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Abstract

Understanding the propagation of agricultural droughts (AD) is important to comprehensively assess drought events and
develop early warning systems. The present study aims to assess the impacts of climate change and human activities on
drought characteristics and propagation from meteorological drought (MD) to AD in the Yellow River Basin (YRB) over
the 1950-2021 period using the Standardized Precipitation Evapotranspiration Index (SPEI) and Standardized Soil Moisture
Index (SSMI). In total, the YRB was classified into three groups of catchments for spring wheat and four groups of catch-
ments for winter wheat based on different human influence degrees (HId). In addition, the entire study period was divided into
periods with natural (NP), low (LP), and high (HP) impacts of human activities, corresponding to 1950-1971, 1972-1995,
and 1996-2021, respectively. The results demonstrated the significance and credibility of the application of the natural and
human-impacted catchment comparison method for drought characteristics and propagation from meteorological to agricul-
tural drought in the YRB. Winter wheat showed a more pronounced drying trend than spring wheat under both MD and AD.
The results showed meteorological drought intensity (MDI) and agricultural drought intensity (ADI) intensified for spring
and winter wheat in NP, with correspondingly a short propagation time, followed by those in the LP and HP in catchments
minimally impacted by human activities. On the other hand, increases in the MDI and ADI, as well as in their times, for
both spring and winter wheat were observed from the LP to the HP in all catchments. The MDI, ADI, and their propagation
times for winter wheat generally showed greater fluctuations than those for spring wheat. Human activities increasingly
prolonged the drought propagation time. In contrast, climate change insignificantly shortened the drought propagation time.

Keywords Meteorological drought - Agricultural drought - Dynamic drought propagation - Climate change - Human
activities

Introduction

Drought is widely recognized as a complex multifaceted
Responsible Editor: Philippe Garrigues phenomenon (Van Loon 2015), characterized by obvious
spatiotemporal patterns, particularly in semi-arid and arid
areas (Wu et al. 2022). Drought events are caused by a defi-
ciency of precipitation over an extended period, representing
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are combined into a prolonged AD), attenuation (MDs are
attenuated in the soil under relatively high soil water con-
tents), lag (a lag occurs between meteorological and AD),
and lengthening (drought periods become longer, moving
from meteorological to AD) (Van Loon and Van Lanen
2012). Indeed, numerous researchers have investigated the
drought propagation characteristics using several approaches
and taking into account drought processes and their control-
ling factors. These factors include climatic conditions, tel-
econnection factors (e.g., sea surface temperature and solar
activities), catchment soil properties, geographic character-
istics, land use types, and human activities (Bonfils et al.
2020; Samaniego et al. 2018; Van Langen et al. 2021; Wu
et al. 2022).

Global warming and climate change have greatly influ-
enced the development, management, and planning of
surface and groundwater resources (Singh et al. 2022a,
b). Therefore, it is important to investigate the impacts of
these influencing factors on meteorological and agricultural
extreme drought events (Park et al. 2018; Singh et al. 2022a,
b; Williams et al. 2020). The impacts of global warming
are manifested through an increase in the frequency and
intensity of extreme meteorological and AD events, caus-
ing enormous socioeconomic and ecological losses (Asadi
Zarch et al. 2015; Dai 2013; Gu et al. 2020; Zhao et al.
2017). Zhang et al. (2014) found that the Yellow River Basin
(YRB) is dominated by precipitation amount deficits, fur-
ther exacerbating the shortage of water resources. Huang
et al. (2015a) highlighted greater drought risks in the YRB
in spring and winter than in other seasons. Zhao et al. (2021)
indicated higher drought levels in the northwestern part of
the YRB than those in the southwestern and southeastern
parts from 2003 to 2019. Wang et al. (2022a, b) found that
most of the YRB area had undergone progressively drier
conditions during the 1956-2016 period. However, there is
still a lack of studies on the variations in drought characteris-
tics over extended periods and different subperiods at abrupt
climate change points in the YRB. Human activities had sig-
nificant effects on AD propagation. Indeed, Shi et al. (2022)
demonstrated that cropland was less sensitive to drought
events in the YRB due to irrigation. Cao et al. (2022) high-
lighted higher contributions of human activities to AD than
those of climatic factors, especially in the Loess Plateau of
the YRB. This finding suggests the combined effects of both
climate change and human activities on drought character-
istics. However, the above-cited studies have only explored
the impacts of climate change over different study periods,
neglecting the potential impacts of human activities.

In recent years, various drought indices have been devel-
oped and extensively employed in several regions worldwide
to monitor and assess drought characteristics (Adnan et al.
2017; Dehghannik et al. 2021; Kumar Masanta and Srini-
vas 2022; Wang et al. 2018). The standardized precipitation
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index (SPI) and standardized precipitation evapotranspira-
tion index (SPEI) are the most commonly used MD indi-
ces (Thomas B. McKee et al. 1993; Vicente-Serrano et al.
2010). However, the SPI only considers precipitation data,
making it challenging to compressively interpret drought
conditions induced by global warming. Therefore, the SPEI
is the most suitable index to study the potential impacts of
climate change on MD. Adnan et al. (2017) compared vari-
ous drought indices, including the SPI, SPEI, China Z-Index,
deciles index, and reconnaissance drought index (RDI), to
monitor drought conditions in Pakistan, highlighting the
suitability of the SPI, SPEI, and RDI to monitor drought
status. Gu et al. (2020) used the SPEI and predicted an
increase in magnitude and socioeconomic exposure of global
droughts in areas with 1.5 and 2 °C warmer climates. On the
other hand, the standardized soil moisture index (SSMI) can
reflect the dynamic balance of precipitation, groundwater
supplies, and evapotranspiration rates, thus comprehensively
monitoring AD. The SSMI is advantageous due to its low
computational requirements and ability to consider the char-
acteristics of data function distribution (Maity et al. 2016).
Suman and Maity (2021) used the SSMI to investigate the
intensity and frequency of future AD across India at the
basin scale. Han et al. (2021a, b) used the SSMI to quantify
the spatiotemporal dynamics of AD in the Loess Plateau,
highlighting frequent AD events in the northwestern part of
the Plateau, with short durations and low intensities. Afshar
et al. (2022) investigated global spatiotemporal consistency
between MD and soil moisture indices using the SPI/SPEI
and SSMI, respectively, indicating a good positive correla-
tion between the SPEI and SSMI. Therefore, we selected the
SPEI and SSMI to monitor MD and AD, respectively, based
on their effectiveness reported in previous related studies.
Drought propagations represent the transformation of
hydro-climatic signal anomalies as they move through the
interconnected terrestrial parts involved in hydro-meteoro-
logical cycles (i.e., soils, surface water, and groundwater)
(Van Loon 2015). The combined effect of climate change
and human activities can change multiple drought proper-
ties, including the timing of different drought stages (e.g.,
onset, development, and recovery), frequency, duration,
and intensity (Zhang et al. 2022). Researchers have mainly
focused on drought propagation from meteorological to
hydrological drought under the impacts of climate variabil-
ity and human activities. For instance, Zhao et al. (2014)
quantitatively assessed the impacts of climate variability
and human activities on streamflow in the middle reaches
of the YRB in China. Rangecroft et al. (2019) proposed an
observation-based method to quantify the human activity
influence on hydrological droughts. Drought propagation
from MD to AD is related to the response of soil moisture
(or crop yields) to precipitation and other meteorologi-
cal variables, playing a key role in ensuring food security
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(Behrang Manesh et al. 2019; Dai et al. 2022). In addition
to precipitation deficit, increased evapotranspiration rates
can further deplete soil moisture, triggering or amplifying
AD. Groundwater recharge and irrigation play a significant
role in decreasing the intensity of MD, mitigating the occur-
rence of AD (Fang et al. 2020; Wu et al. 2021). Wang et al.
(2021) investigated the effects of climate change and human
activities on drought propagation from meteorological to
hydrological drought using a natural and human-impacted
catchment comparison method. Chen et al. (2019) compared
the evolution and properties of meteorological, agricultural,
and hydrological droughts, as well as their related driv-
ing factors, in the Luanhe River basin in China. However,
although they considered the entire time period of whole
year based on the grid data, different responses of crop spe-
cies to MD were neglected, making it difficult to comprehen-
sively reflect actual drought propagation characteristics from
MD to AD under different periods of crop growth cycles.
The impacts of MD to AD propagation remain uncertain
on spring and winter wheat on a regional scale in the YRB.

