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Abstract: Take Xiangxi Bay of Three Gorges reservoir as a case, optimal management for point sources of phosphorus emission was 

performed. Interval parameters and fuzzy resources were considered in the optimal model, which addressed the uncertainties in the 

optimal system. The results show that the removal efficiency of total phosphorus from the point sources and the treatment cost are 

intervals. The removal efficiency for the point of Basha chemistry plant is [98, 98.75] %, which is the highest. Successively, the 

removal efficiencies for Xiakou town, Zhaojun town and Pingyikou cement plant are [14.7, 93.16] %, [11.50, 86.84] % and [0, 

68.75] %, respectively. The total of treatment cost is [2, 009.6, 8, 897.6] thousand RMB. In addition, the uncertainty degree for 

Pingyikou cement plant is higher than those for other point sources. The optimal management reveals that the tradeoffs between the 

treatment cost on removal of point phosphorus and the risk of violating the environmental standards. The low treatment cost will lead 

to the high risk of violating the environmental standard. Inversely, much more expenses on the removal of total phosphorus from the 

point sources will contribute to environmental protection. The results will provide suggestions for making the protection policies of the 

Three Gorges Reservoir. 
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1 Introduction 

As one of the eco-environmental problems, the eutrophication and algal blooms render negative influence for the 

sustainable development of society, economy and environment, which has addressed a lot of concern in China (Liu 

et al. 2012). Enriched nutrients (e.g., nitrogen and phosphor) are generally considered as one of most possible 

causes for eutrophication and algal bloom in the water (Lau and Lane 2002; Yin and Harrison 2008; Nezlin et al. 

2009; May et al. 2010; King et al. 2012). A detailed study of the possibilities of detecting and eliminating the 

different sources of nutrients shows that diffuse sources are likely to account on average for more that 50 per cent 

of the total nitrogen loading whereas most of the phosphorus comes from point sources. Phosphorus is more 

important than nitrogen when concerning eutrophication and algal bloom management (Schindler 1974). Diffuse 

sources are depended on the rainfall and runoff, which has addressed a number of studies (Alminagorta et al. 2013; 

Troitino et al. 2013; Shen et al. 2013), whereas, point sources management has been involved seldom. To facilitate 

the eutrophication and algal bloom management, it is desired to pay more attention on the phosphorus control from 

point sources. The planning and management for phosphorus from point sources is thus very important.  

There are lots of uncertainties in many system components and their interrelations in phosphorus planning, such as 

discharge rates, hydrologic and meteorological conditions, treatment costs, abatement strategies, and attitude of the 

decision makers. To deal with uncertainties in general water quality management problems, a variety of 

optimization methods were developed through fuzzy programming (FP) (Sii et al. 1993; Lee and Chang 2005), 

interval programming (IP) (Huang 1996; Qin et al. 2009) and stochastic programming (SP) (Pintér 1991). FP could 

deal with fuzzy goals/constraints and express ambiguous information as fuzzy sets; IP could handle interval 

parameters with known lower and upper bounds, but unknown memberships or distribution functions; SP could 

reflect various random uncertainties through probability distributions. Furthermore, integrated interval, fuzzy 

and/or stochastic programming methods were developed to deal with multiple formats of uncertainties in the 

practical management of water quality (Chang et al. 1997; Huang 1998; Karmakar and Mujumdar 2006 and 2007; 

Zheng and Keller 2008; Qin et al. 2009a and 2009b). However, few studies are reported in managing phosphorus 

discharge problems where multiple formats of uncertainties and nonlinearities were addressed in forms of intervals 

and fuzzy within an integrated framework.  

Therefore, this study aims to develop an interval and fuzzy programming and apply it to phosphorus management 

of point sources. The model contains a nonlinear least-cost objective and a set of constraints including effluent 

discharge standards, surface water quality standards and eutrophication control standards for phosphorus. The 
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inexact information associated with decision-making processes is expressed as intervals and fuzzy set. The Xiangxi 

Bay of the Three Gorges Reservoir in China was taken as the case study. The optimal solutions of controlling 

pollutant discharges can help local decision makers identify flexible cost-efficient management strategies under 

various uncertainties. 

2 Modeling formulation  

2.1 Simulation Model for Phosphorus Transport and Fate 

The overall conditions of eutrophication are often related to the level of total phosphorus (TP) in the water, thus 

simulation models are needed to forecast the transport and fate of total phosphorus. A simple model displaying the 

transport and fate of TP is following (Vollenweider 1975): 

( ) /

0
w p x u

TP TPe
  


                               (1) 

                                                (2) 

                                           (3) 

where  is the ultimate total phosphorus concentration in stream, mg/L;  is the initial TP concentration at 

the starting point of the stream, mg/L;  is the flushing rate, 1/year;  is the sedimentation rate coefficient of 

phosphorus, 1/year;  is the flow distance, km;  is the average flow rate, m/s;  is the mean water residence 

time, year ;  is the water volume of stream, m3; and  is the outflow volume of stream per year, m3/year.  

[Please place Figure 1 here.] 

Segmentation is necessary because the wastewater dischargers with different loadings scatter along the stream. 

Water quality at each segment is affected by various sources on the upper stream (Qin and Huang 2009b). Figure 1 

shows a conceptual description of stream segmentation relating to wastewater discharge and water utilization. 

[Please place Figure 1 here.] 

According to Figure 1, the equations of mass balance and flow continuity can be written as follows: 

2 1 3i i i iQ Q Q Q  
     (4a) 

1 2, 1i iQ Q 
      (4b) 

2 2 1 1 3( )i i i i i i iTP Q TP Q Q TPQ  
   (4c) 

where 1 2 3 2, 1, , , ,i i i i iQ Q Q Q Q  are the flow rates of wastewater inputs (m3/year) at segment , from upper stream 

to segment , from segment  to the lower stream, for water withdrawal at segment , and from segment  to 

the segment , respectively; and 1 2, ,i i iTP TP TP
 are the concentrations of TP (mg/L) from the point source after 

treatment, from upper stream to segment , and from segment  to the lower stream, respectively.  

According to Equation (1), we have: 
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Let . According to Equations (4) and (5), we obtain:  
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, we have: 

2 2, 1 1i i i i iTP TP a bTP  
    (7) 

Thus, a matrix expression can be obtained as follows: 

   2Α TP Β TP g
     (8) 

where  and  are  matrixes, and  is n-dimensional vector. Thus we have: 

1 1   
2

TP Α Β TP Α g
   (9) 

Equation (9) shows the relationship between input and output of phosphorus at each section of stream. The  is 

the predicted TP at different stream segments; the  is the discharged TP concentration for point sources after 

treatment. The simulation results from equation (9) can help determine the TP removal levels at the point sources of 

stream. When  is required to meet the water-quality standards,  must be set with certain treatment 

efficiency levels. The treatment efficiency determined by the water quality of discharges would affect the operating 

costs of TP removal. The detailed computation of  and  can be given as follows: 
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1 20 10 30 20[ ( ) ( ) / ,0,...,0]TTP Q Q Q g
    (10c) 

Let ， . Equation (9) can be written as: 

  2TP Μ TP Ν
 (11) 

where  and  are  and  transformation matrixes, respectively. Transformation matrixes are 

fundamental for predicting water quality, with their elements being functions of stream hydraulic and water quality 

parameters.  

2.2 Optimization Model Formulation 

To satisfy the environmental standards, the raw wastewater from point sources needs to be treated before 

discharging into the river. Thus, the environmental standards determine the allowable TP concentration of 

discharging water, which further constrains the efficiency of wastewater treatment. The treatment efficiencies of 

these dischargers determine the quality of water discharged into the river, and they also directly relate to the 

operation costs of facilities. Furthermore, there are many uncertainties in the parameters of point sources, water 

quality conditions of the stream, and coefficients of wastewater treatment cost functions. Uncertainties may also 

exist in the environmental requirements, such as water quality standards and eutrophication standards for TP 

concentrations. Therefore, the trade-off between environmental and economic considerations can be analyzed 

through a mathematical optimization model under uncertainty.  

In this study, the model is to minimize the cost of wastewater treatment while satisfying the environmental 

standards, which is also based on the following assumptions: (1) the desired control strategies are fixed in the study 

period, as they are based on the critical steady-state conditions at specified locations during the period; (2) effluents 

of the point sources are required to be treated before entering into water bodies; (3) the operating costs of 

wastewater treatment are related to TP removal; and (4) the average flow rates, upstream TP concentrations, 
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flushing rates, and phosphorus sedimentation coefficients can be expressed as interval parameters. Thus, an interval 

and fuzzy programming model is proposed for facilitating planning of eutrophication control, with the objective 

being as follows:  

3 4

1 2

1

Min [ ( ) ]( )i i

n
k k

i i i i

i

f k k Q    



 
                          (12a) 

The constraints are as follows. 

The effluent discharge standard constraints for the point source: 

0
~
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  i                                         (12b) 

The water quality standards constraints for TP concentrations:  
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The eutrophication standards constraints for TP concentrations:  
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                          (12d) 

The technical constraints: 

0 1i
 

                                                       (12e) 

where 
f 

 is the total system cost; the superscripts of  and − are respectively corresponding to the upper and 

lower bounds;  is the indexes of point sources,  = 1, 2, ..., 6. For each point source , iQ

 is the discharge rate, 

which depends on the productivities of plants or lifestyles in towns; 1ik 

, 2ik 

 are cost-function coefficients, 1ik 

, 

2ik 

 > 0; 3ik
 is the treatment-cost index, 3 1ik 

; 4ik
 is the economy-of-scale index, 40 1ik 

; i


 is the TP 

treatment efficiency at point source . In the optimization model, i


 ( i ) are decision variables and iTP

 equals 

0 (1 )i iTP   
, where 0iTP

 and iTP

 are respectively initial TP concentration and discharged TP concentration at 

point source . Due to the data availability and their inherent uncertainties, the operating costs and the water 

quality of discharges are interval parameters. Accordingly, the i


generated by the developed model are interval 

decision variables. Moreover, 
M ji



 is the elements at the th (the index of river segment, = 1, 2,..., 5) row, th 

column in the transformation matrices of 


M ; 
N j



 is the element at the th row in the transformation vectors of 


N ; 


M  and 


N  are transformation functions with stream hydraulic and water-quality parameters, which can be 

calculated with the equations of (10a), (10b), (10c) and (11) ; As well, ,Meu ji
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of river segment, = 1, 2,..., 5) row, th column in the transformation matrices of eu
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M
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N , respectively;  
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, 
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 are the effluent discharge standard for the point source , the stream 

water quality and the eutrophication standard in river segment , respectively. ~
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than or equal to the right hand, namely the fuzzy resources constraints.  

 

Due to improvement of wastewater treatment efficiency, the social and economic development and the attitude of 

the decision makers, the effluent discharge, water quality and eutrophication standards used in the practical 

planning period will change accordingly. Therefore, the left hands are fuzzy less than or equal to the right hands.  

3 Solution Method 

3.1 Interval  

The obtained interval-parameter model can be directly transformed into two deterministic submodels based on an 

interactive algorithm (Chen and Huang 2001). The interactive algorithm is different from normal interval analysis 

and best/worst case analysis (Huang et al. 1998). Interval solutions can then be obtained by solving the lower and 

upper submodels sequentially. The submodel corresponding to the lower bound of objective ( f 

) is as follows: 
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Correspondingly, the submodel corresponding to the upper bound of objective ( f 

) is as follows: 
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According to the interactive algorithm, the upper model also needs to be subjected to the following constraint:  

,i opt i  
                                                   (14f) 

where ,i opt 

 is the optimal solution obtained from the lower submodel. Thus, the solution for the model is:  
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, , ,[ , ]i opt i opt i opt    
, 

[ , ]opt opt optf f f  
, j . 

3.2 Fuzzy Resource Constraint 

In the equations (12b)-(12d),  (13b)-(13d)  and (14b)-(14d), the resource constraints are fuzzy less than or equal to 

the right hand, which means there are uncertainties in the resource constraints. According to the conception of the 

tolerance method, the membership functions for the right hand resource constraints are assumed respectively as 

follows: 

1 1[( ) ]iED 
                                          (15a) 

2 2[( ) ]jWQ 
                                         (15b)     

3 3[( ) ]jEu 
                                          (15c) 

where: 1 , 2  and  3 are the fuzzy sets of the effluent discharge standard, the stream water quality and the 

eutrophication standard, respectively.  

The membership functions are linear and satisfied with the requirement of max-min operator. The asymmetrical 

Verdegay model is used to solute the fuzzy resource constraints (Campos and Verdegay 1989; Delgado et al. 1989; 

Liu 2013). The maximum allowable tolerance for the resource constraints 
( )iED

, 
( ) jWQ

 and 
( ) jEu

 are ( )iEDp
, 

( ) jWQp
 and 

( ) jEup
, which are more than or equal to zero.  Therefore, the membership functions for the resource 

constraints in the lower bound model are obtained as following: 
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The membership functions for the resource constraints in the upper model can be obtained in the same way. 

The  cut    for the sets of the resource constraints  are defined as follow. 
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{ ( ) , }n

iX x R X i     
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For the [0,1] , there is distinct programming as following: 

Min f 

                                        (18a) 

x X
                                        (18b) 

The optimized solution is 

*x , whose membership is  , and the optimized solution set is: 

~
* *{( , ) [0,1]}S x   

                             (19) 

Based on the equation (16a)-(16c), the lower bound model is changed to be: 
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Correspondingly, the upper model is changed to be: 
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The detailed solution procedures were shown as follows: 

Step 1. Formulate the interval and fuzzy model, and define the bounds of coefficients and decision-variables 

corresponding to the upper and lower submodels of the objective. 
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Step 2. Formulate two sub-models corresponding to the upper and lower bounds of f 

, where the submodel 

corresponding to f 

 is solved firstly to obtain the most optimistic decision option within the decision space since 

the objective is to minimize f 

. 

Step 3. According to the conception of the tolerance method, given the membership functions for the environmental 

standards, the asymmetrical Verdegay model is used to solute the fuzzy resource constraints. Accordingly, change 

the constraints for the two sub-models.   

Step 4: Solve the f 

 submodel, then obtain ,i opt 

 and optf 

 (most optimistic decision option). 

Step 5: Formulate and solve the f 

 submodel, and obtain ,i opt 

 and optf 

 (most conservative decision option). 

Step 6: Combine the solutions of the two submodels to obtain interval solutions: , , ,[ , ]i opt i opt i opt    
, 

[ , ]opt opt optf f f  
. 

4 Case Study 

4.1 Introduction of Xiangxi Bay 

Xiangxi River (XXR) is one of the first order tributaries of Three Gorges Reservoir (TGR), locating in Hubei 

Province, close to the Three Gorges Dam.  The mainstream of XXR is 94 kilometers long. When TGR impounds 

with the water level rising up to 135, 156 and 175 m, there are respectively about 25, 30 and 40 km long of 

backwater zones along the estuary of XXR (Yang et al. 2010), named as the Xiangxi Bay (XXB). According to the 

field investigation, 39.78 tons of phosphorus enters XXB from upstream, of which 60% comes from point sources, 

rendering eutrophication and algal bloom when air temperature rises. Therefore, it is desired to reduce the 

phosphorus discharges from point sources in order to control eutrophication and algal bloom. 

[Please place Figure 2 here.] 

Figure 2 showed that the XXR has two origins from Shennongjia National Forest Park located in the northwest of 

Hubei Province and flows southwardly, emptying into the mainstream of Yangtze River (YZR) at Xiangxi Town. 

The two branches flow down and gather together at the Zhaojun Bridge (ZJB). The mainstem of XXR flows down 

to the estuary and accepts some tributaries, of which, Gaolan River (GLR) is the biggest, and empties into XXR at 

Xiakou (XK) town. There are two plants, one is Baisha (BS) chemical plant, locating on the west branch, and the 

other is Pingyikou (PYK) cement plant, downstream of ZJB. The products for BS plant include yellow phosphorus, 

phosphoric acid, sodium tripolyphosphate, sodium hypophosphite, sodium hexametaphosphate and phosphorus 

pentasulfide, which produces amounts of wastewater with enriched total phosphorus. The products for PYK plant 

are mainly cement clinker and cement, the wastewater of which comes from circulating cooling and domestic 

wastewater.  

Three towns including Gufu (GF), Zhaojun (ZJ) and Xiakou (XK) and the two plants are point sources scattering 

along the XXB. In order to meet environmental requirements, the raw wastewater from the point sources must be 

treated before discharge. The operating costs for treatment are directly related to the wastewater characteristics (e.g. 

inflow, component, concentration) and the treatment technologies.  To identify the desired wastewater treatment 

efficiencies (or allowable discharge amounts) from these point sources, the problem of phosphorus management 

can be formulated as minimizing the operating cost while satisfying the national environmental standards. 

In addition, the east branch and GLR are generalized as system inputs of point sources, which should also comply 

with the surface water environment standards. The discharges of the six point sources have temporal and spatial 

variations in their loadings. It is necessary to define the segmentations of XXB to analyze the discharge and loading 

for each point source. In this study, the wastewater load from GF town is combined with the east branch. Thus, the 

segmentations and distances are as follows: from 1# (BS) to 2# (ZJB) is 3.4 km, 2# to 3# (ZJ) is 4.5 km, 3# to 4# 

(PYK) is 6.2 km, 4# to 5# (GLR) and 6# (XK) is 6.7 km, and from 5# and 6# to 7# (the estuary of XXB) is 18.5 km. 

The water quality of each section is obviously affected by all the sources upstream. 

4.2 Information Acquisitions and Analysis 
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The related discharging data at different point sources and the background information of XXB were obtained from 

local government records and through field monitoring. Table 1 shows discharge rates and initial TP concentrations 

of discharging water from the point sources. The background flow rate in XXB ranges from 5 to 12.13 m3/s while 

the TP concentration ranges from 0.01 to 0.02 mg/L. The average flow rate in each segment, the sedimentation 

coefficients of phosphorus ( ) and the flushing rates ( ) are according to the previous study (Huang et al. 

2012). The cost function of wastewater treatment is derived from the related literature (Drynan 1978; OECD, 1982; 

Keplinger et al. 2003; Zhu et al. 2009), with the coefficients of TP treatment cost functions being estimated by 

historical data (Table 2). 

 

According to the Emission Standards of Pollutants for Phosphate Industry (draft) in China (CEPA 2009), the 

industrial wastewater discharge standards of TP are 0.5 mg/L for direct discharge and 1.0 mg/L for indirect 

discharge. Due to the requirements of water function and the social and economic development, two types of 

effluent discharge standards (i.e., direct and indirect discharge) are considered in the practical environmental 

management. Therefore, the wastewater discharge standard of 1# is 0.5 mg/L, and the maximum allowable 

tolerance ( )EDp
 is 0.5. In addition, with the guide of Discharge Standard of Pollutants for Municipal Wastewater 

Treatment Plant (CEPA 2002b), the wastewater discharge standards of TP for 3# and 6# are 0.5 mg/L, and the 

maximum allowable tolerance ( )EDp
 is 0.5. As the discharge from the cement plant is mainly domestic wastewater 

within the plant, the emission standard for 4# is the same as those for the 3# and 6#.  

According to the Environmental Quality Standards for Surface Water (CEPA 2002a) in China, the water quality 

requirements for XXB should be set as Class II or Class III. The Class II and Class III TP standards of surface 

water are 0.1 and 0.2 mg/ L, respectively. Thus, the standard of TP is 0.1 mg/L, and the maximum allowable 

tolerance 
( ) jWQp

  is 0.1. 

In addition, since XXR is an important tributary of Yangtze River in the area of TGR, its water quality needs to 

comply with the eutrophication management requirements of TGR. Thus, based on the Technical Guideline for 

Water Environmental Quality Assessment of Three Gorges Reservoir in China (draft) (CEPA 2010), the TP 

standard of eutrophication in XXB should be 0.034 mg/L, and the maximum allowable tolerance 
( ) jEup

  is 0.124. 

5 Results and discussion 

5.1 Costs for Wastewater Treatment and Removal efficiency of TP 

The model can optimize wastewater treatment efficiencies at the point sources, which can provide useful cost-

effective management schemes for the decision makers. The results are shown in Fig. 3 and Fig. 4. It is found that 

the removal efficiency of the TP and the total cost for the wastewater treatment for the point sources are interval 

values. The removal efficiency of TP for BS is [98, 98.75] %, while the removal efficiencies of TP for ZJ, PYK and 

XK are [11.50, 86.84] %, [0, 68.75] % and [14.7, 93.16] %, respectively. It displays that in the practical situation, 

the uncertainties coming from the quantity of wastewater discharged, the initial concentration of the pollutants, and 

the stream flow from the upstream lead to the variation of the removal efficiency of TP and the according total cost. 

For example, the discharged wastewater from the BS chemical plant and the concentration of the pollutants vary 

with the productivity, and the domestic wastewater from ZJ, PYK and XK vary in the different seasons, which will 

result in impact load for the wastewater treatment, therefore, the removal efficiency of TP and the total cost vary in 

the ranges.  

Moreover, whether is the attitude of the decision makers positive or not will have important effect on the removal 

efficiency of wastewater and the total cost. If the decision makers are positive to pursue the high quality of 

environment, they will pay more attention to the wastewater treatment, which will lead to the higher removal 

efficiency of wastewater treatment and more total cost. In this condition, it tends to obtain the results through the 

upper model. In compared, when the decision makers tend to save money and don’t care much about the 

environment quality, it will lead to more risk of violating the environmental standards. Accordingly, the results are 

obtained from the lower model.  

Fig. 3 shows that the removal efficiency bounds of TP for the point sources are different. In detail, the removal 

efficiency bounds of TP for the BS Chemical Plant are primarily the highest, owing to the larger amount of the 

pi
wi
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discharged wastewater and the higher initial concentration of TP. The removal efficiency bounds of TP for the 

domestic wastewater of XK ranks secondly. The TP bounds of the removal efficiency for PYK is the lowest, to this 

regard, the wastewater comes from the washing water and domestic sewage of the workers, of which the water 

quality is better than those of the other point sources. The lower bound of the removal efficiency of TP for the PYK 

cement plant is 0, which means that the wastewater can be discharged directly without treatment, in the allowed 

range of the environmental standards. If there are amounts of expenditure paid for the wastewater treatment, the 

removal efficiency of TP for PYK is high up to 68.75%.  

The uncertainty degree (UD) is used to assess the uncertainties information for the optimization. Higher UD means 

the more uncertainties in the optimization process, leading to more ambiguous information and trade-off for the 

decision makers. For an interval value x

, the UD is calculated through the equation following (Zhu et al. 2009): 

(%) 100%
( ) / 2

x x
UD

x x

 

 


 

                               (11) 

where, the x

 and x

 present the upper bound and lower bound, respectively.  

The UDs are obtained for the removal efficiency of TP point, and followed in Fig. 5. The UD for the PYK cement 

plant is the highest, due to the more uncertainties for the discharged wastewater and the initial concentration of TP. 

The UD for the ZJ town, the XK town and the BS chemical plant, is lower successively.   

5.2 Scenario Analysis 

Figure 6 describes the treatment costs and TP concentrations for the point sources under different policy scenarios, 

where the costs and responsive TP concentrations for the point sources are calculated with Equations (12a) and (11), 

respectively. Scenario 1 represents a situation when the decision makers are optimistic regarding the environmental 

conditions, and thus desires to reduce the system costs. In this policy scenario, the lower bound and higher bound 

for the total cost are both low 2, 009.6 thousand RMB and 5, 144.5 thousand RMB, respectively, while, the 

treatment efficiencies reach their optimal lower bounds (i.e., ,i i opt 
), and the responding concentration of TP in 

the water body is high in the range of 0.05 and 0.311 mg/L, with much risk of violating the environmental 

standards. 

In comparison, Scenario 2 is a conservative policy corresponding to the optimal upper bounds of all the treatment 

efficiencies (i.e., ,i i opt 
). It leads to higher treatment costs with the lower bound of 4, 120.2 thousand RMB and 

upper bound of 8, 997.6 thousand RMB, but a plan with lower concentrations of TP in the water body, the range of 

which is from 0.02 mg/L to 0.05 mg/L, satisfying the requirements of the environmental standards. 

The surface water quality standards and eutrophication standards in XXB is [0.1, 0.2] and [0.034, 0.158] mg/L, 

respectively. In the condition of Scenario 1, when less expense is paid for the wastewater treatment, the water body 

in the XXB accepts the treated wastewater, the water quality in the sections of BS, ZJB, ZJ, PYK, and XK is 

satisfying the requirements of the environmental standards, whereas, the concentration of TP in the section from the 

XK town down to the estuary of the XXB exceeds the environmental standards, being 1.43 mg/L. The value 

exceeds the eutrophication standards with 8 times and the surface water quality standards with 6 times. Therefore, 

the removal efficiencies of TP are lower for the point sources upstream will lead to accumulative effect for the 

receiving water body. A conservative policy is desired to the wastewater treatment for the point sources, in order to 

providing guarantee for the water environmental protection of the Three Gorges Basin.  

6 Conclusions 

In this study, an interval and fuzzy model is proposed and applied to the phosphorus load management of the point 

sources along the Xiangxi Bay of the Three Gorges Reservoir under uncertainties.  The objective of the model is to 

minimize the wastewater treatment costs for removing total phosphorus of the point sources.  The effluent 

discharge standards, the stream water quality standards and eutrophication standards are considered in the 

constraints of the model. Moreover, the model integrates the interval programming and fuzzy approaches to handle 

uncertainties expresses as both discrete intervals and fuzzy sets. The tradeoffs between system costs and system-

failure risks are disused in depth.  
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The results show that the removal efficiency of TP and the total cost of wastewater treatment are interval values. 

The removal efficiency of TP for the BS chemical plant is the highest, [98, 98.75] %, which is followed by the XK 

town, the ZJ town and the PYK cement plant, with [14.7, 93.16] %, [11.50, 86.84] %, [0, 68.75] %, respectively. 

The total cost for the wastewater treatment ranges from 2, 009.6 thousand RMB to 8, 897.6 thousand RMB. The 

uncertainty degree of the PYK cement plant is higher than those of the others, due to the large amount of 

uncertainties for the wastewater discharged and the initial concentration of the pollutant. The scenario analysis 

display that the tradeoffs between the total cost of the wastewater treatment for the point sources and the risk of 

exceeding the environmental standards. The model results are useful for making optimal policies on eutrophication 

control planning and water quality improvement in the XXB.  
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Fig 1. Conceptual diagram of the river segments 

Notes: 
10Q -- flow rate of stream entering segment 1; 

iQ -- flow rate of wastewater input at segment i; 
1iQ -- flow rate from upper 

stream to segment i; 
2iQ -- flow rate from segment i  to the lower stream; 

3iQ -- flow rate for water withdrawal at segment i ; 
10TP -- 

total phosphorus concentration from upper stream to segment 1; 
iTP -- total phosphorus concentration of wastewater input at segment i; 

1iTP -- total phosphorus concentration from upper stream to segment i ; 
2iTP -- total phosphorus concentration of stream from 

segment i  to the lower stream; 
3iTP -- total phosphorus concentration of water withdrawal at segment i .  
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Fig 2. Location of the Xiangxi Bay 
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Fig.3 Removal efficiencies of total phosphor for different point sources 

 

Fig.4 Total costs for wastewater treatment  
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Fig.5 Uncertainty degrees of total phosphor removal efficiencies  
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Fig.6 Results of different policy scenarios  
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Table 1 Parameters of point sources in the Xiangxi Bay 

Point sources Discharge rate iQ
 (m3/s) Initial TP concentration  0iTP

(mg/L) 

1# [0.02, 0.054] [50, 80] 

2# [21.85, 28.27] [0.005, 0.01] 

3# [0.02, 0.0359] [1.13, 7.6] 

4# [0.0003, 0.001] [1.0, 3.2] 

5# [6.62, 8.23] [0.01, 0.016] 

6# [0.0076, 0.0134] [1.13, 6.5] 
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Table 2 Coefficients of wastewater treatment cost function for the point sources 

Point sources 
Cost function ( 410 RMB): 3 4

1 2

1

Min [ ( ) ]( )i i

n
k k

i i i i

i

f k k Q    



   

1ik 
 2ik 

 3ik  4ik  

1# [325, 515] [3520, 4100] 2 0.8 

3# [530, 720] [4160, 4590] 2 0.8 

4# [530, 720] [4160, 4590] 2 0.8 

6# [530, 720] [4160, 4590] 2 0.8 
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Abbreviation Index 

Term                                         Abbr. 

fuzzy programming                 FP 

interval programming             IP 

stochastic programming         SP 

total phosphorus                    TP 

Xiangxi River                        XXR 

Three Gorges Reservoir       TGR 

Yangtze River                       YZR 

Zhaojun Bridge                    ZJB 

Gaolan River                       GLR 

Baisha                                  BS 

Pingyikou                            PYK 

Gufu Town                           GF 

Zhaojun Town                     ZJ  

Xiakou Town                       XK 

uncertainty degree             UD 
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Estimating rainfall erosivity by incorporating seasonal variations in 

parameters into the Richardson model 
Wang Yousheng1,2，Tan Shi1,2,3, Liu Baoyuan1,2，Yang Yang1,2 

(1,Department of Sediment Research, China Institute of Water Resources and Hydropower Research; 2, State Key Laboratory of Earth Surface Processes and 

Resource Ecology, School of Geography, Beijing Normal University; 3, College of education science, Hunan First Normal University) 

Abstract：Rainfall erosivity is an important climatic factor for predicting soil loss. Through the application of high-resolution 

pluviograph data at 5 stations in Huangshan City, Anhui Province, China, we analyzed the performance of a modified Richardson 

model that incorporated the seasonal variations in parameters α and β. The results showed that (1) moderate to high seasonality was 

presented in the distribution of erosive rainfall, and the seasonality of rainfall erosivity was even stronger; (2) seasonal variations were 

demonstrated in both parameters α and β of the Richardson model; and (3) incorporating and coordinating the seasonality of 

parameters α and β greatly improved the predictions at the monthly scale. This newly modified model is therefore highly 

recommended when monthly rainfall erosivity is required, such as, in planning soil and water conservation practices and calculating 

the cover-management factor in the Universal Soil Loss Equation (USLE) and Revised Universal Soil Loss Equation (RUSLE). 

Keywords： seasonal rainfall erosivity; Richardson model; cover-management factor; USLE; RUSLE 

 

1 Introduction 

Soil loss is one of the most widespread forms of soil degradation (Pimentel et al., 1995; Lal, 2003). The Universal 

Soil Loss Equation (USLE) and the Revised Universal Soil Loss Equation (RUSLE) are empirical models that have 

been devised for soil loss predictions (Wischmeier and Smith, 1978; Renard et al., 1997), and these models have 

been widely used because of their simplicity, even though they are not physically based (Kinnell, 2010). As a 

numerical description of climate impacts on soil loss, rainfall erosivity is one of the most important factors in the 

USLE and RUSLE, i.e., it quantifies the potential of rainfall to cause soil loss (Wischmeier and Smith, 1958; Hoyos 

et al., 2005). Seasonal rainfall erosivity, which is a component of rainfall erosivity, is a factor of importance in 

calculations of the cover-management factor (C-factor) in the USLE and the RUSLE (Eq. (1)) (Wischmeier and 

Smith, 1978; Guo et al., 2015); it is also widely used in urban and forestry applications for determining soil erosion 

hazards, predicting the effectiveness of erosion-control activities, and evaluating the impacts of soil erosion 

potentials under climate change (Yu and Rosewell, 1996; Yu, 1998). The relevant equation is as follows: 

C = ∑ SLRi ∙ Ri
n
i=1 /R        (1) 

where C is the cover and management factor, SLRi is the soil-loss ratio for the time period i, Ri is the rainfall 

erosivity occurring during that time period (MJ mm/ha/h), n is the number of periods used in the summation, and R 

is the long-term mean annual rainfall erosivity (MJ mm/ha/h/a). 

Generally, long-term pluviograph data are needed to calculate rainfall erosivity (Wischmeier and Smith, 1978; 

Renard et al., 1997), but often these data are not available for many sites around the world. Consequently, 

substitutable data can be applied to establish linkages with rainfall erosivity. For example, event rainfall 

(Richardson et al., 1983; Mannaerts and Gabriels, 2000; Shamshad et al., 2008), daily rainfall (Selker et al., 1990; 

Davison et al., 2005; Salako, 2010; Sanchez-Moreno et al., 2014), monthly rainfall (Renard and Freimund, 1994; 

Taguas et al., 2013), and annual rainfall (Mikhailova et al., 1997; Mati et al., 2000; Eltaif et al., 2010; Bonilla and 

Vidal, 2011; Lee and Heo, 2011) have all been used. While these types of data can solve the issue of limited data 

and rainfall erosivity estimations on an annual scale, rainfall erosivity estimation on a sub-annual (seasonal, 

monthly) scale is still problematic. 

In order to cope with rainfall erosivity estimation on a sub-annual scale, Petkovsek and Mikos (2004) established 

12 rainfall erosivity models, one for each month in a year, based on the power function model (Eq. (2)) proposed by 

Richardson et al. (1983) shown below: 

 𝑅𝑚 = 𝑎 ∑ 𝑃𝑘
𝛽𝑁

𝑘=1

        

(2) 

Hoyos et al. (2005) also established sub-annual rainfall erosivity models—one for the dry season and one for the 

rainy season. In view of the differences in monthly rainfall characteristics and impacts of topography on rainfall, 

Diodato and Bellocchi (2007) developed a monthly rainfall erosivity model based on the monthly rainfall, elevation, 
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and latitude. Kavian et al. (2011) modeled the rainfall erosivity for each seasons: winter, spring, summer, and 

autumn. As a whole, building rainfall erosivity models for each month or season can yield good estimations, but 

this requires long-term pluviograph data. In addition, model construction may introduce a large amount of 

additional parameters that require more datasets to be sourced. In consideration of the seasonal changes of rainfall 

characteristics, such as the rainfall amount and rainfall intensity, Yu and Rosewell (1996) added a cosine function 

to parameter α based on the model proposed by Richardson et al. (1983). This method reduced the 24 parameters 

produced by the Richardson model for each month to 6 (Eq.(3)), thus solving the problem of the overabundance of 

parameters. The relevant equation is as follows: 

 𝑅𝑗 = 𝑎[1 + η cos(2𝜋𝑓𝑗 − 𝜔)] ∑ 𝑃𝑘
𝛽𝑁

𝑘=1

 

   

  

 (3) 

The Yu and Rosewell model (Yu and Rosewell, 1996) was then applied and tested in South Australia (Yu and 

Rosewell, 1996), the Australian tropics (Yu, 1998), 2 watersheds in the humid tropics of Australia (Yu and Neil, 

2000), Peninsular Malaysia (Yu et al., 2001), China (Guo et al., 2001; Ning and Shi, 2003; Zhu and Yu, 2015), and 

the whole of Australia (Lu and Yu, 2002), as well as New South Wales in Australia (Yang, 2014). 

Study results showed that, by adding a cosine function to parameter α, the data could perfectly represent seasonal 

variations in parameter α, but large errors still existed in some months, especially in the months with less rainfall. 

Angulo-Martinez and Begueria (2009) further tried to incorporate seasonal representations of parameter β. Their 

results showed that prediction errors by the model that incorporated the seasonal variations in both parameters α 

and β exceeded that with only 1 parameter α. This was contrary to expectation because that the model that 

considered seasonal variations in only 1 parameter was a special case of the model incorporating 2 parameters and 

simply held the other constant. Theoretically, a model that incorporates seasonal variations in both parameters α 

and β could represent more details of the rainfall erosivity. Improvement in predictions is possible if seasonal 

variations in the 2 parameters are both incorporated and coordinated, in the months with both more and less rainfall. 

In order to improve the rainfall erosivity estimation on a monthly scale, by using the rainfall data in high-temporal 

resolution at 5 stations in Huangshan City, the objectives of this paper were to (1) analyze the seasonal 

characteristics of erosive rainfall and rainfall erosivity and (2) test the performance of the following 3 model types 

that incorporated the seasonal variations in parameters into the Richardson model: (a) only considering the seasonal 

variations in parameter α, with parameter β held constant; (b) only considering the seasonal variations in parameter 

β, with parameter α held constant; (c) incorporating and coordinating the seasonal variations in both parameters α 

and β. Results of the work have the potential to improve the approximation of the cover-management factor and 

soil loss estimations in the USLE and RUSLE. 

2 Methods 

2.1 Study area and data 

Huangshan City is located in the subtropical monsoon climate zone (Figure 1), and it has a warm climate and 

abundant rainfall. The annual temperature is 15.5–16.4°C, and the annual rainfall range is 900–1700 mm, most of 

which occurs in June and July. Because of the impact of the East Asian atmospheric circulation, the Meiyu period 

occurs from mid-June to mid-July, and is characterized by high temperatures, high humidity, and continuous rain. 

Mountains and hills are the predominant landforms in the region, and the soil on the steep slopes is prone to loss. 

The region is the urban drinking water source for Huangshan City and the northern Zhejiang Province, so soil loss 

and water quality in the region are matters of great concern. 

In Huangshan City, data on 2,089 erosive rainfall events at a total of 5 rainfall stations with a resolution of 1 minute 

were collected (Table 1). At 4 stations (Rucun, Siqian, Taiping, and Hezhuang), the rainfall series length exceeded 

18 years, and the datasets included over 420 rainfall events. Rainfall series length at the fifth station (Wucheng) 

was 8 years, and the dataset contained over 200 rainfall events. All these data were used for optimization of 

seasonal α and β, and comparing model estimated rainfall erosivity with EI30 (typical rainfall erosivity calculated 

method). Siphon rain gauges were used to obtain the pluviograph records, which were then digitized to extract the 

1-minute rainfall data. 

2.2 Rainfall erosivity calculation 

EI30 is an abbreviation for energy multiplied by the maximum intensity in 30-minute rainfall events from high-

resolution pluviograph records (Eq. (4)) (Wischmeier and Smith, 1978). The annual rainfall erosivity (R) is the sum 

of individual storm EI30 values for a year, and the monthly rainfall erosivity (Rm) is the sum of EI30 values for a 

month. The relevant equation is as follows: 
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EI30 = (∑ ervr
n
r=1 ) ∙ I30          (4) 

where e = unit energy (MJ/mm/ha); vr = amount of rainfall in the rth period (mm); and I30 = maximum 30-minute 

rainfall intensity (mm/h), which is the average intensity over the continuous 30 minutes with the most rainfall in the 

storm. er is computed as follows (McGregor and Mutchler, 1976; Foster, 2004): 

 er = 0.29[1 − 0.72exp (−0.082ir)]      (5) 

where ir = rainfall intensity for the rth period (mm/h). 

The following erosive rainfall criteria (Wischmeier and Smith, 1978) were used to categorize storms: (1) data for 

storms more than 12.7 mm; (2) rainfall when at least 6.35 mm of rainfall fell in 15 minutes; and (3) a period with 

less than 1.27 mm in over 6 hours was used to divide a longer storm period into 2 storms. 

2.3 Seasonality analysis 

In order to quantify the seasonality of erosive rainfall and rainfall erosivity, the concentration index (CI) (Eq. (6)) 

(Oliver, 1980) was employed to analyze the seasonal distributions of the data. The CI classification was as follows 

(Oliver, 1980): uniform (8.3 ≤ CI ˂ 10.0), moderately seasonal (10 ≤ CI ˂ 15), seasonal (15 ≤ CI ˂ 20), highly 

seasonal (20 ≤ CI ˂ 50), and irregular (50 ≤ CI ˂ 100). A lower CI indicates a more even distribution of rainfall or 

rainfall erosivity in a year. In contrast, a larger CI suggests that there is centrality or seasonality of rainfall or 

rainfall erosivity in a year. The CI is calculated as: 

𝐶𝐼 = 100 ∑ (
𝑃𝑚

2

𝑃𝑦
2 )12

𝑀=1        
 

(6) 

where  = erosive rainfall (or rainfall erosivity) of the mth month and  = annual erosive rainfall (or annual 

rainfall erosivity) of the yth year. 

The 4 seasons were classified as winter (December, January, February), spring (March, April, May), summer (June, 

July, August), and autumn (September, October, November). 

2.4 Seasonality analysis 

The base model in this study was the Richardson model (Model A) (Eq. (2)) (Richardson et al., 1983). A periodic 

cosine function was added to parameter α, parameter β, and both parameters α and β to obtain the new models B, C, 

and D, respectively. Model B exhibited seasonal variations in parameter α, with parameter β held constant. Model 

C had seasonal variations in parameter β, with parameter α held constant, and it was in the form of the Yu and 

Rosewell model. Model D had seasonal variations in the 2 parameters α and β. 

The values of the periodic models added to parameter α and parameter β were not the same, and so Fα (Eq. (7)) and 

Fβ (Eq. (8)) were introduced to represent the periodicity of parameter α and parameter β, respectively. The relevant 

equations are as follows: 

 𝐹𝛼 = 1 + 𝜂𝛼 ∙ cos(2𝜋𝑓𝑗 + 𝜔𝛼)
       

(7)
 

 𝐹𝛽 = 1 + 𝜂𝛽 ∙ cos(2𝜋𝑓𝑗 + 𝜔𝛽)
       

(8) 

Model A: 𝑅𝑚 = 𝑎 ∑ 𝑃𝑘
𝛽𝑁

𝑘=1

  
  

   

(9) 

where Rm = rainfall erosivity of the mth month (MJ mm/ha/h); Pk = daily rainfall of the kth erosive rainfall day 

(mm) (erosive rainfall was set at 12.7 mm); N = erosive rainfall days in the mth month; and α and β were 

parameters to be computed. The other models are: 

Model B: 𝑅𝑚 = 𝑎𝐹𝛼 ∑ 𝑃𝑘
𝛽𝑁

𝑘=1

       

(10) 

Model C: 𝑅𝑚 = 𝑎 ∑ 𝑃𝑘

𝛽𝐹𝛽𝑁
𝑘=1

       

(11)

 

Model D: 𝑅𝑚 = 𝑎𝐹𝛼 ∑ 𝑃𝑘

𝛽𝐹𝛽𝑁
𝑘=1

      

(12) 

The following parameters were used in Model B, Model C, and Model D: α, β, η (ηα, ηβ),  (ωα, ωβ). Parameter 

α was the rainfall erosivity level of each month; the absolute value of α was of importance to the unbiased 

estimation of rainfall erosivity. Parameter β illustrated the non-linear relationship between the rainfall amount and 

mP yP
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rainfall erosivity. Parameter α and parameter β were closely related (Zhu and Yu, 2015). Parameter η represented 

the influence of rainfall on the seasonality of rainfall erosivity, but it did not influence the overall level of rainfall 

erosivity. Value ranges of the 3 parameters were α > 0, β > 1, and 0 ≤ η ≤ 1. Parameter ω represented peak erosivity. 

In Huangshan City, the Meiyu period occurs from mid-June to mid-July, when there is typically the peak rainfall 

amount and rainfall erosivity in a year. Meanwhile, the distribution of rainfall erosivity showed a right-skewed 

trend, and so parameter ω was designated as  for Model B and Model C after trials, which represented 

the seasonal distribution of rainfall erosivity well. For Model D, ωα was the same as ω in Model B and Model C, 

while ωβ was computed through parameter fitting. 

2.5 Model parameter fitting and precision comparison 

Two types of models were used in this study, namely the Richardson model (Model A) and its derivative models 

(Model B, Model C, and Model D). The least-squares method was applied to estimate parameters of Model A. The 

Trust-Region-Reflective algorithm was employed in Matlab v.2013b for the derivational models (Model B, Model 

C, and Model D) to ensure minimal errors (Coleman and Li, 1996; MathWorks, 2005). 

Following parameter estimation, it is important to assess the model prediction error because the design of the 

models will ultimately influence the estimates of rainfall erosivity. A set of goodness-of-fit statistics was used for 

this purpose (Table 2), and the endpoints were listed as follows. (1) Mean = mean value of the observed monthly 

rainfall erosivity and the model predictions (estimated mean of the monthly rainfall erosivity), as well as the annual 

ones (mean of the annual rainfall erosivity). These values represent the closeness between model predictions and 

observed rainfall erosivity; the relevant unit is MJ mm/ha/h. (2) Mean absolute percentage error (MAPE); this was 

used to assess the mean prediction accuracy of the models. Smaller MAPE values are associated with higher model 

prediction accuracies; the relevant unit is %. (3) Model efficiency (ModEff) (Nash and Sutcliffe, 1970); this is an 

index that represents the comprehensive performance of the models. It is similar to the coefficient of determination 

r2, but it is less sensitive to outliers; thus, it can compensate for the drawbacks (higher sensitivity to outliers) of the 

r2. The range of the ModEff is –∞ to 1. Values of ModEff that are closer to 1 are indicative of higher model 

efficiencies. (4) Mean bias error (MBE); this is an index that represents the left or right skew of the model 

predictions compared with the observed values. Values closer to 0 are indicative of better model performances; the 

relevant unit is MJ mm/ha/h. (5) Mean absolute error (MAE); this is an index that quantifies the discrepancy 

between the model predictions and the true values. Lower MAE values are indicative of higher model accuracies; 

the relevant unit is MJ mm/ha/h. 

The calculations for rainfall erosivity, seasonality analyses, rainfall erosivity model fitting, and precision 

comparisons were coded in Matlab v.2013b. The geographical map was drawn in ArcGIS v.10.2, and the other 

figures were drawn in Origin v.9.0. 

3 Results 

3.1 Characteristics of erosive rainfall and rainfall erosivity 

To avoid invalid contributions of non-erosive rainfall (daily rainfall <12.7 mm) to rainfall erosivity, only erosive 

rainfall was analyzed in this study. Double-factor variance analysis was applied using SPSS v.17.0 software to 

statistically assess the influence of stations and months on monthly rainfall erosivity. The results showed that 

monthly rainfall erosivity values were significantly different (Sig Level < 0.001) at the 99.9% confidence level. 

However, rainfall erosivity between stations showed no significant difference (Sig Level = 0.552) at this level; 

hence, the station data could be analyzed together. 

Table 3 shows the mean annual erosive rainfall amounts and the mean annual rainfall erosivity at the 5 stations, as 

well as their CIs. Mean annual erosive rainfall at the 5 stations was 1,076.41 mm, and the standard deviation was 

108.45 mm. The range of the CI for the erosive rainfall at the 5 stations was 15.74–17.75, which classifies the 

erosive rainfall as being between moderately seasonal and highly seasonal. Mean annual rainfall erosivity at the 5 

stations was 6,837.37 MJ mm/ha/h/a, and the standard deviation was 615.34 MJ mm ha/h/a. The range of the CI for 

the rainfall erosivity was 18.99–23.24, which was much higher than that of the erosive rainfall. Clearly, the results 

indicate that there is a highly concentrated distribution of rainfall erosivity within a year, and high risks for erosion 

are associated with a centralized period. 

<Table 3> 

Figure 2 illustrates the seasonal distribution of erosive rainfall and rainfall erosivity in Huangshan City. The 

seasonal distributions were very similar—maximum values both occurred in summer, predominantly June. Erosive 

rainfall in June was approximately 300 mm or 27.18% of the annual erosive rainfall, and this value was higher than 
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the 10.99% value for July. The peak of the seasonal rainfall erosivity also occurred in June, and it reached 2,331 

MJ∙mm/ha/h, which was 13.52% higher than that of July. 

<Fig. 2.> 

The seasonal distributions of erosive rainfall and rainfall erosivity were closely related to the variations in rainfall 

events in a year. The mean rainfall amount, mean rainfall intensity, and mean EI30 of erosive rainfall events all 

exhibited pronounced seasonal variations, but with peaks in different months (Figure 3). The maximum amount of 

mean rainfall occurred in June, while the peak rainfall intensity shifted to July and August, which was the result of 

the development and intensity of East Asian monsoon rains (Chen, 1983; Tao, 1987; He et al., 2008). Ultimately, 

the rainfall event represented by EI30, which reflects the combination of the rainfall amount and intensity, had its 

peak value in June. 

<Fig. 3.> 

3.2 Model parameters 

In order to estimate the optimum parameters for each model, the least-squares method was applied to estimate 

optimal parameters of Model A and the Trust-Region-Reflective algorithm (Coleman and Li, 1996; MathWorks, 

2005) was employed in Matlab v.2013b for the derivational models (Model B, Model C, and Model D). 

3.2.1. Model A 

Table 4 shows the optimal parameters and coefficient of determination r2 for the Richardson model at the 5 stations 

in Huangshan City. Figure 4 illustrates the optimal regression results for the Richardson model that were derived 

from the daily rainfall and daily EI30 at the 5 stations in Huangshan City. Daily rainfall and daily EI30 were 

significantly correlated at the 95% confidence level, and r2 ranged from 0.55 to 0.74 at the 5 stations. The range of 

parameter α was 1.03–3.09. In comparison with the range of parameter α, parameter β was more stable; its range 

was between 1.19 and 1.36 at the 5 stations. 

<Table 4> 

<Fig. 4.> 

3.2.2. Model B 

Table 5 displays the optimal parameters of Model B at the 5 stations in Huangshan City. The ranges of parameters 

α and β were 1.04–3.12 and 1.16–1.46, respectively. The values of the 2 parameters were very close to the values 

from Model A (the Richardson model), but there were some differences that may have been influenced by the 

emergence of the periodic function involved with Fα. Meanwhile, owing to the sensitivity of the exponent in Model 

B (parameter β), parameter β was lower than that in Model A (the Richardson model) after error minimization. 

Figure 5 presents the seasonal distribution of αFα at the 5 stations. Pronounced seasonal variations were shown at 

all of the 5 stations. Although the fluctuation ranges were not the same for the 5 stations, the maximum values all 

occurred in June, followed by July, and the lowest values were in January and December. Similarly, distribution of 

αFα was overall in accordance with the variations in rainfall erosivity in a year, i.e., with maximum rainfall 

erosivity in June, followed by July, and lower values in winter. 

<Table 5> 

<Fig. 5.> 

3.2.3. Model C 

The optimal parameters of Model C at the 5 stations in Huangshan City are shown in Table 6. Parameter α ranged 

from 1.59 to 3.77, and the values were much higher than those from the Richardson model at every station. In 

contrast, the exponent β values were lower than those of the Richardson model at every station. Its range was 1.05–

1.29. Clearly, exponent β needed to be much higher to represent the seasonal variation when parameter α was held 

constant. 

The seasonal distribution of βFβ in Model C at the 5 stations in Huangshan City is illustrated in Figure 6. 

Variations in βFβ were similar to those of αFα at every station, whereby June was associated with the peak of βFβ, 

followed by July, and the minimum value occurred in the winter months. Although the variations were similar, the 

fluctuation ranges of βFβ in Model C were much smaller than those of αFα in Model B, and this resulted from the 

higher sensitivity of the exponent in the power equation. 
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<Table 6>  

<Fig. 6.>  

3.2.4. Model D 

Table 7 presents the optimal parameters of Model D at the 5 stations in Huangshan City. Parameter α ranged from 

0.82 to 1.79, and these values were much lower than those in the Richardson model at every station. In contrast, 

exponent β ranged from 1.24 to 1.51, and these values were a bit higher than those in the Richardson model. 

Although parameter ωα was set at , ωβ was not equal to ωα. On the contrary, error minimization showed 

that ωβ was much lower than ωα, which led to a lower ωβ in summer. 

Figure 7 illustrates the seasonal distributions of αFα and βFβ in Model D. Notably, the seasonal distributions of 

αFα and βFβ were inverted, which was mainly the result of the coordination between the seasonal variations in the 

2 parameters. 

<Table 7> 

<Fig. 7.> 

3.3 Comparison of model performance 

The performances of the rainfall erosivity models were assessed on an annual and monthly basis. First, we 

examined the performance on an annual scale by using the annual rainfall erosivity data at the 5 stations. Then, we 

examined the performance on a monthly scale by using the monthly rainfall erosivity data at the 5 stations and, 

finally, we examined the changes for each month at the individual stations (Wucheng). 

3.3.1. Annual scale 

The MAPE and the ModEff of the 4 rainfall erosivity models on an annual scale at the 5 stations in Huangshan City 

are given in Table 8. The performances of the 4 models were all reasonably good, and the performance of Model D 

was better than that of the other models. For example, the average MAPE of Model D was only 3.11%, which was 

lower than that of the other models, and the smallest MAPE values were also found with Model D at 4 out of 5 

stations (all except Siqian). Even though the MAPE value of Model D at Siqian was not the smallest, the MAPE 

was less than 0.50%. The ModEff values showed similar results. The median ModEff of Model A and Model D 

ranked best out of the 4 models, but ModEff of Model D showed better performance at more stations than the other 

models. 

<Table 8> 

Figure 8 illustrates the observed and the model predicted mean annual rainfall erosivity (Figure 8a) along with the 

MBE (Figure 8b) and the MAE (Figure 8c) of annual rainfall erosivity at the 5 stations in Huangshan City. The 

better performance of Model D was further verified. The observed average annual rainfall erosivity of the 5 stations 

was 6,492.06 MJ mm/ha/h. As can be seen, the prediction by Model D (6,700.15 MJ mm/ha/h) was closer to the 

observed value of rainfall erosivity than the predictions from the other models. Meanwhile, the closeness between 

the observed mean annual rainfall erosivity and model predicted results was more obvious at each of the 5 stations. 

Bar charts of the MBE and MAE of annual rainfall erosivity also showed the superiority of Model D at more 

stations compared with the other 3 models. 

<Fig. 8.> 

3.3.2. Monthly scale 

Table 9 summarizes the MAPE and ModEff of the 4 models on a monthly scale at the 5 stations in Huangshan City. 

Because the MAPE of monthly rainfall erosivity was calculated based on the mean value of monthly rainfall 

erosivity, and the mean value of monthly rainfall erosivity was the mean annual rainfall erosivity divided into data 

series periods, the MAPE of the mean annual rainfall erosivity was equal to the MAPE of the mean monthly 

rainfall erosivity at each station for each model. However, the ModEff of monthly rainfall erosivity was not equal 

to the annual values because it was calculated based on the data for each month in every year, not on the mean 

value. Although the ModEff values of the 4 models seemed good and were nearly equivalent, the ModEff values of 

Model B and Model D were closer to 1.0, as can be seen from the average value, and the best performance was 

achieved by Model D at 4 out of the 5 stations (except for Wucheng), thus indicating the better performance of 

Model D on a monthly scale. 
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Figure 9 illustrates the observed mean monthly rainfall erosivity (mean Rm) and model predicted results (Figure 9a) 

along with the MBE (Figure 9b) and the MAE (Figure 9c) of monthly rainfall erosivity at the 5 stations in 

Huangshan City. At the monthly scale, Model D performed best in terms of the closeness between the observed 

rainfall erosivity and the predicted values, as well as the lower values of MBE and MAE. This result was similar to 

that shown at the annual scale for the 4 models. 

<Table 9> 

<Fig. 9.> 

The performances of the rainfall erosivity models for each month are of importance to the cover-management 

factor in the USLE and RUSLE calculations. Performances of the models at each station were similar. Thus, we 

further took Rucun station as a representative site to assess the performances of the models. 

The MAPE values for each month from the 4 rainfall erosivity models at Rucun are given in Table 10. Larger 

errors were found in the months with less rainfall (all months except June and July) compared with the months with 

more rainfall (June and July). For example, the MAPE values for June and July were both less than 10% for all 4 

models (Model A, Model B, Model C, and Model D). However, the minimum MAPE values for the months except 

for June and July varied among the models. Specifically, the MAPE value for Model A was as high as 18.27%, and 

models B, C, and D yielded values of 12.18%, 5.93%, and 1.62%, respectively, thus suggesting that there was an 

improvement in the prediction accuracy after seasonal variations in the parameters were incorporated into the 

models, especially for Model D. 

<Table 10> 

The average MAPE and the median MAPE both verified the improvement of model prediction accuracy after the 

incorporation of seasonal variations in parameters. The average MAPE was 176.76% for the Richardson model 

(Model A), and it was 48.48% after adding the periodic function Fα on parameter α (Model B), 116.38% after 

adding the periodic function Fβ on parameter β (Model C), and 26.88% after adding the periodic functions Fα and 

Fβ on parameter α and parameter β (Model D), respectively. Clearly, the performance of Model D was best. In 

order to reduce the influence from the rare occurrences of erosive rainfall in November during the 20-year analysis 

period, further evaluation was carried out on the medians of MAPE for each month. The median of MAPE was 

30.42% for Model A, 27.97% for Model B, 31.25% for Model C, and 14.23% for Model D. Slight improvement 

could be seen with Model B. However, the results were relatively worse for Model C because of its sensitivity. 

