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Abstract: Global water resources are affected by climate change as never before. However, it is still
unclear how water resources in high latitudes respond to climate change. In this study, the water
resource data for 2021–2050 in the Naoli River Basin, a high-latitude basin in China, are calculated
by using the SWAT-Modflow Model and future climate scenarios RCP4.5 and RCP8.5. The results
show a decreasing trend. When compared to the present, future streamflow is predicted to decrease
by 2.73 × 108 m3 in 2021–2035 and by 1.51 × 108 m3 in 2036–2050 in the RCP4.5 scenario, and by
8.16 × 108 m3 in 2021–2035 and by 0.56 × 108 m3 in 2036–2050 in the RCP8.5 scenario, respectively.
Similarly, groundwater recharge is expected to decrease by −1.79 × 108 m3 in 2021–2035 and −0.75 ×
108 m3 in 2036–2050 in the RCP 4.5 scenario, and by −0.62 × 108 m3 in 2021–2035 and −0.12 × 108m3

in 2036–2050 in the RCP 8.5 scenario, respectively. The worst impact of climate change on water
resources in the basin could be frequent occurrences of extremely wet and dry conditions. In the RCP
4.5 scenario, the largest annual streamflow is predicted to be almost 14 times that of the smallest one,
while it is 18 times for the groundwater recharge. Meanwhile, in the RCP 8.5 scenario, inter-annual
fluctuations are expected to be more severe. The difference is 17 times between the largest annual
streamflow and the lowest annual one. Moreover, the value is 19 times between the largest and lowest
groundwater recharge. This indicates a significant increase in conflict between water use and supply.
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1. Introduction

Observational evidence has showcased the huge impact of climate change on global natural and
human systems in recent decades—and it is predicted to continue [1–5]. Among them, water resources
is one of the most direct and important elements affected by climate change [6–10].

Changes in water resources, as a result of global warming, are not uniform [5]. This uncertainty
has instigated discussions on the impact of precipitation, temperature, and other climate variables on
water resources. The impact is mainly investigated in terms of space (global [3,10,11], watershed [8,12],
and regional scales [13–15]) and time (evaluation of the past [16–18], and future predictions [6,19]).
Despite a number of relevant studies, these impacts in high-latitude watersheds need to be further
studied [20,21].
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In addition, there are fewer studies on the comprehensive effect of climate change on both
groundwater and surface water [22,23]. Groundwater is less visible and its relationship with climate
is more complex. Most previous studies have focused on the impact of climate change on surface
water [24,25]. However, these two storage mechanisms are intrinsic parts of closely linked components
in the hydrological system. The development and utilization of any component affects the others.
Therefore, joint research on groundwater-surface water is necessary to ensure accurate estimation
of water resources for future climate change scenarios, and for the sustainable development and
utilization of water resources in high-latitude watersheds [26]. Furthermore, combined simulation of
groundwater-surface water (CSGW-SW) is an important way to predict water resources in a watershed
under climate change scenarios. With the rapid development of computational power, remote sensing
technology, and geographic information systems, many hydrological models have been created,
providing powerful technical support for the CSGW-SW; they include Modflow-Daflow [27], InHM
Model [28], GSFLOW [29], MIKE SHE-MIKE 11 [30], MODHMS [31], Land Model(CLM)-ParFlow [32],
and HydroGeoSphere [33], among others. Among these, SWAT-Modflow, which is a coupling
hydrological model, offers easy operation, has a good visual interface, and requires low basic
data. It has, hence, been widely used by international scholars to simulate and predict water resources
in a watershed [34–38].

The main purpose of this study is to quantitatively evaluate the response of water resources
in high-latitude basins to future climate change. The study specifically aims to (1) evaluate the
impact of future climate change on water resources in high-latitude watersheds, and (2) construct a
comprehensive hydrological model based on combined simulation of groundwater-surface water.

2. Materials and Methods

2.1. Study Area

The Naoli River, the primary tributary of the Wusuli River, is located in Heilongjiang Province,
which has the highest latitudes in the country (Figure 1). The basin covers a total land area of
approximately 24,200 km2 ((45◦43′–47◦35′ N and 131◦31′–134◦10′ E). Its climate is characterized by
temperate humid and semi-humid continental monsoons; with long-term annual average temperature
of 3.5 ◦C, precipitation of 518 mm (60%–72% of which fall in May and September), wind speed of
3.7 m/s~4.2 m/s, and solar radiation of 99~110 kcal/cm2.

