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Abstract: With the disturbance of human factors, the groundwater resources in the source region of the
Yellow River have gradually depleted and the water quality has become worse, which has seriously
affected the development of high-altitude areas. The groundwater quality of the source region
of the Yellow River from 2016 to 2020 was evaluated using single-component and comprehensive
evaluation methods, following by a prediction of the groundwater quality from 2021 to 2100 based
on the RCPS (RCP 2.6, RCP 4.5, and RCP 8.5) scenarios coupled with the SWAT hydrological model
under the CMIP5 global climate model. The results indicated that the groundwater temperature had
an increasing trend, pH showed an obvious decreasing trend, and total hardness (Th), sulfate, and
ammonia nitrogen (NH;*-N) contents exhibited no obvious increasing or decreasing trend in the
source region of the Yellow River during 2016-2020. The increase rate of total nitrogen (TN) and total
phosphorus (TP) in the future climate scenario followed the order of RCP 8.5 > RCP 4.5 > RCP 2.6,
and the groundwater contents of TN and TP in the source region of the Yellow River gradually
increased. This result is of great significance, as it can help clarify the current situation of groundwater
in high-altitude and cold regions, showing the influence of groundwater on global climate change. It
provides a reference for the development and utilization planning of groundwater resources in the
source region of the Yellow River in the future.

Keywords: the source region of the Yellow River; groundwater; water quality evaluation and
prediction; CMIP5; RCPs; SWAT hydrological mode

1. Introduction

Groundwater is an important resource for the sustainable development of human soci-
ety, but global groundwater resources are being significantly depleted [1-3]. Groundwater
pollution is a difficult problem to solve, and has led to problems in many countries related
to water resource utilization, and even serious groundwater resources crises [4]. Some
unreasonable and inefficient ways of developing and utilizing groundwater resources have
caused the groundwater pollution [5]. Groundwater quality evaluation is an important
technical method for groundwater ecological planning and management, and it is a key the-
oretical basis for groundwater pollution prevention and control [6]. In recent decades, many
scholars have proposed a variety of corresponding water quality evaluation methods based
on groundwater quality monitoring data. Babiker [7] proposed a GIS-based groundwater
quality index (GQI), which selects the best parameters to calculate GQI and incorporates
temporal changes to evaluate groundwater quality. Maged [8] assessed groundwater re-
sources using a variety of water quality indexes (WQIs), GIS methods, and partial least
squares regression models (PLSR) and used NETPATH and water quality indices to assess
the geochemical evolution of groundwater quality near the El Harga Oasis, Egypt [9].
Maryam [10] measured the sodium sorption ratio and conductivity parameters obtained in
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384 wells in Iran to determine groundwater quality from 2005 to 2014. Hawzhin et al. [11]
predicted groundwater table changes in the Lake Urmia Basin based on Gravity Recovery
and Climate Experiment (GRACE) satellite data. Chinese scholars, Aifang Cheng et al. [12],
Yingjia Zhai et al. [13], Zhimei Yuan et al. [14], and Julong Deng et al. [15], conducted
groundwater response studies from northwest to north China assessing climate change,
coupling future climate scenarios with hydrological and water quality models and applying
them to groundwater prediction work. Climate models and hydrological models are the
main tools used worldwide to examine hydrological and water resources under changing
environments [16].

In the IPCC Fifth Assessment Report (AR5) [17], the climate model of the fifth phase
of the coupled model comparison plan (CMIP5) and new emission scenarios (typical
concentration path RCP, RCP includes RCP2.6, RCP4.5 and RCP8.5) [18] were used to
predict future changes in the climate system, which achieved good results [19,20]. Among
them, RCP2.6 represent the scenario with the lowest greenhouse gas (mainly CO,, CHy, and
N,O) emissions and concentrations [21]. RCP4.5 is a climate change scenario for climate
policy intervention [21]. RCP8.5 is a scenario without climate policy intervention to reduce
greenhouse gas emissions, where the concentration of greenhouse gas emissions is the
highest [22,23]. Based on these GHG concentration scenarios, projections of future global
climate and different climate projections will be made for different GHG concentration
scenarios. For this, we need to predict the water quality of groundwater in the source
region of the Yellow River under different future GHG emission scenarios. SWAT is
a long-term, distributed hydrological model that has been extensively used [24]. Meshesha
et al. [25] simulated nitrate and total dissolved solid (TDS) parameters in groundwater
in the Athabasca River Basin, and concluded that the extended SWAT model could be
a powerful tool for regional-scale nutrient loading simulations. Meshesha et al. [26] applied
the SWAT basin-scale water quality module to a cold region by improving it to study the
effects of the water quality module in the Athabasca River Basin, Alberta, and the effects
on water ecosystems and water quality processes were studied to obtain accurate ranges
of DO, DOC and FC contents daily. Luo et al. [27] applied the SWAT model to simulate
groundwater changes in the Mascatec River basin and obtained better results. Guzman
et al. [28] coupled the SWAT model with MODFLOW as a way to simulate groundwater
flow changes. Simulation studies have been carried out in China using the SWAT model
for the Ring North, the Xilin River, and the upper Yangtze River basin, and continuous
improvements have been made to the application of the SWAT model [29-32]. Junye
et al. [33] summarized the elements of hydrological models used in alpine regions and
concluded that existing watershed models need to be calibrated and validated against
observed data, and that an integrated watershed simulation is the key to the sustainable
management of soil and water resources in cold regions. SWAT models have become an
important tool for predicting groundwater quality at the global scale, and a large number
of models have been developed in recent decades, but most modeling has focused on
understanding spatial and temporal groundwater storage and flow [34]. The simulation of
the distribution of chemical elements in groundwater using SWAT models is weak.

