Theoretical and Applied Climatology (2025) 156:437
https://doi.org/10.1007/500704-025-05664-z

RESEARCH ——

®

Check for
updates

Analysis of maize drought risk characteristics and dominant risk
factors based on crop growth stage in the Yellow River Basin

Ying Wang' - Jianshun Wang' - Yue Zhou?

Received: 11 October 2024 / Accepted: 7 July 2025 / Published online: 29 July 2025
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2025

Abstract

The Yellow River Basin is a major agricultural production area in China, and the security of maize production in this
region is of strategic importance for ensuring national food security. This study constructs a drought disaster risk evalua-
tion index system for the maize growth stages and integrates the Optimal Parameter-based Geographical Detector (OPGD)
model to systematically analyze the spatiotemporal heterogeneity patterns and dominant risk factors of maize drought risk
in the Yellow River Basin. Results indicate that high-hazard areas of drought disaster are primarily distributed in the upper
reaches of the Yellow River, exhibiting a contracting trend from southeast to northwest from the sowing-to-emergence
stage (G1) to the milk-ripening-to-maturity stage (G5). The high-exposure areas are concentrated in the irrigated zones
along the Yellow River (Ningxia Plain, Hetao Irrigation District, Guanzhong Plain, and downstream irrigated areas).
The high-vulnerability areas are centered on the Ningxia Plain and Northern Shaanxi Plateau, with vulnerability peak-
ing during the emergence-to-jointing stage (G2). The high-sensitivity areas are located in the central-northern part of the
middle reaches. During the tasseling-to-milk-ripening stage (G4), sensitivity is highest in the upper/middle reaches, while
during the milk-ripening-to-maturity stage (G5), sensitivity is most pronounced in the downstream regions. The high-
drought-risk areas are predominantly located in the upper reaches and northern middle reaches, with their spatial extent
progressively contracting northwestward as the maize growth stages progresses. Risk peaks occur during G2 in the upper
reaches, G1-G2 in the middle reaches, and G1/G5 in the downstream region. OPGD model analysis reveals that risk in the
upper reaches is dominated by hazard and vulnerability components, while exposure is the dominant components in the
middle and lower reaches. Hazard primarily determines the overall spatial pattern of risk, whereas vulnerability/sensitiv-
ity/exposure components shape the localized characteristics. The fine-scale evaluation framework for maize growth stages
developed in this study is fundamentally distinct from approaches based on administrative units or macro-scale indicators,
offering a scientific basis for customized mitigation strategies in the Yellow River Basin.

1 Introduction

Inrecent years, the accelerated global warming has exceeded
the natural variability of the Earth’s climate system over the
past several centuries. This has resulted in amplified climate
fluctuations, an accelerated hydrological cycle, and increas-
ingly extreme water redistribution. Consequently, extreme
weather and climate events—such as droughts, floods, and
high temperatures—have become more frequent, intense,
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persist, projections indicate a significant reduction in terres-
trial water storage within global arid zones by 2100. Con-
currently, the extent of arid regions is anticipated to expand
by 4.1-10.6%, leading to a continuous escalation in drought
disaster risk (Liu et al. 2023). China is situated within the
combined influence zone of the East Asian tropical and sub-
tropical monsoons. It is also subject to westerly circulation
and the Tibetan Plateau monsoon, resulting in three distinct
natural geographical regions: the humid monsoon zone,
the inland arid zone, and the Qinghai-Tibetan alpine zone.
Constrained by its physiography and climatic conditions,
China is severely affected by drought disasters (Wang et al.
2019). Statistically, drought causes an average annual crop
loss area of 8.9x 10° ha in China. Annual grain production
reductions range from several million to over 30 million
tons, with average direct economic loss reaching 44 billion
RMB (Su et al. 2018). Under the backdrop of climate warm-
ing, the drought extent is expanding continuously across
China, its spatial distribution pattern is shifting markedly,
and extreme drought events are increasing significantly
(Zhang et al. 2024a). A notable example is the severe mete-
orological drought in July 2022 within the Yangtze River
Basin-the most intense since 1961-which exhibited the rare
phenomenon of “drought during the main flood period”.
Projections indicate that future climate-induced alterations
in temperature and precipitation patterns will continue to
directly and indirectly reduce crop yields. By 2050, an esti-
mated 300 million people in China could be affected (Chen
et al. 2024). Consequently, drought has long been a national
priority and remains a central research focus within the sci-
entific community.