Global climate change has greatly altered meteorological elements (precipitation, evaporation,
and temperature) in the basin [39–41]. As a result, changes in streamflow and groundwater resources
have also occurred [42,43]. As one of the most important grain production bases in the country,
in addition to being a large inland freshwater wetland, changes in climate and water resources are of
great significance to the Naoli River basin. It is, therefore, necessary to study the response of water
resources to future climate change in the basin.
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Figure 1. Geographical locations of the observation wells and precipitation gauges used to study the Naoli River basin, Northeast China.Figure 1. Geographical locations of the observation wells and precipitation gauges used to study the Naoli River basin, Northeast China.
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2.2. Data Collection

In order to construct a coupled model and predict future water resources, we have collected a large
amount of data. Daily meteorological data from 45 stations in the Naoli River Basin were obtained
for the period of 2008–2015 from the China Meteorological Assimilation Driving Datasets, which is
developed based on China Land Data Assimilation System (CLDAS) and can be download from the
website (http://www.cmads.org/) [44]. The Global Downscale Daily Dataset (NEX-GDDP), temperature
and precipitation, released by the NASA Earth Exchange-Beijing Normal University–Earth System
Model (BNU-ESM), was selected as the data of future climate change scenario. The dataset was derived
from the downscaling climate scenario of GCM output under CMIP5, and its components were chosen
based on the specific expertise and experience available to the research center, and furthermore with
an eye to how the research strengths of the center can improve and develop it. In detail, the model
itself consists of four separate components simulating the atmosphere (CAM3.5), ocean (MOM4p1),
land (CoLM) and sea ice (CICE4.1), and one coupler component (CPL6.0) connecting these four
components. The Lund–Potsdam–Jena (LPJ) dynamic vegetation model (DVM) and the idealized ocean
biogeochemical module (iBGC) are included in the CoLM and MOM4pl, respectively [45]. It is widely
used in understanding climate change mechanisms and climate attribution. A detailed description
of the BNU-ESM can be found in Ji et al. [46]. Two typical concentration paths, RCP4.5 and RCP8.5,
with spatial resolution of 0.25 × 0.25 degree. Both the shallow groundwater level of 50 wells and
streamflow of 4 hydrological station across the Naoli River Basin for 2008–2015 was collected from the
Jiamusi Bureau of Hydrology. In addition, other relevant datasets have been collected, including DEM,
land use, Soil type, reservoirs, water use, and hydrogeological parameters (Table 1). All these data
were qualitatively checked before use.

Table 1. The data and their spatial resolution applied in the model.

Data Units Data Sources Resolution Purpose

DEM m Geospatial data cloud 30 × 30 SWAT
Land use m Landsat 8 30 × 30 SWAT

Soil types m
China Soil Map Based

Harmonized World Soil
Database

1:100 × 104 SWAT

Meteorological
data

◦ China Meteorological
Assimilation Driving Datasets 1/3 SWAT

Future climate
scenario data

◦ NEX-GDDP (RCP4.5 and
RCP8.5) 1/4 SWAT-Modflow

Streamflow m3/s
Hydrology Bureau in
Heilongjiang Province Month SWAT

Reservoirs − Local hydrology Bureau − SWAT
Water use − Ditto − SWAT

Hydraulic
conductivity m/d

Investigation and Assessment of
Groundwater Resources

Potential and Eco-Environment
Geology in Sanjiang Plain

(Yang et al., 2008)

1:25 × 104 Modflow

Specific yield − Ditto 1:25 × 104 Modflow
Elevation of bottom m Ditto 1:25 × 104 Modflow

Storage specific 1/m Ditto 1:25 × 104 Modflow
Groundwater level m Local hydrology Bureau Month Modflow

2.3. SWAT-Modflow Model

The difficulty in coupling the SWAT model with the Modflow model is how to achieve the
correspondence between hydrological response units (HRUs) of SWAT and Modflow grid Cells.
Because of the HRUs of SWAT lacks spatial location information, it is necessary to divide HRUs into
individual Disaggregated HRUs (DHRUs) with specific geographical location. These DHRUs are

http://www.cmads.org/
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then mapped to the Modflow grid to pass variables between SWAT and MODFLOW. In addition,
the Modflow river grid is also calculated so that the groundwater discharge calculated by Modflow
is returned to the corresponding sub-basin. Figure 2 shows the spatial correspondence between the
SWAT HRUs and the Modflow grid cells. The four colors on the picture represent an HRU, respectively.
The corresponding relationship between cells and HRUs is shown below the picture. Through this
spatial connection, the coupling of SWAT and Modflow is realized. In addition, the variable transfer
and output process of the SWAT-Modflow model is summarized, as shown in Figure 3. Detailed
descriptions of the steps used in coupling SWAT-Modflow can be found in several publications [34–38].
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2.4. The Method of Calibration and Validation in Model

The calibration and validation of surface parameters are performed by the Sequential Uncertainty
Fitting Ver. 2 (SUFI2) [47] which is one of the program interfaces with SWAT, in the Package SWAT
Calibration Uncertainty Programs (SWAT-CUP). Therefore, the calibration and validation of aquifer
parameters are performed by Predictor-Corrector method [48].
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2.5. Evaluation of Model Results

Some indicators, Nash-Sutcliffe efficiency coefficient (NSE), correlation coefficient (R2) and relative
error (RE), were selected to evaluate the simulation results of coupling model. The criteria for evaluating
the performance of the models [49] are shown in Table 2.