Nevertheless, the best improvement could be found in Model D, and the median of MAPE for Model D was about 

half that of Model A and Model B. Meanwhile, the standard deviations were 372.22%, 81.60%, 258.61%, and 

35.44% for Model A, Model B, Model C, and Model D, respectively. These data also demonstrated the 

improvements of prediction accuracy after incorporating the seasonal variations in parameters, especially for Model 

D. 

The MAPE of each month further indicated the effectiveness of Model D (Table 10). Specifically, the MAPE 

values of Model A were 80.25% and 48.52% for March and April, respectively. However, they decreased 

respectively to 12.18% and 27.97% after adding the periodic function Fα on parameter α (Model B) or Fβ on 

parameter β (Model C), and the decrease was more obvious after further incorporating and coordinating the 

periodic function Fα on parameter α and Fβ on parameter β in Model D. A similar case could also be found in 

September, October, and November. However, in May and August, the MAPE of Model B increased instead of 

decreasing, as did that of Model C. In contrast, the predictions of Model D improved—the MAPE values of Model 

D were 1.62%, 14.23%, and 21.42% for March, April, and May, respectively (Table 10), which demonstrated 

reductions of 78.63%, 34.29%, and 9.00% compared with Model A; the results were also much improved compared 

with Model B and Model C. In June, July, and August, improvements were also found with respect to Model D 

compared with the other 3 models. 

The model efficiency (ModEff) of the 4 rainfall erosivity models for each month at Rucun are shown in Table 11. 

Model D had a higher efficiency for rainfall erosivity predictions compared to the other models. For example, the 

median ModEff of Model D for all months was as high as 0.63, and this value was much higher than that of Model 

B (0.56), Model C (0.54), and Model A (0.46). However, the average ModEff of Model B for all months (0.40) was 

slightly higher than that of Model D, which may have been on account of the low ModEff in October that was 

several magnitudes lower compared with other months (i.e., the average values were affected more by the outlier 

than the median values). Importantly, the ModEff of Model D ranked highest during 5 (April, May, June, July, and 

August) out of 8 months, and even during the other months, the ModEff of Model D appeared to be better except 
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for October, where the monthly performance was poor because of the high variability of rainfall (it was the highest 

in the 20-year analysis period). 

Figure 10 illustrates the observed and the model predicted mean monthly rainfall erosivity (Rm) (Figure 10a) along 

with the MBE (Figure 10b) and the MAE (Figure 10c) of monthly rainfall erosivity of the 4 models for each month 

at Rucun station. Better performance of Model D was further supported by the 3 assessment indices overall, 

especially in the months with less rainfall (March, April, May, August, September, October, and November). 

<Table 11> 

<Fig. 10.> 

4 Discussion 

Sensitivities of parameters in the Richardson model were not the same, which resulted in an unequal response to the 

same amount of rainfall. Compared with the linear relationship of rainfall erosivity and parameter α, the 

relationship between rainfall erosivity and the exponent (parameter β) was non-linear, and thus data were more 

sensitive to rainfall amounts in excess of 12.7 mm, i.e., parameter values much larger than 1.0 (Hamby, 1994). The 

regression equation at Rucun station was taken as an example to illustrate this tendency (Figure 11). Increasing the 

value by 0.1 or decreasing it by 0.1 for parameter α only resulted in less than a 5.0% change for the daily rainfall 

erosivity; however, the change reached nearly 40% for parameter β, which was nearly 8.0 times larger than that of 

parameter α. 

<Fig. 11.> 

Furthermore, the change was not the same within the span of a year, and much higher values were observed in the 

months with more rainfall. This was related to the rainfall characteristics during the year. In summer months, 

convectional rain was the main form, and this was associated with higher rainfall amounts and heavier intensities 

that led to more change in the rainfall erosivity. However, in spring or autumn months, frontal rain dominated, and 

this was associated with lower rainfall amounts and weaker intensities that led to less change in the rainfall 

erosivity. Consequently, the unequal and cyclical sensitivity of the 2 parameters suggests that it may be possible to 

disintegrate the parameters from a constant value for the whole year into monthly parameters so as to reduce the 

model prediction errors, and the results of this study showed that this is feasible. 

The addition of a periodic function with a period of 12 months exactly solved the dilemma, i.e., it could effectively 

differentiate the unequal contribution of rainfall in a year. There were clear seasonal variations in αFα, and the 

maximum value occurred in June, followed by July. Similar variations in αFα have been verified in Finland (Posch 

and Rekolainen, 1993), northeast Spain (Posch and Rekolainen, 1993), Australia (Lu and Yu, 2002), and New 

South Wales in Australia (Yu and Rosewell, 1996; Yang, 2014), as well as in China (Zhu and Yu, 2015). For 

parameter β, both Angulo-Martinez and Begueria (2009) and Ramos and Duran (2014) have verified its seasonal 

variations in northeast Spain, and the results were similar to those of this study; even seasonal variations in βFβ 

have been considered (Richardson et al., 1983; Bagarello and Dasaro, 1994; Petkovsek and Mikos, 2004). When 

the 2 parameters are both incorporated into the model, theoretically, the results should be much better than the 

models that incorporate the seasonal variations in only 1 parameter (parameter α or β). In the latter models, either 

αFα or βFβ is considered to be constant throughout the year, while the other varies seasonally. The key is the 

coordination between seasonal variations in the 2 parameters (αFα and βFβ). Due to the unequal sensitivity of the 2 

parameters (parameter α and β) and the higher sensitivity of parameter β in June, lower values should prevail in the 

months with more rainfall, i.e., June and July. Meanwhile, αFα and βFβ are closely related to each other (Zhu and 

Yu, 2015). Naturally, higher values of αFα also occur in the months with more rainfall, and the coordination of αFα 

and βFβ can thus be set up, which has the potential to minimize the prediction errors for rainfall erosivity. 

Each month’s prediction accuracies for the model that only incorporated seasonal variations in parameter α (Model 

B) were much better than those for the model that did not consider any seasonal variations in the parameters 

(Model A) as a whole. Compared with Model B, the performance of Model C was worse, and this was the result of 

the high sensitivity of exponent parameter β. However, the performance of Model D for each month, which 

incorporated and coordinated the seasonal variations in both parameters α and β, was overall much better than that 

of Model A, Model B, and Model C. Besides, the model prediction accuracy on an annual scale was well 

maintained or even improved. The improvement in the model prediction accuracy can be explained by the 

following 2 factors. (1) The model considered the seasonal variations in both parameters α and β. The seasonal 

characteristics of rainfall and rainfall erosivity permit the possibility of mathematical modeling, and variations in 

the 2 parameters were well represented by the addition of the periodic function. (2) There was coordination 

between the seasonal variations in parameters α and β. The discordant sensitivity of parameters α and β enabled the 
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model predicted errors to be minimized by coordinating the variations in parameters. The maximum parameter αFα 

occurred in June, which coincided with the maximum rainfall during the year. At the same time, the inverse 

variation of βFβ enabled errors to be minimized during the month with higher rainfall, and this approach represents 

a new way to solve the discordant sensitivity of parameters issue in geographic modeling. 

In contrast to the Yu and Rosewell model (Model A), 2 more variables that incorporated and coordinated the 

seasonal variations in both parameters α and β were introduced in Model D, and an improvement in the rainfall 

erosivity estimation for each month was achieved. Meanwhile, higher prediction accuracy was maintained on an 

annual scale. In terms of the application of the models on a monthly scale, priority should be given to the model 

that incorporates and coordinates seasonal variations in both parameters α and β (Model D), but the Richardson 

model (Model A) can still be recommended when only an estimation of the rainfall erosivity on an annual scale is 

required. 

5 Conclusions 

On the basis of high-resolution pluviographic data at 5 stations in Huangshan City, this paper tested and validated 

models that incorporated seasonal variations in parameters α and β into the basic Richardson model. The results 

were as follows. 

Medium to high seasonality of erosive rainfall and rainfall erosivity were found at 5 stations (Rucun, Siqian, 

Taiping, Hezhuang, Wucheng) in Huangshan City, and higher seasonality was found in the rainfall erosivity. 

Seasonal distributions of erosive rainfall and rainfall erosivity were similar—maximum erosive rainfall and rainfall 

erosivity occurred in June, which is when erosive rainfall accounted for nearly 27.18% of the annual erosive 

rainfall, and the percentage reached 33.85% for the rainfall erosivity. 

Seasonal variations in parameters α and β of the Richardson model were well represented. 

The model that incorporated and coordinated the seasonal variations in both parameters α and β into the Richardson 

model was more effective than the other models when estimating rainfall erosivity for each month, and higher 

prediction accuracies were maintained on an annual scale with this model. 

Priority should be given to the model that incorporates and coordinates seasonal variations in both parameters α and 

β when monthly rainfall-erosivity data are needed, but the Richardson model can still be recommended when only 

an estimation of the rainfall erosivity on an annual scale is required. 

This study has provided new insight into the process of seasonal rainfall erosivity modeling, and a rainfall erosivity 

model that incorporates and coordinates seasonal variations in 2 parameters on the basis of the Richardson model 

was tested and proven to be more effective than other models for predicting monthly rainfall erosivity. Such data 

will be important for improving cover-management factor calculations and soil loss estimations for soil erosion risk 

assessments under different climate-change scenarios, but further validation of the model is needed at additional 

stations. 
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Tables 

Table 1 Characteristics of rainfall data at the 5 stations in Huangshan City 

Station Period Years ERE Resolution Altitude Annual rainfall Annual R 

Rucun 1989–2008 20 522 1  533 1,513 7,749 

Siqian 1989–2008 20 423 1 317 1,207 6,901 

Taiping 1989–1999 

2001–2008 

19 500 1 200 1,326 6,090 

Hezhuang 1989–2003 

2005–2007 

18 442 1 450 1,369 6,507 

Wucheng 2000–2005 

2007–2008 

8 201 1 150 1,423 6,940 

Total  85 2,088     

ERE = erosive rainfall events; R = rainfall erosivity. 

Units: ERE (events); Resolution (minutes); Altitude (m); Annual rainfall (mm); Annual R (MJ mm/ha/h/a). 

 

Table 2 Indices and definitions for model performance 

Index Definitions 
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N = number of observations; O = observed rainfall erosivity; O  = mean of observed rainfall erosivity; P = predicted 

rainfall erosivity; P  = mean of predicted rainfall erosivity. 
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Table 3 Annual erosive rainfall (ER) and annual rainfall erosivity (R) at the 5 stations, as well as 

their concentration indices (CIs) 

Indices Rucun Siqian Taiping Hezhuang Wucheng Mean  SD 

Annual ER 1,223.98  925.07  1,038.14  1,094.68  1,100.19  1,076.41  108.45  

Annual R 7,749.34  6,900.79  6,089.75  6,506.71  6,940.28  6,837.37  615.34  

CI of ER 17.75  16.66  15.74  16.95  17.29  16.88  0.76  

CI of R 23.24  18.99  20.51  22.98  19.80  21.10  1.91  

SD = standard deviation.  

Units: annual ER (mm); annual R (MJ mm ha/h/a); CI is dimensionless. 

 

 

Table 4 The optimal parameters from the Richardson model at the 5 stations in Huangshan City 

Station α β r2 

Rucun 2.64 1.23 0.71 

Siqian 1.03 1.48 0.55 

Taiping 1.42 1.36 0.68 

Hezhuang 2.29 1.25 0.74 

Wucheng 3.09 1.19 0.72 

 

 

Table 5 The optimal parameters of Model B at the 5 stations in Huangshan City 

Station α ηα
 

β
 

Rucun 2.23 0.74 1.16 

Siqian 1.04 0.13 1.46 

Taiping 1.40 0.34 1.32 

Hezhuang 2.26 0.26 1.22 

Wucheng 3.12 0.16 1.16 
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Table 6 The optimal parameters of Model C at the 5 stations in Huangshan City 

Station α β ηβ
 

Rucun 3.77 1.05 0.11 

Siqian 1.59 1.26 0.12 

Taiping 1.70 1.29 0.04 

Hezhuang 2.61 1.20 0.03 

Wucheng 3.16 1.18 0.01 

 

Table 7 The optimal parameters of Model D at the 5 stations in Huangshan City 

Station α ηα
 

β  ηβ ωβ  

Rucun 1.79 1.00 1.24 0.06 1.12 / 6  

Siqian 0.82 0.51 1.51 0.04 0.10 / 6  

Taiping 0.98 1.00 1.38 0.08 1.20 / 6  

Hezhuang 1.30 1.00 1.31 0.08 1.10 / 6  

Wucheng 1.57 1.00 1.34 0.12 0.36 / 6  

 

 

Table 8 The mean absolute percentage error (MAPE) and the model efficiency (ModEff) of 4 rainfall 

erosivity models on an annual scale at the 5 stations in Huangshan City 

Parameter Station Model A Model B Model C Model D 

MAPE (%) Rucun 6.52 5.15 6.23 5.13 
Siqian 0.18 0.42 1.61 0.38 

Taiping 0.82 1.28 1.64 0.03 
Hezhuang 8.91 9.29 9.54 5.72 

Wucheng 5.80 5.78 5.84 4.29 

Average 4.45 4.38 4.97 3.11 

ModEff Rucun 0.85 0.86 0.85 0.85 

Siqian 0.73 0.73 0.71 0.73 

Taiping 0.80 0.79 0.79 0.82 
Hezhuang 0.86 0.84 0.84 0.86 

Wucheng 0.84 0.84 0.84 0.85 

Average 0.82 0.81 0.81 0.82 

Bold type suggests the top performance of the 4 models. 
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Table 9 The mean absolute percentage error (MAPE) and the model efficiency (ModEff) of 4 models 

on a monthly scale at the 5 stations in Huangshan City 

Parameter Station Model A Model B Model C Model D 

MAPE (%) Rucun 6.52 5.15 6.23 5.13 

Siqian 0.18 0.42 1.61 0.38 

Taiping 0.82 1.27 1.64 0.03 

Hezhuang 8.91 9.29 9.54 5.72 

Wucheng 5.80 5.78 5.84 4.29 

Average 4.45 4.38 4.97 3.11 

ModEff Rucun 0.84 0.85 0.85 0.86 

Siqian 0.74 0.74 0.72 0.74 
Taiping 0.74 0.75 0.75 0.77 

Hezhuang 0.89 0.89 0.89 0.91 
Wucheng 0.85 0.85 0.85 0.84 

Average 0.81 0.82 0.81 0.82 

Bold type suggests the top performance of the 4 models. 

 

Table 10 The mean absolute percentage error (MAPE) and significance level (Sig Level) between 

estimations and EI30 values for each month at Rucun 

Month Years 
Model A 

(%, Sig Level) 

Model B 

(%, Sig Level) 

Model C 

(%, Sig Level) 

Model D 

(%, Sig Level) 

Mar 11 80.25 (0.005**) 12.18 (0.635) 34.59 (0.199) 1.62 (0.951) 

Apr 20 48.52 (0.004**) 27.97 (0.069) 31.25 (0.045*)  14.23 (0.343) 

May 20 30.42 (0.001**) 34.08 (0.001**) 32.37 (0.001**) 21.42 (0.013*) 

Jun 20 3.79 (0.678) 2.96 (0.745) 2.89 (0.751) 0.51 (0.955) 

Jul 19 8.06 (0.416) 2.23 (0.823) 3.16 (0.753) 7.57 (0.412) 

Aug 19 25.58 (0.017*) 28.52 (0.011*) 27.70 (0.013*) 15.27 (0.111) 

Sep 14 18.27 (0.313) 14.59 (0.368) 5.93 (0.704) 7.37 (0.676) 

Oct 18 223.11 (0.001**) 51.87 (0.055) 108.91 (0.002**) 72.65 (0.022*) 

Nov  1 1,152.84 261.91 800.66 101.32  

Average 16 176.76 48.48 116.38 26.88 

Median 19 30.42 27.97 31.25 14.23 

SD 6 372.22 81.60 258.61 35.44 

Bold type suggests top one performance of the 4 models; * indicates estimations significantly different from EI30 at the 

0.05 level; ** indicates estimations significantly different from EI30 at the 0.01 level. 
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Table 11 The model efficiency (ModEff) of 4 rainfall erosivity models for each month at Rucun 

Month Years Model A Model B Model C
 

Model D
 

Mar 11 0.29  0.61  0.54  0.59  

Apr 20 0.27  0.47  0.44  0.52  

May 20 0.67  0.64  0.66  0.74  

Jun 20 0.79  0.79  0.79  0.80  

Jul 19 0.82  0.82  0.82  0.84  

Aug 19 0.56  0.51  0.51  0.67  

Sep 14 0.35  0.48  0.53  0.40  

Oct 18 −13.06  −1.16  −3.26  −2.11  

Nov  1 – – – – 

Average 16 −1.16  0.40  0.13  0.31  

Median 19 0.46  0.56  0.54  0.63  

Standard 

deviation 
 6 4.81  0.64  1.38  0.99  

Bold type suggests the top performance of the 4 models. 
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Figures 

 

Fig. 1. Geographical map of the study area and distribution of rainfall stations 

 

 

 

Fig. 2. Seasonal distribution of erosive rainfall (a) and rainfall erosivity (b) in Huangshan City. 

 

 

 

Fig. 3. Seasonal distribution of erosive rainfall event characteristics: (a) mean rainfall amount; (b) 

mean rainfall intensity; (c) mean EI30 
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Fig. 4. The optimal regression results of the Richardson model from daily rainfall and daily EI30 at 

the 5 stations in Huangshan City: (a) Rucun, (b) Siqian, (c) Taiping, (d) Hezhuang, and (e) Wucheng 

 

 

 

Fig. 5. Seasonal distribution of αFα in Model B at the 5 stations in Huangshan City: (a) Rucun, (b) 

Siqian, (c) Taiping, (d) Hezhuang, and (e) Wucheng 

 

 

Fig. 6. Seasonal distribution of βFβ in Model C at the 5 stations in Huangshan City: (a) Rucun, (b) 

Siqian, (c) Taiping, (d) Hezhuang, and (e) Wucheng 
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Fig. 7. Seasonal distribution of αFα in Model D at the 5 stations in Huangshan City: (a1) Rucun, (b1) 

Siqian, (c1) Taiping, (d1) Hezhuang, and (e1) Wucheng, and seasonal distribution of βFβ in Model D 

at the 5 stations in Huangshan City: (a2) Rucun, (b2) Siqian, (c2) Taiping, (d2) Hezhuang, and (e2) 

Wucheng 

 

 

 

Fig. 8. The observed and the model predicted mean annual rainfall erosivity (mean R) (a), the mean 

bias error (MBE) (b), and the mean absolute error (MAE) (c) of annual rainfall erosivity at the 5 

stations in Huangshan City. Unit: MJ mm/ha/h/a. 
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Fig. 9. The observed and model predicted mean monthly rainfall erosivity (a), the mean bias error 

(MBE) (b), and the mean absolute error (MAE) (c) of monthly rainfall erosivity at the 5 stations in 

Huangshan City. Unit: MJ mm/ha/h/a. 

 

 

Fig. 10. The observed and the model predicted monthly rainfall erosivity (Rm) (a), the mean bias 

error (MBE) (b), and the mean absolute error (MAE) (c) of monthly rainfall erosivity of the 4 rainfall 

erosivity models for each month at Rucun. Unit: MJ mm/ha/h/a. 

 

 

 

Fig. 11. Change of daily R in response to the variations in parameters (α+0.1, β+0.1, α–0.1, β–0.1) 

for the different months at Rucun station 
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摘要 

降雨侵蚀力是土壤流失量预测中一个重要的气候因子。本研究

采用中国安徽省黄山市五个雨量站的高分辨率降雨数据，分析

了 Richardson 模型在考虑 α 和 β 两个参数的季节变化后的表

现。结果表明：（1）黄山市五个雨量站的侵蚀性降雨具有中等

到较高的季节变化，降雨侵蚀力的季节变化更加明显；（2）

Richardson 模型的参数 α 和 β 均表现出随季节变化的特性；

（3）通过考虑参数 α 和 β的季节变化后，通过对两者的季节变

化进行搭配，可以很好的提高月侵蚀力的预报效果。在进行月

尺度侵蚀力计算时，推荐采用该种模型形式，这将很好的改善

与提高水土保持相关方面的计算，比如：水土保持措施的规

划，以及 USLE和 RUSLE模型中覆盖-管理措施因子的计算。 

 

关键词 
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USLE；RUSLE 

 

 

 

 

         王友胜 

 

王友胜，泥沙研究所工程

师，博士。主要从事土壤侵

蚀与水土保持相关科研工

作。 

注：论文已被 Journal of Geographical Sciences于 2016年 3月接收 

 

  

 



 

43 

中国水利水电科学研究院  第13届青年学术交流会论文 

 

Estimation of USLE crop and management factor values for crop 

rotation systems in China 

Guo Qiankun1,2，Liu Baoyuan2，Xie Yun2, Liu Yingna2, Yin Shuiqing2 

(1,Department of Sediment Research, China Institute of Water Resources and Hydropower Research 2, State Key Laboratory of Earth Surface Processes and 

Resource Ecology, School of Geography, Beijing Normal University) 

Abstract：Soil erosion on cropland is a major source of environmental problems in China ranging from the losses of a non-renewable 

resource and of nutrients at the source to contamination of downstream areas. Regional soil loss assessments using the Universal Soil 

Loss Equation (USLE) would supply a scientific basis for soil conservation planning. However, a lack of information on the cover and 

management factor (C factor) for cropland, one of the most important factors in the USLE, has limited accurate regional assessments 

in China due to the large number of crops grown and their complicated rotation systems. In this study, single crop soil loss ratios 

(SLRs) were collected and quantified for 10 primary crops from past studies or reports. The mean annual C values for 88 crop rotation 

systems in 12 cropping system regions were estimated based on the combined effects of single crop SLRs and the percentage of annual 

rainfall erosivity (R) during the corresponding periods for each system. The C values in different cropping system regions were 

compared and discussed. The results indicated that the SLRs of the 10 primary crops ranged from 0.15 to 0.74. The mean annual C 

value for all 88 crop rotation systems was 0.34, with a standard deviation of 0.12. The mean C values in the single, double and triple 

cropping zones were 0.37, 0.36 and 0.28, respectively, and the C value in the triple zone was significantly different from those in 

single and double zones. The C values of dryland crop systems exhibited significant differences in the single and triple cropping 

system regions but the differences in the double regions were not significant. This study is the first report of the C values of crop 

rotation systems in China at the national scale. It will provide necessary and practical parameters for accurately assessing regional soil 

losses from cropland to guide soil conservation plans and to optimize crop rotation systems. 

Keywords：cover and management factor, crop rotation system, soil loss ratio, rainfall erosivity, cropping system region 

1 Introduction 

Soil erosion from cropland is a continuing major concern (Cogo et al., 1984) that causes significant associated 

problems, i.e., from the losses of a non-renewable resource and of nutrients at its source to the

contamination that it can cause in downstream areas (Morgan, 2005). Soil erosion needs to be prevented and/or 

controlled through scientifically based soil conservation planning in order to attain sustainable agricultural 

development. Many models have been developed to assess soil erosion, among which the Universal Soil Loss 

Equation (USLE) has possibly had the greatest impact. First presented by Wischmeier and Smith (1965), it was 

later improved (Wischmeier and Smith, 1978) and then revised to become the Revised Universal Soil Loss 

Equation (RUSLE) (Renard et al., 1997). The USLE and RUSLE models are the most commonly used soil erosion 

models when predicting soil losses from slopes and planning soil conservation measures worldwide. In USLE and 

RUSLE, the cover and management factor (C) indicates the combined effects of variations in crops or other 

vegetation coverage and tillage systems, as well as the corresponding changes in rainfall erosivity within a year. 

The C factor is defined as the soil loss ratio (SLR) from land cropped under specified conditions to the 

corresponding loss from bare soil under continuous fallow for a specific crop stage. The annual or growing season 

C value for individual crops is the weighted mean of SLR values by rainfall erosivity for all crop stages. The C 

values for most crops grown in the United States have already been reported and were obtained using this 

methodology. The C factor has been considered as the most complex factor in USLE (Cogo et al., 1984; Mati and 

Veihe, 2001), as the most important conditional factor in USLE (Roose, 1977), or as the most critical factor in 

USLE and RUSLE (Lu et al., 2003). Moreover, one reason for its importance is that it may represent conditions 

that can be most easily managed in order to reduce erosion (Zhang et al., 2011). Nonetheless, values of C are rarely 

reported outside of the United States because the required measurements are extremely time-consuming (Gabriels 

et al., 2003; Schönbrodt et al., 2010). Morgan (2005) has also indicated that the detailed information needed for 

calculating the C factors, using the USLE method, does not always exist for many countries, and that it may be 

more appropriate to use mean annual values. In China, C values calculated by the USLE method have only been 

reported in a few studies, such as those of Zhang et al. (1992), Zhang et al. (2001) and Yang (2002). 

In the United States, USLE has been used to predict soil losses from points that were sampled in cropland at the 

local scale as well as, at a larger scale, to estimate state and national soil losses by water erosion, and these results 

form part of the National Resource Inventory (NRI) that was started in 1977 (Nusser and Goebel, 1997). The NRI 

provides updated information on the status, condition, and trends of land, soil, water, and related resources on non-
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federal lands. This information was acquired by the U.S. Department of Agriculture’s Natural Resources 

Conservation Service (NRCS) using a stratified, two-stage, area-sampling scheme. For each of the sampled points, 

the C factor was calculated using the USLE or RUSLE method. However, due to the lack of detailed information 

for computing USLE C values, NDVI data have been used instead to calculate C values for the regional assessment 

of water erosion in Europe (Van der Knijff et al., 2000), Australia (Lu et al., 2003), and China (Yang et al., 2008). 

Van der Knijff et al. (2000) presented an exponential scaling formula to describe the relationship between NDVI 

and the C factor in Europe:  

   C = exp (−α NDVI/(β − NDVI))                                                                                                                         (1) 

where α and β are parameters that determine the shape of the NDVI-C curve and values of 2 and 1 are deemed to 

give reasonable results. Lu et al. (2003) used NDVI data to calculate the monthly spatial distribution of the fraction 

of green vegetation cover, which was used to calculate the monthly SLR and C factor in Australia. Karaburun 

(2010) used NDVI to calculate C factors in a watershed in Turkey. Schönbrodt et al. (2010) calculated C factors of 

a large watershed in central China. However, none of these studies attempted to determine the C values of different 

crops or crop rotation systems since this method cannot distinguish among crop types, growing seasons, tillage 

methods, and rotation systems. Van der Knijff et al. (2000) considered such C values as only crude estimations, 

while Lu et al. (2003) admitted that predictions for croplands would be improved by specifying tillage types and 

crop rotations.  

Diverse climates and topographies have resulted in complex crop rotation systems during the long history of 

cultivation in China. Soil erosion on cropland in China presents a disproportionately large obstacle in the 

agricultural sector as compared with other countries due to the large area of cropland located on slopes, and 

especially on steep slopes. It is necessary to predict soil loss accurately in order to formulate soil conservation 

policies at the regional or national scales. Using NDVI data to estimate C values is impractical for indicating the 

effects of crop rotation systems on soil loss, and especially for the complicated crop cultivation patterns in China, 

due to the temporal and spatial variations existing among the various systems. Therefore, the method of compiling 

measured data from numerous studies conducted in the past across China for different crop rotation systems is 

preferable to the NDVI method. However, the reported C values are only for local and individual crops and cannot 

be applied to the regional scale. Therefore, the objective of this study was to collect measured data from numerous 

past studies and to develop a new method for estimating C values at the regional scale by considering the combined 

effects of crop coverage and tillage variations, as well as the related rainfall erosivity distributions, on soil losses 

for different crop rotation systems. Furthermore, mean annual C values were determined for each crop rotation 

system in cropping-system regions throughout China. The results should support regional soil loss assessments 

needed to improve soil conservation planning. 

2 Methods 

2.1 Crops and rotation systems in China 

Grains, oil crops, cole (Brassica campestris L.), potato (Solanum tuberosum L.) and cotton (Gossypium hirsutum L.) 

are widely planted crops in China. Grain crops include rice (Oryza sativa L.), wheat (Triticum aestivum L.), maize 

(Zea mays L.), millet (Setaria italic L.) and sorghum (Sorghum bicolor L.). Oil crops include soybean (Glycine max 

L.) and peanut (Arachis hypogaea L.). These 10 crops covered 70.8% of all arable land in China in 2012 (State 

Statistical Bureau, 2013). The areas of rice, wheat and maize were 18.4%, 14.9% and 21.4%, respectively, of the 

total planted area. Japonica rice (Oryza sativa L. subsp. japonica Kato), which has a longer growing season, is 

planted in North China, whereas indica rice (Oryza sativa L. subsp. sativa), which has a shorter growing season, is 

planted in South China and can be harvested two times in one year. Winter wheat, which is planted in the fall and 

harvested during the next spring, is widely distributed throughout China, whereas spring wheat, which is planted in 

the spring and harvested in August of the same year, is primarily grown in North China, such as in the provinces of 

Xinjiang, Inner Mongolia, and Heilongjiang. The other crops are widely distributed throughout China, and their 

planting and harvesting dates vary by region. 

There are great differences in the physical conditions under which crop rotation systems operate. These include, in 

particular, temperature, precipitation, landform, and the crop type and its growing season throughout China. 

Considering these differences, Liu and Han (1987) regionalized the crop rotation systems for cropland in China into 

three zones: single, double and triple cropping system zones according to the times of crop harvesting in one year, 

which were usually 1, 2 and 3 crop-harvesting times, respectively. Several cropping system regions were identified 

based on the landforms in each zone (Fig. 2), and a few cropping systems varied, with different crop types and 

rotations for each region (Table 1). In this study, 12 regions and 88 main rotation systems in China were identified 
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from Liu and Han (1987), and the C values for each rotation system in each region were estimated based on these 

12 regions and 88 crop rotation systems. 

The single cropping zone (I) was distributed in Northeast China, Northwest China and on the Qinghai-Tibet Plateau, 

and in which crops were harvested only one time in one year (Fig.1); five cropping system regions, numbered I1 to 

I5, were identified in this zone. The double cropping zone (II) was distributed in Southwest China and North China, 

and in which crops were harvested twice in one year; four regions, numbered II1 to II4, were classified (Table 1). 

However, both single and double cropping systems could exist in the same area due to the effects of topography on 

temperature in some regions. For example, double cropping systems, such as winter wheat-maize, occur widely in 

region II1; however, single cropping systems, such as cotton, soybean and spring wheat, with annual rotations, 

existed in the hilly area predominated by this region. The triple cropping zone (III) was primarily distributed in 

Southeast China, and in which crops were harvested three times in one year; it included three regions numbered 

III1 to III3. For triple cropping systems, the dominant rotation type was indica rice, which was planted twice and 

was then followed by winter wheat or cole that was planted in the same year and harvested in the next spring. 

However, only double cropping systems using dryland crops occurred in the hilly areas in the triple cropping 

system regions.  

The planting and harvesting dates for each crop in each region (Table 1) were determined from data supplied by 

agricultural and meteorological stations in 1352 counties throughout China (Zhang et al., 1988). Due to temperature 

variations, each crop has a range of dates for a particular planting or harvesting period. The middle date of each 

range was chosen as the representative planting or harvesting date for a particular crop in each region. For example, 

in region III1, the range of planting dates for winter wheat was November 1 to 11, and the range of harvesting dates 

was May 1 to 21 of the next year; therefore, November 5 and May 11 were chosen as the representative planting 

and harvesting dates, respectively, for winter wheat in this region. 

2.2 Determination of the soil loss ratios for single crops 

A large amount of data from runoff plots is available in China that can be used for quantifying single crop soil loss 

ratios (SLRs) during the growing season. In this study, data were collected from two sources: 1) published literature, 

such as Zhang et al. (1992), Sun et al. (1997), Zhang et al. (2001), and Yang (2002); and 2) the reports of 

experimental stations, such as Zhalantun, Moqi and Arong in Hulunbuir (1994) and Tianshui and Suide stations, 

which belong to the Soil and Water Committee of the Middle Yellow River (1965). Two types of datasets for 

obtaining SLR values were identified: 1) SLRs were already calculated by the original source; and 2) SLRs were 

not calculated by the source but the soil loss values from both crop and bare soil plots were given instead, affording 

us the opportunity to perform the SLR calculation. Thus, the SLRs could be calculated as the ratio of the soil losses 

from crop plots to those from bare plots if the crop and bare plots had the same slope lengths and gradients. In the 

event that the plots had different slope lengths and/or gradients, the SLR calculation was modified using the slope 

length or gradient factors as follows: 

𝑆𝐿𝑅𝑖 =  𝐴𝑖𝐿𝑂𝑆𝑂 𝐴𝑜𝐿𝑖𝑆𝑖⁄                                                                                                                                      (2) 

where SLRi was the SLR of crop i, Ai and Ao were the soil losses from the crop and bare plots, respectively, Li and 

Lo were the slope length factors for the crop and bare plots, respectively, and Si and So were the slope gradient 

factors for the crop and bare plots, respectively. 

The slope length factor was given by the following equation:  

𝐿 =  (𝜆 22.13⁄ )𝑚                                                                                                                                                   (3) 

where 𝜆  was the slope length (m), and m was the slope length exponent. 

The slope gradient factor was given by the appropriate equation as follows (McCool et al., 1988; Liu et al., 1994): 

            𝑆 = 10.8 𝑠𝑖𝑛 𝜃 + 0.03              𝜃 <  5° 

𝑆 = 16.8 𝑠𝑖𝑛 𝜃 − 0.5     5° ≤  𝜃 <  10°                                                                                                          (4) 

𝑆 = 21.91 𝑠𝑖𝑛 𝜃 − 0.96           𝜃 ≥  10°  

where 𝜃 was the slope angle (degree). 

Plot data were selected according to two criteria. First, only data obtained from direct measurements were selected. 

Second, only data with clear information, such as, measurement period, plot length and plot gradient were selected. 

Plots with lengths shorter than 5 m or longer than 300 m were eliminated from the plot database since they were 
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considered to be unrepresentative. In total, 36 records of SLRs at 28 sites distributed across 16 provinces, which 

included 10 crops for their different growing seasons, were determined; these sites covered 9 rotation regions: I1, I2, 

I3, I5, II1, II3, II4, III1 and III3 (Fig. 1, Table 2). The mean SLR of the growing season for each crop throughout 

China was calculated, except for rice. 

2.3 Calculation of mean annual C values for crop rotation systems 

For the single cropping zone, only one crop was planted in an entire year, and different crops were planted in 

multiple consecutive years, forming inter-annual rotations. C value for one year was the SLR value of the single 

crop planted in that year since the weight of rainfall erosivity was 1. The mean annual C values for the single 

cropping zone were estimated as follows: 

𝐶 = ∑
𝑆𝐿𝑅𝑖

𝑛

𝑛
𝑖=1                                                                                                                                                         (5) 

where i was the number of rotation years (i = 1, 2, …, n) and SLRi was the C value for the crop growing in the ith 

year having been planted in the ith year of the n year rotation period.  

For both double and triple cropping zones, more than one crop type was harvested during a year. The mean annual 

C value for each rotation system in each region was calculated by averaging the single crop C values weighted by 

the rainfall erosivity during their growing seasons as follows: 

𝐶 = ∑ 𝑆𝐿𝑅𝑗
𝑚
𝑗=1

𝑅𝑗

𝑅
                                                                                                                                                 (6) 

where j was the number of periods dividing an entire year into various parts for either double or triple zones (j=1, 

2,…, m,), SLRj was the C value for the period  j, Rj was the rainfall erosivity during the period  j, and R was the 

long-term mean annual rainfall erosivity in each region. The periods were separated according to the crop 

management system used in two situations. In the first situation, there were two periods in a year: the first period 

comprised the growing season of the first crop and the fallow stage when the crop residue was in the fields; and the 

second period covered the growing season of the second crop. The C values for the first and second periods were 

equivalent to the SLR of these two crops, respectively. In the second situation, there were three periods in a year: 

these included two separate periods for the first and second crops, and a symbiotic period. In the symbiotic period, 

the two crops were growing at the same time in the same field, in either  an intercropping or relay cropping system, 

which involved the second crop being planted before the first crop had been harvested (IIRR and ACT, 2005; 

Nafziger, 2009). The C value for this symbiotic period was taken to be the mean SLR of the two crops. 

The erosivity for each period was calculated using daily rainfall data collected for 50 years, from 1951 to 2000, 

from 69 weather stations across China (Fig. 2). The erosivity equations were as follows (Yin et al., 2013): 

      𝑅𝑗 =
1

𝑁
∑ ∑ (𝛼 𝑃𝑖,𝑗,𝑘

1.7265)  𝑀
𝑘=0

𝑁
𝑖=1                                                                                                                    (7) 

     𝑅 =  ∑ 𝑅𝑗
𝑚
𝑗=1                                                                                                                                                     (8) 

where  j was the number of periods dividing an entire year into various parts for double or triple zones ( j = 1, 2,…, 

m); Rj was the long-term mean erosivity for each period in an entire year (MJ·mm·hm-2·h-1); R was the mean 

annual rainfall erosivity (MJ·mm·hm-2·h-1·);  α was the coefficient taken from equation (7) and was 0.3937 for the 

warm season (May to Sep.) and 0.3101 for the cold season (Oct. to Apr. in the following year); Pi, j, k was the daily 

erosive rainfall (> 12 mm) (mm); k was the serial number of the erosive days in the jth period in the ith year (k = 0, 

1,…,M), and 0 denoted no erosive daily rainfall within that period; and i was the serial number for the year (i = 1, 

2, …, N). 

3 Results 

3.1 Mean SLRs for growing season of single crops 

Rice was the most widely planted crop in China; however, this crop was planted in flat areas, such as on flood 

plains or in river valleys, where almost no soil erosion occurs. Thus, no runoff plot data for rice exists in China and, 

therefore, the SLR value was taken from Morgan (2005), who reported that it ranged from 0.1 to 0.2, and the mean 

SLR was taken as 0.15. Both winter wheat and spring wheat had low SLRs of 0.23 and 0.07, respectively. For 

winter wheat, rainfall erosivity was less during the growing season, although rainfall erosivity was relatively 

greater for spring wheat, which was harvested in late July to early August, the presence of a dense cover of the 

matured spring wheat crop during the period of highly erosive rainfall events substantially reduced soil losses. The 

highest SLR value (0.74) was obtained for buckwheat, followed by millet (0.528). Buckwheat and millet were both 
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widely distributed on the Loess Plateau, where erosive storms mainly occurred between July and August. 

Buckwheat was planted in July and harvested in early October, while millet was planted in early May and harvested 

in early September. Erosive storms occurred during the early part of the buckwheat growing season when cover 

was sparse resulting in severe soil losses (Zhang et al., 2001). In contrast, the millet crop cover was higher during 

the period of intense rainstorms because this crop was planted earlier and, thus, the soil losses were less than those 

that occurred from buckwheat fields. The SLR of cole was 0.21, which was similar to the SLR of winter wheat, and 

both were winter crops widely distributed in China. The growing season of maize, sorghum, cotton, soybean, 

peanut and potato were similar, and their SLR values reflected this similarity being 0.42, 0.33, 0.29, 0.47, 0.49, and 

0.46, respectively.  

Soil loss ratios for crops were also obtained from international studies (Table 3). It can be seen clearly that the SLR 

values of most of the crops grown in China were consistent with the values reported by the international studies. 

The exception was cotton, where the SLR value reported in this study was a little lower than that reported by the 

international studies. Therefore, the SLR values obtained in this study were in accordance with the international 

results.   

Most of the records used in this study for calculating SLR values were from North China, particularly from the 

Loess Plateau region, whereas reports from South China were scarce. This is an indication that soil erosion studies 

on cropland in North China in the past were considered to be more important since many soils in the north, such as 

loessial and black soils, are more susceptible to erosion than those in the south. However, erosion in South China 

can also be severe because of higher rainfall erosivity and steeper slopes; such erosion can cause large reductions in 

crop productivity. Adopting more suitable crops and crop rotation systems could help to reduce soil erosion. Thus, 

conducting more studies in the south in the future is desirable.  

3.2 Mean C values for crop rotation systems 

The annual C values for each crop rotation system and their regional values are listed in Table 4. The mean C value 

for the 88 crop rotation systems in the 12 regions considered in this study was 0.34, and the standard deviation (SD) 

was 0.12. The value was identical to the mean value of 0.34 obtained for 40 crop rotation systems studied in the 

Kemmelbeek watershed in Belgium (Gabriels et al., 2003). However, there was less variation in the values in that 

study as indicated by the lower SD (0.05). This was probably because this study covered a much larger area. 

Obvious variations were also apparent among the three zones in this study. The highest zonal C value (0.37) was 

obtained for the single cropping zone, while lower values of 0.36 and 0.28 were characteristic of the double and 

triple cropping zones, respectively. The SD values were 0.11, 0.11 and 0.12 for the single, double and triple 

cropping zones, respectively. The C values for the single and double cropping zones were not significantly different, 

but both differed significantly from the C value for the triple cropping zone (Duncan’s test, P<0.05). The 

magnitude of these C values indicated the increasing effects of crop cover on soil loss reduction. When crops were 

harvested more times in one year, the soil was protected by crop cover for a longer period, the C value was lower, 

and the soil loss on the cropland was reduced.  

Crop rotation systems in the single cropping zone were mainly dryland systems and the C values of the individual 

rotation systems ranged from 0.15 to 0.63. The statistical analysis showed that high values were found in regions I2 

and I3 (Tables 4 and 5) and low values were found in I4 and I5. This result was also evident in the box-chart plot 

(Fig. 2). Regions I2 and I3 were primarily on the Loess Plateau, where crops with higher SLR values, such as 

buckwheat, millet, and potato, were widely planted in both regions, which led to the higher annual C values. 

Regions I4 and I5 had similar regional C values of 0.27 and 0.28 (Table 4), which were the lowest values that 

occurred in the single cropping zone. Region I4 was on the Qinghai-Tibet Plateau where the primary crop was 

wheat. Region I5 was primarily under irrigated cropland, such as on the Hetao Plain of the Upper Yellow River 

Basin and in the oases in the Gansu Corridor and Xinjiang, where spring wheat covered approximately 50% of the 

total cropland area (Liu and Han, 1987). The extremely low values of the rainfall erosivity in these two regions and 

the lower SLR values of the crops, such as wheat, cole, rice and cotton, contributed to these low C values. Region 

I1 was on the Northeast Plain and the C values were a little higher than in regions I4 and I5. Despite the 

substantially higher rainfall erosivity in region I1, the dense covers of the main crops, such as maize, soybean and 

sorghum, coincided with the period of high rainfall erosivity and thus decreased the C values. 

The mean regional C values of the double and triple cropping zones are presented in Table 4. In contrast with the 

single cropping zone, the cropping systems in the double and triple cropping zones can be divided into dryland 

systems and rice systems due to the large differences between these two types of system. An exception was in 

region II1, which was located in North China where primarily winter wheat was planted and rice systems were 

almost completely absent. Rice was the most widely planted crop in all regions except in region II1 and it was 
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usually planted in rice-cole and rice-wheat systems in the double cropping zone and in rice-rice-fallow, rice-rice-

cole and rice-rice-wheat systems in the triple cropping zone. The growing seasons of the crops and the 

corresponding rainfall erosivity were similar for all regions. Hence, the C values of the rice rotation systems were 

also similar in all regions, i.e., 0.16, 0.16 and 0.15 in regions II2, II3 and II4, respectively, and 0.17, 0.16 and 0.18 

in regions III1, III2 and III3. There were no significant differences among the C values for the six regions 

(Duncan’s test, P<0.05). The mean C value was 0.16 for all of the rice systems throughout China, which was 

considerably lower than the C values of the dryland crop systems (Fig. 2). 

For the dryland rotation systems, the statistical analysis indicated that no significant differences (Duncan’s test, 

P<0.05) occurred among the C values of the four regions in the double cropping zone (Table 5, Fig. 2). This 

similarity was due to the similar cropping systems: a winter crop, mainly winter wheat, with a summer crop such as 

maize, soybean, or potato. The growing seasons of the crops in these rotation systems and the corresponding 

rainfall erosivity were also similar for all regions resulting in similar C values, as was the case for the rice systems. 

The C values were all about 0.4 (Table 5) and they were mainly contributed by the summer crops since the SLRs 

were higher under these than under the winter crops; furthermore, the larger proportion of annual rainfall erosivity 

occurred during the summer crop growing season. Significant differences (Duncan’s test, P<0.05) were found 

between the C values for the dryland rotation systems in region III3 and either region III1 or III2 in the triple 

cropping zone (Table 5, Fig. 2). This was probably because, in region III3, the planted area of crops with a 

relatively lower SLR, mainly winter wheat, was substantially smaller than those of regions III1 and III2, while the 

area of crops with a relatively higher SLR, such as maize, was larger (Liu and Han, 1987). Consequently, higher C 

values occurred in region III3 than in regions III1 and III2. The mean C value for the dryland cropping system was 

0.40 at the national scale and in the single, double and triple cropping zones the C values were 0.39, 0.40 and 0.37, 

respectively, but these values were not significantly different (Duncan’s test, P<0.05).  

The C values of the crop rotation systems, and especially of the dryland systems, were higher than those reported 

by studies in Europe and the United States. In this study, the national dryland system C value was 0.40. However, 

only three of the 40 crop rotation systems studied in the Kemmelbeek watershed of Belgium had C values higher 

than 0.40 (Gabriels et al., 2003). This was probably due to the difference between the crops planted in Belgium and 

China. In Belgium, crops such as winter wheat and grass with lower C values were widely planted while crops with 

high C values, such as millet, were not present in the Kemmelbeek watershed but were widely planted in the single 

cropping zone in China. Some other studies on crop rotation systems in the United States also indicated that C 

values were lower than those in this study. For example, Fernandez et al. (2003) reported the C values for winter 

wheat (WW) and spring barley (SB) rotations in two rotation systems in Idaho: WW-SB-WW-[lentils or peas] 

(over 4 years) and WW-SB-summer fallow-WW-SB-spring canola (6 years) had C values of 0.11 and 0.15, 

respectively. Wischmeier (1960) reported that the C value of wheat-meadow-corn-corn (4 years) in central Indiana 

was 0.15. Wischmeier and Smith (1965) reported the C value of wheat-meadow-corn-corn (4 years) in central 

Indiana was 0.19, which was similar to the value reported in Wischmeier (1960). Miller et al. (1988) reported that 

the C values of corn-corn-soybean (3 years), corn-corn-corn-oats with green manure (4 years), and corn-corn-oats-

meadow-meadow (5 years) in Iowa were 0.47, 0.29 and 0.08, respectively. It seemed that grass or meadow was 

often planted within crop rotations in Europe and in the United States, which helped to reduce the C values of those 

rotation systems. Only rotation systems such as corn-corn-soybean exhibited higher C values. The C values of the 

crop rotation systems in China reported in this study were higher than some of those reported in Europe and the 

United States, indicating the effects of different cropping systems (with or without grass and meadow) on the C 

value, implying that by improving and optimizing the crop rotation systems or tillage practices in China, soil losses 

on arable land can be reduced. However, there are also some deficiencies in this study and it can be strengthened 

from the following aspects: 1) the records of SLR values of main crops in China, especially in south China, were 

scare, thus the research on SLR values of more crops of different cropping system regions is needed; 2) The C 

values of cropping systems in this study were calculated based on the SLR values of single crops, so the direct field 

measurement on C values of multiple-year cropping systems should be strengthened since C values from direct 

field measurement are usually more accurate.  

4 Conclusion 

After reviewing the crop rotation systems and collecting reported data for single crop soil loss ratios for primary 

crops in China, the mean annual C values of 88 crop rotation systems in 12 cropping system regions were estimated 

in this study.  

The SLR values of primary crops in China were quantified. The SLR values of buckwheat and millet were the 

highest, followed by those of soybean, peanut and potato. Maize and sorghum had lower SLR values of 0.40 and 

0.33, while the values of wheat and cole were the lowest. Our results were in accordance with international results.  
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The mean C value of the 88 crop rotation systems was 0.34 with a standard deviation of 0.12. The C values of the 

single and double cropping zones were not significantly different but they were both significantly different from the 

C value of the triple cropping zone. For the single cropping zone, the C values on the Loess Plateau were the 

highest, followed by the values in Northeast China and the lowest value was on the Tibetan Plateau and in 

Northwest China. For the double and triple cropping zones, dryland and rice rotation systems could be considered 

separately due to the large differences between them. For each system, C values in each region of the double and 

triple cropping zones were similar, except for the dryland crop systems in region III3. Comparisons with 

international studies indicated that the C values of crop rotation systems were higher in China than in Europe and 

the United States. 

This study is the first report that reports C values of crop rotation systems at the national scale for China using crop 

SLR values and the corresponding rainfall erosivity. The results are useful in directing future research towards 

areas where severe erosion occurs that can result in reductions in crop productivity, and where erosion can be 

controlled by implementing better rotation systems or other land management practices. However, more measured 

runoff plot data is needed in the future, especially in south China, in order to improve upon the results obtained in 

this study, so that more accurate soil erosion rates can be predicted and soil conservation measures can be 

optimized. 
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Tables 

Table 1. Crop planting and harvesting dates and their rotations in different regions* 

Region Name Crops: Planting, Harvesting Date Crop Rotations Crop Rotations  

I-1 Plain Region in 

NE China 
SW: 4.11, 8.7; JR: 4.21, 9.15; I1-1 Sb→Ma→Sg→Ma I1-5 SW→Po→Sb 

Mi, Sg, Po: 5.1, 9.15; I1-2 Sb→Sg→Mi→Ma I1-6 SW→SW→Sb 

Ma, Sb: 5.1, 10.1. I1-3 SW→Ma→Sb I1-7 SW→SW→Sb→Ma 

 I1-4 SW→Mi→Sb I1-8 C. JR 

I-2 Low Plateau of 

North China 
SW: 3.21, 8.1; Ma: 4.25, 9.25; I2-1 Ma | | Sb→Mi I2-7 Sb→SW→SW→Mi 

Mi, Po, Sg, Sb: 5.1, 10.1; I2-2 Mi→Mi→Ma I2-8 SW→Po→Sb 

BW: 7.1, 10.1; Cl: 4.11, 7.15; I2-3 Mi→Mi→Sg I2-9 SW→Sb→Ma→Ma 

 I2-4 Sb→Mi→Po→Mi I2-10 Sb→SW→SW→BW 

 I2-5 Sb→Mi→Sg I2-11 Cl→SW→SW→SW→BW 

 I2-6 Sb→Mi→Mi I2-12 Cl→SW→SW→SW→Mi 

I-3 Loess Plateau 

of NW China 
SW: 4.1, 8.5; Ma: 4.21, 10.1; I3-1 Sb→SW→Mi I3-4 SW→BW→Fa 

Sb, Mi: 5.5, 9.25; BW: 7.1, 10.1. I3-2 Sb→SW→Po I3-5 Sb→BW→Po 

 I3-3 Sb→Mi→Mi  

I-4 Tibetan Plateau SW: 3.25, 9.11; Sb: 4.11, 9.5. I4-1 SW→Sb I4-2 SW→SW→SW→Fa 

I-5 Irrigated land 

of NW China 
SW: 3.25, 8.5; Cl: 4.15, 7.15; I5-1 Co→Co→Co→Sg I5-4 SW→SW→Ma→Mi 

Co: 4.15, 10.15; JR: 4.21, 9.25; I5-2 SW→Ma→Co→Cl I5-5 SW→SW→Mi→Po 

Ma, Sg, Mi, Po: 5.1, 9.21. I5-3 SW→SW→Ma→Po I5-6 R→R→R→R→So 

II-1 Plain and 

Hilly Region of 

North China 

Co: 5.1, 10.15; Ma: 4.21, 9.11;  II1-1 WW-Ma II1-6 Co→Co→Co→WW-SP 

SP, Pe: 5.5, 9.15; Mi: 5.15, 9.1;  II1-2 WW-SP II1-7 Co→Co→Sb→WW→Mi 

Sb: 6.1, 10.1; Cl: 9.15, 5.15;  II1-3 WW-Pe II1-8 WW-Mi 

WW: 10.1, 6.11. II1-4 WW-Sb II1-9 Cl-Ma 

 II1-5 Ma→Mi→Pe  

II-2 Huaihe Plain 

and Hilly Region of 

South China 

IR: 4.5, 9.11; Ma: 5.1, 9.1;  II2-1 WW-Pe II2-5 WW-IR 

SP, Pe: 5.15, 10.15; Sb: 6.1,10.1; II2-2 WW-Sb II2-6 Cl-IR 

Cl: 10.15, 5.15; WW: 10.21, 6.1. II2-3 WW-Ma II2-7 Cl-SP 

 II2-4 WW-SP II2-8 Cl-Pe 

II-3 Yungui 

Plateau of 

SW China 

Ma: 4.1, 8.5; Pe: 4.15, 9.1; II3-1 WW-Ma II3-5 WW-JR 

JR: 4.25, 9.21; SP: 6.1, 10.15;   II3-2 WW-SP II3-6 Cl-JR 

Cl: 9.15, 5.15; WW: 10.21, 6.1. II3-3 Cl-Ma II3-7 WW-Pe 

 II3-4 Cl-SP II3-8 Cl-Pe 

II-4 Sichuan 

Basin 
Ma: 3.25, 8.20; IR: 4.5, 9.1; II4-1 Cl-Ma II4-5 WW-IR 

Sb: 5.1, 9.1; SP: 6.1, 11.1; II4-2 Cl-SP II4-6 Cl-IR 

Cl: 10.1, 5.1; WW: 11.1, 5.5. II4-3 WW-Ma II4-7 WW-Sb 

 II4-4 WW-SP  

III-1 Yangtze Plain 

and Hilly region 

of South China 

EIR: 3.11, 7.15; Ma: 3.15, 7.5; III1-1 Cl-SP III1-5 WW-SP 

Pe: 4.1, 9.1; Co: 4.11, 10.5; III1-2 WW-Pe III1-6 WW-EIR-LIR 

SP: 6.1, 11.1; LIR:7.15, 10.25; III1-3 WW-Co III1-7 Cl-EIR-LIR 

Cl: 10.15, 4.15; WW: 11.5, 4.15. III1-4 WW-Ma III1-8 EIR-LIR 

III-2 Hilly region 

of SE China 
EIR: 3.11, 7.1; Ma: 3.5, 7.5; III2-1 Cl-SP III2-5 Cl-EIR-LIR 

IR: 4.1, 9.1; Sp: 6.15, 11.15; III2-2 WW-Ma III2-6 EIR-LIR 

LIR: 7.1, 10.25; Cl: 10.15,4.15; III2-3 WW-SP III2-7 WW-IR 

WW: 11.5, 4.15. III2-4 WW-EIR-LIR III2-8 Cl-IR 

III-3 Zhujiang 

Delta and valley  

of the Hengduan 

Mountain region  

of South China 

Sb: 2.15, 6.1; EIR: 2.15, 7.1; III3-1 Ma-Sb III3-5 Cl-EIR-LIR 

Pe: 2.25, 7.1; LIR: 7.1, 11.1; III3-2 Pe-SP III3-6 EIR-LIR 

SP: 7.15, 1.15; Ma: 8.1, 11.1; III3-3 Sb-SP III3-7 Pe-LIR 

Cl: 11.1, 4.1. 

 

 

 

 

 

 

 

III3-4 WW-EIR-LIR  

* BW: buckwheat; Cl: cole; Co: cotton; EIR: early indica rice; Fa: fallow; IR: indica rice; JR: japonica rice; LIR: late 

indica rice; Ma: maize; Mi: millet; Pe: peanut; Po: potato; Sb: soybean; Sg: sorghum; SP: sweet potato; SW: spring wheat; 

WW: winter wheat; C.: continuous planting.  
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† →: interannual multiple cropping; | |: intercropping; /: relay cropping; -: multiple cropping in the same year.  