Therefore, the main objective of this study was to better
understand the propagation mechanisms of AD in the YRB
for spring and winter wheat during the 1950-2021 period.
The specific objectives of this study are to 1) select different
degrees of human-impacted catchment areas by combining
the analysis results of hydrological variations with human
influence scores; 2) quantitatively assess drought charac-
teristics (e.g., drought trends, durations, and intensities)
and propagation time using the Spearman rank correlation

coefficient and run theory; and 3) compare drought charac-
teristics and propagation time during different sub-periods
to reveal the impacts of climate change and human activities
on drought characteristics and propagation.

Materials and methods
Study area and data

The YRB is located in a typical arid and semiarid region
in North China (32.12° N-41.92° N; 95.85° E-119.10°
E), covering an area of 752,443 km? (Fig. 1). The aver-
age elevation of the basin is 1877 m, with minimum and
maximum elevation values of —20 m (eastern estuary of
the YRB) and 6250 m, respectively, following a decline
from the western to eastern parts. The region is character-
ized by a temperate monsoon climate, with summer months
(June—September) receiving approximately 70% of annual
precipitation. The annual evapotranspiration (ET) rate of
the YRB is 1100-2500 mm, exceeding that of precipitation
(200-1000 mm), with relatively low relative humidity values
(Li et al. 2022). In this study, we selected 25 catchments
from the YRB (Fig. 1), including 12 upstream catchments
from southwest to northeast, 11 midstream catchments, and
two downstream catchments. Details on the 25 catchment
areas are provided in supplementary S1. The data used in
this study mainly consists of remote sensing inversion and
reanalysis data (Table 1). The remote sensing data were
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Fig.1 Location and catchments of the Yellow River Basin. Catchments’ full information is in Supplement S1
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Table 1 Detail information of remote sensing inversion and reanalysis data used in this study

Data types Temporal coverage Temporal resolution Spatial resolution Units Data sources
Precipitation 1950-2021 Monthly 0.1° m https://cds.climate.coper
nicus.eu
Evaporation 1950-2021 Monthly 0.1° m https://cds.climate.coper
nicus.eu
Surface soil moisture 1950-2021 Monthly 0-28 cm, 0.1° m’/m? https://cds.climate.coper
nicus.eu
Digital elevation model 2000 - 250 m m https://www.resdc.cn, (Xu
(DEM) 2020)
Teleconnection factors - Monthly - - https://psl.noaa.gov
Land use and cover 2010 Yearly 1km - https://www.resdc.cn, (Xu
et al. 2018)
GDP density 1995, 2000, 2005, 2010,  Yearly 1 km Million RMB/km? https://www.resdc.cn, (Xu
2015, 2019 2017a)
Population density 1995, 2000, 2005, 2010,  Yearly 1 km Persons/km? https://www.resdc.cn, (Xu
2015, 2019 2017b)
Night light density 1992-2013 yearly 0.008° DN/km? https://www.resdc.cn, (Xu
(DMSP-PLS) 2022)
Night light density (NPP- 2012-2021 yearly 0.004° DN/km? https://www.resdc.cn, (Xu
VIIRS) 2022)

interpreted at a spatial resolution of 0.1°x 0.1° using a bilin-
ear method. The growth periods of winter and spring wheat
in the YRB are from October to May of the following year
and from March to July, respectively (He et al. 2017; Shao
and Yan 2007). Areas where spring and winter wheat are
cultivated in the YRB are shown in Fig. 4b. The results in
this study were analyzed on cropland pixels in areas where
spring and winter wheat are cultivated.

Methodology

In this study, we used a modified observation-based natural
and human-impacted catchment comparison method pro-
posed by Wang et al. (2021) (Fig. 2) to assess the impacts
of climate change and human activities on drought charac-
teristics and propagation from MD to AD, according to the
following three steps:

Step 1. Catchment and period classifications

The hydrological regime changes in each catchment were
identified using the modified Mann—Kendall (MMK) trend
analysis and heuristic change-point segmentation of annual
precipitation amounts, ET rates, and annual soil mois-
ture contents in the 1950-2021 period. The final change
points were determined by averaging all change points of
the selected catchments. The entire study period was also
divided into different sub-periods. In addition, four socio-
economic indicators of each catchment, namely average
population, gross domestic product (GDP), night light data,
and proportions of cropland and urban land, were used to
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calculate the human influence score using an indicator-based
method. The catchments of the YRB were categorized into
different human influence degrees (HId) based on the human
influence scores.

Step 2. Quantitative assessment of the drought propaga-
tion characteristics

Run theory was first used in this study to identify SPEI
and SSMI-based drought durations and intensities at three
timescales of 1, 3, and 12 months, representing monthly,
seasonal, and annual drought, respectively, thus adequately
depicting the evolution of the drought events. In addition,
Spearman rank correlation analysis was used to cross-corre-
late the SPEI accumulation period of 1-48 months (SPEI-n,
n=1,2,3, ..., 48 months) and the SSMI-1 time series (1
is 1-month scale). This analysis was performed to deter-
mine the most appropriate propagation time from MD to AD
based on the strongest correlation of the SPEI accumulation
period with SSMI-1.

Step 3. Assessment of the impacts of different factors on
the drought characteristics and propagation

To evaluate the impacts of climate change and human
activities on the drought characteristics and propagation, dif-
ferent comparison schemes were designed (Fig. 2). Indeed,
the drought characteristics and propagation features were
compared under different scenarios (I, II, and III) using
analysis of variance with one-way ANOVA. In scenario I,
drought characteristics and propagation time of different HId
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Step 1: Classification of catchments

Trend and change
point analysis

Spatial statistic
Indicator system
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Step 3: Assessment of impact of climate change and human activities on drought
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Fig.2 An observation-based different human influence strength catchments’ comparison method for analyzing the effects of climate change and

human activities on drought characteristics and propagation

catchments were compared to investigate the drought prop-
agation pattern during the natural period (without human
activity impacts). In scenario II, the impacts of climate
change on the drought characteristics and propagation were
assessed in catchments less impacted by human activities
during three classified sub-periods of 1950-2021, namely,
1950-1971, 1972-1995, and 1996-2021. In scenario III,
the impacts of climate change on the drought characteristics
and propagation times were assessed in all catchments over
periods with low and high impacts of human activities. The
concept underlying this approach and the methods used are
described in detail in the following sections.

Trend and change point analysis

Modified Mann—Kendall (MMK) trend analysis

The MMK trend test was used to assess the statistical signifi-
cance of SPEI and SSMI-based drought trends. The presence

of autocorrelation in the data may result in erroneous results,
increasing the probability of detecting trends. Hence, Hamed

and Ramachandra Rao (1998) proposed the MMK trend test
to overcome this challenge. The detailed computational pro-
cesses of the MMK trend test were described in detail by
Hamed and Ramachandra Rao (1998).

Change-point test

In this study, we determined the change points of hydro-
meteorological variable time series using the heuristic
segmentation method. This method was first proposed by
Bernaola-Galvan et al. (2001) based on the sliding #-test,
then extensively used to identify change points of nonlinear
and non-stationary time series. The principle of this method
is to move step-by-step a sliding pointer from left to right
along the time series to partition non-stationary time series.
Afterward, the average values of the left (¢;) and right
(u,) subseries are computed (Huang et al. 2015b). For two
Gaussian-distributed random series, the difference between
the averages of the two subseries at the 95% statistical sig-
nificance level can be assessed using Student’s ¢-test accord-
ing to the following formula:
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where S;, denotes the pooled variance; s; and s, denote the
standard deviation values of the two-time series; and N; and
N, are the numbers of observations in the two-time series.