Table 2. The criteria for evaluating the performance of the models.

Measure Bad Good Better Very Good

R2 [0, 0.65) [0.65, 0.75) [0.75, 0.85) [0.85, 1)
NSE (-∞, 0.5] (0.5, 0.7] (0.7, 0.8] (0.8, 1]
RE [25, +∞) [15, 25) [10, 15) (-∞, 0)

3. Results

3.1. Calibration and Validation of Model

This study used data from 2008 to 2010 for the mode warm-up, data from 2011 to 2013 for the
model calibration, and data from 2014 to 2015 for the model validation. Because there was a large
number of model parameters, it was not possible to calibrate each parameter. Therefore, we calibrated
only those that have great influence on the hydrological process of the basin based on the previous
research. The model parameters were calibrated based on the observed data from four hydrological
stations and 50 monitoring wells, and they were validated with data from these four hydrological
stations but only 10 monitoring wells due to the lack of monitoring data from 2014 to 2015 (Figures 4
and 5).
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Figure 4. Comparison of observed and simulated streamflow during the calibration (2011–2013)
and validation (2014–2015) periods at four gauge stations: (a) Baoqing station, (b) Baoan station,
(c) Hongqiling Station, and (d) Caizuizi Station.
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Figure 5. Comparison between simulated and observed monthly groundwater level during the
calibration and validation periods for 10 wells: (a) Jixian, (b) Shuangyashan, (c) 597 Farm, (d) Baoqing
Farm, (e) 852 Farm, (f) 853 Farm, (g) Hongqiling, (h) Qixing, (i) Daxing, and (j) Shengli.

After adjusting parameters repeatedly, the evaluated results of streamflow and groundwater
level in the calibrated and validated period can meet the accuracy requirements of the model
simulation (Table 3). In addition, the calculated and measured values cannot be exactly the same.
However, the trend of dynamic change of them is consistent. Therefore, the simulation results of the
SWAT-Modflow are better, and this model can be used to estimate trends of water resources in the
Naoli River Basin under future climate change scenarios.
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Table 3. The evaluation for simulation results of monthly streamflow and groundwater level during
calibration and validation periods.

Hydrological Station Calibration (2011–2013) Validation (2014–2015)

ENS R2 RE ENS R2 RE

Baoqing 0.76 0.89 20.99 0.68 0.85 0.91
Baoan 0.74 0.85 −3.24 0.72 0.81 −9.63

Hongqiling 0.81 0.91 12.06 0.67 0.85 55.18
Caizuizi 0.72 0.92 −11.11 0.68 0.80 5.75

Wells

Jixian 0.73 0.81 −4.93 0.71 0.75 −8.33
Shuangyashan 0.53 0.57 −1.57 0.56 0.61 −17.52

597 Farm 0.33 0.37 12.36 0.30 0.32 10.06
Baoqing 0.66 0.71 −2.19 0.63 0.69 2.69
852 Farm 0.65 0.76 −9.69 0.61 0.62 −10.69
853 Farm 0.55 0.66 −10.25 0.51 0.78 −9.26

Hongqiling 0.79 0.87 −0.01 0.65 0.67 −0.43
Hongqi 0.46 0.52 0.32 0.42 0.53 1.37
Daxing 0.58 0.83 9.74 0.32 0.79 12.18
Shengli 0.51 0.58 2.79 0.43 0.51 3.27

Finally, the hydrogeological parameters satisfying the simulation of water cycle in the Naoli River
Basin are determined, respectively (Tables 4 and 5).

Table 4. The calibrated parameters of SWAT model.

