

Affected population/ 

farmland in rural 

area 

SNWT 2014~2016 511 4964 197 4.34 Mio. Capita 

Yellow 

River 

diversion  

2014~2016 784 6898 360 3.28 Mio. Mu 

Wei River 

diversion  
2014~2016 157 1649 71 0.7 Mio. Mu 

 

Through the import of surface water, groundwater overexploitation in urban areas of Hebei 

Province has been brought under control. In places where surface water is provided for irrigation, 

groundwater extraction in the agricultural sector has been significantly reduced. According to an 

assessment of the water import project conducted by a third party, from 2014 to 2016 the decline 
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rate of groundwater levels in the pilot area has been decreasing under unchanged precipitation 

conditions. Ecological and environmental problems such as land subsidence and downward trend 

of the interface between saline water and fresh water in some areas have been alleviated. No 

further deterioration of the ecological environment has been observed. 

Import of surface water has been planned, designed and implemented rather well compared to 

other methods of groundwater over-pumping control so far. Although it seems irreplaceable in 

the struggle to end groundwater depletion in the NCP, it is still facing considerable risks and 

uncertainties.  

The surface water quota from the Yellow River will still be strictly limited in the near future. Due 

to constraints on water quota, after three years of groundwater over-pumping governance, almost 

all cities and counties have used up their quota of Yellow River water. However, some counties’ 

task of cutting down on groundwater extraction has not been achieved. In Hebei Province Yellow 

River water has mainly been used for agricultural irrigation. If no further imports are possible, 

groundwater over-pumping governance can only rely on optimization of the cropping structure, 

which depends heavily on government subsidies. With the decline of these, the further promotion 

of over-pumping control action in these mainly rural areas remains challenging. 

The high cost of water supply from the SNWT project brings risk and uncertainty to the 

groundwater over-pumping control system. One important reason is that Hebei provincial 

government can only spend a small portion of its whole budget for projects supporting the SNWT. 

78% of the investment relies on bank loans. The construction of water treatment plants and 

connecting water supply pipelines is mainly supported by financing through non-governmental 

investors. These investors expect high returns on their investments. The above two factors result 

in high water supply and transfer costs for the SNWT. The water price at the entrance of the main 

canal of the SNWT Project into Hebei Province is 0.97 CNY/m3, the price of water entering the 

surface water treatment plant is 2.76 CNY/m3, and the water price for the consumers is 7.43 

CNY/m3, which is 24% higher than in Beijing, and 34% higher than in Tianjin. It amounts to 155% 

of the current average water price in urban areas, and to 210% of the current county average 

water price of Hebei Province.  

Due to its high price, water of the SNWT Project is not affordable for agricultural and ecological 

purposes. Even redundant SNWT water is too expensive to replace groundwater in agricultural 

irrigation and preserve the groundwater system.  

If the present water price of the SNWT’s Central Route of 2.5 CNY/m3 is assumed, the water 

needed for irrigation of winter wheat would cost about 6’000 CNY/ha. This amount is close to the 

present input cost for planting one ha of winter wheat and would make wheat planting with SNWT 

water economically infeasible. Today, the irrigation cost of wheat with groundwater (including 



 

 

161 

maintenance and labor) is about 1000 CNY/ha or 1/6th of the total input cost. The cost of water of 

the Eastern Route will be less than that of the Central Route, but it cannot be cheaper than 

groundwater as it has to be pumped up by about 100 m from the Yangtze River, about twice the 

lift presently necessary for deep aquifer groundwater in the NCP. If the management of all 

irrigation water would be put into the responsibility of one big company, they could make an 

average price, which would dilute the high marginal cost of the transfer water to an acceptable 

prize for food production. 

5.5 Climate change in the NCP  

Climate change influences the fate of groundwater resources in the NCP in many ways. 

Precipitation determines not only groundwater recharge. It also determines the need of 

supplementary irrigation and therefore groundwater abstraction. Its distribution in time, extreme 

rain events or drought events can be as important for agricultural production as the annual total 

precipitation. Temperature, wind speed and radiation influence the potential evaporation, which 

finally determines the evapotranspiration potential of the crops and thus the water requirements.  

Finally, climate change may affect the flow of rivers, which are now the source of water transfers 

to the NCP. 

