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Abstract: The Yellow River Basin is an important economic belt and key ecological reservation
area in China. In the context of global warming, it is of great significance to project the drought
disaster risk for ensuring water security and improving water resources management measures
in practice. Based on the five Global Climate Models (GCMs) projections under three scenarios of
the Shared Socioeconomic Pathways (SSP) (SSP126, SSP245, SSP585) released in the Sixth Coupled
Model Intercomparison Project (CMIP6), this study analyzed the characteristics of meteorological
drought in the Yellow River Basin in combination with SPEI indicators over 2015-2100. The result
indicated that: (1) The GCMs from CMIP6 after bias correction performed better in reproducing
the spatial and temporal variation of precipitation. The precipitation in the Yellow River Basin may
exhibit increase trends from 2015 to 2100, especially under the SSP585 scenario. (2) The characteristics
of meteorological drought in the Yellow River Basin varied from different combination scenarios.
Under the SSP126 scenario, the meteorological drought will gradually intensify from 2040 to 2099,
while the drought intensity under SSP245 and SSP585 scenarios will likely be higher than SSP126.
(3) The spatial variation of meteorological drought in the Yellow River Basin is heterogeneous and
uncertain in different combination scenarios and periods. The drought tendency in the Loess Plateau
will increase significantly in the future, and the drought frequency and duration in the main water
conservation areas of the Yellow River Basin was projected to increase.
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1. Introduction

Global warming has accelerated the water cycle, led to the globally redistribution of
water resources at different scales, and aggravated the probability and frequency of extreme
hydrological events (especially the flood and drought disasters). Thus, the drought events
have become one of the most serious climate disasters affecting human society, and it is
also a hot spot of research in the field of climatology and hydrology [1,2]. The Yellow River
Basin is located in an arid and semi-arid climate zone, and its runoff has reduced due to
the decreasing precipitation and its uneven spatiotemporal distribution. In recent years,
the intensifying and continuous drought caused serious damage to the production, living,
and ecology of the basin [3,4]. Therefore, analyzing the characteristics of precipitation
in the Yellow River Basin under future scenarios and forecasting the development of
meteorological drought has important practical significance for the rational management
and allocation of regional water resources as well as the improvement of regional economic
and social development planning [5,6].

Water 2022, 14, 1896. https:/ /doi.org/10.3390/w14121896

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w14121896
https://doi.org/10.3390/w14121896
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-9121-9571
https://orcid.org/0000-0002-0388-9621
https://orcid.org/0000-0001-5821-4755
https://doi.org/10.3390/w14121896
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14121896?type=check_update&version=1

Water 2022, 14, 1896

2 of 20

The Global Climate Model (GCM) is an important tool to predict future potential
climate change, and it has been widely used in the impact of climate change on future
drought processes [7,8]. The latest GCMs were from the Sixth Coupled Model Intercom-
parison Project (CMIP6) developed by the World Climate Research Program (WCRP), and
more than 100 models have released their results and detailed data, which include the
seven combined scenarios of SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP4-3.4, SSP4-6.0, and
SSP5-8.5 [9]. Unlike the typical concentration pathways (RCPs) scenarios in CMIP5, the
scenarios in CMIP6 are combined scenarios of different shared socioeconomic pathways
(S5SPs) and RCPs, which contain implications for future socio-economic development [10].
At the 2012 IPCC ARS5 special meeting, five basic SSPs (SSP1-SSP5) were identified: sus-
tainable development path (SSP1), intermediate path (SSP2), and regional competition path
(SSP3), unbalanced path (SSP4), and traditional fossil fuel-based path (SSP5). Moreover,
the CMIP6 inherits four RCP scenarios (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) from CMIP5
and adds three emission pathways (RCP1.9, RCP3.4, and RCP7.0) [11,12]. Although the
GCMs from CMIP6 provide the basis for regional climate changes under different scenarios
in the future, due to the differences in the simulation mechanism, initial condition settings,
parameterization scheme settings, and spatial resolution of each model, the performance
of each GCM varies from different regions. Consequently, it is particularly important to
correct the errors between the GCMs and observation [13-15]. Smitha et al. proposed a
probability distribution function method based on quantile mapping (Daily Bias correc-
tion, DBC), which corrected the future climate elements by using the difference between
the cumulative distribution characteristics of climate elements simulated by GCMs and
regional observation. It could effectively capture the extreme values of climatic elements,
thereby improving the its simulation accuracy, which has received more and more attention
in recent years [16,17].

Droughts are generally classified into meteorological, agricultural, hydrological, and
socioeconomic droughts [18]. It is indisputable that the meteorological droughts caused
by the deficit in atmospheric precipitation usually appear first, so the analysis of it is the
basis for monitoring and early warning of other types of droughts [19]. Nevertheless, the
drought index is an effective technical means to quantitatively evaluate and characterize
drought events [20]; the commonly used indicators for meteorological drought are the
Standardized Precipitation Index (SPI) [21], Palmer Drought Severity Index (PDSI) [22],
and Standardized Precipitation Evapotranspiration Index (SPEI) [23] and so on. Among
them, SPEI has been widely used to assess the global and regional meteorological drought
due to its simple calculation, multiple time scales, and spatial comparison [24].