 

53 

Table 2.  Soil loss ratios (SLR) of main crops compiled from runoff plots in China  

Crop SLR Measurement Period Region Province County References 

Buckwheat 0.74  1945-1953, 1988-1992 I2 Shaanxi/Gansu Ansai/Tianshui Zhang et al. (2001) 

Cole 0.36  - II4 Sichuan Neijiang Chengdu soil research 

institute  (1991) 

 0.07  2001 III1 Zhejiang Lanxi Ma et al. (2003) 

Cotton 0.29  - II3   Hubei Zigui Xu (2011) 

Maize 0.39  2001-2006 I2 Beijing Yanqing BNU* 

 0.26  1986-1989 I1 Heilongjiang Keshan Zhang et al. (1992) 

 0.40  1980-1990 I1 Liaoning Xifeng Sun et al. (1997) 

 0.41  1980-1990 I1 Liaoning Xifeng Sun et al. (1997) 

 0.37  1980-1990 I1 Liaoning Xifeng Sun et al. (1997) 

 0.53  2006-2007 II1 Beijing Mentougou BNU* 

 0.47  - II1 Beijing Miyun Bi et al. (2006) 

 0.59  2007 II1 Anhui Huaibei Jiao et al. (2009) 

 0.42  2001-2003 II3 Guizhou Xiuwen Wu et al. (2005) 

 0.35  1995-1997 II3 Yunnan Zhaotong Yang (2002) 

Millet 0.45  1991-1994 I3 Inner Mongolia Ordos Wei et al. (2002) 

 0.51  1991-1994 I5 Inner Mongolia Horinger Wei et al. (2002) 

 0.45  1991-1994 I2 Inner Mongolia Ningcheng Wei et al. (2002) 

 0.70  1990-1991 I2 Shaanxi Mizhi Guo et al. (1996) 

 0.55  1945-1953, 1988-1992 I2 Shaanxi/Gansu Ansai/Tianshui Zhang et al. (2001) 

Peanut 0.49  - III1 Hunan Hengyang Zhao et al. (2008) 

 0.50  1997 III3 Guangdong Heshan Cai et al. (1998) 

Potato 0.54  - I2 Shanxi Lvliang Shanxi (1982) 

 0.50  1945-1953, 1988-1992 I2 Shaanxi/Gansu Ansai/Tianshui Zhang et al. (2001) 

 0.37  1995-1997 II3 Yunnan Zhaotong Yang (2002) 

Sorghum 0.33  1986-1989 I1 Heilongjiang Keshan Zhang et al. (1992) 

Soybean 0.20  1991-1994 I3 Inner Mongolia Ordos Wei et al. (2002) 

 0.46  1991-1994 I5 Inner Mongolia Horinger Wei et al. (2002) 

 0.60  1991-1994 I2 Inner Mongolia Ningcheng Wei et al. (2002) 

 0.53  1945-1953, 1988-1992 I2 Shaanxi/Gansu Ansai/Tianshui Zhang et al. (2001) 

 0.26  1986-1989 I1 Heilongjiang Keshan Zhang et al. (1992) 

 0.66  1980-1990 I1 Liaoning Xifeng Sun et al. (1997) 

 0.63  1980-1990 I1 Liaoning Xifeng Sun et al. (1997) 

 0.57  1980-1990 I1 Liaoning Xifeng Sun et al. (1997) 

 0.36  1995-1997 II3 Yunnan Zhaotong Yang (2002) 

Winter Wheat 0.23  1945-1953 1988-1992 I2 Shaanxi Ansai Zhang et al. (2001) 

Spring Wheat 0.07  1986-1989 I1 Heilongjiang Keshan Zhang et al. (1992) 

* BNU: Data measured by the soil erosion research group of Beijing Normal University. 
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Table 3. Crop SLR values cited from literature from different sites 

Crop SLR Source 

Wheat 0.07 Wischmeier and Smith (1978) 

0.09 Wischmeier (1960) 

0.19 (0.05-0.46)* Fernandez et al. (2003) 

0.25 Miller (1936) 

0.25 (0.1-0.4)* Morgan (2005) 

0.35 Stone and Hilborn (2012) 

Corn/ 

Maize 
0.13 (0.13,0.14)* Wischmeier and Smith (1978) 

0.23 (0.17,0.29)* Wischmeier (1960) 

0.38 (0.2-0.55)* Morgan (2005) 

0.40 Stone and Hilborn (2012) 

0.43 Mati and Veihe (2001) 

0.48 Miller (1936) 

0.65 (0.4-0.9)* Roose (1977) 

Soybean 0.10 (0.02-0.19)* Mati and Veihe (2001) 

0.38 (0.2-0.55)* Morgan(2005) 

0.50 Stone and Hilborn (2012) 

Cotton 0.55 (0.4-0.7)* Morgan (2005) 

0.60 (0.5-0.7)* Roose (1977) 

Peanut 0.55 (0.3-0.8)* Morgan (2005) 

0.60 (0.4-0.8)* Roose (1977) 

Potato 0.35 (0.2-0.5)* Morgan (2005) 

0.50 (0.1-0.9)* Mati and Veihe (2001) 

Cassava 0.50 (0.2-0.8)* Roose (1977) 

0.56 (0.39-0.72) Mati and Veihe (2001) 

Sorghum/ 

Millet 
0.38 (0.2-0.55)* Morgan (2005) 

0.65 (0.4-0.9)* Roose (1977) 

* The SLR values were calculated as the mean of SLR values in the brackets. 
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Table 4. C factor values for each crop rotation system and regions 

System C System C System C System C System C System C 

I1-1 0.41 I2-10 0.38 II1-1 0.34 II3-1 0.35 III1-1 0.38 III3-2 0.48 

I1-2 0.44 I2-11 0.44 II1-2 0.42 II3-2 0.42 III1-2 0.38 III3-3 0.47 

I1-3 0.35 I2-12 0.24 II1-3 0.44 II3-3 0.36 III1-3 0.24 III3-4 0.15 

I1-4 0.38 I3-1 0.38 II1-4 0.42 II3-4 0.43 III1-4 0.27 III3-5 0.15 

I1-5 0.36 I3-2  0.36 II1-5 0.48 II3-5 0.15 III1-5 0.36 III3-6 0.16 

I1-6 0.26 I3-3 0.51 II1-6 0.27 II3-6 0.16 III1-6 0.15 III3-7 0.27 

I1-7 0.30 I3-4 0.63 II1-7 0.32 II3-7 0.48 III1-7 0.16   

I1-8 0.15 I3-5 0.56 II1-8 0.44 II3-8 0.46 III1-8 0.21   

I2-1 0.49 I4-1 0.18 II1-9 0.35 II4-1 0.37 III2-1 0.39   

I2-2 0.49 I4-2 0.36 II2-1 0.31 II4-2 0.44 III2-2 0.31   

I2-3 0.46 I5-1 0.30 II2-2 0.42 II4-3 0.36 III2-3 0.38   

I2-4 0.50 I5-2 0.27 II2-3 0.33 II4-4 0.44 III2-4 0.15   

I2-5 0.44 I5-3 0.30 II2-4 0.39 II4-5 0.15 III2-5 0.16   

I2-6 0.51 I5-4 0.31 II2-5 0.15 II4-6 0.16 III2-6 0.17   

I2-7 0.33 I5-5 0.32 II2-6 0.16 II4-7 0.47 III2-7 0.15   

I2-8 0.36 I5-6 0.19 II2-7 0.40   III2-8 0.16   

I2-9 0.37   II2-8 0.41   III3-1 0.44   

------------------------------------------------Means and SDs for regions----------------------------------------------------- 

Regions Mean SD Regions Mean SD Regions Mean SD 

I1 0.33 0.09 II1 0.40 0.06 III1 0.27 0.09 

I2 0.42 0.08 II2 0.32 0.11 III2 0.26 0.11 

I3 0.49 0.12 II3 0.35 0.12 III3 0.30 0.15 

I4 0.27 0.13 II4 0.34 0.13    

I5 0.28 0.05       

SD: Standard Deviation. The lettering and numbering system are the same as in Table 4.  
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Table 5. Significance Test of dryland systems C values in different regions 

Single Zone Double Zone Triple Zone 

region C value region C value region C value 

I1 0.33ab II1 0.40a III1 0.33a 

I2 0.42bc II2 0.38a III2 0.36a 

I3 0.49c II3 0.42a III3 0.46b 

I4 0.27a II4 0.42a   

I5 0.28a     

The same alphabetic in the same column represents no 

significant differences between regions in the same zone. 

 

Figures 

Figure 1 Cropping system zones, regions and locations of weather stations and runoff plots on the 

topographical map (-156 to 8862 m) of China 

Figure 2 Box-chart plot of regional C values of dryland crop rotation systems and rice systems 

The horizontal lines in the box denote the 25th, 50th and 75th percentile values. The error bars denote the max and 

min values. The square symbol in the box denotes the group mean value (P=0.05). 
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Estimation of USLE crop and management factor values 

for crop rotation systems in China 

Guo Qiankun1,2，Liu Baoyuan2，Xie Yun2, Liu Yingna2, Yin Shuiqing2 

(1,Department of Sediment Research, China Institute of Water Resources and Hydropower Research； 

2, State Key Laboratory of Earth Surface Processes and Resource Ecology, School of Geography, Beijing Normal 

University) 

摘要 

Soil erosion on cropland is a major source of environmental 

problems in China ranging from the losses of a non-renewable 

resource and of nutrients at the source to contamination of 

downstream areas. Regional soil loss assessments using the 

Universal Soil Loss Equation (USLE) would supply a scientific 

basis for soil conservation planning. However, a lack of information 

on the cover and management factor (C factor) for cropland, one of 

the most important factors in the USLE, has limited accurate 

regional assessments in China due to the large number of crops 

grown and their complicated rotation systems. In this study, single 

crop soil loss ratios (SLRs) were collected and quantified for 10 

primary crops from past studies or reports. The mean annual C 

values for 88 crop rotation systems in 12 cropping system regions 

were estimated based on the combined effects of single crop SLRs 

and the percentage of annual rainfall erosivity (R) during the 

corresponding periods for each system. The C values in different 

cropping system regions were compared and discussed. The results 

indicated that the SLRs of the 10 primary crops ranged from 0.15 to 

0.74. The mean annual C value for all 88 crop rotation systems was 

0.34, with a standard deviation of 0.12. The mean C values in the 

single, double and triple cropping zones were 0.37, 0.36 and 0.28, 

respectively, and the C value in the triple zone was significantly 

different from those in single and double zones. The C values of 

dryland crop systems exhibited significant differences in the single 

and triple cropping system regions but the differences in the double 

regions were not significant. This study is the first report of the C 

values of crop rotation systems in China at the national scale. It will 

provide necessary and practical parameters for accurately assessing 

regional soil losses from cropland to guide soil conservation plans 

and to optimize crop rotation systems. 

关键词 

cover and management factor, crop rotation system, soil loss ratio, 

rainfall erosivity, cropping system region. 
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How water column stability affects the surface chlorophyll a in a deep 

subtropical reservoir and the time lags under different nutrient 

backgrounds? 

Min Zhang 1, 2  ;  Qinghua Cai 2 1 ;   Yaoyang Xu2 ; 

1 Department of Water Environment, China Institute of Water Resources and Hydropower Research, Beijing 100038, China 

2 State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, China 

 

Abstract: Hydrodynamic conditions are considered to be very important to the control of the cyanobacterial blooms. However, many 

traditional studies used the weekly or daily measurements, which may miss important event of physical process of the water-body, and 

cause the inaccurate evaluations. In this study, high frequency (15-min interval) measurements of the water column stability using 

thermistor chains was used to analyze its effect to the surface chlorophyll a (Chl a), and the time lags under different nutrients 

backgrounds, during a cyanobacterial bloom period in the Xiangxi Bay, Three Gorges Reservoir, China. Cross-correlation analysis 

between the relative water column stability (RWCS) and Chl a was performed in different stages divided based on TN/TP ratio = 29. 

By comparing the effects of the stability above the water column with different depth, we found that the stability of the water column 

above the euphotic depth influenced the surface Chl a most significantly. Lower RWCS (< 20) could limit the increase of the Chl a 

concentration; higher RWCS caused the significant increase of the Chl a only when the nutrients were not limited (TN/TP < 29). It 

took short time for higher RWCS to increase the surface Chl a significantly, and longer time for lower RWCS. In the water-body with 

very low Chl a concentration (almost 0), about 2 days were needed to cause the significant increase of the Chl a, while only about half 

an hour was needed when the background concentration of Chl a was a little relatively higher. During the bloom period, decline of 

RWCS could decrease the Chl a significantly in a very short time (about half an hour). Therefore, we could control the cyanobacterial 

bloom by regulating the water level of the reservoir to reduce the water column stability. 

Keywords: hydrodynamic; time lag; automated high-frequency monitoring; Xiangxi Bay; Three Gorges reservoir 

 

1. Introduction 

The growth of phytoplankton is regulated by a variety of environmental factors, e.g. nutrients, light, water 

temperature, predator, hydrodynamic conditions, etc. (Zhang and Prepas 1996, Paerl and Huisman 2008, Bouman 

et al. 2011). All of the factors impact directly or indirectly the general phytoplankton composition, through their 

synergistic effects. High concentrations of nutrients are indispensable to the algal blooming, but not the determined 

factor. In some areas, the algal blooms always break out accompanying with the increased water temperature, and 

the presence of the stratification (Bleiker and Schanz 1997, Carrias et al. 2001). Some studies found that the blooms 

did not break out in the littoral zones with high levels of nutrients content, but in the pelagic zone with weak water 

disturbance (Buranapratheprat et al. 2008). They also concluded that nutrients in the water column will not simulate 

strong algal blooms unless upwelling develops or vertical diffusivity is low. 

In light of the important role of hydrodynamics to the breakout of the algal blooms, many researchers focused on 

the study of the hydrodynamics conditions’ effect in recent years, especially the influence of the water mixing 

regime, water retention time, water column stability relevant with stratification, and their roles in the process of 

algal blooms. Becker et al (2010) found that, in a deep Mediterranean reservoir, increases in water-column stability 

during spring stratification led to phytoplankton biomass increases due to the dominance of small flagellate 

functional groups. Wang et al (2010) found that the relative water column stability in a large subtropical reservoir-

bay caused effect to the phytoplankton community by influencing the nutrients distribution. Jones and Elliott (2007) 

modeled the effect of changing retention time on abundance and composition of phytoplankton. They found that, 

the shortage of the water retention time under a fixed nutrient load resulted in a reduced chlorophyll concentration; 

longer water retention time caused the spring bloom to start earlier and the autumn bloom to persist longer. 
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Despite the hydrodynamic conditions are of great importance, most previous studies always used the discrete 

weekly or daily data to assess the hydrodynamic conditions and evaluate the effect to phytoplankton (Coloso et al. 

2008, Wang et al. 2010). In reservoirs, however, hydrodynamic conditions change very frequently due to water 

level fluctuations and the diel variations of the water temperature. Weekly or daily measurement may miss the 

important event of the physical processes, e.g. deepening of the stratification, and lead to the imprecise estimation 

about the effect of the hydrodynamic parameters. Additionally, organisms cannot immediately track the 

environmental changes. There are specific time lags between physical disturbance and their influence to the 

phytoplankton (Millet and Cecchi 1992). Therefore, high-frequency and continuous monitoring becomes more 

important. In recent years, high-frequency auto-monitoring devices have been used widely (Staehr et al. 2010, 

Coloso et al. 2011, De Gregorio et al. 2011). The sondes are put at a fixed site to sample in frequencies of minutes 

instead of days or weeks with bottle methods. Consequently, high-frequency data collection could give more 

accurate results than bottle methods. In this study, we measured the water temperature profile and chlorophyll a 

using a automated device at high-frequency, in order to analyze the more accurate quantitive relationships between 

hydrodynamic parameters and surface chlorophyll a. 

In view of previous studies revealed that light, temperature and nutrients are essential to the algae growth, we 

hypothesized that the water column stability plays an important role in algal blooms dynamics when the resources 

(light, temperature and nutrients) are available. To test our hypothesis, we divided the study period into several 

stages according to the availability of the resources, analyzed the correlations between the water column stability 

and surface chlorophyll a content in different stages, and discussed the time lags between them. Although it may be 

very important to the phytoplankton community composition, we did not consider the zooplankton grazing in this 

study, because it is also influenced by the water column stability (Coyle et al. 2008). 

2. Materials and methods 

2.1 Study site 

The sampling site is located in the middle region of the Xiangxi Bay, Three Gorges Reservoir (TGR) of China 

(Fig.1). TGR is the largest man-made reservoir in China, with flood control as the most important task. In flood 

seasons, lower water level must be maintained to prevent floods. However, the inflow discharge is always very high 

during that period, leading to the dramatic water level fluctuations (WLF). Xiangxi river, is the largest tributary of 

the TGR near the dam. Since the impoundment of the TGR in June 2003, the lower reach of the river evolved as the 

Xiangxi Bay. As the slowing down of the water velocity and the prolonging of the water retention time, the risk of 

the eutrophication increased (Cai and Hu 2006). The algal blooms broke out more frequently and seriously, 

especially in the middle region of the bay (Ye et al. 2007, Xu et al. 2009, Zhang et al. 2009). This region belongs to 

the lacustrine zone according to the zonation theory of Straskraba and Tundisi (Straskraba and Tundisi 1999). The 

stable environment of this zone contributed a lot to the outbreak of the algal blooms. 

2.2 Field sampling and data analysis 

The survey was carried out during the flood season of 2008 in the Xiangxi Bay. Cyanobacterial blooms broke out 

from 1 June to 23 July (Zhang et al. 2009, Wang et al. 2011a). Thereby, we take this period as our study period. The 

monitoring site is located at the Xiangxi Ecosystem monitoring station of Chinese Academy of Sciences/China 

Three Gorges Corporation (Fig. 1). During the study period, the water level of the TGR fluctuated between144.66 

and 146.84 m (Fig.2). The depth of the study site ranged from 12.3 ~ 14.5 m, and less than 13.0 m in most time. 

Therefore, we consider 12 m as the depth of the whole water column. 

Water samples were collected (0.5m underneath the surface) every day, except 5 to 18 June when weekly samples 

were collected, for water chemistry analysis (total nitrogen (TN), total phosphorus (TP)). The samples were stored 

in a plastic bottle pre-cleaned and acidified to pH < 2 with sulfuric acid. The water chemistry was measured with a 

segmented flow analyzer (Skalar San++, Netherlands). Simultaneously with the water sampling, transparency (Sd) 

was measured using 20 cm diameter Secchi disk. Photosynthetically available radiation (PAR) was monitored using 

a quantum sensor (Li-cor 192SA, the Unite State of America (USA)) at 5-min intervals from 6:00 to 19:00 during 

the daytime. We used the daily average data in the following analysis to show the variations of the PAR during the 

study period. The depth of the euphotic zone was calculated as 2.7 times the transparency (Cole 1994). The water 

level data of the TGR was provided by China Three Gorges Project Company.  

The surface chlorophyll a (Chl a) was measured with a multi-parameter water quality sonde (YSI, EDS 6600V2, 

USA). The measurements of water temperature profile were carried out using a thermistor chains. Both the 

measurements were 15 min intervals. The thermistor was placed at 1 m intervals from 1 m to 12 m. The YSI and 
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thermistor chains were combined by a data logger device (EcoTech Umwelt-Meßsysteme, GmbH, Germany), in 

order that they could make the synchronous measurements.  

Relative water column stability (RWCS) was used to describe the hydrodynamics conditions (Padisák et al. 2003): 

54 DD

DD
RWCS Sb




  

in which: Db: density of the bottom water; Ds: density of the surface water (1m); D4, D5: the water density at 4℃ 

and 5℃ respectively. 

High values of stability indicate water column stratification, while low stability signifies mixing. 

In order to identify the depth which could cause significant effect to the surface Chl a, we calculated the RWCS of 

each depth from 2 m to 12 m at 1 m intervals. For example, the relative stability of the column above 3m, we call it 

3m-RWCS (Db is the water density of 3m), and the relative stability of the column above 12m, we call it 12m-

RWCS (Db is the water density of 12m). 

Cross-Correlation analysis was used to display the correlationships between the time series over a selected range of 

time differential (lags), using SPSS 16.0 software. The 15-min-interval data was used, therefore, 1 lag represents 15 

minutes. In the analysis, we set the maximum lag number as 400, and compared the cross-correlation coefficients 

(CCF) under different lags between RWCS and Chl a. 

 

 

Fig. 1.  Location of the sampling sites 
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Fig. 2.  Water level fluctuations (m above sea level, m a.s.l.) of the Three Gorges Reservoir from 1 June to 23 July of 

2008 

3. Results 

3.1 Physical and chemical conditions 

The daily PAR showed the highest value in 26 June and 8 July (Fig. 3), 1161 and 1172 μmol·s-1 m-2, respectively. 

But the instantaneous maximum appeared in 11:00 ~ 12:00 on 23 June, with PAR higher than 2420 μmol·s-1 m-2. 

The fluctuation of PAR was not remarkable, except in7 ~ 9 June, 20 ~ 22 June and 22 July, with PAR less than 300 

μmol·s-1 m-2. The euphotic zone was very deep in the beginning of the study period, and became shallower after 

11 June, (Fig. 3) with the average euphotic depth 3.83 m (range: 0.54 ~ 10.26 m). It ranged from 2 m to 5 m in 

most time. Surface water temperature in the Xiangxi Bay fluctuated between 23.06 and 30.75 ℃, and exceeded 25℃ 

in most time. There were evident stratifications, especially when water temperature increased (Fig. 4).  
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Fig. 3.  Variations of the daily photosynthetically available radiation and the euphotic depth in the Xiangxi Bay from 1 

June to 23 July of 2008 

 

Fig. 4.  Isolines of daily average water temperature (WT) profile in the Xiangxi Bay from 1 June to 23 July of 2008. The 

white area is the bottom of the bay 

Corresponding to the water stratification, the RWCS increased as the stratification became more evident (Fig. 5). 

RWCS of the upper water column was much lower comparing to that of the whole water column (12 m), and it 

showed marked fluctuations, implying the water exchange in the upper water column was very frequent. RWCS 

was much lower before 9 June, especially that of the upper water column. From 10 June, it gradually increased and 

reached the peak on 14 June, however, the increasing magnitude of 2m-RWCS was very small. Then, it experienced 

several times obvious fluctuations. 

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53
-14

-12

-10

-8

-6

-4

-2

0

20

21

22

23

24

25

26

27

28

29

WT (℃ )

D
e

p
th

 (
m

)

1    3    5    7   9   11  13 15  17  19 21  23  25  27 29   1    3   5    7    9  11  13  15  17 19  21 23

June                                                                            July



 

64 

 

Fig. 5.  Fluctuations of the daily average relative water column stability (RWCS) of different water column (2m water 

column to 12m water column, 1m interval) in the Xiangxi Bay from 1 June to 23 July of 2008 

TN content ranged from 1.14 to 2.30 mg/L, and TP ranged from 0.022 to 0.125 mg/L (Fig. 6). TP showed a 

temporal pattern of “high-low-high-low”, with evident decrease in the end of June and July, which caused the 

fluctuations of TN/TP ratio. 

 

Fig. 6.  Daily variations of the nutrients in surface water in the Xiangxi Bay from 1 June to 23 July of 2008. The dot line 

in the figure of TN/TP ratio represents TN/TP = 29. 

3.2 Surface chlorophyll a 

Two phases could be obtained based on the fluctuations of Chl a: 1 ~ 29 June, and 30 June ~ 23 July. The maximum 

of Chl a concentration in the first phase was 75.30 μg/L (14 June), and 46.70 μg/L in the second phase (16 July) 

(Fig. 7). 
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Fig. 7.  Variations of the Chl a in the Xiangxi Bay from 1 June to 23 July of 2008 

 

3.3 Cross-Correlation analysis between water column stability and chlorophyll a 

In order to confirm the hypothesis we proposed, we need to divide the whole study period into several stages 

according to the availability of these resources. Light is the essential condition for the phytoplankton growth, but it 

could not be the limiting factor for algal blooms, especially, cyanobacteria dominance is related to the low light 

intensity (Mur 1983). Therefore, we consider the PAR of the Xiangxi Bay during the study period cannot limit the 

phytoplankton growth. Cyanobacteria generally grow better at higher temperature (often above 25 ℃) than do other 

phytoplankton species such as diatoms and green algae (Jöhnk et al. 2008, Paerl and Huisman 2008). However, it is 

not necessarily inevitable that cyanobacteria will grow to “bloom” proportions in aquatic ecosystems (Brookes and 

Carey 2011). Thereby, we considered the water temperature in the study period also could not be the limiting factor 

for cyanobacteria growth. 

The research of Smith (1983) indicated that, cyanobacteria tended to be dominant in low TN/TP ratio waters. When 

TN/TP ratios are greater than 29, it would limit the cyanobacteria dominance. Therefore, in this study, the whole 

survey period was divided into 4 stages according to TN/TP ratio = 29: S1 (1 ~ 17 June); S2 (18 June ~ 1 July); S3 

(2 ~ 14 July); S4 (15 ~ 23 July). Among the 4 stages, weekly monitoring of water chemistry was performed from 6 

to 17 June of S1, we considered those days as one stage according to the overall changing trend of TN/TP ratio. 

Cross-correlation analysis was carried out between RWCS above different depth and Chl a of different stages (S1 ~ 

S4 and the whole period). We extracted the highest CCF and the relative lag number (Table 1, Fig.8). 
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Table 1 The Cross-Correlation Coefficient (CCF) and the lag number between the relative water column stability (RWCS) 

of each layer and the surface chlorophyll a. A: all data during the study period. (1 lag represents 15 minutes) 

      RWCS       

  2m 3m 4m 5m 6m 7m 8m 9m 10m 11m 12m 

A CCF 0.28 0.32 0.34 0.32 0.28 0.25 0.21 0.18 0.17 0.14 0.13 

 lag 195 101 103 104 97 97 97 98 97 97 97 

S1 CCF 0.49 0.61 0.69 0.70 0.69 0.66 0.64 0.60 0.54 0.47 0.44 

 lag 202 202 202 200 200 200 199 199 200 200 200 

S2 CCF -

0.312 

-0.40 -0.48 -0.49 -0.46 -0.41 -0.38 -0.37 -0.37 -0.37 -0.37 

 lag -109 -112 -112 -112 -112 -111 -125 -207 -207 -207 -312 

S3 CCF 0.43 0.54 0.62 0.64 0.63 0.58 0.51 0.46 0.40 0.34 0.30 

 lag 0 0 3 2 2 2 2 2 2 2 2 

S4 CCF 0.42 0.60 0.51 0.39 0.30 0.34 0.32 0.27 0.19 0.11 0.04 

 lag 0 2 3 2 2 2 2 2 2 3 3 

The whole period: When the data of the whole study period entered the analysis, the relationship between RWCS 

and Chl a was significant, but the CCF was very low. 

S1: About 200 lag number (50 hours) was found for the response of Chl a to changes of RWCS. The highest CCF 

appeared between 5 m-RWCS and Chl a, indicating the stability of the water column above 5 m caused most 

significantly effect to surface Chl a. 

S2: All of the lag numbers were minus, indicating no significant effect was caused by RWCS to Chl a. 

S3: The lag number between 2m-RWCS and Chl a, and 3m-RWCS and Chl a were both 0, implying that Chl a 

responsed quickly following thedisturbance of the water column above 2m and 3m. The response time of Chl a to 

the RWCS of other water columns was 30 min (2 lags). The CCF between 5m-RWCS and Chl a showed the highest 

value. This indicated that, the disturbance of the upper 3m water column caused simultaneous influence to the 

surface Chl a, but the effect of RWCS above 5m was most prominent. 

S4: Similar with S3, the changes of 2m-RWCS affected significantly Chl a immediately, but the influence of 3m-

RWCS was most remarkable, with the lag delay 30 min (2 lags). 

Because the effects of the RWCS above 3m and 5m water column were usually the most prominent, we showed the 

relationship between 3m RWCS and Chl a, 5m-RWCS and Chl a, 12m-RWCS and Chl a in different stages (S1 ~ 

S4, the whole period (All)) (Fig. 8). It was evident that the CCF was much lower when all data entered that analysis 

(the first row). Different relationships were obtained in different stages. In S1 and S3, the concentration of Chl a 

showed periodic fluctuations. In S4, no periodic changes were found because the Chl a decreased in a short period, 

and therefore, the CCF was also not periodic. 

4. Discussion 

Light is inevitable for the phytoplankton growth, and very important to the accumulation of the phytoplankton 

biomass (Mitchell et al. 1991). Euphotic zone is the maximum depth of the light zone suitable for phytoplankton 

photosynthesis. It could influence the vertical distribution of the phytoplankton biomass (Becker et al. 2008, 

Znachor et al. 2008). After 11 June, the euphotic depth in the Xiangxi Bay ranged from 2m to 5m. At the same 

period, the average residence depth of the cyanobacteria also fluctuated between 2m and 5m (Wang et al. 2011b). In 

S1 and S3, what influenced the surface Chl a most significantly was the stability of the upper part of the water 

column, especially the water column above 5m. Therefore, we concluded that, during the bloom period, 

cyanobacteria mainly concentrated in the euphotic zone, and the stability of the water column above the euphotic 

depth caused most remarkable effect to the surface Chl a. 

High level of nutrient concentration and lowered TN/TP ratios are often identified as the most important reasons for 

increased cyanobacteria biomass (Downing et al. 2001, Schindler et al. 2008, Paerl et al. 2011). However, in the 

beginning of S1, the concentration of Chl a was very low although the nutrients contents and the TN/TP ratio were 

all suitable. Water column stability is one of the most important factors influencing the prevalence of cyanobacteria 

(Bouman et al. 2011, Brookes and Carey 2011). Cyanobacteria can benefit from their vertical migration in the 

stratified water, by regulating their buoyancy which give them the advantage in competing with other species (e.g. 

diatoms, green algae) for nutrients and light (Dokulil and Teubner 2000, Jöhnk et al. 2008). But in those regions 



 

67 

with high river flow or short residence time, the intensive water disturbance could limit the phytoplankton biomass 

(Alpine and Cloern 1992). During our study period, there was a similar fluctuation trend between RWCS and Chl a. 

In the beginning of S1, RWCS was usually lower than 20, especially in the water column above 5 m. We concluded 

that lower RWCS (< 20) of the water column restrained the growth of the phytoplankton and limited the 

cyanobacteria bloom. 

As the increase of the RWCS, together with enough nutrients, Chl a concentration increased in S1. However, it 

decreased in S2 although RWCS was similar with that in S1. Higher TN/TP ratio usually limited the cyanobacteria 

dominance (Smith 1983), and therefore the higher TN/TP ratio in S2 caused the decrease of the Chl a. This 

confirmed our hypothesis that high RWCS could trigger the cyanobacterial bloom only when the nutrients, water 

temperature and light could not be the limiting factors. 

Times lags, or delays, are common in many systems. For example, the effect of toxic phytoplankton bloom to 

zooplankton mortality occurs after some time lapse (Sarkar et al. 2007); bacterial biomass was positively correlated 

with Chl a with a time lag of 4 days (Weisse et al. 1990). Some researcher also studied the time lags between Chl a 

and the environmental factors, e.g. Volpe et al. (2011) found that the phytoplankton biomass and the surface heat 

content showed a significant correlations with a ~ 5 moth lag time; the study of Nezline and Li (2003) in the Santa 

Monica Bay indicated that chlorophyll biomass correlated significantly with air temperature with a time lag of 5 

days. 

These studies usually considered only one environment factor, and neglected the synergistic effect caused by other 

factors. In this article, if we did not consider the effect of nutrients and used all data of the study period to perform 

the analysis, a significant correlationship and the relative lag time could also be obtained, but with lower CCF and 

inaccurate lag time. The analysis based on the data of different stages, however, indicated the lag time was different 

in different background. The correlationship was positive both in S1 and S3, while the response time of Chl a to 

RWCS was different, 50 h and 30 min, respectively. S1 and S3 were the two phases of this cyanobacterial bloom. 

Usually, the phytoplankton biomass of the first algal bloom decreases due to the nutrients exhaustion. Then with 

recharged of the nutrients and the favorable water environment, the second phytoplankton bloom would break out 

rapidly (Weisse et al. 1990). This could be one of the main reason why the response time in S3 was much shorter 

than that in S1. Additionally, the average 5m-RWCS during the Chl a increase period of S1 (1 ~ 15 June) was 32.52 

(range: 0 ~ 112.15), while that in S3 was 69.49 (range: 5.74~ 189.42), impling that higher RWCS could be another 

main factor causing the increase of the surface Chl a in a short time. 
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Fig. 8.  Cross-Correlations between relative water column stability of different water column (3m-RWCS, 5m-RWCS, and 12m-RWCS) 

and Chl a in different stages divided based on the TN/TP ratio (the dot line represents the confidence limit) 

5. Conclusions 

It is clear that short-term dynamic of the water column stability, especially the stability of the upper part water 

column could impact the surface Chl a significantly. When nutrients, water temperature and light are sufficient, 

stable water environment could cause the prominent increase of Chl a within about 2 days, and lower stability (less 

than 20) could limit the cyanobacteria growth. Water column stability is usually depends on water temperature, 

water disturbance and residence time. Temperature could not be controlled artificially, but the other two factors are 

related to the water level fluctuations of the reservoir. As a highly regulated man-made system, the water level 

fluctuations of reservoirs mainly depend on the inflow discharge from upstream and the water demand of the 

downstream. Therefore, in the prevalence period of cyanobacterial blooms, we could reduce the water column 

stability to limit the algae growth by regulating the water level fluctuations of the reservoir, in order to control the 

cyanobacterial blooms. 
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How water column stability affects the surface chlorophyll a in a deep subtropical reservoir 
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Min Zhang 1, 2    Qinghua Cai 2     Yaoyang Xu2 

1 Department of Water Environment, China Institute of Water Resources and Hydropower Research, Beijing 100038, 

China 

2 State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of 

Sciences, Wuhan 430072, P.R. China 

ABSTRACT 

Hydrodynamic conditions are considered to be very important to the 

control of the cyanobacterial blooms. In this study, high frequency 

(15-min interval) measurements of the water column stability using 

thermistor chains was used to analyze its effect to the surface 

chlorophyll a (Chl a), and the time lags under different nutrients 

backgrounds. By comparing the effects of the stability above the 

water column with different depth, we found that the stability of the 

water column above the euphotic depth influenced the surface Chl a 

most significantly. Lower RWCS (< 20) could limit the increase of 

the Chl a concentration; higher RWCS caused the significant 

increase of the Chl a only when the nutrients were not limited 

(TN/TP < 29). It took short time for higher RWCS to increase the 

surface Chl a significantly. In the water-body with very low Chl a 

concentration (almost 0), about 2 days were needed to cause the 

significant increase of the Chl a, while only about half an hour was 

needed when the background concentration of Chl a was relatively 

higher. During the algal bloom period, decline of RWCS could 

decrease the Chl a significantly in a very short time (about half an 

hour). Therefore, we could control the cyanobacterial bloom by 

reducing the water column stability, through regulating the water 

level of the reservoir. 
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Experiment and analysis on flow rate of improved subsurface drainage 

with ponded water 
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Abstract：  An improved subsurface drainage with characteristics of less land occupied and reasonable flow rate drained was 

presented to overcome the disadvantage of small flow rate of conventional subsurface pipe drainage and adapt to the new challenge of 

agricultural drainage. Based on soil column experiment, the performance of improved subsurface drainage was discussed in saturated 

and unsaturated soil. During the experiment, five factors of filter width, soil medium, surface ponding depth, outflow condition and 

groundwater depth were considered. Then, drainage equation for improved subsurface drainage flow rate under conditions of surface 

ponding and homogeneous saturated soil was first proposed. The results indicated that improved subsurface drainage performed better 

in both saturated and unsaturated soil with surface ponding. Flow rates of improved subsurface drainage equaled to 2~3 times of that in 

conventional subsurface pipe drainage when filter width varied from 2cm to 6cm in completely saturated fine-sand medium. In 

addition, the greater the hydraulic conductivity gaps between filter and soil in a specific range, the more effective the improved 

subsurface drainage is. Besides, in case of large groundwater depth, improved subsurface drainage was still effective. When 

groundwater depth was 2 times of drain depth, improved subsurface drainage flow rate was comparable to 2 times of that in 

conventional subsurface pipe drainage in saturated fine-sand medium. The calculated flow rates matched well with the observed ones. 

The research results can provide technical support to the application of improved subsurface drainage. Meanwhile, it will be beneficial 

to enrich agricultural drainage technologies in China, which is of practical significance to ensure food safety and promote sustainable 

development of irrigated areas. 

Keywords： Improved subsurface drainage; Conventional subsurface pipe drainage; Flow rate; Filter; 

1 Introduction 

Influenced by monsoon conditions and topography, South China is prone to flooding and waterlogging, with annual 

precipitation ranging from 1,000 to 2,000 mm, occurring mostly from May to September(Wang et al., 2007). 

Furthermore, abnormal global climate brings potential for heavy and intense precipitation to produce floods (Das et 

al., 2013; Dettinger et al., 2013; Groisman et al., 2005). Floods affect biological and chemical processes of crops 

and soil, which is adverse to crop growth in both short-term and long-term (Belford et al., 1980; Datta and Jong, 

2002). According to statistics provided by Office of State Flood Control and Drought Relief Headquarters and the 

Ministry of Water Resources of the People’s Republic of China(OSFCDRH and MWR-CN, 2006-2012), an 

average of 11 million ha farmland per year had been destroyed by floods from 2006 to 2012 and more than 24 

billion kilograms of grain output dropped in 2012. Besides, farmland shortage is another real problem. National 

Bureau of Statistics of China(NBSC, 2015) has published that there were only 0.13 billions of farmland to support 

1.37 billions of population by 2014. Urbanization also aggravates this threat (Doygun and Alphan, 2006; Guo et al., 

2015; Martellozzo et al., 2014). 

Drainage is a direct and effective way to solve the problem of floods (Shopsky et al., 1988; Valipour, 2014). Open 

ditch and subsurface pipe drainage are the two most commonly used patterns. Open ditch has obvious advantage 

for the removal of excess water from the land surface, but it occupies much farmland. Subsurface pipe drainage 

occupies less farmland and has advantages in preventing soil erosion and reducing non-point pollution and 

improving soil aeration and increasing crop yield(Azhar and Latif, 2011; Coelho et al., 2010; Darzi-Naftchali and 

Shahnazari, 2014; Ghumman et al., 2010; Grazhdam et al., 1996; Maalim et al., 2013; Sharma and Gupta, 2006). 

These characteristics of subsurface pipe drainage also match the 2014 farmland protection policy of China. In this 

policy, it was required that farmland management means should be changed from a single quantity-oriented control 

to an integrated control of quantity, quality and ecology. However, small flow rate of subsurface pipe drainage is 

limited to eliminating surface ponding caused by floods.  

A special pattern of agricultural drainage based on structure of open ditch and subsurface pipe drainage was 

proposed to overcome the disadvantage of small flow rate of conventional subsurface pipe drainage and hereinafter 

was called ‘improved subsurface drainage’. High penetrability materials were set to replace the soil between plow 

layer and the pipe, such as gravels and wood chips and crop stalks et al. Its structure is like ‘French drain’ which is 
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usually used for yard, lawn, municipal drainage engineering and even golf course(Rao et al., 1993),but rarely used 

for agricultural drainage. The improved subsurface drainage features less land occupation and reasonable flow rate 

which can relieve the burden of open ditch when flood happens in combined drainage system and reduce numbers 

of open ditch and save farmland as much as possible. There is also an expectation that improved subsurface 

drainage can play a better role in water table control and saline and alkaline land improvement than conventional 

subsurface pipe drainage, especially in surface ponding elimination.  

One of the most important factors for applying improved subsurface drainage is to have adequate flow rate. 

Generally speaking, two possible situations can generate surface ponding. Situation 1 appears with soil saturated 

which often happens in farmland with shallow groundwater table. When heavy and intense precipitation happens, 

water table will reach up to surface within seconds in shallow groundwater areas and surface ponding appears 

subsequently (Daouk et al., 2013). While for deep groundwater areas, short duration and intense precipitation will 

generate surface ponding without water table up to surface (Graham and Jan, 2007; Sally, 2011), which was defined 

as situation 2 in this study.  

The main factors affecting flow rate of conventional subsurface pipe drainage include drain spacing, drain depth, 

diameter of the pipe, surface ponding depth, permeability of the soil, impervious layer depth, pressure head around 

the pipe under conditions of homogeneous saturated soil and surface ponding(Kirkham, 1949; Kirkham et al., 1997; 

Qu, 2011). Setting filter above the pipe is the biggest difference between improved and conventional subsurface 

drainage. How the feature of filter influences flow rate is a main research focus in this paper, such as filter size and 

its penetrability. 

The scope of this study was to explore the performance of improved subsurface drainage under different conditions. 

Filter widths, soil mediums, surface ponding depths, outflow conditions were evaluated under above-mentioned 

situation 1, reflecting the effect of filter, soil permeability and gap between filter and soil permeability, surface 

ponding depths, pressure head around the pipe respectively. To provide a reference for drainage design in areas 

where floods easily happen and to ensure wider applications, a corresponding formula was proposed. Furthermore, 

additional factor of groundwater table was tested to make a beneficial exploration for situation 2. 

2 Methods 

2.1 Structure of improved subsurface drainage 

Generally speaking, conventional subsurface pipe drainage has much smaller flow rate than open ditch because of 

small hydraulic conductivity of natural soil above the pipe. Excavated space above open ditch can be assumed as a 

kind of infinity permeability material. There are two other drainage patterns besides conventional subsurface pipe 

drainage and open ditch, called mole drainage, blind ditch, respectively, as shown in Fig.1. 

Mole drainage is unlined circular soil channel which function like pipe drain. It is applied only in very specific 

condition of clay soil, and its disadvantage is the restricted life(Nicholso, 1942; Ritzema, 2006). Blind ditch is 

packed with high penetrability materials of sand and gravel, coal dust, fascine, rice husk at the bottom disorderedly 

and backfill at the top(Yan, 1986). It has no obvious outlet for water travel, which leads to the length of water path 

and flow resistance increasing and induces extra drag forces on the soil particles and increases the possibility of 

clogging(Stuyt et al., 2005). Based on above analyses, an improved subsurface drainage was presented as shown in 

Fig.1. 

 

Fig.1 Structure of drainage patterns 
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The improved subsurface drainage consists of drain pipe and filter. Appropriate gradation sand and gravel or other 

high penetrability materials (wood chips and crop stalks et al.) with geotextiles can be used as filter, laid from drain 

pipe elevation by layer or mixture. Then topsoil is backfilled without affecting mechanized farming. Obviously, the 

improved subsurface drainage can also greatly improve air permeability of the soil. The previous researches have 

shown that good air permeability provides good conditions for root growth and organic matter decomposition 

which can enhance grain yield (Nel and Bennie, 1984; Zhang and Jin, 2010). 

2.2 Experimental design 

To discuss the performance of improved subsurface drainage under conditions of surface ponding and saturated soil, 

drain spacing and drain depth were assumed to be constants and soil was assumed to be homogeneous. Reasons for 

selecting experimental factors were furnished as follows. Firstly, filter width reflecting the difference between 

improved and conventional subsurface drainage was selected. 20cm~60cm filter width were adopted under 

comprehensive consideration of excavator bucket width, soil excavation amount and construction feasibility. Based 

on equations given by Kirkham (1949) and Qu (2011), soil hydraulic conductivity, ponding depth and submerged 

depth are linearly associated with flow rate. Hence, two kinds of soil mediums were selected in order to illustrate 

how gap between filter and soil permeability influences the flow rate. Combination of three ponding depths and one 

submerged depth were adopted to reflect the influence of effective water head and outflow condition. While for 

partly saturated soil with ponded water, groundwater table depths were tested as an additional factor. And three 

levels were studied to explain the rules of drainage performance reasonably. Take conventional subsurface pipe 

drainage as reference, drain depth of 150cm and filter height of 100cm, pipe diameter of 11cm were adopted. 

Model dimensions were built at 1/10 scale approximately. Larger surface ponding depths were assumed for 

convenient comparison of flow rates.  

Taking previous experiments of subsurface pipe drainage as reference(Gratin, 1989; Kaboosi et al., 2012), the tests 

were conducted in a laboratory soil column composed of a plexiglass cylinder of 18.8cm in inner diameter and 

100cm in height as shown in Fig.2. 10cm high permeability materials (5~6cm mixed glass beads) were filled in the 

column bottom to provide good conditions for water outflow and nylonnet was set above to prevent soil loss. Then 

60cm soil medium was put in. At the height of 70cm from bottom, a 1.2 cm external diameter smooth copper pipe 

was installed with an open porosity of 1.5% and filter screen was wrapped outside to prevent clogging. For 

conventional subsurface pipe drainage experiment, the 15cm height above the pipe was filled of soil medium 

completely. While for improved subsurface drainage, 10cm height of filter materials (2~6cm mixed glass beads) 

were put in above the pipe with width of 2cm, 4cm and 6cm respectively, taking the pipe as axis of symmetry. 

Besides, four piezometers were placed. 

  

Fig.2 Sketch of testing equipment (cm) 
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Based on above analysis, 192 group experiments were conducted in a completely randomized design, including 

four groundwater depths of 0D(D is the depth of drain pipe), 2D, 3.7D and 5D, four filter widths of 0cm, 2cm, 4cm 

and 6cm, three surface ponding depths of 3cm, 5cm and 7cm, two outflow conditions of free and submerged 

(4.5cm of submerged height), and two soil mediums of coarse-sand (40~70 mesh) and fine-sand (80~120 mesh). 

Composite experiment design was shown in Table 1. 

To explain easily, Aia-j was used to represent specific items. A=C/F represents coarse-sand or fine-sand medium. 

i=0/1/2/3 means the groundwater depth is 0D (saturated soil)/2D/3.7D/5D respectively. a=f/s stands for free or 

submerged outflow condition. j=0/2/4/6 represents for 0 (conventional subsurface pipe drainage)/2/4/6cm 

(improved subsurface drainage) filter width. ΔH was used as surface ponding depth. 

Table 1 Composite experiment design 

Factor 
level 

1  2  3  4 

A:Groundwaterdepth(cm) 0(0D/Saturated soil)  30(2D)  55(3.7D)  75(5D) 

B: Filter width(cm) 0  2  4  6 

C:Surface ponding depth(cm) 7  5  3   

D: Outflow condition Free  Submerged     

E: Soil medium Coarse-sand  Fine-sand     

2.3 Test method and relevant parameters 

Soil mediums were filled layer by layer and kept a dry density of 1.5g/cm3. Water was supplied from bottom to 

saturate soil mediums. Ponding depths were held according to the principle of siphon. For the situation of saturated 

soil with ponding, tests began after ponding depth was maintained for a moment, to gain stable hydraulic 

conductivities of soil medium and filter. Then sealing of the pipe was kept closed and outlet sealing was turned on, 

hydraulic conductivities of soil medium and filter were measured and computed based on Darcy’s Law as shown in 

Table 2. Hydraulic conductivities of soil medium and filter were relative stable both in fine-sand and coarse-sand. 

The gap of hydraulic conductivity between filter and soil medium was much larger in fine-sand (k0/k=78 on 

average) than that in coarse-sand (k0/k= 10). After hydraulic conductivity measured, the outlet sealing was closed 

and the sealing of pipe was turned on for flow rate test.  

Table2 Hydraulic conductivity of different fillers 

Testing condition  
Hydraulic conductivity of soil medium 

k(cm/s) 

Hydraulic conductivity of filter 

k0(cm/s) 
k0/k 

C-0 0.02929 — — 

C-2 0.02505 0.2806 11.20 

C-4 0.02405 0.2917 12.13 

C-6 0.02475 0.2313 9.35 

F-0 0.00139 — — 

F-2 0.00128 0.1024 80.00 

F-4 0.00144 0.1063 73.82 

F-6 0.00135 0.0980 72.59 

While for situation 2 of unsaturated soil with ponding, the initial soil condition was obtained by draining out free 

water above groundwater table under saturated soil condition. The groundwater table was kept by water tank. And 

the measurement began ten minutes later after generating ponded water.  

2.4 Theory of pipe drainage under surface ponding 
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2.4.1 Conventional subsurface pipe drainage 

The equations of conventional subsurface drainage flow rate for single-depth and dual-depth under saturated soil 

covered by ponded water had been derived by Kirkham (Kirkham, 1949; Kirkham et al., 1997). Many reasearchers 

had cited these equations for subsurface pipe drainage with ponded water, such as Swartzendruber (1962) who had 

made a theoretical analysis to pipe drainage in layered soils referencing to these equations, Wiskow and van der 

Ploeg (2003) who had calculated subsurface pipe drainage spacing for optimal rainstorm flood control based on 

these equations.  

In process of deriving the formula, assumptions were made that the soil was homogeneous, drain pipe was installed 

by parallel and equally spaced at equally depth, pipe was taken as running full with negligible back pressure. 

Further, it was assumed that there was an impervious barrier parallel to the soil surface at some finite depths below 

the soil surface. And in the solution process, it was assumed that groundwater flow accorded to Laplace’s equation. 

When the impermeable layer is at large depth, the expression of conventional subsurface drainage flow rate is  

             (1) 

Where Q is the quantity of water entering unit length of pipe per unit time, K is the soil hydraulic conductivity, t is 

the thickness of ponded water, d is the depth of drain, r is the radius of pipe, and a is the drain spacing, as shown in 

Fig 3. 

 

Fig.3 Section of improved subsurface drainage 

Change Eq.1 to the following form: 

                                                                                      (2) 

t+d-r can be regarded as the effective water head above the pipe when pipe was taken as running full with 

negligible back pressure. The denominator could be defined as seepage resistance coefficient which was associated 

with geometric parameter of the drainage system. If the pipe was not full or pressurized, the effective water head in 

Eq.1 and Eq.2 could be changed to H-Hd, shown in Eq.3.  

                                                                                      (3) 

Where H is the elevation of ponded water relative to pipe level, Hd is the water head around the pipe relative to 

pipe level which reflects the entrance resistance and overpressure in the drain pipe comprehensively, and H-Hd 

denotes actual effective water head above the pipe.  

2.4.2 Improved subsurface drainage 
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For improved subsurface drainage, additional assumptions were done as follows. Firstly, it was assumed that the 

same inflow boundary length produced equal flow rate. Then original rectangle boundary of filter was simplified to 

a circle boundary with same circumference, as shown in Fig 3. Secondly, the gap of filter and soil hydraulic 

conductivity was considered to be large enough to ignore the entrance resistance of filter. Furthermore, it was 

assumed that the center of simplified boundary was located at the center Os of filter, as shown in Fig 3. Then the 

virtual drain depth dim of improved subsurface drainage could be calculated as follows:  

                0 / 2imd H r t h   
                       (4) 

Then the flow rate of improved subsurface drainage with large depth of impermeable layer could be written as: 

                                                                               (5) 

Where Qim is the quantity of water entering improved subsurface drainage unit length of pipe per unit time,

denotes equivalent radio, R= (d0+h0)/π, d0 and h0 stand for width and height of the filter respectively, other 

parameters are the same as the aforementioned ones. If the effective water head in Kirkham equation was adopted, 

then the calculation equation could be written as: 

                                                                             (6) 

3 Results 

3.1 Experiment of completely saturated soil with water table up to surface  

The flow rate in fine-sand medium was considered as a primary object and that in coarse-sand was taken as a 

phenomena analysis. Flow rates in completely saturated fine-sand medium with ponded water were given in Table 

3. 

Table 3 Flow rates in completely saturated fine-sand medium  (cm3/s) 

Outflow condition Surface ponding depth (cm) 
Filter width (cm) 

0 2 4 6 

Free outflow 

7 0.505 1.152 1.337 1.527 

5 0.453 1.045 1.241 1.436 

3 0.406 0.939 1.104 1.269 

      

Submerged outflow 

7 0.401 0.879 1.029 1.203 

5 0.363 0.821 0.930 1.064 

3 0.303 0.721 0.812 0.960 

3.1.1 Effects of filter width on flow rate under free outflow 

In saturated soil, with the same surface ponding depth, free flow rate of the pipe increased with enlarged filter 

width both in fine-sand and coarse-sand. Taking the 7cm surface ponding depth as an example, the free flow rates 

of the improved subsurface drainage with the filter width of 2cm, 4cm, 6cm were respectively 10.556cm3/s, 

15.378cm3/s and 17.544cm3/s in coarse-sand, and 1.152 cm3/s, 1.337 cm3/s and 1.527cm3/s in fine-sand, as 

shown in Fig.4. However, the increased percentage of flow rate decreased gradually as filter width enlarged. It also 

illustrated that too large filter width was not a good choose in views of drainage effect and construction cost.  

Compared to conventional subsurface pipe drainage, free flow rates of improved subsurface drainage with 2cm, 

4cm, 6cm filter width increased 45.7%, 54.9%, 66.2% in coarse-sand and 128.1%, 164.8%, 202.4% in fine-sand 

under a ponding depth of 7cm. It was easily found that free flow rates of improved subsurface drainage were larger. 

Interestingly, the increased percentage of flow rate in fine-sand was much larger than that in coarse-sand. That was 

to say, improved subsurface drainage was more effective in fine-sand than in coarse-sand because of the greater 

hydraulic conductivity gap between filter and soil. 
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Fig. 4 Effects of filter width on free flow rate under different surface ponding depths 

In Fig.4, the relationship curves between filter width and free flow rate were roughly parallel under different 

surface ponding depths. Comparing with conventional subsurface pipe drainage, increased percentages of free flow 

rate of improved subsurface drainage were commensurate under ponding depths of 7cm, 5cm and 3cm. For 

instance, the increased percentages for the 2cm filter width in fine-sand were 128.1%, 130.7% and 131.3% with 

7cm, 5cm and 3cm ponding depths respectively. And the increased percentage equaled to 164.8%, 174.0% and 

171.9%for the 4cm filter width, and 202.4%, 217.0% and 212.6% for the 6cm filter width. These results also 

showed that ponding depth was linear associated with flow rate of improved subsurface drainage. And it could be 

foreseen that the drainage effect of improved subsurface drainage was considerable even if ponding depth was 

small.  

3.1.2 Effects of submerged outflow on flow rate 

Submerged outflow would inevitably happen in practice，especially when the outlet ditch had no capacity to 

remove the drainage water quickly enough after short duration and intense precipitation. 

Experimental results clearly showed that the flow rate under submerged outflow in fine-sand medium decreased 

about 20% than that of free outflow under conditions of same ponding depth and filter width (Table 3). The 

decreased percentage declined with the ponding depth increase. They were 24.8%, 23.6% and 22.1% corresponding 

to the ponding depths of 3cm, 5cm and 7cm on average. Compared to the submerged flow rate of conventional 

subsurface pipe drainage, the increased percentages of submerged flow rates in improved subsurface drainage were 

119.2% for 2cm filter width, 156.6% for 4cm filter width and 200% for 6cm filter width respectively when the 

surface ponding depth was 7cm. The increased percentages were about same as that under free outflow. It was thus 

clear that outflow condition influenced only effective water head above the pipe rather than the seepage 

resistance coefficient.  