The source region of the Yellow River is located on the Qinghai-Tibet Plateau, the birth-
place of the Yellow River. At present, there are few studies on groundwater in the source
region of the Yellow River. Zhang Sengi et al. [35] and Wang Jinhua et al. [36] explored the
groundwater level in the source region of the Yellow River and predicted the changes in
temperature and rainfall but did not evaluate the state of groundwater quality in the source
region of the Yellow River and predict the chemical elements in the groundwater under the
future climate scenario model. A study using a climate change model coupled with the
SWAT hydrological model for future groundwater quality prediction in the source region
of the Yellow River has not yet been reported, so using the groundwater quality model
as a prediction tool can provide useful insights for mitigating the impact of groundwater
non-point source pollution. This study analyzed and evaluated the current groundwater
quality situation in the source region of the Yellow River through continuous sampling and
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the determination of water quality indicators at seven groundwater monitoring sites from
2016 to 2020, and scientifically described the groundwater quality situation in the source
region of the Yellow River. Additionally, we coupled the SWAT hydrological model based
on the RCPS (RCP 2.6, RCP 4.5, and RCP 8.5) scenarios under the CMIP5 global climate
model to establish the groundwater quality change scenarios from 2021 to 2100 in the source
region of the Yellow River and predict the condition of the groundwater quality indicators
TN and TP in the source region of the Yellow River. It is of great significance to improve the
development and utilization of groundwater resources and create a groundwater resource
restoration scheme for the source region of the Yellow River.

2. Materials and Methods
2.1. Location of the Study Area

The Yellow River is known as China’s “Mother River”. The source region of the Yellow
River is the most significant runoff-producing area in the Yellow River. The source region of
the Yellow River plays an essential role in the entire Yellow River basin. The geographical
location of the region is relatively unique, and the water resources of the region can respond
positively to global climate change and serve as a climate regulator for China and even East
Asia. The total area of the source region of the Yellow River is about 121,972 km?, among
which the total length of the main channel reaches 1553 km. The annual average flow is
about 20 billion m?, and the water flow in the source region of the Yellow River accounts
for about 38% of the whole Yellow River Basin [37]. The source region is in the northeast of
the Tibetan Plateau, with a longitude and latitude of 32°09'~36°34" N, 95°54'~103°24' E.
The source region belongs to the typical plateau continental climate; the mean sea wave is
4300 m; sunshine hours and radiation are strong; the average temperature is —4.0~5.0 °C.
The annual precipitation distribution is uniformed; the average annual precipitation has
been between 220 and 780mm for many years; it has a gradual increasing trend from
the northwest to southeast region. In recent years, the source region of the Yellow River
has been affected by geological processes such as plateau uplift and under-river erosion,
resulting in serious fragmentation of water-bearing basins in the source area. The capacity
of the entire aquifer to regulate and store water is weakened, resulting in the gradual
reduction in groundwater and the deterioration of water quality. The source region of the
Yellow River is rich in frozen soil resources, 70.6% of which are covered by permafrost.
However, with the development of cities and overgrazing by herdsmen in recent years, as
well as global climate change, meadows, wetland and other especially frozen soil resources
in this region have degraded to a certain extent. These lead to changes in the underlying
surface such as the shrinkage of marshes and the expansion of desertification, contributing
to the further degradation of permafrost and the pollution of sewage in the interior of the
region. The bedrock strata in this area are mainly Permian, Triassic sandstone, and SLATE
intercalated with limestone. The Quaternary strata are mainly composed of ice bonds and
ice water facies deposits of the Middle Pleistocene and Upper Pleistocene, and lacustrine
strata of the Lower Pleistocene and alluvial, diluvial, aeolian and swamp deposits of the
Holocene. Due to the wide distribution of freezing—thawing zones, the permafrost layer
plays a role of water isolation. Thereby, the groundwater is mainly divided into water above
the frozen layer, water between the frozen layer and water under the frozen layer. The
source region of the Yellow River is also a very important protected area in China, with rich
biodiversity and ecological functions such as water conservation and climate regulation.
If the groundwater quality in the area becomes poor, it will cause the loss of ecosystem
service function and further deterioration of the ecological environment. The source region
of the Yellow River can be divided into three sub-basins: Tangnai River, Maqu River and
Jimaizi River basin. Therefore, seven groundwater-monitoring points representing the
groundwater quality of the whole source area have been set up to measure the main runoff
of the three sub-basins of the source area. According to the Chinese national standard
“Technical Specification for Groundwater Environmental Monitoring” (No. HJ /T 164-2004),
from January 2016 to November 2020, shallow groundwater with obvious groundwater
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distribution was collected in the dry season, normal season, and wet season every year.
Groundwater monitoring points in the source region of the Yellow River are shown in
Figure 1 and Table 1.
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Figure 1. Groundwater monitoring points in the source region of the Yellow River.
Table 1. Location and altitude of groundwater-monitoring points in the source region of the Yellow
River.
Serial Number Observation Point Longitude Latitude Altitude/m
The first rr.lomtormg The first groundwatel.‘ area a’F TongDe junction of 100°34.847" 35°15.215/ 3033
point 101 provincial highway
The second 'momtormg The second groundwat'er area 'at TongDe junction of 101°41.583 33°46.097' 3517
point 101 provincial highway
The third monitoring The first groundwater area at the head of LuanShitou ~ 101°33.200/ 33°40.760' 3928

point
The second groundwater area
at the head of LuanShitou (at 845 km of 101°11.505 33°26.236 4045
101 provincial highway)
The fifth monitoring The groundwater in LaoDeang township (at 636 km