In recent years, the impact of climate change on drought by combining GCM, hydro-
logical models, and drought indices has been analyzed by many scholars. Tian et al. [25]
analyzed the characteristics of global drought based on CMIP6 and SPI, SPEI, and SRI
(Standardized Runoff Index) indices, and the results indicated that in the 21st century,
the duration and spatial extent of global drought will increase in most regions, and the
drought tendency is gradually intensifying, especially for the extreme drought event. Sung
et al. [26] adopted 28 GCMs of CMIP5 at 60 stations in South Korea to calculate the meteoro-
logical drought indices on five time scales in the future and found that SPI showed greater
uncertainty than SPEI Xu et al. [27] explored the variation of drought events in historical
and future periods based on CMIP6 and used the three-dimensional clustering method. It
reflected that the duration, severity, and affected area of meteorological drought in China
have increased compared with the historical period, according to the CMIP6 forecast. For
the Yellow River Basin, Ma et al. [28] investigated the spatiotemporal patterns and possible
changes of future droughts in the Yellow River Basin, and the observations and simulations
from three CMIP5 climate models were used as inputs to the VIC hydrological model to
calculate the Joint Drought Index (SPDI-JDI) based on the PDSI. It was concluded that the
moderate drought in the Yellow River Basin would be alleviated in the future, but the risk
of extreme drought might increase. Wang et al. [29] found that SPEI index performs better
to describe meteorological drought in the Yellow River Basin.
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At present, there are relatively few studies on the drought situation in the Yellow
River Basin under the future climate change scenarios projected by CMIP6, mainly on a
large scale, such as global and national scales. Particular attention needs to be paid to
forecast the future drought conditions in key regions. Therefore, the Yellow River Basin was
selected as the study area in this research and based on the three combining scenarios, SSP1-
RCP2.6 (SSP126), SSP2-RCP4.5 (SSP245), and SSP5-RCP8.5 (SSP585), which are from the five
GCMs released by the CMIP6 to build the climate data for historical periods (1961-2014)
and future periods (2040-2099). Then, we combined the observation data to evaluate the
simulation accuracy before and after bias correction over the historical period and analyzed
the variation of temperature and precipitation in the basin over the future period. Finally,
the SPEI index was applied to explore the meteorological drought characteristics of the
Yellow River Basin under different scenarios in the future period in order to provide a basis
for the formulation of future water resources management measures and the guarantee of
water security in the basin.

2. Materials and Methods
2.1. Study Area and Data Description

The Yellow River Basin is located at 31°10'-41°50’ N and 95°53/-119°05' E in the central
and northern parts of China, with a total drainage area of 795,000 km?. (Figure 1). It belongs
to the temperate monsoon climate, with annual average precipitation of 144-843 mm, and
the precipitation is distributed more in the southeast and less in the northwest. Most of
the Yellow River Basin is in arid and semi-arid regions, which are extremely sensitive to
climate change [30,31]. In recent years, under the combined influence of climate warming
and human activities, natural disasters have occurred more frequently in the Yellow River
Basin. Therefore, the drought events are the main meteorological disasters in the basin,
which have brought huge losses to the local social economy and people’s lives. In this
study, the Yellow River Basin was divided into eight regions according to water resource
utilization zoning standards (Table 1).
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Figure 1. Division of the eight water resource zones in YRB.
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Table 1. Range of eight sub-regions.

Number Area Range
I Above Longyangxia
II Longyangxia~Lanzhou
III Lanzhou~Hekou town
v Interior region
v Longmen~SanMenXia
VI Hekou town~Longmen
VII SanMenXia~HuaYuanKou
VIII Below HuaYuanKou

The observation data used in this study are the daily precipitation and daily maximum
and minimum temperature data from 1961 t02014 in the Yellow River Basin. They come
from the CN05.1 data set provided by the National Meteorological Center with the spatial
resolution of 0.5° x 0.5°, which has good applicability after strictly quality control and
standardization [32]. The future forecast data applied in this research were from the
CMIP6 (https:/ /pcmdi.linl.gov/CMIP6) (accessed on 11 March 2020). Considering the
large differences in the simulation capabilities of different models, in order to reduce the
uncertainty of the results, 19 GCMs were selected, and their applicability in the Yellow
River Basin was comprehensively evaluated in previous studies [33]. Finally, the following
five GCMs with better performance were picked (Table 2). The temporal resolution of
all models was daily, the spatial resolution was processed by bilinear interpolation to a
resolution of 0.5° x 0.5°, and the time series was 1961-2100, of which 1961-2014 was the
historical period, while 2015-2100 was the future period. The future period was divided
into three periods: the near future was 2040-2059, the middle future was 2060-2079, and
the far future was 2080-2099.