Parameter Description Initial
Range

Final Parameters

Baoqing Baoan Hongqiling Caizuizi

Surface runoff

TLAPS Temperature lapse rate [−10, 10] −1.25 −6.11 2.97 0.72
CN2 SCS runoff curve number [25, 98] 56 70.72 86 58.85

BIOMIX Biological mixing efficiency [0, 1] 0.13 1.30 0.60 0.53
ESCO Soil evaporation compensation factor [0, 1] 0.72 0.26 0.32 0.85
EPCO Plant uptake compensation factor [0, 1] 0.46 0.89 0.59 0.40

CANMX Maximum canopy storage [0, 100] 69.00 21.20 50 30.20

Soil
SOL_AWC Available water capacity of the soil layer [0, 1] 0.58 0.11 0.33 0.08

SOL_K Saturated hydraulic conductivity [0, 2000] 306.00 310.9 190 275

Groundwater
ALPHA_BF Baseflow alpha factor (days) [0, 1] 0.19 0.04 0.51 0.11
GW_DELAY Groundwater delay (days) [0, 500] 25.60 36.61 189.05 39.23

GWQMN
Treshold depth of water in the shallow

aquifer required for return flow to
occur (mm)

[0, 5000] 2333 2880 2281 3179

REVAPMN Threshold depth of water in the shallow
aquifer for “revap” to occur (mm) [0, 500] 67 173.7 207 232

RCHRG_DP Deep aquifer percolation fraction [0, 1] 0.54 0.87 0.26 0.08
GW_REVAP Groundwater “revap” coefficient [0.02, 0.2] 0.09 0.09 0.14 0.03

Channel flow

CH_K2 Effective hydraulic conductivity in main
channel alluvium [0, 500] 218 169.1 256 245

CH_N2 Manning’s “n” value for the
main channel [0, 0.3] 0.2 0.28 0.15 0.14
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Table 5. The calibrated hydrogeology parameters.

Parameter
K (m/d) Sy Ss (1/m)

Initial Value Final Value Initial Value Final Value Initial Value Final Value

I 35 31 0.25 0.26 0.000032 0.000035
II 22 20 0.21 0.22 0.000016 0.000015
III 11 10 0.11 0.12 0.000011 0.000012
IV 8 8 0.08 0.07 0.000008 0.000008

3.2. Future Climate Change

In this study, the daily temperature and precipitation from 2021 to 2050 were selected as future
climate scenarios. The study period of 2021–2050 was divided into two periods: 2021–2035 (shot-term)
and 2036–2050 (long-term).

3.2.1. The Change of Precipitation

There is a difference in the annual precipitation over time in different climate scenarios in the
Naoli River Basin. In the RCP4.5 scenario, the annual precipitation increases first and then decreases.
The increasing trend in 2021–2035 is 31.9 mm/10a, and the decreasing trend in 2036–2050 is−18.8 mm/10a.
Moreover, the fluctuation of precipitation is relatively stable under RCP4.5 scenario. There is not
much difference in precipitation between short-term (2021–2035) and long-term (2036–2050) (Figure 6).
By contrary, the annual precipitation shows a trend of decreasing first and then increasing in the RCP8.5
scenario. The decreasing trend of precipitation is −93 mm/10a in 2021–2035, and the increasing trend is
5.5 mm/10a in 2036–2050. In the short term (2021–2035), precipitation decreases significantly, which
may be accompanied by drought. In the long term (2036–2050), precipitation will increase dramatically
in 2038, and then it will increase slowly (Figure 6).
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3.2.2. The Change of Temperature

There is also a variation in the temperature over time in different climate scenarios in the Naoli
River Basin. The annual average maximum temperature increases first and then decreases under
the RCP 4.5 scenario, with an increasing trend of 0.03 C/10a in 2021–2035 and a decreasing trend of
−0.3 C/10a in 2036–2050. There is a continuous increasing trend under the RCP 8.5 scenario, with a
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trend of 0.6 C/10a in 2021–2035 and 0.7 C/10a in 2036–2050, respectively. The increasing trend is
more apparent with time (Figure 7a). The variation trend of annual average minimum temperature
is roughly the same as that of maximum temperature in different climate scenarios. In the RCP4.5
scenario, the annual average minimum temperature shows a increasing trend of 0.3◦C/10a in 2021–2035
and decreasing trend −0.1 ◦C/10a in 2036–2050. In the RCP 8.5 scenario, the annual average minimum
temperature also shows a continuous increasing trend of 0.3 C/10a in 2021–2035 and 0.7 C/10a in
2036–2050, respectively (Figure 7b).
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3.3. Response of Water Resources for Climate Change