3.2 Experiment of partial saturated soil without water table up to surface 

3.2.1 Effects of groundwater depth on free flow rate  

Trends of relationship curves between free flow rate and groundwater depth in improved subsurface drainage were 

different from the conventional subsurface pipe drainage, as shown in Fig.5. The results showed that there were 

significant negative linear correlation between flow rates and groundwater depth both in coarse-sand (R2=0.97) and 

fine-sand (R2=0.99) for conventional subsurface pipe drainage. While for improved subsurface drainage, the trends 

might be divided into two phases in coarse-sand and three phases in fine-sand. When groundwater depth changed 

from 0cm (0D) to 30cm (2D) in coarse-sand or 30cm (2D) to 55cm (3.7D) in fine-sand, the free flow rate of 

improved subsurface drainage became more sensitive to the groundwater depth than conventional subsurface pipe 

drainage. 
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Fig.5 Effects of groundwater depth on free flow rate when ΔH=7cm 

Generally speaking, free flow rate decreased with the groundwater depth increase both for improved subsurface 

drainage and conventional subsurface pipe drainage in fine-sand and coarse-sand mediums. With the 7cm ponding 

depth in fine-sand medium, the free flow rate of conventional subsurface pipe drainage at groundwater depth of 

30cm (2D) was about 80% of that at a 0cm groundwater depth (in completely saturated soil), indicating that the 

conventional subsurface pipe drainage still function at the moment. But with the same ponding depth and soil 

medium, the drainability of conventional subsurface pipe drainage was almost lost with only 20% of free flow rate 

at 0cm groundwater depth when groundwater depth reached to 75cm (5D). Conclusions could be drawn that 

conventional subsurface pipe drainage was quite limited in areas of deep groundwater table. While the drainability 

of improved subsurface drainage was still obvious until the groundwater depth reached 75cm. With a 7cm ponding 

depth and 2cm filter width, the free flow rates of improved subsurface drainage at 30cm, 55cm and 75cm 

groundwater depth were 1.0cm3/s, 0.414cm3/s and 0.305cm3/s, which were 1.98, 0.75 and 0.61 times of that in 

conventional subsurface pipe drainage in saturated soil (0.505cm3/s) respectively. Furthermore, when the filter 

width was 6cm, the free flow rates at 30cm, 55cm and 75cm groundwater depths were 1.357cm3/s, 0.652cm3/s and 

0.620cm3/s, corresponding to 2.69, 1.29 and 1.23 times respectively. 

3.2.2 Effects of groundwater depth on the ratio of drainage and seepage quantity per unit time 

Under conditions of partial saturated soil without water table up to surface, a part of water was drained by pipe and 

the other part would infiltrate into groundwater across the pipe when surface ponded water came into soil. The ratio 

of drainage and seepage quantity per unit time could indirectly reflect the performance of improved subsurface 

drainage. The larger the ratio, the better the performance of improved subsurface drainage is. Fig.6 showed the 

relationship curves between ratio of drainage and seepage quantity per unit time and groundwater depth under a 

7cm surface ponding depth. Obviously, the ratio in coarse-sand was smaller than that in fine-sand for both 

conventional and improved subsurface drainage, which reflected that water infiltrated into groundwater more easily 

when soil hydraulic conductivity was large. Besides, the ratio decreased with the increase of groundwater depth and 

the decrease rate was larger in fine-sand than that in coarse-sand when groundwater depth was smaller than 55cm. 

While when the groundwater depth was between 55cm and 75cm, the ratio was stable. In terms of filter width, 

wider filter led to a larger ratio of drainage and seepage flow per unit time in the same groundwater depth. Taking 

fine-sand for example, the ratios for improved subsurface drainage were 2.5, 3 and 5.5 times of that in conventional 

subsurface pipe drainage when filter width were 2cm, 4cm and 6cm respectively.  

 

Fig.6 Effects of groundwater depth on ratio of drainage and seepage quantity per unit time when ΔH=7cm 
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3.3 Theory calculation and validation of water-saturated conditions 

It was assumed that same cross-sectional flow areas produced same flow rates on the premise of constant pipe 

length. Based on this principle, soil column was simplified to a cube device. The values of parameters in theory 

calculation were given as follows. Pipe length was 18.8cm, drain spacing a was simplified to 14.77cm, distance 

from bottom of the pipe to soil surface was 15cm, virtual drain depth dim was 10cm for improved subsurface 

drainage, the equivalent radius R were 3.82cm, 4.46cm and 5.09cm corresponding to the filter width of 2cm, 4cm, 

6cm respectively. The calculated and observed flow rates with a 7cm surface ponding depth in saturated fine-sand 

medium were showed in Table4.  

From table 4, it could be seen that relative errors between calculated and observed values were kept within a 

reasonable range for both Eq.5 and Eq.6 except the case of 4cm filter width in which measured soil hydraulic 

conductivity might be a little larger than actual. The calculated values by Eq.6 were generally smaller than 

observed ones because pipe was not full and the calculated effective water heads were smaller than actual, 

especially for conventional subsurface drainage with 8.1% error. While for calculated values by Eq.5, the relative 

errors were smaller for both free and submerged outflow except the case of 4cm filter width. Using observed 

effective water head to calculate the flow rate is recommended. While in design or practice, the observed effective 

water head is unknown, hence, the effective water head in Eq.6 may be a choice under free outflow. 

Table 4 Comparison of observed and calculated flow rate when ΔH=7cm 

Outflow condition Drainage type Filter width (cm) 
Observed 

H-Hd（cm） 

Observed 

（cm3/s） 

Calculated 

（cm3/s） 
 Relative error (%) 

Eq.5 Eq.6  Eq.5 Eq.6 

free 

Conventional 0 21.90 0.505 0.488 0.464  -3.4 -8.1 

         

Improved 

2 21.70 1.152 1.152 1.105  0 -4.1 

4 21.90 1.337 1.479 1.405  10.6 5.1 

6 21.45 1.527 1.549 1.502  1.4 -1.6 

submerged 

Conventional 0 17.50 0.401 0.390 —  -0.3 — 
         

Improved 

2 17.20 0.879 0.913 —  0.4 — 

4 17.00 1.029 1.148 —  11.6 — 
6 16.95 1.203 1.224 —  1.7 — 

Furthermore, in saturated fine-sand, with different surface ponding depths, the calculated flow rates also matched 

well with the observed values (Fig.7). It showed that the derived equations for improved subsurface drainage would 

well predict flow rate when impermeable layer was at a large depth. The results also proved that the hypotheses and 

treatments were effective during derivation process of Eq.5 and Eq.6 and experiment design was reasonable and 

effective.  

 

Fig.7 Comparison of calculated and observed free flow rate in fine-sand 

However, the calculated flow rates did not match the observed ones well in coarse-sand. A major reason was that 

the gap between filter and coarse-sand hydraulic conductivity was not large enough to ignore entrance resistance of 

the filter when filter hydraulic conductivity was only 10 times of soil hydraulic conductivity. While in fields, the 

gaps between filter and soil hydraulic conductivity were usually large enough to meet the assumption.  
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Furthermore, homogeneous soil was assumed in the study. In practice, farmers always plow their fields, which will 

increase hydraulic conductivities of farming soil. Studies on layered soil had been done for conventional subsurface 

pipe drainage (Hwang et al., 1974; Swartzendruber, 1962; Toksoz and Kirkham, 1971a, b). For improved 

subsurface drainage, this is also worth to be considered in the future research.  

3.4 Significance of factors 

Five factors of groundwater depth, filter width, surface ponding depth, outflow condition and soil medium had been 

discussed. And statistical analysis was conducted to determine the significance level by SPSS (Statistical Package 

for Social Science). Results have been showed in Table 5. 

Table5 Significance testing 

Factor Sum of Squares Degree of Freedom Mean Square F Sig. 

A:Groundwater depth 713.64 3 237.88 52.48 1.86E-24 

B: Filter width 136.57 3 45.52 10.04 3.73E-06 

C:Surface ponding depth 38.79 2 19.39 4.28 1.53E-02 

D: Outflow condition 105.07 1 105.07 23.18 3.10E-06 

E: Soil medium 1310.26 1 1310.26 289.08 2.32E-39 

error 820.40 181 4.53   

Corrected total 3124.73 191    

R2=0.737 and α=0.05 

It is clear that all these five factors were significant with smaller significance levels than 0.05. By comparing the 

significance levels, the effects of impact factors on flow rate from large to small were soil medium, groundwater 

depth, outflow condition, filter width, and surface ponding depth. In practice, it is important to consider soil 

medium and groundwater depth to decide whether to install the improved subsurface drainage. While in fields 

where soil medium and groundwater depth stay unchangeable, filter width will become the primary factor to be 

considered. Meanwhile, submerged outflow should be avoided by reasonable design and water management in 

practice. 

4 Discussions  

4.1 Design parameter analysis based on theoretical equation 

The implementation of a drainage project draws heavily upon the detailed design study. The drain parameters are 

usually determined with the help of drainage theoretical equations. The hydraulic conductivity of soil is usually 

derived from field surveys(Ritzema, 2006). Parameters of drain depth and spacing, filter width and height are 

variable theoretically. Flow rate per unit drainage area  q was introduced to judge whether the design satisfies the 

drainage criteria. Sensitivity for q can provide a reference for design. Hence, sensitivities of the four parameters 

were analyzed based on theoretical equation and method of EFAST (Extended Fourier Amplitude Sensitivity Test) 

(DeJonge et al., 2015; Sanadhya et al., 2014; Vazquez-Cruz et al., 2014). Filter height was limited by drain depth 

and hence topsoil depth was adopted to represent the sensitivity of filter height. The samples were selected 

randomly in the ranges as follows. The ponded water depth and submerged depth were 0cm，the hydraulic 

conductivity was 100cm/day, diameter of the pipe was 11cm, drain depth varied from 80cm to 120cm, topsoil depth 

varied from 30cm to 60cm, filter width varied from 20cm to 60cm, drain spacing varied from 20m to 40m. The 

global sensitivity indexes were shown in Fig.8 (left). It could be seen that drain spacing was most sensitive for the 

flow rate per unit drainage area q. The filter width and filter height were more effective than drain depth in the 

given ranges. It was clear that filter sizes were the key parameters for improved subsurface drainage design.  
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(a)four parameters                  (b) three parameters 

Fig.8 Global sensitivity analysis for flow rate per unit drainage area  

In practice, drain depth can seldom be selected freely limited by water level at the drainage outlet and unsuitable 

layers in the soil profile and the available machinery(Ritzema, 2006). In this case, the sensitivities of drain spacing 

and filter width and filter height for q were conducted, as shown in Fig.8 (right). The ranges of parameters were as 

follows. The drain depth was 100cm, filter height was assumed to vary from 20cm to 70cm, other parameters were 

the same as those listed above. 

The sensitive indexes from large to small were drain spacing, filter height, filter width. Hence, the maximum filter 

height can be selected on the premise that topsoil satisfies cultivation requirements under permissive conditions and 

then filter width will be a critical design parameter. In design of improved subsurface drainage, drain spacing and 

filter width should be chose comprehensively taking drainage effectiveness and economic benefit into account. 

4.2 Drainage water management of improved subsurface drainage in practice 

Water management should be approached in a comprehensive inter-sectoral manner, integrating the whole set of 

policy, institutional, economic, financial, technical, environmental and social dimensions(Ritzema, 2006). Drainage 

water management is the practice of seasonally adjusting the outlet elevation of the drainage system through 

installation of a control structure(Williams et al., 2015). And the technical and environmental dimensions are 

universal concerned in drainage water management. In views of technical dimension, the improved subsurface 

drainage has advantage in flow rate according to research results. In case of continuous heavy rainfall, it can 

accelerate the fading of surface and subsurface waterlogging so as to alleviate the duration of crop waterlogging for 

dryland farming and keep ponding depth no more than submergence tolerance for paddy fields effectively. In other 

cases, the time of drainage to lower groundwater table to a desired depth is a main index for drainage water 

management. The desired depth of groundwater table is determined based on rainfall, the waterlogging duration of 

crops, capacity of improved subsurface drainage in surface and subsurface water removal. The latter two are known 

for specific crops and drainage layout. Hence, daily rainfall prediction will play an important role. According to 

accurate rainfall prediction (Chau and Wu, 2010; Wang et al., 2015; Wu et al., 2009), soil storage capacity can be 

adjusted reasonably and groundwater table can be controlled quickly. For example, for dryland farming, 

groundwater table may be maintained at higher desired level to promote more crop uptake of groundwater if there 

is no heavy rainfall in the coming days, otherwise a lower desired level will be better to increase the soil storage 

capacity if the rain comes soon. Besides, for paddy fields, reasonable controlled drainage management can reduce 

irrigation supply and increase the use of rainfall. In views of environmental dimension, volume and duration of 

drainage also influence soil physical and chemical properties and water quality. The former is critical for crop 

yields and the latter is an important source of water pollution of downstream (Grismer, 1993; Kulhavý et al., 2007; 

Shalit et al., 1995; Thomas et al., 1995). Besides, fertilizer application also restricts drainage time on the premise of 

considering water quality(Kanwar et al., 1988; Ritzema, 2006). For improved subsurface drainage, the optimal 

drainage management will be different from conventional ones because of the filter which impacts both water 

volume and water quality. The filter has filtration and adsorption capacity and improves soil condition which might 

influence transformation processes of nitrogen and phosphorus. These also need to be researched in the future. 

5 Conclusions  

Performances of improved subsurface drainage and conventional subsurface pipe drainage were tested in laboratory. 

Five factors of groundwater depth, filter width, surface ponding depth, outflow condition and soil medium were 
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considered. Flow rate formula of improved subsurface drainage under surface ponding in completely saturated soil 

was derived when impermeable layer was in a large depth. Based on the experimental and calculated results, 

conclusions were drawn as follows.  

Firstly, improved subsurface drainage has a larger drainage flow rate than conventional subsurface pipe drainage by 

setting filter. Performances of improved subsurface drainage are related with filter width, which increased with 

filter width enlargement in both shallow and deep groundwater areas. Secondly, submerged outflow will cause a 

decrease in flow rate, which should be avoided in practice. In this case, improved subsurface drainage still plays a 

significant drainage role. Thirdly, the flow rate decreases with the increase of groundwater depth in both improved 

subsurface drainage and conventional subsurface pipe drainage. When groundwater depth is large, the conventional 

subsurface pipe drainage almost loses its function, but the improved subsurface drainage still has considerable 

drainability. Besides, the ratio of drainage and seepage quantity per unit time indirectly reflects a significant 

drainability of the improved subsurface drainage. Furthermore, the calculated flow rate by the derived formula 

matched well with the observed value. Finally, significance level was analyzed by statistics software SPSS to prove 

the importance of the five factors for the improved subsurface drainage.  

Generally speaking, the improved subsurface drainage has a bigger impact on removing surface ponded water on 

the precondition of saving land. And the results had reference value on the field application of improved subsurface 

drainage in both shallow and deep groundwater areas. It can be predicted that the improved subsurface drainage, 

combined with an open ditch, will be an effective way for flood control in farmland. Furthermore, future works are 

to pursue more rigorous theoretical analysis, derive theoretical formulas considering more practice conditions such 

as slope and multilayer soil, apply and examine the improved subsurface drainage in the field. 
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摘要 

本文提出了一种占用耕地少、排水流量较常规暗排大且环境友

好的改进暗排以适应农田排水面临的耕地资源短缺、涝渍灾害

频繁发生的挑战。基于室内土柱试验，分析了改进暗排在地表

积水土体饱和及非饱和条件下的排水除涝能力。试验中考虑了

反滤体宽度、土壤介质、积水深度、出流条件和地下水埋深等

5 个因素。提出了积水饱和入渗条件下改进暗排排水流量的理

论计算公式。结果表明，改进暗排可以有效提高暗管排水能

力，试验条件下，反滤体宽度为 2~6CM的改进暗排在自由出流

条件下的排水流量为常规暗排排水流量的 2~3 倍；土体介质和

反滤体的渗透系数差别越大，改进暗排的排水作用越明显；地

下水埋深很大时，而改进暗排的排水能力仍然显著；地下水埋

深为暗管埋深 2 倍时，改进暗排自由出流排水流量为土体介质

完全饱和条件下常规暗排排水流量的 2 倍；理论方法计算结果

与试验结果相吻合。本文研究成果可为改进暗排的推广应用提

供技术支撑，对丰富和发展农田排水理论及技术、保障粮食安

全及推进灌区可持续发展有重要的现实意义。 

关键词 

改进暗管排水; 常规暗管排水; 排水流量; 反滤体 
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Abstract: In aquatic ecosystems, metals contamination in surface sediments has become an ubiquitous environmental problem, 

causing serious issues. The Hun-Tai River located in northeast of China, flows through an important heavy industry region and 

metropolitan area. This study examined the metals (Cd, Cr, Cu, Fe, Mn, Pb, Ni, and Zn) and benthic diversities of periphyton and 

macroinvertebrate. The results clearly described the spatial patterns of metal contamination in terms of geo-accumulation index and 

contamination factor, as well as the benthic diversities in terms of taxa richness, Shannon index, and evenness by kriging interpolation. 

Based on contamination factors evaluation, the results revealed surface sediments were largely contaminated by Cd, followed by Cu, 

Fe, Zn, Mn, and Ni. The surface sediment were unpolluted by Cr and Pb. Among all different categories of metals, Cd and Zn had 

similar spatial patterns and similar sources. While, Cu, Fe, Mn, and Ni showed similar spatial patterns and similar sources. 

Biodiversity of periphyton and macroinvertebrate responded similarly to the heterogeneous environment and metals contamination, 

with high taxa richness and Shannon index in middle-upper reaches of Hun River. The benthic taxa richness had large various range 

when the sediment metals were unpolluted or low polluted and keep to a low level when the sediments show moderated or even high 

contamination.  

Keywords: Contamination Level; Benthic Diversity; Heavy Metals; Surface Sediment; Spatial Pattern 

1 Introduction 

Heavy metals pollution has become a ubiquitous environmental problem and one of the most serious global issues 

(Barbieri et al. 2014, Cheng et al. 2014, Hasegawa et al. 2016), due to their acute and chronic toxicity, persistence, 

and bioaccumulation (Tam and Wong 2000, Cui et al. 2011, Li et al. 2015, Qin et al. 2015). In aquatic ecosystems, 

contamination of sediments by heavy metals is one of the major threats (Vishnivetskaya et al. 2011, Skordas et al. 

2015, Ma et al. 2016).  

Heavy metals in sediment can be introduced from a variety of natural and anthropogenic sources. Generally, in 

uncontaminated aquatic ecosystems, the heavy metal concentrations are controlled mostly by geogenic origins 

including geologic weathering and atmospheric deposition (Négrel et al. 1993, Zvinowanda et al. 2009, Varol and 

Sen 2012). The most significant anthropogenic sources of heavy metals are related with mining; agricultural 

practices; municipal, residential and industrial wastes; dry and wet deposition (Alexakis et al. 2012, Batista et al. 

2012, Li et al. 2014, Zhu et al. 2016). Consequently, sediments are essentially repositories of heavy metals derived 

from the drainage basin, and thus, an indicator of contamination (Bettinetti et al. 2003, Farkas et al. 2007, Fan 2014, 

Ioannides et al. 2015).   

Benthic assemblies, such as periphyton and macroinvertebrate, play central ecological roles in aquatic ecosystems 

and are among the most ubiquitous and diverse  organisms in fresh waters (Voelz and McArthur 2000, Strayer 

2006). Benthic organisms usually have poor locomotion ability and different sensitivities to various environmental 

disturbances. Thus, benthic diversity of aquatic organisms in stream systems are largely influenced by 

heterogeneous habitats and human impacts. Surface sediments provide important habitats and food sources for 

benthic organisms, then the heavy metals in sediment may be toxic to benthic organisms directly or indirectly.  

The present work is a case study focusing on heavy metals in sediments and benthic diversities of a highly polluted 

river located in the northeast of China, the Hun River. Hun River originates from Changbai Mountain where has 

high forest coverage and flows through agricultural, industrial, and metropolitan areas. Various heavy metals have 

been introduced into the river. The analysis of the distribution of heavy metals in sediments and benthic diversities 

throughout the study area could be used for the assessment of heavy metal pollution and provide important 

mailto:pwq@iwhr.com
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information for environment protection. The quantification of toxicity of contaminated sediment can be assessed 

with the help of geo-accumulation index (Igeo) and contamination factor (CF) (Sekabira et al. 2010, Garcia-

Ordiales et al. 2016). The benthic diversity was assessed with taxa richness, Shannon index, and evenness.  

The objective of our study was (1) to determine the concentrations and spatial contamination patterns of heavy 

metals (As, Cd, Cr, Cu, Fe, Mn, Ni, and Pb, Zn) in sediments of Hun River, (2) to characterize the spatial patterns 

of benthic diversities in terms of benthic algae and macroinvertebrate, and (3) to identify the relationships between 

metals contamination and benthic diversities.  

2 Methods 

The Hun River, located in northeast China, belongs to the Liao River system and is consisted by the Hun River 

(415 km in length) and its main tributary, the Taizi River (413 km in length) (Figure 1). The catchment area is 

11400 km2, the average annual temperature is 9 ℃, and the average annual precipitation is 686.4 mm. Hun River 

drains across an important heavy industry region, where is the economic center of northeast China. Its catchment 

also covers most part of metropolitan area of Liaoning Province, including the cities of Shenyang, Anshan, Fushun, 

Benxi, Liaoyang, and Yingkou. This area contains a variety of industries, such as equipment manufacturing, metal 

refining, and petrochemical industries, which strongly rely on the abundant local coal, iron, petroleum, and other 

mineral resources (Liu et al. 2011). Large amount of pollutants has been discharged into Hun River via industrial 

wastewater, as well as municipal sewage (Guo and He 2013, Liu et al. 2015). 

In total, 184 sampling sites were selected in the Hun-Tai River, within which surface sediments were collected from 

163 sites during the spring period (May and June) from 2009 to 2010 (Fig.1). The sampling time was concentrated 

within the spring season to avoid the influence of flooding during the summer-autumn period. The surface sediment 

samples were grab collected using a stainless steel container to a depth of approximately 5 cm. Sediment samples 

were kept in polyethylene bags and transported using an iced incubator. All samples were stored in a refrigerator at 

4°C for further analysis in the laboratory.  

 

Figure 1 The study area and sample sites. The total number site is 184 (ntotal=184), within which, surface 

sediments were collected from 163 sites (nsediment=163), benthic samples were collected from 142 sites 

(nbenthic=142), 132 sample sites have both sediment and benthic samples (nboth=132) 

Meanwhile, periphyton and macroinvertebrates were collected from 142 sites by using quantitative methods. Nine 

stones were randomly picked (diameter ~ 25 cm) within 300m section of the sampling site. By using a 3.5 cm 

diameter PVC pipe with a robber corer and a tooth brush, benthic algae was brushed thoroughly and rinsed with 

distilled water. Each sample and rinsed water was combined together and preserved using a 4% formalin solution in 

a 50ml plastic bottle. In the laboratory, diatom slides were kept in a glass jar to oxidize the organic material with 

acid disposal. Within each diatom slide, a minimum of 300 valves were counted under high magnification oil 

emersion. The ‘soft’ algae identified directly using a 0.1-ml counting chamber. By using the classic manuals of Hu 

et al. (1980) and Zhu and Chen (2000), most of the benthic algae were identified to the species level. Benthic 

macroinvertebrates were collected using a Surber net with three replicates (30  30 cm2 square and 500 μm mesh 

size). The substrates would be kicked or disturbed by using shovel into the net. The sample then transferred from 

the net to ten liter plastic container. After rinsing all the samples through 40mm mesh with stainless steel frame, all 
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the samples were put into a 500ml jar and preserved with 70% alcohol. In the lab, macroinvertebrates were 

identified to the lowest level, mainly to the genus level according to the manuals (Morse et al., 1994; Merritt and 

Cummins, 1996). Finally, 132 sample sites have both sediment and benthic samples. 

Sediment samples were freeze dried, powdered, and sieved through a 100µm-mesh nylon sieve. Sediment 

subsamples of 0.1 g were collected and digested in teflon vessels with 10ml HNO3 in a microwave oven (MARSX-

press, CEM). Each sample solution was adjusted to 50ml with double deionized water and then filtered through a 

0.45µm membrane filter for analysis. The sediment extracts were analyzed for Fe, Mn, Zn, Cu, Cd, Cr, Ni, and Pb 

using inductively coupled plasma-mass spectrometry (ICP-MS) (Agilent 7500CX).  

Based on the laboratory quality assurance and quality control methods, the analytical data quality was guaranteed 

through the following processes: (I) use of standard operating procedures, (II) analysis of reagent blanks, (III) 

recovery of spiked samples, and (IV) implementation of triplicates. In order to evaluate the precision and recovery 

of the analysis procedure, a stream sediment reference material (GBW07310) was used following the course of 

analysis. The results showed that the analysis procedure is repeatable and reliable, with recoveries for all metals 

ranging from 96.1% to 105.4%. The relative standard deviation ranged from 5% to 10% for three replicates in the 

analysis. The results were expressed as the average values of the triplicates. 

Monitoring spatial distribution and quantifying the degree of heavy metal enrichment are important for 

understanding and assessing anthropogenic inputs of metals into the aquatic ecosystem. In this study, a possible 

sediment enrichment of metals was evaluated by calculating geo-accumulation index (Igeo) and contamination 

factor (CF).  

The geo-accumulation index (Igeo), which was introduced by Muller (1969), can be used to determine the degree 

of heavy metals pollution in sediment. The formula to calculated Igeo value is expressed as:  

 
Igeo = log

2
(

Cn

1.5Bn

) 
(1) 

where Cn is the measured concentration of metal (n), and Bn is the geochemical background concentration of metal 

(n). The constant factor 1.5 is a background matric correction that was used to minimize the effect of possible 

variations in the background values due to lithogenic effects and weathering (Müller 1986, Hasegawa et al. 2016). 

The sediment quality can be graded into seven classes (Müller 1969, 1986), class 0: unpolluted (Igeo≤0), class 1: 

unpolluted to moderately polluted (0<Igeo≤1), class 2: moderately polluted (1<Igeo≤ 2), class 3: moderately to 

strongly polluted (2<Igeo≤ 3), class 4: strongly polluted (3<Igeo≤4), class 5: strongly to extremely polluted 

(4<Igeo≤5), class 6: extremely polluted (5<Igeo). 

Contamination factor (CF) is another parameter which can be used to to evalute metal contamination in 

environment. CF can be calculated from the following equation given by Tomlinson et al (1980):  

 
CF = 

Cn

Bn

 
(2) 

where Cn is the measured concentration of metal (n), and Bn is the geochemical background concentration of metal 

(n). CF was classified into four group (Hakanson 1980, Tomlinson et al. 1980): CF≤1 indicates low contamination 

factor, 1<CF≤3 indicates moderate contamination factor, 3<CF≤6 indicates considerable contamination factor, and 

CF>6 indicates very high contamination factor. 

For diversity metrics, Shannon index (H) and evenness index (J) were calculated as follows 
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Where S is the number of taxa found in each site and Pi is the proportional density represented by the ith taxa.  

The study of the spatial distribution metals in stream sediments and benthic biodiversity is considerable important 

for the assessment contamination. For maping the spatial patterns of Igeo and CF for each metals and diversities of 

benthic algae and macroinvertebrate, Kriging interpolation was applied by ArcGIS 10.3. The correlation analyses 

among different metals, between metal contamination indexes and benthic diversities, as well as between 

diversities of benthic algae and diversity between macroinvertebrate were conducted by SPSS 20.0. 

3 Results and Discussion 

3.1 Spatial patterns of sediment metal contamination 

Sediment metal concentrations in Hun River were summarized in Table 1. Across the whole watershed, Cd, Pb, and 

Zn showed high variations with a coefficient of variation (CV) higher than 100% (Table 1). The degree of 

anthropogenic metal contamination in sediments of Hun River was assessed using Igeo and CF. From the pollution 

map of sediment metals made by Kriging interpolation, we can clearly know the spatial pollution pattern of each 

individual metals in the study area (Figure 2, 3). In terms of Igeo, for Cd, 53 % of the sediments had an Igeo>0 and 

about 20% had an Igeo>1, which located in the middle-upper Hun River and upstream of Xi River (Figure 2a), 

indicating that the sediments were moderately contaminated by Cd. For Cr and Pb, all of the area had an Igeo<0 

(Figure 2b, g), which means the sediments were not contaminated by Cr and Pb. For Cu, around 40% of the 

sediments had an Igeo>0, which located in the middle-upper of Hun River and the downstream of Taizi River. For 

Mn, Ni, and Zn, more than 78% of the sediments had an Igeo<0 (Figure 2c-f, h), indicating very slight 

contamination by these metals.  

Table 1 Summary statistics of sediment metal concentrations in Liao River (mg/kg by dry weight). 

 

Cd Cr Cu Fe Mn Ni Pb Zn 

Minimum 0.00 8 7 8045 155 5 0.00 9 

Maximum 5.06 76 254 88370 3942 46 21.06 609 

Mean 0.29 30 34 28983 551 23 1.44 71 

S.D. 0.47 11 31 12455 394 8 3.54 92 

CV (%) 165.65 38.33 89.43 42.97 71.36 36.29 245.55 130.20 
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Figure 2 Spatial patterns of sediment metal pollution in terms of geo-accumulation index (Igeo)  

However, according to CF (Figure 3), the pollution patterns were more discriminated than Igeo. For Cd, 20% of the 

sediments were highly contaminated (CF>3) which located in middle-upper and lower reaches of Hun River, and 

51% of the sediment were moderately contaminated (1<CF≤3) (Figure 3a). For Cu, more than 70% of the 

sediments showed moderate or even high contamination (Figure 3b). For Fe, 65% of the sediments were moderated 

or highly contaminated, except the downstream of Hun River and upstream of Taizi River, where the sediments 

were low contaminated rate (Figure 3c). Mn and Ni exhibited similar spatial contamination patterns with around 40% 

of the sediments were moderated contaminated (Figure 3e, f). For Zn, 29% of the sediments were moderately 

contaminated and 8% were highly contaminated (Figure 3h), which located in the middle and downstream of Hun 

River and Taizi River. Cr and Pb still showed unpolluted in almost whole study area (Figure 3b, g), which were 

same to the results of Igeo. 
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Figure 3 Spatial patterns of sediment metal pollution in terms of contamination factor (CF) 

Controlled by numerous factors, such as the heavy metal contents in rocks and parent materials, soil formation 

processes, human contaminations, and other anthropogenic activities, heavy metals in sediments often exhibit high 

variations, different spatial patterns, and complex interrelationships (Zhao et al. 2009, Yi et al. 2011). The inter-

element relationships were analyzed by Pearson correlation analysis (Table 2) to assess possible similar metal 

sources (Garcia-Ordiales et al. 2014). The metals with a significant positive correlation may have similar sources 

(Sekabira et al. 2010, Guo and He 2013, Lim et al. 2013, Yan et al. 2014). In the sediments of Hun River, Cd and 

Zn showed a significant correlation (R=0.48, P<0.01). This could be explained by that Cd and Zn are congeners, 

and always symbioses in nature, so they are usually explored and processed together. Meanwhile, there were 

significant correlations among the concentrations of Cu, Fe, Mn, and Ni, which have shown similar spatial patterns, 

indicating that they may originated from similar pollution sources. 

Table 2 Pearson correlation coefficients of the metal concentrations in the sediments 

Metal Cd Cr Cu Fe Mn Ni Pb Zn 

Cd 1.000 0.028 0.428** 0.080 0.064 0.064 0.111 0.480** 

Cr  1.000 0.293** 0.305** 0.163* 0.645** -0.127 0.146 

Cu   1.000 0.292** 0.237** 0.438** -0.058 0.404** 

Fe    1.000 0.428** 0.204** 0.235** 0.321** 

Mn     1.000 0.197* 0.137 -0.048 

Ni      1.000 -0.085 -0.039 

Pb       1.000 0.094 

Zn        1.000 

Levels of significance: *P < 0.05; **P < 0.01.  

 

3.2 Spatial patterns of benthic diversity 
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The spatial patterns of benthic diversity were showed by Kriging interpolation using different metrics (Figure 4). 

Both benthic algae and macroinvertebrate have higher taxa richness in middle-upper reach then in downstream 

(Figure 4a, d). Shannon index also showed the similar patterns with taxa richness and have high values in middle-

upper and middle-lower reaches (Figure 4b, e). However, the evenness showed very complex spatial patterns 

(Figure 4c, f). The linear regression showed that macroinvertebrate and benthic algae have significantly strong 

relationships with each other in terms of taxa richness, Shannon index, and evenness (Figure 5), indicating that they 

responded similarly to the heterogeneous environment and metals contamination.  

 

Figure 4 The spatial patterns of benthic diversity 

 

Figure 5 The relationships between benthic algae diversities and macroinvertebrate diversities 

3.3 The relationships between sediment metal pollution and benthic diversities 

The relationships between sediment metals and benthic diversities showed that, due to their sensitivities to 

heterogeneous habitats and human impacts, the benthic taxa richness have large various range from very low (2 for 

benthic algae and 1 for macroinvertebrate) to very high (62 for benthic algea and 41 for macroinvertebrate) level 

when the sediment metals were unpolluted or low polluted (Figure 6). It has already known that heavy metal 

pollution can alter benthic diversity and also community structure (Lefcort et al. 2010, Hamidian et al. 2016). 

Benthic organisms have different sensitivities to various environmental disturbances/pollutions and have poor 

locomotion ability, and thus some species may dominate in a polluted environment due to their high tolerance 

(Whitton et al. 1981, Costello and Burton 2014, Podda et al. 2014, Plachno et al. 2015). For example, spirogyra, 

euglenophytes, and chironomids have shown high tolerance to various kinds of metal contamination (Albergoni et 

al. 1980, Plachno et al. 2015, Hamidian et al. 2016). In highly contaminated sites, these highly tolerant benthic 

organisms can aggregate metals within their organs and potentially threaten the health of many organisms at high 

trophic levels (Klavins et al. 1998, Demirak et al. 2006, Hamidian et al. 2016). While, Ephemeroptera, Plecopteera, 

and Trichoptera (EPT) are the most sensitive stream insect families (Cain et al. 1993, Pollard and Yuan 2006, 

Lefcort et al. 2010, Costello and Burton 2014). In this study, for most of the metals, when the sendiments show 

moderate contamination (1<CF≤3) or high contamination (CF>3), the benthic taxa richness keep to a low level 

(Figure 6). While for Pb, even when the contamination factor higher than 0.05, the benthic taxa richness reduced to 

a  low level (Figure 6g), suggesting that benthic organism are more sensitive to Pb pollution, even in every low Pb 
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concentration.  

 

Figure 6 The relationships between contamination factor and benthic taxa richness. The green dots show 

benthic algae and the red dots show macroinvertebrate. The vertical dot lines show CF=1 and CF=3 

respectively.  

4 Conclusions 

In this article, various analysis methods have been employed for understanding the metal contaminations in 

sediments and benthic diversities of Hun River. The geo-accumulation index and contamination factor have been 

employed for evaluation of sediment contamination in Hun River and kriging interpolation was applied for 

mapping the spatial patterns of contamination. Our results demonstrated that the CF was more discriminated than 

Igeo in contamination assessment, although they have similar results. The sediments were largely contaminated by 

Cd, followed by Cu, Fe, Zn, Mn, and Ni. Cr and Pb were unpolluted in almost whole study area. Cd and Zn had 

similar spatial patterns and also similar sources. Cu, Fe, Mn, and Ni showed similar spatial patterns and similar 

sources. Benthic algae and macroinvertebrate responded similarly to the heterogeneous environment and metals 

contamination. The Shannon index and taxa richness had similar spatial patterns with high values in middle-upper 

reaches of Hun River. Evenness showed complex spatial patterns. The benthic taxa richness had large various range 

when the sediment metals were unpolluted or low polluted and keep to a low level when the sediments show 

moderated or even high contamination. The benthic assemblages were more sensitive to Pb pollution.  
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Abstract:  As the debates on negative influences of flood control relying on dams or reservoirs on eco-environment become fierce, 

non-structural flood control measures like land use change gain more attention. This study researched the effect of integrated and 

single land use changes on three floods at small, medium and large scale respectively in Yongding river basin. SWAT model was used 

to simulate the effect of integrate and single land use changes on the flood of different scales. The single land use were set as S1, S2, 

S3 to represent the agricultural, grass and construction land changes. The results showed that: (1) the integrated land use changes 

reduced the small flood, the medium flood and the large flood by 14%, 13% and 5%. (2) the land use managements functioned most 

effectively on medium-scale flood and least effectively on large-scale flood; (3) S1 decrease the medium flood most by 24% with 7-

day maximum runoff volume as the indicator and by 29% with 1-day maximum flood discharge; (4) S2 reduced the medium flood 

most by 21% with runoff depth volume as the indicator; (5) S3 increase the medium flood most by 15% with 1-day maximum flood 

discharge as the indicator. 

Keywords: non-point flood alleviation1; land use changes 2; SWAT model 3; Yongding river basin 4. 

1. Introduction 

Historically, preferred flood management options are engineered structural solutions, such as dams and 

embankments. Critics of those traditional approaches argued that although it might meet short-term goals, in the 

long term it had failed to reduce the economic loss from flooding and when flooding increases it is impractical, 

expensive and unsustainable to continually heighten floodwalls and strengthen structural defenses (Mileti, D.S. 

1999). Also, super abundant hydraulic engineering projects could do more harm for the ecological environment and 

the local climate (Aristeidis, M, 2013). Some researchers have proposed the concept of sustainable flood 

management (SFM) which emphasizes a natural and sustainable response to flood risk with the need to link flood 

risk management, agriculture and land use management (Kenyona.W, 2008). Other scholars proposed the resilience 

concept of flood risk management and considered resilience as a promising instrument for preventing and 

mitigating the impacts of hazards (Marrero L, 2008; Uehlinger U, 2000). Resilience is the ability of a system to 

return to its equilibrium after a reaction to a disturbance (Bruijn K D, 2004). Flood risk management implies two 

types of measures distinguished by their aims: structural and non-structural measures. The aim of structural 

measures is to modify the flood pattern, while non-structural measures’ is reducing of the flood impacts (Bruijn K 

D, 2006). Even though the dams have a big advantage for main flood control and play an irreplaceable role in 

safeguarding cities, they are not the ideal for medium or small floods control for their the diseconomies of 

management cost and the waste of water resource.  

The non-point flood alleviation of the land use management fits the new trend. The non-point flood alleviation is 

the concept that using the surface measures to assist the point measures (dams and embankments), by changing the 

land use, the flood protection of the basin can be better conducted and the strategy of the non-point flood 

alleviation is to retain the rainfall on the surface spot and soil pores. 

Land use plays a very important role in the hydrological processes of a certain basin (DeFries, R, 2004). Plenty of 

researches and experiments have proved that different land uses can lead to the changes of the runoff process. 

Beven et al. (2008) compared the land use and the floods happening in the same period with the land use changed 

in the past to find the historical connection. Woldeamlak (2005) analyzed the pattern of the runoff in northwestern 

highland Ethiopia with dynamics method and confirmed that the decrease of forest, the increase of the agriculture 

land, the grassland degradation and artificial afforestation would all be a crucial factor causing influences on the 

runoff process. McIntyre (2010) testified the connection between floods and land use at regional scale. Li et al. 

(2013) quantified the effects of land use change on flood peak and volume in Daqinghe River basin with 

multiple-linear regression analysis method. Now that the variable of land uses can change the flood pattern, 
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whether it can achieve the aim of flood control by increasing some sort of land use which benefits rainfall retaining 

still remains to explore. This flood control measure is different from punctate dams’ measure which is called non-

point flood alleviation.  

The main effect of the land use on runoff/flood is to reduce the rainfall energy by the progress of interception, sink 

filling, transpiration, evapotranspiration and infiltration (Ristić R, 2011). Nie et al. (2011) demonstrated in upper 

San Pedro watershed the construction land and the decrease of the forests would cause the surface runoff increasing. 

And a similar conclusion was made by Lin (2008) in willow basin Canada. The negative changes aforementioned 

could lead to the degradation structure of the soil which can lower the infiltration, cause poorer connectivity and 

impair the water-holding capacity, thus increasing the flood risk (Burt, T.P, 2001). According to Feng (2005), the 

grassland can delay the runoff three times longer than the bare land. And the average speed of the runoff on the 

grassland is only 40% of that on the bare land. The root system of the grass increases in surface soil voids. The 

grass covered the surface can also ease the impact of rain drops hitting on the soil and prevent the characteristic of 

soil surface, and it also increases the roughness of the surface soil, so the runoff coefficient becomes significantly 

smaller (Xia, J, 2007). Fan et al （2006） compared the bare land, grassland and woodland runoff in years of 

monthly distribution. Runoff of the bare land, grassland and woodland, accounted for rainfall over the same period 

of 18. 6%, 5.1%, 3.7%, respectively; and uniformity coefficient of the bare land, grassland and woodland for the 

distribution of monthly runoff were 0. 99, 0. 74, 0. 69. Therefore planting trees and grass reduces runoff and 

improves the uniformity of the distribution of runoff. As for the agricultural land, there has been plenty studies 

proving its benefit for preventing floods. Sujono （2010） showed that through the experiments some measures of 

agricultural planting can reduce the surface runoff. Evans et al. （2003） tested the certain measures at autumn 

sowing can lower the frequency of muddy floods. The phenomena can be explained that with the measures carried 

out, the soil structure is changed and the land surface is uneven, so the rain either goes to the deep soil layers 

through the gaps or fills in the several depressions （Yang, L, 2006）. In addition, the residue covering can protect 

the land surface from being striking by the rain drop, and slow down the speed of the infiltration（O'Connell, 

2004）. 

Despite the researches aforementioned, the effects of the land use change on the runoff/flood still remain unclear, 

especially at basin scale (Uhlenbrook, S, 2001). For some basins, flood process is influenced by several factors, 

such as rainfall, elevation, soil depth,  and water steepness (Wheater, HS, 2006), and the land use change depends 

on the former type, the change type, the location, - the change time and the like (Tollan, A, 2012). Table 1 lists 

some researches trying to distinguish the effects with various methods. 

Table 1. The studies on the land use change 

Catchment Study Method land-use change impact Reference 

the Raccoon River 

watershed 
SWAT model 

Converting cropland to perennial 

vegetation or extended could reduce 

the flood risk. 

Keith E. Schilling et 

al.(2014)  

Daqinghe watershed 
multi-linear 

regression 

Changes with in-field irrigation 

treatments have effect on the local-

scale runoff generation.  

Li(2013) [12] 

Upper Ping River 

Basin 

land cover on 

runoff coefficient 

Forests have proved to potentially offer 

flood mitigation benefits for smaller 

flood events. 

Nutchanart 

Sriwongsitanon(201

1)  

Saussay watershed STREAM model 

A variability of runoff was found to 

affect at the watershed outlet by a low-

intensity rainfall event.  

C. Ronfort(2011)  

the River Lugg  The ZILN model 

Runoff and sediment yields increase as 

scale increases, which is likely due to 

increasing connectivity within the 

catchment, and the dominance of 

preferential flow pathways including 

field drains. 

C. Deasy(2011)  
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the Duoyingping 

watershed 
The VIC model  

When it concerning forest protection 

policy, annual ET increased by more 

than 15%, while annual runoff 

decreased by 6%.  

Zhang et al.(2011)  

the river Meuse 

semi-distributed 

conceptual model 

(HBV) 

Most of the variation in the discharge 

record could be explained by variation 

in the meteorological conditions. 

A. G. shagrie(2006)  

the Dreisam basin 

the model 

TACD(TAC,Distri

buted) 

Forest had a significant effect which 

indicated a decrease in groundwater, 

surface water discharge, and in flood 

peaks. 

Bettina Ott et 

al(2004)  

Lein Catchment in 

Germany 

modified WaSiM-

ETH model 

The influence of the land use on storm 

runoff generation for rainfall events 

was most distinct for short, intense 

rainfall events and minor for longer, 

less intense rainfall events. 

Niehoff et al. (2002)  

This paper used SWAT model to simulate flood processes with different frequency under different land use 

scenarios in Yongding River Basin, and analyzed the quantitative effect of non-point flood alleviation of each land 

use scenario. Yongding River basin locates in the upstream region of Beijing, which is an important geographical 

location with high demand for flood control and is one of China's four major river flood control areas (Ou, C.P, 

2009). In history, flood was the major disaster in this region. From 1949 to 2001, the flood disasters stroked 22 

times, once in 2.4 years (Zhao, L.K, 2012). However, extreme flood rarely occurred as decreasing precipitation 

drastically in recent years while medium and small flood became the main managed object. It is reasonable to 

consider the land use management to practice the non-point flood alleviation in the Yongding River Basin. The 

upper reaches of the Yongding River Basin is the Loess Plateau, where soil has the point edge contact support 

structure, high water permeability and small water storage capacity. The non-point flood alleviation in the Yongding 

River Basin has relatively potential to play an important role in flood control. 

The objects of this paper are: 1) simulating different floods with different frequency under the chosen land use 

scenarios; 2) analyzing the characteristic of flood process under integrated and single land use change; 3) 

determining the effects of the non-point flood alleviation and its main influencing factors. 

2. Study area and datasets 

2.1. Study area 

Yongding River Basin is located in south west of Beijing. It is the biggest river basin of the north part of Haihe 

water system. The catchment has an area of 43,727 km2 and lies 38°27′°~ 41°20′N and 111°40′~ 117°45′E (shown 

in Figure 1). The whole basin crosses five provinces including Shanxi, Inner Mongolia, Hebei, Beijing, and Tianjin, 

is located in a semi-humid and semi-arid region, and belongs to continental climate zone. The annual mean 

temperature is 9.6℃, and annual precipitation is about 530mm (1951-2007). Precipitation in flood season (from 

June to September) generally accounts for 70-85% of the annual precipitation and several rain processes mainly 

concentrates in July and August (Li, D, 2015) 
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Figure 1. The location of the study area 

2.2. Datasets 

The Hydro-meteorological data for the SWAT model including the precipitation, temperature, wind speed and 

humidity is collected from 13 weather stations according to the standard methodology of the China Meteorological 

Administration, which applies data quality control before releasing these data. The observed basin-outlet runoff 

data was obtained from Guanting hydrologic station with the time span of 1990~2013. 

DEM (Digital Elevation Model) was obtained from the Shuttle Radar Topography Misson (SRTM) with a spatial 

resolution of 3 arc-second (approximately 90m). Land use data for 1995, and 2005 was obtained from the 

Environmental and Ecological Science Data Center. The dataset, with a spatial resolution of 1 km, was created by 

Chinese Academy of Sciences (CAS) in accordance with the land-use maps in the same period on a scale of 

1:100,000. The soil data was downloaded from HWSD (Harmonized World Soil Database). The database is set by 

FAO and IIASA. The current version was released in 2009. The resolution is 1km. In this study, the original soil 

map of the area contains over 100 kinds of the soil types. To simplify the simulation process, the soil type was 

classified into 19 kinds, according to their own properties. There are total 16 soil groupings in this area. Groups 

with the proportion of the area less than 6% was replaced by the most-counted group. The soil groups were reduced 

to 13 kinds. A soil unit in one group with the proportion of the whole area more than 5% was the major soil unit 

remaining, and the rest were replaced by the major unit. Some group have two major units and the rest were 

divided according to the ratio of the two major units and were replaced separately. Finally, 19 soil units were 

selected as the soil layer types in the study area. 

3. Methods and Scenarios 

3.1. SWAT Model and SWAT CUP 

The SWAT (Soil and Water Assessment Tool) Model is a process-based distributed parameter model applying to 

simulate long-term hydrological process in different scale basin (Leta, O.T, 2015; Ghaffari, Golaleh, 2010; Tan, 

M.L, 2015). In SWAT model, a watershed is divided into sub-basins and further into a series of uniform 

hydrological response units (HRUs) as the combination of single land use, soil and the management. SWAT allows 

a number of different physical processes to be simulated in a basin such as evaporation, infiltration, plant uptake, 

lateral flows, percolation, etc. In SWAT model, the thresholds should be set when defining HRUs to simplify the 

computation and enhances the operability of the simulation. The values of land use, soil and slop under the 

thresholds would be erased and the area would be resigned to other types in sub-basins (Winchell, M, 2009). The 

existing HRU partition method of SWAT model has no spatial localization, and the interaction effects of sub-basins 

are not considered (Bryant R, 2006). The lack of defining the spatial location limits the HRUs’ function for 

hydrological cycle simulation (Gassman P, 2007). The smallest scale of spatial analysis is generally confined to the 

sub-basin scale (Ning J.C, 2013). In this study, the analysis is in basin scale, and the threshold value of slope level 

is 10%, the threshold value of soil type area is set to 10%. And because the study focused on land use changes, the 

threshold of land use is setted as 0%, which means no land use type were erased in the model. According to the 

study of Her (2015), the thresholds of HRUs can significantly influence the loss of information on the land use map, 
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and loss of information is inevitable whenever a non-zero HRU threshold is applied, since minor watershed 

landscape features are ignored in SWAT modeling. So the 0 threshold of land use only has limit effect to prevent 

small land use categories eliminated. 

In SWAT model, there are numerous parameters to be calibrated to match the 

simulated and observed flow, and it will be a heavy workload to adjust parameters manually. SWAT‐CUP is a 

public domain program which links SUFI2, PSO, GLUE, ParaSol, and MCMC procedures to SWAT. SWAT 

Calibration Uncertainty Procedures (SWAT-CUP) is a public program for parameter calibration of SWAT model. It 

contains SUFI2, PSO, GLUE, ParaSol, and MCMC algorithms to process calibration and uncertainty analysis 

(Abbaspour K C, 2011). 

We chose SUFI2 as optimization algorithm for the study. The parameter sets sampled in the calibration processes 

are listed in table 4. 

3.2. Land use Scenarios  

The core of the non-point flood alleviation is to distinguish the influence of the land uses on flood process and 

decide the suitable transition to achieve the effective flood alleviation. For that purpose, we not only considered the 

real effects of the historical conditions, and the single type of land use transition was also taken into account. The 

scenarios were set as practical one and designed one.  

The change of land uses between 1995 and 2005 involved 5 out of 6 types of the land uses. (shown in Table 2), 

with the expansion of agricultural land, grass land and construction land and the diminution of forest and unused 

land. In the model, the land uses of 1995 and 2005 were set as control groups to uncover the integrated effect of 

land use change, and the single land use changes were the control group to uncover the effect of each land use 

change on flood process.  

Agricultural land, forest land, grass land, water area, urban land and unused land were the main land-use types, and 

their changes between 1995 and 2005 were listed in Table 2.  

Table 2. The changes between land use of 1995 and 2005 

Class 1995 2005 
Area Change  

1995-2005 
Change% 

 Area(km2) % Area(km2) % （km2）  

Agricultural land 19239 44% 19539 45% 300 2% 

Forest land1 9599 22% 8912 20% -687 -7% 

Grass land 12239 28% 12708 29% 469 4% 

Water area 278 1% 243 1% -35 -13% 

Unused land2 1142 3% 673 2% -469 -41% 

Urban/Construction land 1224 3% 1646 4% 422 34% 

1 Forest land includes shrubbery, woodland and open forest land 

2 Unused land includes bare ground, alkaline land, and sandy land.  

The land use of 1995 was set as the baseline scenario and the land use of 2005 was set as the compared scenario. 

Each type of land use was regard as transformed from other types and the transfer matrix can be seen in Table 3. S1, 

S2, S3 are the created scenarios in which the land use change only happen on one type and the transformation from 

other types to a single type. The scenarios came from the historical data. All the change values of land use scenarios 

were extracted from the real change between the situations of 1995 and 2005. The values in table 3 mean the area 

of the land use changed from the type in row into that in column. 

S1: Other type land uses transform to agricultural land.  

S2: Other type land uses transform to grass lands. 
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S3: Other type land uses transform to urban lands. 

Table 3. Different land use transfer matrix from 1995 to 2005; Unit: km2 

 S1  S2 S3  

 agricultural forest grass urban unused 

agricultural  1174 408 599 35 

forest 1500  72 1517 15 

grass 102 13  13 1 

urban 779 2009 51  9 

unused 71 5 2 4  
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3.3. Flood Scenarios 

To assess the effect of the non-point flood alleviation, the relatively ideal way is to analyze the change of types of 

flood processes under different land use scenarios. The reoccurrence period of floods can reveal the frequency of 

the flood, the safety level of protected object and the disaster degree of the hazard (Zhang, G.J, 2013; Xun, W.C, 

2003).  

According to the data published by the Hydrological Experiment Station of Guanting Reservoir Management 

Office, the frequency of precipitation responding to long-sequence flood events were calculated using Pearson-III 

type curve. According to Zhao (2013), the flood events occurred in Yongding River basin are mostly of 5%-20% 

possibility. So we identified the rainfall events with 5% occurrence possibility, 10% and 20% in the Pearson-III 

type curve. We identified flood events (Fang, 2009) with similar rainfall volume at certain possibility in Pearson-III 

type curve. Based on the hydrological handbook (Xun, W.C, 2010), representative floods should have large peak 

flow, high flood volume concentration during the major flood peak and disadvantage of flood protection. We chose 

peak flow，1-day maxim discharge, 7-day maxim discharge as indexes to decide representative floods (Liang, Z.M, 

2008). Also, the pattern of flood in Yongding River Basin is significant with few variations (Yao, L.F, 1991): floods 

mostly caused by consecutive heavy rain. With all variables considered, we decided floods in 1996, 1995 and 2000 

to represent 20%- probability flood, 10%-probability flood and 5%- probability flood respectively. 

 

Figure 2. The amount of the chosen periods of precipitation with 5%, 10% and 20% flood probability from June to September 

The design is to simulate these three flood under 1995 scenario, 2005 scenario, S1, S2, and S3. And through the 

comparison and analysis, a better understanding of how the flood responds to the single/ combined land uses is 

expected to get. 

When flood happened, it also came with heavy rainfall events conductively lasting for months, which could cause 

more than one flood peak in succession. So it would be difficult and confusing to decide the accurate beginning and 

ending time of the specific flood. Instead of the exact flood process, we aimed at the rainfall processes responsible 

for the chosen floods. We set the period of simulation time from June 1st to September 30th for each year with the 

chosen flood. The rainfall process is longer than the whole flood process in order to get the better view of how the 

flood responds to the single/combined land uses.  

4. Results 

4.1. Model calibration and verification 

The model was calibrated and validated using the land use map of year 1995 by comparing the calculated outflow 

with the observed outflow at the outlet of the Yongding River Basin in SWAT-CUP.  
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In order to analyze the impacts of the land use changes, the calibrated model was input into land use maps of other 

scenarios by redefining HRUs while keeping the DEM and soil maps constant. To make sure that land use is the 

only changing factor in the model. The parameters identified during the calibration were remained the same except 

CN, when the model was loaded with other land uses. 

 

The year 1990-1992 were set as warm-up period. Because the observation data from 2001-2002 is not available, the 

calibration and validation periods were set respectively as 1992-2000 and 2003-2013. The model was calibrated 

and validated by SWAT-CUP. The selected parameters are presented in the table 4. The fitting results (shown in 

Figure 3) prove that the model is reasonable.  

Table 4. The parameters calibrated in the study 

No. Parameters Meaning Value Unit 

1 R1_CN2.mgt  SCS runoff curve number under moisture conditionⅡ -0.1915 / 

2 V2_ALPHA_BF.gw underground base flow recession constant 0.0697 / 

3 V_GW_DELAY.gw Time delay of groundwater 430.0497 d 

4 V_GWQMN.gw Threshold of water level of shallow aquifer required for return flow 1.2596 mm 

5 V_GW_REVAP.gw Revap coefficient of groundwater 0.1664 / 

6 V_ESCO.hru Soil evaporation compensation factor 0.8571 / 

7 V_ALPHA_BNK.rte Base flow recession constant  with bank storage 0.9258 / 

8 R_SOL_AWC(1).sol Effective moisture content of the first layer of soil 0.0823 / 

9 R_SOL_K(1).sol Saturated permeability coefficient of the first layer soil -0.6928 / 

10 R_SOL_BD(1).sol Wet bulk density of the first layer of soil -0.2457 / 

1“R_ means an existing parameter value is multied by (1+a given value)“ 2”V_ means the existing parameter value is to be replaced 

by a given value“[44].  “/“ means non-dimensional 

 

(a) 
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(b) 

Figure 3. The comparison of SWAT Model simulation and observed monthly runoff. (a)  

The Nash–Sutcliffe efficiency (NSE) coefficient, the correlation coefficient (r2) and RE (relative error) were used 

to assess the model precision. The model has higher precision when NSE and r2 were close to 1. NSE and r2 are 

defined as: 
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where Q obs;i and Q sim;i are the observed and simulated runoff, respectively; Q obs and Q sim represent the mean 

values of the observed and simulated runoff, respectively; and n is the length of time series. 

 

Table 5. Calibration & validation statistics for modelled baseline runoff in the Yongding river basin. 

  
daily monthly 

RE 

 
Period r2 NSE r2 NSE 

Calibration 1992-2000 0.78 0.69 0.8 0.65 -16% 

Validation 2003-2013 0.74 0.72 0.7 0.69 5% 

4.2. Source of error 

There are sources of error which should be acknowledged during the study. First, the uncertainty of the parameters 

in the SWAT model was not fully examined and qualified. SWAT-CUP has two indicators for the uncertainty 

analysis: P-factor and R-factor. P-factor is 95% prediction uncertainty (95PPU), and R-factor is the thickness of the 

95PPU envelop. In theory, P-factor ranges from 0~1, and R-factor ranges from 0~∞. When P-factor is 1 and R-

factor is 0, the simulation is the exact match for the observation (Abbaspour K C, 2011). 