Table 2. Detailed information on the five CMIP6 climate models. The “lon” means longitude, the
“lat” means latitude, and the “lon x lat” means the spatial resolution of each model.

Number Model Country Atmospheric Resolution (lon X lat)
1 ACCESS-CM2 Australia 1.875° x 1.25°
2 BCC-CSM2-MR China 1.125° x 1.125°
3 CNRM-CMé6-1 France 1.40625° x 1.40625°
4 CNRM-ESM2-1 France 1.40625° x 1.40625°
5 MPI-ESM1-2-LR Germany 1.875° x 1.8652°

2.2. Methodology
2.2.1. Data Bias Correction

Although the GCMs from CMIP6 could be effectively adopted to analyze the regional
climate elements changes under different scenarios in the future, due to the lack of in-depth
understanding of complex atmospheric processes, when applied in GCM at this stage, it
is relatively simple. Thus, there would be some deviations between the simulation and
observation, and it is very necessary to perform bias correction of the model before the
application of GCM [34,35]. The daily bias correction method (DBC) based on quantile
mapping is an effective method commonly used to correct systematic biases in GCMs’
output data. It assumed that the climate variables in the historical period and the future
period have the same simulation error in each quantile firstly. Then, combining the two
methods of local intensity scaling (LOCI) and quantile mapping (QM), the occurrence
frequency and magnitude of the daily precipitation series were corrected in turn [36]. The
specific calculation formula is as follows:

sz:n = PEH,Z X (Fil [FGP,m(PG,m)]/PG,m

olisP,m
ng:n = Tgf% x (FobsT,m [FGT,m(TG,m)] - TG,m

M
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where Pg" and Tg! are the corrected daily precipitation and temperature series of the mth
month, respectively. Pi" and T¢") are the raw daily precipitation and temperature series of
the m month, respectively. F ;. P Fe Pm and FobsT,m, PGT,m are the cumulative distribution
functions of the observed and simulated series of daily precipitation (temperature) in the

historical period, respectively [37].

2.2.2. Drought Index

The SPEl is developed on the basis of the SPI, which comprehensively considers the
effects of temperature, precipitation, and evapotranspiration and is an ideal meteorological
drought indicator [38,39]. SPEI can be divided into the monthly scale (SPEI-1), seasonal
scale (SPEI-3), and annual scale (SPEI-12). This study mainly considered the impact of
long-term climate changes on the meteorological drought in the Yellow River Basin, so
SPEI-12 was selected as the drought index, and its calculation method is as follows:

(1) The water vapor balance between monthly precipitation and potential evapotranspi-
ration D; was calculated as:
D; = P, — ET; 2)

where i is the ith month, and P; is the precipitation of ith month. ET; is the monthly
potential evapotranspiration, which was calculated by the Hargreaves formula:

Tmax + Tmin

ETy =C X R(Tmax - Tmin)E< 2

+T) ®)

C, E, and T are the three parameters of the Hargreaves formula, and their suggested
values are 0.0023, 0.5, and 17.8, respectively. R is the monthly total solar radiation. Many
studies have pointed out that the parameters C, T, and E all have regional variability [40,41].
Therefore, this study corrected the parameters based on the observation data and the
Penman-Monteith formula and then calculated the monthly potential evapotranspiration
under different scenarios in the future [42].

(2) The three-parameter log-logistic probability distribution function was employed to
calculate the probability density function f(x) of the monthly precipitation series and
then obtain its probability distribution function F(x):

x B2
el @

F(x) = [ (0t = 1+

Among them, «, B, 7y are the scale parameter, the shape parameter, and the position
parameter, respectively, and these parameters are estimated by the linear moment method.

Therefore, the SPEI was calculated by standardizing the probability distribution
function F(x):

C0+C1W+C2W2
SPEl = W — ,(P<05 W=y 2InP
T+ oWz raws P s nP) )
2
spEf = QT aW W W, (P> 05, W= /—2In(1 - P)

1+ d W +dyW2 +dsW3

The values of other parameters is ¢y = 2.515517, c; = 0.802853, ¢, = 0.010328, d1 = 1.432788,
dr = 0.189269, and d3 = 0.001308.

2.2.3. Drought Identification

In this study, we chose the drought frequency, drought duration, drought tendency,
drought intensity as the characteristic of drought events. In the identification of drought
events, a drought event is defined as starting from the value of drought index less than
—0.5 until the drought index is greater than 0. The drought frequency is the ratio of the time
of drought events to the total time series; the drought duration is the time of continuous
occurrence of drought events, that is, the duration of SPEI is less than —0.5 and continues
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to the SPEI more than —0.5; and the drought intensity is the minimum SPEI value of the
corresponding drought duration [43]. In this study, we followed the classification criteria
as Table 3 showed and selected SPEI for 12 months (SPEI-12) to reflect the annual drought;
itis in a drought state when SPEI is less than —0.5 [44].