The highest # value can be regarded as an ideal cut-point
threshold value. The corresponding statistical significance
P(t,,,) can be subsequently determined. Since the time
series are not independent and cannot be gained in a closed
analytical form, P(z,,,,) does not conform to the standard
Student’s z-test and can be approximately computed as
follows:

n
P(tmax) ~ { 1- I["/(V”ﬁm)l(év’ 5)} (3)

where n=4.19InN — 11.54, and 6=0.4 is obtained from the
Monte Carlo simulations; N denotes the number of the time
series to be cut; v=N -2, and I, (a,b) denotes the incomplete
beta function.

The time series cannot be split under a lack of statistically
significant difference between the average values (P(t,,,,) less
than the threshold of 0.95). Conversely, the time series can be
divided into two segments. On the other hand, under a split
time series, the above-described procedures can be iteratively

applied to each new segment until achieving a statistically sig-
nificant value lower than the threshold or a segment length less
than the predefined minimum segment length (f, > 25).

Establishment of an indicator system for assessing
human activity influences

Considering the abovementioned factor datasets, an indica-
tor-based system was built to quantitatively assess the human
influences and reveal catchments under the natural period and
with increased human activities. In this indicator-based sys-
tem, we combined the four datasets according to the method
described by Sanderson et al. (2002) and Woolmer et al.
(2008). We presented each factor dataset as an overlaying grid
at a spatial resolution of about 0.1°. In addition, we attributed
different scores to the factor datasets to reflect their contribu-
tions to human activity influences. The sum of the scores of all
indicators was considered as the human influence index (HI).
The scoring criteria were based on previous related studies
(Table 2). Higher and lower scores indicate greater and lower
human activity influences, respectively. The areal average HI
scores of the selected catchments were calculated using Eq. 4.

N
HI, = Y HI/N O]

i=1

where HI, represents the areal average HI score of catch-
ments k (k=1, 2, 3, ..., 25), HI, denotes the HI score of a
grid cell in the catchment, and N denotes the total number
of grids in the catchment.

Table 2 Classification and the corresponding scores of indicators reflecting human influence

Data set Grade Score Reference
Population density (persons/km?) 0-167 0 (Perkl 2017)
168-278 1
278-390 2
390-501 3
501-612 4
>612 5
GDP density (ten thousand RMB/km?) 0-300 1 (Han et al. 2012)
300-2000 2
2000-5000 3
5000-10,000 4
>10,000 5
Night light density (DMSP-OLS; DN/km?) 0-12 0 (Ma et al. 2012; Small et al. 2011)
>12 1
Night light density (NPP-VIIRS; DN/km?) 0-0.5728 0 (Dong et al. 2020)
>0.5728 1
Land cover Cropland 3 (Perkl 2017; Theobald 2010)
Urban land 4
Others 0
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Drought calculation
Standardized drought index

In this study, we used the SPEI and SSMI to detect the MD
and AD, respectively, in the study area. The SPEI values
were calculated using the precipitation and evapotranspi-
ration data on multi-time scales, while the SSMI values
were determined using the soil moisture content data on
a monthly scale. In addition, water deficits between the
precipitation amounts and evapotranspiration rates were
calculated at different time scales (1-48 months). The log-
logistic probability distribution was used for the SPEI-n (n is
timescales, month) and SSMI calculations (Vicente-Serrano
et al. 2010) after examining several other distributions (e.g.,
beta, gamma, normal, and exponential).

Run theory

Run theory was used to recognize the drought event periods
(Yevjevich 1967), corresponding to those with continuously
lower drought index values (DIV) than a certain threshold.
In this study, the DIVs were calculated using SPEI and SSMI
values on a monthly scale. Considering the monthly or sea-
sonal patterns of drought indices, the percentile thresholds
calculated from the DIVs at corresponding scales were used
in this study, namely, 50th (R,)), 30th (R,), and 15th (R,) (Xie
and Tian 2011; Zhou et al. 2014). The drought event dura-
tions and intensities were defined as cumulative periods and
the sum of DIVs less than R, respectively, during a drought
event. The run theory-based drought identification process
was conducted based on the following criteria:

1) DIV (1 month) <R, indicates a drought month;

2) DIV (>consecutive 2 months) < R, indicates months
with a single drought event; DIV (between two consecu-
tive drought events) > R, indicates two single and con-
secutive drought events; R; < DIV (between two consecu-
tive drought events) < R, indicates two consecutive and
combined drought events, with an interval was less than
6 months.

3) R, < DIV (1 month) <R, indicate an excluded month
from the drought event duration. Otherwise, the month
represents a single drought event duration, with a one-
month drought event if the DIV is less than R,.

Correlation analysis
Spearman rank correlation coefficient
Spearman rank correlation coefficient (SCC) was used in

this study to assess the relationship between MD (SPEI)
and AD (SSMI) (Spearman 2010; Xu et al. 2021). SPEI-n

with the strongest SCC with SSMI-1 was regarded as an
indicator of the drought propagation period (Huang et al.
2021; Wu et al. 2021; Zhang et al. 2021). A SPEI time scale
with the highest SPEI-SSMI correlation coefficient indicates
responses of AD to MD. This suggestion is, in fact, based on
the notion that the development (i.e., the onset, peak sever-
ity, and end stages) of AD is continuously responsive to the
persistence of MD events instead of a specific drought stage
of previous MD. Hence, the defined AD drought response
times in this study highlight the cumulative effects of MD
(Fang et al. 2020).

Cross-wavelet analysis

Cross-wavelet analysis (Grinsted et al. 2004) was used in
this study to analyze the relationships between drought
propagation (evapotranspiration, precipitation, and soil
moisture time series) and teleconnection factors (Nifio 4
SST index, Southern Oscillation Index, and Sunspot Index).
This method can effectively assess the correlation between
two-time series in a time—frequency domain. The detailed
computational processes of cross-wavelet analysis were
described by Grinsted et al. (2004) and Tian et al. (2022).

Results
Classifications of the catchments and study period

The MMK results of all catchments generally showed a
decreasing trend of SPEI and SSMI during 1950-2021 at
the significant level (a¢=0.05) (Table 3). All catchments with
significant decreasing trends of precipitation (P), evapotran-
spiration (ET), and soil moisture (SM) time series showed
heuristic segmentation-based change points in 1969/2004,
1970/1995, and 1971/1997, respectively (Table 3). On the
other hand, no significant trends were observed in the TRB,
QPR, MRLL, and HSRB catchments, with a lack of change
points for P and SM. The entire study period was classi-
fied into three sub-periods for further analysis according to
the above-described results, which are the natural period
(without human activity impacts) (NP), the period with
low human activity impacts (LP), and the period with high
human activity impacts (HP), corresponding to 1950-1971,
1972-1995, and 1996-2021, respectively.

