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Abstract: Joint assessment of groundwater-surface water resources can help develop sustainable
regional water management plans for intensive agriculture. In this study, we estimated allowable
groundwater and surface water quantities using a water balance model, WetSpass-GMS, for the
Sanjiang Plain (10.9 x 10* km?), one of the most important grain production bases in China. We then
applied a double control based on the groundwater availability and the concept of an ecologically
ideal shallow groundwater depth (EISGD) to three different water use scenarios: (A) continuation
of the current water use management; (B) maximal use of water resources under a double control;
and (C) irrigation of 266.7 x 10* hectares that are suitable for rice cultivation. We found an annual
allowable surface water quantity of 4.71 billion cubic meters for the region and an annual exploitable
groundwater quantity of 4.65 billion cubic meters under full consideration of water requirements,
i.e., sustaining river base flow, necessary riverine sediment transport, and ecological water supplies
for wetlands and reservoirs. Our simulation results showed that for Scenario A, groundwater level
in the region would continue falling, and that the groundwater levels in wet, normal and dry years
would drop below the EISGD level in 2028, 2023 and 2019, respectively. For Scenario B, groundwater
and surface water would be able to support rice paddies of 219.7 x 10* hectares, 212.7 x 10* hectares,
and 209.3 x 10* hectares during wet, normal and dry years, respectively. For Scenario C, future
demands on groundwater and surface water under wet, dry and normal years would all exceed
their allowable supplies. Overall, this study indicates that integrated management plans promoting
an increase of surface water use and a reduction in irrigation with groundwater should be developed
for sustainable agriculture and ecological preservation on the Sanjiang Plain.

Keywords: allowable water resources; coupled simulation and regulation; surface-groundwater
interaction; double control of water quantity and water level; Sanjiang Plain
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1. Introduction

Groundwater and surface water resources in a region are often physically connected.
The interaction between the two water resources is complex, and understating their regional availability
and connectivity can be crucial in sustaining economic development, ecological functions, and social
stability [1-5]. For many regions in the world, groundwater is a main source for agricultural
irrigation, counting about 70% of all global irrigated land. This has led to a number of ecological and
environmental stresses including continuous decline of groundwater levels and increase of cone of
depression, which often causes land degradation [6-9]. Although many regions have abundant river
and lake water resources, local agriculture still replies on groundwater use due to easy exploitation
and low expense, which further causes groundwater decline. It is therefore important that the quantity
and availability of groundwater and surface water be jointly assessed to develop plans and strategies
for long-term sustainable water resources management.

Several studies have been done on joint regional regulation of surface water and groundwater
in China. For instance, in order to solve the water shortage for agriculture and the uneven spatial
distribution of water resources in the Shiyang River basin in Northwest China, Quan and Dong [10]
develop a groundwater-surface water joint regulation model; In a study on the joint regulation of
groundwater-surface water for the Huangshui River and Dagu River, Meng [11] and Wang [12]
applied a quantity control approach to restrict local water resource withdrawal; from a study on
the control of water level during the joint simulation groundwater-surface water, Liu [13] presented
an ideal joint regulation schedule under control of the groundwater level. Similar studies on joint
groundwater-surface water regulation have also been conducted in other geographical regions.
For instance, Querner [14] used Modflow to analyze surface water and groundwater interactions
in the Netherlands; To obtain more accurate results, researchers [15-18] presented a surface water and
groundwater conjunctive plan used minimum depth standard for fish passage in California, USA,
average surface water flow deficits in Australia, Darcy’s law and statistical regression analysis of
historic data for relating environmental river flow targets to groundwater levels in India, combined
clustering method in the High Plain, USA, a support vector machines (SVMs) model as a simulator of
surface water, and a genetic algorithm (GA) as the optimization mode in west central Iran. Collectively,
these studies have demonstrated the importance of joint assessment of groundwater-surface water
for regional water resources management. However, these studies mainly focused on a single water
quantity or water level control. Few studies used a double control approach of water quantity and
level in joint groundwater-surface water analysis.