Table 3. Classification of Standardized Drought Index.

SPEI Drought Level

—05 < SPEI<QO0 Light Drought
—15<SPEI < -1 Moderate Drought

—2 < SPEI < -15 Severe Drought
SPEI < —2 Extreme Drought

For the trend characteristics of drought events, the Mann-Kendall (M-K) test method
recommended by the World Meteorological Organization was used. The M-K method
is a good nonparametric test method and is widely used in trend analysis of hydro-
meteorological events [45]. When |Z] > 1.96 (x = 0.05), it indicated that the sequence
has a significant trend of wetting or drying with the corresponding confidence level, the
positive values are increasing trends, and negative values are decreasing trends. In this
study, the smaller the Z value, the greater the drought trend.

3. Results
3.1. Dataset Filtering

The annual average precipitation of five uncorrected models in the historical period
of the Yellow River Basin (Figure 2a) reflected that almost all models overestimated the
precipitation in the basin. The relative deviation between the annual average precipitation
simulated by the model and observation is 27%, while it that between the average ensemble
model and observation is 21%. Consequently, it indicated that the average ensemble
model could effectively reduce the simulation uncertainty caused by the model error. After
bilinear interpolation and bias correction, the relative deviation between the simulated
and observation was greatly reduced, which was less than 5% (Figure 2b). Moreover, the
relative deviation between the average ensemble model and observation is only 2%, and the
simulated mean annual precipitation is 447.7 mm, which is very close to the observation,
444.7 mm. Thus, the results of bilinear interpolation combined with the deviation correction
method are in good agreement with the observed data. In addition, this study compared
the spatial distribution of precipitation simulated by the average ensemble model after
corrected and observation (Figure 3); the range of lattice deviation is —2-10%, and the
average deviation is 6%. Therefore, it could be concluded that the GCMs after the bias
correction and model ensemble performed better to reproduce the spatial distribution
pattern of precipitation in the Yellow River Basin.

Besides that, to further assess the ability of GCMs to simulate precipitation on predict-
ing future drought conditions, we compared the changes in the cumulative distribution
function (CDF) of the five GCMs before and after correction on the daily scale with the
observed data (Figure 4). The results indicated that the CDF distribution of the original
GCMs data is quite different from that of the measured data (Figure 4a), the simulation
of the peak distribution of precipitation is too high, and the overall average deviation is
4 mm/d. However, almost all models could better simulate the CDF distribution of the
observed data after correction (Figure 4b), and the overall average deviation is 0.19 mm/d.
Therefore, the DBC method applied in this study performs well on the daily scale and is
suitable for evaluating the drought status of the basin in the future.
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Figure 2. Annual average precipitation before and after bias correction from model simulation
and observation during the historical period (1961-2014) over Yellow River Basin. (a) Before the
bias correction and (b) after the bias correction; the “Mean” is the average ensemble model, and
“Observed” is the observation.
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Figure 3. Spatial distribution of average annual precipitation from observation and model simulation
after bias correction during the historical period (1961-2014) over Yellow River Basin. (a) Observation
and (b) after the bias correction.
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Figure 4. Daily precipitation before and after bias correction from model simulation and observation
on daily scale. (a) Raw GCMs data and (b) corrected GCMs data.
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Moreover, in order to evaluate the simulation of the drought characteristics of the study
basin by the raw and corrected products, the drought characteristics of the raw products,
corrected products, and the measured data during the historical period (1961-2014) were
analyzed and compared, namely drought duration, drought intensity, drought trend, and
drought frequency, as shown in Figure 5. The results indicated the simulation deviations of
drought duration, intensity, trend, and drought frequency between the raw products and
observed data are 9.12%, —2.14%, 6.3%, and 14.3%. However, the simulation deviations of
drought duration, intensity, trend, and drought frequency are divided into 6.74%, 2.48%,
0.3%, and 1.6%, which means the corrected product performs better in reproducing the
variation characteristics of meteorological drought in the Yellow River Basin. Therefore,
the corrected GCMs could be applied to the further study.
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Figure 5. The drought characteristics of raw GCMs, corrected GCMs, and observed data; (a) Drought
Duration, (b) Drought Tendency, (c) Drought intensity, (d) Drought frequency. The “D”, "T”, ”S”,
and “F” is drought duration, drought intensity, drought trend, and drought frequency, respectively.
The “sim” means the corrected GCMs; the “obs” means the observed data.