Table 6. Calibration & validation statistics for modelled baseline daily runoff in the Yongding river basin. 
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1.  2. Period 
3. P-

factor 

4. R-

factor 

5. Calibration 6. 1992-2000 7. 0.7 8. 1.17 

9. Validation 10. 2003-2013 11. 0.55 12. 0.44 

The validation has both low P-factor and low R-factor, though its NSE and r2 are high, which means the 

uncertainty exists in the result of the validation and the outcomes of the uncertainty and the accuracy are not 

consistent. The longer the period is, the more the inconsistency of the hydrological process increases, which brings 

difficulty to the calibration and validation (Zhang, X, 2008). 

Second, the remote sensing data with misclassification increased uncertainty of the model (Puertas, Olga Lucia, 

2013). The error varies with the scale (Dong, M, 2015). The study was only designed at regional scale. However, 

there is no systematical method to qualify the effect of the land use classification error (Menno W, 2013). Future 

work will consider applying methods mentioned in current researches to the land use in order to test the 

classification accuracy and balance the misclassification. 

Furthermore, floods are accidental events, in the study no analysis on the flood process of their representativeness 

may undermine the actual effect on the flood control effect of land use change. However, the chosen floods which 

were well discussed in Fang’ research [50] are assumed to obtain a certain representativeness of floods occurred in 

the area. The soil moisture content is an important prerequisite of the flood hydrograph. In the simulation, the soil 

moisture content was not discussed. Though the interference cannot be eliminated, the simulation was set longer 

than the runoff process in order to reduce the uncertainty to some extent. The spatial distribution of different land 

using types in the basin also has an important influence on non-point flood alleviation, and analysis on the change 

of geographical location of the land use will be further studied.  

4.3. Comparison of flood processes under 1995 and 2005 land uses 

The results show that the land use of year 2005 is more beneficial to flood alleviation than that of year 1995, 

especially for 10%-probability flood (moderate level flood), which indicates the function of land use changing on 

flood alleviation is limited. For 20%- probability flood (small level flood), both the land use of year 1995 and 2005 

have a strong ability of retain water, and the land use of year 2005 cannot take advantage of its maximum ability. 

But for 5%-probability flood (high level flood), it exceed the ability of flood alleviation of year 2005 land use, so 

the effectiveness of 2005 land use decreased for high level flood compared with moderate level flood. The land use 

change altered the allocation proportion of the precipitation between soil water and runoff water, which is the key 

of the non-point flood alleviation. 
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Table 7. The results of three frequency flood characteristics in 1995 and 2005 land use scenario 

flood frequency 

1-day 

maximum 

discharge  

(m3/s) 

Change 

rate

（%） 

Run off 

Depth  

(mm) 

Change 

rate

（%） 

7-day 

maximum 

runoff 

volume 

(104m3) 

Change 

rate

（%） 

1995 2005 1995 2005 1995 2005 

20%-probability 175.4 166.6 -5% 2.2 1.7 -20% 372.3 331.4 -11% 

10%-probability 208.5 181.4 -13% 4.2 3.4 -19% 468.3 384.0 -18% 

5%-probability 395.4 338.1 -14% 6.8 6.2 -8% 669.9 602.9 -10% 

The change rates were calculated by the equation below 

1995

1995

Q

QQ
R


                                                                                                               （4） 

where R means the change rate, Q1995 means the runoff in land use map of year 1995, Q’ means the runoff in other 

land use map of the rest scenarios.  

Figure 4 gives a general view of the effects of the integrated land uses change on the flood process. Compared with 

the land use of 1995, the changes happening in 2005 were more favorable for the flood protection. The data shows 

that the land use of 2005 has better results in three indicators, which gives the positive response to flood control. 

 

 

(a) 
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(b) 

 

(c) 

Figure 4. (a) The daily runoffs of the 5%-probability flood under 1995 land use and 2005 land use. (b) The daily runoffs of the 10%-

probability flood under 1995 land use and 2005 land use. (c) The daily runoffs of the 20%-probability flood under 1995 land use and 

2005 land use. 

4.4. Transformation from Other type land uses to Agricultural land 

In order to uncover the effect of increasing agricultural land to flood process, scenario S1 (shown in Table 8) was 

set as other types land uses transforming to agricultural land according to land uses transfer matrix in Table 3. 

Under S1, when 20%-probability flood happens, the 1-day maximum discharge, the 7-day maximum runoff volume 

and the runoff depth will decrease by 19%, 21%, and 16%, respectively; when 10%-probability flood happens, the 

1-day maximum discharge, the 7-day maximum runoff volume and the runoff depth is decreased by 29%, 24% and 

17%, respectively; when 5%-probability flood happens, the 1-day maximum discharge, the 7-day maximum runoff 

volume and the runoff depth will decrease by 18%, 16% and 10%, respectively. 

 

Table 8. The results of three indictors of S1 
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flood frequency 

1-day maximum 

flood 

discharge(m3/s) 

Change 

Rate

（%） 

7-day 

maximum 

runoff 

volume 

(104m3) 

Change 

Rate

（%） 

runoff 

depth(mm) 

Change 

Rate

（%） 

20%- probability 141.90 -19% 294.12 -21% 1.83 -16% 

10%-probability 148.04 -29% 355.91 -24% 3.49 -17% 

5%-probability  324.23 -18% 562.67 -16% 6.09 -10% 

 

(a) 

 

(b) 
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(c) 

Figure 5. In every panel, the original is the result under 1995 land use simulated by SWAT model, the transformed is the result under 

S1 scenario. (a) The comparison of daily runoff processes of the 5% flood frequency. (b) The comparison of daily runoff processes of 

the 10% flood frequency. (c) The comparison of daily runoff processes of the 20% flood frequency. 

4.5  Transformation from other type land uses to Grass land 

Scenario S2 (shown in Table 9) was set as other type land uses transforming into grass land. Under S2, when 20%-

probability flood happens, the 1-day maximum discharge, the 7-day maximum runoff volume and the runoff depth 

will decrease by 4%, 10% and 19%, respectively; when 10%-probability flood happens, the 1-day maximum 

discharge, the 7-day maximum runoff volume and the runoff depth is decreased by 6%, 14% and 21%, respectively; 

when 5%-probability flood happens, the 1-day maximum discharge, the 7-day maximum runoff volume and the 

runoff depth will decrease by 1%, 8% and 20%, respectively. 

Table 9. The results of three indictors of S2 

flood frequency 

1-day maximum 

flood 

discharge(m3/s) 

Change 

Rate 

7-day maximum 

runoff volume 

(104m3) 

Change 

Rate 

runoff 

depth(mm) 

Change 

Rate 

20%-probability 168.38 -4% 336.80 -10% 1.77 -19% 

10%-probability 195.99 -6% 401.14 -14% 3.33 -21% 

5%-probability 391.45 -1% 618.24 -8% 5.45 -20% 

S2 has the best result of protection for the 10% flood frequency flood, and secondly for the 20% flood frequency 

flood. It has the smallest effect on the 5% flood frequency flood. And S2 functions more significantly on long-term 

indicators than that on the short-term one. 
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(a) 

 

(b) 
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(c) 

Figure 6. In every panel, the original is the result under 1995 land use simulated by SWAT model, the transformed is the result under 

S2 scenario. (a) The comparison of daily runoff processes of the 5% flood frequency. (b) The comparison of daily runoff processes of 

the 10% flood frequency. (c) The comparison of daily runoff processes of the 20% flood frequency. 

4.6. Transformation from other land uses to Urban/Construction lands 

Scenario S3 (shown in Table 10) was set as other type land uses transforming into urban land. Under S3, when 

20%-probability flood happens, the 1-day maximum discharge, the 7-day maximum runoff volume and the runoff 

depth increase by 29%, 15% and 5%, respectively; when 10%-probability flood happens, the 1-day maximum 

discharge increases by 15%, the 7-day maximum runoff volume increase by 4%, and the runoff depth stays still; 

when 5% flood frequency flood happens, the 1-day maximum discharge, the 7-day maximum runoff volume and 

the runoff depth increase by 13%, 9% and 2%, respectively. 

Table 10. The results of three indictors of S3 

Flood frequency 

1-day maximum 

flood 

discharge(m3/s) 

Change 

Rate 

7-day maximum 

runoff volume 

(104m3) 

Change 

Rate 

runoff 

depth(mm) 

Change 

Rate 

20%-probability 226.20 +29% 427.69 +15% 2.29 +5% 

10%-probability 239.30 +15% 485.27 +4% 4.50 +7% 

5%-probability 447.30 +13% 729.39 +9% 6.91 +2% 
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(a) 

 

(b) 
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(c) 

Figure 7. In every panel, the original is the result under 1995 land use simulated by SWAT model, the transformed is the result under 

S3 scenario.  (a) The comparison of daily runoff processes of the 5% flood frequency. (b) The comparison of daily runoff processes of 

the 10% flood frequency. (c) The comparison of daily runoff processes of the 20% flood frequency. 

5 Discussion 

5.1 The effect of different type of land use on flood alleviation 

Through simulating results of flood process under land uses of 1995 and 2005, the agricultural land and the 

grassland has the biggest influence on the 10%-probability flood, the smallest on the 5%-probability flood, and the 

moderate influence on the 20%-probability flood, respectively. When the small flood occurs, the agricultural land 

and the grassland do not work at full capacity; when the large flood occurs, the full capacity will not be enough to 

hold the rainfall. Generally, the agricultural land and the grassland play the positive role in flood protection, and 

have the potential for scattered flood alleviation. The agricultural land has greater results than that of the grassland. 

The most agricultural land of Yongding River Basin is dry land. The cropping structure is wheat and corn. The 

basic reason for agriculture land’s flood alleviation functions is the soil of agriculture land in Yongding River Basin. 

The soil of the agriculture land in Yongding River Basin has a loose spongy structure with a large 

number of internal spaces (Zhou, H, 2007). Soil parent material includes fluvial deposits, sediment, and loess-like 

sediment. Soil type is meadow soil and cinnamon soil (Xie W.Y, 2004). These types of soil have large specific 

surface area of soil clay, dense arrangement, many capillary pores and few non-capillary pores (Chen Q, 2004). 

Organic matter decomposition process slowly and humus are accumulating in the soil (Dong L.L, 2011). All 

properties indicate large water holding capacity in the area, which leads to the result of reduced runoff in 

agriculture land in Yongding River Basin. Beyond that, the absorptive capacity of the root system of crops is greater 

than the one of the grassland, and the high crop planting density with multiple farming measures comparing with 

the sparse grassland leads to higher infiltration rate and larger rainfall retaining amount. The outcomes of S3 

showed that the urban/construction land’s role is to weak the flood alleviation ability in the basin. The results 

revealed that the small-scale flood is more easily affected by increasing urban land. When the large-scale flood 

occurs, the rainfall intensity is greater than the infiltration rate, which causes more surface runoff. Whereas when 

the small-scale flood occurs, the precipitation process is more moderate, the subsurface flow is the main part of the 

whole runoff. The urban/construction land are usually impermeable. Thus when the transformation happens, with 

the permeable surfaces converting to the impermeable surfaces, the rainfall that would originally produce the 

subsurface flow could straightly produce the surface flows. With urban land use increasing, the 1-day maximum 

flood discharge changed most strikingly, which means the urban/construction land can make the flood peak higher 

and the process acuter. However, because the proportion of the urban/construction land is small, the effects is 

limited. 

5.2 The combination of point and non-point flood alleviation 
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As Yongding River basin being one of the four main flood-controlled rivers, large amounts of hydraulic 

engineering projects have been built to prevent the floods. For a long time period, these projects functioned 

effectively as the key measurement of the flood control in the basin. However, with changes of the climate leading 

to the decrease of the rainfall from 409mm to 385mm, the frequency of the large scale floods reduced, and the 

small and medium floods occurs more frequently. The changing circumstance burdens the local reservoir operation 

and causes a waste of water resources during the flood season. This paper gave evidence proving that the changes 

happened in the basin are good for the flood protection on the small/medium scale ones. But it should be noted that 

the paper neglected the role of the reservoir operation. For Yongding River basin, the combination of point and non-

point flood alleviation can have more advantages than only have one of them on the flood protection. The expanse 

of the agricultural land and the grass land can improve the regional water conservation capacity, as well as mitigate 

the harm of floods. In future, increasing the proportion of arable land and grassland in vital flood control areas 

should be considered in the flood control planning, which can relieve the reservoir operation pressure without 

undermining the current flood control effect. 

6. Conclusions  

To give a general view of the potential of non-point flood alleviation, we averaged the figures separately of the 1-

day runoff, 7-day runoff and the runoff depth of all three kinds of floods. The land use of 2005 can averagely 

reduce the flood according to the three indicators by 10.7%, 9.7%, 12.3%; the agricultural land reduced by 20.0%, 

20.3%, 14.3%; the grass land reduced by 3.7%, 10.7%, 20% and the urban/construction land averagely increased by 

19.0%, 9.3%, 2.3%. 

As a concept, Non-point flood alleviation still remains to be explained about how it can be put into use and the 

practical results. We choose SWAT model to solve the problem. Through the simulations of land use of year 1995 

and year 2005, we think the results present a relatively clear demonstration on the pattern of non-point flood 

alleviation. 

Non-point flood alleviation is based on the response of runoff/flood to the changes of the land use. The simulations 

show that the S2 is better in reducing the floods under different rainfalls, which indicates that the land use of 2005 

functions better in the scattered flood reducing than that of 1995. And the same goes for the single land use 

transformation, according to the same three indicators, we can decide that the agricultural land and the grassland 

are favor for the scattered flood reduce and the urban/construction land is against the scattered flood reduce in 

Yongding River basin. 

When comparing the results by the return period of the flood, we discovered that non-point flood alleviation in 

Yongding River basin has more effects on small floods, and with the return period increasing, the effects fade.  

Because the land use change, we assume that non-point flood alleviation depends on the change of water-holding 

capacity. Non-point flood alleviation can fill in the blank of the present flood control management as a new 

measurement. Non-point flood alleviation can be imagined as a soil water bank scattered on the ground in the basin, 

using various land use managements to prevent floods. For larger floods, the usual engineering projects like dams 

and reservoirs still are the most effective means. However, for medium and small floods, non-point flood 

alleviation of the land use is also getting more attention. By using the land use managements to prevent floods, the 

flood control capacity of River Basin has been improved, the pressure of flood control downstream has been eased 

and the comprehensive utilization of rainwater has been strengthened at the same time. In addition, non-point flood 

alleviation is a non-engineering measurement, thus the ecological environment damage degree is smaller, which is 

more conductive to the sustainable development of water resources. 
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ABSTRACT 

As the debates on negative influences of flood control relying on 

dams or reservoirs on eco-environment become fierce, non-

structural flood control measures like land use change gain more 

attention. This study researched the effect of integrated and single 

land use changes on three floods at small, medium and large scale 

respectively in Yongding river basin. SWAT model was used to 

simulate the effect of integrate and single land use changes on the 

flood of different scales. The single land use were set as S1, S2, 

S3 to represent the agricultural, grass and construction land 

changes. The results showed that: (1) the integrated land use 

changes reduced the small flood, the medium flood and the large 

flood by 14%, 13% and 5%. (2) the land use managements 

functioned most effectively on medium-scale flood and least 

effectively on large-scale flood; (3) S1 decrease the medium flood 

most by 24% with 7-day maximum runoff volume as the indicator 

and by 29% with 1-day maximum flood discharge; (4) S2 reduced 

the medium flood most by 21% with runoff depth volume as the 

indicator; (5) S3 increase the medium flood most by 15% with 1-

day maximum flood discharge as the indicator. 
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Abstract： The Food and Agriculture Organization of the United Nations (FAO) has recommended using the Penman-Monteith (FAO 

56-PM) method as the standard method for estimating reference evapotranspiration (ET0) and for evaluating other methods. But the 

FAO 56-PM method requires many parameters that are not available in many developing regions of high elevation locations. 

Meanwhile, the low pressure, strong solar radiation, intensive evaporation, frequent heat transfer are 

specialmeteorologicalphenomenain the highelevation areas. Then the basic objective of this study is to develop a new equation 

requiring fewer parameters for simulating the ET0 in the high elevation stations.Whensolar radiation data, relative humidity data 

and/or wind speed data are missing, a possible exception is the Hargreaves’ (HS) methodwhich has shown reasonable ET0 results with 

a global validity according to the FAO Irrigation and Drainage Paper No. 56. Therefore, the new equation (HSE) based on HS and 

elevationwas developed by using the meteorological data of nine stations from 1981 to 1990 inTibet Plateauwith high elevation. Then 

the HSE, HS and Irmak-Allen fitting (IA) equation which requires less meteorological data to calculate ET0, were evaluated as 

compared to the FAO 56-PM method. Results indicated that the ET0 calculated by HS equationusing temperature datawere largely 

overestimated compared to the ET0 by FAO 56-PM in Tibet Plateau with the Nash and Sutcliffe model Efficiency (NSE) ranging from 

-3.7 to -22.9. The ET0 calculated by IAequation using temperature and sunshine durationdata were slightly overestimated compared to 

the ET0 by FAO 56-PM with the NSE varying from 0.4 to 0.8 in this region. The HSE followed estimates from the FAO56-PM 

equation, slightly underestimating ET0 in February and March and slightly overestimating ET0 in June, July and August with the 

averaged NSE of 0.8, which is near to 1. So the empirical equation of HSE is suitable for the Tibet district.HSE is of significant use for 

simulating the ET0 in high elevation locations with fewer meteorological data. 

Keywords： Reference evapotranspiration, high elevation, HSE equation, FAO 56PM equation, Hargreaves equation, Irmak-Allen 

fitting equation 

1 Introduction 

Evapotranspiration (ET), as the only term that appears in both water balance and surface energy balance equations 

(Xu and Singh, 2005), is an essential component of the hydrologic cycle and plays a key for determining irrigation 

water demands, conducting regional water balance studies and application of many rainfall-runoff and ecosystem 

models. A common procedure for estimating ET is to first estimate reference ET (ET0). Inaccurate estimates of ET0 

can lead to inefficient use of water, inappropriately calibrated models and unreliable estimates of groundwater 

recharge. Many methods have been used to estimate the ET0, but their validity is often limited to the specific 

geographic and climatic conditions (Allen et al., 1998). Numerous results in different climate regions have proved 

the reliability of FAO56-PM method (Tabari et al., 2012, 2013; Garcia et al., 2004 and Jabloun and Sahli, 2008). 

Then the Food and Agriculture Organization (FAO) of the United Nation recently adopted a standardized form of 

the Penman-Monteith equation (FAO56-PM) in an effort to provide a common, globally valid standard for 

simulating ET0, developing crop coefficients and calibration of other ET0 methods when lysimeter measurements 

are unavailable (Allen et al., 1998). 

 The main obstacle to widely using the FAO56-PM equation are the complex calculation and the large amount of 

data required, including solar radiation, wind speed, humidity and temperature that are not available at many 

weather stations, especially in developing countries (Traore et al., 2010). Furthermore, the installation and 

maintenance of full-set of data weather station equipment can be expensive and complicate in the regions with 

harsh environment such as high elevation and steep mountains (Valiantzas, 2012 and Exner-Kittridge, 2012). 

Therefore it is imperative to develop a simpler approach which could compute ET0 with high precision. 

Despite of the advantages of the more physically based Penman methods, empirical ET0 equations have remained 

in popular use because of simplicity and the fewer input parameter (meteorological data and other constant) needed 

to compute. Numerous empirical equations for estimating ET0 with limited data can be classified as temperature-

based, radiation-based, pan evaporation-based, mass transfer-based and combination type (Tabari et al., 2013). For 
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many locations temperature data is the most easily to get. Thornthwaite (1948) firstly introduced the temperature-

based Thornthwaite model for calculating the potential evapotranspiration. Hargreaves and Samani (1985) 

introduced the maximum, minimum temperature and extraterrestrial radiation to calculate solar radiation, and then 

they proposed the temperature-based Hargreaves model, which was one of the simplest methods. Almorox et al. 

(2015) assessed 11 temperature-based ET0 methods for estimating ET0 in 4362 meteorological stations worldwide, 

and their results showed the HS method provided the most accurate global average performance in arid, semiarid, 

temperate, cold and polar climates. Er-Raki et al. (2010) also determined that the Hargreaves-Samani method was 

the most accurate for estimating ET0. 

The Hargreaves equation is an attractive alternative due to its simplicity and minimum data requirements. However, 

the Hargreaves equation has been found to underestimate in arid climates and overestimate in humid climates 

(Jensen et al., 1990, Droogers and Allen, 2002). Martinez and Thepadia (2009) found that the Hargreaves equation 

overestimated the reference evapotranspiration at 72 stations in Florida. Yoder et al. (2005) reported that the 

Hargreaves equation overestimated ET0 compared to the FAO56-PM equation for both 1-day and weekly time 

period in Cumberland Plateau in the humid Southeast United States. The 1985 Hargreaves-Samani method is often 

used to provide ET0 estimations for weekly or longer periods. 

Imak-Allen fitting equation is an empirical method obtained by the data in the humid region in United State and 

just requires temperature, sun hours and location data (Allen et al., 1998). Wang et al. (2010) calculated the 

reference evapotranspiration in the middle reach of Zhangye basin in China using eight models and found that the 

root mean squared error (RMSE) between estimated ET0 using Imark-Allen fitting equation and observed ET0 were 

slightly larger than RMSE between estimated ET0 using Penmen-Monteith equation and observed ET0, but it was 

less than RMSE between estimated ET0 using other six models and observed ET0. But the Imark-Allen fitting 

method is more suitable in the humid regions because this method is affected seriously by the humidity (Yan et al., 

2008). 

Recently many studies have been carried to estimate ET0 using various methods in different climatic and 

geographic conditions (Hargreaves, 2003; Amatyaet al., 1995; Imark et al., 2003). Amatya et al. (1995) evaluated 

the reliability of the Hargreaves-Samani, Makkink, Priestly-Taylor, Turc and Thornwaite ET0 estimation methods 

by comparing the estimates with results from the Penmen-Monteith method for conditions in eastern North 

California and found that Turc’s method gave the best daily ET0 estimates. In China, Yan et al. (2008), Wang et al. 

(2010), Tang et al. (2015) simulated ET0 using different methods (FAO56-Penmen Monteith, FAO56-Penmen, 

Priestley-Taylor, Hargreaves-Samaniand Irmak-Allen fitting method) in Hetao, northwest of China, Zhangye, 

northwest of China and Tibet, southwest of China, respectively. Tang et al. (2015) compared the Priestley-Taylor 

method, Hargreaves-Samani method, FAO17 Penman method and Irmak-Allen method to FAO56-PM method and 

found that the Priestley-Taylor method, Hargreaves-Samani method and FAO17 Penman method overestimated ET0 

in Tibet because of the special geographic condition.In their study, the ET0 by Irmak-Allen method was more 

closed to the ET0 calculated by FAO56-PM method. However, the Irmak-Allen method needs temperature and sun 

hours while the Hargreaves-Samani method just needs the temperature data. 

Each calculation method shows inconsistent results when applied to various regions. Thus many empirical formulas 

suitable for the special climate or regions were developed. New simple formulas based on Penman’s simplifications 

using limited data were proposed by Valiantzas (2006, 2013a, 2013b). Feng et al. (2016) developed the trained 

extreme learning machine (ELM), backpropagation neural networks optimized by genetic algorithm (GANN) and 

wavelet neural networks (WNN) models and reported that the temperature-based ELM and GANN models had 

better performance than Hargreaves and modified Hargreaves models in a humid area of Southwest China.So based 

on the Hargreaves-Samani method and FAO56-PM methodwe want to find a reasonable methodusing few input 

data and considering high elevation in Tibet.In the absence of observed ET0 from lysimeter studies the fully 

parameterized FAO56-pm equation is often used as the standard for valuation of other ET0 estimates. Tibet, which 

is the main parts of the Qinghai-Tibet Plateau located in the Southwest of China, has harsh natural condition. Then 

many meteorological data cannot be available and it is difficult to maintain the equipment. So the simple method 

considering the high elevation is necessary. According to the previous research by Tang et al. (2015), the objective 

of this study is to develop a new equation based on the Hargreaves method considering the high elevation and 

evaluate the daily ET0 estimates using the Imark-Allen fitting method, Hargreaves method and new equation based 

on the Hargreaves method considering the high elevation in Tibet with high elevation. 

2 Methods 

2.1 Study area 
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Tibet (78º25′-99º06′E, 26º44′-36º32′N), located in the southwest of China, is the main part of Qinghai-Tibet Plateau. 

The climate of Tibet ranges from cold and dry in the northwest of the region to warm and humid in the southwest. 

In Tibet, the altitudes vary from 2000 m to 5000m and the average altitude is about 4000 m. Temperature 

differences across the region are equally dramatic. The annual mean temperature decreases from -2ºC to 12 ºC. The 

meteorological characteristics are large daily temperature difference, strong solar radiation and significant change 

of air humidity in the alpine area of Tibet. Due to the terrible natural environment and lagging technology, many 

meteorological index cannot be realized in the high-altitude district. Ninerepresentative stations were chosen to 

analyze the relationship between elevation and ET0 and seek for the suitable ET0 method in high elevation areas. 

The figure of stations was shown in Figure 1. 

 

Figure1 The location of nine sites in Tibet 

2.2 Data collection 

In this study, the meteorological data from 1981 to 2000 in nine representative stations in Tibet were used to 

analysis the relationship between reference crop evapotranspiration and elevation. The temperature, humidity, sun 

hours, wind speed and rainfall in the ninestations for20 years were taken from the National Meteorological 

Information Center, China Meteorological Administration (http://data.cma.cn/), and then were processed to obtain 

the daily and monthly reference evapotranspiration (ET0). Table 1 gives the detailed information of the four stations. 

The 20-year meteorological data are divided into two sub-data sets. One of the sub-data sets from 1981 to 1990 is 

used for developing model and the other part from 1991 to 2000 is used for evaluating the model. 

Table 1 Geographic information of nine locations in Tibet, China 

Location Elevation (m) Latitude (º) Longitude (º) 

Chayu 2327.6 28.65 0.50 

Linzhi 2991.8 29.4 0.51 

Zedang 3560 29.2 0.51 

Lazi 4000 29.1 0.51 

Damxung 4200 30.3 0.53 

Tingri 4300 28.4 0.50 

Gerze 4414.9 32.1 0.56 

Nagqu 4507 31.3 0.55 

Amdo 4800 32.4 0.56 

2.3 Models for calculation reference evapotranspiration 

Many studies have investigated the methods estimating the reference evapotranspiration. The FAO-56 (FAO 56-PM) 
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methodology (Allen et al., 1998) for estimating reference crop evapotranspiration, ET0, (daily or monthly data), 

recommends the sole use of the Penman-Monteith equation. The FAO56-PM scheme is considered as the “standard” 

method in hydrological and irrigation applications at well-watered meteorological stations under varying and 

climatic conditions.  

FAO-PM method 

ET0 =
0.408∗∆∗(𝑅𝑛−𝐺)+𝛾∗

900

𝑇+273
∗𝑢2∗(𝑒𝑠−𝑒𝑎)

∆+𝛾∗(1+0.34∗𝑢2)
                                                                                                                 (1) 

Where ET0 is reference evapotranspiration (mm/day), Rn is net radiation at the crop surface (MJ/(m2*day)), G is 

soil heat flux density (MJ/(m2*day)) (≈ 0), T is air temperature at 2 m height ( ), u2 is wind speed at 2 m height 

(m/s), es , ea  is the saturated and actual vapor pressure (kPa),  is slope vapour pressure curve (kPa/ ), γ is 

psychrometric constant (kPa/°C). 

Currently FAO-Penman Monteith method is a widely used method, but this method need more detailed 

meteorological data of temperature, relative humidity, radiation and wind speed that are not always available for 

many stations. Furthermore, the installation and maintenance of full-set of data weather station equipment can be 

expensive and complicate (Valiantzas, 2012; Exner-Kittridge, 2012; and Valiantzas, 2013d).  

For Tibet with rough terrain and high elevation, meteorological data often can not be realized. In this study, taking 

the FAO56-PM method as a reference, we contrast the HS method to the FAO56- PM method. The HS method does 

not need the solar radiation, relative humidity and wind speed. Through contrasting and modification, the new 

method based HS method and considering the elevation was developed. 

Hargreaves (HS) method 

HS method is an equation based on the temperature difference to reflect the radiation. The HS equation was 

developed by Hargreaves and Samani (1985) using 8 years of daily lysimeter data from Davis and California, and 

tested un different locations, such as Australia, Haiti and Bangladesh. The method is widely used in the district 

lacking of radiation data and just needs the temperature and location data. When solar radiation data, relative 

humidity data and/or wind speed data are missing, they should be estimated using the procedures presented in this 

section. As an alternative, ET0can be estimated using the HS equation where: 

ET0 = 0.0023 ∗ (𝑇𝑚𝑒𝑎𝑛 + 17.8)(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)0.5 ∗ 𝑅𝑎                                                                                        (2) 

Where ET0  is reference evapotranspiration (mm/day), 𝑇𝑚𝑒𝑎𝑛, 𝑇𝑚𝑎𝑥 , 𝑇𝑚𝑖𝑛  is mean, maximum and minimum 

temperature ( ), 𝑅𝑎 is extraterrestrial radiation calculated as a function of day of year and latitude and longitude 

(Allen et al., 1998). 

Irmak-Allen fitting method 

  Irmak-Allen fitting method is an empirical equation by the data from humid district in America. It needs the 

temperature, sun hours and geographic position. The equation is shown as follow. 

ET0 = 0.489 + 0.289 ∗ 𝑅𝑛 + 0.023 ∗ 𝑇                                                                                                                 (3) 

Where ET0 is reference evapotranspiration (mm/day), T is the mean temperature ( ), 𝑅𝑛  is net solar radiation 

calculated from sun hours. 

New method based on HS method---HSE equation 

Taking FAO56-PM method as a standard, based on the monthly ET0 by HS method with less meteorological data 

and considering the high elevation, the new method was developed using 10-year meteorological data.  

ET0 = 0.2283 ∗ 𝑒0.00018∗𝐻 ∗ 0.0023 ∗ (𝑇𝑚𝑒𝑎𝑛 + 17.8)(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)0.5 ∗ 𝑅𝑎                                                      (4) 

Where ET0 is reference evapotranspiration (mm/day), H is elevation for the station(m), 𝑇𝑚𝑒𝑎𝑛, 𝑇𝑚𝑎𝑥 , 𝑇𝑚𝑖𝑛 is mean, 

maximum and minimum temperature ( ), 𝑅𝑎 is extraterrestrial radiation calculated from latitude and longitude. 
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2.4 Model calibration and validation 

In this study, nine representative sites were chosen to analyze the applicability of ET0 models in high elevation 

areas. The ET0 was calculated and contrasted by ET0 FAO 56-PM method and ET0-HS method using the 

meteorological data from 1981 to 1990. Meanwhile through regression analysis, a new model based on the ET0-HS 

method and considering the elevation was developed. The meteorological data from 1991 to 2000 was used to 

validate the model. 

The mean relative error (MRE), the root mean square error (RMSE), and the Nash and Sutcliffe model efficiency 

(NSE) were used to quantify the model-fitting performance for both calibration and validation processes. These 

indicators (Raes et al., 2012; Xu et al., 2015) were defined as follows: 

MRE =
1

𝑁
∑

(𝑃𝑖−𝑂𝑖)

𝑂𝑖

𝑁
𝑖=1 ∗ 100%                                                                                                         (5) 

RMSE = √
1

𝑁
∑ (𝑃𝑖 − 𝑂𝑖)2𝑁

𝑖=1                                                                                                               (6) 

NSE = 1 −
∑ (𝑃𝑖−𝑂𝑖)2𝑁

𝑖=1

∑ (𝑂𝑖−�̅�)2𝑁
𝑖=1

                                                                                                                       (7) 

Where N is the total number of observations, 𝑃𝑖  𝑎𝑛𝑑 𝑂𝑖  are respectively the ith predicted and observed values 

(i=1,2, …, N), and �̅� 𝑎𝑛𝑑 �̅� are the predicted and observed mean values, respectively. MRE and RMSE values 

close to zero indicate good model predictions. NSE=1.0 represents a perfect fit, and negative NSE values indicate 

that the mean observed value is a better predictor than the simulated value (Moriasi et al., 2007). 

3 Results 

3.1 Variation of ET0 in nine stations for the 20 years 

ET0 in nine stations by FAO56-PM method 

ET0 is the reference evapotranspiration that indicate the crop growing indirectly. The FAO 56-PM scheme is 

considered as the “standard” method in hydrological and irrigation applications at well-watered meteorological 

stations under varying stations and climatic conditions. Similarly to Valiantzas (Valiantzas, 2015), the FAO 56-PM 

method was taken as a standard method to develop ET0 formulas for humid districts. The Figure 2a shows the 

variation of ET0 in nine stations from 1981 to 2000. It indicated that the ET0 did not vary sharply for the 20 years 

in every station. For the 20 years the ET0 had similarly gentle variation that the ET0 had an increase from 1983 to 

1987 and then declined until increasing again in 1998. The ET0 ranged from 800 mm to 1400 mm in the nine 

stations with the elevation varying from ASL 2327 m to ASL 4800 m.But the ET0 varied drastically in different 

stations. In Chayu site, the average ET0 for twenty years were 850 mm, but it was up to 1300 mm in Lazi site.  
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Figure 2ET0 by FAO 56-PM method for 20 years in nine stations in Tibet. 

Note: a is the ET0 calculated by FAO 56-PM method for 20 years in nine stations. b is the ET0 calculated by FAO56-PM method in 

nine stations from 1981 to 2000 

Effect of elevation on reference evapotranspiration 

From the Figure 2b, it can be found that the ET0 in nine stations changed regularly in every year. In every year for 

the nine stations, the greatest ET0 appeared in Zedang or Lazi and the lowest ET0 were in Chayu or Ando. In the 

Figure 3, the elevation increase gradually from Chayu (ASL 2326.7 m) to Ando (ASL 4800 m). In the 

Damxungstation with ASL 4200 m, the ET0 would have a lowest point.It was shown obviously in Figure 3that the 

ET0 increased with the elevation increasing when the elevation of station was less than ASL 4000 m and the ET0 

decreased with the elevation increasing when the elevation greater than ASL 4200 m, Which due to the lower 

temperature in Damxung station with annual mean temperature of 1.8 ºC less than 3.1 ºC in Tingri (ASL 4300 m) 

and 6.5 ºC in Lazi (ASL 4000 m). Therefore, the ET0 related closely with the station elevation and temperature. 

 

Figure 3 Effect of elevation on ET0 in the high elevation stations 

3.2 The ET0 by HS method and contrast between FAO56-PM and HS method 

The HS method is a method requiring less meteorological data to calculate the reference evapotranspiration. For 

some districts lacking of the meteorological data, the HS is a considerable choice. The daily ET0 for ninestations 

from 1981 to 1990 were calculated using HS method. Then the monthly ET0 obtained by daily ET0 using FAO 56-

PM and HS methods were compared (Figure 4). It was reported that the ET0 calculated by HS method was 

obviously greater than that by FAO 56-PM method, particularly at the upper range of FAO-56 PM estimate. 
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Similarly, Martinez and Thepadia (2009) investigated the reference evapotranspiration in Florida and found that the 

ET0 computed by HS equation was far greater than it by FAO 56-PM method. Therefore, the HS method needs to 

modify in the high elevation districts. 

  

Figure 4 Comparison of monthly FAO56 PM ET0 with ET0 estimated using Hargreaves for nine locations from 1981 to 1990 (n=1080). 

3.3 Development of new formula for computing the ET0 based on the Hargreaves method 

Though the HS method requires less data, the HS equation obviously tended to overestimate ET0. The exponential 

relationship between the ratio of FAO56 PM ET0 to HS ET0 and station elevation was shown in the Figure 5. The 

regression of the FAO56-PM ET0/HS ET0 and station elevation indicated that the ET0 was affected closely by the 

station elevation. Then a new formula combining the elevation with HS method was developed using the 

meteorological data (maximum temperature, minimum temperature, mean temperature, relative humidity, wind 

speed, sun hours ) from 1981 to 1990. The meteorological data from 1991 to 2000 for the nine stations was used to 

validate.This model, called equation of HSE, not only needs fewer meteorological data but also considering the 

impact of elevation on the ET0 calculation. The input parameters of HSE model include maximum, minimum and 

mean temperature, elevation and geographic position. 

 

Figure 5 Relationship between the ratio of ET0 using FAO56-PM equation to ET0 using HS equation and stations elevation 

3.3 Comparisons of the HS method, Irmak-Allen fitting method, new formula with FAO 56-PM method for daily 

data from 1991 to 2000 

Overall, the HS and IA equations tended to overestimate ET0 (Figure 6a and 6b). Particularly, the HS equation 

seriously overestimated the ET0 at the upper range of FAO 56-PM estimates and the IA method steadily 

overestimated the ET0 during the whole range. The new formula considering location elevation and based on the 

HS equation neither overestimate or underestimate ET0, on average and had a regression slope near unity (Figure 
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6c). The NSE, RMSE, MRE and the ratio of ET0 estimates using the three equations to those using the FAO 56-PM 

equation are shown in Table 2 for ten year-data (1991-2000) in nine stations. 

The HS equation is a simple method that only need the temperature and location data. The ET0 calculated by HS 

method deviated largely from the line of 1:1 for the 10 years in every station. Values of NSE ranged from -24.02 to 

-9.72 with a mean of -13.87 which was far higher than 1 (Table 2).Values of RMSE ranged from 5.13 mm/day to 

2.7 mm/month were generally larger than those found for monthly estimates in Serbia by Trsjkovic (2005) (0.16 

mm/day - 0.52 mm/day) and daily estimates in Florida by Martinez and Thepadia (2009) (0.402 mm/day - 1.257 

mm/day), respectively. The ratio of ET0 estimates using HS equation to those using the FAO56-PM equation ranged 

from 2.97 to 1.54 with a station-mean of 2.26. The HS equation showed positive bias at almost all stations and 

MRE ranged from 196.98% to 54.44%. From the Figure 6, we can find that the HS equation will be more suitable 

in the higher elevation stations. So HS equation cannot be widely used in the high elevation district. The other error 

indictors are shown in Table2. Overall the HS equation largely overestimated ET0 in Tibet district. 

IA method is an empirical equation by the data from humid district in America. It needs the temperature, sun hours 

and location, which is also suitable for districts lacking of meteorological data. The ET0calculated by Irmak-Allen 

fitting method slightly deviated the line of 1:1during the whole range, which indicated that the ET0 computed by IA 

fitting method was greater than it by FAO 56-PM method. Values of NSE ranged from 0.36 to 0.82 for the nine 

stations, which is largely less than it by HS method (Table 2). But the MRE values indicating the deviation of 

simulated data would be up to 59.77%. Values of RMSE ranged from 0.63 mm/day to 0.98 mm/day with a mean of 

0.8 mm/day, which are slightly greater than the estimates in Serbia (Trajkovic, 2005) (0.51 mm/day) and the 

western Balkans (Trajkovic, 2007) (0.45-0.8 mm/day), and the worldwide (Droogers and Allen 2002) (0.8 mm/day). 

The ratio of ET0 using IA fitting method to those using the FAO56-PM equation ranged from 1.07 to 1.60 with a 

year-mean of 1.34 and all nine-station data showed the ET0 using IA fitting equation was greater than those using 

FAO56-PM method. Then from the NSE and ration of estimates to FAO56-PM calculations, the IA fiiting equation 

showed the great error and overestimated ET0. In the nine stations, the Irmak-Allen fitting equation simulated the 

ET0 well in the Zedang and Lazi stations with RMSE of 0.53 and 0.62 mm/day, but in the most of stations it 

overestimated ET0. Then it is not stable for the high elevation stations in Tibet because that the mean humidity of 

Tibet is lightly less than 50% and the Irmak-Allen fitting equation is suitable for the humid region.  

The HSE based on HS equation and considering the location elevation showed comparatively less error and bias 

compared to the HS equation and IA fitting equation for the nine high elevation location from 1991 to 2000.Values 

of NSE ranged from 0.69 to 0.81, which are much nearer to 1 than other two equations. Values of RMSE ranged 

from 0.48 mm/day to 0.72 mm/day with a mean of 0.6 mm/day. These values are comparable to the standard error 

to the estimates values of 0.52 mm/day found for monthly ET0 estimated by Irmak et al. (2003). The ratio of ET0 

estimated by the New formula to the FAO56-PM equation ranged from 0.81 to 1.03 with a mean of 0.92 and most 

of the values were around 1. Overall, the new formula-HSE equation neither overestimated nor underestimated ET0 

in Tibet. 
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Table 2 Statistical summary of ET0 estimates for nine stations in Tibet 

Location Region Elevation(m) method 

Nash and 

Sutcliffe model 

Efficiency, NSE 

Root mean 

square 

error, RMSE 

Mean 

Relative 

Error, MRE 

Ratio of ET0 estimates 

to those using the 

FAO56-PM equation, 

𝐸𝑇𝑒𝑠𝑡/𝐸𝑇𝑃𝑀 

Chayu 
Linzhi 

district 
2327.6 

HS equation -22.88 5.13 196.98 2.97 

IA fitting equation 0.47 0.76 39.72 1.40 

New equation 0.79 0.48 3.08 1.03 

Linzhi 
Linzhi 

district 
2991.8 

HS equation -24.02 4.7 162.91 2.63 

IA fitting equation 0.54 0.64 24.31 1.24 

New equation 0.73 0.49 2.85 1.03 

Zedang 
Shannan 

district 
3560 

HS equation -13.37 4.73 132.11 2.32 

IA fitting equation 0.82 0.53 11.11 1.11 

New equation 0.79 0.57 0.57 1.01 

Lazi 
Shigatze 

district 
4000 

HS equation -9.07 4.2 109.99 2.1 

IA fitting equation 0.78 0.62 7.50 1.07 

New equation 0.71 0.72 -1.51 0.98 

Damxung 
Lasa 

district 
4200 

HS equation -7.82 3.58 106.37 2.06 

IA fitting equation 0.47 0.88 44.67 1.45 

New equation 0.79 0.56 0.34 1.00 

Tingri 
Shigatze 

district 
4300 

HS equation -9.45 3.86 107.37 2.03 

IA fitting equation 0.71 0.64 22.7 1.23 

New equation 0.75 0.60 0.68 1.01 

Gerze 
Ali 

district 
4414.9 

HS equation -3.72 3.45 61.09 1.61 

IA fitting equation 0.80 0.7 23.32 1.23 

New equation 0.81 0.69 -18.58 0.81 

Nagqu 
Nagqu 

district 
4507 

HS equation -6.79 3.26 90.23 1.90 

IA fitting equation 0.42 0.89 49.55 1.50 

New equation 0.69 0.65 -2.25 0.98 

Ando 
Nagqu 

district 
4800 

HS equation -3.91 2.7 54.44 1.54 

IA fitting equation 0.36 0.98 59.77 1.6 

New equation 0.73 0.64 -16.34 0.84 

 

 

(a) 
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(b) 

 

(c) 

Figure 6 Comparison of daily FAO56-PM ET0 with ET0 estimated using the (a) Hargreaves equation, (b) Imark-Allen fitting equation 

and (c) Hargreaves based on elevation equation for nine stations (n=3653). Note: the slope of the regression line for the HSE equation 

is approximately 1.0. 

Taking 2000 as an example, daily ET0 from mean monthly ET0 at selected stations is shown in Figure 7. At all 

stations peak FAO56-PM ET0 occurred in June. The HS equation produced the largest estimates during summer 

months for the nine stations with various elevation. Except for the Zedang stations (Figure 7), the Irmak-Allen 

fitting equation produced larger estimates during the whole growing stage. The elevation higher, the bias would be 

larger. For nine stations, the HSE equation produced the acceptable simulates with a little larger in the peak of ET0. 

Overall, the HSE equation is more suitable to simulate the ET0 in the high and various elevation district. 
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Figure 7 Daily ET0 from monthly mean ET0 of three simple methods compared to daily ET0 (monthly mean) estimated from FAO56-

PM at nine selected stations in 2000. 

Figure 8 shows the mean monthly ET0 determined by each method. The HS severely overestimated ET0, 

particularly during the warmer months. The IA equation slightly overestimated ET0 during the whole growing 

period. The HSE equation followed estimates from the FAO56-PM equation, slightly underestimating ET0 in 

February and March and slightly overestimating ET0 in June, July and August. On an annual basis the HS, IA and 

HSE method overestimated ET0 by 126%, 23% and 3%, respectively. 

 

Figure8 Station-mean monthly mean ET0 of the three simple method compared to monthly mean ET0 estimated from the FAO56-PM 

method 

4 Conclusions 

In this study, annual ET0 calculated by FAO56-PM equation for nine stations in Tibet from 1981 to 2000 were 

analyzed. In the nine stations, the elevation range from ASL 2326.7 m to ASL 4800 m. The results showed that ET0 

varied slightly for the 20 years in every location. However, ET0 of different stations have significant difference, 

which is related closely with the station elevation. ET0 increased with the elevation increasing when the elevation 
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of location was less than ASL 4000 m and the ET0 decreased with the elevation increasing when the elevation 

greater than ASL 4200 m, which due to the lower temperature in Damxung station of ASL 4200 m.. 

The FAO56-PM equation is globally valid, accepted standard for estimating ET0. However, at locations where the 

required data are unavailable, the simple methods just needing temperature are necessary. In Tibet, the average 

elevation is greater than ASL 3000 m. The meteorological data is unavailable and the equipment maintains is 

difficult in many regions. Then developing a simple method requiring few parameters for high elevation stations in 

Tibet will solve practical problems in special district. 

HS equation is widely used because of its simplicity and just requiring the temperature data and location data. But 

the HS equation overestimated monthly ET0 for nine stations using the data from 1981 to 1990. Then taking the 

FAO56-PM equation as standard, a simple equation based on HS equation and considering the elevation (HSE) was 

developed. 

Ten-year (1991-2000) data was used to validate the HSE equation and compare the HS equation, IA equation and 

HSE equation with FAO56-PM equation. 

Results indicated that HS equation largely overestimated ET0 in this region, IA fitting equation slightly 

overestimated ET0 in this region. The HSE equation followed estimates from the FAO56-PM equation, slightly 

underestimating ET0 in February and March and slightly overestimating ET0 in June, July and August. So the 

empirical equation of HSE is suitable for the Tibet district. 
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高海拔地区气象缺失条件下的 ET0计算研究 

汤鹏程 1，徐冰 1，高占义 2，高晓瑜 3，田德龙 1，李泽坤 1 

1 中国水科院牧区水利科学研究所，呼和浩特，010020； 

2 中国水利水电科学研究院，北京，10083； 

3 中国农业大学，北京，10083； 

摘要 

国际粮农组织推荐FAO 56-PM法作为计算参考作物腾发量（ET0）

的标准方法，由于该方法在不同区域和不同气候条件下正确预报

ET0的几率很大，通常将该方法视为校核其他方法的标准。但是

FAO 56-PM法计算过程需要过多的参数，在许多欠发达的高海拔地

区某些气象参数不易获取，同时高海拔地区大气压低、太阳辐射

强、近地层空气湿度变化、热转化频繁，这些均直接导致高海拔地

区ET0计算具有特殊性。本研究旨在得到一种简易的适用于高海拔

地区ET0计算的方法，本文通过利用西藏高海拔地区9个站点(高程跨

度2000m-5000m)多年实测气象数据，同时结合Hargreaves计算公式

(HS)与海拔高程因素得到新的Hargreaves-Elevation(HSE)计算方法。

将HS（温度法）、IA拟合法（辐射法）以及新方法HSE与FAO56-PM

法计算得到的日ET0进行对比，结果表明在西藏高海拔地区HS法计

算结果远高于FAO标准方法计算结果，纳什效率系数介于-3.7至-

22.9之间；IA拟合法给出的ET0计算值略高于FAO，纳什效率系数介

于0.4至0.8之间；本研究提出的HSE方法计算结果在不同海拔地区均

能得到相对一致的计算结果，纳什效率系数平均值可达0.8，接近于

1，公式模型质量较好。综上所述本文提出的考虑海拔因素的HSE方

法在不同区域和不同气候条件下正确预报ET0的几率很大，经验模

型HSE在高海拔地区气象缺失条件下可得到相对精确的ET0。 

关键词 

ET0, 高海拔地区，HSE法，FAO 56PM法，HS法，IA拟合法 
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Soil moisture dynamics in deep vadose zone under typical irrigated 

cropland in North China Plain 

Xudong Li1,2，Yuansheng Pei1，Yong Zhao 1,2，*，Weihua Xiao1,2，Jiaqi Zhai1,2, Mingzhi Yang1,2，Yanjun Shen3 
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Abstract：Extensive groundwater overdraft has sustained large scale agricultural production, while resulted in continuous decline of 

groundwater table, leading to deep vadose zone in some part in North China Plain. The soil hydrology in deep vadose zone may be 

much different from it in shallow vadose zone. It is believed that soil moisture dynamics in the vadose zone is important because it 

sustain the crop growth, and may impact many other processes in water cycle, such as evapotranspiration and deep percolation, while 

these hydrological fluxes have much to do with the water resources, especially in the North China Plain, facing server water scarcity. 

However, the soil moisture dynamics in the deep vadose zone underlying North China Plain has not been well understood still. So field 

experiment and continuous monitoring have been adopted to investigate the soil moisture dynamics in the deep vadose zone. And the 

results and some preliminary analysis are reported in the paper. The soil moisture at shallow depth response timely to the atmosphere 

condition, while it in deeper soil layers only response to irrigation and heavy rainfalls. The observed soil potential distribution tend to 

support the assumption that there is no water move upward at the depth of 2 m in the growing season, while ET is the absolute main 

part of the soil water discharge with the deep percolation being small in the main growing period of winter wheat, while deep 

percolation takes a large part of the soil water discharge in the main growing period of summer maize.   

Keywords： Soil moisture, deep vadose zone, field experiments, North China Plain 

1 Introduction 

Soil moisture, as a major role in the water cycle, is a key variable controlling many processes such as evaporation, 

transpiration, surface runoff, infiltration, deep percolation, and groundwater recharge, especially in arid and semi-

arid areas (Henderson-Sellers. 1996, Daly, E. and Porporato A. 2005; Liu et al. 2015; Vereecken H. et al. 2016). 

Thus, knowledge of detailed soil moisture distributions is important to our understanding of unsaturated zone 

processes and water resources management (Shuyun Liu T.C. Jim Yeh. 2004). And accurate prediction of soil 

moisture is crucial for the simulation of the hydrological cycle and soil and vegetation biogeochemistry and thereby 

plays a significant role in atmospheric, hydrological and vegetation models (Henderson-Sellers, 1996). In addition, 

it is necessary for better irrigation schedule, which is an important aspect of water resources management, 

especially in arid and semiarid regions. 

In general, soil surveys and studies only described the uppermost 1 to 2 meters or the root zone (Harter, T. et al., 

2005). Although deep drainage below the root zone is important for closing the water balance in many soil 

hydrological settings, it seems that this hydrological flux is within the blind spot of many soil hydrologists 

(Vereecken H., et al. 2016; Liu, 2016). Hydrologists and water resources engineers often consider the unsaturated 

zone as a thin skin, and view it mostly as a black box that merely serves to connect-and separate-surface water and 

groundwater, (Harter, T. et al. 2004.) thus, the role of unsaturated zone has been overlooked. However, the soil 

moisture in the uppermost and the deep percolation are inter-related, and the dynamic demonstrates the key soil 

hydrologic fluxes (Daly E. et al. 2005). Moreover, the hydrologic processes in shallow unsaturated zone and deep 

unsaturated zone can be different (Scanlon, 1997), and it has been addressed by several studies to investigate the 

groundwater recharge in the deep unsaturated zone (Hubbell et al. 2004; Rimon, Y. et al. 2007; T. Turkeltaub et al. 

2014), while studies in soil moisture tend to give the focused root zone a prescribed flux lower boundary condition, 

ignoring the interactive process of the root zone and deeper vadose zone. (Kendy, 2003; Joris I. and Feyen J. 2003; 

Li and Shang, 2003). So, deep unsaturated zone hydrology are insufficiently understood. 

  North China Plain is one of the most important agricultural production area in China, producing about 69% of 

wheat and 35% of maize grain yields of the whole country (Mo, 2009), with unconfined aquifers being its main 

irrigation sources. The groundwater table has decreased rapidly due to groundwater overexploitation in last decades. 

And it has been recognized that the capillary rising of groundwater is negligible when the groundwater table is 

lower than 4 m below the ground surface (Liu and Wei 1989), which will lead to a different role in the water cycle 

of the shallow vadose zone and deep vadose zone. So the rapid increase of the unsaturated zone depth will 
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indispensable change the surface and subsurface water interaction (Xia Jun et al. 2002), thus impacting the 

hydrologic processes. The soil water dynamics in shallow groundwater areas in North China Plain has been studied 

in details by Song and Wang (2009). However, few studies has been focused on the soil dynamics in newly shaped 

deep vadose zone. While the groundwater over exploration have been widely concerned, the unsaturated zone 

process, which directly impact the groundwater recharge and the evapotranspiration thus indirectly deciding the 

groundwater pumping, require additional investigation. 

  It is widely accepted that methodologies investigating soil moisture dynamic have been and continue to be based 

on experiments, which including remote sensing and in-situ measurements, and models (H. Vereecken et al. 2016). 

Though remote sensing has shown its advantages in soil moisture researches, it only reflects the top soil moisture, 

and the knowledge of deep soil moisture relies on ground-based monitoring (Sonia I. Seneviratne, et al. 2010). And 

it has been concluded that matric potential measurements of the initial and steady state are required in addition to 

water storage measurements to obtain accurate estimates of the soil hydraulic conditions (H. Vereecken et al. 2008). 

  Our goals are to achieve a comprehensive understanding of moisture dynamics in deep unsaturated zone, under 

the typical irrigated lands in North China Plain. Specifically, we want to understand: 1) the temporal characteristics 

soil moisture at different depth; 2) the response of soil moisture in deep unsaturated zone to the atmospheric 

condition. A continuous field monitoring was used to achieve it.  

  In this paper, we report the field experiment and continuous monitoring of daily soil moisture during growing 

seasons, and highlight the different characteristics during different periods from the decomposed time series, under 

the typical irrigated cropland in the piedmont region of the North China Plain. 

2 Study Area and Methods 

2.1 Site overview 

The in-sit measurement was conducted at Luancheng Experimental Station for Agro-ecosystems at the Chinese 

Academy of Sciences (37°53＇N, 114°41＇E; Fig. 1), located at the piedmont area in the North China Plain, Hai 

River Basin, where the groundwater table declines rapidly from about 5 m in 1970s’ to more than 40 m nowadays, 

resulting in deep unsaturated zone. The altitude of the station is 50.1m. With typical semi-arid monsoonal climate, 

the annual precipitation of about 500mm, much less than potential evapotranspiration, mostly occurs from July to 

September. The average annual temperature is 13.2℃.  

In this area, rotation of winter wheat and summer maize are the most popular cropping pattern. Though the 

irrigation schedule of the area made by water department suggests that 2-3 irrigation applications of about 60-70 

mm each time in the winter wheat growing season, and 0-2 irrigation applications of that in the summer maize 

growing season, the actual irrigation intensity implemented by the farmers tend to exceed sometimes, varying from 

40 mm to 120 mm each time. After all, well irrigation is more flexible.  

The soils are dominated by silt loam, with clay layers (320-380cm and 880-900cm), silt clay loam layer (180cm-

200cm) and some sand layers (520-720 cm and 780-880cm) distributed. The plant roots are distributed mainly in 

the top 30cm of the soil, while it of winter wheat and summer maize can reach to about 180-200 cm (Zhang, 1999, 

2004) and 150cm (Zhang, 1996) in the mature period, respectively. 