The fourth monitoring
point

o / o !
point of 101 provincial highway) 100°68.997 33°15.255 4173

The sixth monitoring The groundwater 5 , o ,
point in WoSai township (the 23 km from DaRi county) 99746517 33°39.59 4029

The seventh monitoring  The groundwater in the southern part of Xingxinghai o , o ,
point River (at 508 km of 214 National Highway) 98°08.074 34745.364 4283

2.2. Data Collection and Measurement

The selection of groundwater quality indicators was based on the physical and chem-
ical indicators in the Chinese national standard for “groundwater quality standards”
(No. GB/T14848-2017), which includes temperature, pH, total hardness (Th), sulfate, oxy-
gen consumption (CODy,), ammonia nitrogen (NH4*-N), total nitrogen (TN) and total
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phosphorus (TP). The temperature and total hardness are some basic physical indicators.
Dissolved oxygen, ammonia nitrogen, sulfate, total nitrogen, and total phosphorus were
considered as the main pollutants in the source region of the Yellow River. pH was con-
sidered because the soils in the area are mainly alpine meadow soils, which are generally
alkaline, and rainwater scouring, or infiltration will lead to changes in groundwater pH.
These indicators have the most prominent impact on water quality. The source region
of the Yellow River is an ecologically sensitive area, mainly due to animal husbandry,
with a single industrial structure, so some toxicological indicators are not considered.
In 2016-2020, groundwater was collected from different monitoring points using 500mL
polyethylene bottles. The collected water samples were transported to the laboratory of
Qinghai University within 24 h. The temperature and pH of groundwater were measured
on site. Total hardness (Th), sulfate, consumption of oxygen (CODyy,), total nitrogen (TN),
total phosphorus (TP) and ammonia nitrogen were determined in accordance with the
“China Environmental Protection Standards Collection: Water Quality Analysis Method”
in the laboratory. The measurement items and methods are shown in Table 2.

Table 2. Determination items and methods.

Monitoring Items

Determined Methods

temperature Merck 3401 portable multi-parameter tester (WTW)
pH Merck 3401 portable multi-parameter tester (WTW)
EDTA titration: Under pH = 10, disodium ethylenediamine tetraacetate (EDTA)
reacts with calcium and magnesium ions in water to form a stable complex, and the
indicator chrome black T can also form a wine-red complex with calcium and
total hardness/(mg/L) magnesium ions, and it is not as stable as that formed by EDTA with calcium and

ammonia nitrogen/(mg/L)

sulfate/(mg/L)

oxygen consumption/(mg/L)

TN/(mg/L)
TP/(mg/L)

magnesium ions. When the titration is close to the end point, EDTA takes calcium
and magnesium ions from the wine-red complex of chromium black T to make the
chrome black T indicator free, and the solution changes from wine-red to blue.
Na’'s reagent spectrophotometry: Ammonia nitrogen in the form of free ammonia or
ammonium ions reacts with Nessler’s reagent to form a light reddish-brown
complex. The absorbance of the complex is directly proportional to the ammonia
nitrogen content, and the absorbance is measured at the wavelength of 420 nm.
Sulfate gravimetric method: Sulfate forms barium sulfate precipitation with added
barium chloride in hydrochloric acid solution. Precipitate at a temperature close to
boiling; boil for at least 20min; filter after aging the precipitate; and wash the
precipitate until there is no chloride ion. Dry or burn the precipitate, and weigh the
barium sulfate after cooling.

Acid potassium permanganate titration: Use potassium permanganate as oxidant.
This oxidizes reducing substances in water under certain conditions, and the
amount of potassium permanganate consumed can be calculated to represent
oxygen consumption.

Determination of TN through basic potassium persulfate-UV spectrophotometric
method

Determination of TP through ammonium molybdate spectrophotometry

2021~2100, statistical downscale climate information on the CMIP5 global climate
model for the period obtained by the IPCC Data Centre.

2.3. Evaluation Method of Groundwater Quality

Single-component evaluation method: According to the classification indexes listed
in the “Groundwater Quality Standard” (No. GB/T14848-2017), the water quality index
content of the monitoring points was compared with the Chinese national evaluation
standards to classify the categories to which their water quality indexes belonged [38]. The
evaluation criteria are shown in Table 3.
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Table 3. Quality standard for groundwater.

Category

Index I II III v \"
55<pH<65
pH 6.5 <pH <85 85 <pH < 9.0 pH<550rpH>9.0
Total hardness/(mg/L) <150 <300 <450 <650 >650
Oxygen consumption/(mg/L) <1.0 <2.0 <3.0 <10.0 >10.0
Sulfate/(mg/L) <50 <150 <250 <350 >350
Ammonia nitrogen/(mg/ L) <0.02 <0.10 <0.50 <1.50 >1.50
Comprehensive evaluation method: This study adopted the adding scoring method
in the comprehensive evaluation method. Firstly, after the evaluation of the individual
components of the water quality indicators, the components were classified into the cat-
egories shown in Table 4 and the evaluation score Fi of each individual component was
determined [39].
Table 4. Individual component evaluation Fi.
Category I II III v v
F 0 1 3 6 10
Secondly, the score of comprehensive evaluation (F) was calculated as follows:
Fo V F — FPmax )
B 2
— 1 n
F= n 21:1 Fi 2
where: F—the composite evaluation score;
F—the average of the individual component evaluation scores for F;;
Fmax—the maximum of the mean individual component score in F;;
n—number of items.
Finally, the groundwater quality class in the source region of the Yellow River is
classified according to the composite price tag score F (Table 5).
Table 5. Comprehensive evaluation of groundwater quality.
Water Quality Level Excellent Good Not Bad Poor Very Poor
F <0.80 0.80-2.50 2.50-4.25 4.25-7.20 >7.20

2.4. Methods for Groundwater Quality Prediction

Construction of SWAT model database: The soil database, meteorological database
and groundwater runoff database were established, respectively, in the source region of the
Yellow River.