The Yellow River Basin, situated in mid-latitudes, spans
an arid-to-semi-humid transitional zone. Connecting the
Qinghai-Tibet Plateau, Loess Plateau, and North China
Plain, it constitutes a vital ecological security barrier for
China. The middle-lower reaches of the Yellow River Basin
benefit from monsoon climate, characterized by concurrent
precipitation and elevated temperatures, along with abun-
dant sunlight, which creates favorable agroclimatic condi-
tions for agriculture. As a traditional agricultural core, this
region contains 20.24 million hectares of cropland, contrib-
uting approximately one-third of the China’s grain output
and holding strategic agricultural significance (Liu et al.
2020; Ma et al. 2020). Against climate change, basin-wide
temperatures show a consistent upward trend (0.30 °C/
decade), while extreme precipitation frequency increases
(Ma et al. 2020; Gao et al. 2023). Human water withdrawals
now exceed 85% of total surface runoff—surpassing the eco-
logical threshold for healthy rivers (40%) (Ma et al. 2020).
Under the combined climatic and anthropogenic pressures,
extreme droughts are intensifying in frequency and severity,
exacerbating water scarcity and threatening agricultural and
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water security (Jiang et al. 2023). For example, drought pre-
vented cultivation on 215,400 hectares of Henan Province
farmland in 2024, causing minimum verified agricultural
losses of 3 billion yuan (RMB). Consequently, as a criti-
cal economic corridor of China’s Belt and Road Initiative,
sustaining the basin’s ecological integrity is paramount to
national security.

As the disaster prevention paradigm shifts from reactive
drought relief to proactive drought prevention, drought man-
agement has transitioned from crisis management to a risk
management framework. Within this framework, drought
risk assessment constitutes the core component of risk man-
agement (IPCC 2021). Current research on drought risk
characteristics in the Yellow River Basin and its response
mechanisms to climate change remains insufficient. Existing
studies have primarily focused on drought indices derived
from meteorological, hydrological, or remote sensing data
to examine the evolution of drought characteristics—includ-
ing frequency, duration, peak intensity, and severity—across
the basin (Wang et al. 2025; Ding et al. 2024). These find-
ings constitute hazard-oriented drought research, addressing
direct causative factors in drought disaster formation. They
provide critical insights for understanding drought onset/
termination timing, frequency, intensity, and spatial extent.
However, as drought risk represents a complex systemic
phenomenon, comprehensive research must fully account
for the roles of exposure and vulnerability in disaster mani-
festation. Exposure is typically quantified through value-
based metrics of assets exposed to drought events, such as
population density, agricultural/forest land area, and GDP
(Wang et al. 2023a; Xue et al. 2024). Vulnerability assess-
ment typically employs indicator-based approaches tailored
to research objectives. For instance, studies have con-
structed vulnerability evaluation indices using multi-source
data—including Visible Infrared Imaging Radiometer Suite
(VIIRS) nighttime lights data and Moderate Resolution
Imaging Spectroradiometer (MODIS) products—based
on a stability-resistance-resilience framework to examine
spatiotemporal evolution patterns of terrestrial ecosystem
vulnerability in the Yellow River Basin (Zhu et al. 2025;
Zhang et al. 2022a). Drought disaster risk emerges from the
synergistic interaction of hazard, exposure, and vulnerabil-
ity. A key research challenge lies in developing scientifically
robust risk assessment indicators that account for regional
eco-climatic characteristics and elements at risk. Previous
studies have established agricultural and ecological drought
risk assessment models for the basin (Han et al. 2021; Wang
et al. 2023a). These investigations reveal a distinct spatial
pattern wherein agricultural drought risk intensifies down-
stream relative to upstream regions. This gradient is primar-
ily governed by monsoonal climate, complex topography,
socioeconomic development levels, population exposure,
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and water supply-demand imbalances—though the spatial
contributions of individual risk factors remain unquanti-
fied. Ecological drought high-risk zones concentrate pre-
dominantly in the Shaanbei Plateau, Longzhong Plateau,
Ningxia Plain, and Hetao Plain (excluding irrigated areas).
Upper basin vulnerability demonstrates co-dependence on
land surface temperature and precipitation, whereas the
Guanzhong Basin (mid-basin) and lower reaches exhibit
precipitation-dominated vulnerability. Collectively, these
static risk assessments provide foundational insights into
the spatial distribution characteristics of drought disaster
risk across the Yellow River Basin.