According to the temporal variation in the cropland and
urban land proportions (Fig. 3a), all catchments showed
increasing trends, except for the QHRB, MRLL, MRXL,
WHRB, WDRB, MRLX, and MRHL catchments. The aver-
age GDP density exhibited an increasing trend throughout
all catchments, especially in the MRBH, DWRB, MRSH,
and LRB catchments (Fig. 3b). The average population den-
sity (Fig. 3c) also displayed an increasing trend during the
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Table 3 Results of the modified

Catchment  MMK trend Heuristic segmentation for the change point
Mann-Kendall (MMK) trend
analysis and change point tests P ET SM P ET SM
of annual precipitation (P),
annual evapotranspiration (ET), HBRB 2.091*  —3.02]* 2.431%  1988*, 1956* 1975%*,2001*  1979%**
and annual accumulated soil LRB —342]%  —1.56] —4.930%  1965%% 2006%  2010%* 2006%*
moisture (SM) for catchments MRSH —4310%  —2910%  —557[%  1964%* 2005% 2007+ 2006
MRLS —-3.62|* —4.16]* —524]* 1964%* 2004*  2007** 2005%%*, 1964*
TRB -0.59] -0.17] -1.63] - - -
QPR 2.891*  —1.13] 1.24¢ 1987*,1955%*  1956%** 1956%*, 1985%*
ZRB —1.05} 0.27¢1 -213]* - - 1971%*
DWRB —-2200* —=230]* —3.56]* 1964* 2010%* 1964**
QHRB —-5.05)* —=3.99]* —6.18]*  1977%* 2004*  2007** 2005%%*, 1964*
MRLL —1.13} -0.70] -256]* - 1959%* -
MRXL —4.46]* —425|*% —588|*  1969%* 1995% 1995%%*, 1964*
WHRB -3.17]*  —1.99]* —4.14|*  1965%* 2007* 1997%%*
QSRB —-199]*  —-2.08* -315|* - - 1971%*
MRLZ —-1.33] -1.66] -286l* - - 1971%*
HSRB —-0.56] 0.371 —-228|*% - 1965%, 1996%* -
MRBH —-299]*  —3.83]*% —453|* 1965%* 2009%#* 1965%%*, 2006*
WDRB —-387)*%  —=3.59]*% —4.63|* 1969** 1970%* 1970%*
MRLX —447%  —413]*%  =567|* 1969%* 1970%* 1970%%*, 1997+*
FRB —-516]* —=5.59]* —640]* 1969** 1992%%* 1996%*%*, 1964*
NPR —2.060* —244]*% =3.11}* 1969* 1970%* 1970%*
KRB —-285]*  =3.12]*% —437|*%  1969** 1964%** 1970%*
IRB —-2200* =2.16l* —=336]* 1969* 1970%* 1970%*
MRHL —-421)*%  =3.69]* —5.100* 1969%** 1964%%* 1997%%*, 1970*
DHRB —-3.58|*%  —=3.34]*% —496]* 2004** 2005%* 2005%*
PHPR -1.79] -196|* -3.15]* - - 1980%*

“1” is the increasing trend; ““|” is the decreasing trend

“p<0.05
“p<0.01

1990-2021 period, particularly in the MRBH, FRB, MRLS,
DHRB, and MRLZ catchments. The night light density
(Fig. 3d, e) also displayed an increasing trend in all catch-
ments, especially in the MRBH, DWRB, and FRB catch-
ments. The human influence score (Fig. 3f), calculated using
the abovementioned four indicators (“Impacts of climate
change and human activities on the drought propagation”),
showed sharp increases in all catchment areas, except for
ZRB, MRLL, TRB, QPR, and HBRB. The spatial distri-
bution of the socioeconomic indicators, land use data, and
human influence scores of the YRB in 2010 was analyzed
(Supplement S1), showing similar spatial patterns. In gen-
eral, all these indicators showed obvious increasing trends
in the upstream, midstream, and downstream catchments of
the study area.

The YRB catchments were classified into five human
activity influence degrees based on the obtained human
influence score results over the 1995-2015 period (Fig. 4a),
namely, HId-I, HId-II, HId-III, HId-IV, and HId-V, to reflect
the potential human activity impacts on drought propagation.

@ Springer

The results revealed spatial differences in the human activity
influence classes. Indeed, HId-I (HBRB, TRB, QPR, MRLL,
HSRB, and IRB catchments), HId-II (ZRB, MRXL, QSRB,
MRLZ, WDRB, MRLX, NPR, KRB, MRHL, and PHPR
catchments), HId-IIT (QHRB, WHRB, FRB, and DHRB
catchments), HId-IV (LRB, MRSH, and MRLS catchments),
and HId-V (DWRB and MRBH catchments) had average
HI ranges of < 1.7, 1.7-2, 2-3, and 3-4, respectively. The
spatial HId scores under the wheat genotypes and dryland
areas (from land use data) in the YRB are shown in Fig. 4b.

Drought characteristics of the meteorological
and agricultural droughts

Evolution of the meteorological and agricultural drought
characteristics

In this study, spring and winter wheat displayed insig-
nificant SPEI-1- and SPEI-3-based MD trends in all HId
classes in the study period, except in June and May for
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Fig.3 Temporal changes of proportion of cropland and urban land (a), average GDP density (b), population density (c), and night light density
(d, e), and human influence scores (f) for each catchment in the Yellow River Basin

spring wheat and March, April, and May for winter wheat
(Fig. 5a, b, d, e). This finding is consistent with those
revealed by (L. Han et al. (2021a, b) and F. Wang et al.
(2022a, b). Spring wheat in the HId-III class area and win-
ter wheat in the Hid-II, III, and IV class areas of SPEI-3
showed significant drying trends (Fig. 5c, f). The MD
trend values for winter wheat were relatively higher than
those for spring wheat, demonstrating the stronger drying
trend of winter wheat. This finding might be due to the dif-
ferences in the climatic conditions between the spring and
winter wheat regions (Gevaert et al. 2018; Xu et al. 2021).
On the other hand, both spring and winter wheat displayed
a significant AD-based drying trend at all time scales
(SSMI-1, SSMI-3, and SSMI-12 time series) in almost
all HId classes. Indeed, Guo et al. (2023) also found simi-
lar AD characteristics. In addition, the AD trend for win-
ter wheat is likely to be worse than that for spring wheat
(Fig. 5), which is consistent with the results revealed by
Wang et al. (2017). This finding suggests strong human
activity impacts on AD for winter wheat. It was found
that different intensities of human activities had significant
influences on the AD for winter wheat. Overall, the SPEI-
based drying trend was weaker than that of the SSMI in
all HIds, suggesting the occurrence of an AD with a severe
magnitude in the YRB. The SPEI and SSMI-based drying
trends for spring wheat were obviously weaker than those
for winter wheat in almost all HIds, indicating that spring
wheat might experience slighter MD and AD as compared
with winter wheat during the 1950-2021 period. These

findings are in line with the spatiotemporal dynamics of
MD and AD revealed by Han et al. (2021a, b).

The meteorological drought intensity (MDI) for spring
wheat (Fig. 6a, b) under all HIds showed a weakening trend
from NP to LP and HP. On the other hand, the agricultural
drought intensity (ADI) showed increasing trends under all
HIds from NP to LP and HP, which is consistent with the
spatiotemporal variations revealed by Han et al. (2021a, b)
and Wang et al. (2017). The differences in the MDI and ADI
between the HIds displayed a lack of consistent characteris-
tics under the different sub-periods. The MDI and ADI for
winter wheat (Fig. 6b, d) exhibited weakening trends under
all HIds. In addition, the relationship between the MDI and
ADI under the lowest and highest Hlds was relatively stable
when compared to those under the other Hlds for winter
wheat. MDI and ADI under the middle HIds (HId-III and
HId-VI) showed unstable relationships with other HIds,
suggesting the influences of climate change and human
activities on MD and AD under the lowest and highest HId,
respectively, as well as the combined influence of climate
change and human activities under the middle HIds. These
difference patterns are consistent with the results of Ayan-
tobo et al. (2017) and Liu et al. (2016).

Dynamic characteristics of the meteorological
and agricultural droughts

According to the obtained results, all HIds showed insignifi-
cant SPEI-3-based drying trends (p > 0.05), except for HId-V
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and HId-II with winter wheat and spring wheat, respectively
(Fig. 7). This finding suggests the occurrence of widespread
and increased MDI in the YRB, which is in line with the
results of Han et al. (2021a, b). Particularly, a significant
drying trend was observed in HId-III with spring wheat
(» <0.05). Severe MDI values were observed under all HIds
during the NP, followed, respectively, by those observed
in the HP and LP for both spring and winter wheat. The
lowest average MDI value was observed in the LP, which
is consistent with the results shown in Fig. 6. The results
showed a similar trend pattern of the MDI under the same
HIds of spring and winter wheat in all sub-periods. More
severe MDI was observed for spring wheat, while MDI of
HId-IIT were inconsistent with those of other HIds during the
HP, suggesting the influence of human activities on regional
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climatic conditions. This finding is, indeed, consistent with
the results revealed by Wang et al. (2017). In addition, the
MDI indicated an insignificant wetting trend in the HP for
both spring and winter wheat under all HIds, except for HId-
V, which is in line with the results of Zhao et al. (2023).
In general, greater fluctuation and more severe MDI were
observed for both spring and winter wheat in areas with the
highest HId during the 1950-2021 period.