As one of China’ most important grain production areas, the Sanjiang Plain in Northeast China is
the largest, most intensively irrigated agricultural region in the country. The region is also planned
by the Chinese government to become the country’s most important rice culture base in the future.
For agricultural irrigation in this region, a total of 2.57 x 10° m? of groundwater is used annually
accounting for 60% of the total groundwater usage of the Sanjiang Plain [19]. Continuous withdrawal
of the large quantity of groundwater has generated serious environmental concerns, a significant
decrease of the regional shallow groundwater level has been found. For example, Zhao et al. [20]
reported a 5-m decline of the shallow groundwater level over the past 50 years in the central Sanjiang
Plain and a large area of cone of depression in the northwest Sanjiang Plain. Intensive groundwater
use, together with extensive conversion of wetlands to rice paddy fields, has had a significant impact
on the quality of surface water [21,22] and groundwater [23] due to accelerated ground-surface water
interactions, where the rate of surface water infiltrate into groundwater has become far less than
the rate of exploited, causing ecological land deterioration, especially in natural wetlands. At the
same time, when the level of a shallow groundwater decreases, more wetland water recharges the
groundwater, resulting in direct wetland degradation. Song et al. [24] reported that about 80% of the
wetlands in the Sanjiang Plain disappeared in the past 60 years. Such problems pose a threat to the
long-term sustainable development of food security and regional ecological security. Hence, studying
the jointed regulation of groundwater and surface water in this region is a key measure of progress
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for the sustainable development under continuously decreasing groundwater level, which leads to
wetland degradation. In addition, previous studies focused on the large basin scale, few studies have
investigated a large flat plain area like the Sanjiang Plain (10.9 x 10* km?) with intensive agricultural
irrigation activities.

In this study, we performed a joint regulation assessment of groundwater and surface water under
a double control of water quantity and a concept of ecologically ideal groundwater depth recently
developed by Wang and others [25] for the Sanjiang Plain. The EISGD is a depth range of shallow
groundwater that is necessary for sustaining present vegetation ecosystems, and have the upper
and lower boundary. The concept of determining the boundaries for an ecologically ideal shallow
groundwater depth is based on preservation of the present vegetation. When shallow groundwater
level rises to the surface or near-surface, plant roots switch to an anoxia environment. Most xeric plants
cannot tolerate extended period of saturation. In addition, if the surface soil is rich in salt, rising of
shallow groundwater level may lead to surface salt accumulation in some climate regions degrading
soil quality. On the other hand, when the shallow groundwater level declines to deeper depths,
it becomes inaccessible to plant roots and groundwater transpiration is nearly zero. Over a long
period of time with shallow groundwater decline, surface vegetation communities (e.g., farmland,
woodland, meadow, and wetlands) will degrade or shift to different communities. We created a joint
simulation model considering both groundwater and surface water to analyze the effects of three water
management scenarios on future water resources. The assessment and modeling are to help develop
effective water management strategies to support sustainable agriculture irrigation and wetland
preservation in the region.

2. Study Area

Covering a total low land area of 10.9 x 10* km? between 43°49'55"-48°27'40" N and
129°11'20"'-135°05"26"" E, the Sanjiang Plain is located in Heilongjiang Province, Northeast China. It is
a large alluvial floodplain formed in the lower reach of three rivers—the Songhua, Heilong and Wusuli
Rivers (Sanjiang in Chinese literally means three rivers, Figure 1). The Heilong and Wusuli Rivers
are international rivers draining China’s and Russia’s territorial lands with an annual average yield
of 346.5 billion m® and 61.9 billion m?, respectively. Flowing across the Sanjiang Plain, the Songhua
River yields a long-term annual average of 72.7 billion m3. The discharges of the Songhua and Heilong
Rivers decreased continuously in the past 60 years [26].