Zea mays L. (maize) constitutes the principal food
crop in the Yellow River Basin. It simultaneously serves
as essential livestock feed and a critical raw material for
food processing, healthcare products, light industry, and
chemical manufacturing. Drought-induced yield volatility
not only compromises production stability but also propa-
gates to downstream sectors, thereby threatening socio-
economic stability. Consequently, enhancing drought risk
management for maize in the Yellow River Basin represents
an urgent priority. Primary methodologies for assessing
maize drought risk include crop modeling approaches (e.g.,
AquaCrop and DSSAT-CERES) (Hou et al. 2024), which
simulate dynamic crop responses to water stress across phe-
nological stages to quantify yield reduction risks; statisti-
cal methods (Zhang et al. 2024b; Liu et al. 2022), which
derive risk through historical data modeling; and risk-factor
frameworks (Cheng et al. 2024; Han et al. 2021), which
integrate hazard, exposure, and vulnerability components
to analyze natural-socioeconomic interactions. However,
key limitations persist: crop models require site-specific
parameter calibration, introducing substantial uncertainty
at regional scales while neglecting socioeconomic factors;
statistical approaches demand extensive datasets yet exhibit
weak mechanistic foundations; and prevailing risk-factor
assessments employ predominantly static methodologies
that overlook critical phenological variations—for example,
the water sensitivity coefficient during tasseling (1.2) sig-
nificantly exceeding seedling stage values (0.3) (Liu et al.
2022; Singh et al. 2023). It is evident that the current drought
disaster risk assessment studies are insufficient to support
the development of precise regional risk management strat-
egies. Hence, phenology-based drought risk assessment is
essential for advancing maize risk management in the basin.
Current research predominantly focuses on spatiotemporal
drought patterns or hazard dynamics across growth stages
(Wang et al. 2023b; Chen et al. 2023), with limited attention
paid to the role of exposure and vulnerability components in
risk formation.

Therefore, this study focuses on maize cultivation in
the Yellow River Basin, developing a phenology-based

drought risk assessment model based on hazard, exposure,
and vulnerability components. We identify and character-
ize drought risk characteristics across growth stages and
analyze dominant risk components across different regions.
The research novelties lie in: (1) Proposing a raster-scale
dynamic drought risk assessment model based on maize
growth stages, which resolves the spatial-temporal dynam-
ics of maize drought risk across the Yellow River Basin
during the crop growth cycle; (2) Integrating the Objective-
specific Probabilistic Geospatial Drought (OPGD) model
with factor detector analysis to quantify interaction effects
among dominant risk factors at different growth stages,
thereby providing evidence-based support for region-spe-
cific and stage-specific drought mitigation strategies. These
outcomes will advance resilience in maize production sys-
tems and inform optimized agricultural water resources
management throughout the basin.

