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Conclusions

Algorithm

 DYCORS (Regis and Shoemaker, 2005) was 

applied in both spatial and temporal 

optimizations. 

 A new surrogate-based optimization approach, 

named SOIM (Wu et al., 2015) , was developed 

and compared with DYCORS in the spatial 

optimization.  

 Both approaches are effective and efficient in 

dealing with the time-consuming global 

optimization. 
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Define the optimization problem

 Objective function

 Decision variables

 Constraints

Build the Integrated SW-GW 

model (GSFLOW)

i) Select N initial training points (i.e., N

realizations of the decision variables) from the 

entire decision space using LHS

ii) Evaluate the original model at 

the initial training points

iii) Build initial surrogate models

iv) Perform the optimization 

based on the trained 

surrogate models for M times 

Good 

surrogates?

vi) Re-train the surrogate 

models by adding the M 

new points to the training 

set 

Converged?

vii) Choose the best one of the 

kM optima as the final solution

k=1

No

k=k+1

Yes

Yes

v) Evaluate the original model at the 

M optimal points

No

Fig. 4 Flow chart for SOIM

Study area and hydrological model

Zhangye Basin (ZB) is the midstream part of Heihe River 

Basin (HRB).

Farmlands in ZB consumes 90% of the total water supply 

in this area.

Environmental flow regulation has been implemented for 

the main Heihe River, based on a water allocation curve 

(Fig. 3), and stimulated the groundwater pumping in ZB.

A GSFLOW (an integrated model developed by USGS) 

model has been established for ZB (104 sub-basins; 588 

HRUs; five subsurface layers with 9,106 active 

MODFLOW cells, 1km×1km, in each; 01/01/2000-

12/31/2008). 

Fig. 2 The study area: (a) Heihe River Basin; (b) Zhangye Basin, 

midstream of HRB,  irrigation districts and 8 diversion points.

Optimization scheme

Major Results

Fig. 5 Evolution of the objective function value during 

the spatial optimization by both SOIM and DYCORS, 

Scenario A1. The dashed portion of the SOIM curves 

represents the 200 initial training runs of GSFLOW.

Conjunctive use of surface water (SW) and groundwater (GW) for irrigation is critical to water and food

security in arid and semi-arid areas.

Simulation-optimization (SO) analysis is desired by water resource management, but hardly applicable for

complex integrated SW-GW models.

This study adopted a surrogate-based approach to optimize the conjunctive use of SW and GW in the

Zhangye Basin (northwest China) based on integrated SW-GW modeling.

Fig. 3 Water allocation curve (WAC)
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Basic assumptions: 1) the total irrigation demand of each irrigation (estimated from historical data) is met;

2) GW is applied to adjacent fields and subjects to little seepage and ET losses.

Decision variables (X) : proportions of surface water (from 8 diversion points along the main river) in

total irrigation water. In spatial optimization, X is a vector of the 18 districts (Fig. 2). In temporal

optimization, X is a vector of 12 months.

Objective function: maximizing the annual saturated storage change (∆S).

Major constraints: 1) the environmental flow limit at Zhengyixia is met (R≥R0, see Table 1); and 2)

amount of water diversion does not exceed the available flow at the diversion points (Qik).

Where dij denotes the surface water diversion for ith district in jth month, and zjk=1 is the indication that the

jth district is served by kth diversion point, otherwise zjk=0.
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X
Flow limit R0

Actual 

Demand

10% 

reduction

20% 

reduction

30% 

reduction

Current flow A1 A2 A3 A4

WAC B1 B2 B3 B4

Table 1. Optimization scenarios with different flow limits and irrigation demands.

Scenario A’s represent “no-flow-decrease” situation, and Scenario B’s represent the WAC

regulation situation.

Fig. 6 Spatial patterns of the pumping 

ratios at the 18 irrigation districts. (a): 

actual pumping ratios in year 2002; (b): 

optimized pumping ratios for Year 2002 in 

Scenario A1; (c): change of the ratios after 

the optimization; (d): distribution of 

groundwater discharge and recharge areas.

Fig. 9 Monthly saturated storage changes with and without the optimization in temporal optimization, Scenario A1. 

Fig. 7 Changes of the surface water percentages 

(Xi) before and after the temporal  optimization. 

Other scenarios demonstrate the same pattern.
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A1 B1 Monthly inflow at Yingluoxia

The surrogate-based approaches are promising.

Optimized conjunctive use of groundwater and surface water can lead to reduction of non-beneficial ET and

save water resources at the basin scale.

It has been suggested that, in ZB, SW diversion could be enhanced in the flood season and reduced in the dry

season. Spatially, GW pumping could be increased in groundwater discharge zones.

If the current water management regime persists, at least a 20% reduction of irrigation demand is necessary

to meet the WAC limits, which is a challenge to the food and water security of ZB.
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Fig. 11 ET and water saving of all the 72 cases (9 years, 

8 scenarios) in temporal optimization. Water saving is 

defined as the change of  (∆S+R) after optimization. The 

points are almost on the 1:-1 line, and the nuance comes 

from slight change of soil and unsaturated zone. 

Fig. 8  Optimized relationships between the 

outflow R and the inflow (a) considering the 

current irrigation demand; and (b) 20% demand 

reduction.

Fig. 10 Comparison of water budget of non-optimized and 

optimized situation of A1 in temporal optimization, as an average 

of the 9 years. Surface water diversion is partly replaced by 

‘Stream leakage-pumping’ path to avoid unbeneficial ET. In this 

process the aquifer behaves like an reservoir that stores water in 

flood season and releases water through pumping in dry seasons. 
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Fig. 1 Model structure of GSFLOW
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a. Year 2000
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b. Year 2001
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c. Year 2002
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d. Year 2003
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e. Year 2004
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f. Year 2005
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g. Year 2006
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h. Year 2007
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i. Year 2008

SOIM DYCORS

ET 

2.936 (-0.025)

Precipitation 

1.233 Enhanced

Reduced

Stream outflow 

0.952 (+0.003)

Unit: billion m3 

Boundary 

inflow 

0.250

Stream inflow 

2.324

Discharge to streams

1.290 (-0.010)

Pumping

0.353 

(+0.047)

Discharge to 

soil

0.306 (-0.006)

Recharge

0.112(-0.003)

Stream leakage 

1.502 (+0.058) 

Change of soil and 

unsaturated zone 

storage

0.004 (+0.002)

Change 

of 

Stream

storage

0 (0)

Diversion 

1.693 (-0.084)

Runoff and 

interflow

0.533 (-0.013)

Change of 

saturated zone 

storage

-0.086 (+0.024)

Constant