The SSMI-3-based dynamic ADI (Fig. 8) showed a sig-
nificant drying trend (p <0.01) showing a higher changing
rate than that of the MDI of SPEI-3. Both MDI and ADI
displayed a stronger decreasing trend during the LP than that
in the NP. In addition, an increased drought intensity was
observed in the HP than that in the LP, which is consistent
with the finding found by Wang et al. (2017). Unlike MDI,
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Fig.5 Monthly modified Mann—Kendall (MMK) trends in the long-
term Standardized Precipitation Evapotranspiration Index (SPEI) and
Standardized Soil Moisture Index (SSMI) time series measured at 1-,
3-, and 12-month time scales in the winter and spring wheat grids

obvious differences in the ADI were observed between the
three periods, with more severe ADI during the HP com-
pared with those in the other periods. The results showed
a severe ADI for winter wheat, with higher linear chang-
ing rates, compared to that for spring wheat, indicating
the occurrence of more severe AD for winter wheat in the
YRB, as shown in Fig. 6. Under the same HIds, winter wheat
had experienced severe ADI and larger changing slopes of
dynamic ADI when compared with spring wheat. In addi-
tion, larger fluctuation and higher changing rates of the ADI
were observed during the HP period from low to high HId
and for both spring and winter wheat, indicating high vulner-
ability levels of catchments with higher HId to agricultural
drought. Consistent increasing trends of ADI were observed

for different intensities of human-impacted catchments of the Yellow
River Basin from 1950 to 2021. HId-I is the lowest degree for human
influence, and so on. The color bar denotes the value of the Z statistic

for both spring and winter wheat in the different sub-periods,
demonstrating significant influences of climate change and
human activities on agricultural drought. However, a strong
influence of human activities was observed on the ADI, par-
ticularly in the HP.

Propagation from meteorological to agricultural
drought

Temporal evolution of propagation time
from meteorological to agricultural drought

The results showed a temporal change in the drought propa-
gation from 0 and 20 months in all periods and for both
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Fig.6 Box plots of drought intensity for meteorological and agri-
cultural drought of the catchments of planting wheats in the Yellow
River Basin during the natural period without impact of human activ-
ities (NP, 1950-1971), the period with low impact of human activities
(LP, 1972-1995), and the period with high impact of human activities
(HP, 1996-2021), based on the Standardized Precipitation Evapotran-

spring and winter wheat, of which spring wheat showed a
longer propagation time (Fig. 9). This finding is inconsist-
ent with that revealed by Sun et al. (2023), showing an AD
propagation time range of 3—12 months. Sun et al. (2023)
limited the SPEI to 1-12 month scales and found a longer
AD propagation time in spring wheat areas than in winter
wheat areas. This was also consistent with the results of
F. Wang et al. (2022a, b) and Dai et al. (2022). The incon-
sistent propagation time results were observed in this study
mainly in spring wheat areas under all HIds. Overall, spring
wheat also displayed high drought propagation fluctuations
in the HP, suggesting uncertain climate change impacts on
drought propagations in the spring wheat areas. Small and
high propagation time ranges were observed in the winter
and spring wheat areas, respectively. Prolonged drought
propagation times were observed in both spring and winter
wheat areas under all HIds during the NP followed by those
in the LP and HP. The drought propagation time in the HP
period showed prolonged and shortened trends from low
to high HIds in the spring and winter wheat areas, respec-
tively. However, these trends were insignificant during the
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spiration Index (SPEI) and Standardized Soil Moisture Index (SSMI)
time series measured at 3-month time scales. HId-I is the lowest
degree for human influence, and so on. The numbers within the figure
are the average drought intensity of meteorological and agricultural
drought for catchments

LP, indicating a reduced drought propagation time under the
influences of climate change and human activities. Dai et al.
(2022) also found similar variation patterns of AD propaga-
tion time in areas with winter wheat cultivations.

On the other hand, a shortened drought propagation time
under HId-I and prolonged propagation times under HId-II
and HId-III were observed for spring wheat (Fig. 10). These
findings are consistent with those revealed by Zhang et al.
(2021). Prolonged drought propagation times for winter
wheat were observed during the critical crop growth peri-
ods of April and May, as well as for spring wheat in June
and July. This finding demonstrates the positive influence of
human activities on soil moisture contents at the critical crop
growth stages. The drought propagation time was longer in
May for both spring and winter wheat in the HP. In fact, this
month represents the heading and maturity stages of spring
wheat and winter wheat, respectively. The drought propaga-
tion time under HId-II was longer than those under other
HIds for both spring and winter wheat. Spring wheat had a
longer drought propagation time than winter wheat under
HId-II and HId-III. The longest drought propagation times
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Fig.7 Dynamic meteorological drought intensity calculated by the
Standardized Precipitation Evapotranspiration Index on 3-month
scale (SPEI-3) with 3-year sliding window for spring and winter

were observed in the January—April and March—May periods
for winter wheat and spring wheat, respectively.

Dynamic propagation time from meteorological
to agricultural drought

Overall, only three HIds (HId-II and HId-V for winter
wheat and HId-I for spring wheat) showed insignificant
drought prolongation trends (Fig. 11) in the YRB. These
findings are in line with those revealed by Dai et al. (2022)
and Zhang et al. (2021). The longest drought propagation
time was observed in the HP under all HIds, followed,
respectively, by those in the LP and NP, which is consist-
ent with the results shown in Fig. 9. A prolonged trend
of the drought propagation time was observed in areas
with winter wheat cultivation under all HIds in the NP.
The changing trends of the drought propagation time
were consistent with the slope features of the study area.
Indeed, decreasing, increasing, and increasing trends were

wheat of growth period at different intensities of human-impacted
catchments. HId-I is the lowest degree for human influence, and so on

observed from the lowest to the highest HIds in the NP,
LP, and HP, respectively. Significantly prolonged drought
propagation trends under high changing slopes and HIds
(III-V) were observed in the HP. Similarly to spring
wheat, insignificant differences of propagation time were
observed in areas with winter wheat cultivation, while
significantly prolonged drought propagation trends were
observed under high HIds in the HP. The drought propa-
gation time under HId-II and HId-IIT exhibited similar
changing trends for both spring and winter wheat, while
a higher changing trend slope and larger fluctuation for
winter wheat than those for spring wheat were observed
during all sub-periods. The agricultural propagation time
differences between crops were also investigated by Shi
et al. (2022), highlighting the significant effects of various
vegetation types on AD propagation. The drought propaga-
tion time showed a significant prolonged and strengthened
trend with increasing HId in areas with spring and winter
wheat cultivations.
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Fig.8 Dynamic agricultural drought intensity calculated by the
Standardized Soil Moisture Index on 3-month scale (SSMI-3) with
3-year sliding window for spring and winter wheat of growth period

Impacts of climate change and human activities
on the drought propagation

In this study, we analyzed the drought characteristics and
propagation time during different periods and under differ-
ent human influence degrees for spring and winter wheat.
However, the obtained results did not give statistical tests
for the three scenarios (Fig. 2). Therefore, further statistical
tests were performed. We compared the drought character-
istics and propagation time under different HIds during the
NP (scenario I) (Table 4). Overall, the results of all drought
characteristics and propagation time had no significant dif-
ferences between the different HIds, except for the MDI
and ADI of areas with spring wheat and winter wheat cul-
tivations, respectively. This finding demonstrates the con-
sistency of different HIds of the YRB catchments for the
drought characteristics and the drought propagation times in
the NP (without significant influences of human activities),
whereas the variance results showed that crop species had
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at different intensities of human-impacted catchments. HId-I is the
lowest degree for human influence, and so on

significant influences on the MD and AD drought durations,
which might be due to the variations in climatic charac-
teristics and crop growth stages. In addition, the HIds had
significant influences on the AD duration, which might be
due to the higher HId drought tolerance. The crop species
and HId interactions showed significant influence on the MD
duration and MDI due to the impacts of climatic character-
istics. In this study, higher MDI values were observed than
those of ADI. In addition, shorter MD durations than those
of the AD were found in areas with spring and winter wheat
cultivations under all HIds. The drought propagation time
was generally less than 10 months for spring and winter
wheat and under all HIds. However, spring wheat had longer
drought propagation times than winter wheat under HId-II
and HId-III.