2 Data and methods
2.1 Study area

The mainstem of the Yellow River spans approximately
5,464 km, with a drainage area of approximately 795,000 km?
that constitutes 8.3% of China’s total land area. It traverses
nine provinces and autonomous regions: Qinghai, Sichuan,
Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan,
and Shandong. By the end of 2019, the basin’s population
reached approximately 160 million, with annual agricul-
tural production accounting for approximately 13.4% of
the national total. Topographically, the basin descends from
west to east, with elevations decreasing from 4,200 m at the
source to ~ 1,000 m in the mid-reach and <50 m in the lower
reach. The Yellow River Basin receives abundant solar radi-
ation (annual sunshine duration: 2,000-3,300 h; total solar
radiation: 110-160 kcal/m?), providing rich solar-thermal
resources. Precipitation patterns, shaped by the East Asian
monsoon and mid-latitude westerlies, exhibit a northwest-
to-southeast gradient (annual mean: 160-700 mm), with
~70% occurring from June to September. Mean annual tem-
peratures increase from west to east and north to south (—4
to 14 °C), while evaporation averages~ 1,100 mm annually
(peaking at >2,500 mm; Fig. 1). Dominant loess-derived
soils (primary and secondary loess) are characterized by
high fertility, loose texture, favorable structure, and effi-
cient water retention-drainage capacity—enhancing nutri-
ent/moisture uptake and thus irrigation efficiency. As a key
national grain and energy production base, the basin faces
acute water scarcity, with agricultural consumption exceed-
ing 60% of total water supply (Ma et al. 2020).
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2.2 Data sources
2.2.1 Meteorological data

Meteorological ground observation data were collected from
250 stations within the maize cultivation zone of the Yel-
low River Basin from 1960 to 2023 (Fig. 2). Key variables
include daily precipitation (mm), mean daily temperature
(°C), sunshine duration (h/d), relative humidity (%), and
wind speed (m/s). All data were obtained from the National
Meteorological Science Data Center (http://data.cma.cn/).

2.2.2 Maize data

Maize yield data (kg/ha) at the grid scale were sourced from
the Global Dataset of Annual Yields for Four Major Cereal
Crops (Cao et al. 2025). This dataset has a spatial resolu-
tion of 5 arc-minutes and an annual temporal resolution,
covering the period from 2000 to 2015 (unit: kilograms per
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hectare, kg/ha; available at: https://doi.org/https://www.nes
dc.org.cn/sdo/detail?id=67d157f57¢28176b9b452822).

Maize phenological data across the Yellow River Basin
were sourced from 54 agrometeorological stations of the
China Meteorological Administration (2000-2020), aug-
mented by experimental records from Liu et al. (2021a).
Phenophase dates were converted to Day of Year (DOY),
with £2c¢ outlier years excluded before computing long-
term means. Using climate zoning and crop-type classi-
fication (spring/summer maize), phenological data were
spatially assigned to 250 meteorological stations via near-
est-neighbor interpolation (Fig. 2). Validation showed that
assigned DOY values across stations resided within litera-
ture-reported phenological windows for homologous ecore-
gions (SD: +5 days), confirming methodological robustness
(Zhang et al. 2015a, b, 2020; Liu et al. 2021b; Ma et al.
2022; Wang et al. 2023c).
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Fig. 2 Map of station distribution
in the study area
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Table 1 Risk assessment indicators for maize drought in the yellow
river basin

Criterion Indicators
Disaster-causing ~ Hazard Frequency and intensity of
factor meteorological drought
Disaster-bearing ~ Exposure multi-year average maize
body yield per unit area

Vulnerability Water demand
Disaster-prone Sensitivity Irrigation rate

environment Effective precipitation

Soil available water content

2.3 Methods

2.3.1 Establishment of a maize drought risk assessment
index and model

The risk model applied in this study derives from the [IPCC
risk framework (IPCC 2023), wherein risk is conceptualized
as the synergistic interaction of hazard (H), exposure (E),
and vulnerability (V). Building upon disaster system theory
(UNDRR 2021), we further decompose vulnerability into
two distinct dimensions: disaster-bearing body vulnerability
and disaster-prone environment sensitivity. Consequently,
a comprehensive indicator system for maize drought risk
assessment was developed (Table 1).