The establishment of the SWAT model: The reprocessed DEM map was used to extract
the groundwater runoff network, divide the sub-basins of the groundwater system in the
source region of the Yellow River, calculate the overall parameters of the basin, overlay soil
data, land use, land cover data and groundwater runoff data, and set the three thresholds
to divide the hydrological response unit (HRU). Groundwater data collected and measured
in the previous period were processed and employed to calibrate and verify the model
parameters. When the SWAT program starts running, it indicates whether the SWAT model
has been successfully created.
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Parameter sensitivity analysis and calibration of SWAT model: We conducted a pa-
rameter analysis of runoff that adopted the self-contained module of the model, and the
method of the module is the LH-OAT method. Through sensitivity analysis, soil bulk
density (SOL-BD) and the SCS runoff curve number (CN2) were generated. Ten param-
eters related to groundwater runoff were used, such as soil evaporation compensation
coefficient (ESCO), effective hydraulic conductivity of main riverbed (CH-K2), saturated
water conductivity of soil layer (SOL-K), effective water capacity of soil layer (SOL-AWC),
attenuation coefficient of base flow (ALPHA-BF), threshold of water storage in shallow
aquifer (GWQMN), compensation coefficient of plant absorption (EPCO), critical water
holding capacity of shallow water (REVAPMN), etc. We used SWAT software to calibrate
the parameters and find the optimal parameter values. The value of the optimal parameter
was obtained using SWAT-CUP itself, and the final value range of the parameter was
defined. Being dependent on the value range of the parameter calibration, the parameter
range was continuously reduced through iterative analysis, and finally the optimal solution
was obtained, that is, the rating value of the input model. According to the results of the
above analysis, the absolute rate of each datum is within the range of the value obtained,
and the stimulation effect is better. The optimal parameter values were input into the SWAT
model to preheat, verify, and compare the actual measured values of the model.

Verification of SWAT model: The model rate is from 2000 to 2013, and the verification
period is from 2014 to 2018. The deviation between the simulation value of the rate period
and the verification period and the actual measurement data observed by the groundwater
observation point is within 10%. Periodic NSE is 0.876 and the verification period NSE is
0.972 (Figure 2). These suggest that the model has strong applicability and high reliability
in the source region of the Yellow River.
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Figure 2. Scatterplot of simulated and measured monthly runoff values in the source region of the
Yellow River.

Coupling of CMIP5 global climate model and SWAT hydrological model: Using the Fu-
ture Scenario Prediction Dataset produced by the China Climate Center, the dataset is make
up of the simulation results of 21 CMIP5 global climate models. A total of 21 climate models
are shown in Table 6. After carrying out interpolation calculations to unify and downscale
them to the same resolution (Peng et al. 2018), a multi-model ensemble was produced
using the simple averaging method to produce a set including 1901~2005 historical and
2006~2100 monthly averages for RCP2.6, RCP4.5, and RCP8.5 emission scenarios in the
source region of the Yellow River. The data were then input into the SWAT model, and
the output results were downscaled using the statistical downscaling method by driving
the ratified and validated SWAT model. The processed meteorological results and the
collected spatial, soil, hydrological and water quality data of the source area were used
as the initial data of the ratified SWAT hydrological model, which were imported into the
model, and then the output predictions were obtained. The data of groundwater quality in



Water 2022, 14, 3946 8 of 20

the source region of the Yellow River from 2021 to 2100 will be used to simulate the trend
of groundwater quality in the source region of the Yellow River.

Table 6. The basic information about 21 CMIP5 global climate model.

Model Research institution Resolution
Beijjng Climate Center Climate System Model version . . - . .
1 (BCC-CSM1-1) BBC, China Meteorological Administration, China 128 x 64
Bejing Normal University Earth System Model The College of Global Change and Earth System 128 % 64
(BNU-ESM) Science (GCESS), BNU, China
Canadian Earth System Model version 2 (CanESM2) Canadian Centre for.Chmate Modelling and 128 x 64
Analysis, Canada

The Community Cllr(réactes%tem Model version 4 National Center for Atmospheric Research, USA 288 x 192

Centre National de Recherches Meteorologiques CNRM/Centre Europeen de Recherche et 256 x 128
Climate Model version 5 (CNRM-CM5) Formation Avancees en Calcul Scientifque, France

Commonwealth Scientific and Industrial Research
Organization Mark Climate Model version 3.6
(CSIRO-MK3-6-0)

CSIRO in collaboration with Queensland Climate

Change Centre of Excellence, Australia 192 96

State Key Laboratory of Numerical Modeling for
Atmospheric Sciences and Geophysical Fluid
Dynamics, Institute of Atmospheric Physics, 128 x 60
Chinese Academy of Sciences, and Tsinghua
University, China
The First Institution of Oceanography Earth System  FIO, State Oceanic Administration (SOA),Qingdao,

Flexible Global Ocean- Atmosphere-Land System
Model-grid version 2 (FGOALS-g2)