The drought characteristics and propagation times in
the different sub-periods were compared under HId-I and
HId-II for spring wheat and winter wheat, respectively
(scenario II) (Table 5). Overall, the drought characteristic



Environmental Science and Pollution Research (2024) 31:26713-26736 26727

Fig.9 Box plots of drought Period

LoE = NP LP HP
propagation time from = 50
meteorological to agricultural g 1 (a) Spring wheat
drought of different intensities < 40 :
of human-impacted catchments £ | f
in the Yellow River Basin dur- ‘: 30 -
ing the natural period without 2 + +
impact of human activities (NP, ) i . : ; :
1950-1971), the period with s ¥4 - _ : _ .
low impact of human activities = i ¢ :
(LP, 1972-1995), and the period = 10+ f
with high impact of human 2 1 é @ % ; % %
activities (HP, 1996-2021), g 0 '
based on the Standardized Mean 6.81 11.19 5.77 6.85 11.24 495 8.12 16.00 10.30
Precipitation Evapotranspiration HId I 11 11 | I 11 I I I
Index (SPEI) and Standardized
Soil Moisture Index (SSMI) EPeriod NP | LP | HP
time series. HId-I is the lowest = 50
degree for human influence, and g 41 (b) Winter wheat §
so on. The numbers within the o 40 —
figure are the average propaga- E E + +
tion time for catchments £ 30 g5 +
= i -
) + + +
< 20 — - - E: +
- f
_‘2. 10 — F - é : ﬁ %
P | F=Ls= TH= -= -
E Mean| 5.15 443 | 4.16 5.02 7.28 6.73 1529 | 13.21 943 6.34 | 485 5.01
HId I oI | Iv \% I mr | Iv v II o | Iv \%

Fig. 10 Heatmap of drought
propagation time from meteoro-
logical to agricultural drought
of spring and winter wheat at
growth months for different
intensity of human-impacted
catchments during the natural
period without impact of human
activities (NP, 1950-1971),

the period with low impact of
human activities (LP, 1972—
1995), and the period with high
impact of human activities (HP,
1996-2021). HId-I is the lowest
degree for human influence, and
so on
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influences of climate change on the drought characteristics ~ HId-I in areas with spring wheat cultivations exhibited

@ Springer



26728

Environmental Science and Pollution Research (2024) 31:26713-26736

50
40 -
30
20
10

50
40

20
10

Drought propagation time (months)

50
40

Winter wheat

Spring wheat

(b)HId-I |

|

Slope=-0.2031 Slope=-0.1665% |

: I

| ! A
./.:J\l oo\ jr mz -'\-,.Z \'s ,.4._\“4.* .'.,._\ ‘L.\

S lope=—0. 0094

:v\ ”'N—r f)&"“-’\;’-”\a} 4_/\

S\ >X % N
1 I I
1971 1 995
I 1 I I 19I71 I 1 I 19?5 I 1 I I 1 I I 1 I 1 I I 1 1
(¢) HI-TI | I (d) HId-TI | I }
! _ Slope=0.1544 0.
Slope=0. 273 7: N : Stope=0. 441 R e leos J

. 1971.|

1 9|95

Slope=0.14 03I

/ L
'\ :'.A\ v v \F:" \..A/.'-\".

:19?5

/.\._"-/.’ :.\. ._.,L.\.".;.

30 —

A j\j& ';*\,'”\u\:

(e) HIA-IV |

| Slope=0.1217

|
|
|
Slope=0. 4694 |

Slope=0.5963*

11971 Ve 1995

¢ Slope—-o 4037+

a-.(' L\;&,&IAJ[ ~

’1971"

Slope=-0.2973 **

| Slope=0.1466

“IStope=0.6416!  Slope=0.2807 ;I

(© HId-V I I Stope=0.2621

!‘\Wba\j¥¢fX7*’

' 1 995

1960 1970 1980

1960 1970 1980 1990 2000 2010 2020

year

1990 2000
year

2010 2020

Fig. 11 Dynamic drought propagation from meteorological to agricultural drought for different intensity of human-impacted catchments for
spring and winter wheat in the Yellow River Basin. HId-I is the lowest degree for human influence, and so on

Table 4 Drought characteristics of meteorological and agricultural droughts and propagation time from meteorological to agricultural drought
under different human influenced degrees (HId) under natural period (1950-1971). I is the lowest HId, and V is the highest HId

Crop HId Meteorological drought Agricultural drought Drought propagation
Duration (month) Intensity Duration (month) Intensity Time (month)

Spring wheat 1 2.3+0.19a —1.29+0.07ab 3.19+0.42a —1.07+0.13a 8.22+4.36a
11 2.52+0.37a —1.36+0.06b 3.15+0.26a —1.04+0.09a 9.24+4.44a
1 2.18+0.05a —-1.26+0.01a 3.31+0.25a —1.09+0.09a 5.61+2.08a

Winter wheat 1I 2.52+0.14b —1.29+0.04a 5.18+0.34a —1.20+0.14a 5.86+1.14a
1 2.77+0.17a —1.30+0.03a 4.92+0.06a —1.13+0.06a 4.67+0.74ab
v 2.76+0.14a —1.27+0.02a 4.94+0.06a —1.17+0.05a 4.08+0.54b
\% 2.70+0.13ab —1.26+0.08a 4.20+0.19b —-1.13+0.01a 4.68 +1.03ab

Analysis of variance Crop (C) 6.20% 0.24 168.81%* 3.66 1.84

(F value) HId (H) 0.17 1.71 3.58% 0.08 0.72
CxH 5.87*% 4.27* 2.19 1.41 0.59

weakening-strengthening trends from the NP to the LP
and HP. A similar finding was observed for the MDI and
ADI under HId-II in areas with winter wheat cultivations.

@ Springer

On the other hand, the observed ADI in areas with spring
wheat cultivation and HId-I showed a stronger strength-
ening-weakening trend in the NP than those in the LP and
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Table 5 Drought characteristics of meteorological and agricultural
droughts and propagation time from meteorological to agricultural
drought under different periods for lowest human influenced degrees

(I for spring wheat and II for winter wheat). NP is 1950-1971, LP is
1972-1995, and HP is 1996-2021

Crop Period Meteorological drought Agricultural drought Drought propagation
Duration (month) Intensity Duration (month) Intensity Time (month)
Spring wheat NP 2.23+0.10b —1.29+0.07bc 291+0.11b —1.01+£0.03a 8.22+4.36a
LP 2.20+0.07bc —1.18+0.04a 2.88+0.07bc —1.13+0.04b 6.93+2.89a
HP 2.37+0.10a —-1.27+0.07b 3.06+0.06a —1.06+0.06a 8.55+7.01a
Winter wheat NP 2.52+0.14b —1.29+0.04c 5.18+0.34a —1.25+0.05b 5.42+0.51c
LP 236+0.11c —1.17+0.04a 5.32+0.46a —1.09+0.07a 7.68 +£0.69b
HP 2.71+0.12a —1.23+0.04b 5.23+0.51a —1.11+0.05a 10.67 +2.06a
HP. The MD and AD durations in areas with spring wheat Discussion

cultivations and HId-I exhibited a shortening-lengthening
trend from the NP to the LP and HP. A similar finding was
observed in areas with winter wheat cultivations and HId-
II. The AD duration in areas with winter wheat cultiva-
tion and HId-II showed a stronger lengthening-shortening
trend in the NP than those in the LP and HP. The drought
propagation time for spring wheat under HId-I showed a
shortening-lengthening trend, while winter wheat under
HId-II experienced a prolonged propagation time in the
NP followed by those in the LP and HP. This finding high-
lights the strong positive influence of climate change on
prolonging the drought propagation time.