3.3.1. Streamflow under Future Climate Change Scenarios

In the RCP4.5 scenario, the average streamflow is 20.78 × 108 m3 in 2021–2035 in the Naoli River
Basin. However, there will be a large interannual variation in the streamflow. In 2027, there will be a
minimum annual streamflow of 3.36 × 108 m3. In 2028, there will be a maximum annual streamflow
of 37.12 × 108 m3 (Figure 8a). The average streamflow is 22.00 × 108 m3 from 2036 to 2050, which
is the least of 3.10 × 108 m3 in 2046, and the highest of 44.17 × 108 m3 in 2040 (Figure 8b). Under
RCP 8.5 scenario, the average annual streamflow is 16.35 × 108 m3 in 2021–2035, which is the least
of 3.18 × 108 m3 in 2028, and the highest of 49.57 × 108 m3 in 2021 (Figure 8a). The average annual
streamflow is 22.95 × 108 m3 in 2021–2035, which is the least of 3.43 × 108 m3 in 2049, and the highest
of 53.54 × 108 m3 in 2038 (Figure 8b).
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According to the results of previous research, the average streamflow is 23.51 × 108 m3 for
many years in the Naoli River Basin. Compared with present streamflow, under the RCP4.5 scenario,
the streamflow decreases by 2.73 × 108 m3 in 2021–2035 and 1.51 × 108 m3 in 2036-2050, respectively;
under the RCP8.5 scenario, the streamflow decreases by 8.16 × 108 m3 in 2021–2035 and 0.56 × 108 m3

in 2036–2050, respectively (Table 6).

Table 6. Predicted future streamflow under the RCP4.5 and RCP8.5 climate change scenarios in
comparison with the mean value from current multi-years (108 m3).

Period Streamflow Variation

Mean value for current multi-years 23.51 —

RCP4.5
2021–2035 20.78 −2.73
2036–2050 22.00 −1.51

RCP8.5
2021–2035 15.35 −8.16
2036–2050 22.95 −0.56

3.3.2. Groundwater Recharge under Future Climate Change

Under RCP 4.5 scenario, the multi-annual average groundwater recharge in space is 69.8 mm
in 2021–2035 (Figure 9a) and 73.5 mm in 2036–2050 (Figure 9b), respectively. While under the RCP
8.5 scenario, the annual groundwater recharge in space is 53.5 mm in 2021–2035 (Figure 9c) and 76.1 mm
in 2036–2050 (Figure 9d), respectively. Under different scenarios, the distribution characteristics of
groundwater recharge are quite different in space in the future, but the recharge of downstream is
generally more than that of the upstream.

Under different climate scenarios, the different trends were shown about the annual groundwater
recharge in the future in the Naoli River Basin. In RCP 4.5 scenario, the annual average groundwater
recharge is 18.38 × 108 m3 in 2021–2035, and increases with the trend of 0.41 × 108 m3/year (Figure 10a).
Moreover, there will also be a large variation to the recharge. The maximum and minimum value are
31.98 × 108 m3 in 2028 and 2.11 × 108 m3 in 2027, respectively. In 2036–2050, the average groundwater
recharge is 19.42 × 108 m3, which decreases with the trend of −0.51 × 108 m3/year (Figure 10b).
The maximum and minimum value are 38.33 × 108 m3 in 2040 and 3.18 × 108 m3 in 2046, respectively.
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Figure 10. The groundwater recharge during 2021–2050 for scenarios of RCP4.5 and RCP8.5 (a)
2021–2035 (b) 2036–2050.

In RCP 8.5 scenario, the annual groundwater recharge is 13.97 × 108 m3 in 2021–2035, with a
maximum and minimum value of 38.24 × 108 m3 in 2021 and 2.15 × 108 m3 in 2028, respectively. During
this period, the recharge decreases significantly with the trend of −1.31 × 108 m3/year (Figure 10a).
In 2036–2050, the groundwater recharge is 20.05 × 108 m3, with a maximum and minimum value
of 41.68 × 108 m3 in 2038 and 4.25 × 108 m3 in 2049, respectively. Moreover, the recharge has also a
downward trend of −0.57 × 108 m3/year (Figure 10b).

Compared with the * mean value for current multi-years, the groundwater recharge will decrease
by −1.79 × 108 m3 in 2021−2035 and −0.75 × 108 m3 in 2036–2050 in the RCP 4.5 scenario, respectively.
Meanwhile, the recharge will decrease by −0.62 × 108 m3 in 2021–2035 and−0.12 × 108 m3 in 2036–2050
in the RCP 8.5 scenario, respectively (Table 7).
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Table 7. The variation of groundwater recharge under RCP4.5 and RCP8.5 compared with the * mean
value for current multi-years (108 m3).