  The period of experiment is during July, 2011and December 2013. The total precipitation in 2012 is 562.3 mm, 

13.4% more than average level. And it in 2013 is 521.3 mm, 5.10% more than average level. 
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Fig. 1 Location of the Luancheng Experimental Station in Hai River Basin, whose plain is one of the main 

part of North China Plain.  

2.2 Methods 

（1）In-sit measurements 

In-sit measurements are adopted in the experiment. The soil moisture monitoring system was composed by neutron 

probe access tubes (IH-II, Institute of Hydrology, Wallingford, UK) and tensiometers, installed at different depth, 

taking advantage of a dumped caisson (Fig. 1).  

Soil water content was measured by neutron probe every 10 cm from 0-100 cm and every 20 cm from 100-1500 cm, 

while matric potential was measured every 20 cm from 0-200 cm and at 100 cm from 200 cm to 900 cm, by 

tensiometers. Basically, the data are recorded every day or several days, and the processes at time scales of minutes 

or hours are not focused.  

   Daily meteorological data, such as precipitation and elements related to potential ET, i.e. temperature, wind speed, 

sunshine duration, and so on, are regularly recorded by the weather station in the experimental station.  

(2) pET
 estimation  

The 0ET
 is estimated by the popular Penman-Monteith equation (FAO, 1996):  
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where, nR
 is net radiation at the crop surface [MJ m-2 day-1]; G  is soil heat flux density [MJ m-2 day-1], and is 

negligible when the time scale is more than 24 h; T is mean daily air temperature [℃]; 2u
is the wind speed at 2 m 

height [m s-1]; se
is saturation vapour pressure [kPa]; ae

 is actual vapour pressure [kPa];   is slope vapour 

pressure curve [kPa ℃-1]; 


 is psychrometric constant [kPa ℃-1]. 
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And potential ET is estimated base on crop coefficient: 

0pET ET Kc                                       (2) 

where, pET
is potential ET, and Kc is crop coefficient, which varies between different growing period (Han, et al. 

2004; Zhao, et al. 2010).  

Potential evapotranspiration can be divided into the potential evaporation and potential transpiration by leaf area 

index.  

kLAI

p pE ET e                                     (3) 

where, pE
 is potential evaporation; LAI is leaf area index, which is adjusted based on the measured value with 

respect to the relatively sparse crop coverage in the experiment site compared to the measuring point; and k is a 

constant governing the radiation extinction by the canopy, and is 0.39 here (Feddes R A et al. 1982).  

（3）Zero flux plane (ZFP)  

ZFP has been viewed as a prospective and promising techniques used to determine the moisture balances in 

unsaturated soil, with some limitations such as being not valid in winter time (Magdi Khalil, et al. 2003). The ZEP 

is defined as a plane, which separates two zones of upward and downward movement of water in a thoroughly 

wetted soil with evaporation and drainage occurring simultaneously (Magdi Khalil, et al. 2003). At the ZEP, the 

hydraulic gradient equals to 0. Therefore, the ZEP can be decided by: 

( )
0

d h z

dz


                                        (4) 

where, h  is matric potential [cm], and z  is the soil depth [cm], with positive downward, and h z represents the 

total potential.  

   Evapotranspiration and drainage can be calculated as equation followed, assuming that root extraction of soil 

moisture below the ZEP is negligible (Cooper, 1990). Even we do not carry out the calculation, the ZEP can present 

a rough partition of the ET and drainage as the Fig 2 described. The soil moisture decrease above the Max. ZEP in 

the initial time is caused by evapotranspiration, and the decrease below the Max. ZEP in the final time is caused by 

the percolation while the decrease between the two is equally divided.  
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Fig 2. Diagram to ET and Drainage using ZEP method. The shading area represent water that has evaporated 

or drained between t1 and t2 (Cooper, 1990) 

Though accurate estimation of ET and percolation can be complex by the ZEP method, the range of Max. ZEP can 

directly reflect the general division of ET and percolation (Fig. 2).  

The data analysis and figures in the paper are performed using excel (Microsoft, 2013) and origin (Originlab, 8.0). 

3 Results 

3.1 Characteristics of soil moisture and matric potential time series  

The soil moisture and matric potential dynamics in growing seasons are presented in Fig.2. And the mean, standard 

deviation and coefficient of variation of soil moisture and matric potential at different depth are summarized in 

Table 1. And good consistency has been observed in the trends of soil moisture and the matric potential data, 

especially in upper soil layers, indicating that the measurements are valid. In addition, the comparison of the soil 

moisture and the matric potential data indicates of the fluctuation of matric potential is more obvious than it of soil 

moisture.   

The soil moisture varies between different depths, while it is obvious higher at 2 m, and 9m, with mean soil 

moisture being 0.370, and 0.382, respectively, while it is lowest in 7m, with mean soil moisture being 0.149. It may 

be due to the lithology of soil profile. It is sand layers at 7m, and silt clay loam layers in 2m and 9m, which can 

perfectly explain the difference between the mean soil moisture at these depths. 

The comparison of standard deviation indicates that the soil moisture dynamics are much more active in the top 2 m 

of the soil layers than them in deeper layers. Basically, the root zone is at the top 2 m of the soil layers. The 

complex root water extraction process seems to decide the active soil water dynamics（Feddes, 2001; Grinevskii, 

2011; Kumar, et al. 2014）. In addition, the temperature fluctuation is active at top 40 cm, while it is not in deeper 

layers, which may contribute to the phenomenon in some extent (Fan, 2002). 

It is also worthwhile to note that a regular pattern seems to exist in different years with the similarity of the 

statistics between 2012 and 2013. Though it is wetter in 2013 at most depths (Table 1.), the similar course of soil 

moisture dynamics can be perceived in Fig. 2. It is much dryer in May, and wetter in August and September at the 

top 2 m of soil layers. It can be further confirmed by the trends of means of soil moisture in each month (Table 2.). 

It is wettest in August in the top layers, while it is wettest in September in the deeper layers such as 7 m and 9 m. It 

reveals that the percolation from top layers to layers at 7-9 m, takes about 1-2 month, which can also be indicated 

by the significant rises of matric potential at different depths from July to September (Fig. 2). 
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Fig 3. Soil moisture (red line) and matric potential (blue line) dynamics in growing season. 

Table 1. The mean and coefficient of variation of soil moisture and matric potential 

Depth  Year Soil moisture Matric potential 

Mean  Standard 

Deviation 

Coefficient of 

Variation 

Mean  Standard 

Deviation 

Coefficient of 

Variation 

20cm 2012 0.306 0.028 0.090  -179.3  78.7  -0.814  

2013 0.303 0.066 0.210  -194.9  188.9  -0.969  

100cm 2012 0.298 0.022 0.076  -105.2  100.0  -0.950  

2013 0.294 0.027 0.087  -85.6  74.3  -0.868  

200cm 2012 0.367 0.009 0.025  -58.0  51.9  -0.895  

2013 0.377 0.014 0.038  -26.8  30.4  -1.135  

400cm 2012 0.307 0.013 0.045  -182.7  49.2  -0.269  

2013 0.316 0.011 0.033  -168.1  66.2  -0.394  

700cm 2012 0.153 0.012 0.077  -101.9  22.1  -0.217  

2013 0.142 0.012 0.080  -100.9  16.0  -0.158  

900cm 2012 0.379 0.008 0.020  -25.2  12.9  -0.513  

2013 0.39 0.008 0.021  -24.7  11.0  -0.447  
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Table 2. Mean of soil moisture in each month 

Depth  Year Apr. May  Jun. Jul. Aug. Sep. 

20cm 2012 0.291  0.274  0.287  0.322  0.324  0.325  

2013 0.330  0.223  0.259  0.314  0.358  0.332  

100cm 2012 0.285  0.282  0.264  0.314  0.318  0.308  

2013 0.305  0.286  0.279  0.311  0.317  0.277  

200cm 2012 0.357  0.358  0.365  0.371  0.373  0.373  

2013 0.362  0.365  0.369  0.386  0.384  0.384  

400cm 2012 0.294  0.296  0.297  0.310  0.322  0.314  

2013 0.304  0.299  0.303  0.311  0.322  0.317  

700cm 2012 0.141  0.142  0.146  0.153  0.165  0.171  

2013 0.138  0.136  0.139  0.134  0.142  0.161  

900cm 2012 0.383  0.376  0.375  0.377  0.381  0.384  

2013 0.395  0.387  0.388  0.388  0.392  0.392  

The minimum and the maximum at different depths in each year is highlighted. The value at 200cm in Sep. 2012 is 

0.3727, less than it in Aug., and it at 900 cm in Aug. 2013 is 0.3916, less than it in Sep. 

3.2 Relationship of soil moisture and precipitation/irrigation and pET
 

The annual rainfall was 562 mm and 521 mm, respectively, in 2012 and 2013, of which 92.0% and 95.0% fell 

during the growing period. 436.9 mm and 366.7 mm rainfall, accounting for 77.7% and 70.3% of the rainfall in 

2012 and 2013 respectively, occurred during July, August, and September. It deserved attention that the rainfall 

intensity in rainy season tend to be strong. There are 8 and 7 large rain events (>20mm) among the recorded 23 and 

25 rain events in growing season, of which 7 and 5 large rain events are during July to September, in 2012 and 

2013, respectively. And the large rain events account for 72.2% and 66.9% of the annual rainfall in 2012 and 2013 

respectively.   

In addition, 5 irrigation implication, in total 400 mm were implemented during growing season in 2012, while 3 

irrigation implication in total 320 mm were implemented during growing season in 2013. Among those 

implications, 3 and 2 irrigation implications were implemented in May and June in 2012 and 2013 respectively.  

As a whole, the means of soil moisture decreased in April and May, recover a little in June, and increased in July 

and August. The trends are in coincidence with the temporal distribution of precipitation/irrigation.  

Timely responses of matric potential at 20cm to the irrigation implication and large rainfall events (>20mm) is 

suggested in Fig. 3. The matric potential at depth between100 cm and 200cm tend to response to irrigation 

implication or heavy rainfall events (>50 mm). The matric potential at deep layers is much smoother, except during 

the August. In addition, it the impulse of matric potential at 5 m is at early August, and it at 9 m is at late August, 

which is distinct especially in 2013, while it at 7 m is between them. Those characteristic imply that the deep 

percolation at 5-9 m seems to be relatively stable except during the August, and it takes about 1 month for the water 

move from 5m to 9m. The relatively intensive precipitation in July and August is probably a major cause of the 

significant deep percolation, if the annual rainfall pattern is noticed. With respect to the fact that intensive 

precipitation start from July, not the August, it may take another one month for the water move from surface to the 

depth of 5 m.  

Further, the 2-3 irrigation implications in April and May does not induce any noticeable response in depth at 5m-

9m, though its intensity exceed most rainfall events and reach 80-120 mm. This can be explained by the difference 

of antecedent soil moisture. The irrigation was implemented under a condition that the root zone is relatively dry. 

So, the water irrigated was mostly hold up at the root zone and then discharged in the form of evapotranspiration in 

days followed. However, after some rainfalls, the soil moisture has increased since June, and the root zone get into 

a certain wet condition, thus the soil storage capacity of root zone has been mostly used up. Then, subsequent 

heavy rainfall will penetrated the root zone and percolated into deep vadose zone.  
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   The calculated pET
  is depicted in Fig. 3. As for the calculated pET

, it is strongest in May, the mature period of 

winter wheat. Shown in Fig. 3. Correspondingly, the matric potential decrease sharply at 20cm depth and 100cm 

depth during the same period. Moreover, some fluctuations can be observed at the depth of 2 m. 

 

Fig. 4 Response of soil matric potential at different depth to precipitation/irrigation and potential 

evapotranspiration. 

3.2 ZEP range in typical periods and its implications for soil water balance 

Two typical periods are focused, which are from 2012/5/2-2012/5/26, and from 2013/8/8-2013/9/2, and are during 

the growing period of winter wheat and summer maize, respectively. The first one is during the dry season, while 

the second one is during the monsoon. And before the two periods, the soil is wetted by an irrigation implication of 

120 mm and a heavy rainfall events, with 80.2mm, respectively, while during the two periods, only small rainfall 

events (<20mm) occurred.  

   In the first period, it can be decided that the deepest ZEP, or Max. ZEP, exists between 160 cm and 200 cm, 

noticing that the total potential at 180cm is larger than it at 160cm and 200cm, though other ZEPs exist above 

160cm. The depth of Max. ZEP is more or less of the depth of the root zone. Also, the total potential at 180 cm 

experienced a process of increase and decrease, though not very significantly. It implies the ZEP declined from 

above to below 180 cm. The range of Max. ZEP suggests that 1) the soil moisture above 160 cm are discharged by 

evapotranspiration in the period; 2) the soil moisture below 200 cm is discharged by percolation and no water move 

upwards; 3) given that the percolation can be estimated by equation (6), the tiny change of soil moisture between 

160 cm and 200 cm reveals that percolation at the depth of 200 cm is quite weak, which can be verified by the fact 

that there is no response to the rain events or irrigation below the 200 cm in Fig. 4.  
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It deserves our attention that during 2012/5/2 and 2012/5/12, the total potential between 80cm and 160 cm 

decreased only a little, while it decreased a lot during 2012/5/12 and 2012/5/26. It may be explained by the water 

stress compensation (Lai, and Katul, 2000). The soil water in top layers are first extracted due to the root 

distribution. However, the deeper root water uptake will be enhanced when the water stress-caused reduction in the 

top layers (Xuejun Dong, et al. 2010).  

   In the second period, no ZEP is observed in 2013/8/8, and the Max. ZEP is observed between 60-100cm, 80-120 

cm, 160-200cm, in 2013/8/14, 2013/8/24, and 2013/9/2, respectively. And it shows an evident downward 

movement of Max. ZEP. Consequently, the portioning of evapotranspiration and percolation is different compared 

to the first period, and the part of percolation is larger. This account for the significant impulse of matric potential 

in deeper layers in August (Fig. 4). 

 

Fig 5. The ZFP in a period in wheat growing season (a) and maize growing season (b). Only the range of the 

deepest ones are marked when there are several ZEPs at the same time. To clearly depict the ZEPs, the depth 

axis were not uniform and the 0-200 cm were more detailed.  

4. Discussion and conclusion remarks 

Soil moisture is hard to predict accurately, however, its temporal pattern within a year can be described. Soil 

moisture is a function of atmospheric condition, vegetation, soil profile, and groundwater table. Given the 

vegetation, soil profile, and groundwater table, the temporal characteristic of atmospheric condition would decide 

the feature of the temporal pattern of soil moisture. The losses of soil moisture in the growing season of winter 

wheat is caused by large evapotranspiration, with respect to the small percolation. Moreover, the soil moisture in 

top layers is relatively dry, with its mean at depth of 20cm being 0.274 and 0.223 in May, 2012 and May, 2013, 

respectively, the soil evaporation is supposed to be low. So the plant transpiration is dominating factor of soil 

moisture losses. The soil water in the root zone is increasing in the growing season of summer maize. It is reported 

that a precipitation regime dominated by frequent, small events will experience greater losses of soil moisture due 

to evaporation from the soil and plant transpiration. (Wythers et al., 1999). However, the precipitation dominated 

by large rainfall events are the main reason of the soil moisture increase. And the soil water potential at top layers 

(depth of 20 cm) has a rapid response to precipitation, while soil water potential at deeper depth (100cm) only show 

response to irrigation implication or heavy rainfall events (>50 mm), it may be due to the holding capacity of the 

top soil layers. Only the rainfall or irrigation exceeds the holding capacity of the top soil layers, the deeper soil 

layers can be recharged.  

Areal recharge does exist across the growing season, while it is not stable through the year. The percolation is weak 

in the dry season, and much stronger in the rainy season. Kendy et al (2003, 2004) challenged the previous 

consensus among local hydrogeologists that areal recharge is non-existent except during extreme precipitation 

events with a soil water balance model. Now, the observed matric potential data has suggested the existence of 
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areal recharge clearly. The relatively concentrated rainfall pattern, as one of the typical feature of monsoon climate, 

contributes much to the areal recharge in North China Plain. The impact of rainfall pattern on recharge to deeper 

soil layers has been highlighted by researchers (He, 2012), however, the comparison of the impacts on deep 

percolation of the irrigation in April and May, and the heavy rainfall events in July and August illustrates the 

importance of antecedent soil moisture. The strong deep percolation occurred after the top 2m soil layers are wetted 

by some rainfall events. Soil water storage in root depth has been identified as key factors controlling recharge on 

rangelands (Seyfried, et al. 2006). And it is also true in typical cropland.  

The observed soil potential distribution tend to support the assumption that there is no water move upward at the 

depth of 2 m in the growing season. Moreover, the soil moisture varies little at the depth between 140 cm and 

200cm. Noticing that the bottom of root zone is approximate to 2m in the mature period of winter wheat, there is 

little water replenishing the root zone from the bottom. The silt clay loam layer at depth of 180-200 may be one of 

the influencing factors that decides the depth of the Max. ZEP. Nevertheless, we are confident that the Max. ZEP 

would be somewhere near the bottom of the root zone whatever the soil profile is. And this is much different from 

the situation in shallow vadose zone. In cropland with shallow vadose zone, the phreatic water evaporation is an 

important source of the soil moisture at the root zone, and contribute to about 20% of the water consumed by 

evapotranspiration (Guo, 1995). Chen et al. (2004) reported that the soil moisture with the impact of groundwater 

can be 21% higher than it without the impact, while the evapotranspiration is also 7%-21% more. Now that the 

replenishment from below the root zone does not exist, and the discharge exist all the time, the soil water balance 

of the root zone tends to suggest that more irrigation is required.  

  Though most of total root length was in the top 40 cm soil layer (Zhang, 2004), and the primary role of the top 

root system in root water uptake was highlighted, the water extraction in deeper soil layers deserves attention, 

especially when the top soil is water-stressed. Zhang et al (2004) pointed out that stored soil water available in the 

root zone was not completely utilized by the root system. So it is important to utilize the soil moisture in deeper 

layers.  

In the irrigation scheduling designed long before, the planned wetting depth is 40 cm in Luancheng County, typical 

of North China Plain. However, the actual wetting depth tends to be much more than 40cm, and reach 50cm to 

100cm, in the irrigation practice, which depends much on farmers’ arbitrariness in well irrigation area. And the soil 

moisture stored in deeper root zone can sustain the plant transpiration for longer time, while the top soil layers may 

be dry. Thus, the irrigation can be less frequent and the soil evaporation can be reduced compared to the irrigation 

implications with planned wetting depth being 40 cm. And the soil water utilization efficiency can be improved in 

some extent. This may be contrary to the practice in shallow vadose zone, where too strong irrigation may lead to 

too much leakage losses, thus reducing the soil water utilization efficiency. In this regard, the irrigation practice 

reveals the adaption to the changing environment.  

This paper introduced the results of field experiments and their implication on the soil dynamics, irrigation practice 

and soil water balance in the deep vadose zone under typical cropland in North China Plain. And it can contribute 

to our understanding the soil moisture dynamics and the areal groundwater recharge in the deep vadose zone, 

though detailed water fluxes need more investigation such as numerical simulation.  
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摘要 

 

摘要： 大量地下水超采维持了华北地区的大规模农业生产，同

时导致了地下水位的持续下降，致使华北平原部分地区出现厚

包气带。其土壤水文过程跟地下水浅埋深条件下有所不同。土

壤水分动态因其直接维系作物生长，并影响水循环过程中腾发

量、深层渗漏等通量而十分重要，尤其是在华北平原这样严重

缺水地区。但是，华北平原地下水大埋深地区的土壤水分动态

并未得到充分的认识。因此，本研究采用大田试验的方法对华

北平原地下水大埋深地区的土壤水分动态进行研究。结果表

明，浅层土壤水分对气象条件作出及时响应，而深层土壤水分

只对灌溉及强降水有响应。观测的土壤负压分布表明，在作物

生育期，2 米以下没有土壤水分向上运动；在小麦主要生育

期，ET 占土壤水分排泄项的绝大部分，深层渗漏很小，而在玉

米主要生育期，深层渗漏也占土壤水分排泄项的很大一部分。 
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Spatial and temporal variability of precipitation in the context of 

climate change: a case study of the upper yellow river basin, china 
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Water Resources and Hydropower Research, Beijing, China 

2 China Institute of Water Resources and Hydropower Research, Beijing, China 

ABSTRACT:  Trends, mutations and periodicity of precipitation variation in the Upper Yellow River Basin (UYRB) were studied 

using a fitted liner model, Mann-Kendall test, moving t-test and Morlet wavelet based on the measured daily data in 34 meteorological 

stations during 1957 to 2010, and the spatio-temporal variation characteristics of precipitation in the future during 2011 to 2100 were 

predicted through building statistical downscaling model using BP network. The inter-annual precipitation variation in the basin 

showed a non-significant increase trend during the measurement period. However, in terms of monthly variation, the precipitation 

increased between January and June (except April) while decreased between July and November (except October), it has no obvious 

change in December. The spatial distribution of precipitation during the whole measurement period mainly showed decreased trend in 

rainy zone while increased trend in arid zone. The Moving-t test results showed that the annual precipitation in the basin has no 

significant mutation points between 1957-2010, the most possible one was in year 1992. Due to the geographical location of the 

meteorological stations, the precipitation got some different mutation points. Furthermore, significantly differences occurred in the 

results between M-K and Moving-t test in change-point analysis . There were two considerable time scale periodical variations in basin 

annual precipitation which were the four to seven years and the over 30 years. Projected precipitation in the future in three different 

forecast periods under the A1B, A2 and B1 emission scenarios were bigger than the ones measured, except in 2025s under A1B 

emission scenarios. However, the projected monthly precipitation variation showed-different characteristics under these three emission 

scenarios compared to the measured ones. For the spatial distribution of precipitation variation in the future, it increases firstly and 

then decreases from southwest of the basin to northeast under A1B scenario compared to the measured periods, while increases firstly 

and then decreases from northwest of the basin to southeast under A2 scenario. However, the precipitation under B1 scenario gradually 

increases from southwest of the basin to northeast compared to the measured periods. 

Key words: Precipitation; spatial-temporal distribution; trend; projection; The Upper Yellow River Basin 

1. Introduction 

In recent decades, dramatic changes of the global climate was unprecedented and should be given sufficient 

attention, the situation will deteriorate further in the near future. Intergovernmental Panel on Climate Change 

(IPCC) Fourth and Fifth assessment report (AR5, AR4) detailed this conclusion (IPCC; IPCC 2007,2013). In fact, 

climate change is likely to be an irreversible unidirectional process in large scale, is the result of many factors. Such 

as the rise in temperature (Ding et al., 2006; IPCC, 2007), spatial and temporal variations of precipitation (Liang et 

al., 2011),the change of transpiration and evaporation (Liang et al., 2010), frequent drought events (Potopet al., 

2008) as well as the changes of solar radiation are all the true portrayal of the climate change. In addition to the 

global scale, there have been numerous reports of dramatic climate change in various parts of the world including 

China (Ding et al., 2006), North America (Hughes and Diaz,2008), France (Chaouche et al., 2010) as well as 

Australia (Roderick and Farquhar, 2004) and so on.  

There is a strong dependent relation between hydrological cycle and climate system due to the sensitivity and 

immediate reaction of hydrological process to climate change. Climate change, especially the inter-annual climate 

variability will produce a great influence on basin hydrological processes, changes in meteorological factors which 

are bound to result in variation of hydrological variables can have a dramatic impact on quantity and spatio-

temporal distribution of precipitation extraordinarily (Karamouz et al., 2010; Liu et al., 2010,2012). Global 

warming has become an indisputable fact in the context of climate change. AR5 noted that the global average 

surface temperatures have risen by about 0.85℃ in total between 1880-2012 with a high level of reliability and the 
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temperature between 1983-2012 may be the warmest 30 years over the past 800 yearsin the northern hemisphere 

particularly (IPCC, 2013). Assuming relative humidity in a constant state, according to the Clausius-Clapeyron 

equation, the saturation vapor pressure increases exponentially as temperatures rise which will result in 

precipitation increases significantly at the same time (Wentz et al., 2007; Isaac et al., 2012).Actually, the 

investigation results show that average annual precipitation in some areas increased by nearly 1% in the 20th 

century (IPCC 2001,2007,2013). By examining measured rainfall data in the 20th century provided by the Global 

Historical Climatology Network , Zhang et al (2007) found that precipitation in the regions from the equator to 

20°N increased by about 1mm/year while from the equator to 20°S decreased by about 2mm/year during 1925-

1999 and 1950-1999. In addition, the rising temperature will also cause variations in precipitation patterns by 

changing the thermo-dynamics properties of air and water vapor transport (Gardner, 2009; Zhou and Huang, 2010). 

Besides the above changes,AR5 detailed that the frequency and the proportion to annual total precipitation of heavy 

precipitation events in most parts of the world will increase significantly since the 20th century under impacts of 

future climate change (IPCC 2013). By the end of the 21stcentury, the increasing rate of global average 

precipitation by CMIP5 models in RCP8.5 emission scenarios 9% (average), while that in simple daily intensity 

index up to 12%, and that in annual maximum 5-day precipitation total (R5d) is 20% (Sillmann et al., 2013). Once 

more, Global-scale precipitation in dry and wet regions and the allocations in dry and wet season will further 

polarize in the near future which will be even more likely to have serious effects on human water consumption 

(IPCC 2013). For China, regional precipitation changes caused by climate change have got a system verification 

and validation in the Yangtze River (Zhang et al., 2012), the Pearl River (Lu et al., 2014), the HaiHe River (Cao et 

al., 2015) and other major watersheds. 

Like the other basins of china, the Yellow River basin is currently experiencing unprecedented climate change 

which is threatening the watershed water security and sustainable development of water resources by changing the 

quantity and spatial-temporal distribution of precipitation. The Yellow river is considered the cradle of Chinese 

civilization, which accounts for 2% of the total stream runoff of China but shouldered 15% of water for irrigation 

and 12% of residential water. The Upper Yellow River Basin above the Tangnaihai hydrological station also known 

as Head Regions of the Yellow River (HRYR) is located in the northern part of the Qinghai-Tibet plateau in 

BaYanKaLa mountains which cover 15% of the total area in the Yellow River Basin while stores 35% of the entire 

watershed runoff. Fragile and unique climate and wetland system of HRYR have a strongly dependent on the 

regional water resources, so the response of the Yellow River Basin to precipitation change is more significant than 

other basins (Lan et al., 2013). At present, The quantity and temporal and spatial distribution of precipitation in the 

source regions are sharply changed when coupled with the impact of climate change (Hao et al,. 2011; Tian et al., 

2016). Analysis of the information available, the average annual precipitation in the HRYR had an non-significant 

increasing trend and annual distribution of precipitation was even more extreme which had an increasing trend in 

flood season while decreasing trend in dry season (Xu et al., 2006; Lan et al., 2013; Zhang et al., 2014a). In the face 

of the above changes over time, stream flow in watershed revealed a significant decreased trend over the past 

decades (Yao et al., 2009; Men et al., 2016). Facing with the uncertainty of future climate change in the Basin, as 

well as the sensitivity of water resource to precipitation changes, to systematically and comprehensively study the 

tendency, the spatial-temporal variability, the mutability and the periodic variation of precipitation based on the 

measured data and then to forecast the future precipitation changes under IPCC emission scenarios, will provide 

useful theory and data support for making valid water management policies and implementing efficient and 

sustainable water resource management measures. 

In terms of the forecast of the evolution characters of hydro-climatic variables, Global Circulation Models (GCMs) 

are considered to be the most effective large scale projection models providing future climate change information 

(Pervez et al., 2014). GCMs are, however, available in coarse spatial scale while unable in modeling parameters for 

regional hydrological impact studies such as precipitation. Directly using GCMs to study the future evolution 

characteristics of hydrological features in watershed under climate change may lead to larger distortion of 

simulation because regional and local scale forcing, processes and feedbacks such as cloud, evaporation, infiltration 

are not well represented in the GCMs. Therefore, It is crucial to the study of the change characteristics of 

precipitation variations that downscaling the information of future climate change of GCMs into basin or even 

smaller scale (Pervez et al., 2014; Shapour et al., 2016). So far, there are two types of downscaling methods widely 

used and verified practically to transform coarse scale information to finer scale: statistical (empirical) and dynamic 

(physical) downscaling (Chu et al., 2010; Karamouz et al., 2010). Although the dynamic downscaling maintains a 

detailed physical processes, it is restricted by the boundary conditions, the influence of systematic error of GCMs 

and the complex computation process, therefore, the dynamic downscaling is generally effective to certain spatial 

domain. Independent of the GCMs, easily to calculate, convenient implementation and the simulation accuracy are 

equal to the dynamic downscaling, the statistical downscaling are well used around the hydrology field (Chen et al., 



 

146 

2010; Teutschbein et al., 2011). 

In summary, aimed at the realistic requirement of Yellow River Basin, with reference to the former primary 

research findings and applying fitted liner model, Mann-Kendall test, moving t-test and Morlet wavelet methods, 

this paper systematically analyzed the tendency, mutability and the periodicity of changes in basin precipitation on 

the basis of the measured daily precipitation obtained from 34 meteorological stations within the UYRB between 

1957 and 2010. Future evolution characteristics of the quantity and spatial-temporal distribution of precipitation are 

analyzed in A1B, A2 and B1 scenarios under CMIP3 by building statistical downscaling model (SDSM). The 

results of this paper can provide high reliable data support for making water management policies adapting to 

climate change. 

2. Study area and data 

2.1 Study area 

Originating from northern piedmont of the Ba yan Kar mountains in Tibetan plateau, the Yellow River flows 

through the provinces/autonomous regions of Qinghai, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan 

and Shandong before finally emptying into the Bohai Sea. The study area of this paper is the Upper Stream of the 

Yellow River Basin (UYRB, lat 32°～39°N, long 96°～106°E). It is situated above Jingyuan County of Gansu 

Province (Figure.1), and covers a total area of 252500 km2. Within the study area, the HRYR above TangNaiHai 

(TNH) hydrometric station (35°30′N, 100°09′E) covers an area of 122000 km2.. Previous studies focused mainly 

on the HRYR where human activity impacts is relatively smaller, while did not concern the feedback effects of 

underlying surface conditions to climate change. This study also covers areas between TNH and JYR two densely-

populated districts, and systematically expounds the comprehensive influence of climate change to precipitation 

under complex underlying surface conditions. 

The UYRB is located in mid-latitudes with relatively complex effects from EI Nino, General Atmospheric 

Circulation and East Asian monsoon circulation. Climate in different parts of the study area differs significantly and 

the climate-factors show remarkable annual and seasonal changes. During the study period, the total average annual 

precipitation in the study area is about 472.24mm. It has obvious flood and dry season division, the flood season is 

basically between May-September accounting for about 80% of the total annual precipitation. 

 

Figure 1. Study area and hydro-meteorological stations 

 (Black dots represent weather stations while the green stars are hydrological stations) 

2.2 Data 

Measured daily precipitation data of 34 meteorological stations in UYRB were obtained from the Yellow River 

Water Conservancy Committee, distribution of these stations is shown in Figure 1. Time horizon of these data are 

from 1957 to 2010, except Guoluo and Tongren stations (1991-2010). Missing data in short time during 

measurement periods are interpolated by weighted mean value of adjacent stations while missing data in long time 
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are interpolated by cubic spline interpolation. In order to fully explain the overall change of precipitation in the 

study area, the precipitation data measured from meteorology stations were translated into watershed average 

precipitation by using Taison polygon modification, the results of segmentation are shown in Figure 2. A total of 28 

meteorology stations are used to calculate the area precipitation. 

The simulated effects for future climate changes are different from various GCMs, it has been proved that the effect 

from the average of many models are better than that from one single model. Hence, after interpolating and 

downscaling the simulated results from over 20GCMs with different resolutions from the fourth IPCC report, the 

National Climate Centre of China (NCCC) integrated these dataset into one resolution, and validated its simulated 

effects in East Asia. Integrating the multi-models with the Reliability Ensemble Averaging  (REA) method, the 

NCCC come up with a set monthly average precipitation data (for short "data") between 1901 and 2100 under A1B, 

A2 and B1 emission scenarios. The resolution for "data" is 1°×1°. This study forecasted and analyzed the quantity 

and spatial-temporal distribution changes of precipitation in UYRB effectively on the basis of the "data" by 

statistical downscaling. 

 

Figure 2. Tyson polygon partition in the UYRB 

3. Methods 

A simple linear fitted model, universal method in studying hydrologic meteorological elements change trend was 

used to analyze the annual and inter-annual changes of precipitation in UYRB in point and surface two scale and 

then by using a two-tailed t-test to check whether the trend arrived 90% or 95% significance level or not. Mann-

Kendall non-parameter test (for short "M-K") was used to further validate the trend during the study period and 

combined with Moving-t test to detect precipitation jumps for annual time series. In order to explore the periodicity 

of UYRB precipitation, the Morlet wavelet method was used due to its effectiveness in detecting digital signal 

periodicity. At last, future variation features of quantity and spatial-temporal distribution of precipitation in the 

study area under A1B, A2 and B1 scenarios were analyzed through building statistical downscaling model between 

the "data" and precipitation in the study area using BP neural network. 

3.1 Trend test and Mutability 

After getting the simple linear trend of intra-annual and inter-annual precipitation change by linear model, this 

study verified the trend by M-K method. M-K is a two-tailed non-parameter test method which is widely used in 

exploring the linear trend of hydro-meteorological factors. Firstly, assuming that there are no significant change 

trend in measured time series (null hypothesis), and then the null hypothesis will be tested by constructing the 

statistical parameter Z (Jian and Luo, 2011; Zhang et al., 2014b). the null hypothesis of non-significant upward or 

downward trend in the data can be rejected at the α significance level if |Z|≥Z1-α/2, Where Z1-α/2 is the (1-α/2) 

quantile of the standard normal distribution (Kendall, 1975). A positive Z indicates an increasing trend in the time-

series. In addition, by constructing statistical series UFK and UBk, the change trend of measured data in fixed 

period can be judged according to the positive or negative, and the change points cab be confirmed by determining 
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whether there are any intersection or not and whether the intersection inside the critical values. Detailed principle 

of M-K and the formulas of statistical parameters can be refereed in books by Mann and Kendall (Mann, 1945; 

Kendall, 1948). 

However, mutation analysis of precipitation changes by M-K may result in distortion that occurred multiple jump 

points. Therefore, when in exploring the mutation problem of precipitation in UYRB, the M-K assisted Moving-t 

test method was adopted in this paper. The Moving-t test also judges the jump time of data series by constructing 

statistics, but not like the M-K, the t-test can locate the most significant mutation time of data series with relatively 

high precision by comparing the statistics. The formula for the t-test is: 

1 2

1 2

x - x
t =

1 1
s +

n n

                                                                                                                                                           （1） 

and： 

2 2

1 1 2 2

1 2

n s +n s
s =

n +n - 2
                                                                                                                                                  （2） 

where i
x

, i
s

, and i
n

 are the mean , standard variation and size of the two independent samples  (i=1,2). The 

degree of freedom in the t-test is n1+n2-2. 

The size of statistical parameter t depends on the length of two sub-samples, in order to simplify calculations, 

instead of dividing the data into two subsamples for a potential jump point, we just apply the t-test to a subseries 

with a fixed length of 10a, therefore, the length of moving window will be 20a for the purpose of testing the 

potential change point. In this study, two significance level α=0.05 and α=0.1 were set, where when the significance 

level α=0.05, the critical value tα=2.1; while α=0.1, the critical value tα=1.73. If the statistical parameter |t|≥tα, then 

the point will be accepted as a jump point at the significance level α, the point with biggest |t| will be the most 

probable change point. A positive t indicates a decreasing trend before and after the change point. 

3.2 Morlet wavelet analysis 

Morlet wavelet analysis is a method of signal analysis developed by Morlet in year 1980 on the basis of Short-time 

Fourier transformation (SFT) suggested by Gabor, used in seismic data analysis at the beginning (Mallat, 1989). 

After reviewed the present existed wavelet analysis method, Kumar and Foufoular (1993) explored the scale and 

turbulence characteristics of spatial variation of precipitation by orthogonal wavelet (Haar), and then wavelet 

analysis methods were introduced to the study of Hydrological Sciences. Up to now, the wavelet analysis methods 

have been widely used in hydrological multi-timescale analysis (Wang et al., 2002), characteristic analysis of 

hydrological time series  (Sang et al., 2013), hydrological forecast and stochastic simulation and so on, while the 

most widely application of this method is to analyze the periodic features of hydrologic time series (Zheng et al., 

2007; Liang et al., 2013). Based on wavelet transform, the wavelet analysis methods can pinpoint the periodical 

variation of data signal. To meet the Wavelet Function ψ (t)with certain conditions, wavelet transform of the time 

series f (t)∈L2 (R) can be described as: 

1 +-
2

f
-

t - b
W (a,b)= a f(t)ψ( )dt

a



                                                                                                                               (3) 

where 
( )t

 and ( )t  are the complex conjugate function, the Wf (a,b) can be called as wavelet transform or 

wavelet coefficient, the coefficient a which reflect the period length of wavelet is the scale factor, while the 

coefficient b is the time factor reflecting translation on time. 

Wavelet transform can also show the time and frequency domain of data signal, reflecting the time-frequency 

distribution of the whole data series intuitively by drawing the Figure of wavelet coefficient, and then obtain the 

periodical variation and the range of time domain of data series. While the dominant period of time series mainly 

present by wavelet variance which can be described as: 
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+ 2

f
-

Var(a)= W (a,b) db


                                                                                                                                               (4) 

Changes of wavelet variance with scaling ais called as wavelet variance diagram, the peak of which represents the 

main period of data series. However, the oscillator energy of different periodical changes is presented by time-

frequency distribution of modulus square of the wavelet coefficients  (equal to wavelet power spectrum), the bigger 

of modulus square the more significant of periodic variation in associated times and scale (Kozyrev, 2007). 

3.3 Statistical downscaling method 

Regional climate change scenarios based on a global-scale climate change information, translate the large scale and 

low resolution GCMs output information into regional-scale hydrological-meteorological information can make up 

for the limitations of GCMs to regional climate change projections  (Mearn et al., 1999). The common use 

downscaling methods currently include dynamic downscaling and statistical downscaling. 

Statistical downscaling methods are widely used in regional climate change predictions based on the characteristics 

of effectively diminishing the system error of GCM,  not subject to the influence of boundary conditions, simple 

and flexible in application, and economical in computation et al (Trigo and Palutikof, 2001; Pervez and Henebry, 

2014). there are three methods in building the statistical downscaling model, i.e. transfer function, circulation based 

differentiation, and using weather producer. The commonly used method in transfer function is multiple liner 

regression, in addition to this, it also includes some nonlinear methods, such as neural network. Based on the 

monthly precipitation data with a resolution 1°×1° downscaled by the NCCC using multi-mode interpolation 

method, this study further downscaled the precipitation data into watershed and stations of UYRB using BP neural 

network. The principle and application method of BP neural network were detailed explained in literatures by Hui 

and Wang (Hui et al., 2007; Wang et al., 2013), and the process of downscaling is shown in the following. 

 

Figure 3. The process of establishing SDSM by BP neural network 

4. Results and discussion 

4.1 Change trend of practical precipitation 

Comparative analysis of precipitation change trend during 1957-2010 in UYRB and the representative weather 

stations, Maduo and Yuzhong station, which obtained bigger weight in Thiessen polygons, were made on annual 

and monthly scale using simple liner model combined with two-tailed t-test, the results are shown in Figure 4 (a1, 

b1, c1). Monthly precipitation on basin scale tended to decline in July-November (except October), with 

significance level up to 90% in November, and the quickest decrease was in August but non-significant. Trends in 

January-June (except April) were positive, with the significant level up to 90% in March and the fastest increase 

and significant level up to 95% in June. Precipitation on basin scale almost has no obvious change in December. 

Annual precipitation in UYRB showed a non-significant increasing trend with a rate about 0.004mm/a. 

Precipitation change trend in Maduo and Yuzhong weather stations experienced significant difference. In terms of 

intra-annual variation, precipitation in Maduo in February, March and May showed a significant increasing trend 

with the biggest increasing trend was found in May, while precipitation in other month experienced statistically 

insignificant increasing trend. Yuzhong experienced insignificantly positive trends in January-June (except April) 
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with the fastest increase and significant level up to 90% in June. In July-December, however, negative trends were 

noted for Yuzhong with the fastest decrease in August but statistically insignificant, while significant level in 

November reached 90%. For inter-annual variation, precipitation in Maduo experienced significantly positive 

trends, while insignificantly negative trends were found in Yuzhong. Compared the change trends in two 

representative stations and combined with the geographic locations (Figure 1) which can interpret the obvious 

spatial heterogeneity of precipitation change in UYRB.  

The monthly to annual precipitation ratio on basin scale (Figure 4 (a2, b2, c2)) showed almost the same trends 

compared with the trends in intra-annual variation. Positive trends primarily occurred between January and June 

(except April), with June exhibiting the largest trends and reached 95% significant level. Negative trends 

predominantly occurred in July-November (except October), while trends in December were relatively small. As a 

concentrating period of precipitation, the change trends in June will result in the increase of the peak value of 

runoff which may increase the difficulty of water resources management in UYRB. Monthly to annual precipitation 

ratio in Yuzhong experienced significant increasing trend in June which reached 95% significant level while the 

largest negative trends in July but statistically insignificant, change trends in the remaining months are the same to 

the intra-annual variation. However, unlike trends in Yuzhong and basin scale, Monthly to annual precipitation ratio 

in Maduo showed significantly different trends compared with the intra-annual variation of precipitation (Figure 4 

(b1,b2)). Precipitation in June-August showed an increasing trend while the monthly to annual precipitation ratio 

decreased with the largest trends in July. The same phenomenon also occurred in October.  
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Figure 4. Trends in the observed monthly and annual Precipitation at Basin (a1), Maduo (b1) and Yuzhong (c1), and 

trends in the ratio of the observed monthly to annual Precipitation at Basin (a2), Maduo (b2) and Yuzhong (c2). White 

Stars represent statistically significant trends at p<0.1, while Black Starts represent p<0.05. 

4.2 Spatial variation of practical precipitation  

With the influence of plateau-monsoon and the sea-land monsoon in East Asia, together with the complexity of the 

underlying surface, distribution of precipitation and its change trends showed significant regional differences 

(Figure 5 and Figure 6). To detailed elaborate the spatial distribution characteristics of precipitation in UYRB, the 

annual precipitation and its change trends were analyzed systemically. Figure 5 provides spatial distribution of 

measured annual precipitation in the study area. Annual precipitation in UYRB is usually between 260-750mm, 

gradually increasing from Northwest to Southeast. Due to the barrier effects of mountain, area in north of 35°N was 

less affected by monsoon, so the precipitation is between 260-380mm, but there exist a more pluvial regions 

between 37°N-38°N and 101°E-102°E. However, influenced by monsoon, precipitation in southeast of the study 

area was obviously larger, especially in area in south of 34°N, the precipitation is primarily between 600-750mm. 

The spatial distribution of annual precipitation change trends during the measured period in UYRB is shown in 

Figure 6. Different from the distribution of annual precipitation, the change trend of annual precipitation gradually 

decreases from Northwest to Southeast. It is positive in area in north of 34°N and west of 102°E, while the rest 

regional are basically negative. Ingeneral, the annual precipitation in UYRB mainly present as that decreasing 

trends in rainy area while increasing trend in arid area. In the face of the above changes over time, however, the 

spatial distribution of precipitation in the study area may trend to uniform which could promote efficient use of 

water resources. 

 

  Figure 5. The spatial distribution           Figure 6. The spatial distribution of change 

        of annual precipitation                trend of the observed annual Precipitation 

4.3 Mutation test of precipitation 

Mutation of precipitation in the study area and in two representative stations wasanalyzed systematically by the 

MTT method (Figure 7). There are no significant jumps during the measured period on basin scale, while the 

absolute value of the test statistic t maximize in the year 1992 (Figure 7 (a1)). Precipitation on basin scale 

decreased rapidly between 1991 and 1992, and the mean value experienced non-significant decrease before and 

after the year 1992. Singularity in Maduo appears in the year 1989 with the significant level up to 90%. 

Precipitation in Maduo changed form few to even more between 1988 to 1989, reaching the peak value in the year 

1989 during the measured period, and then decreased. The mean value of precipitation increased remarkably before 

and after the year 1989 which increases by about 40mm (Figure 7 (b2)). The most probable singularity at Yuzhong 

is in the year 1996 (pseudo singularity) but insignificant. The precipitation in Yuzhong showed a suddenly decrease 

trend between 1995-1996, reaching the minimum value in the year 1996 during the measured period, and the mean 

value before and after 1996 significantly decreased, by about 35mm (Figure 7 (c2)). In summary, Mutations of 

precipitation in the two stations present significant difference due to the geographical position (Figure 1).  
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Figure 7. Results of Moving t-test in the Basin (a1,a2) and in Maduo (b1,b2) and Yuzhong stations  (c1,c2). (a1)～ (c1): 

changes of statistic t-value  (Black line with star : t-value, Red dot: critical value (α=0.1), Blue dash dot line: critical 

value  (α=0.05)). (a2)～ (c2) changes of practical precipitation before and after the change point  (Black line: practical 

precipitation, Red dot: mean value of precipitation before change point, Blue dot: mean value after change point). 

In order to further understand the mutations of precipitation in the whole study area and the precipitation change 

trends in various periods, mutations and tendency of precipitation in various weather stations of UYRB were 

analyzed systematically by M-K test, and then compared the results with MTT (Table.1). Results of M-K test 

showed that there are more than one singularity (Include pseudo singularity) in most stations in UYRB, for instance, 

four singularities presented in Minhe station while more in Qilian. During the study period, precipitation of 

individual stations presented different change trends in several different time (Table.1).Compared the results 

between M-K and MTT, although there are mutations detected by MTT are contained in results of M-K test in some 

stations, almost half stations obtained significant different results between M-K and MTT, for example, Maduo and 

Yuzhong station. In addition, changes of mean value before and after the singularity also showed obvious 

difference, the results of M-K showed that the annual precipitation in Gangcha experienced insignificantly positive 

trends, however, MTT proved that there were significantly decrease of the mean value of annual precipitation 

before and after the singularity in the year 1989. 

Table.1 Precipitation mutations detected by the modified M-K and MTT methods for various weather stations from 
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1957 to 2010 

Stations 
Mann-kandell test Moving T-test 

Number of jumps Timing Statistic Z Variation trend Timing direction 

Tuole 2 1982,1997 2.67 1958～1963↑,1964～2010↓ (2004～2010↓**) 1997↑** 

Yeniugou 1 1991 1.97 1957～1975↓,1976～2010↑ 1970↑** 

Qilian more 1960,1971,1980 et al. 0.60 1989～2010↑ 1980↑* 

Yongchang 1 1990 2.45 1957～2010↑ (2000～2010↑**) - 

Wuwei 3 1990,1994 1.15 1957～2010↑ (1967～1974↑**) 1973↓* 

Gangcha 3 1973,1989,1990 1.80 1957～2010↑ 1989↓** 

Menyuan - - -0.22 1957～2010↓ 1980↑* 

Wuqiaoling 2 1975,2001 0.36 1957～1977↓,1978～2010↑ 1975↑* 

Dulan - - 3.15 1957～2010↑ (1970～1978↑**,1984～2010↑**) 2000↑** 

Gonghe 3 1964,1985,1994 1.17 1970～2010↑ 2000↑* 

Xining 1 1991 2.09 1966～2010↑ (1985～2010↑**) 1991↑* 

Guide 2 1964,1992 0.49 1957～2010↑ 1992↓* 

Minhe 4 1962,1968,1980,1991 -0.52 1957～1984↓,1985～1996↑,1997～2010↓ 1991↑** 

Xinghai 2 1965,1990 1.85 1957～2010↑ (1970～1982↑**) 2000↑** 

Tongren 1 1999 0.37 1991～1997↑,1998～2004↓,2005～2010↑ - 

Yuzhong 1 1980 -1.19 1957～1962↑,1963～2010↓ - 

Linxia 3 1964,1978,1995 -0.48 1957～1961↑,1962～2010↓ - 

Lintao 3 1977,1989,1992 -1.89 1959～1969↑,1970～2010↓ (2007～2010↓**) 1992↓** 

Qumlai 2 1964,1994 1.48 1957～2010↑ (1965～1978↑**) 1989↓** 

Maduo 1 1959 1.98 1959～1974↓,1975～2010↑ (2001～2010↑**) 1988↑* 

Qingshuihe 3 1963,1989,1996 0.04 1959～1984↑,1985～1996↓,1997～2010↑ 1989↓** 

Shiqu 2 1981,2001 -0.32 1961～1980↓,1981～1994↑,1995～2010↓ 1973↑** 

Guoluo 2 1997,2009 0.25 1998～2010↑ - 

Dari 1 1970 1.01 1957～1972↑,1973～1981↓,1982～2010↑ 1978↑** 

Henan 1 1969 -1.58 1967～1988↑,1989～2010↓ (1998～2008↓**) 1984↓** 

Jiuzhi 3 1969,1978,2000 -1.43 1960～1968↓,1969～1982↑,1983～2010↓ 1989↓** 

Maqu 2 1976,1986 -0.48 1967～1976↑,1977～1988↓,1989～2010↑ 1986↑** 

Ruoergai 1 1962 -0.75 1957～1996↑,1997～2010↓ 1985↓** 

Hezuo 3 1963,1972,1999 -0.67 1981～2010↓ - 

Minxian 2 1971,1978 -1.63 1957～1968↓,1969～1981↑,1982～2010↓ 1992↓** 

Banma 1 1977 -0.06 1976～2010↓ 1977↑** 

Maerkang - - 1.52 1957～2010↑ 1973↑* 

Hongyuan 2 1973,2006 -0.75 1964～1975↓,1976～1995↑,1996～2010↓ 1973↑** 

Songpan 3 1973,1980,1993 -0.07 1974～1980↓,1981～1992↑,1993～2010↓ 1980↓* 

Basin 3 1965,1982,1998 0.36 1957～2003↑,2004～2010↓ - 

Note: ↑, upward change; ↓, downward change; symbol * represent significant level over 90% while symbol ** over 95%. 

4.4 Periodicity 

Periodic variation of hydro-meteorological factors presented complex time-frequency beating characteristics, 

showing multiple time scale changes, which made the detection of variation period more difficult. Using Morlet 

wavelet transformation, significant periodicity was detected for precipitation changes throughout the measured 

period (1957-2010) as shown in Figure 8. There are two time scale periodic variations in the  annual precipitation 

in the basin which are the 4-7a and more than 30a. 4-7a time scale cycle occurred during the whole time domain 

with central scale reaching about 5a and the periodic variation in more than 30a time scale also significant 

(Figure.8a). A significant 3-6a time scale periodic cycle was detected in Maduo, mainly occurred in 1957-1980 with 

central scale reaching about 5a, 12-15a time scale periodic cycle obvious similarly occurred in 1957-2005 with 

central scale reaching about 13a, while the 25-32a time scale covered the whole measured period with central scale 

reaching about 30a (Figure.8c). The precipitation in Yuzhong presented multiple time periods which include 3-6a, 

7-10a, 13-16a, 19-22a and more than 30a time scale, while the most significant periodic cycle is 7-10a that 

occurred during 1970-2010 and the central scale is about 8a. 

Figure.8 (b, d, f) provided the time-frequency distribution of modular square of wavelet coefficients of precipitation 

on basin scale and in the two representative stations, which can exactly locate the energy center of precipitation 

periodic cycle within the whole wavelet transform domain and determine the vibrating energy of different time 

scale periodic cycle. Periodic variation of precipitation in basin scale exist an energy concentration in 4-7a time 

scale, the energy center is in about 1966a, the sphere of influence is in 1957-1975 where there is no degradation of 

wave energy, and then the energy decays rapidly after the year 1975. The other energy concentration is in more than 

30a time scale  (Figure.8b). Maduo has three energy concentration that are 3-6a, 11-16a and 25-27a time scale. 
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Range of influence in 25-27a time scale periodic cycle almost covered the whole measured period while in 11-16a 

time scale is 1957-2003 with the energy center in 1978a and the wave energy decreased from center to both sides. 

Periodic cycle in 3-6a time scale exist two energy center which are 1962 and 1974 with the sphere of influence in 

1957-1980. Periodic variation of precipitation in Yuzhong has several island energy concentration, distributed in 3-

6a, 7-11a and 13-16a time scale, and the energy center are years of 1965, 1982 and 1979 (Figure.8f). 

 
（a）                                                                               （b） 

 
（c）                                                                               （d） 

 
（e）                                                                                 （f） 

Figure 8. Time-frequency distribution of the Wavelet coefficient of precipitation change in the Basin (a) and in Maduo (c) 

and Yuzhong stations (e), and the time-frequency distribution of the Modular square of Wavelet coefficient in the Basin 

(b) and in Maduo (d) and Yuzhong stations (e). 

4.5 Forecast of precipitation changes under different emissions scenarios 

4.5.1 Calibration and validation of SDSM 

Through a lot of experiment, using optimal Nash coefficient (NSE) as the judge standard, a three layer feed-

forward BP network are selected to build the SDSM between "data" and precipitation in UYRB and in various 

weather stations, where the number of hidden layer neurons are 50, Traingdx was selected as the training function, 

and the iterative times is 100 times in each group,. Downscaled results are detailed in Figure 9, due to space 

limination, this paper only provided the calibration and validation results of SDSM on basin scale under three 

emissions scenarios. In general, no matter in calibration period or in validation, the statistically downscaled results 

have reached the accuracy requirement. The  simulated and measured values of NSE under three emissions 

scenarios are A1B (0.865), A2 (0.898) and B1 (0.855), while correlation coefficients (R) are all more than 0.93, 

which proved the effectiveness of SDSM. Although the simulation precision during validation period present little 

decrease, but the NSE under three emissions scenarios all are more than 0.8 which still meet the accuracy 
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requirement. When compared the simulated results in more details, it can be found that the peaks of simulations in 

calibration period are all smaller than the measured under three scenarios, in particular under A1B scenario. In 

validation period, the peaks of simulations are larger than the measured under A1B and B1 scenarios while smaller 

under A2 scenario. Generally speaking, it is efficient to use BP network to build the SDSM, but the difference 

peaks between the simulated and measured peaks should be paid attention. 

 

 

 

                                    (a) Calibration  (1957-2000)                                    (b) Validation  (2001-2010) 

Figure 9. Difference in precipitation regime between calibration and validation periods, the left three Figures are the 

simulated results during calibration period between 1957-2000 under A1B, A2, B1 scenarios, while the right three are in 

validation period between 2001-2010. 

To further validate the simulation precision of SDSM on  smaller scales, statistics on the simulated and measured 

NSE and R values in calibration and validation periods in various stations were made  (Table 2). The precision of 

simulated precipitation values in stations obtained by downscaling method was slightly reduced, compared with the 

simulated results on basin scale (Table 2, Figure 9). Correlation coefficient (R) in calibration period under three 

scenarios are greater than 0.7, mostly between 0.7-0.9, except one station under A2 scenario which is within 0.5-0.7. 

NSE in calibration period above is 0.5 basically, most between 0.7-0.9. In validation period, R values are mostly 

between 0.7-0.9 similar to the calibration period, while the number of stations between 0.5-0.7 increased. Number 

of stations that the NSE are between 0.5-07 and between 0.7-0.9 are the same and occupy the majority, while 
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numbers distributed between 0.3-0.5 significantly increase, reaching 5 stations under A1B scenario, 3 stations 

under A2 scenario and 7 under B1scenario. In summary, the simulation precision reduces with the decreasing of the 

model scale then translating the large-scale climate information into the basin or even smaller scales using the build 

SDSM model by BP network. 

Table.2 Number of weather stations among a certain scope of parameters during the calibration and validation phases of 

SDSM under three various scenarios. 