Climate of this region can be characterized by a cold temperate continental monsoon climate,
with a long-term annual average temperature of 2.8 °C and an annual average precipitation of 500-650 mm,
more than 60% of which occurs within three months from June to August [26]. Topography of this
region is flat and much of the region is located on the floodplain with a slope gradient between 0.01%
and 0.02%. The western edge and southeastern edge of the Sanjiang Plain are Xiaoxinganling Mountain
and Wanda Mountain with the elevation 1429 m a.s.l. and 831 m a.s.1., respectively. The region is largely
covered by Quaternary alluvial sediments, where the major mining layers of groundwater are located.
Based on the geological age, geomorphology, lithology and burial depth, the aquifer formations can
be classified as: (1) quaternary loose deposits of sand gravel aquifer; (2) tertiary sandstone siltstone
interlayer aquifer; and (3) quaternary bedrock fissure aquifer. The aquifer materials consist of medium
sand, a mix of loam, fine sand, sandy clays, silts and volcanic rocks [22].

The Sanjiang Plain has a large area of wetlands. In the past half-century, many of the wetlands
have been converted into agricultural farmland [27]. In the last decade, the area of woodland, meadow
and wetlands further decreased by 0.58%, 12.53% and 4.41%, respectively, but the rice farming area
increased by 2.08% [28]. Currently, major land use and land cover types in the Sanjiang Plain include
wetland, rice paddy, corn, woodland, and meadow. The wetlands occupy 9.2% (or 1.00 x 10% kmz),
the arable land (sum of the rice paddy and other corn land) 53.6% (or 5.57 X 10* km?2), the woodland
33.1% (or 3.40 x 10* km?), and the meadows 4.1% (or 0.40 x 10* km?). Rice is the dominant crop in
the region [24,28].
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Figure 1. Geographical location of the study area, monitoring wells, and hydrologic stations in the

Sanjiang Plain, Northeast China.

3. Methodology

3.1. Conceptual Model, Mathematical Model and Joint Model

3.1.1. Surface Water Conceptual Model

Rivers in the Sanjiang Plain showed slow flow due to the gentle landscape. The boundary
conditions: the two boundary river (Heilong River and Wusuli River) were assigned to be a specific
head and the other two boundary were assigned to be a specific quantity (Figure 2).
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Figure 2. River network and discretization grids of the Sanjiang Plain.
3.1.2. Mathematical Model
Ipoh
_%)t ¢ — % (doKox%) — % (doKoy%—h;) +Q,=0 (x,y) € D,
o (5, By = (9,1) (xy) €T "
oh, _
Knﬁf)rz =4q0 (x,¥,1) (x,y) €T
ho (%,Y,8)|;—g = 1 (x,,0) (x,y) € Do

where [29] ¢, is the surface porosity; h, is the river elevation (m) (h, = d, + z); d, is the depth of river
(m); and D, is the scope of surface water. , (x,y,t) is the specific head boundary; Q, is the source
sink term (LT™'), g, (x,y,t) is the specific quantity boundary; Kox, Koy is the surface conductivity
of x, y direction (LT™1Y); K, is the surface conductivity of n direction (LT~1); and h (x,y,0) is the
initial conditions.

S S S S ?
ox — 7Ny —
nx [9hy/3s]2 " ny [9h,/9s)"
1 (do > Hds + Hrs)
Po = 4[H+Hysldo—3d,2 @)

[Hy +Hrs]2 (do < Hds =+ Hrs)

where 7y, ny are the manning coefficient in the x, y direction [L-1/3T], Hy; is the depression storage
(m), and H;; is the reduced storage (m).
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3.1.3. Groundwater Conceptual Model

Groundwater in the Sanjiang Plain mainly storage in quaternary loose deposits of sand gravel
aquifer, and the groundwater flow was defined as heterogeneity, unsteady and three dimensional
flow. The boundary condition: the west, south and southeast part of Sanjiang Plain are low hills with
the weak permeable strata and defined as the specific quantity boundary. The other two boundaries
(Heilong River and Wusuli River) were assigned to be a specific head (Figure 2).