Model (FIO-ESM) China 128 > 64
Geophysical Fluid Dynamics Laboratory Climate GFDL, National Oceanic and Atmospheric 144 % 90
Model version 3 (GFDL-CM3) Administration. USA
Geophysical Fl}lid Dyr}amics Labqratory Earth System GFDL, National Oceanic and Atmospheric
Model version 2 with Generalized Ocean Layer Administration. USA 144 x 90
Dynamics(GOLD) code base (GFDL-ESM2G) ’
Geophysical' Fluid I?ynamics Laboratory Earth SysFem GFDL, National Oceanic and Atmospheric
Model version 2 with Modular Ocean Model version Administration. USA 144 x 90
4.1 (GFDL-ESM2M) !
Goddard Institute for Space Studies Model E version 2 GISS, National Aeronautics and Space 144 % 90
with Hycoml ocean model (GISS-E2-H) Administration, USA
Goddard Institute for Space Studies Model E version 2 GISS, National Aeronautics and Space 144 x 90
with Russell ocean model (GISS-E2-R) Administration, USA
the Met Office Hadley Centre Global Environment N] O{ntlylv;rlth.Met Offil;e Hadiey .Celnlt{re andh
Models version 2 with the new atmosphere-ocean ational 'nstitute o eteqro ogica esearc 192 x 145
component model (HadGEM2-AO) (NIMR). Korea Meteorological Administration
(KMA), Seoul, South Korea
Institut Pierre Simon Laplace Climate Model 5A-Low
Resolution (P;PSL—CMSA—LR) IPSL, France 96 96
Atmosphere and Ocean Research Institute(AORI),
Model for Interdisciplinary Research on Climate-Earth National Institute for Environmental Studies 256 % 128
System, version 5 (MIROC5) (NIES) Japan Agency for Marine-Earth Science and
Technology, Kanagawa (JAMSTEC), Japan
Model for Interdisciplinary Research on Climate-Earth JAMSTEC, AORI, and NIES, Japan 128 x 64

System (MIROC-ESM)
Atmospheric Chemistry Coupled Version of Model for
Interdisciplinary Research on Climate-Earth JAMSTEC, AORI, and NIES, Japan 128 x 64
System(MIROC-ESM-CHEM)
Max-Planck Institute Earth System Model-Low
Resolution (MPI-ESM-LR)

Meteorological Research Institute Coupled General

Circulagtion Model version 3 (MRI—I()IGCMC%) MRI, Japan 320 x 160

The Norwegian Earth System Model version I with

Intermediate Resolution(NorESM1-M)

MPI for Meteorology, Germany 192 x 96

Norwegian Climate Centre, Norway 144 x 96
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Interannual trends in
groundwater quality
indicators

/

Fitting of simulation results using the linear trend method: A one-dimensional lin-
ear regression equation between the two variables was established using x; to represent
a climate variable with a sample size of n and t; to represent the corresponding time
(Li et al. 2016).

Xi=a+0bt;,i=12,---,n 3)

where a represents the regression constants and b the regression coefficients (propensity
values). b x 10 represents the climate propensity ratios. The sign of b can be used to
determine the tendency of the climate variable to change, and the absolute value can be
used to reflect the rate of change of the climate variable.

2.5. Data Processing

Trend analysis of water temperature, pH, total hardness, oxygen consumption (CODpy),
sulfate, and ammonia nitrogen interannual variation data at different monitoring points in
the source region of the Yellow River from 2016 to 2020 and trend prediction analysis of
changes in TN and TP contents in groundwater under three future scenarios in the source
area by the software of Origin 2021 and Excel 2016.

The overall experimental flowchart is shown in Figure 3.

Groundwater quality data

in the Yellow River source

A
[ |

2016-2020, Water quality evaluation 2021-2100, Water quality evaluation

|

Coupling 21 climate models in
CMIP5 with the SWAT hydrological
model, which has already been

Trends in groundwater Using single component

quality indicators evaluation method and

during the year

\ / \

comprehensive evaluation

method Evaluation of validated and rate tested

Trends of
groundwater
quality
indicators in

different years

water quality ﬂ

Trends in Analysis of the
groundwater dry, flat, and Prediction of TP and TN of
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Figure 3. Flowchart.