In scenario III, the drought characteristics and its prop-
agation under low (1972-1995) and high (1996-2021)
impacted periods were compared under different HIds
(Table 6). Overall, the drought characteristic and propaga-
tion time results exhibited significant differences between
the low and high impacted periods under all HIds and for
both spring and winter wheat, except for areas with both
HId-III and spring wheat cultivations. This result demon-
strates the significant influences of human activities on
drought characteristics and propagation times. The variance
results showed significant influences of crop style on the MD
and AD durations, while the sub-periods exhibited signifi-
cant influences on the drought characteristics. The HId had
significant influencesss on the drought characteristics and
propagation times, except on the ADI. In addition, the period
and Hid interactions exhibited significant influences on the
drought characteristics and propagation times, except on the
MDI. Indeed, the MDI and ADI were generally strength-
ened, while the MD and AD durations were prolonged in
areas with spring and winter wheat cultivations and under
all HIds from the LP to the HP. The drought propagation
time was generally prolonged in areas with spring and win-
ter wheat cultivations and under all HIds from the LP to the
HP, indicating the significant influences of human activities
on disturbing and delaying the natural drought propagation
process in areas with wheat cultivations in the LP and HP.

Influences of the teleconnection factors
on the propagation of meteorological droughts
to agricultural droughts

Regional extreme hydro-climatic events are closely asso-
ciated with atmospheric circulation anomalies due to
abnormal water vapor transport from the ocean. The sea,
land surface temperature, and wind speeds interactions
can slightly change the atmospheric boundary conditions,
causing regional drought events (Asong et al. 2018; Baier
et al. 2022; Han et al. 2019). Nguyen et al. (2023) reported
that the strongest ENSO events from December to Febru-
ary might subsequently contribute to the development of
MD events from March to May, which might further lead
to hydrological and AD from April to June over Mekong
River Basin. Adolphi et al. (2014) the effects of solar activi-
ties on the variations in sea-level pressure, wind velocity,
wind direction, and precipitation to some extent in Green-
land. Therefore, atmospheric circulation anomalies and
solar activities can influence climate change to some extent.
In this study, we assessed the effects of the teleconnection
factors (Sunspot Index, Southern Oscillation Index, Nifio
4 SST index) on the drought propagation time from MD to
AD using cross-wavelet analysis. The results of our study
indicate that evapotranspiration, precipitation, and soil mois-
ture were the main influencing factors on the drought events
significantly prolonging the drought propagation times in
areas with spring and winter wheat cultivations in the YRB.
According to Figs. 12 and 13, the selected teleconnection
factors exhibited effects on the evapotranspiration rates, pre-
cipitation amounts, and soil moisture contents in areas with
spring and winter wheat cultivations, of which the Sunspot
Index had the strongest effect. The distribution of areas with
stronger correlation indicates significant variations in the
drought characteristics and propagation during the sub-peri-
ods. Therefore, it can be concluded that the teleconnection
factors indirectly affected the drought propagation to some
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Table 6 Drought characteristics of meteorological and agricultural
droughts and propagation time from meteorological to agricultural
drought under different periods and different human influenced

degrees (HId). NP is 1950-1971, LP is 1972-1995, and HP is 1996—
2021. I is the lowest HId, and V is the highest HId

Crop HId Period Meteorological drought Agricultural drought Drought propagation
Duration (month) Intensity Duration (month)  Intensity Time (month)
Spring wheat | LP 2.20+0.07b —1.18+0.04a 2.88+0.07b —1.13+0.04b  6.93+2.89a
HP 2.37+0.10a —1.27+0.07b 3.13+0.16a —1.04+0.04a 8.55+7.0la
I LP 2.35+0.22a —1.11+0.07a  3.03+0.18b —1.09+0.03a  8.29+3.32b
HP 2.36+0.09a —1.21+0.05b 3.42+0.29a —-1.13+0.01b 14.77+6.81a
11 LP 2.50+0.14a —-122+0.07a 2.89+0.48a —1.05+0.06a 4.98+1.96a
HP 2.51+0.03a —1.23+0.08a 3.60+0.36a —1.15+0.03a  10.31+8.25a
Winter wheat I LP 2.36+0.11b —1.17+0.04a 5.32+0.46a —1.09+0.07a 7.41+0.27b
HP 2.71+0.12a —1.23+0.04b 5.23+0.51a —1.11+0.05a 10.67+2.06a
I LP 2.34+0.07b —1.17+0.01a 4.16+0.54b —0.98+0.09a 6.06+1.61a
HP 2.82+0.11a —1.22+0.01b 5.49+0.59a —1.14+£0.04b 6.84+1.86a
1AY LP 2.50+0.13b —1.16+0.03a  3.40+0.23b —-0.96+0.02a 3.23+0.08b
HP 2.80+0.12a —1.23+0.02b 5.06+0.17a —1.15+£0.01b  4.79+0.53a
\Y LP 2.37+0.13b —-1.20+0.02a 3.95+0.07b —1.01+0a 12.26 +2.89a
HP 3.01+0.12a —125+0.0la 4.80+0.03a —1.14+0b 4.89+0.35a
Analysis of variance  Crop (C) 12.38% 0.78 253.82%* 3.24 2.62
(F value) Period (P) 59.75%%* 19.66%* 62.86%* 36.40%* 0.22
HId (H) 6.43% 3.28% 13.347%%* 2.11 6.02%*
CxP 26.03%* 0.16 0.8 3.11 0.95
CxH 5.06%* 4.74% 297 0.06 0.82
PxH 3.03* 0.9 6.09% 10.30%* 3.42%
CxXPxH 0.02 1.98 8.45% 0.56 0.43

extent by influencing hydro-meteorological factors. Indeed,
the selected teleconnection factors were crucial for investi-
gating the drought propagation on the large time scale in this
study. Furthermore, the temporal changes in the teleconnec-
tion factors directly influenced the regional anomalies of the
meteorological variables, changing the drought propagation
time (Zhang et al. 2022). In addition, increased temperature
can enhance actual evapotranspiration (F. Wang et al. 2022a,
b), thereby increasing AD frequencies.

Influences of human activities on the drought
propagation from meteorological to agricultural
droughts

According to previous related studies, human activities are
the main factors contributing to the intensification of AD
events (Raposo et al. 2023; Sun et al. 2023; F. Wang et al.
2022a, b). Indeed, human activities, including land use type
changes and water consumption for irrigation, domestic,
and industrial purposes, can alter the streamflow in rivers
and, consequently, restrict water supplies. For instance, the
implementation of the “Grain for Green” program increased
vegetation cover on steep slopes in the YRB (Jian et al.
2022). In addition, this implementation significantly reduced

@ Springer

streamflow by intercepting rainwater, improving soil struc-
ture (Zhang et al. 2023). Hence, under the occurrence of an
AD event, these measures may prolong the drought dura-
tions in areas with spring wheat cultivations. Agriculture is
the largest user of fresh water, accounting for 80% of total
water withdrawals. In addition, irrigated land accounts for
45.8% of the total cropland in the YRB (Omer et al. 2021),
of which winter wheat is the major crop species. Winter
wheat generally had a higher dependence on irrigation prac-
tices. Therefore, the occurrence of MD events under insuffi-
cient irrigation water amounts may rapidly lead to AD events
for winter wheat when compared with spring wheat. Most
high precipitation amounts occur in areas with winter wheat
cultivations. Hence, the occurrence of drought events in non-
growing seasons may be exacerbated by human activities in
winter wheat regions (Zhang et al. 2023) and, consequently,
reduce irrigation water amounts for winter wheat, thereby
leading to AD events during growing seasons.