3.1.4. Mathematical Model

g (k30) + %(kah) + (k) +e=s9 (x,y,2) €Q,t >0

K3 + k()" + k(2" - %<k+p>+s:yg¢; (,y,2) € To,t > 0

h(x,y,2)|r, = h1 (x,y,2) (x,y,z) €Ty, t >0 4)
"% z—qz(x,y,z,t) (x,y,z) €Ty, t >0

ho (X, Y,2,t)|1—g = ho (x,y,2z) € Q

where [30] Q) is the flow area; I is the upper boundary of flow area; I';, I'; are the specific head
boundary and specific quantity boundary, respectively; g is the discharge per unit width of the specific
quantity boundary (m3/ day/m); hy is the initial water level (m); /; is the water level of the specific
head boundary (m); # is the total amount of well; K is the permeability coefficient of aquifer (m/day);
x, y is the coordinates (m); s is the residual saturation; ¢ is the source and sink term (m?); p is the
precipitation item (m); and p is the storage coefficient.

3.1.5. Joint Model

We used the FOEC [31] method to combine the surface water model and groundwater model.

qss = o (hsp — hs)
o= kr Klieat (5)
where « is the FOEC conductance; [, is the coupling length between surface water and groundwater
(L); gss is the exchange capacity of surface water and groundwater (L3L=3T~1); k, is the relative
permeability of upstream nodes; Ky is the permeability coefficient of aquifer surface medium (LT~1);
hgp, is the groundwater level (L); and ks is the surface water level (L).

3.2. Input Data

We collected monthly data on shallow groundwater depths of 120 monitoring wells across
the Sanjiang Plain during 2008 and 2013 (Figure 1). We also collected monthly water table data
from 26 hydrologic stations administered by the Jiamusi Bureau of Hydraulics for the same period.
Water table depths in these wells were recorded with an automatic water level recorder (Odyssey,
Dataflow Co., Christchurch, New Zealand). Those water data were used for establishing jointing
simulation model of groundwater-surface water and calibration and validation.

3.3. Model Discretization, Calibration and Validation
We used the WetSpass-GMS [32,33] software to develop a joint model of groundwater-surface water.
3.3.1. Model Discretization

Spatial Discretization

The entire study area (10.9 x 10* km?) was gridded into 0.1 km x 0.1 km squares (i.e., 0.01 km?),
making a total of 109,000 cells (Figure 2).
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Temporal Discretization

In this study, the joint model of groundwater-surface water used the same spatial and temporal
discretization. The temporal discretization period for the Sanjiang Plain was one month, and each
period included three time steps.

3.3.2. Model Calibration

A total of 120 observation wells and 26 hydrology stations were used in the calibration process.
The initial time of model recognition was 1 January 2008, and the end time of model recognition was
30 December 2010.

The model parameters that have been calibrated in this process included groundwater parameters
such as hydraulic conductivity (K), storage coefficient (1), the bottom of air pressure in a vadose zone
((m™1Y), porosity size distribution index (f3), residual saturation (Sy), and pore connection index (Lp)
(Figure 3 and Table 1), as well as surface water parameters such as manning roughness coefficient,
depression storage (m), reduced storage (m) and coupling length (m) (Table 2).
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Figure 3. Spatial application of six sets of hydrogeology parameters for modeling (see Table 1).
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Table 1. Calibrated hydrogeology parameters within the numerical model. The values in the
parenthesis “())” is the initial values of hydrogeology parameters before calibration.

ID K@m/d) n a(m™1) B Sy Lp

1 30 (32) 0.25 (0.3) 4.23 (4.21) 1.16 (1.15)  0.032 (0.046)  1.42(0.41)
2 15 (18) 0.14 (0.20) 4.17 (4.07) 1.32(1.28)  0.025(0.032) 1.32(1.36)
3 20 (20) 0.21 (0.21) 2.04 (1.78) 1.21(1.04) 0.0.21(0.024) 1.26 (0.25)
4 16 (20)  0.11 (0.10) 1.26 (1.3) 1.28 (1.30)  0.096 (0.097)  1.34(1.42)
5 1(2) 0.05 (0.05) 1.62 (1.56) 1.04 (1.19)  0.065 (0.065)  1.64 (1.82)
6 1(1.5) 0.03 (0.03) 2.43(2.43) 1.64 (1.64)  0.042 (0.056)  1.01 (0.64)

Table 2. Calibrated hydraulic parameters within the numerical model. The values in the parenthesis
“())” is the initial values of hydrology parameters before calibration.