2.3.2 Hazard

Drought hazard refers to the risk source, specifically the
frequency and intensity of meteorological drought. Because
this study is based on maize growth stages, and because
the duration and timing of these stages vary significantly
across regions, a daily drought index is necessary to identify
drought events for determining their frequency and inten-
sity. Analysis of various meteorological drought indicators
revealed that the Relative Moisture Index (MI) effectively
integrates information on precipitation, temperature, and

105° E 110°E 115°E

crop water demand, which allows it to reflect daily-scale
atmospheric water balance characteristics, making it an ideal
regional drought monitoring indicator (Wu et al. 2021). The
calculation equation of Ml is as follows (National Standard

of the People’s RepubLic of China 2017):

_ P, - PET;

MI,;
PET;

(1

where M, is the relative moisture index on day i, P; is the
precipitation (mm) on day i, and PET; is the potential evapo-
transpiration (mm) on day i, calculated using the Penman-
Monteith method as recommended by FAO (1979).

During drought onset, when precipitation is absent or
persistently below normal, drought conditions progressively
develop and intensify. During drought recovery, an effec-
tive drought index must exhibit limited sensitivity to pre-
cipitation and should avoid drastic fluctuations due to minor
precipitation events. Therefore, we optimize the MI index
by implementing a time-decaying weighting scheme, where
the current-day MI (MI) contributes most substantially to
drought characterization, whereas contributions from prior
days diminish with increasing temporal distance. Consistent
with Lu (2009), we aggregate MI values over a 30-day back-
ward window. A linearly decreasing weight model is applied
with summed weights normalized to unity (£=1). Let MI,
represent the MI value for the current day, with a weight
coefficient of 30/465; MI, represents the MI value from the
previous day, with a weight coefficient of 29/465; and so on,
with Ml;, denoting the MI value from 29 days prior, with a
weight of 1/465. The optimized MI index expressed as:

7
M50 = ?QlﬁMIi 2)
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Table 2 Classification standard of drought grade based on relative
moisture index (MI)

Grade Drought type MI

1 None MI > -0.40

2 Light —0.65 <MI<-0.40
3 Moderate —0.8 <MI<-0.65
4 Severe —0.95 <MI<-0.80
5 Extreme MI<-0.95

Based on the conceptualization of hazard drivers in disaster risk
theory, we developed a hazard assessment model ( Zhang and
Wang 2022b ):

where MI;,, represents the relative moisture index on day i.
For the current day, i =30; for the previous day, i=29, and so
on, with i=1 corresponding to the data from 29 days prior.

According to the drought severity classification criteria
for the MI established in China’s National Standard GB/T
20,481 —2017—Meteorological Drought Grade, the opti-
mized index Ml,; is classified as follows:

H= i:1<7 x Por) 3)

where H represents the hazard level of disaster-causing
factors (%), /- denotes the intensity level of the disaster-
causing factors, which is a non-dimensional number, I, is
the extreme drought grade value of drought-causing factors,
which is a non-dimensional number, & indicates the grade of
drought-causing factors (Table 2), and P, is the occurrence
probability of a disaster-causing factor of drought intensity
k, %, calculated using the information distribution method.
The information distribution method, a nonparametric esti-
mation approach grounded in fuzzy set theory, operates by
transforming crisp sample points within a given dataset
into fuzzy sets. This transformation compensates for infor-
mation gaps in pattern recognition caused by incomplete
data (Huang 2012). Detailed computational procedures
are documented in (Zhang and Wang 2022b; Huang et al.
2004; Huang 2012).