Period (Year) Groundwater Recharge Variation

Mean value for current multi-years* 20.17 —

RCP4.5
2021–2035 18.38 −1.79
2036–2050 19.42 −0.75

RCP8.5
2021–2035 13.97 −6.20
2036–2050 20.05 −0.12

3.3.3. Interaction of GW-SW under Future Climate Change

The interaction relationship between groundwater and surface water in the Naoli River Basin
can be divided into three categories in space: groundwater recharging river water throughout a year,
river recharging groundwater throughout a year, and mutual recharge between groundwater and river
water in a year. The three categories mainly exist in the upstream, downstream and middle reaches of
the river, respectively (Figure 11).
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Figure 11. Groundwater—surface water interactions in space during 2021–2050 under the RCP4.5 and
RCP8.5 scenarios: (a) 2021–2035, RCP4.5 (b) 2036–2050, RCP4.5 (c) 2021–2035, RCP8.5 (d) 2036–2050,
RCP8.5.

In addition, according to the prediction results of the model, the amount of river water recharging
groundwater is more than that of groundwater recharging river in the entire basin under the two
different climate scenarios. At the same time, the amount of groundwater recharge to river water
in 2036–2050 is more than that of in 2021–2035. It is worth noting that the amount of groundwater
recharge by river water is also increasing under future climate scenarios. Detailed quantitative results
are shown in Table 8.
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Table 8. The interaction between groundwater and surface water during 2021–2050 under the RCP4.5
and RCP8.5 climate change scenarios.

Period (Year)
Groundwater

Recharge River
Water (104m3)

River Water Recharge
Groundwater (104m3)

Interaction between
Groundwater and River

Water (104m3)

RCP4.5
2021–2035 2246.95 10528.08 8281.13
2036–2050 8610.94 11719.23 3108.29

RCP8.5
2021–2035 2180.72 6566.13 4385.41
2036–2050 8098.68 11301.91 3203.23

4. Discussion

4.1. Vulnerability of Water Security Under Climate Change

The Naoli River Basin in the Sanjiang Plain is one of China’s largest grain production bases as
well as one of the largest inland freshwater wetland regions. Therefore, the river basin plays an
important role in ensuring security of grain production and the wetland ecology. The hydrological
processes of the basin have been changed significantly as a result of climate change, especially the
increasing frequency of extreme climate, which poses an additional threat to water security [50,51],
such as streamflow decrease, groundwater level decline, and shrinking of wetlands area. In this
study, according to our predictions, the water resources in the Naoli River Basin would experience
drastic interannual fluctuations, and extremely wet and dry conditions would occur frequently in the
future. In the RCP4.5 scenario, the largest annual streamflow will be almost 14 times that of the lowest,
while the value is 18 times for the groundwater recharge. In the RCP8.5 scenario, the interannual
fluctuations will be more severe. The difference will be 17 times for the streamflow and 19 times for the
groundwater recharge, respectively (Figures 8 and 10). One fundamental concern is the impact of this
severe fluctuation on water supply [11]. On the water supply side, renewable water resources will
be difficult to guarantee [52,53]. As one of a large inland freshwater wetland basin, the wetlands are
facing severe degradation problems. Wu et al. [54] showed that the area ratio of wetland has decreased
from 45.8% in 1954 to 9.8% in 2010. The shortage of water resources is an important reason for its
degradation. However, the area ratio of cultivated has increased from 8.2% to 58.0%. Meanwhile,
the area of paddy field account for 31% of the total farmland area. In order to irrigate farmland,
a large amount of freshwater resource is needed in the basin every year. Therefore, there is a very
severe conflict on water use between wetlands and agriculture [55]. Previous studies have reported a
reduction in streamflow [42] and a decline in groundwater levels [56,57] as a result of climate change
and human activities. However, previous studies focused only on surface water or groundwater from
a single point of view, lacking the explanation of groundwater-surface water interaction. Based on
our studies, the conflict between supply and demand on water resources will be expanded by climate
change in the future. Some effective measures must be taken to protect the wetlands and ensure the
food security of the High-latitude watershed.