The NCP has seen climate change in the past. Observations since the mid-20th century show that 

it has become warmer and drier. Most observed downward trends in annual precipitation amount 

were statistically significant (Chen et al., 2010; Fu et al., 2009; Liu B. et al., 2005; Sun et al., 2017; 

Wang et al., 2012). Summer precipitation, which accounts for 50–75 % of the total annual rainfall 

in NCP, also has decreased significantly (Fan et al., 2012; Sun et al., 2020; Wang H.-J. et al., 2012; 

Ye, 2014), while precipitation in other seasons has shown contrasting trends (Fan et al., 2012; Sun 

et al., 2020). The decrease in rainfall led to a decrease in groundwater recharge. Significant 

increase was not only observed in the mean annual temperature but also in temperature during 

both wheat and maize seasons (Chen et al., 2010; Liu et al., 2014; Zhang et al., 2015). Surprisingly, 

a long-term decreasing trend has been observed in actual evapotranspiration, which can be 

explained by decreasing trends in precipitation, sunshine duration and wind speed which 

overcompensated the increase in ET due to temperature rise alone (Cao et al., 2014; Chen et al., 

2010; Fan et al., 2012; Liu et al., 2014; Song et al., 2010). A recent study based on remote sensing 

and physical modeling found that actual evapotranspiration increased slightly since 2000, but 

concluded that the contribution of climate change was less than that of human activities (Chen et 

al., 2017). The result agrees with the measurement data of Luancheng Agro-Eco-Experimental 

Station of the Chinese Academy of Sciences showing that the actual seasonal ET of winter wheat 

and summer maize under well-watered conditions gradually increased from the 1980s to the 
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2000s possibly caused by the increase in leaf stomatal conductance associated the introduction of 

new cultivars (Zhang et al., 2011). With global warming, more crops can be grown in Northeast 

China, which has better rainfall, and the recent decades already have shown some shift in 

production from the NCP towards the Northeast, reducing the pressure on the NCP. 

The Fifth Assessment Report by the Intergovernmental Panel on Climate Change (Pachauri et al., 

2014) provides the analysis of model outputs from the fifth phase of the Coupled Model 

Intercomparison Project (CMIP5). CMIP5 produced a state-of-the-art multi-model dataset 

designed to advance our knowledge of climate variability and climate change including “long term” 

simulations of twentieth-century climate and projections for the twenty-first century and beyond 

for a number of representative Concentration Pathways (RCPs) for atmospheric greenhouse gas 

(GHG) concentrations (Van Vuuren et al., 2011). Annual averages of temperature and precipitation 

for two RCPS and a time interval at the end of the century are shown in Figure 89. Looking at 

Eastern China for the more pessimistic RCP8.5, one can find a strong increase in yearly average 

temperature (5-7°C) and an increase in annual rainfall (10 to 20%) compared to the baseline of 

1986-2005. For a lower emission scenario, annual rainfall hardly changes, while average 

temperature increase is about 1 °C. 

To adapt these global projections to regions, a process called downscaling is required to obtain a 

higher spatial resolution suited for the scale of the region. The problem with the projections is 

their uncertainty. While different models usually agree well as far as the projected temperature 

rise is concerned, predictions of rainfall are extremely uncertain reaching from increase to 

decrease of rainfall. This is also true for the NCP, where the ensemble of climate models shows 

discrepancies among GCMs and downscaling methods concerning the projected mean and 

extremes of precipitation. Some studies show likely increase in annual precipitation but at varying 

rates (Fu et al., 2009; Tao and Zhang, 2013), while others project a decline in annual precipitation 

(Liu et al., 2013). Being influenced by several climate variables, evapotranspiration estimates turn 

out to be very uncertain, making it difficult to draw conclusions about future trends. The projected 

changes of evapotranspiration during the wheat or wheat-maize growth period in the NCP could 

either increase or decrease within a range of around ±10% depending on the employed GCM and 

greenhouse gas emission scenario (Guo et al., 2010; Lv et al., 2013; Mo et al., 2013; Tao and Zhang, 

2013).  
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Figure 89: Change in average surface temperature (a) and change in average precipitation (b) based on multi-model 
mean projections for 2081–2100 relative to 1986–2005 under the RCP2.6 (left) and RCP8.5 (right) 
scenarios (Pachauri et al., 2014). . The number of models used to calculate the multi-model mean 
is indicated in the upper right corner of each panel. Stippling (i.e., dots) shows regions where the 
projected change is large compared to natural internal variability and where at least 90% of models 
agree on the sign of change. Hatching (i.e., diagonal lines) shows regions where the projected 
change is less than one standard deviation of the natural internal variability 

We can distinguish direct and indirect impacts of climate change on groundwater resources. 