Table 3 Crop coefficient (K) values of maize at different times

2.3.3 Exposure

Exposure refers to the extent, quantity, or value of the disas-
ter-bearing body subjected to adverse effects from disaster-
causing factors (Qin et al. 2015). Higher exposure indicates
greater potential losses in the disaster-bearing body under
drought stress. The multi-year average maize yield per unit
area is a comprehensive indicator reflecting both land pro-
ductivity and maize production quality. Therefore, it was
selected as the exposure index for drought risk assessment.

2.3.4 Vulnerability

Vulnerability, an inherent attribute of the disaster-bearing
body, reflects maize’s susceptibility to drought stress and
its adaptive capacity. In this study, the crop water demand
(WD) during distinct growth stages was selected as the vul-
nerability index. Maize WD represents the sum of evapo-
ration between plants and leaf transpiration under optimal
soil moisture conditions during the growth period, resulting
from the interaction of maize’s biological traits and environ-
mental factors. Higher WD indicates greater vulnerability
to drought, while lower WD implies reduced vulnerability.
The equation is formulated as follows:

WD, = PET; x K “4)

where WD is the maize water demand (mm); PET is the
reference crop evapotranspiration (mm); K, is the crop coef-
ficient; and ¢ is the growth period. Crop coefficients (Kc)
are provided in Table 3 (National Standard of the People’s
RepubLic of China 2015; Meteorological Industry Stan-
dards of the People’s RepubLic of China 2015a, b).

2.3.5 Sensitivity

A disaster-prone environment refers to settings where natu-
ral conditions, geographical features, and human activities

Province/region Maize type April May June July August September
Qinghai Spring maize 0.42 0.58 0.8 1.17 1.1 0.84
Gansu Spring maize 0.42 058 0.8 1.17 1.1 0.84
Ningxia Spring maize 0.3 0.5 1.26 1.36 1.29 0.69
Inner Mongolia Spring maize 0.3 0.42 0.71 1.17 1.05 0.72
Shanxi Spring maize 0.5 0.7 0.8 1.05 0.95 0.6
Summer maize 0.64 1.14 1.14 0.54
Shaanxi Spring maize 0.55 0.77 0.785 1.41 1.315 1.17
Summer maize 0.51 0.99 1.39 1.86
(east of Guanzhong)
Summer maize 0.51 1.05 1.43 1.28
(west of Guanzhong)
Henan Summer maize 0.85 1.32 1.79 1.26
Central Shandong Summer maize 0.7 1.08 1.5 1.27
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collectively create conditions conducive to natural disas-
ters. Such environments typically encompass climatic con-
ditions, topography, soil properties, and vegetation cover.
Maize’s sensitivity to drought-prone environments reflects
the degree to which environmental conditions influence
drought transmission to maize crops. This sensitivity is
characterized by irrigation rate, effective precipitation, and
soil available water content.

The irrigation rate is defined as the ratio of effectively
irrigated area to total cultivated land area per unit region. A
high irrigation rate indicates that artificial irrigation supplies
a greater proportion of agricultural water for maize produc-
tion, enabling normal growth under natural precipitation
deficit.

Effective precipitation refers to the portion of precipita-
tion directly or indirectly available for crop use, including
water consumed for essential agricultural processes. This
encompasses precipitation utilized through crop intercep-
tion, plant transpiration, soil evaporation (or water surface
evaporation in paddy fields), leaching, and field percola-
tion—all contributing to crop growth and farming opera-
tions (Petra and Stefan 2002). It is calculated using the
method recommended by the U.S. Department of Agricul-
ture Soil Conservation Service (USDA-SCS) (Smith 1992),
with the formula given below:

Ppp = P(4+1—70-2P) for P < 8.3 mm/day )
P.yy =417+0.1P for P > 8.3 mm/day

where P, is the effective precipitation (mm/day) and P is
the total precipitation (mm/day).