4.2. Some Adaptive Strategies for Water Resources Management

4.2.1. Strengthening Agricultural Water Saving and Optimizing Land Use Structure

As the largest water user, agriculture accounts for almost 85% of the water consumption per
year [58,59]. On average, 31.65 × 108 m3 of water resources are consumed in the Naoli River Basin
by agricultural irrigation every year, which is almost equal to the total available water resources in
the basin [60]. This leads to the excessive consumption of water resources with a series of ecological
and environmental problems such as rapid decline of groundwater level and shrinkage of wetland
area. Generally, there are two reasons for this result. On the one hand, the water consumption of
paddy field is 6375 m3/ha, which is much higher than that of Israel’s 5500 m3/ha, because the irrigation
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method is still in the traditional flooding irrigation; on the other hand, the agricultural area is too large
in the basin, accounting for more than 85% of the plain area, and the paddy field accounts for 30.88%
of the total farmland, and is too concentrated. Therefore, it is necessary to reduce the agricultural
water consumption in the basin from the perspectives of strengthening agricultural water saving and
optimizing land use structure, respectively. In terms of agricultural water saving, it will be feasible
to the Naoli River Basin or other regions in China, to promote the new technology and mode of
saving water for irrigation and yield-increasing production, such as trickle or sprinkler irrigation,
to develop an intelligent decision-making system and platform for efficient water use in irrigation
districts, to implement comprehensively automation, digitalization, informatization and intelligent
management of irrigation water in paddy fields, to boost the reform of agricultural water price and
water right system and take the lead in piloting to achieve strict quota management, to achieve strict
quota management and metering charges replacing the current method of calculating water charges
according to the area of paddy field. In short, it will be an effective way that the market-oriented
economic and policy means to regulate the efficient utilization of water resources [61]. In the aspect of
optimizing land use structure, that the planting area, spatial pattern and thresholds of rice needs be
identified in the Naoli River Basin based on the carrying capacity of water resources and ecological
environment. Meanwhile, according to ecological protection objectives and service functions to restore
and protect the wetlands, the red line for wetlands protection is strictly observed. Doing so, it can
optimize the spatial structure of paddy fields and wetlands, determine the reasonable ratio in space
between paddy and wetlands, improve the water supply capacity, and hence maintain regional water
resources security. Achieving these will give full play to the hydrological storage function of wetlands,
increase the availability of water resources, mitigate flood disasters, actively respond to climate change,
and realize the harmony of “human-water-wetland” in the basin. Maybe, it will be one of important
means to solve water problems under climate change by making full use of the natural attributes of
this basin [62].

4.2.2. Optimized Utilization of Multi-Water Resources

Optimized utilization of multi-water sources can provide long-term solutions for improving
efficiency of water use [63]. In fact, groundwater is the main source of water supply in the Naoli River
Basin. Both the total amount of groundwater exploitation and level should be taken as the control
target with optimizing the layout and quantity for groundwater. At the same time, a comprehensive
utilization model of water resources should be scientifically adopted, which is “conjunctive water use
by the way of between the upstream and downstream of river, between groundwater and surface water,
and between in and outside the basin for water resources”. This approach maybe also an effective
measure to cope with the drought and floods under climate change. In addition, from the perspective
of regional agricultural irrigation, the way, the combination of well and canal, drainage and storage,
can increase the utilization of surface water, reduce the exploitation of groundwater, and optimize the
spatial and temporal distribution of water resources. For example, it is suggested that the existing
well-irrigation area along rivers should be gradually replaced with surface water irrigation, while
groundwater irrigation with total amount control should be implemented in the hinterland of the basin.
From the perspective of the whole basin, the wetland can be replenished by flood and agricultural
return flow according to the law of water demand in wetland, so as to alleviate the shortage of water
in wetland.

4.2.3. Strengthening the Interaction of Policy And Science

To reduce and even reverse the trend of depletion on water resources, policies and practices that
guide water resources and land management towards more sustainable practices are critically needed.
Generally, overexploitation of water resources is associated with the lack of the interface between
scientific understandings and reasonable policies for the water resources management [64]. In other
words, science is needed, policy is needed, and the two is needed to tightly intertwine and play out
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in practice in synergistic ways by us. Some of management policies to water resources have been
formulated in many countries based on management needs and scientific research, such as European
Water Framework Directive [65], the Water Law in Israel [66], and Groundwater tax in Netherland [67].
The policymakers in China have also made a series of policies to protect water resources, such as Water
Law and Strictest Water Resource Management Regulation [68,69]. Although, these policies have
made a prominent contribution to water resources management, the global water cycle is undergoing
profound changes as temperatures rise, with increased intensity and frequency of extreme weather,
and flood and drought disasters occurring frequently. The problem of water resources remains an
obstacle to the development of the global economy, and it is therefore difficult for fixed policies to adapt
to changing environment. As shown in Figure 12, the science-policy interface is a social process that
links scientists and policymakers to develop policies in order to enrich decision-making [70]. While the
importance of the science-policy interface is increasingly recognized the nuances of this interface as it
relates to water resources are rarely examined. Therefore, it is necessary to scientifically understand the
response processes and mechanisms of the water resources for climate change and human activities,
and then formulate an effective policy for sustainable water resources management. In addition to
what has been mentioned above, the interaction should also be strengthened between monitoring
and mechanism research on science, between national and regional government, respectively. Finally,
interaction between science and policy with water security as the core should be used as the link to
ensure ecological and economic security.
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4.3. Feasibility of Predicting Future Water Resources by Hydrological Model and Climate Change Scenarios