3. Results
3.1. Analysis of Interannual Variation in Groundwater in the Source Region of the Yellow River

Figure 4A shows the first groundwater area at Tong De junction of 101 provincial
highway. There is an overall increasing trend in temperature, total hardness (Th), sulfate,
oxygen consumption (CODMn), and ammonia nitrogen levels from 2016 to 2020. An overall
increasing trend was found for temperature, Th, sulfate, and NH4"-N levels. The maximum
values of Th, CODy, and NHy*-N were observed in 2019. The interannual variation in
pH decreased and groundwater was generally weakly alkaline. The water quality in the
area was slightly worse in 2019 compared to other years. For the second groundwater area
at Tong De junction of 101 provincial highway (Figure 4B), the temperature, pH, CODyp,
and NH4*-N showed a clear upward trend. Th and sulfate fluctuated over five years,
but there was no obvious trend of change. For the first groundwater area at the head
of LuanShitou, the values of temperature, pH, CODyy,, and NH4*-N showed significant
interannual variations and substantial increases. Temperature, CODyy,, and NH,*-N were
at their highest in 2020—10.41 °C, 1.245 mg/L, and 0.026 mg/L, respectively (Figure 4C).
The interannual variation of the temperature and pH of the groundwater at the mouth
of the second groundwater area at the head of LuanShitou showed an increasing trend,
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with the temperature reaching the maximum value of 9.73 °C in 2020, while the rest of the
indexes decreased, with the sulfate content showing a smaller decreasing trend (Figure 4D).
The groundwater quality indicators of Laodeang Township had increasing interannual
change indicators—temperature, pH and NH4*-N, with both temperature and pH having
maximum values in 2020. The water quality indicators that decreased are Th, CODy,
and sulfate, with the minimum values of Th and sulfate, respectively, being 138.92 mg/L
and 15.44 mg/L in 2020 (Figure 4E). The temperature, pH, and Th of the groundwater in
WoSai township increased significantly from 2016 to 2020. Temperature and Th were at
their maximum in 2020, at 10.11 °C and 155.35 mg/L, respectively. The values of CODyy
and NH;*-N showed decreasing trends (Figure 4F). The groundwater in the southern part
of XingXinghai river had significant interannual variations in temperature, pH, Th and
NH,4*-N. The maximum temperature in 2020 was 9.66 °C, and the minimum temperature
in 2016 was 8.85 °C. The maximum pH value was 7.78 in 2017, maximum Th value was
172.16 mg/L in 2019, and the lowest value was 139.21 mg/L in 2017. While there was
a clear trend of interannual variation in sulfate, CODyy, levels showed a decreasing trend
over the five years of water quality monitoring and were at their minimum value in 2019
(Figure 4G).
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Figure 4. Interannual variation of different water quality indicators at different monitoring points
of groundwater in the source region of the Yellow River. (A) Interannual variation of the first
groundwater area under different water quality indexes at TongDe junction of 101 provincial highway.
(B) Interannual variation of the second different water quality indexes in groundwater at TongDe
junction of 101 provincial highway. (C) Interannual variation of the first groundwater area under
different water quality indexes at the head of LuanShitou. (D) Interannual variation of the second
groundwater area under different water quality indexes at the head of LuanShitou (at 845 km
along 101 provincial highway). (E) Interannual variation of different water quality indexes of
groundwater in LaoDeang township (at 636 km of 101 provincial highway). (F) Interannual variation
of groundwater quality indexes in WoSai township (23 km from DaRi county). (G) Interannual
variation of different water quality indicators of groundwater in the southern part of Xingxinghai

River (at 508 km along 214 National Highway).

According to Figure 5, the interannual temperature, NH4*-N and CODyy,, significantly
increased. The highest temperature was 9.80 °C in 2019, and the lowest temperature was
9.39 °C in 2016. The maximum NHy*-N content was 0.019 mg/L in 2018, and the minimum
value was 0.014 mg/L in 2016. CODjyy, reached its maximum in 2020. pH had a clear
downward trend over the 5 years, of which the smallest value was 8.07 in 2020. The Th and
sulfate levels fluctuated overall, but there was no obvious increasing or decreasing trend.

3.2. Analysis of Intraannual Variation of Groundwater in the Source Region of the Yellow River

The changes in groundwater quality indicators in 2016~2020 at the first groundwater
monitoring point of Tong De junction of 101 provincial highway. Temperature and CODyy
were at their largest in the abundant season and the smallest in the dry season. The Th and
NH,;"-N change trends were opposite to this, with minimum values in the abundant season.
pH was at its largest in the flat season (Figure 6A). The temperature and CODyy, of ground-
water at the second groundwater monitoring point of Tong De junction of 101 provincial
highway increased with the water volume. pH and NH4*-N contents changed in opposite
trends (Figure 6B). Figure 6C show that the first groundwater area at the head of the Luan-
Shitou monitoring point within the year changes, and that the temperature and CODy,
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content increased with the increase in water volume. NHy*-N content decreased with
increasing water volume. According to Figure 6D, the values of temperature, CODyy, and
sulfate at the second groundwater area at the head of LuanShitou were at their the largest
in the abundant season and smallest in the dry season. pH and NH,;*-N were at their
smallest in the abundant season and largest in the dry season. There was a tendency for
temperature, COD\yy, in the groundwater at LaoDeang township to become larger as the
amount of groundwater increases. NH;*-N changed in the opposite trend (Figure 6E). The
groundwater in WoSai township in temperature and NH4*-N indicated in the monitoring
of the conditions of abundant season > flat season > dry season, sulfate and CODyy, in the
conditions of abundant season < flat season < dry season. pH had a maximum value of 7.80
in the abundant season (Figure 6F). In the southern part of XingXing river, groundwater
temperature and CODy, content had a pattern of increasing with the increase in water
volume; the change in NH4*-N content showed the opposite trend (Figure 6G).
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Figure 5. Interannual variation of groundwater in the source region of the Yellow River. (A) Temper-
ature and pH. (B) Total hardness and sulfate. (C) Ammonia nitrogen and oxygen consumption.
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Figure 6. Annual variation in different indicators of groundwater at different monitoring points
in the source region of the Yellow River. (A) Annual variation of the first groundwater at TongDe
junction of 101 provincial highway. (B) Annual variation of the second groundwater at TongDe
junction of 101 provincial highway. (C) Annual variation of the first groundwater at the head of Luan
Shitou. (D) Annual variation of the second groundwater at the head of LuanShitou (845 km along
101 provincial highway). (E) Annual variation of groundwater in LaoDeang township (636 km along
101 provincial highway). (F) Annual variation of groundwater in WoSai township (23 km from DaRi
county). (G) Annual variation of groundwater in the southern part of Xingxinghai River (508 km
along 214 National Highway).