Item Range 
Calibration Validation 

A1B A2 B1 A1B A2 B1 

R2 

0.5≤x＜0.7 0 1 0 3 3 2 

0.7≤x＜0.9 25 23 24 29 30 28 

x≥0.9 9 10 10 2 1 4 

NSE 

0.3≤x＜0.5 0 1 1 5 3 7 

0.5≤x＜0.7 10 7 7 17 15 10 

0.7≤x＜0.9 24 26 26 12 14 17 

4.5.2 Comparative Analysis of precipitation changes under different emissions scenarios 

In order to detail future dynamic change trends of precipitation in UYRB, monthly and annual data between 2011-

2100 obtained by SDSM are divided into three forecast periods every 30 years, i.e. 2025s, 2055s and 2085s, and 

then compare the monthly distribution and the mean values of annual precipitation among the measured (1957-

2010) and the three forecast periods (Figure 10). the mean values of annual precipitation under A2 and B1 scenarios 

in various forecast periods present positive trends compared with the measured, increasing by about 19.4% under 

A2 scenario while 3.6% under B2 scenario by 2085s. However, the mean value under A1B scenario in 2025s 

decrease slightly, and then gradually increase, by 6.1% up to 2085s compared with the measured. Relative to the 

measured period, the annual distribution of precipitation under three emissions scenarios in various forecast periods 

showed different change trends. A1B experienced negative trends between July-September in various periods. The 

other months, however, positive trends were noted under A1B scenario especially in April and May (Figure.10a). 

the precipitation under A2 scenario in various forecast periods present gradually increasing trends in each month 

during the whole year, in particular between April and October (Figure.10b). the change trends in each month under 

B1 scenario in various forecast periods are smaller than that under A1B and A2 scenarios, the precipitation in 

various forecast periods are equal to the measured ones in most month, except a positive trend in August-September 

and negative trends in July (Figure.10c). On the whole, the variation degree of annual distribution is A2>A1B>B2, 

considering the meaning of the three emissions scenarios (Nakicenovic and Swart, 2011), this would explain that 

there will be maximum precipitation fluctuations with population growth and slow economy development in the 

study area. 

In addition, compared with the measured period, the peak of annual precipitation distribution will translate from 

July to August in forecast periods under A2 and B1 scenarios (Figure.10b, c).In terms of the Yellow River basin 

which covers a large area of planted area, this change would most probably lead to changes in food production, and 

then threaten food security. 
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                                     （b）                                                                               （c） 

Figure 10. Comparison of downscaled precipitation with baseline (1957～2010) precipitation on monthly and annual 

scale, (a) A1B scenario precipitation with baseline, (b) A2 scenario precipitation with baseline, (c) B1 scenario 

precipitation with baseline. The symbol 0, 1, 2, 3 on the X-axis represent the baseline, 2025s, 2055s and 2085s 

respectively. 

4.5.3 Spatial distribution of precipitation trends under different emissions scenarios 

The large-scale climate change information was downscaled into the various weather stations of UYRB by SDSM 

(simulation accuracy are inTable.2), forecasted the "future" (2011-2100) precipitation in each weather station, and 

then, compared the forecasted data with the measured ones to analyze the spatial distribution of precipitation trends 

under different emissions scenarios, the results are shown in Figure 11. The precipitation at various stations 

experienced positive trends basically in various forecast periods under three emissions scenarios relative to the 

measured except some individual stations in 2025s. For the spatial distribution, precipitation under A2 scenario 

exist the most significant difference due to the difference of station location (Figure.11b), A1B scenario comes 

second (Figure.11a) while the B1 scenario faintest (Figure.11c). Variation of precipitation under A1B scenario 

shows increasing trend first and then decreasing trend from Northwest to Southeast, reaching the maximum in the 

middle part of the study area. A2 scenario experienced increasing trend first and then decreasing trend from 

Southwest to Northeast, relatively large in the middle part too. Variation of precipitation under B1 scenarios 

increased gradually from Southwest to Northeast, reaching the maximum at upper Southeast-location of the study 

area. 
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Figure 11. Spatial distribution of D-value between the predicted and the observed precipitation in three different 

Emissions scenarios, (a) Spatial distribution of D-value in A1B scenario, (b) Spatial distribution of D-value in A2 

scenario, (c) Spatial distribution of D-value in B1scenario. Zone inside the ellipse have significant change. 

The spatial distribution of the difference of annual precipitation were further analyzed in the whole forecast periods 

(2011-2100) under different three emissions scenarios, results are detailed in Figureure12. The predicted values of 

A1B and A2 scenarios presented the most significant difference, the range of which is -205.6-133.3mm, and the 

predicted value of A1B are smaller than A2 in most stations (about 85%). However, the difference of the predicted 

values between A2 and B1 are relatively small, the range of which is -174.0-101.9mm, and the differences between 

A2 and B1 is -119.8-166.3mm. For the spatial distribution, difference of the predicted values between A1B and A2 

are significant in the Southeast of UYRB, and most of which are negative (Figure.12a). Difference between A1B 

and B1 followed a rule of decreasing firstly and then increasing form Southwest to Northwest (Figure 12b). The 

spatial distribution of differences between A2 and B1 are relatively uniform and has no significant difference, 

increasing weakly from West of the study area to East. However, there is a special region in the lower-middle of the 

study area where the differences are all positive (Figure 12c). 

 

 

Figure 12. Spatial distribution of D-value of predicted precipitation between two different Emissions scenarios,  (a) 

Spatial distribution of D-value between A1B and A2 scenario,  (b) Spatial distribution of D-value between A1B and B1 

scenario,  (c) Spatial distribution of D-value between A2 and B1 scenario. 

5. Conclusion 

Global climatic fluctuations impact the variations of distribution and amount precipitation, change the status of 

water resources in the basin, result in frequent occurrence of drought and flood disasters, mean while, it influences 

the river water quality, threatening the water security in the basin t by changing the water input and its seasonal 

distribution. This study took the Upper Yellow River Basin as the research object, and used data observed from 34 

meteorological stations in the study area from 1957 to 2010 to systematically analyze the temporal and spatial 

distribution of precipitation as well as the change of precipitation and the abrupt change points, and then predict the 

future spatial and temporal variation characteristics of precipitation in the basin by the SDSM. The conclusions are 

as follows: 

a. Among the annual variations, the precipitation showed a slight increasing trend of in the whole basin, a 

significant increasing trend at Maduo representative weather station, and a slight increasing trend at in Yuzhong 

station. Among intra-annual variations, the precipitation on basin scale increased from January to June (except 

April) with the highest increasing rate occurred on June. During July to November (except October), the 

precipitation decreased with the highest rate occurred in August. In December, the precipitation has no obvious 
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changes. As for intra-annual precipitation of representative weather stations, compared to the trend on the basin 

scale, Yuzhong station has the similar changes, whereas Maduo station increased in each month of the year. As to 

monthly to annual precipitation ratio, the variation trend of the whole basin and the Yuzhong station are the same, 

but the trend of Maduo station showed significant differences. 

b. Space distribution. The measured precipitation during the period showed an increasing trend from the northwest 

to the southeast, the annual precipitation gradually decreased from the northwest to the southeast, from positive to 

negative. Generally speaking, the spatial precipitation distribution showed decreasing trends in rainy area while 

increasing trend in arid area. 

c. Mutation situation. MTT results showed that on the whole basin scale, the precipitation variation in the observed 

periods has no significant mutations, and that the most likely point mutations  (pseudo point mutations) is in the 

year 1992. Precipitation before and after the pseudo mutation point has no significant decrease. At representative 

meteorological stations, the precipitation at Maduo station has significant mutations, and the mutations year is 1989. 

At Maduo station, before and after the mutation point the average precipitation increased by almost 40mm. At 

Yuzhong station, the most likely point mutations is the year 1996 ( which did not reach the significant level of 90%), 

and before and after the pseudo point mutations the average precipitation reduced by about 35mm.The results of M-

K test and MTT were different, and the precipitation changes in the river basin were detected in years 1965, 1982, 

and 1998, and the precipitation changes of the meteorological stations in the basin are more than 1 point. 

d. Periodicity. The wavelet analysis revealed two timescale variation in the precipitation change on the basin scale: 

4-7a and over 30a. At 4-7a time scale variation, the center scale is about 5a, energy center lies in 1966, and the 

influence range is 1957-1975. At Maduo station, there are 3-6a, 12-15a, and 25-32a a total 3 time scale variations, 

of which center scale were 5a, 13a and 30a respectively and the influence range was 1957-1980, 1957-2003 in the 

whole measured period. At Yuzhong station, there are several time scale variations. 

e. Future trends of precipitation change. The results of inter-decadal change showed that except the A1B scenario, 

the predicted 2025s precipitation is less than the actual measurement period, the mean annual precipitation in the 

forecast period under the three emission scenarios are higher than that of the actual data. The results of monthly 

distribution showed that under A1B scenario, precipitation in the forecast period is less than that in the observation 

period in July, August and September, but the circumstances are opposite in April and May. Under A2 scenario, 

precipitation in the forecast period is more than that in the observation period in each month. Under B1 scenario, 

precipitation in the forecast period is similar to that in the observation period in all months except that in August 

and September, the precipitation in the forecast period is bigger in July, it is smaller in the observation period. Apart 

from that, under both A2 and B1 scenarios, in the forecast period, the monthly rainfall peak has shifted from July to 

August. 

f. Spatial distribution of precipitation trends in the future. Compared with the observation period, under A1B 

scenario, the values of precipitation changes in the forecast period showed first increase and then decrease from the 

southwest to the northeast, reaching the maximum amount in the middle of the basin. Under A2scenario,the values 

of precipitation changes in the forecast period showed first increase and then decrease from the northwest to the 

southeast, reaching the maximum in the middle of the basin. Under B1 scenario, the change value of precipitation 

gradually increased from the southwest to the northeast, reaching the maximum in the southeast of the basin. As for 

the mean value differences of precipitation and its spatial distribution from 2011 to 2100 under different scenarios, 

the results from most stations (85%) under A1B scenario are smaller than those under A2 scenario, and the values 

of difference lie between -205.6-133.3mm. The biggest gap located in southeast basin. The values of the difference 

between results under A1B scenario and B1scenario range from-174.0 to -101.9mm. The difference first decreases 

and then increases from the southwest to the northeast, and the positive and negative distribution is even. The 

values of the difference between results under A2 scenario and B1 range from -117.7 to -166.3mm. The positive 

values and negative values scattered in the basin with no significant pattern. In the lower-middle part of the basin, 

there is a special region where all the different values are positive. 
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SPATIAL AND TEMPORAL VARIABILITY OF PRECIPITATION IN THE 

CONTEXT OF CLIMATE CHANGE: A CASE STUDY OF THE UPPER YELLOW 

RIVER BASIN, CHINA 
ZHENYU LV1,2 , JIANXIN MU1,2 
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摘要 

Trends, mutations and periodicity of precipitation variation in the 

Upper Yellow River Basin (UYRB) were studied using a fitted liner 

model, Mann-Kendall test, moving t-test and Morlet wavelet based 

on the measured daily data in 34 meteorological stations during 

1957 to 2010, and the spatio-temporal variation characteristics of 

precipitation in the future during 2011 to 2100 were predicted 

through building statistical downscaling model using BP network. 

The inter-annual precipitation variation in the basin showed a non-

significant increase trend during the measurement period. However, 

in terms of monthly variation, the precipitation increased between 

January and June (except April) while decreased between July and 

November (except October), it has no obvious change in December. 

The spatial distribution of precipitation during the whole 

measurement period mainly showed decreased trend in rainy zone 

while increased trend in arid zone. The Moving-t test results showed 

that the annual precipitation in the basin has no significant mutation 

points between 1957-2010, the most possible one was in year 1992. 

Due to the geographical location of the meteorological stations, the 

precipitation got some different mutation points. Furthermore, 

significantly differences occurred in the results between M-K and 

Moving-t test in change-point analysis . There were two 

considerable time scale periodical variations in basin annual 

precipitation which were the four to seven years and the over 30 

years. Projected precipitation in the future in three different forecast 

periods under the A1B, A2 and B1 emission scenarios were bigger 

than the ones measured, except in 2025s under A1B emission 

scenarios. However, the projected monthly precipitation variation 

showed-different characteristics under these three emission scenarios 

compared to the measured ones. For the spatial distribution of 

precipitation variation in the future, it increases firstly and then 

decreases from southwest of the basin to northeast under A1B 

scenario compared to the measured periods, while increases firstly 
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and then decreases from northwest of the basin to southeast under 

A2 scenario. However, the precipitation under B1 scenario gradually 

increases from southwest of the basin to northeast compared to the 

measured periods. 

关键词 

Precipitation; spatial-temporal distribution; trend; projection; The 

Upper Yellow River Basin 
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Steady Non-uniform Shallow Flow within Emergent Vegetation 
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Abstract：Surface flow redistribution on flat ground from crusted bare soil to vegetated patches following intense rainfall events 

elevates plant available water above that provided by rainfall. The significance of this surface water redistribution to sustaining 

vegetation in arid and semi-arid regions is undisputed. What is disputed is the quantity and spatial distribution of the redistributed 

water. In eco-hydrological models, such non-uniform flows are described using the Saint-Venant equation (SVE) subject to a Manning 

roughness coefficient closure. To explore these assumptions in the most idealized setting, flume experiments were conducted using 

rigid cylinders representing rigid vegetation with varying density. Flow was induced along the streamwise x direction by adjusting the 

free water surface height H(x) between the upstream and downstream boundaries mimicking the non-uniformity encountered in nature. 

In natural settings, such H(x) variations arise due to contrasts in infiltration capacity and ponded depths during storms. The measured 

H(x) values in the flume were interpreted using the SVE augmented with progressively elaborate approximations to the roughness 

representation. The simplest approximation employs a friction factor derived from a drag coefficient Cd for isolated cylinders in a 

locally (but not globally) uniform flow and upscaled using the rod density that was varied across experiments. Comparison between 

measured and modeled H(x) suggested that such a naive approach over-predicts H(x). Blockage was then incorporated into the SVE 

model calculations but resulted in underestimation of H(x). Biases in modeled H(x) suggest that Cd must be varying in x beyond what 

a local or bulk Reynolds number predicts. Inferred Cd(x) from the flume experiments exhibited a near-parabolic shape most peaked in 

the densest canopy cases. The outcome of such Cd(x) variations are then summarized in a bulk resistance formulation that may be 

beneficial to modeling runon-runoff processes on shallow slopes using SVE. 

Keywords ： steady nonuniform flow; emergent vegetation; Saint-Venant equation; parabolic-shaped drag coefficient; flume 

experiments; cylinders. 

1 Introduction 

In regions where the landscape is a two-phase mosaic comprising of bare soil and vegetation, lateral water 

redistribution following intense rainfall events appears to be necessary for sustaining vegetation biomass (grassy, 

shrubby or combination). On flat or gently sloping terrain, differential free water surface elevations can arise 

between bare soil locations and vegetated patches during intense rainfall events because of contrasts in infiltration 

capacity that can span several orders of magnitude [1-3] These differences in the free water surface can drive flow 

between bare and vegetated sites, which, upon infiltrating beneath vegetation canopies, increases plant available 

water beyond that provided directly by through-fall. A large corpus of data and model results suggest that the 

aforementioned lateral surface water redistribution is an essential mechanism for vegetation maintenance in arid 

and semi-arid regions [4]. These runoff-runon mechanisms are also thought to be integral to the formation of 

coherent spatial patterning of vegetation in some ecosystems systems, as illustrated in Fig. 1, which shows a site in 

central Australia where a tenfold contrast in infiltration capacity was measured between bare and vegetated 

locations [5]. 

Providing quantitative predictions about how the properties of the land surface, vegetation patch size and structure 

interact to determine the spatial distribution and total volume of infiltrated water in runon-runoff situations remains 

challenging. Generally, the flows relevant to water redistribution occur on fairly flat slopes (< 2% [6]) that preclude 

formation of rills and flow concentration that can route water around vegetated patches and decrease the efficiency 

of runoff as a mechanism directing water to vegetated patches.  Thus, the spatial gradient of the free water surface 

tends to be the dominant factor driving water movement towards vegetated patches instead of the land-surface 

slope (Fig. 1). Within vegetated patches, emergent vegetation imposes additional drag on the flowing water, causing 

it to decelerate. This mechanism increases the residence time of water within the vegetated patch and enhances the 

cumulative infiltration into the rooting zone. When integrated on seasonal to annual time scales, this water subsidy 

promotes further biomass growth and thus increases the residence time for water within the patch, generating a 
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positive feedback on vegetation growth. 

Quantitative predictions about the volume and spatial distribution of infiltrated water require a description of the 

lateral flow process. As outlined above, free surface gradients represent the major driving force for the flow on flat 

surfaces, meaning that kinematic representations widely used in runoff modeling [7] are not applicable. On the 

other hand, the shallow (<5 cm) flow depths expected and the uncertainties in the distribution of roughness 

elements imposed by the emergent vegetation preclude an explicit description of turbulent flow statistics in this 

zone. The key hydrological variables required for quantifying the redistribution of water in Fig. 1 are primarily bulk 

velocity (affecting the residence time) and water depth (affecting the infiltration rate). Depth and bulk velocity are 

natural outcomes of the Saint-Venant equation (SVE), subject to a suitable closure model to generate a friction 

factor, f, describing the effects of drag imposed by the vegetation on the flow. The SVE thus provides a suitable 

framework for modeling the movement of water from bare to vegetated sites [8-10]. In open channel settings, 

similar approaches have proven reasonably robust and generalizable. For example, individual plant species with 

differing spatial distributions of leaf area and stems have been shown to not significantly alter f.  Indeed, there is an 

extensive literature in eco-hydraulics that addresses the effect of vegetation on the bulk flow, mean velocity, and the 

vertical distribution of turbulent stresses in uniform open channel flow subjected to various driving gradients [11-

14]. The specific case here, however, with emergent vegetation interacting with a nonuniform and complex flow in 

the absence of a strong driving land surface gradient, has yet to be explored. Furthermore, predictions from the 

SVE that are used in modeling water flow in such system have not been evaluated. The flume experiments 

described here aim to represent the main features of the free-surface driven overland flow problem for flat, 

vegetated surfaces, and provide a basis for comparison with the predictions of the SVE. By no means these 

experiments are intended to describe all aspects and nuisances of the real system. However, they do provide some 

bench-mark data to compare SVE calculations when closed with a pre-specified local roughness or friction factor 

as commonly conducted in recent studies. 

The flume experiments consisted of a flat surface with a short vegetated patch, composed of uniformly distributed 

cylinders, as shown in Fig. 1. Flow at the upstream end is maintained as a fixed head condition (analogous to the 

ponded depth on a bare soil in the natural setting), and flow at the downstream end was held at a fixed (and lower) 

depth by adjusting the outflow conditions and the vegetation patch length. This is analogous to a situation where 

the infiltration rate increases with distance into the vegetated patch, rather than at the immediate interface between 

the vegetated and bare sites, a situation that occurs in banded vegetation communities within the Sahel. These head 

and flow boundary conditions were selected given the difficulty in adjusting a spatially variable infiltration rate 

contrast for different vegetation densities. All experiments were conducted using a steady flow rate Q that was 

selected to maintain an emergent vegetation state and sub-critical depth. To facilitate comparisons with other 

experiments, vegetation stems were represented with rigid cylinders of diameter D anchored to the ground with Lx 

and Ly denoting longitudinal (x) and transverse (y) spacing distances between two adjacent cylinders as shown in 

Fig. 1. The vegetation patch size and density were systematically varied to produce different flow conditions, and 

the steady, but non-uniform, water surface levels that resulted were imaged for each configuration.  

The flume experiments do not allow analysis of several features that could impact the runon-runoff problem in 

practice, including non-uniformity in the vegetation distribution, wind and rain effects at the water surface, and 

micro-topographic variations of the bed surface. Several other features of the general problem of describing flow 

over rough surfaces are also omitted in the analysis, primarily because they are unlikely to be significant for the 

runoff-runon scenario in drylands. These include the relative submergence of the vegetation, which will influence 

vegetation drag if the plant has a non-uniform distribution of biomass vertically, and the potential for bending or 

waving when the vegetation is flexible thereby allowing some reconfiguration and drag reduction [15, 16]. The 

slender and rigid canopy elements modeled in the flume here most closely resemble rigid desert grasses - a broad 

and extensive vegetation morphology in drylands (e.g. Hilaria rigida, (US, [17]), Stipagrostis sabulicola, (Namibia, 
[18]), and Triodia and Plectrachne genera, (Australia, [19])).  The cylinders are also of uniform width thereby ignoring 

non-uniformity expected in stem size distribution. Finally, the experiments were narrowly focused on steady non-

uniform flow. While the effects of non-steadiness may be significant, they can be accommodated within the SVE 

framework described here provided the non-uniformity in water depth maintains its gradual state.  

For each combination of vegetation patch size and density, the SVE was used to analyze the water surface levels 

that were imaged at steady state. The analysis considered several elaborations of the representation of the drag force 

induced by the vegetation. To relate the vegetation characteristics to a drag coefficient, the vegetation induced drag 

force was conceptualized as an equivalent shear stress applied to the channel bed. The solution method involves 

identifying the roughness distribution (i.e. drag coefficient distribution) that yields the observed water surface 
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profile for a specified Q. For an isolated cylinder, that drag coefficient distribution can be depth-integrated to yield 

a friction factor (or roughness value) that decreases monotonically with increasing Reynolds number in steady and 

uniform flow [20].   

Here, the drag coefficients obtained from several published rigid rod-canopy studies were first considered. These 

drag coefficients were depth-integrated and applied to the non-uniform flow experiments here after linking the drag 

coefficient to the friction factor. Their ability to reproduce the measured water level variation within the vegetated 

section at a given Q and vegetation density were explored within the SVE. As shown, unacceptable deviations 

between predicted and measured water levels were found, motivating an analysis of the spatial variation of the 

friction factor or roughness coefficient along the vegetated section for various vegetation densities but the same Q. 

A main outcome of this work is a bulk resistance formulation that summarizes the flume experiments and a bulk 

drag coefficient that may be operationally implemented in closure schemes for the SVE when predicting the lateral 

redistribution of water while accounting for non-uniformity in the flow, as shown in Fig. 1. 

 

Figure 1 (a) Schematic of the flow from a crusted bare soil to a vegetated patch driven by infiltration contrast 

between the vegetation zone and the crusted (or nearly sealed) soil. (b) The occurrence of such lateral subsidy in 

arid and semiarid ecosystem showcased in Australia (223.452226, 133.381763) from Google Earth. (c) Modeling 

nonuniform vegetated flow in a laboratory experiment with a flow drop at the end of the vegetated section 

controlling the nonuniformity instead of a continuous infiltration process within the vegetated zone. (d) 

Arrangement of the cylinders in the flume experiments. (e) Prediction of the flow surface line H(x) from the Saint-

Venant equation (SVE) where the drag force imposed by the vegetation on the flow is replaced by a bed and a side 

friction through an equivalent surface rough-ness linked to the vegetation drag coefficient Cd and the vegetation 

density. Translating the interaction of cylinders into an equivalent surface roughness to be used in modeling water 

subsidies using the SVE frames the scope of the work here. (f) An image taken by a side-view camera for Run A 

described in the experiments. 

2 Theory 

2.1. Overview and Basic Definitions 
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Consider a rectangular channel with a constant width B, water depth H(x), cross-sectional area A(x) = B H(x), and 

hydraulic radius R(x)=A(x)/(B+2 H(x)). The flow in the channel occurs at a constant flow rate Q in streamwise 

direction x. The bulk velocity is U(x) = Q/A(x) (this definition is revised later to account for the vegetation volume 

within the channel). The friction slope Sf (or energy grade line slope) is defined as the total energy head loss per 

unit streamwise length: 

                                                                                            (1)

 

where E is total energy head, zg is elevation of channel ground above a datum, p=γH is the hydrostatic pressure 

with γ=ρg the specific weight of the fluid, αv is a correction coefficient for the kinetic energy head (αv=1 is 

adopted here for simplicity given the shallow nature of the flow though it may vary with distance for non-uniform 

flow), and g is gravitational acceleration. With bed slope S0=-∂zg/∂x, above equation is rearranged in its familiar 

SVE form for steady conditions:  

                                                                                                   (2) 

with bed slope S0 ≈ 0 for the runon-runoff problem that is considered here. Because Sf is finite and S0 ≈ 0, the 

kinematic wave approximation cannot be invoked. Also, with the advective term being significant and non-uniform 

along x, diffusive wave approximations also cannot be invoked. When combined with the continuity equation 

U(x)=Q/(BH(x)), the SVE provides a second equation relating H and U while introducing a new variable Sf that is 

generally unknown and requires a mathematical closure to estimate its value from the channel flow variables (U 

and H) and vegetation properties. A widely accepted relation used as a closure model is to assume locally uniform 

flow, which permits the use of Mannings equation (in S.I. units) to relate Sf to U and H using: 

                                                                                                                                     (3) 

provided the Manning roughness coefficient n is a priori known at this location. This assumption may be reasonable 

if the overall change in water level across the entire vegetated patch length in Fig. 1 is small or the non-uniformity 

in H(x) is gradual as is the case here. The Sf can also be calculated using the more common Darcy-Weisbach 

friction factor: 

                                                                                                                                         (4) 

When combining Eq. 3 with Eq. 4, the two standard roughness parameters n and f are related using 

                                                                                                                                   (5)

 

Hence, specifying n is equivalent to specifying f. For open channel flow without vegetation, the roughness 

parameter n (or f) may be estimated from the mean protrusion height of the material covering the channel ground 

and sidewalls. However, such roughness determination becomes complicated in the presence of vegetation 

elements (stems or leaves). Steady and locally uniform flow conditions require a local force balance between the 

flow driving mechanism and the drag term. For a given length-scale dx along the streamwise direction, the flow 

driving mechanism is [γBHdx(1-ϕveg)Sf] where ϕveg is defined as the area concentration of stems, and the 

resistance forces are due to three terms: (1) vegetation drag [BdxFd], with Fd the vegetation drag force per unit 

ground-area, (2) ground friction [Bdx(1-ϕveg)τground ], with τground the ground friction per unit ground-area, (3) 

sidewall friction [2Hdxτwall ], with τwall the sidewall friction per unit sidewall-area. The force balance between 

the driving mechanism and resistance along the streamwise direction yields 

                                       (6) 
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that reduces to 

                                                       (7)
 

where τground=(1/8)ρU2fground and τwall=(1/8)ρU2fwall given by Darcy-Weisbach formula with roughness 

parameter fground and fwall. Without the effect of ground and sidewalls, the simplified force balance yields  

                                                                                                              (8) 

For stems approximated by cylinders with diameter D, the spatially averaged vegetation drag per unit ground-area 

is given by 

                                                                                                                       (9) 

where Cd is the depth-averaged drag coefficient of the cylindrical vegetation, and m is the number of vegetation 

stems per unit ground-area. The D is interpreted as the frontal width of the vegetation stem (equivalent to the 

diameter of cylindrical vegetation elements). So the relationship between m and ϕveg is ϕveg=mπD2/4. The 

sought-after slope Sf in the SVE can be linked to Cd by inserting the definition of the vegetation drag into the force 

balance expression, yielding: 

                                                                                                                       (10)

 

Without the effect of sidewalls, the effective wetted length is the channel width B when adopting the concept of 

equivalent roughness imposed on ground from vegetation stems. The hydraulic radius can be calculated by R ≈ 

HB/(B)=H, and an equivalent Darcy-Weisbach friction factor for the vegetation f = fveg can now be derived by 

inserting Eq. 10 into Eq. 4.  

                                                                                                                                (11)

 

If Cd for the vegetated flow is known, then inserting Eq. 10 into SVE (Eq. 2) allows the determination of H(x) 

provided an appropriate boundary condition (e.g. H0 at x=0) is specified. It should be noted the effective flow 

width is Be=B(1-ϕveg). The bulk flow velocity within an emergent vegetated system can be determined as follows: 

              

                                                                               

              (12) 

The Cd may be determined as a function of the local Reynolds number when no interaction between individual 

cylinders occurs. That is, the effect of each cylinder on the flow occurs in isolation (no sheltering or blockage). The 

local Reynolds number is then computed at point x from U(x) and D as Red=UD/ν, where ν is the kinematic 

viscosity. At a given local Reynolds number, the Cd for an isolated cylinder (labeled as Cd-iso) can be 

approximated by [21]: 

                                                                              (13) 

where  

                                                                                                           (14)
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                                                                                                      (15)

 

A large number of experiments suggest that in dense cylindrical canopies, the assumption that each cylinder acts on 

the flow in isolation is not entirely valid. Other experimental evidence also suggest that the friction factor f for 

vegetated surfaces varies as a function of parameters other than the local Reynolds number (i.e. other than the local 

bulk velocity and roughness element length-scale). These deviations are commonly attributed to the type of 

interaction between the flow and the cylinders. 

Cheng and Nguyen [22] reported a monotonic decline in Cd but with an increasing vegetation-related Reynolds 

number (Rev) for canopies composed of cylinders. These experiments, presumed to represent uniform and non-

uniform flow conditions, are dominated by the blocking effect [23]. Their empirical drag coefficient for vegetation 

array (labeled as Cd-array) fitted to a large library of experiments is given as 

                                                                              (16)

 

where Rev=URv/ν is the vegetation-related Reynolds and Rv (that differs from R) is a vegetation-related hydraulic 

radius given by 

                          

                                                                               

                             (17) 

Note that Rv includes the effects of D and ϕveg.   

The Cd-iso and Cd-array can be used for determining Cd so as to solve for H(x) in the SVE across a range of 

vegetation densities and configurations trialled in the experiments (described next). The results are evaluated in 

terms of the ability of the parametrized SVE to reproduce the observed, steady state, H(x) along the vegetated 

section.  

To further analyze deviations in Cd from the aforementioned predicted behavior (isolated and blocking) due to flow 

non-uniformity, the spatial variations in Cd can be inferred using an inversion procedure applied to the SVE so as 

to obtain Cd-new from the flume data. 

2.2. Inverting for Cd 

The observed H(x) for various vegetation densities assembled from the flume experiments can be analyzed to 

obtain an empirical estimate of the spatial variations in the drag coefficient Cd-new as follows. Substitute Eq. 10 

into Eq. 2 to obtain 

                                                                                                        (18) 

with a pressure component given as  

            

                                                                               

                                    (19)

 

and an advection component  

                 

                                                                                           

                   (20)

 

Implementing this procedure raises the pragmatic question of how to estimate ∂H/∂x from the measured H(x) that 

inherently contains non-trivial noise and oscillations that cannot be approximated by monochromatic waves.  
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2.3. Noise Reduction in H(x) and ∂H/∂x 

Obtaining a reasonable estimate of ∂H/∂x from imaged H(x) is challenging because approximations to the 

differential operator are sensitive to the noise level in the measured H(x) surface. Smoothing the measured H(x) to 

ensure that local approximations to the derivative are compatible with the global shape of the water surface can 

ameliorate some of this uncertainty. Optimally, the H(x) surface could be approximated by a continuous and 

smooth function that is both (i) analytically differentiable and (ii) can be robustly inferred from H(x) measurements 

without over-fitting. This function must also satisfy some additional elementary constraints, including ∂H/∂x<0 and 

∂2H/∂x2<0 as expected for gradually varied flows of the M2 type. An effective mathematical function that satisfies 

these two constraints is: 

            

                                                                               

                                        (21) 

where c1 and c2 are constants to be determined from regression analysis of H(x) upon x. The H(x) can be estimated 

by integrating Eq. 21 to yield 

               

                                                                                          

               (22) 

where c3 is an integration constant. A robust regression scheme using MATLAB Software was used to determine c1, 

c2, and c3 from measured H(x) for all runs. 

3 Experiments 

Flume experiments were conducted in a 10 m long, B=0.3 m wide glass flume at the State Key Laboratory of Water 

Resources and Hydro-power Engineering Science at Wuhan University in China. Fig. 1 Panel (f) shows a typical 

side view image of the vegetation and the water surface. The flume bed is set flat (S0=0). The vegetation was 

represented by plastic cylinders with each cylinder having a diameter D=8 mm and a length of hv=250 mm. The 

flow rate was selected to ensure that the vegetation remained emergent for all experimental trials.   

The cylinders were positioned on a 10-mm thick plastic board covered with holes to accommodate the cylinders 

and facilitate variation in ϕveg. Although the physical set up has similarities to previous experiments, the cylinders 

here were arranged in a regular linear configuration (unlike the random arrays used in previous studies) to ensure a 

locally uniform resistance. Eight vegetation densities and patch lengths, labeled Runs A to H throughout and 

summarized in Table 1, were undertaken with ϕveg= 0.419, 0.291, 0.206, 0.163, 0.073, 0.041, 0.018, 0.010, 

respectively. For all the runs, a steady flow rate was set to Q=0.00384 m3 s-1. 

When the flow attained steady-state, the flow depth H(x) for each ϕveg was captured by a side view camera, 

illustrated here in Fig. 1 for Run A. It should be noted that H(x) was measured from the upper surface of the plastic 

board to the flow surface. From such images, H(x) is delineated for the flow surface line for each ϕveg. For 

reference, x=0 denotes the starting point (inlet) of the flow into the vegetation zone (normalized x+=x/L≤1). When 

presenting the water level measurements, the normalized H+(x)=H(x)/H0 where H0=H(0) is used to emphasize the 

degree of non-uniformity. The measured H0 values just upstream from the vegetation section are summarized in 

Table 1. 

Four boards with different ϕboard = 0.419, 0.291, 0.206 and 0.163 were used to construct the ϕveg= 0.419, 0.291, 

0.206, 0.163, 0.073, 0.041, 0.018, 0.010. The ϕboard is defined as the fractional area covered by holes on the bare 

board. Table 1 lists ϕboard, ϕveg and ϕhole (denoting the fractional area of holes on the board after embedding the 

cylinders) for all runs. 
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Table 1 Parameters of Each Case in the Experimental Runs 

Run veg  board  hole  L (m) H0 (m) c1 c2 c3 

A 0.419 0.419 0 0.7125 0.2145 0.0753 0.8223 0.2280 

B 0.291 0.291 0 0.6353 0.1379 0.0427 0.7241 0.1494 

C 0.206 0.206 0 0.6482 0.1107 0.0312 0.7224 0.1176 

D 0.163 0.163 0 0.6581 0.0984 0.0282 0.7462 0.1058 

E 0.073 0.291 0.218 0.6162 0.0715 0.0192 0.7410 0.0767 

F 0.041 0.163 0.122 0.6560 0.0628 0.0182 0.7818 0.0655 

G 0.018 0.291 0.273 0.5251 0.0536 0.0110 1.0069 0.0528 

H 0.010 0.163 0.153 0.5275 0.0466 0.0897 5.6622 -0.1087 

4 Results and Discussion 

4.1. Data-model comparisons 

Fig. 2 presents a comparison between measured normalized H+ and SVE model calculations when setting Cd to 

Cd-iso and Cd-array for all ϕveg cases. In the SVE calculations, each vegetated section was decomposed into 

mg=1000 grid points, so that ∆x=L/mg. Starting with the initial upstream condition set by the measurements H0, 

the downstream H and U are iteratively solved between x=0 and x=∆x assuming U(x)=Q/(Be H(x)). The solution at 

x=∆x serves as the upstream condition when progressing from x=∆x to x=2∆x, and so forth until the entire 

vegetation section is covered or critical depth is attained. To ensure grid independence, mg was dropped to 500 and 

the maximum difference in H between the two mg solutions differed by less than 0.1%.  

 

Figure 2 Comparison between measured and predicted normalized water level H+ along the normalized 

streamwise direction x+ using the Saint-Venant Equation for each ϕveg case with different Cd approximations 

(different color lines). Dots indicate measured values from the side-view camera, the green line are predictions 

made using Cd-iso, the red line are predictions made using Cd-array, and the black line are based on the newly 

proposed Cd-new model for steady non-uniform flow within cylindrical emergent vegetation. 

It is evident from the comparison in Fig. 2 that when Cd is set to Cd-iso, the SVE model calculations (green lines in 

Fig. 2) overestimate the measured H(x) for all ϕveg. The overestimation of H(x) is large in the normalized x+ 

region experiencing the highest non-uniformity (i.e. near the outlet).  When setting Cd to Cd-array (and hence 

accounting for blockage), the SVE calculations (red lines in Fig. 2) underestimate the measured H(x) for higher 

non-uniformity, and then tends to overestimate measured H(x) for lower non-uniformity. Only for the two sparsest 

vegetation cases (ϕveg<0.02), acceptable agreements were shown between the model calculations and measured 

H(x). The degree of non-uniformity for the sparsest two vegetation cases is small suggesting that non-uniformity in 
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flow causes deviations between SVE calculated and modeled H(x) in the denser vegetation conditions. This 

comparison demonstrates that for a non-uniform flow, the use of SVE with Sf estimated from Cd-iso and recent 

corrections to them (mainly due to blockage) such as those in Cd-array remain unsatisfactory. This lack of 

agreement between measurements and model calculations motivated the empirical analysis to infer the appropriate 

Cd(x) to be used in the SVE calculations so as to optimally recover the flume experiment measured H(x) (or their 

smoothed version). 

4.2. Empirical determination of H(x) and ∂H/∂x 

The outcome of the regression analysis used to approximate the measured H(x) surfaces with the function given in 

Eq. 22 is summarized in Table 1. Fig. 3 and Fig. 4 demonstrate acceptable agreement between measured and fitted 

(i) H(x) and (ii) ∂ H(x)/∂x functions respectively. This analysis suggested that Eq. 22 can be reliably used to 

represent the smoothed H(x) data for the purposes of calculating the empirical Cd-new (x) in Eq. 18 for Runs A-F. 

However, for Runs G and H, obvious waviness in the flow surface introduces additional noise in the estimated 

∂H(x)/∂x. So in the following discussion, regression parameters (c1, c2 and c3) for Runs G and H were not 

considered. 

 

Figure 3 Comparison between measured and fitted normalized flow depth H+ along the normalized 

streamwise direction x+=x/L used to determine c1, c2, and c3. The dots indicate measurements and the line is 

the fitted logarithmic function. Obvious waviness occurs towards the outlet for ϕveg =0.018 and 0.010. These 

two runs are excluded in the empirical analysis of the Cd variation with Re. 
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Figure 4 Comparison between measured and fitted normalized ∂H+/∂x+ along the normalized streamwise direction x+ =x/L using the optimized c1 and c2. The 
dots indicate measurements and the line is the fitted function. It is obvious that waviness grows towards the outlet for ϕveg =0.018 and 0.010, introducing 

additional noise. These two runs are excluded in the empirical analysis of the Cd variation with Re. 

4.3. Inverse computation of Cd-new 

From figure 5, it appears that Cd-new is roughly bounded in magnitude between Cd-iso and Cd-array for Runs A-D 

and tends to cross Cd-array for Runs E-F. What is peculiar and unexpected here is the non-monotonic behavior of 

Cd with increasing Reynolds number (Red or Rev), which was not observed in previous uniform flow studies. The 

possible origin of this anomalous non-monotonic behavior in Cd-new is now further analyzed. 

 

Figure 5 Comparison among Cd-iso , Cd-new , and Cd-array along with Rev 

4.4. The non-monotonic Cd-new - Re relation 

To explore the interplay between advection and pressure terms further, the regression fit to H(x) are further 

analyzed, allowing Cd-new to be expressed as a function of Red with parameters c1, c2 and c3, expressed as 

               (23) 

where  
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                            (24) 

and 

                         (25) 

with 

                   (26)

 

The shape of Cd can be discussed in relation to P*-A* variations along x/L. Fig. 6 shows how the parabolic-shaped 

Cd forms for the densest ϕveg=0.419 (Panels A, B and C) and sparsest ϕveg=0.041 (Panels D, E and F) cases after 

removing the two wavy surface cases. From eqs. 19 and 20, P*-A*=SH [1/U2-1/(gH)]. The parabolic shape can be 

explained by noting that the term [1/U2-1/(gH)] decreases along x because 1/U2 decreases and 1/(gH) increases 

along the streamwise direction (Fig. 6 Panels A and B for ϕveg=0.419 and Panels D and E for ϕveg=0.041) while 

the SH = -∂H/∂x (non-uniformity) increases along the streamwise direction (Fig. 6 Panels B and E). Clearly, the 

product of increasing SH and decreasing [1/U2-1/(gH)] with x provides a plausible explanation for the non-

monotonicity in Cd. 

 

Figure 6 Analysis of parabolic-shaped Cd for the (left) densest case and (right) sparsest case. The individual 

terms governing P*–A* (panels c and f) are shown in panels (a)–(b) for the densest case, and (d)–(e) for the 

sparsest case. 

5 Conclusion 

Following an intense rainfall event, there is ample evidence that water subsidy from crusted bare soil to vegetated 

sites is partly responsible for the maintenance of vegetation in arid and semi-arid regions. This lateral subsidy tends 

to be most significant on flat ground where the driving gradient for flow is the gradient in the free water surface. 

Reasonable predictions about the volume and extent of the redistribution of water into vegetated patches are 

required and operationally employ the SVE subject to closure approximations.  The determination of an appropriate 

closure model to use for flat vegetated surfaces continues to be one of the main challenges to such operational 

models. The flume experiments analyzed here explore a subset of these challenges with their focus on the effects of 

flow non-uniformity and vegetation density. They demonstrate that interaction between cylinders (sheltering, 

blockage, and flow non-uniformity) can significantly impact the effective friction factor or Manning roughness 

values used to close to the SVE.  Prior calculations either assume a constant n for the vegetation section or consider 

an expression linking H to n as derived for uniform flow canopies. For the latter scheme with a given ϕveg, the 
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non-uniformity of flow surface leads to a monotonic n (or f) variation along the streamwise direction. Here, the 

non-uniformity in the flow is shown to be the leading cause for the non-monotonic variation in Cd and its 

associated effects on roughness measures with increasing Reynolds number (and position). 

5 Acknowledgments 

The authors thank Wu-Gang Zhou, Feng-Peng Bai, Meng Gao, and Cheng-Guang Li for their assistance with the 

flume experiments. Wen-Xin Huai and Wei-Jie Wang were supported by the National Natural Science Foundation 

of China (11372232 and 51439007). Wei-Jie Wang is also grateful to the China Scholarship Council for the 

financial support during a 14 month study at Duke University. G. Katul acknowledges support from the National 

Science Foundation (NSF-EAR-1344703 and NSF-CBET-103347), the U.S. Department of Energy (DOE) through 

the office of Biological and Environmental Research (BER) Terrestrial Ecosystem Science (TES) Program (DE-

SC0006967 and DE-SC0011461).  

References 

[ 56 ]  Bromley, J., J. Brouwer, A. Barker, S. Gaze, and C. Valentine (1997), The role of surface water redistribution in an area of 

patterned vegetation in a semi-arid environment, south-west niger, J. Hydrol., 198(1–4), 1–29. 

[ 57 ]  Assouline, S., S. E. Thompson, L. Chen, T. Svoray, S. Sela, and G. G. Katul (2015), The dual role of soil crusts in 

desertification, J. Geophys. Res. Biogeosci., 120, 2108–2119. 

[ 58 ]  Thompson, S., C. Harman, P. Heine, and G. Katul (2010), Vegetation-infiltration relationships across climatic and soil type 

gradients, J. Geophys. Res., 115, G02023. 

[ 59 ]   Thompson, S., G. Katul, and S. M. McMahon (2008), Role of biomass spread in vegetation pattern formation within arid 

ecosystems, Water Resour. Res., 44, W10421. 

[ 60 ]   Dunkerley, D. (2002), Infiltration rates and soil moisture in a groved mulga community near alice springs, arid central 

Australia: Evidence for complex internal rainwater redistribution in a runoff-runon landscape, J. Arid Environ., 51(2), 199–219. 

[ 61 ]   Rietkerk, M., M. C. Boerlijst, F. van Langevelde, R. HilleRisLambers, J. van de Koppel, L. Kumar, H. H. Prins, and A. M. 

de Roos (2002), Self-organization of vegetation in arid ecosystems, Am. Nat., 160(4), 524–530. 

[ 62 ]   Smith, R., et al. (1995), Kineros-a kinematic runoff and erosion model, in Computer Models of Watershed Hydrology, 

Chapter 20, edited by V. P. Singh, pp. 697–732, Water Resources Publications, Littleton, Colo. 

[ 63 ]   Abrahams, A., A. Parsons, and S.-H. Luk (1986), Resistance to overland flow on desert hillslopes, J. Hydrol., 88(3), 343–

363. 

[ 64 ]   Holden, J., M. J. Kirkby, S. N. Lane, D. G. Milledge, C. J. Brookes, V. Holden, and A. T. McDonald (2008), Overland flow 

velocity and roughness properties in peatlands, Water Resour. Res., 44, W06415. 

[ 65 ]   Kim, J., V. Y. Ivanov, and N. D. Katopodes (2012), Hydraulic resistance to overland flow on surfaces with partially 

submerged vegetation, Water Resour. Res., 48, W10540. 

[ 66 ]   Poggi, D., G. Katul, and J. Albertson (2004), Momentum transfer and turbulent kinetic energy budgets within a dense model 

canopy, Boundary Layer Meteorol., 111(3), 589–614. 

[ 67 ]   Wang, W.-J., W.-X. Huai, Y.-H. Zeng, and J.-F. Zhou (2015), Analytical solution of velocity distribution for flow through 

submerged large deflection flexible vegetation, Appl. Math. Mech., 36(1), 107–120. 

[ 68 ]   Huai, W.-X., W.-J. Wang, and Y.-H. Zeng (2013), Two-layer model for open channel flow with submerged flexible 

vegetation, J. Hydraul. Res.,51(6), 708–718. 

[ 69 ]   Huai, W.-X., W.-J. Wang, Y. Hu, Y.-H. Zeng, and Z.-H. Yang (2014), Analytical model of the mean velocity distribution in 

an open channel with double-layered rigid vegetation, Adv. Water Resour., 69, 106–113 

[ 70 ]   Velasco, D., A. Bateman, and V. Medina (2008), A new integrated, hydro-mechanical model applied to flexible vegetation 

in riverbeds, J. Hydraul. Res., 46(5), 579–597. 

[ 71 ]   Kubrak, E., J. Kubrak, and P. Rowinski (2008), Vertical velocity distributions through and above submerged, flexible 

vegetation, Hydrol. Sci.J., 53(4), 905–920. 

[ 72 ]   Nobel, P. S. (1980), Water vapor conductance and CO 2 uptake for leaves of a C 4 desert grass, Hilaria rigida, Ecology, 61, 

252–258. 

[ 73 ]   Roth-Nebelsick, A., M. Ebner, T. Miranda, V. Gottschalk, D. Voigt, S. Gorb, T. Stegmaier, J. Sarsour, M. Linke, and W. 

Konrad (2012), Leaf surface structures enable the endemic Namib desert grass Stipagrostis sabulicola to irrigate itself with fog 

water, J. R. Soc. Interface, 9, 1965–1974. 

[ 74 ]   Wasson, R., and P. Nanninga (1986), Estimating wind transport of sand on vegetated surfaces, Earth Surf. Processes 

Landforms, 11(5), 505–514. 

[ 75 ]   Tanino, Y., and H. M. Nepf (2008), Laboratory investigation of mean drag in a random array of rigid, emergent cylinders, J. 

Hydraul. Eng., 134(1), 34–41. 

[ 76 ]   Cheng, N.-S. (2012), Calculation of drag coefficient for arrays of emergent circular cylinders with pseudofluid model, J. 

Hydraul. Eng., 139(6), 602–611. 

[ 77 ]   Cheng, N.-S., and H. T. Nguyen (2010), Hydraulic radius for evaluating resistance induced by simulated emergent 

vegetation in open-channel flows, J. Hydraul. Eng., 137(9), 995–1004. 

[ 78 ]  James, C., A. Birkhead, A. Jordanova, and J. Osullivan (2004), Flow resistance of emergent vegetation, J. Hydraul. Res., 

42(4), 390–398. 

  



 

176 

中国水利水电科学研究院第十三届青年学术交流会 

Steady nonuniform shallow flow within emergent vegetation 

王伟杰 1，2，槐文信 1，Sally Thompson3，Gabriel G. Katul2,4 

1 武汉大学 水资源与水电工程科学国家重点实验室 

2 杜克大学（美国）  尼古拉斯环境学院 

3 加州大学伯克利分校（美国） 土木与环境工程学院 

4 杜克大学（美国）  土木与环境工程学院 

摘要 

本文主要研究有植被存在情况下，恒定非均匀流的流动特性。

本文采用理论推导与实验室试验相结合的方法来研究水面曲线

特点以及植被对水流的阻力作用。在实验中，用圆柱体模拟刚

性植被，在相同的来流流量情况下，通过改变植被的密度得到

不同的水面曲线。当采用基于均匀流条件下的植被拖曳力系数

经验公式代入圣维南方程中进行水面线预测时，模型的预测值

与实测水面线偏差较大，说明在非均匀流条件下，拖曳力系数

不仅与雷诺数有关，还与水流的非均匀性有关。本文推导得到

了在恒定非均匀流情况下，植被的拖曳力系数与雷诺数的关

系，近似呈现抛物线形的分布，即植被拖曳力系数随着雷诺数

的增加，呈现出先增大后减小的特性，最后通过分析得到水流

流动的非均匀性是造成植被拖曳力系数呈现非单调性的主要原

因。 

关键词 

恒定非均匀流，非淹没植被，圣维南方程，拖曳力系数的抛物

线分布，实验室试验，圆柱体。 
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Surface wind observations affected by agricultural development over 

Northwest China 
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Abstract： Meteorological stations in Northwest China are surrounded by large proportions of cultivated land. The relations between 

the change of surface wind speed and the cultivated land fractions (CF) within a 4 km radius at 135 meteorological stations over arid 

Northwest China are investigated. Stations with larger CF experience larger declines in surface wind speed from 1960 to 2007. 

Compared with the wind speed variation in the Tibetan Plateau where agricultural development is negligible, stations with low CF 

show similar variation, whereas the wind speed at stations with large CF illustrates a sharp decrease in the 1970s-1980s, when irrigated 

agriculture developed rapidly. The observed wind speed at the station surrounded by irrigated fields in Jingtai Irrigation District, shows 

a rapid wind speed decrease during the same period when the irrigated area expanded. By contrast, rapid wind decrease is not observed 

at the station with minimal influence of agricultural development. 

Keywords：Surface wind speed; Agricultural development; Northwest China; Roughness length 

1 Introduction 

Land surface exerts a frictional drag on the air blowing just above it, which can act to change the wind speed. In the 

dynamic sublyaer, the mean wind speed can be described by the logarithmic velocity profile law: 

0*

0

ln( )m

m

Z du
U

Z


                                               

(1) 

where 
mU  is the mean wind speed (m s-1),   is the von Kármán constant (0.4), Z  is the measurement height above 

the ground (m) , 
0d  is the displacement height, and 

0mZ  is the local roughness legnth (m). The difference in 

surface conditions directly affects how much friction is exerted. Increasing surface roughness forces the wind to 

slow down a much more (Vautard et al., 2010; Wever, 2012). Surface wind speed decline has been observed in 

many mid-latitude regions of both hemispheres (McVicar et al., 2012; Vautard et al., 2010). Vegetation-related 

roughness changes were considered as a main cause of lowering atmospheric wind (Cowie et al., 2013; Vautard et 

al., 2010). Agricultural development, such as land reclamation, extended irrigation, and enhanced fertilization, was 

the main cause of increases in vegetation activities (Fang et al., 2004; Xiao and Moody, 2004), which could 

increase surface roughness. Therefore, a intuitive relation between surface wind changes and agricultural 

development could be expected. Alpert and Mandel (1986) found a clear decreasing trend in normalized diurnal 

and inter-diurnal surface wind variability associated with agricultural development in south central Israel. Ozdogan 

and Salvucci (2004) found that the mean surface wind speed declined from 3 m s-1 in 1979 to 1 m-1 in 2001 along 

with rapidly irrigated agricultural development in southeastern Turkey. Nevertheless, most previous studies focused 

on observed regional wind speed changes without addressing the disturbances of agricultural development in the 

past decades. 

The observed surface wind in China has declined rapidly since the early 1970s, and  the weakening of atmospheric 

circulation, a north–south warming gradient, and sunlight dimming caused by air pollution were considered 

possible factors (Guo et al., 2011; Jiang et al., 2010; Xu et al., 2006). Over Northwest China, observations have 

displayed a relatively larger decline magnitude of surface wind (Fu et al., 2010; Guo et al., 2011). However, the 

observed stilling over Northwest China is not well understood, which limits the understanding of the 

climate change. Besides, Northwest China has rich wind resources, and is experiencing rapidly wind 

power development (Zhao et al., 2009). Understanding the decline of surface wind observed in Northwest China is 

a potential concern for wind power electricity production. In addition, declining surface wind speed has been 

referred as a major factor causing decreasing potential evaporation (Han and Hu, 2012; Han et al., 2012; McVicar 

et al., 2012; Roderick et al., 2007), understanding the observed surface wind variation is crucial for interpreting the 
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evolution of the actual evaporation, as well as the hydrological cycle in Northwest China. 

In the nearby Tibetan Plateau (TP), wind speed considerably declined over the last 30 years. Lin et al. (2013) 

regarded changes in atmospheric circulation as the main driver of changes in surface wind speeds compared with 

changes in surface roughness. Different from the TP, Northwest China has experienced rapid agricultural 

development from the 1970s, with greenness increasing considerably (Piao et al., 2010). It was found that 

agricultural development has affected observations of surface air temperature (Han and Yang, 2013). Enhanced 

declines in observed wind speed have been found in the main agricultural areas of Northwest China, such as the 

Tarim Basin (Han, 2011) and the Hexi Corridor (Wang and Zhang, 2007). Intuitively, a question may be aroused: 

are observed changes in surface wind speed in Northwest China disturbed by agricultural development? The current 

study aims to investigate the roles agricultural development on the observed surface wind speed changes, for a 

better understanding of the observed stilling in Northwest China. 

Detecting the effects of agricultural development on wind speed observations in Northwest China is difficult due to 

two reasons: 1) Meteorological stations of the China Meteorological Administration (CMA) are sparse in this 

region; and 2) the evolution of agricultural development near the stations is not monitored. In this study, 39 stations 

from the Climatic Center of Xinjiang, together with stations from CMA, were collected to increase the station 

intensity. The average cultivated land fraction (CF) within 4 km of the meteorological station from a land-cover 

map is used as a first-order index to approximate the intensity of agricultural influence around the stations. Using 

the denser station network and the agricultural development index, we presented a comprehensive analysis on the 

relations between agricultural development and surface wind speed variations from 1960 to 2007 over Northwest 

China. 

2 Study area, data and methods 

This study focuses on Northwest China, comprising Xinjiang Autonomous Region, the Qaidam Basin and the 

Qinghai Lake Basin (the main agricultural region of Qinghai Province), the Hexi Corridor and a small part of 

Yellow River basin in Gansu Province. The nearby TP is used as a reference area. The climate of the study area is 

arid with mean annual precipitation of less than 400 mm. The spatial patterns of mean surface wind speed in the 

study area are affected by the atmospheric circulation, topography, and land use/type. Generally, stations located in 

oases, with lower elevation than the mountain regions but abundant cultivated lands, are characterized by smaller 

wind speed and enhanced surface wind decline in the past 50 years than those in the mountainous and desert 

regions (Chen, 2010; Han and Hu, 2012; Li, 2003). The mean surface wind speed varies significantly across 

seasons, which is the largest in the spring, especially during April to May, followed by the summer, and the 

smallest in December to January of the winter because of the inversion layer (Chen, 2010). 
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Fig. 1 (a) Spatial distribution of the trends in growing season surface wind speed (m s-1 decade-1) in 1960–2007 

(the green, blue, and black marks correspond to the stations with CF>0.5, CF<0.1, and 0.1<CF<0.5; the solid marks 

show that the trends are significant at the 95% confidence level; and unfilled marks show that the trends are not 

significant at the 95% confidence level). Trends in growing-season surface wind speed against the cultivated land 

fractions at the stations in (b) Northwest China and (c) TP (the linear regression lines (solid lines) and equations, 

and the plots of average trends against average CFs between different intervals (dotted red lines) are shown in the 

panels). 

Single cropping wheat, maize, cotton and oil-bearing are the staple crops. The cultivated lands rely heavily on 

perennial irrigation. Since the early 1970s, Northwest China has experienced remarkable agricultural development 

with rapid increase in crop sowing area (Figure 2). The total crop sowing areas increased from 4.10 × 106 ha in 

1971 to 5.76 × 106 ha in 2007, whereas the area of grain crops decreased from 3.19 × 106 ha in 1971 to 

2.17 × 106 ha in 2007, but with significant increase in the area of cotton and oil-bearing. The irrigated cropland 

increased from 2.96× 106 ha in 1971 to 4.10 × 106 ha in 2007. Nevertheless, the proportion of irrigation relative to 

total cultivated area increased till the end of 1980s, and kept stable till 2001, but decreased latter. In addition, the 

total consumption chemical fertilizers increased rapidly. As a result, the crop production increased rapidly. 
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Fig. 2 Time-series of (a) crop area, the ratio of irrigated to total sown area of the study area, and (b) crops 

productions of the three provinces (Xinajign, Qinghai and Gansu). 