3.2. The Projection of Future Precipitation

Figure 6 depicted the average temperature and precipitation changes under three
scenarios (SSP126, SSP245, and SSP585) during 1961-2100. Figure 6a demonstrated that the
precipitation in the future period of the Yellow River Basin tends to increase relatively to
the historical period. The linear increase rates of the three scenarios are 0.55 mm/annual,
0.61 mm/annual, and 1.5 mm/annual, respectively. Therefore, the most significant in-
creasing trend in precipitation is the SSP585 scenarios. Furthermore, the difference in
precipitation change between the three scenarios is not obvious from 2014 to 2060, and the
annual average precipitation amounts re close to each other. After 2060, the precipitation
of SSP585 scenario will become significantly higher than that of the other two scenarios.
Meanwhile, the temperature in the historical period was 5-7.8 °C, and the temperature
would also rise significantly in the future period under the three scenarios of the Yellow
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River Basin (Figure 6b). For instance, the temperature range of SSP126 is likely to be
6.8-8.9 °C, and SSP245 and SSP585 are 7.1-10.2 °C and 7.2-12.7 °C, respectively. According
to the Clausius—Clapeyron relation, the increase in temperature affects the air-water vapor
capacity then accelerates the water vapor cycle and finally causes the increase in precipi-
tation [46,47]. At the same time, the findings of the Working Group I report of the Sixth
Assessment Report of IPCC (IPCC AR6) indicated that precipitation in the mid-latitudes is
likely to increase, with a further increase in the frequency of extreme events [48]. Therefore,
the increasing trend will likely be the highest for the SSP585 scenario both for precipitation
and temperature in the future.
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Figure 6. Annual average precipitation and temperature under SSP126, SSP245, and SSP585 from
1961 to 2099 over the Yellow River Basin; (a) the annual average precipitation and (b) the annual
average temperature.
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3.3. Implications for Future Drought Changes

In this study, the future period was divided into three periods, namely the near future,
2040-2059; the middle future, 2060-2079; and the far future, 2080-2099. Figure 7a reveals
the SPEI-12 changes of the Yellow River Basin during baseline. The results depicted that
SPEI-12 of the three scenarios in the future period will show an increasing trend. According
to the drought classification in Table 3, the smaller the SPEI, the more serious the drought is.
Consequently, it indicates that the meteorological drought of the Yellow River Basin in the
future period is likely be alleviated and, especially under the SSP585 scenario, was more
obvious. Moreover, Table 4 shows the drought characteristics of the future period under the
three scenarios and the base period. It proves that the drought duration will increase under
SSP126 and SSP245 scenarios, while the drought intensity and frequency were projected
to decrease in the future period. Furthermore, the drought tendency and frequency all
changed the most relative to the base period under the SSP585 scenario: they are 12% and
18%, respectively. Overall, the trend of aridification in the basin under the SSP126 scenario
will be more significant than in the other two scenarios, while the SSP585 with the highest
greenhouse gas emission pathway is likely to have higher drought intensity and shorter
drought duration. In the future period, both precipitation and temperature in the Yellow
River Basin will show an increasing trend, among which the SSP585 scenario performs
the most significantly. Ji et al. and Wang et al. [49,50] found that the main influencing
factors of meteorological drought are precipitation and evaporation, and the increase in
temperature in the future will accelerate the regional water cycle process, which will
increase the regional evaporation. However, the increase in precipitation tends to alleviate
the severity of meteorological drought to a certain extent. Therefore, in the SSP585 scenario,
which is the highest emission pathway of greenhouse gases, precipitation will increase with
rising temperature, which has a certain mitigation effect on future meteorological droughts.

Figure 7b—d reveals the SPEI-12 changes of the Yellow River Basin during 2040-2099
under the three scenarios. In the near future, the SPEI is likely to show a trend of aridifica-
tion, with a linear trend rate of —0.8/a under SSP126 scenario. However, the aridification
of SSP245 and SSP585 scenarios is not obvious, but their drought intensity may be higher
than that of SSP126, especially the maximum SPEI of SSP585 scenario, which is —1.89.
Additionally, the drought frequency was projected to be the highest in SSP126 with 22.9%.
In the middle future period, the whole drought tendency is not significant in the three
scenarios. Relatively speaking, the drought intensity of SSP245 scenario will be the highest,
which is —1.41, and the drought frequency may also the highest, which is 22%. In the
far future, the SSP126 and SSP245 scenario models will increase in comparison with the
baseline; the linear tendency rate is —0.04a and —0.02a, while their drought frequency is
lower at 6% and 8%, respectively.

Table 4. Comparison of drought characteristics between the future scenarios (2015-2100) and baseline
(1961-2014). The “m” is month.

Duration (m) Intensity Tendency Frequency (%)
Baseline 1.12 1.93 0.14 3091
SSP126 1.41 1.39 —0.029 28.97
SSP245 1.32 1.43 0.195 26.51

SSP585 1.01 1.51 1.84 25.07
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Figure 7. SPEI-12 of SSP126, SSP245, and SSP585 over 20402099 for the Yellow River Basin.