Changes in the amount, intensity and frequency of precipitation directly determine groundwater 

recharge and indirectly influence the demand of groundwater pumping for irrigation. The direct 

impacts of changes in precipitation on groundwater recharge have been found to contribute less 

to groundwater resources than the changes in pumping, not only in the NCP but also in other 

regions (Larocque et al., 2019; Li et al., 2014). However, it should be noted that studies on climate 

change assessments usually ignore the indirect impacts of precipitation on groundwater pumping, 

and these indirect impacts are usually connected to human activities. Similarly, evapotranspiration 

also directly influences groundwater recharge and indirectly determines groundwater pumping by 
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crop water demand. Previous studies in the NCP focused on the influence of projected 

evapotranspiration on future crop water demand and crop yield (Tao and Zhang, 2013; Xiao et al., 

2020; Xiao and Tao, 2016). Hardly any model takes into account the decrease of plant transpiration 

due to the impact of CO2 on stomatal conduction, which also modifies estimates of irrigation water 

demand (Guo et al., 2010). 

While an increase in transpiration will decrease recharge and instigate more pumping due to 

higher plant water demand, there are three mechanisms, which in other regions of the world have 

shown to increase groundwater recharge: The first is the increase in extremes such as strong 

rainfall events (Fischer and Knutti, 2019). Recharge is not a linear function of rainfall. While small 

rain events may give zero recharge, large events lead to over-proportional recharge. The second 

is the decrease of average wind with global warming. As reported above, this trend has been 

observed in China over the last decades. If it continues, it will reduce the expected increase in 

evapotranspiration due to temperature increase. The third mechanism is due to the increase of 

winter precipitation also quoted from literature above. At warmer winter temperatures, the soil 

freezing depth will be reduced and more recharge will occur in the cold season when evaporation 

is low, especially when there is thawing snow.  

To get a coherent picture for the trends in evapotranspiration and the resulting crop water 

demand, we did our own assessment. The results presented in Box 8 show that overall the crop 

water deficit will increase by mid-century and increase even further by late century. The 

compensation by decreasing wind speed as in the past decades is not seen anymore. That means 

the second mechanism mentioned above will most probably not be available.   

Given all the interactions and assuming that total annual precipitation will not decrease, recharge 

will most probably not change much compared to today. But, due to more extremes both wet and 

dry, the use of the aquifer as a buffering device is of growing importance in the future. 

The water resources availability in the NCP is not only determined by the development in the NCP 

itself. As the North in recent years relies increasingly on water imports from the South, the 

influence of climate change on the water availability in the catchment of the Han River and the 

Yangtze River in general is also a relevant influence factor.  
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Box 8: Influence of climate change on crop water deficit. 

The SNWT Project has been built to transport water from the water-rich Yangtze River Basin in the 

humid south to relatively dry regions in the north via three routes, two of which are in operation. 

The Eastern and Central routes started to transfer water in November 2013 and December 2014, 

respectively. By the end of 2019 in total 30 km3 of water have been transported through the 

Eastern and Central Routes (Yang et al., 2021). Over the Yangtze River Basin, heavy rainfall events 

are projected to increase in both frequency and intensity by the end of the 21st century. Projected 

increases in the two quantities are 30.9–56.6 % and 1.0–5.7 % respectively, compared to the 

period of 1980–1999 (Wang et al., 2012; Xu et al., 2009). However, the annual precipitation in the 

middle and lower reaches of the basin is projected to decrease due to the decreasing number of 

Assessment of climate change impact on crop water deficit  

The assessment compares the crop water deficit under present conditions (computed from ERAS-reanalysis data) 
with projected conditions at mid and late century obtained from the CORDEX project. Only the two CORDEX 
experiments were chosen which perform well in a comparison for 2000-2013 (see table).  

Experiment ID GCM RCM Period Scenario experiment 

2 ICHEC-EC-EARTH CLMcom-CCLM5-0-2 2035-2064 

2070-2099 
RCP4.5 

4 MOHC-HadGEM2-ES CLMcom-CCLM5-0-2 

Note: GCM-global climate model; RCM-regional climate model; RCP-representative concentration pathway.  