The daily wind speed data of 178 stations from the China daily surface meteorological dataset (V3.0) and monthly 

wind speed data of 39 stations from 1960 to 2007 across Xinjiang (from the Climatic Center of Xinjiang) were used 

in this study. The data were provided and controlled for quality by the Chinese National Meteorological 

Information Center. The wind speed was measured by anemometers 10 m above the ground surface. Although the 

series of in situ data on surface wind speed may be inhomogeneous because of non-climatic factors (Li et al., 2008), 

the current study uses the unadjusted surface wind speed dataset since we aim to evaluated the possible impacts of 

agricultural development on surface wind observations. The observed hours, frequency and statistical methods are 

consistent after 1960. In the period from 1960 to 2007, the surface wind observing instruments varied mainly 

around 1969 when wind pressure anemometers were replaced by EL or EN electric wind anemometers (Li et al., 

2008), which was thought as the main reasons for a sharp step change of annual wind speed in 1969 (Fu et al., 2010; 

Jiang et al., 2010). So in the present analysis, the Mann–Kendall non-parametric method (Kendall, 1975; Mann, 

1945) was applied to establish trends in surface wind speed using all the available data, as the results are less 

influenced by the presence of outliers in the data (Jhajharia and Singh, 2011). In order to eliminate the influences of 

possible faked abrupt changes, we have paid special attention to the differences of the surface wind speed changes 

between the stations with or without significant agricultural influences, especially after 1970. After eliminating 

stations with less than 35 years of records, 195 stations were left. Nevertheless, two stations (51495 and 51886) 

were eliminated because the data jump is virtually impossible, and anemometer changes, station changes, and/or 

other reasons must occur. The annual mean wind speed jumped from 4.7 m s-1 in 1998 to 8.7 m s-1 in 1999 at 

Station 51495 (Fu et al., 2010), and the annual wind speed at Station 51886 decreased from 4.56 m s-1 in 1987 to 

2.67 m s-1 in 1989. The remaining 193 stations were analyzed, with 135 located in Northwest China and 58 in the 

TP (Figure 1). 

The spatial distribution of cultivated land for 2000 were obtained from the Data Center for Resources and 

Environmental Sciences of the Chinese Academy of Sciences (Liu et al., 2003). The data were based on a 

1:100,000 land use map, in which the area proportions of cultivated land were provided at each 1 km grid. The 

average CF within 4 km of the meteorological stations is calculated to denote the agricultural land use at these 

stations. Although cultivated lands constitute only a small proportion of the total land area, the CFs of stations in 

Northwest China ranged from 0% to 97%, with a mean value of 41%, which is larger than that in the TP, with an 

average CF of 12.6%. Generally, stations surrounded by large CF experienced more influences of agricultural 

development. Therefore, we use CF to denote the agricultural development around the stations. 

The biweekly NDVI data obtained from the Global Inventory Monitoring and Modeling Studies (GIMMS) 

database, with a spatial resolution of 8 km, were used to denote the vegetation variations from 1982 to 2007. Here, 

we used the third-generation GIMMS-NDVI3g data. At each selected site, the averaged NDVI in the 3 pixel × 3 
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pixel window surrounding the site was calculated. The time series of growing season (May–September) mean 

NDVI from 1982 to 2007 were then calculated for each site. In Northwest China, agricultural development is the 

main cause of increases in NDVI (Fang et al., 2004; Xiao and Moody, 2004), while the NDVI in areas with natural 

vegetation are much lower. Therefore, the values of CF and NDVI around the stations are related. The stations with 

larger CFs are characterized with larger average NDVI values and more significant increasing trends (correlation 

coefficients are 0.44 and 0.51, respectively). However, the temporal evolution of agricultural development cannot 

be inferred because the land use map is unavailable before the satellite era. Therefore, the annual variations of 

NDVI from 1982 to 2007 are used to demonstrate the temporal evolution of agricultural development indirectly. 

A station in the Jingtai Irrigation District (Fig. 1), where the data on irrigated area around the station are available 

from the 1960s, is used to demonstrate the relations between the changes of wind speed and agricultural 

development. The Jingtai Irrigation District is a proluvial plain surrounded by mountains with bare land and is near 

the upstream Yellow River. After the construction of an irrigation pumping project from the Yellow River in the 

early 1970s, the irrigated land area rapidly expanded from nearly 0 km2 to 200 km2 (Han et al., 2014). The Jingtai 

meteorological station (104°3'E and 37°11'N) is located approximately at the center of the irrigation district. The 

data of the Wushaoling station (102°52'E and 37°12'N), a station approximately 96 km away from the irrigation 

district, were used for comparison as the reference station with little influence from agricultural development 

(Wang and Zhang, 2007). 

The rawinsonde wind data of 21 sites are gathered in the China monthly sounding dataset of assigned height layer. 

The rawinsonde stations are listed in Table S1. Monthly averaged values of upper-air wind speed at pressure levels 

of 850 and 700 hPa were used. Given that the data before 1980 have missing information for many stations, we 

focused on data from 1980 to 2007. 

The non-parametric Mann–Kendall trend test method with a trend-free, pre-whitening procedure (Yue et al., 2002) 

was used to identify the wind speed trends. The linear regressions of wind speed trends on the CFs were computed. 

The sensitivity of observed wind speed trends to the agricultural land use were then evaluated based on regression 

slopes and linear correlation coefficients. The statistical significance of the correlation coefficient was evaluated 

using t-test. 

3 Results 

The trends of yearly mean surface wind speed in the growing season (from May to September), non-growing 

season (from October to April), and in all 12 months of the 193 stations are analyzed for the period of 1960–2007. 

The trends in the growing season wind speed are displayed in Figure 1. Of the 135 stations in Northwest China, 111 

stations (82%) exhibit a significant decreasing trend at 95% confidence level for the growing-season wind speed, 

whereas only 35 of 58 stations (60%) in the TP exhibit a significant decreasing trend. The decreasing trends of 

surface wind speed (with an average trend slope -0.209 m s-1 decade-1 in growing season) are higher in Northwest 

China than those in the TP (with an average trend slope -0.074 m s-1 decade-1 in the growing season). In Northwest 

China, the decreasing trends in the growing season are more significant than the trends in the non-growing season 

(with an average trend slope -0.165 m s-1 decade-1), which is different from those in the TP. 

In Northwest China, surface wind speed trends are sensitive to the CFs of stations, which can be detected using 

linear regression. The trend slopes of the 135 stations are negatively correlated with the CFs. The regression slope 

(-0.17±0.09 m s-1 decade-1) and correlation coefficient (-0.32, p<0.0001) during the growing season are more 

significant compared with those in the non-growing season (the regression slope is -0.12±0.07 m s-1 decade-1 and 

the correlation coefficient is -0.28, p<0.001). By contrast, no significant correlation exists between surface wind 

speed trend slopes and CFs in the TP. The trend slopes of the growing-season surface wind speed of the stations in 

the two regions are plotted against the CFs in Figure 1. Although the relationships are scattered, in Northwest China, 

the stations with a large CF are expected to experience more significant atmospheric stilling (i.e., declines in wind 

speed) than the stations with a small CF. 

Table 1. Comparison of trends in surface wind speeds from 1960 to 2007 of station groups with CF larger than 0.5 

and smaller than 0.1 in Northwest China and the TP 

Region Group 

Number 

of 

stations 

Station-averaged trend slopes 
Trends of station-averaged time 

series* 

Annual May-Sep. Oct.-Apr.  Annual May-Sep. Oct.-Apr.  

Northwest All 135 -0.187 -0.209 -0.165 -0.183 -0.202 -0.161 
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China CF<0.1 36 -0.102 -0.108 -0.096 -0.133 -0.145 -0.109 

CF>0.5 61 -0.212 -0.236 -0.189 -0.213 -0.234 -0.189 

Tibetan 

Plateau 

All 58 -0.094 -0.074 -0.100 -0.113 -0.082 -0.121 

CF<0.1 36 -0.098 -0.071 -0.108 -0.122 -0.090 -0.134 

CF>0.5 3 -0.099 -0.081 -0.097 -0.115 -0.090 -0.101 

To further evaluate the different variations of surface wind speeds of stations with different influences of 

agricultural development, all the 135 stations in Northwest China are roughly classified into three groups: 36 

stations with CF<0.1 are taken as with minimal influences of agricultural development, 61 stations with CF>0.5 are 

taken as with significant influences of agricultural development, and the other 38 stations with 0.1<CF<0.5 are 

taken as the rest of the group. As shown in Table 1 and Figure 1 (b), on which the average surface wind speed 

trends of stations with different levels of CF (0%, 0–10%, 10–20%, up to 90–100%) are plotted against the average 

CFs, the average decreasing trends in surface wind speed of the station group with CF<0.1 are much weaker than 

the other groups, but are close to those in the TP, where the agricultural development is negligible. In Northwest 

China, the station group with CF>0.5 experienced a more rapid decline in wind speed than that with CF<0.1, 

especially in the growing season. Therefore, the 38 stations with CF<0.1 in Northwest China provide a reference of 

background wind speed change, while the 61 stations with CF>0.5 are analyzed with special attention. 

The time series of station-averaged growing-season wind speed of the station groups with CF<0.1 and CF>0.5 in 

1960–2007 in Northwest China are compared. The time series of station-averaged growing-season surface wind 

speed of stations with CF<0.1 and all stations in the TP are also calculated for comparison. The variation of station-

averaged surface wind speed for the group CF<0.1 in Northwest China is close to those in the TP (the correlation 

coefficient between them is 0.88). At stations rarely affected by agricultural development, surface wind speed 

showed a steep increase in the early 1970s, followed by a significant decline until the early 2000s and a slight 

recovery thereafter. Despite the decline in wind speed, the deviation from the mean of the 1960s is positive in the 

1970s–1980s and is small in the 2000s. By contrast, surface wind speed at stations largely affected by agricultural 

development (i.e., CF>0.5) in Northwest China dropped off sharply from the early 1970s to the 1980s, resulting in 

a pronounced negative deviation from the mean of the 1960s. The deviations of the surface wind speed from the 

mean of the 1960s are shown in Figure 3(a). 
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Fig. 3 (a) Time series of the average growing-season surface wind speed deviation from the mean of the 1960s of 

the station groups with CF<0.1 (3.44 m s-1) and CF>0.5 (2.14 m s-1) in Northwest China as well as all stations and 

stations with CF<0.1 in the TP from 1960 to 2007; (b) Time series of the growing-season surface wind speed 

deviation from the mean of 1960–1971 of station Jingtai (3.79 m s-1) and Wushaoling (4.30 m s-1) and changes in 

irrigated acreage in the Jingtai Irrigation District from 1960 to 2007. 

Large-scale changes in atmospheric circulation may explain wind speed variations at the stations with small CF but 

are unlikely the main cause at the stations with large CF, and agricultural development may be an important 

influencing factor of the observed wind speed changes. The distinct surface wind speed variations at two stations 

(Figure 1) around the Jingtai Irrigation District demonstrate how agricultural development may affect observed 

growing-season wind speed (Figure 3b). The wind speed at the Wushaoling station, that was barely influenced by 

agriculture activities, increased in the early 1970s and decreased slightly thereafter. The wind speed did not drop 

compared with that in the 1960s. The growing-season wind speed variation of the Jingtai station was closely related 

to the variation of the Wushaoling station before the early 1970s when agricultural development around the Jingtai 

station was absent. From the 1970s, the irrigated area around the Jingtai station increased from nearly 0 km2 to 200 

km2, and irrigation water withdrawal had increased to 150×106 m3. Furthermore, the growing-season surface wind 

speed at the Jingtai station decreased sharply by approximately 2 m s-2. By contrast, the sharp decrease of wind 

speed was not observed at the Wushaoling station. The expansion of irrigated land around the Jingtai station halted 

after 1980. After 1980, the annual wind speed variation of the Jingtai station became similar to that of the 

Wushaoling station again, although the wind speed at the Jingtai station had slowed. 

4 Discussions 

In Northwest China, the surface wind speed trends are highly positively correlated with the altitude of stations 

(during growing season, the regression slope is 0.08±0.03 m s-1 decade-1 km-1 and the correlation coefficient is 

0.43), indicating that surface winds declined more intensely for stations at lower elevations than those at higher 

elevations. This result is opposite to that in the TP (during the growing season, the regression slope is -0.01±0.04 m 

s-1 decade-1 km-1 and the correlation coefficient is -0.09), which was also pointed out by Lin et al. (2013). Our result 

is also opposite to those in two mountainous regions (Yellow River Basin and Switzerland) found by McVicar et al. 

(2010). In Northwest China, most of the cultivated land distributed at low elevation, making the CFs of stations 

negatively correlated with the altitude (correlation coefficient is -0.34). For all 80 stations with altitudes between 

700 and 1800 m, the decline in surface wind speed trends at stations with CF>0.5 (42 stations, with the average 

growing-season trend slope of -0.24 m s-1 decade-1) remain more significant than that at stations with CF<0.1 (16 

stations, with the average growing-season trend slope of -0.13 m s-1 decade-1). However, the difference of altitude 

(average values are 1183 m and 1253 m, respectively) is negligible. Therefore, the difference between surface wind 

speed change rates at stations with high and low CFs in Northwest China is not caused by altitude differences. 

As deduced by Lin et al. (2013), the surface winds in the TP are coincident with changes in the upper-air winds, 

which can be detected from the highly correlations between the surface wind speed and the upper-air wind speed at 

pressure level of 700 hPa (Table 2). Likewise, the station-averaged surface wind speed of the station group with 

CF<0.1 in Northwest China is highly correlated with the upper-air wind speed at pressure levels of 850 and 700 

hPa from 1980 to 2007 (Table 2 and Figure S1). By contrast, no statistically significant correlation exists between 

the surface and upper-air wind speed for the station group with CF>0.5 in Northwest China. Instead, the positive 
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elevation dependence of observed surface wind trends in Northwest China suggests higher influences from the land 

surface at stations with large CFs. 

This finding can be confirmed by the changes of corresponding averaged NDVI of 1982–2007 in the 3 pixel × 3 

pixel window surrounding the meteorological stations. Compared with the station group with CF<0.1, the station-

averaged growing-season NDVI of the station group with CF>0.5 in Northwest China is larger and increased more 

rapidly from 1982 to the end of the 1990s, followed by a more rapid decrease (Figure S2(a)). The variations of 

station-averaged growing-season surface wind speed of the station group with CF>0.5 in Northwest China are 

significantly negatively correlated with changes of corresponding NDVI (correlation coefficient is -0.85, Table 2 

and Figure S2(b)). By contrast, no statistical correlations exist between surface wind and the NDVI for the station 

groups with CF<0.1 in Northwest China and in the TP. Given that NDVI is related with the surface roughness 

(Vautard et al., 2010), an intimate link between the surface wind speed for stations with CF>0.5 in Northwest China 

and the land surface can be detected. 

Table 2. Correlation coefficients between surface wind speed and NDVI and upper air wind speed for different 

groups. 

 NDVI 850 hPa upper air wind speed 700 hPa wind upper air speed 

 Annual May-Sep. Oct.-Apr.  Annual May-Sep. Oct.-Apr.  Annual May-Sep. Oct.-Apr.  

TP -0.44** -0.47** -0.22 - - - 0.71** 0.63** 0.69** 

CF<0.1 -0.39** -0.61** 0.01 0.44** 0.67** 0.37** 0.18 0.50** 0.23* 

CF>0.5 -0.85** -0.86** -0.63** 0.00 0.03 -0.10 -0.02 0.09 -0.03 

** Significant at 99% confidence level, * Significant at 95% confidence level, and the others are not significant at 90% 

confidence level. 

Agricultural development, as the most distinct alternation of the land surface around stations, can affect surface 

wind speed from several aspects (Ozdogan and Salvucci, 2004). First, the enhanced irrigation and fertilization may 

cause the increase of vegetation activities of crops around the stations. Although a quantitative relationship between 

NDVI and roughness length is difficult to establish, the corresponding increase surface roughness of which would 

contributed to the more significant surface wind decline (Vautard et al., 2010). Second, agricultural development in 

Northwest China has accompanied shelterbelt expansion. Taking Xinjiang as an example, the proportion of 

shelterbelt to cultivated land increased from 2.2% in 1977 to 5.0% in 1989 (Sun, 1991) and to 9.5% in 2008 (Zheng 

et al., 2013), and 95% of the current cultivated land is protected by shelterbelt at present. In the Jingtai Irrigation 

District, the shelterbelt area has also rapidly increased to nearly 10% of the total irrigated area along with irrigation 

expansion (Han et al., 2014). In addition, the development in irrigated area in the large oasis regions may be 

associated with local circulations that led to the “oasis effect” , especially in the growing season, which in turn 

resulted in the decrease in wind speed (Oke, 1978; Ozdogan et al., 2006). The surface wind speed changes 

accompanying agricultural development are possibly composite effects of the above aspects. 

According to the observations, the average surface wind speed in the main growing and non-growing seasons in 

Jingtai during 1985-1999 are 46.7% and 53.0% of those during 1970-1971. By contrast, those values in 

Wushaoling are 94.5% and 87.9%. The impacts of irrigation expansion on the surface wind speed in Jingtai could 

be quantitatively analyzed according to the surface roughness length. In the oases of the Heihe River Basin 

(approximately 400 km away from the Jingtai), the roughness length estimated by the data of the Heihe Basin Field 

Experiment (HEIFE) in the field of bare land is 0.04 m, while it is 0.17 m and 0.33 m in the fields of wheat and 

maize (Jia et al., 1999), both of which are as well as the main crops in Jingtai Irrigation District. Before the 

irrigation project, the near field of Jingtai station can be regarded as "open" with roughness length of 0.03
 
m 

according to the Davenport classification of terrain roughness (Davenport et al., 2000), while surface was 

transformed to be "rough" with roughness length of 0.25
 
m after the project. Supposing a constant friction velocity, 

the average surface wind speed at 10 m height after the irrigation expansion is approximate 57.9% of that before, 

assuming the displacement height is related with the roughness length (Allen et al., 1998). The results are 

consistent with the observation in Xinjiang, where the surface wind speed at cultivated land inside the shelterbelt 

with a height of 0.5–2m was 46.2%-81.2% of that at the bare land (Liu et al., 1991). 

The results suggest that the evolution of agricultural development has affected observed surface wind speed in 

Northwest China. If the differences of trends in surface wind speed between the station groups with CF>0.5 and 

CF<0.1 are taken as the influences of agricultural development, the results (Table 1) suggest that agricultural 

development could explain 37.8-54.2% of the observed stilling in the growing season, and 42.4-49.0% in the non-
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growing season. Although the “oasis effect” is weak in the non-growing season, the shelterbelt and crop residue 

cover still work on reducing the surface roughness. The results indicate that the impacts of vegetation related 

roughness changes on the surface wind speed are beyond the main growing season (Cowie et al., 2013; Zender and 

Kwon, 2005).  

However, the temporal evolution of agricultural development was not inferred in this study because land use maps 

are unavailable before the satellite era. The land use in 2000 is applied under the assumption that stations with a 

large CF are characterized by a significant increase in agricultural development. Only one example from Jingtai has 

been shown. More examples would reinforce the conclusion. Although the agricultural development may largely 

reduce the observed wind speed, the cultivated land area is only approximately 3.7% of the land in Northwest 

China. Out of the agricultural area, the changes in NDVI, and the declines in the surface wind speed are not as 

significant as those in the agricultural area. Agricultural development has likely affected the wind speed 

observations at the stations surrounded by the irrigated fields but does not necessarily significantly affect the area-

averaged surface wind speed. Considering that most meteorological stations were surrounded by the cultivated 

lands in Northwest China (61 out of 135 stations in this study), caveats must be made when interpolating wind 

speed from the station observations. 

5. Conclusions 

The above analysis demonstrates that observations of surface wind speed in Northwest China were disturbed by 

agricultural development. Stations surrounded with large fractions of cultivated land experienced more rapid 

declines in surface wind speed from 1960 to 2007. The average surface wind speed of 61 stations with CF>0.5 

exhibited variations associated with agricultural development, which were obviously different from those at 

stations with CF<0.1 and at the TP. The observed surface wind speeds rapidly decreased from the early 1970s to the 

1990s, corresponding to the rapid agricultural development in Northwest China. In light of this scenario, the 

agricultural development around meteorological stations should be seriously considered to better understand 

observed surface wind speed. The results indicate that the background atmospheric stilling is not as large as we 

seen from observations at the meteorological stations. The evaluation of regional surface wind speed changes in 

Northwest China may be inappropriate without adjusting for the effects of agricultural development. 
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Table S1. General characteristic of rawinsonde sites 

Region Station code CF Longitude Altitude Label* 

Northwest 

China 

51243 0 45.62 84.85 y 

51463 0 43.78 87.65 y 

52323 0 41.80 97.03 n 

52495 0.03 40.17 104.80 y 

52267 0.06 41.95 101.07 y 

51288 0.08 45.37 90.53 n 

52418 0.51 40.15 94.68 y 

51828 0.52 37.13 79.93 n 

51133 0.53 46.73 83.00 y 

52533 0.55 39.77 98.48 n 

51628 0.55 41.17 80.23 y 

51656 0.58 41.75 86.13 y 

52652 0.60 38.93 100.43 n 

52866 0.65 36.72 101.75 n 

51709 0.66 39.47 75.98 y 

51644 0.69 41.72 82.97 y 

51431 0.72 43.95 81.33 y 

52681 0.79 38.63 103.08 n 

51076 0.86 47.73 88.08 y 

TP 
56080 0.44 35.00 102.90 n 

56247 0.08 30.00 99.10 n 

* All the stations listed are included when evaluating the upper-air wind speed at pressure levels of 700 hpa, the 

stations with label "y" are included when evaluating the upper-air wind speed at pressure levels of 850 hpa 

 

Fig. S2 (a) Time series of growing season upper-air wind speed at the pressure level of 850 hpa from 1980 to 2007; 

(b) plots of growing season surface wind speed against corresponding upper-air wind speed. 

 

Fig. S2 (a) Time series of growing season NDVI from 1982 to 2007 of the station groups with C<0.1 and C>0.5; (b) 

plots of growing season surface wind speed against corresponding NDVI. 
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摘要 

我国西北地区部分气象站被大面积农田包围。本研究分析了西

北地区 135个气象站观测到的风速变化和站点 4KM半径范围内

耕地面积比例（CF）之间的联系。与人类活动影响可以忽略的

青藏高原地区站点相比，西北地区 CF值较小的站点 1960~2007

年期间风速具有相似的变化特征，而 CF 值大的站点具有更为

显著的风速下降趋势，且在灌溉农业发展迅速的 1970S 到

1980S 期间风速显著下降。在甘肃景泰灌区灌溉面积迅速增大

期间，被灌溉农田包围的气象站观测到的风速显著下降，而附

近受农业活动影响较小站点缺没有观测到这一现象。研究说明

农业发展显著影响西北地区风速观测，在对气候变化分析和灌

区潜在蒸散发量计算过程中需要考虑。 
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Water production function of artificial grassland crop in arid desert 

area of Northern Xinjiang 

Liu Hu1 , Yin Chunyan2,3, Wei Yongfu1，Zhang Ruiqiang1 

(1Institute of Water Resources for Pastoral Area Ministry of Water Resources, Hohhot 010010, China；2Yantai Institute of Coastal 

Zone Research Chinese Academy of Sciences, Yantai, 264003,China；3Soil and Water Conservation Bureau of Wushen Banner , 

Erdos,017300, China) 

Summary: The goal of traditional irrigation is to provide proper moisture for crops, to get the highest yield per unit area. However, on 

background of water deficits and associated economics in the arid desert regions of Northern Xinjiang, relations between water input 

and crop yield has become a hot topic. In this study, non-sufficient irrigation test was carried out in the northern region, and the yields 

of alfalfa, Sudan grass and silage corn were analyzed under different soil water condition, and the water production function model of 

these artificial grasslands was determined; meanwhile, the water sensitivity index or coefficient for alfalfa, Sudan grass and silage corn 

in each growth stage was calculated by using Jensen model, Stewart model and Jensen mode, respectively. The test results showed that 

the model had a high precision, the average relative errors are 6.51%, 9.24% and 9.25%. The research results can provide theoretical 

and technical support for the rational development of limited water and soil resources in Aletai grassland and pasture of Xinjiang. 

Key words:  Northern Xinjiang; artificial grassland; crop water production model; Jensen model; Stewart model 

The crop water production function, namely the model of crop response to water, can predict the influence of water 

deficit of different degrees in different stages on the crop yield in the growth process of crop. This function 

analyzes the relationship between water and yield on assumption that other agricultural technical and agricultural 

factors are consistent, reflecting the response of crop yield to water change[1-2]. It is the most basic function to 

regulate deficit irrigation, and also an important basis for reasonable allocation of the water resources, to achieve 

the maximum crop yield by optimizing the irrigation system[1-2]. Water sensitive index (λ or K) of crop water 

function, is the key for guidance and implement of water saving irrigation and water management, making different 

crops adapt to water deficit in different periods. 

Up to now, crop water production function has been intensively studied in the world. Singh et al.[3], BLANK[4] and 

STEWART et al. [5] established the additive model to describe the relationship between water and yield. JENSEN[6] 

put forward the multiplicative model in 1986. In China, KANG et al.[7] carried out the relevant researches on 

distinguishing methods for crop water deficit status and irrigation index. TANG[8] discussed the water requirement 

law and characteristic of rice cultivated in aerobic soil with different water deficit levels in different growth periods, 

analyzed the change law of different water deficit periods and water deficit degrees with the yield, and calculated 

the water sensitive coefficient and water production function of the rice. The researches of SUN et al.[9] showed 

that Jensen model could better reflect the relationship between water and yield of winter wheat. SUN[10] analyzed 

the influence of drought on the yield in different periods, and calculated the water sensitive coefficients of wheat, 

corn and cotton in different growth periods by regression analysis method. ZHANG[11] analyzed the water sensitive 

coefficients of corn cultivated under different soil conditions in different growth periods, fit the growth curve 

through distribution fitting method, and analyzed the accumulation function of sensitive indexes in Jensen model. 

WANG[12] analyzed and obtained the water requirement law of super rice through the insufficient irrigation test 

data, and made calculations with several crop water production functions, thinking that Jensen model was the best 

crop water production function for Yongji, Jilin Province. However, CHENG et al.[13] thought that Jensen model 

could better reflect the relationship between rice water and yield in East Jilin Province, and the relationship model 

between number of days after rice transplanting and sensitive index was established through the insufficient 

irrigation test. CHEN[14] analyzed the influence of different water stress on the final yield and the applicability of 

frequently-used water production functions in central Liaoning, and the crop water sensitive indexes in each period 

was calculated. SONG[15] solved the water production function of irrigation quota and evapotranspiration with crop 

yield in Shihezi, and preliminarily obtained the suitable drop irrigation system for silage corn and oil sunflower.  

The crop water production functions have been intensively studied all over the world, but not in Northern Xinjiang. 

At present, crop water production function was unavailable for this region, especially the water production function 

for alfalfa and Sudan grass. In this paper, the relationships were investigated among forage crop yield treated with 

different irrigation, the total evapotranspiration in the whole growth period and the water consumption in each stage, 

to develop the sensitive index of artificial grassland in different growth periods, to calculate the crop-water model 

of artificial grassland in arid desert area of Northern Xinjiang, aimed at providing technical support and theoretical 
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basis for efficient and reasonable allocation and utilization of the water resources, in the process of developing, 

managing and utilizing irrigated forage grass fields in the arid desert area of Northern Xinjiang.  

1 Materials and methods 

1.1 Overview of the research area 

The experimental area located inside the Altay Experiment Station, Institute of Water Resources for Pastoral Area 

of Ministry of Water Resources in Fuhai County, Altay Prefecture, Xinjiang (87°40′22″ E, 46°10′45″ N).  The field 

surface elevation is 558 m above sea level. In this area, the terrain is flat with barren soil. The soil layer is 40 cm 

thick, is mainly composed of sandy-loam soil. The annual average sunshine duration is 2 881 hours, and the total 

annual average solar radiation amount is 546.7 kJ/cm2. The annual average temperature is 3.4℃, and the annual 

accumulated average temperature above 10 ℃ is 2 904.9 ℃. The annual average frost-free period is about 150 days. 

The experimental area is a Gobi desert area, with arid climate insufficient in rainfall. The annual evaporation is 1 

830 mm, and the annual average precipitation is 112.7 mm.  

1.2 Experiment design  

The low pressure pipe irrigation is adopted in this study. Thirty insufficient irrigation treatments were set up as 

shown in Table 1. Every treatment is repeated three times, and the plot layout is conducted according to Irrigation 

Experiment Standard[16]. The area of the experimental plot is 10 m×6 m = 60 m2; between two experimental plots, 

a 1 m-wide protection zone was set up to avoid interaction. In the middle of the field, there is an underground water 

observation well. The experimental grasses are alfalfa (Algonquin), Sudan grass (Qitai sudangrass) and silage corn 

(Xinyu 10). The silage corn should be reaped and stored in good time during the milk stage, and the alfalfa should 

be reaped and stored in good time at the end of the flowering period; after harvest of the alfalfa, water and fertilizer 

management should be strengthened to resume the growth as soon as possible.  

Table 1 Design of experimental treatments of Sudan grass and silage corn          

Treatments 

 
No. 

Field moisture capacity in different periods/% 

Seedling  

stage 
Tillering-jointing stage Booting-flowering stage Filling–first mature stage 

Alfalfa  Returning green stage Branching stage Squaring–flowering stage 

Medium drought in returning green stage MX1 50 70 70 

Medium drought in branching-bud stage MX2 70 50 70 

Medium drought in bud-flowering stage MX3 70 70 50 

Medium drought in the whole growth 

period 
MX4 50 50 50 

Sufficient irrigation (CK) MX5 70 70 75 

Sudan grass 

Heavy drought SD1 45 45 45 45 

Medium drought SD2 50 50 50 50 

Light drought SD3 60 60 60 60 

Sufficient irrigation (CK) SD4 70 75 75 75 

Silage corn 

Light drought in seedling stage YM1 50-60 70 75 75 

Light drought in jointing stage YM2 70 55 75 70 

Light drought in booting-flowering stage YM3 70 70 55-65 70 

Heavy drought in booting-flowering stage YM4 70 70 No irrigation 70 

Light drought in filling-milk stage YM5 70 70 75 60 

Light drought in seedling stage, jointing 

stage 
YM6 50-60 55 75 75 

Light drought in jointing stage, booting-

flowering stage 
YM7 70 55 55 75 

Sufficient irrigation (CK) YM8 70 75 75 75 

The water contents listed in the table are all the lower limit values and the upper limit ones of the field capacity.  

1.3 Observation content of the experiment 

The observation content of the experiment includes meteorological data, increment of underground water, soil 

physical properties, soil water content and crop yield.  

The meteorological data are from the field meteorological station inside the Station (HOBO U30), including daily 

maximum, minimum and average temperatures, evaporation, sunshine duration, wind speed at 2 m height, 

maximum, minimum and average relative humidity, precipitation, radiation and so on. The increment of 

underground water is measured through the observation well, once every three days. The soil water diffusivity (D) 

was measured through taking back undisturbed soil from the project area to make horizontal soil column; the soil 
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water characteristic curve was obtained by adopting 1600-type 5Bar pressure film instrument and then the soil 

hydraulic conductivity (K) was deduced. The positioning flux method was adopted to calculate the increment of 

underground water to the planned moisture layer. Soil physical properties include the water content, field moisture 

capacity, soil bulk density, and porosity before the experiment starts. Soil water contents at the depths of 0, 10, 30 

and 50 cm was measured in every 5 days, using TRIME-PICO TDR portable soil water measurement instrument. 

Crop yield was achieved by measuring the yield at the final stage of every growth period using the quadrat method.  

2 Results  

2.1 Analysis on experimental data 

The water balance equation is adopted to calculate actual evapotranspiration (ETa) of the artificial grassland (the 

computing process is not presented). According to the experimental data, we could obtain maximum 

evapotranspiration (ETm), the actual yield (Ya) and the maximum yield (Ym) of different forage grasses in the 

whole growth period, as shown in Table 2.  

Table 2 Eta, ETm, Ya and Ym of Alfalfa, Sudan grass and Silage corn under different treatment conditions 

Artificial grasslands Treatments Eta/mm ETm/mm Ya/(kg/hm2) Ym/(kg/hm2) 

Alfalfa 

MX1 422 690 13 770.0 14 235.0 

MX2 422 690 11 895.0 14 235.0 

MX3 440 690 12 705.0 14 235.0 

MX4 405 690 10 245.0 14 235.0 

MX5 460 690 14 235.0 14 235.0 

Sudan grass 

SD1 138 302 19 176.3 24 330.3 

SD2 184 302 20 449.6 24 330.3 

SD3 245 302 21 116.6 24 330.3 

SD4 277 302 24 330.3 24 330.3 

Silage corn 

YM1 302 379 34 484.0 54 527.2 

YM2 267 379 43 688.6 54 527.2 

YM3 281 379 52 292.8 54 527.2 

YM4 194 379 24 012.0 54 527.2 

YM5 298 379 45 822.9 54 527.2 

YM6 238 379 22 878.2 54 527.2 

YM7 262 379 19 109.6 54 527.2 

YM8 379 379 54 527.2 54 527.2 

ETa is the actual evapotranspiration under different water deficit treatments; ETm is the maximum evapotranspiration when the irrigation is sufficient; Ya stands for the actual 

yield of grass under different water deficit treatments; Ym stands for the maximum yield when the irrigation is sufficient. 

In the growth and developmental process of alfalfa, water stress could lead to a series of bad consequences. The 

most obvious manifestation was that the plant became lower and that the crop yield decreased. The results of 

different treatments showed that the crop yield decreased obviously with the decreasing of soil water content. 

According to Table 2, under the sufficient irrigation condition, the yield of alfalfa did not decrease. When the soil 

water contents was controlled at 50% of the field capacity, the reduction rate of yield reached 29.77%. The yields 

of Sudan grass varied with different water content conditions. The highest yield was observed under the sufficient 

irrigation condition, and the lowest was under heavy drought, with the yield reduction rate of 21.18%. Moreover, 

the yield reduction and its rate varied along with different drought degrees, which was linearly dependent on the 

soil water content.  

According to Table 2, water stress could lead to a series of bad consequences for silage corn at different stages of 

the growth and developmental process, and the most obvious influence was reduction of the crop yield. In case of 

drought in a single stage, the heavy drought in the booting stage was the most serious (the yield reduced by 

55.96%). That is because this stage is the reproductive growth stage of the corn; the heavy drought in this stage will 

seriously affect the yield at later stage. Among the seedling stage, jointing stage and filling stage, the seedling stage 

was the most sensitive stage (the yield reduced by 36.76%), because silage corn in the project area was sowed in 

early summer, and dry, hot and rainless days with high-temperature came after sowing. Therefore, in the seedling 

stage, irrigation should be conducted to supplement sufficient water. Besides, the water physiological activity of 

silage corn was different from other crops, the key cultivation management of which was to promote tillering and 

jointing rather than “hardening of seedling” for other crops. If suffering from drought in this stage, the yield may 

reduce by 19.88%. The project area was mainly composed of Gobi desert and soil with fast evaporation and poor 

water retention capacity, so the water on the surface will infiltrate or evaporate quickly after irrigation. Therefore, 

“more times with less amount” irrigation system should be adopted to avoid the state of being dry surface and wet 

inner layer so as to promote tillering. 

2.2 Model selection for the growth period 
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At present, the crop water production function models mainly reflected the whole growth period and various 

growth stages. Based on the results achieved by previous research, combining the objective conditions of the 

experimental station, Jensen model, Blank model, Singh model, Stewart model and Minhas model were selected to 

analyze and study the response of crop yield of artificial grassland to water deficit levels.  

Jensen (1968) model: Water deficit in a certain growth stage does not only affect that growth stage, but also will 

exert a hysteresis effect on the next stage; it is a multiplicative model established with a staged relative 

evapotranspiration as an independent variable.  
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where Ya/(kg/hm2) stands for the actual yield of grass under different water deficit treatments; Ym/(kg/hm2) stands 

for the maximum yield when the irrigation is sufficient; ETa is the actual evapotranspiration under different water 

deficit treatments; ETm is the maximum evapotranspiration when the irrigation is sufficient; i is the number of the 

stages; n is the total number of stages of the model established; λ is the water sensitive index, reflecting the 

sensitivity of grass to the influence of water deficit in different stages on the crop yield. ETm/ETa≥1.0, λi≥0. The 

larger λi is, the smaller Ya/Ym is after the multiple multiplication, showing that the influence of stage i on the yield is 

larger. On the contrary, the smaller λi is, the smaller the influence on the yield is. λi is the key parameter of the 

multiplicative model. Jensen model was originally derived from the yield of maize seeds. 

Minhas (1974) model: It is a crop water production model with the relative water deficit in different growth stages 

as an independent variable and is also a multiplicative model.  
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where, the meanings of Ya, Ym, ETa, ETm and λi are the same with the formula 1; α0 stands for correction factor 

of other factors rather than water deficit to Ya/Ym; in the single-factor water production function, α0=1[17];b0 

stands for power exponent of the independent variable; usually, b0=2.0. 

Blank (1975) model: It is an additive model with a staged relative evapotranspiration as an independent variable, 

and it is represented by its product and sensitive coefficient of corresponding stage.  
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where, the meanings of Ya, Ym, ETa and ETm are the same with the formula 1; Ki stands for sensitive coefficient 

of water deficit of artificial grass in different growth stages to the grass yield. Because ETa/ETm≤1.0, Ki>0, the 

larger Ki is, the larger Ya/Ym is after multiple addition of various stages, showing that the influence on the yield is 

smaller.  

Singh (1987) model: It is a crop water production model with relevant water deficit of various growth stages as an 

variable and it is represented by its product and sensitive coefficient Ki of corresponding stage. It is an additive 

model.  
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where, the meanings of Ya, Ym, ETa and ETm are the same with the formula 1; b0 stands for empirical coefficient 

(b0=2).  

Stewart (1976) model: It is an additive model with relevant water deficit of various growth stages as an variable, 

and it is represented by its product and sensitive coefficient Ki of corresponding stage. 
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where, the meanings of Ya, Ym, ETa and ETm are the same with the formula 1. 

2.3 Water deficit sensitive indexes in different growth stages 

2.3.1  Deduction and analysis of crop sensitive indexes 

The crop sensitive indexes represented the influence of water deficit on the crop yield in different stages, and they 

changed along with the environment. Besides, the sensitivity to water deficit changed for different crops, as well as 

different growth stages. Larger sensitivity in a stage would bring higher yield reduction by unit water deficit. The 

crop sensitive indexes of alfalfa, Sudan grass and silage corn were deduced according to the selected five models. 

The models were all transformed to be unified linear formulas by formal transformation, taking logarithm for both 

sides of the formulas; the least square method was adopted, to obtain a normal equation system about water deficit 

sensitive indexes; the matrix method was used to solve the above normal equation system, and then get the crop 

stage sensitive indexes or coefficients. The calculation results were shown in Tables 3-5.  

Table 3 Crop water deficit sensitive indexes or coefficients of alfalfa in different water production function models 

Mod 

els 

1st Harvest 2nd Harvest 

Returning green-branching 

stage 

Branching-bud 

stage 

Bud-flowering 

stage 
R2 

Returning green-branching 

stage 

Branching-bud 

stage 

Bud-flowering 

stage 
R2 

Jense

n 
0.037 1 0.563 0 0.404 4 

1.000 

0 
0.160 5 0.512 7 0.363 9 

1.000 

0 

Minh

as 
-0.212 3 1.474 3 5.808 5 

0.993 

4 
55.970 8 12.997 6 -52.524 9 

0.992 

8 

Blank 0.060 3 0.546 7 0.393 0 
1.000 

0 
0.003 9 0.482 1 0.528 4 

1.000 

0 

Singh -0.211 2 1.095 5 5.699 8 
0.990 

8 
51.633 0 12.700 0 -49.809 2 

0.990 

8 

Stewa

rt 
0.060 3 0.546 7 0.393 0 

1.000 

0 
0.003 9 0.482 1 0.528 4 

1.000 

0 

Table 4 Crop water deficit sensitive indexes or coefficients of Sudan grass in different water production function models 

Models Seedling stage Tillering-jointing stage 
Booting-flowering 

stage  
Filling-milk stage R2 F 

Jensen 1.556 2 2.642 8 1.625 7 2.521 4 0.838 2 <F0.05 

Minhas 0.539 1 0.955 8 0.882 1 1.462 6 0.646 0 <F0.05 

Blank 0.852 7 0.767 2 0.746 7 0.736 5 0.872 4 >F0.05 

Singh 1.133 0 1.034 5 1.045 4 0.921 8 0.669 6 <F0.05 

Stewart 1.252 7 1.510 2 1.746 7 1.828 2   0.882 9 >F0.05 

Table 5 Crop water deficit sensitive indexes or coefficients of silage corn in different water production function models 

Models 
Sowing-seeding 

stage 

Seedling 

stage 
Tillering-jointing stage 

Booting-flowering 

stage  
Filling-milk stage R2 F 

Jensen 0.035 2 0.633 2 0.081 2 0.904 4 0.512 7 0.893 3 >F0.05 

Minhas 0.512 1 1.589 6 0.551 7 2.235 8 1.448 2 0.830 3 >F0.05 

Blank 0.001 2 0.025 5 0.381 0 0.332 5 0.311 5 0.823 5 >F0.05 

Singh 0.042 4 0.680 8 0.344 9 0.005 6 -0.412 2 0.495 8 <F0.05 

Stewart 0.252 4 0.715 7 0.367 9 0.382 2 0.414 7 0.904 5 >F0.05 

Next, the crop sensitive indexes according to the calculation results in the Tables 3-5 were analyzed as follows:  

For Sudan grass, in Jensen model, Minhas model and Singh model, F<F0.05, showing not obvious regression effect; 

in Blank model and Stewart model, F>F0.05, showing obvious regression effect. The sensitive index in the seedling 

stage is the largest in Blank model. According to its definition, the sensitivity is the smallest for the stage where the 

sensitive coefficient Ki is the largest. The model reflected that the influence of water deficit on the yield is the 

smallest in the seedling stage, which is inconsistent with the experience in harvesting of Sudan grass. In Stewart 

model, the order of sensitive coefficients was filling-milk stage > booting-flowering stage > tillering-jointing stage > 

seedling stage. Therefore, the Sudan grass in filling-milk stage is most sensitive to water.  

For silage corn, in Jensen model, the water sensitive index λ in booting-flowering stage is the highest; in the growth 

period, the order for λ was: booting-flowering stage > seedling stage > filling-milk stage > tillering-jointing stage > 

sowing-seeding stage. According to the definition of Jensen model, higher yield reduction rate (lower Ya/Ym) 

came along with larger λ after water deficit. Therefore, the stage order about sensitive degree of water deficit to the 

yield, which was reflected in Jensen model in Table 4, should be consistent with the water physiological theory and 
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local actual irrigation experience for silage corn. The correlation coefficient of this model R2=0.893 3, and 

F>F0.05, so the regression effect is obvious. Hence, Jensen model is more suitable for predicting the yield of silage 

corn in arid desert area in Northern Xinjiang. In Stewart model and Blank model, F>F0.05, so the regression effect 

is obvious. Meanwhile, the sensitive coefficients in Stewart model and Blank model are largest in the seedling stage 

and tillering-jointing stage, respectively. According to their definitions, the sensitivity is the smallest for the stage 

where the sensitive coefficient Ki is the largest. Namely, the two models reflected the influence of water deficit on 

the yield is the smallest in the seedling stage and tillering-jointing stage , which is inconsistent with the experience 

in harvesting of silage corn. The sensitive indexes in three stages of Minhas model were larger than 1, which was 

unreasonable. For alfalfa, in Singh model a negative value appeared in the returning green stage. According to its 

physical significance, the water deficit in this growth stage posed an certain promoting rather than inhibiting effect 

on the yield, which is contradictory to the actual situation. However, this may have something to do with the crop 

physiology, or the constraint that should be kept between positive and negative terms, when searching optimization 

in the least square method is adopted; in such a case, the existence of negative value is reasonable. However, the 

correlation coefficient of this model R2=0.495 8, which is relatively low; and F<F0.05, showing the regression 

effect is not obvious. Therefore, this model shoule not be adopted.  

Generally, the appearance of negative values in the model can be explained from the following two aspects. First, 

in the early growth period, negative values may appear easily. Studies showed that the water deficit in early stage 

can make the crops adapt to water deficit and gain higher yield. Therefore, it is reasonable for the water sensitivity 

index to be negative in the early growth stage. The super compensate effect, that the yield of alfalfa can increase by 

water deficit in early growth stage, needs further study in the future. Second, CHEN pointed out that multiple 

regression analysis is a statistical method can be adopt to solve the water sensitive index. In the model deduction 

process, according to the requirement of processing data by least square method, when residual sum of squares is 

minimum because of positive and negative coordination, negative values may appear.  

2.3.2 Determination of crop water production functions 

According to the above discussion and analysis, the water production function model built for alfalfa and silage 

corn in arid desert area in Northern Xinjiang is Jensen model, and for Sudan grass is Stewart model. 

Water production function of alfalfa was expressed by  
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Water production function of silage corn was expressed by  
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In order to test the reliability of the models, we substitute the group data of eapotranspiration and yield of Sudan 

grass and silage corn in Xinjiang Experimental Area under different treatments into the above models, and then the 

expected yield and relative errors were calculated and presented in Table 6. The test result showed the maximum 

relative errors of the yield for alfalfa, Sudan grass and silage corn simulated by the models were 11.71%, 15.47% 

and 22.27%, respectively; and the average relative errors were 6.51%, 9.24% and 9.25%, respectively. Therefore, 

the models have a relatively high accuracy.  
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Table 6 Results of crop water production model simulating the yield of artificial grassland 

Treatments Actual yield/(kg/hm2) Model predicted yield/(kg/hm2) Relative error/% Models 

Alfalfa 

MX1 45.53 50.87 11.71 

Jensen 

MX2 63.27 58.13 -8.11 

MX3 61.20 55.40 -9.48 

MX4 52.87 52.47 -0.76 

MX5 56.47 55.07 -2.48 

Sudan grass 

SD1 85.23 93.17 9.32 

Stewart 
SD2 90.89 81.04 -10.83 

SD3 93.85 108.37 15.47 

SD4 108.13 106.68 -1.34 

Silage corn 

YM1 153.26 161.45 5.34 

Jensen 

YM2 194.17 181.07 -6.74 

YM3 232.41 214.19 -7.84 

YM4 106.72 130.49 22.27 

YM5 203.66 215.75 5.94 

YM6 101.68 116.75 14.82 

YM7 84.93 92.26 8.63 

YM8 242.34 248.28 2.45 

3 Discussion 

For alfalfa, the drought in the returning green-branching stage leads to the minimum yield reduction rate and the 

minimum water production efficiency; the drought in the whole growth period leads to the minimum yield 

reduction rate and the maximum water production efficiency. The rule of Sudan grass is similar with alfalfa; a 

linear relation was found between the crop yield reduction rate and drought situations. For silage corn, the yield 

under light drought in the booting-flowering stage was lower than sufficient irrigation; its water production 

efficiency was maximum among all the insufficient irrigation treatments, and the water consumption was only 76% 

of the sufficient irrigation. And the drought in jointing-heading stage leads to the greatest influence on the yield and 

the maximum yield reduction rate. Whereas the drought in the seedling-jointing stage leads to the minimum water 

production efficiency.  

Jensen model, Stewart model and Jensen model were respectively adopted for alfalfa, Sudan grass and silage corn 

in arid desert area of Northern Xinjiang, and the relationship between the water consumption and the yield can be 

reflected relatively correctly; the average relative errors of the models for alfalfa, Sudan grass and silage corn were 

6.51%, 9.24% and 9.25%, respectively. The sensitive indexes of alfalfa in different growth stages under Jensen 

model were 0.037 1, 0.563 0, 0.404 4, 0.160 5, 0.512 7 and 0.363 9, respectively; the sensitive coefficients of 

Sudan grass in different growth stages under Stewart model are 1.252 7, 1.510 2, 1.746 7 and 1.828 2, respectively; 

the sensitive indexes of silage corn in different growth stages under Jensen model are 0.035 2, 0.633 2, 0.081 2, 

0.904 4 and 0.512 7, respectively. The most sensitive growth stages of the three crops are branching stage-bud 

stage (1st harvest), filling-milk stage and seedling stage, respectively.  

The crop sensitive index change not only along with crop types, growth period, agriculture and its technical 

measures, but also related to climate zones and different hydrological years. The values of λ and K in this study 

were based on the experimental results of Altay Prefecture in Xinjiang from 2012 to 2014, showing the general law 

of water deficit in different growth stages on the yield. For application in the production as an annual average value, 

further studies should be conducted to find out the change law of λ (or K) along with hydrological years. Besides, λ 

(or K) is also related to soil water potential, potential evapotranspiration, rainfall and temperature. Therefore, we 

can further analyze the interrelation of λ or K with other factors, discuss the internal mechanism of λ or K change 

and then better apply it in the actual production. 

 

References: 

[ 119 ]  [1] 王仰仁,孙小平.山西农业节水理论与作物高效用水模式.北京:中国科学技术出版社,2003:18-157. 

[ 120 ]  WANG Y R, SUN X P. Agricultural Water Saving Theory and Efficient Water Using Model for Crops in Shanxi. Beijing: 

China Science and Technology Press, 2003:18-157. (in Chinese) 

[ 121 ]  [2] 段爱旺,孙景生,刘钰,等.北方地区主要农作物灌溉用水定额.北京:中国农业科学技术出版社,2004:3-36. 

[ 122 ]  DUAN A W, SUN J S, LIU Y, et al. Water Ration of Main Crops in Northern Irrigation. Beijing: China Agricultural Science 

and Technology Press, 2004:3-36. (in Chinese) 

[ 123 ]  [3] SINGH P, WOLKEWITZ H, KUMAR R. Comparative performance of different crop production functions for wheat 

(Triticum aestivum L.). Irrigation Science, 1987,8(4):273-290． 

[ 124 ]  [4] BLANK H G. Optimal irrigation decision with limited water. Colorado, USA: Colorado State University, 1975:12-25. 

[ 125 ]  [5] STEWART B A, MUSICK J T. Conjunctive use of rainfall and irrigation in semiarid regions. Advance in Irrigation, 

1981:1-24. 



 

197 

[ 126 ]  [6] JENSEN M E. Water consumption by agricultural plant//KOZLOWSKI T. Water Deficits and Plant Growth. New York: 

Academic press, 1976:1-22. 

[ 127 ]  [7] 康绍忠,熊运章.作物缺水状况的判别方法与灌水指标的研究.水利学报,1991(1):34-39. 

[ 128 ]  KANG S Z, XIONG Y Z. Discriminant method and irrigation index of crop water deficit. Journal of Hydraulic Engineering, 

1991(1):34-39. (in Chinese) 

[ 129 ]  [8] 汤广民.水稻旱作的需水规律与土壤水分调控.中国农村水利水电,2009(9):18-23. 

[ 130 ]  TANG G M. Rules of water demand for rice with dry-farming and soil moisture regulation and control. China Rural Water 

Conservancy and Hydropower, 2009(9):18-23. (in Chinese with English abstract) 

[ 131 ]  [9] 孙小平,荣丰涛.作物优化灌溉制度的研究.山西水利科技,2004,152(2):39-41. 

[ 132 ]  SUN X P, RONG F T. The research on the optimal irrigation schedule of crop. Shanxi Hydrotechnics, 2004,152(2):39-41. 

(in Chinese with English abstract) 

[ 133 ]  [10] 孙书洪.基于作物水分生产函数下的非充分灌溉研究.天津:天津大学,2005:20-59. 

[ 134 ]  SUN S H. Study on limited irrigation based on crop, water production function. Tianjin: Tianjin University, 2005:20-59. (in 

Chinese with English abstract) 

[ 135 ]  [11] 张作合.黑土,白浆土和草甸土的玉米水氮耦合模式研究.哈尔滨:东北农业大学,2014:20-45. 

[ 136 ]  ZHANG Z H. Study on mode of water and nitrogen coupling of maize about black soil, albic soil and meadow soil. Harbin: 

Northeast Agricultural University, 2014:20-45. (in Chinese with English abstract) 

[ 137 ]  [12] 王喜华.吉林省水稻节水灌溉与水分管理的技术与模式研究.长春:吉林大学,2012:15-52. 

[ 138 ]  WANG X H. Technology and mode of water saving irrigation and water management of rice in Jilin Province. Changchun: 

Jilin University, 2012:15-52 (in Chinese with English abstract) 

[ 139 ]  [13] 程卫国,卢文喜,安永凯.吉林省水稻水分生产函数模型的适应性研究.灌溉排水学报,2015,34(2):61-66. 

[ 140 ]  CHENG W G, LU W X, AN Y K. Adaptability of water production function model for rice in Jilin Province. Journal of 

Irrigation and Drainage, 2015,34(2):61-66. (in Chinese with English abstract) 

[ 141 ]  [14] 陈伟.水稻水分生产函数及水氮耦合模型试验研究.沈阳:沈阳农业大学,2013:41-91. 

[ 142 ]  CHEN W. Experimental study on rice water production function and water-nitrogen coupling model. Shenyang: Shenyang 

Agricultural University, 2013:41-91. (in Chinese with English abstract) 

[ 143 ]  [15] 宋常吉.北疆滴灌复播作物需水规律及灌溉制度研究.新疆,石河子:石河子大学,2013:41-54. 

[ 144 ]  SONG C J. Research on water requirement pattern and irrigation system of north Xinjiang spring wheat under drip irrigation. 

Shihezi, Xinjiang: Shihezi University, 2013:41-54. (in Chinese with English abstract) 

[ 145 ]  [16] 中华人民共和国水利部 .中华人民共和国水利行业标准 :灌溉试验规范 :SL13-2004.北京:中国水利水电出版

社,2004:11-55. 

[ 146 ]  The Ministry of Water Resources of the People’s Republic of China. Water Conservancy Industry Standard of the People’s 

Republic of China: Specifications for Irrigation Experiment: SL13-2004. Beijing: China Water Power Press, 2004:11-55. (in 

Chinese) 

[ 147 ]  [17] 陈亚新,康绍忠.非充分灌溉原理.北京:水利电力出版社,1995:86-87. 

[ 148 ]  CHEN Y X, KANG S Z. Principle of Deficient Irrigation. Beijing: Water Resources and Electric Power Press, 1995:86-87. 

(in Chinese) 

  



 

198 

中国水利水电科学研究院第十三届青年学术交流会 

北疆干旱荒漠地区人工草地作物水分生产函数研究 
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1水利部牧区水利科学研究所，内蒙古，呼和浩特，010020 

2中国科学院烟台海岸带研究所，山东，烟台，264003 

3乌审旗水土保持局，内蒙古，鄂尔多斯市，017300 

摘要 

传统灌溉的目标是为作物提供适宜的水分以获得单位面积上的

最高产量，而随着北疆干旱荒漠地区水资源的短缺以及提高灌

溉用水效率、提高水资源产出等要求的提出，单位水量的投入

而能获取的最大效益的作物水分生产关系成为研究热点。该研

究在北疆地区开展了非充分灌溉试验，分析了北疆干旱荒漠地

区主要人工草地在不同土壤水分条件下作物产量，确定了紫花

苜蓿、苏丹草和青贮玉米的水分生产函数模型，分别采用

JENSEN 模型、STEWART 模型和 JENSEN 模型给出了各生育

阶段敏感指数和敏感系数。检验结果表明模型有较高的精度。

研究成果可为合理开发阿勒泰草原乃至新疆牧区有限的水土资

源提供理论和技术支撑。 

关键词 

北疆；人工草地；作物水分生产模型；Jensen 模型；Stewart 模

型 
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