According to Figure 7, the groundwater temperature and CODyyy, in the source region
of the Yellow River all had the relationship of abundant season > flat season > dry season
and NH;*-N had the relationship of abundant season < flat season < dry season, while Th
and sulfate had different relationships in different periods. Therefore, the Th and sulfate of
the groundwater have no obvious relationship with different periods of the year.
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Figure 7. Annual variation of groundwater in the source region of the Yellow River. (A) Temperature
and pH. (B) Total hardness and sulfate variation. (C) Ammonia nitrogen and oxygen consumption.
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3.3. Analysis of Single-Component Evaluation Method Evaluation Results

The groundwater quality from 2016 to 2020 can be seen in Table 7. The water quality
indicators except CODyy, were up to the Class I water quality specified in the “Standards
of Groundwater Quality” (No. GB/T14848-2017). CODjy, reached the class I standard
from 2016 to 2019, but the CODy,, content increased, and the water quality deteriorated in
2020, and CODy, content reached the class II standard.

Table 7. Results of the evaluation of groundwater in the source region of the Yellow River.

Year
2016 2017 2018 2019 2020
Index
pH I 1 1 1 I
Total hardness/(mg/L) I I I I I
Oxygen consumption/(mg/L) I I 1 I 1I
Sulfate/(mg/L) I I I I I
Ammonia nitrogen/(mg/L) I I I I I

3.4. Analysis of Comprehensive Evaluation Method Evaluation Results

The comprehensive evaluation method of groundwater quality was based on the
individual indicators, compensating for the single-factor evaluation. The groundwater
quality status was classed as “Excellent” from 2016 to 2020. However, according to the
magnitude of the comprehensive score value F, the F value was 0.00 from 2016 to 2019,
but the F value was 0.72 in 2020. It can be seen in Table 8 that the larger the F value, the
worse the water quality. This shows that the groundwater quality deteriorated in 2020 in
the source region of the Yellow River.

Table 8. Results of the comprehensive evaluation of groundwater in the source region of the Yellow

River.
Year Integrated Rating F Water Quality
2016 0.00 Good
2017 0.00 Good
2018 0.00 Good
2019 0.00 Good
2020 0.72 Good

3.5. Prediction of Groundwater Quality in the Source Region of the Yellow River

Under the three RCPs climate change scenarios, the interannual variation of TN
and TP contents in the source region showed an increasing trend. The relationship
between the simulated TN and TP increase rates under the three scenarios were all
RCP 8.5 > RCP 4.5 > RCP 2.6, and the interannual difference in content among the three
scenarios increases with the passage of time. According to Figure 8A, the future TN content
had a small change, which is mainly characterized by interannual oscillations under the
RCP 2.6 climate scenario. The future TN content was increased in the first and mid-century
obviously and fluctuated less at the end under the RCP 4.5 climate scenario. Under the
RCP 8.5 climate scenario, the future TN content showed obvious linear growth throughout
the 21st century, and the fluctuations are relatively uniform. According to Figure 8B, the
future TP content fluctuated greatly early on in the century and changed less at the end of
century under the RCP 2.6 climate scenario. Under the RCP 4.5 climate scenario, the future
TP content changed similarly to RCP 2.6. The future TP content of the source region was
increased significantly in the early and late 21st century, and only slowly decreased in the
middle of this century under the RCP 8.5 climate scenario.
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Figure 8. Interannual distribution of total nitrogen (TN) and total phosphorus (TP) in water under
three scenarios. (A) Total nitrogen (TN). (B) Total phosphorus (TP).

4. Discussion

In this study, the groundwater quality was good in the source region of the Yellow
River, and all water quality indicators met the Class I standard specified in the Groundwater
Quality Standard, except for CODpyy, and only CODyy,, was relatively high in 2019, reaching
the Class II standard, which was similar the studies conducted by Cao et al. [40] and Shi
et al. [41]. This is related to the slowing down of overgrazing, the reduction in livestock
and poultry manure output, and the reduction in man-made pollution. This indicated that
CODyn, was the main source of pollutants in the groundwater in the source region. The
CODpp, content of groundwater in the source region of the Yellow River was higher in the
abundant water period in the three periods. However, Yang Wanling et al. [42] evaluated
the water bodies in the Pearl River Delta river network area (China). They concluded that
CODy, was lower during the abundant water period compared to the other two periods,
which may be due to the lower temperature of the groundwater in the source region of
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the Yellow River during the dry season. Organic matter in water decomposes slowly,
resulting in the timely oxidation of reducing substances in the water, and thus a lower
content of CODyyy, in water [43]. The groundwater quality of different monitoring points is
slightly different in the source region of the Yellow River: the groundwater at the head of
LuanShitou, the groundwater at LaoDeang township and the groundwater in the southern
part of XingXinghai river were slightly poorer than other sampling points, and the organic
content increased, which may be related to the monitoring point being located near the
highway; the exhaust gas and dust from vehicles have an impact on the groundwater.
There are grasslands around the groundwater, which are severely degraded. There is also
grazing, and so animal manure enters the groundwater under the washing of rainwater,
causing groundwater pollution. Human activities are relatively frequent, and domestic
sewage and garbage produced by human activities have an impact on groundwater and
make groundwater quality worse, but this will require further study [44].