Limitations and future directions
The findings of this study demonstrated the suitability of the

proposed method by Wang et al. (2021) to qualitatively ana-
lyze the influences of climate change and human activities
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Fig. 12 The cross wavelet transforms between Nifio 4 SST Index, Southern Oscillation Index (SOI), and Sunspot Index, and evapotranspiration,
precipitation, and soil moisture (SM) for winter wheat in the Yellow River Basin

on drought characteristics and propagation times. Similarly
to our study, previous research has highlighted spatial inho-
mogeneities of regional climate and catchment properties
in some basins (Barker et al. 2016; Jiang et al. 2020). The
human activity intensities in catchment areas were subjec-
tively determined in this study, resulting in the lack of sub-
stantial differences in the influences of human activities on
the drought characteristics and propagation at the defined
intensities. The variations in the climate and catchment
properties between the selected catchments did not result in
notable spatial differences in the drought characteristics and
propagation, which can be attributed to the gradual changing
nature of drought events. The results of the dynamic drought
characteristics and propagation time from MD to AD might
be due to the progressive evolution of climatic changes and
the increased human activity degrees. Therefore, the clas-
sification of the entire study period into different sub-periods

provided significant differences of drought propagation fea-
tures. The drought propagation model should be used to
reveal potential gradual changes in relationships between
MD and AD, taking into account the potential influences of
the teleconnection factors on large-scale drought conditions.

The present study has some limitations that should be
addressed in future-related research. First, the determination
of the degrees of human activity impacts degrees and its
associated drought propagation requires a large amount of
data. In addition, assessment studies on natural and anthro-
pogenic effects on catchment areas require a great deal of
information. Consistent study datasets are also required to
obtain reliable results. This study analyzed the MD and
AD events during spring and winter wheat growth peri-
ods without comprehensively revealing the potential rela-
tionship between drought characteristics and propagation.
Therefore, it is important to analyze the drought index at
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Fig. 13 The cross wavelet transforms between Nifio 4 SST Index, Southern Oscillation Index (SOI), and Sunspot Index, and evapotranspiration,
precipitation, and soil moisture (SM) for spring wheat in the Yellow River Basin

a smaller timescale (e.g., weekly and daily timescales) to
quantify the relationship between drought characteristics and
propagation. Such studies are of great importance for the
implementation of effective early AD warning and mitiga-
tion strategies. Second, the selection process of catchments
without considering the influences of human activities on
agricultural drought propagation is very complex and may
not be accurate. In this study, an indicator-based score sys-
tem was employed to determine the comprehensive scores of
human activity influence (Table 2 and Fig. 4a). In addition,
the catchments were classified based on the score range and
factors (GDP, population density, and land use) variation
analysis. We suggest future-related research, taking into
account more comprehensive factors (e.g., regional CO,
emissions and industrial structures) in the indicator-based
system to propose standard classification criteria of catch-
ments and quantitatively assess natural and anthropogenic
impacts on agricultural drought propagation.

@ Springer

Topographic and land cover features may also contribute
to drought propagation (Barker et al. 2016; Vicente-Serrano
et al. 2004). Indeed, topographic features can influence water
storage capacities, leading to different drought propagation
times, whereas land cover types can exhibit significant
drought tolerance levels, of which forests are the least sen-
sitive to drought events, followed, respectively, by cropland
and grassland (Shi et al. 2022). In this study, we investigated
drought propagation in dryland at the 0.1° spatial resolution.
However, some grid pixels covered forest, grassland, and
cropland, which might result in different drought characteris-
tics and propagation times from those in actual cropland. In
addition, the presence of forest pixels might underestimate
the drought intensity and overestimate the propagation time,
while those of grassland might overestimate the drought
intensity and underestimate the propagation time. Therefore,
further studies on AD investigated are required, taking into
account topographic factors and smaller grid pixels.
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Conclusions

In this study, we used a modified observation-based natu-
ral and human-impacted catchment comparison method to
quantitatively analyze the influences of climate change and
human activities on drought characteristics and propaga-
tion from meteorological to AD. The Yellow River Basin
(YRB) catchments were divided into different Hid degrees
based on the comprehensive human influence scores. In
addition, the entire research period was categorized into
different sub-periods using the heuristic segmentation
method, namely the NP (without impacts of human activi-
ties), LP (with low impact of human activities), and HP
(with high impact of human activities), corresponding to
1950-1971, 1972—-1995, and 1996-2021, respectively.

The results of the MD characteristics in the YRB
showed a drying trend, particularly in areas with win-
ter wheat cultivations. On the other hand, reduced MDI
values were observed in catchments with higher human
influence degree (HId). Most catchments displayed a sig-
nificant drying trend of the AD events. In addition, the
AD trends for winter wheat are expected to be worse than
those for spring wheat without significant changing trends
of the HId. The results showed increasing trends of the
MDI under HId-I, HId-II, and HId-III in areas with spring
wheat cultivations. On the other hand, the ADI under HId-
I, HId-II, and HId-III showed increasing trends in the NP
followed by those in the LP and HP. The ADI under the
lowest and highest HId displayed increasing—decreasing
trends in areas with winter wheat cultivations. In con-
trast, stable variation patterns of the ADI were observed
under the other HIds. The dynamic MDI values showed
statistically insignificant decreasing trends under most
HIds in areas with spring and winter wheat cultivations.
In contrast, the dynamic ADI values exhibited a significant
decreasing trend (p <0.01), with a higher changing rate
than those of the MDI.

The drought propagation time ranged from 0 to
20 months in all sub-periods and areas with spring and
winter wheat cultivations. The higher inconsistent prop-
agation time was observed in areas with spring wheat
cultivations in all catchments and under all HIds. The
most prolonged drought propagation time was observed
in almost all catchments with spring and winter wheat
cultivations and under all HIds in the NP, followed by
those in the LP and HP. The critical winter and spring
growth periods showed prolonged propagation times in
the April-May and June—July periods, respectively, dem-
onstrating the positive role of human activities in ensuring
optimal soil moisture contents for crop growth. Only three
HIds (HId-IT and HId-V for winter wheat and HId-I for
spring wheat) showed insignificant increasing trends of the

drought propagation time. In contrast, the remaining HIds
demonstrated statistically significant increasing trends of
the drought propagation time in the YRB.

In this study, three comparison scenarios were consid-
ered to assess the impacts of climate change and human
activities on drought characteristics and propagation in areas
with spring and winter wheat cultivations. In scenario I, the
drought propagation features of catchments were analyzed
under all HIds in the NP, while the consistency of differ-
ent HIds for MD and AD characteristics and propagation
times was established. The results showed a lower changing
rate of the MDI had lower than that of the ADI. In addi-
tion, the propagation time from MD to AD was shorter than
10 months in both spring and winter wheat areas. In scenario
II, the drought propagation features of the catchment areas
minimally impacted by human influences were analyzed in
all sub-periods. In addition, the climate change influences
on the drought characteristics and propagation times in
spring and winter wheat areas were also investigated. The
results showed higher increasing rates of the MDI and ADI
in spring wheat areas with HId-I and winter wheat areas with
HId-II in the NP, followed by those in the LP and HP. On the
other hand, the corresponding propagation times were short-
ened under the influences of climate change. In scenario III,
the observed results in all catchments during the LP and
HP were first analyzed before investigating the influences of
human activities on the drought characteristics and propaga-
tion in spring and winter wheat areas. The results showed
increased MDI and ADI in spring and winter wheat areas.
Furthermore, the corresponding drought propagation times
were substantially prolonged in spring and winter wheat
areas in the LP as compared with those in the HP under all
HIds. The results showed greater fluctuations of the MDI,
ADI, and drought propagation time in winter wheat areas
than those in spring wheat areas in the HP.

The results demonstrated the suitability of the compari-
son approach applied to the YRB catchments under the influ-
ences of climate change and human activities. Human activi-
ties increased AD durations and intensities. The comparison
results also revealed that climate change slightly enhanced
the drought propagation from MD to AD in the YRB, while
human activities significantly disturbed and delayed the
propagation process. The results of our study are critical for
improving drought prediction accuracies and establishing
effective drought management systems.
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