3.3.1. Drought Tendency

Figure 8 reflects the spatial characteristics of meteorological drought in the Yellow
River Basin in the three periods under the three scenarios. In the near future, Lanzhou
to Hekou area and the interior region under SSP126 scenario do not reveal a significantly
arid trend; the average regional test value Z = —0.84 > —1.96, and the maximum test value
is —7.07, which is likely to appear in the interior region of the basin. Under the SS5P245
scenario, the regions from Longyang Gorge to Lanzhou and Longmen to Sanmenxia will
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reflect the arid trend, while under the SSP585 scenario, the source region of the Yellow River
and the northern part of the basin might reveal a weak arid trend, with an average regional
test value of Z = —0.56 > —1.96. In the middle future, the drought tendency under SSP245
scenario will be more obvious. Except for the southern area above Longyang Gorge and
Sanmenxia to Huayuankou area, other areas of the basin all tend to show the arid tendency
to different degrees, and the regional average test value Z = —2.74 < —1.96. However, the
northwest area of the basin will reflect no significant drought trend under SSP126 and
SSP585 scenarios. In the far future, the more obvious drought tendency of the basin is
likely to be presented under the SSP245 scenario, which is mainly in the central and eastern
regions, and the regional test value Z = —2.74 < —1.96. Moreover, the weak drought trend
may be found in the southwest region of the basin, Z = —0.38 < —1.96. However, the
significantly humid trend with Z = 1.97 > 1.96 was projected to occur under the SSP585
scenario in most of the basin, and the obviously arid trend will be explored in the western
region above Longyang Gorge; the maximum value of the regional test value is —6.8.
Overall, the regional aridification trend under the SSP585 scenario may not be significant.
On the one hand, the climatic characteristics and the future precipitation and temperature
changes of different regions in the Yellow River Basin are different. On the other hand,
under the SSP585 scenario, the increase of greenhouse gases will not only increase the
surface air temperature but also increase the evapotranspiration, thereby accelerating
the regional water cycle. Due to the increase in climatic factors and evapotranspiration,
regional precipitation is also increasing, which tends to alleviate the severity of future
meteorological drought in the Yellow River Basin to a certain extent [51,52].
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Figure 8. Spatial distribution of drought tendency from SSP126, SSP245, and SSP585 over 2040-2099
in the Yellow River basin. (a—c) are the drought tendency of near future, middle future, far future
under SSP126, (d—f) are the drought tendency of near future, middle future, far future under SSP245,
(g-i) are the drought tendency of near future, middle future, far future under SSP585.



Water 2022, 14, 1896

13 of 20

3.3.2. Drought Frequency

Table 5 provides the frequency of drought events in different grades under three
scenarios in the future. In the near future, the main drought events in the basin will to be
light drought and medium drought events, among which the drought frequency of SSP126
and SSP585 scenarios is 34.88% and 34.34%, respectively, while that in SSP245 scenario
will be lower than those in the others. In the middle future, the drought frequency of
SSP126 and SSP585 scenarios tends to be lower than that of the near future period, while
the drought frequency of SSP245 scenario increases obviously, and the frequency of extreme
drought increases to 3.13%. Therefore, it is necessary to prevent the occurrence of sudden
drought events. In the far future, the drought frequency of the three scenarios will be
further reduced and is likely to be dominated by light drought and medium drought events
in the basin. Specifically, the frequency of severe drought and extreme drought events in
S5P245 scenario may be relatively higher than others, while the drought frequency of all
types of drought events tends to be lower than that in the near and middle future.

Table 5. The average probability of drought events on different grades for SSP126, SSP245, and
SSP585 in the future over the Yellow River Basin; the unit is (%).

Time Scenarios Light Moderate Severe Extreme Drought
Drought Drought Drought Drought  Frequency
SSP126 15.62 10.35 5.42 3.50 34.88
2040-2059 SSP245 13.29 6.26 3.14 2.29 24.98
SSP585 19.40 9.65 391 1.37 34.34
SSP126 13.83 7.98 421 1.94 27.96
2060-2079 S5P245 13.77 9.79 5.91 3.13 32.60
SSP585 13.81 7.86 3.85 1.89 27.41
SSP126 13.46 7.03 2.44 1.13 24.07
2080-2099 S5P245 11.01 6.71 3.25 1.30 22.28
SSP585 8.22 3.36 1.51 0.38 13.46