Name Woodland Meadow Wetland Rice Corn
Manning roughness coefficient 0.52 0.01 0.08 0.04 0.7
(0.62) (0.04) (0.06) 0.05)  (0.2)
Depression storage () 0.031 0.002 0.0001 0 0.008
P & (0.03) (0.003) (0.002) 0) (0.002)
0.0002 0.0001 0 0 0.0001
Reduced storage (m) (0.002) (0.0002) 0) 0) (0.001)
. 0.4 0.7 0.05 0.02 0.56
Coupling length (m) ©0.2) (0.5) 002 (002  (03)

3.3.3. Model Validation

We used two years of data collected between 1 January 2011 and 30 December 2012 to validate the
reliability of the model. The relative error (RE), the absolute error (AE) and Nash—-Sutcliffe efficiency
(NSE) [34] were used to evaluate modeling results against the measurements. Comparisons between
observed and simulated values for surface water (the relative error was less than 20%, and the NSE were
more than 0.80) and groundwater (the absolute error was less than 0.5 m, and the NSE of Lianjiangkou,
Jianguo village, Erlongshan city and Dongan city were 0.99, 0.98, 0.97 and 0.86, respectively; all more
than 0.85) demonstrated satisfactory application of the groundwater-surface water joint modeling
(Figures 4 and 5 and Table 3). Thus, the established joint model is capable to reflect the surface water
and groundwater flow conditions in the Sanjiang Plain.
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Table 3. River stage validation results of Baoan station.

Year 2008 2009 2010

Station Month OBV SMV RE (%) NSE OBV SMV RE (%) NSE OBV SMV RE (%) NSE
1 0.02 0.021 5 0.99 0.23 0.19 17.4 0.99 0.019 0.022 15.8 0.99

2 0.1 0.11 10 0.99 0.21 0.24 14.3 0.99 0.02 0.017 15 0.99

3 1.54 1.78 15.6 0.99 0.012 0.01 16.7 0.99 0.053 0.045 15.1 0.99

4 5.13 423 17.5 0.96 411 3.46 15.8 0.99 15.1 13.86 8.2 0.98

5 11.8 12.56 6.4 0.99 2.44 2.04 16.4 0.99 31.6 29.36 71 0.99

Baoan station 6 522 4.63 11.3 0.98 6.04 5.89 25 0.99 4.69 4.15 11.5 0.90
7 3.07 3.61 17.6 0.98 19.1 18.32 41 1.00 6.14 5.96 29 0.89

8 1.57 1.68 7 0.98 23.6 21.56 8.6 0.99 11 9.6 12.7 0.91

9 1.02 1.16 13.7 0.98 7.61 7.02 7.8 0.99 3.6 3.15 12.5 0.97

10 1.2 1.36 13.3 0.98 3.12 2.98 4.5 0.99 2.65 2.34 11.7 0.99

11 0.73 0.82 12.3 0.98 1.44 1.18 18.1 0.99 1.48 1.36 8.1 0.99

12 0.145 0.163 12.4 0.98 0.488 0.402 17.6 0.99 0.34 0.28 17.6 0.99

Note: RE stands for relative error; NSE stands for Nash-Sutcliffe efficiency; OBV stands for observed values; SMV stands for simulated values.

9 of 23
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Figure 4. Comparison between the simulated and observed groundwater depths at the end date of the

validation period.
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Figure 5. The calibration scatterplot between the simulated and observed groundwater depths. Solid
red line is the best fit line: (a) Lianjiangkou; (b) Jianguo village; (c) Erlongshan city; and (d) Dongan
city (Figure 1).

3.4. Simulation Scenarios

We proposed the following three scenarios for future groundwater use on the Sanjiang Plain.

Scenario A: An exploitation of groundwater use of 57.2 x 10® m3/year and surface water use
of 18.3 x 10® m3/year. Industry and domestic uses have a proportion of 15%, while the rest 85% is
designed for farmland irrigation. It is also consider for three different hydrological years: wet years,
the years with 25% precipitation exceedance; normal years, the years with 50% precipitation exceedance;
and dry years, the years with 75% precipitation exceedance. Scenario A plausibly represents the current
water use situation on the Sanjiang Plain.