The chemical properties (temperature, turbidity, color, dissolved oxygen, pH, etc.) of
groundwater are the basic parameters that determine the quality of groundwater, while wa-
ter chemical characteristics (major ions and anions) are key factors in groundwater quality.
Xia et al. [45] proposed carrying out a comprehensive evaluation of water quality according
to the water demands of the ecological environment. Ankit N et al. [46] used a weighted
arithmetic approach to evaluate the groundwater quality index, and concluded that the
groundwater quality index (GWQI) was one of the most effective tools for evaluating
groundwater quality, which uses the maximum values of various water quality variables to
provide easily understandable results, while the comprehensive evaluation method used
in this paper used the mean value calculation to obtain the final water quality criteria,
so the influence of these two evaluation methods on the results of the final evaluation
of water quality needs to be studied further in the future. Mehta D et al. [47] expressed
the contribution of each indicator to water quality by calculating the groundwater quality
index including the weighting factors of the specified groundwater quality parameters,
the groundwater quality criteria, and the analytical concentrations of each water quality
parameter, and we based this on the water quality in the single-component evaluation
method to further calculate its comprehensive evaluation score. In this paper, different
indicators (temperature, pH, Th, sulfate, CODyn, NH4*-N, TN and TP) of groundwater in
the source area for five years from 2016 to 2020 were evaluated using the single-indicator
evaluation method, but the influence of pollution indicators on water quality was overem-
phasized, so a comprehensive evaluation method was used to evaluate the groundwater
quality in the source area for five years, and its evaluation was able to focus on the pollution
indicators, involving the mean value of the evaluation indicators, and the evaluation was
more scientific. The desired results were obtained, and the evaluation results were basically
consistent with previous study [48].

This paper estimated the future (2021-2100) changes in TN and TP content by coupling
the RCP 2.6, RCP 4.5 and RCP 8.5 (low emission, medium-low emission and high emission)
climate scenarios under the CMIP5 model with the SWAT hydrological model in the source
region of the Yellow River. This showed an overall upward trend. This is consistent with
Liu Mei’s study on the changing trend of total nitrogen and total phosphorus in eastern
China [49]. This study used 21 models in CMIP5 to predict the changes in groundwater
quality in the source region of the Yellow River. More models were adopted, which
overcomes the shortcomings of using a single model or fewer models. The prediction
results are more accurate and reliable. This provides scientific support for groundwater
protection in the source region of the Yellow River under climate change. Shi constructed
a distributed hydrological model and used the output of five GCMs to predict the change
trend of water resources in the next 100 years in the source region of the Yellow River. We
concluded that the runoff sensitivity is highly sensitive to precipitation, and can be used
to obtain ideal results [50]. This study predicts the contents of TN and TP in groundwater
under three future climate scenarios under the CMIP5 model by coupling the SWAT model,
and satisfactory results were obtained. The previous research of our group found that
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the regular NSE of the SWAT model rate was 0.876 in the source region of the Yellow
River, and the NSE of the verification period was 0.972. Both of these were of good
standard. The simulated total water volume of the SWAT model and the actual total water
volume differed by —1.4% and 3.9%, respectively; the data difference is within a reasonable
range, indicating that the SWAT model has strong applicability and high credibility in the
source region of the Yellow River. The coupling of the climate model and the distributed
hydrological model needs to be further investigated. The source region of the Yellow River
is in the hinterland of the Qinghai-Tibet Plateau. Its altitude is more than 3000m, and it has
good vegetation coverage and simple vegetation types, mainly animal husbandry, single
industrial structure, underdeveloped productivity, and less impact by human activities.
Thus, the climate change in the future may be the closest to the simulated scenario under
RCPs2.6, which will require further study. The limitation of this paper is that the latest
climate model CMIP6 coupled with the SWAT hydrological model was not used for this
study. CMIP6 multi-model integration for climate and interannual variability improved the
ability to simulate, according to previous comparisons; CMIP6’s simulation prediction can
significantly improve the spatial distribution of rainfall in wet and semi-humid areas [51].
The difference of the simulation prediction ability in semi-arid areas such as dry high-
altitude cold areas are not significant [52]. However, the differences in predictions for
high-altitude/cold regions relative to the latest more refined CMIP6 model are yet to be
further developed. The prediction of groundwater quality indicators in this study only
focuses on the TP and TN in the water body, and future predictions should be made for
dissolved oxygen, sulfate, and ammonia nitrogen, etc. The groundwater in the area needs
to be continuously sampled to verify the prediction results.

5. Concluding Remarks

In this paper, the interannual and annual variations of groundwater quality in the
source region of the Yellow River from 2016 to 2020 were investigated, the water quality
was evaluated, and the contents of TN and TP in the source area from 2021 to 2100 were
predicted. The results showed that:

(1) From 2016 to 2020, the groundwater temperature, ammonia nitrogen and dissolved
oxygen in the source region of the Yellow River all showed an increasing trend,
while pH showed an obvious decreasing trend. The total hardness and sulfate
content fluctuated up and down, but there was no obvious increasing or decreas-
ing trend. The interannual water temperature and CODyy, showed the trend of
wet season > normal season > dry season. The ammonia nitrogen appeared in wet
season < normal season < dry season.

(2) From 2016 to 2020, the groundwater quality was excellent, and all the water quality
indexes reached Class II and above standards of the “Groundwater Environmental
Quality Standards” (GB/T14848-2017). However, the water quality in 2020 showed
a trend of deterioration, which indicated that CODyy, was the main pollutant in the
source region of the Yellow River.

(3) Under the future climate scenario, the increase rates of total nitrogen and total phos-
phorus are RCP 8.5 > RCP 4.5 > RCP 2.6, and the nitrogen and phosphorus contents of
groundwater in the source region of the Yellow River show a gradually increasing trend.

(4) Inthe context of climate change, it is urgent to formulate a scientific and reasonable
groundwater protection and utilization strategy.
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