The spatial distribution of drought frequency in the three periods of the Yellow River
Basin is revealed in Figure 9. In the near future, the drought frequency of the Longmen
to Sanmenxia area is likely to higher than in other areas under SSP126 scenario, and the
highest drought frequency would reach 43.7%. Meanwhile, the drought frequency from
Longyang Gorge to Lanzhou maybe higher than in other areas under SSP245 scenario, and
the highest drought frequency is likely to reach 36.6%. Under SSP585 scenario, the overall
drought frequency in the whole basin is very close, approximately 20-30%. In the middle
future, the drought frequency from the source area of the Yellow River to the interior region
of the basin will increase gradually, and the highest one may reach 31%, but it tends to
be lower than that in the near future under the scenario of SSP126. At the same time, the
drought extent of the whole basin tends to decrease under the SSP245 scenario, and the
relatively higher drought frequency would be found in the main inland areas. Moreover,
under the SSP585 scenario, the drought frequency in the upper reaches of the Yellow River
Basin will be higher, and the highest drought frequency may reach 40%, which reflects a
decreasing trend from upstream to downstream. In the far future, the drought frequency in
all scenarios would be reduced. Under the SSP126 scenario, drought events may mainly
occur in the northwest area of the basin, the highest drought frequency is 31%, and the
drought frequency would be reduced in turn under SSP245 to SSP585; the drought range is
likely to narrow.
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Figure 9. Spatial distribution of drought frequency from SSP126, SSP245, and SSP585 over 2040-2099
in the Yellow River basin. (a—c) are the drought frequency of near future, middle future, far future
under SSP126, (d-f) are the drought frequency of near future, middle future, far future under SSP245,
(g-i) are the drought frequency of near future, middle future, far future under SSP585.

3.3.3. Drought Duration and Intensity

The drought duration in different scenarios in the future over the Yellow River Basin
was depicted in Figure 10. As a whole, the average drought duration of the basin will
increase at first and then will tend to decrease. Under the SSP126 scenario, the aver-
age drought duration of the basin maybe the longest under the middle future, which is
12.1 months. Although the shortest drought duration tends to occur in the far future, the
drought duration in the interior region will reach 26.2 months in this period. Under the
55P245 scenario, the drought duration in the middle and far future will be higher than that
in the SSP126 scenario. The longest average drought duration is 12.3 months in the middle
future periods, and the highest drought duration in the interior region of the basin is as long
as 26.6 months. Under the SSP585 scenario, the drought duration from the source region
of the Yellow River to the middle reaches of the basin in the middle future is 12.6 months,
which is higher than that of SSP126 and SSP245. However, the drought duration in the
far future maybe the shortest at 6.9 months, which is smaller than that of SSP126 and
SSP585 scenarios. In general, the three scenarios may have longer drought durations in the
middle-future period. After calculation and analysis, it is found that the precipitation in
this period may be lower than that in the near future and far future periods. For example,
under SSP585 scenario, the average precipitation in the near future period will be 520.9 mm,
while the multi-year average precipitation in the mid-future period will be 509.1 mm.
However, the temperatures in the middle-future period will significantly higher than in
the near-future period and close to the far-future period. Thus, under the dual influence
of the insignificant increase in precipitation and the continuous rise in temperature, the
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mitigating effect of precipitation on meteorological drought will be weakened, the drought
in the middle-future period is longer than the other two periods.
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Figure 10. Spatial distribution of drought duration from SSP126, SSP245, and SSP585 over 2040-2099
in the Yellow River basin. (a—c) are the drought duration of near future, middle future, far future
under SSP126, (d—f) are the drought duration of near future, middle future, far future under SSP245,
(g-i) are the drought duration of near future, middle future, far future under SSP585.

The drought intensity in different scenarios in the future was presented in Figure 11.
Under the SSP126 scenario, the drought duration will increase from 2040-2099, and the
highest drought intensity also tends to increase. In the far future, the average drought
intensity will be the highest (1.48), the highest drought intensity in the basin may reach
2.09, and the drought intensity in the northeast and southern regions of the basin will
be relatively high. Under SSP245 scenario, the drought intensity of the basin decreased
gradually. The average drought intensity and regional highest drought intensity will be
found in the near future at 1.51 and 2.09, respectively, and mainly presented in the central
region. Moreover, the average drought intensity and the highest drought intensity in the
middle and far future will likely be lower than those in the SSP126 scenario. Under SSP585
scenario, the overall drought intensity of the basin will increase, and the drought intensity
and the highest drought intensity of the basin in the middle and far future may be higher
than those in SSP126 and SSP245 scenarios. The spatial trend of drought intensity in the
basin will gradually move from the source region of the Yellow River to the eastern part of
the basin.
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Figure 11. Spatial distribution of drought intensity from SSP126, SSP245, and SSP585 over 2040-2099
in the Yellow River basin. (a—c) are the drought intensity of near future, middle future, far future
under SSP126, (d—f) are the drought intensity of near future, middle future, far future under SSP245,
(g-1) are the drought intensity of near future, middle future, far future under SSP585.