Scenario B: In this case, an exploitation of 46.54 x 10® m3/year groundwater and
47.14 x 108 m3/year surface water is proposed for the Sanjiang Plain. This water consumption scheme
is based on the concept of ecologically ideal shallow groundwater depth proposed by Wang et al. [25].
Similarly, 15% of the consumption is for industrial and domestic uses, while 85% is for farmland
irrigation; the calculation is done for wet, normal, dry years.

Scenario C: An exploitation of 46.54 x 10% m3/year groundwater and 151.11 x 10% m3/year
surface water for irrigating all suitable farmland for rice culture (i.e., 266.7 x 10* hectares) on the
Sanjiang Plain. Similarly, industrial and domestic uses count 15% and the rest 85% is for farmland
irrigation; the calculation is done for wet, normal, and dry years.

4. Results and Discussion

4.1. Current Allowable Groundwater and Surface Water Resources of the Sanjiang Plain

The entire surface water resource in the Sanjiang Plain was 153.35 x 108 m3/year, which included
discharges of the Songhua River (69.19 x 10® m3/year), Naoli River (34.92 x 10® m3/year), and Woken
River (49.24 x 108 m?/year) (Figure 1). The allowable water resource for the Sanjiang Plain was
actually only about one third (47.14 x 108 m3/year) of the total surface water, taking out the river
ecological water requirement. The allowable quantity of shallow groundwater for the Sanjiang Plain
was 46.54 x 108 m3/ year (Table 4).

Table 4. The allowable quantity of surface water and groundwater of the Sanjiang Plain.

Average River Ecological Water Requirement (10° m®)  Ajlowable Surface Allowable
River Runoff per Basefl Sand Water Requirement ~ Water Resources Groundwater
Year (108 m%) as¢HOW Washing of Aquatic Life (108 m3) Resources (108 m3)
Songhua 69.19 13.84 6.57 27.68 38.05 -
Naoli 34.92 6.98 3.14 13.97 19.21 -
Woken 49.24 9.85 448 19.7 27.08 -

Total 153.35 30.67 14.2 61.34 47.14 46.54
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4.2. Projections of Future Groundwater-Surface Water Resources

Scenario A: Under this scenarios, the estimates of groundwater storage for wet year, normal year
and dry year on the Sanjiang Plain would decrease 38.30 x 10% m3, 53.98 x 108 m® and 64.84 x 108 m?,
respectively (Table 5). Spatially, the groundwater table of Honghe farm for wet year (Figures 1, 6
and 7), normal year (Figures 8 and 9) and dry year (Figures 10 and 11) would occur far below the lower
boundary of EISGD in 2028, 2023 and 2019, respectively. The results indicate that continuation of the
current water use on the Sanjian Plain would cause continued decline of groundwater beyond the
lower boundary of EISGD, which would lead to the surface ecological degradation and severe water
shortage for semi-arid areas in the region.

Table 5. Groundwater storage change under three different scenarios.

Scenarios  Precipitation Assurance = The Change of Aquifer Water Storage (x 108 m3)

25% —38.3
Scenario A 50% —53.98
75% —64.84
25% 18.36
Scenario B 50% 6.23
75% —5.72
25% 22.61
Scenario C 50% 11.2
75% 4.77
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Figure 6. Groundwater table contour for a wet year (25%) of Scenario A of the Sanjiang Plain
during 2030.
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Figure 7. Groundwater table and ecologically ideal shallow groundwater depth (EISGD) for a wet
year (25%) for Scenario A of the Honghe farm from 2008 to 2030. The gray background stands for the
groundwater table that is below the lower boundary of EISGD.
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Figure 9. The groundwater table and ecologically ideal shallow groundwater depth (EISGD) for
anormal year (50%) of Scenario A of the Honghe farm from 2008 to 2030. The gray background stands
for the groundwater table that less than the lower boundary of EISGD.