There are some uncertainties in the application of hydrological model and climate scenarios
to estimate the amount of water resources in future. Due to the complex climatic conditions,
the characteristics of the underlay surface and aquifers, the complicated mutual feeding of between
terrestrial hydrological processes and atmospheric circulation, as well as the limitations of hydrological
models, it is not possible to completely simulate the water cycle process of watersheds [5,71]. In addition,
a large number of parameters and basic data need to be input into the model for meeting the requirements
of model construction. It is ineluctable to ignore the influence of some secondary parameters. Therefore,
there will be some uncertainty in forecasting the process of water cycle under different climatic scenarios.
Although there are many uncertainties, we try our best to overcome these difficulties. Therefore,
the internationally recognized hydrological model, SWAT-Modflow, was applied in this study, which
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not only considers the hydrological processes of surface water and groundwater, but also emphasizes
the interaction between groundwater and surface water is emphasized.

The future climate data are projected based on the influence of human activities [5]. Clearly, it is also
uncertain in the future global population, greenhouse gas emissions, and energy use. Therefore, there
will be great uncertainty in future climate scenario data. However, the Global Downscale Daily Dataset
(NEX-GDDP) released by Beijing Normal University–Earth System Model (BNU-ESM) was selected
as the data of future climate change scenario in this study. The model itself consists of four separate
components simulating the atmosphere (CAM3.5), ocean (MOM4p1), land (CoLM) and sea ice (CICE4.1),
and one coupler component (CPL6.0) connecting these four components. The Lund–Potsdam–Jena
(LPJ) dynamic vegetation model (DVM) and the idealized ocean biogeochemical module (iBGC) are
included in the CoLM and MOM4pl, respectively [47]. According to the comparison of previous
studies [46], BNU-ESM is more accurate in simulating the interannual variability of precipitation.
The results in this paper show that the future precipitation and temperature of the basin are more
than that of the simulation period. The variation of precipitation directly affects the change of water
resources, and the temperature affects the change of water resources by affecting the evaporation of the
Naoli River basin, which shows that the increase of precipitation is likely to increase the impact of
temperature on the water resources of the basin under the future climate scenario [72,73]. Therefore,
the impact of future temperature on the water resources will be more pronounced. In summary,
the accuracy of future climate scenario data will play a decisive role in the prediction of water resources.
Some similar results were also shown by other studies in the Naoli River Basin [40].

5. Conclusions

This study analyzed the characteristics of climate change and the response of water resources
to climate change in one of China’s high-latitude river basins. Based on the findings, the following
conclusions can be drawn:

(1) In China’s high-latitude Naoli River Basin, fluctuating changes in precipitation are found. Under
the RCP4.5 scenario, annual precipitation in the river basin increases first (31.9 mm/10a in
2021–2035) and then decreases (−18.8 mm/10a in 2036–2050). Under the RCP8.5 scenario, however,
annual precipitation shows a decreasing trend first (−93 mm/10a) and then an increasing trend
(5.5 mm/10a). There is also a variation in the temperature over time in the two different climate
scenarios. The annual average maximum and minimum temperature increases first (0.03 ◦C
/10a and 0.3 ◦C/10a in 2021–2035) and then decreases (−0.3 ◦C/10a and −0.1 ◦C/10a in 2036–2050)
under RCP 4.5 scenario, respectively. There is a continuous increasing trend for annual average
maximum and minimum temperature under RCP 8.5 scenario, with a trend of 0.6 ◦C/10a and
0.3 ◦C/10a in 2021–2035 and 0.7 ◦C/10a and 0.7 ◦C/10a in 2036–2050, respectively.

(2) Based on the predicted results, there will be a decreasing trend to the water resources in the Naoli
River Basin in future. Compared with the present condition, streamflow of the river decreases by
2.12 × 108 m3 and 4.36 × 108 m3 in 2021–2050 under the RCP4.5 and RCP8.5 scenarios, respectively.
Concurrently, groundwater recharge in the river basin decreases by 1.27 × 108 m3 and 3.16 ×
108 m3 in 2021–2050 under the two scenarios, respectively.

(3) The worst impact of climate change on the water resources in the high-latitude river basin is
that extremely wet and dry condition will occur frequently in the future. The largest annual
streamflow is almost 14 times and 17 times that of the smallest one, while the different value
is 18 times and 19 times for the groundwater recharge under the RCP4.5 and RCP8.5 scenario,
respectively. The water use conflict will be expanded by climate change, so some effective
measures must be taken, such as strengthening agricultural water saving and optimizing land
use structure, optimizing use for multi-water resources, and promoting the interaction between
water policy and scientific research.
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