4. Discussion

The trend of SPEI will be significantly different under different combined scenarios,
which indicated that the future drought characteristics depend upon along which central-
ized path the climate develops. In the scenario of high carbon emissions, SPEI tends to
obviously present a downward trend. Although the future meteorological drought over
the Yellow River basin would be weakened under SSP245 and SSP585 scenarios, which
revealed that the increase of precipitation in the basin has effectively alleviated the me-
teorological drought situation. However, the drought intensity under both scenarios is
increasing, which reflected that the frequency of high intensity and serious drought events
in the Yellow River basin will still increase under the climate change scenario in the future.
Ma et al. [53] found that the overall increase of precipitation in the future may be the main
driver of expected mitigation of meteorological drought, but the extreme drought is more
likely to occur in future climate scenarios, which is consistent with the conclusions of this
study. Frankly speaking, the change of non-rainy days has a more significant impact on
drought compared with annual precipitation. In the DBC deviation method applied in this
study, the LOCI method was used to fully consider the influence of non-rainy days, and the
conclusions drawn are also close to those of previous studies. In addition to this, increased
evapotranspiration due to warmer temperatures in future periods may also exacerbate
drought intensity [54,55].

From the point of view of spatial difference, the temporal trend of SPEI reflected
obvious variability in different regions. Under the SSP245 scenario, the drought tendency
in the Loess Plateau was projected to be significantly increase, the drought frequency in
the Loess Plateau may rise obviously in the middle future of the SSP126 scenario, and
the drought intensity in the Loess Plateau is likely to elevate notably in the far future of
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the SSP585 scenario. On the whole, the drought situation in the Loess Plateau will be
aggravated under the future scenario. The Loess Plateau is a fragile area of the ecological
environment over the Yellow River, which has high intensity of human activities, mainly
represented by afforestation in recent years [56]. The results revealed that the expansion
of vegetation will lead to the increase in regional evaporation, which will counteract the
mitigation effect of precipitation on meteorological drought in the future [52,57]. At the
same time, in the high carbon emissions scenario, the precipitation will increase under the
influence of climate warming, while evaporation will also increase significantly due to the
rise of temperature. Under the background of temperature continuously rising in the future,
the drought situation on the Loess Plateau will intensify, which will not be conducive to
soil and water conservation and vegetation restoration in the Yellow River Basin. Li et al.
found [58] that the Loess plateau will continue the drought trend in the future, but the
seasonal intensity is different. Based on CMIP5, Shi et al. [59] predicted the meteorological
drought situation in the Loess Plateau from 2018 to 2100. The results showed that the areas
with significant aggravation of meteorological drought trend in the future accounted for
51.62—99.90% of the loess plateau area, and climate change would increase the frequency
of extreme drought events, which was basically consistent with the conclusion of our study.

The source region of the Yellow River to Lanzhou is the main water conservation area
of the Yellow River basin, and only 30% of the area bears 60% of the water supply, which
is of great significance to ensuring the water security of the Yellow River Basin [60,61]. In
the middle future of SSP585 scenario, the drought frequency and duration of the main
water conservation areas in the Yellow River Basin would increase obviously, which might
threaten the soil and water conservation function of the water conservation areas. Therefore,
in the further study, the climate change characteristics and drought response in the main
water conservation areas of the Yellow River Basin and the Loess Plateau are worthy of
investigation. At the same time, it is also necessary to conduct a comprehensive analysis
of the drought conditions in the Yellow River Basin in the future in combination with
hydrological and agricultural droughts. Besides that the impact of human activities on
drought cannot be ignored, how to quantitatively analyze the impact of climate change and
human activities on drought in the Yellow River Basin is an interesting direction.

5. Conclusions

Based on the five excellent GCMs provided by CMIP6 combined with SPEI index, this
study analyzed the drought tendency, drought frequency, drought intensity, and drought
duration of meteorological drought in the Yellow River Basin from 2040 to 2099, and the
conclusions were as follows:

(1) The GCMs from CMIP6 after bias correction performs better to reproduce the temporal
and spatial characteristics of precipitation in the Yellow River Basin, and the phase
average deviation of temporal and spatial scales is less than 2% and 6%, respectively.
The precipitation in the Yellow River Basin would increase in the future period, and
the precipitation growth trend in SSP585 scenario is the most significant with the rate
of 1.5 mm/a.

(2) Under the SSP126 scenario, the meteorological drought in the Yellow River Basin
showed a gradually increasing trend. Although the drought trend showed a weaken-
ing trend under the SSP245 and SSP585 scenarios, their drought intensity will increase
more significantly than SSP126. It is necessary to prevent the occurrence of extreme
drought events in the future.

(2) The spatial variation of meteorological drought is heterogeneous in different emission
scenarios and periods. In the middle future period of SSP126 scenario, the drought
frequency of the Loess Plateau would increase significantly. Moreover, the drought
tendency of the Loess Plateau would aggravate in the middle and far future of the
SSP245 scenario. Besides that, the drought frequency and drought duration of the
water conservation area in the upper reaches of the Yellow River might enhance
obviously in the middle future of the SSP585 scenario. In addition, the drought
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intensity of the Loess Plateau in the Yellow River Basin in the far future period of the
SSP585 scenario is the highest compared with other scenarios and periods.
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