Figure 10. Groundwater table contour of the dry year (75%) of Scenario A of the Sanjiang Plain

during 2030.
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Figure 11. Groundwater table and ecologically ideal shallow groundwater table for a dry year (75%) of
Scenario A of the Honghe farm from 2008 to 2030. The gray background stands for the groundwater
table that is below the lower boundary of EISGD.

Scenario B: Aquifer storage of the Sanjiang Plain for wet year and normal year increased
18.36 x 108 m3 and 6.23 x 108 m3, respectively (Table 5). However, the aquifer storage of the Sanjiang
Plain for dry year decreased 5.72 x 108 m3 (Table 5). Meanwhile, the estimates for groundwater
exploitation under the restriction of EISGD for wet year, normal year and dry year on the Sanjiang
Plain were 53.61 x 108 m?, 48.64 x 108 m® and 46.34 x 108 m?, respectively (Table 5). The estimates
for using surface water under restriction of EISGD for wet, normal and dry years on the Sanjiang Plain
were 43.49 x 108 m3, 45.05 x 10® m3 and 45.05 x 10% m3, respectively (Figures 1 and 12, Figures 13-17
and Table 5). Moreover, according to the irrigation quantity of the Sanjiang Plain for conventional
(6300 m3/hectare) and irrigation saving (3700 m? /hectare), the water quantity can support the
maximum rice areas under conventional irrigation for wet year, normal year and dry year on the
Sanjiang Plain were 1.97 million hectares, 1.90 million hectare, 1.85 million hectare, respectively.
However, the water quantities that are needed to support the maximal rice culture expansion under
irrigation reduction for wet year, normal year and dry year on the Sanjiang Plain were 3.30 million
hectares, 3.19 million hectares, and 3.11 million hectares, respectively (Table 6). The area for irrigation
reduction amount to 1.5 times of the area of conventional irrigation, suggesting that promoting
irrigation reduction on the Sanjiang Plain is ultimately important.
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Table 6. Supporting rice areas of groundwater and surface water under Scenario B.
Allowable Usm§ W;‘ ter Conventional Irrigation Saving Irrigation
s Resources (10° m®)
S . Precipitation
cenario Assurance (%) Supporting Rice Area  Supporting Rice Area Supporting Rice Area  Supporting Rice Area
Groundwater  Surface Water by Groundwater by Surface Water Total by Groundwater by Surface Water Total
(10* Hectare) (10* Hectare) (10* Hectare) (10* Hectare)

25 53.61 43.49 72.0 59.3 131.3 121.0 98.7 219.7

B 50 48.64 45.04 65.3 61.3 126.6 110.0 102.7 212.7

75 46.34 45.04 62.7 60.7 133.4 105.3 102.0 207.3
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Figure 13. Groundwater table and ecologically ideal shallow groundwater depth (EISGD) for a wet
year (25%) of Scenario B of the typical wells from 2008 to 2030: (a) Honghe F arm; (b) Chuangye Farm;
(c) 854 Farm; and (d) Qixing Farm (Figure 1). The gray background stands for the groundwater table

below the lower boundary of EISGD.
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Figure 14. Groundwater table contour of a wet year (50%) of Scenario B of the Sanjiang Plain

during 2030.
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Figure 15. Groundwater table and ecologically ideal shallow groundwater table for a normal year
(50%) of Scenario B of the typical wells from 2008 to 2030: (a) Honghe F arm; (b) Chuangye Farm;
(c) 854 Farm; and (d) Qixing Farm (Figure 1). The gray background stands for the groundwater table
below the lower boundary of EISGD.