Workflow: 
1. Retrieval of projection data from CORDEX project for East Asia region and extraction of gridded data 

points covering Guantao region only.  

2. Quality control by comparing raw projection data with ERA5 reanalysis data as a proxy of gage 

measurements over the control period (2000-2013).  

3. Computation of monthly Change Factors (CFs) for main climate variables for mid-century (2035-2064) 

and late-century (2070-2099), respectively. Those climate variables include precipitation, min/max air 

temperature at 2 meter above ground, and cloud cover. The CFs are computed as difference for 

temperature, and as ratio for precipitation as well as cloud cover between future climate and control 

period.  

4. Simulation of synthetic time series with the weather 
generator using CFs for Guantao (Peleg et al., 2017). 

A water deficit indicator was computed as the difference between 
ET and precipitation. Presently July is the only month when rainfall 
is more than sufficient to cover crop evapotranspiration, while all 
remaining months tend to face water deficit, especially in spring 
season. However, this surplus is expected to decrease by mid-
century, and even more so by late century, due to the increase of 
crop ET in July. Changes in wind speed and radiation do not 
compensate the increase of ET due to rising temperatures. Guantao 
will be facing a more severe water deficit than today. 

 

Estimated changes of water deficit under climate projections. 
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rainy days in spring and summer and the general decrease in light and moderate rains (Zou et al., 

2008). An increase in temperature and the reduction of precipitation lead to the consequent rise 

of evapotranspiration and a decline of surface water flow (Wang et al., 2015). Climate change 

could reduce the total runoff in the Yangtze River basin especially in the wet season, while the risk 

of flood desaster could increase locally as for example in the Han River basin, which supplies water 

to the Central Route (Cao et al., 2011; Sun et al., 2013). China’s South is still developping further 

and will therefore need more water for its industry and households. Taking together the flow 

reductions and the reserve needed for development, one cannot assume that by late century the 

same quantities of water will be available for transfer to the North as today.  
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Final remarks  
 

The solution of the NCP’s water problems is determined by the balance of three big forces: the 

national requirement of grain security, the water resources system and the agricultural system. 

Water authorities are in favor of water transfers while agricultural authorities are in favor of 

subsidized adaptation of the cropping system. However, there is no silver bullet. The solution of 

the NCP’s water problems until 2050 and beyond consists of a mosaic of measures, which needs 

all available pieces to complete the puzzle. Some pieces are not easily recognized as contributors. 

China rightfully relaxed its requirements of grain self-sufficiency in recent years. Imported grain is 

imported virtual water. Grain imports of 99 Mio. tons in 2020 were at a record high compared to 

the local production of 670 Mio. tons. They make a non-negligible contribution to the alleviation 

of water scarcity as do the imports of meat of all kinds. Other pieces of the puzzle are for example 

irrigation with wastewater - after proper treatment - and seawater desalinization. 

Actors should be encouraged to contribute their inventive share, hopefully avoiding the pitfalls 

existing in every method. They can all be guided by the value of irrigation water expressed in terms 

of a stiff water price. The government need not make people pay that price in every case. A tax 

and fee system makes only sense if it leads to a reduction of pumping, if not directly via farmers’ 

profit optimization then by turning the revenue into subsidies to incentivize proven water saving 

methods in agriculture.  

When discussing climate change, we looked at scenarios for 2035 to 2064 and for 2070 to 2099 

(Chapter 5.5). If we look that far ahead, we also must look at other societal developments. Towards 

the end of the century, China’s population will be half of that of today (see Box 6). Then water 

resources will easily get into equilibrium with demand, and management can concentrate on other 

issues such as water quality, for example pollution and salinity, which are probably the more 

serious long-term problems. For the coming 30 years, however, China still has to sustain or even 

increase the food production of today to satisfy the demands of her people. That implies that 

groundwater management in the NCP as outlined in this report will still be needed for a while to 

see China over the population peak before stress on water resources ceases towards the end of 

the century. 

To conclude, we see the continued need of managing groundwater sustainably, avoiding not only 

over-pumping but also deterioration of groundwater quality. If suitably managed, groundwater 
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resources are cheap, readily accessible, and more importantly, provide a safeguard to buffer 

extremes under climate change.  
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