Scenario C: Aquifer storage of the Sanjiang Plain for wet year and normal year increased
11.20 x 10® m3, 4.77 x 108 m® and 6.23 x 108 m3, respectively (Table 5 and Figures 16 and 17).
However, the aquifer storage of the Sanjiang Plain for dry year decreased 5.72 x 108 m> (Table 7).
Meanwhile, the exploitation groundwater under the restriction of EISGD for wet year, normal year and
dry year on the Sanjiang Plain were 65.01 x 108 m3, 58.46 x 108 m® and 50.35 x 108 m?, respectively
(Table 7), and using surface water under restriction of EISGD for wet year, normal year and dry year on
the Sanjiang Plain were 86.10 x 108 m3, 92.65 x 108 m3 and 100.76 x 108 m3, respectively (Table 5 and
Figures 16 and 17). More water is needed for irrigating the 266.67 x 10* hectares of rice paddies on the
Sanjiang Plain. Therefore, a need for using more surface water under the restriction of EISGD would
be 38.96 x 10® m3 for a wet year, 45.51 x 108 m3, for a normal year, and 53.62 x 108 m3 for a dry year
on the Sanjiang Plain (Table 7). However, the quantities are large and it is a serious problem to divert
river waters in the region. The Heilong River and Wusuli River are international rivers bordering
China and Russia with an annual average yield of 346.5 billion m® and 61.9 billion m?, respectively
(Figure 1). If China plans to use the river water for irrigation, negotiations would be necessary between
the two countries.

From Scenario A to Scenario B, it showed that the groundwater table increased with the increasing
use of surface water. This suggests that Scenario B would benefit ecological protection of local wetlands
and reservoirs. On the other hand, high shallow groundwater in the region could be detrimental to
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some vegetation for possibly accumulating salts in the upper soil layer [25]. Therefore, the EISGD and
allowable groundwater and surface water resources on the Sanjiang Plain were used to control the
groundwater table.

Reducing irrigation can help reduce pressure on groundwater use, which is especially important
for sustainable agriculture in the semi-arid areas on the Sanjian Plain. In fact, reduced irrigation
schedules have been used widely on the Sanjiang Plain. Peng [35] reported an effective irrigation
schedule named “controlled irrigation”, which would keep water table only in the returning stage of
rice growing and could save nearly 50% of water use [36]. Therefore, the schedule has been wildly
adopted in rice paddy irrigation on the Sanjiang Plain [37,38] and its promotion is still needed in
the future.

The change from Scenario B to Scenario C suggests that the water resources (i.e., groundwater
and surface water) of the Sanjiang Plain cannot meet the requirement for irrigating all the areas that
are suitable for rice culture. For the Sanjiang Plain, designed by the Chinese government to become
the largest rice production region in the future, the most challenging question how to solve the water
resource shortage and how to expand rice culture while not further increasing groundwater use.
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Figure 16. Groundwater table contour of the wet year (75%) of Scenario B of the Sanjiang Plain
during 2030.
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Figure 17. Groundwater table and ecologically ideal shallow groundwater depth (EISGD) for a dry
year (75%) for Scenario B of the typical wells from 2008 to 2030: (a) Honghe Farm; (b) Chuangye Farm;
(c) 854 Farm; and (d) Qixing Farm (Figure 1). The gray background stands for the groundwater table
below the lower boundary of EISGD.

Table 7. The groundwater and surface water exploitation quantity for irrigation of 266.7 x 10* hectares
under Scenario C of the Sanjiang Plain.

Precipitation Allowable Using Water Resources (108 m?) Needing More Water

Scenario 4 urance (%) Groundwater Surface Water Quantity (10° m?)
25 65.01 86.1 38.96
C 50 58.46 92.65 45.51
75 50.35 100.76 53.62

5. Conclusions

This study is the first assessment of a joint simulation of groundwater and surface water based
on a double control of water quantity and water level for the Sanjiang Plain in Northeast China,
one of China’s most important grain production regions and the country’s largest inland freshwater
wetland area. The study found that the allowable surface water and groundwater resources were
47.14 x 108 m3 and 46.54 x 108 m3, respectively. If water exploitation continues under the current
water use, groundwater table in the region would decrease continuously, which may cause regional
degradation of terrestrial ecosystems. The study also found that fully using the allowable surface
water and groundwater can only support approximately 83% of the area that are suitable for rice
culture on the Sanjiang Plain. Based on the findings, we suggest that local and regional authorities
develop integrated water resources management plans that promote increase of surface water use and
reduction in irrigation with groundwater in order to ensure sustainable agriculture and ecological
preservation of the Sanjiang Plain.
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