Soil available water content (AWC) is defined as the dif-
ference between field capacity (FC) and permanent wilting
point (PWP) in terms of soil water content. This parameter
quantifies the soil’s capacity to retain and release plant-
available water under given conditions, which critically
influences crop growth and irrigation management strate-
gies. The equation is expressed as follows:

AWC = FC — PWP (6)

where FC is the field capacity (cm’/cm?®) and PWP is the
permanent wilting point (cm?/cm?).
The drought sensitivity assessment model is:

S=Y i XsiWsi (7

where S is sensitivity, Xj; is the sensitivity index for the ith
factor, W, is the sensitivity weight assigned to the ith fac-
tor, and »n is the number of factors. To ensure a fair repre-
sentation of each factor’s contribution to sensitivity across

different spatial contexts, each factor is assigned a uniform
weight of 1.

2.3.6 Standardization of drought risk assessment
indicators

The maize drought risk assessment index system includes
multiple indicators with incommensurable units. To ensure
comparability among the indicators, normalization is nec-
essary to scale the values within the range of 0 to 1. The
calculation equation is as follows:

Xi i — mianij

maijij — mijij

®)

ij =

where R;; is the normalized value of the ith indicator in
region J; X;; denotes the original value of the ith indicator
in region J; and max,X;; and min,X;; represent the maximum
and minimum values of the ith index in zone J, respectively.

2.3.7 Maize drought risk assessment model

Within the risk components of maize drought disasters,
hazard, exposure, vulnerability, and sensitivity collectively
contribute positively to risk formation. Consequently, the
drought risk model is formulated as follows:

R=H"H x EWe x YWV x §Ws )

where R is the maize drought risk; H, E, V, and S repre-
sent hazard, exposure, vulnerability, and sensitivity, respec-
tively; and Wy, Wy, W; and Wy are the respective weights
assigned to these factors. To ensure equitable representation
of each factor’s contribution to drought risk across diverse
spatial and regional contexts, all risk factors are assigned a
uniform weight of 1.

2.3.8 Grading threshold

The 20th, 40th, 60th, and 80th percentiles within the data
sequences (arranged from low to high) for hazard, exposure,
vulnerability, sensitivity, and risk were used as the classifi-
cation thresholds for the low, sub-low, moderate, sub-high,
and high grades, respectively.

2.4 ldentification of dominantrisk factors in
drought risk

The GeoDetector model, proposed by Wang and Xu (2017),
is a statistical method for analyzing spatial stratified het-
erogeneity and identifying the underlying driving factors.
It can identify interaction effects among different factors

@ Springer
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and assess their impact on the explanatory power of the
dependent variables. The fundamental premise is that if an
independent variable significantly influences the dependent
variable, their spatial distributions should exhibit similarity.
As the core component of GeoDetector, the factor detec-
tor employs the Q-statistic to quantify the relative impor-
tance of explanatory variables (Wang et al. 2016). In this
study, we utilized the Optimal Parameter-based Geographic
Detector (OPGD) model to identify the dominant risk fac-
tors contributing to drought disaster risk during various
growth stages of maize in the Yellow River Basin (Song
et al. 2020), aiming to inform the development of targeted
policies and interventions.

3 Results and analysis
3.1 Analysis of maize growth stages

Based on the growth characteristics of maize, this study
divided its growth cycle into five phenological stages,
namely sowing-to-emergence (G1), emergence-to-jointing
(G2), jointing-to-tasseling (G3), tasseling-to-milk-ripening
(G4), and milk-ripening-to-maturity (G5). The sowing stage
corresponds to seed placement into the soil. The emergence
stage is defined when seedlings reach approximately 2 cm
in height. At the jointing stage, the basal stem internodes
elongate to 2—3 cm with visible tassel initiation. The tas-
seling stage occurs when the apical segment of the tas-
sel is exposed (3—5 cm in length). During the milk stage,
maize kernels starch deposition but remain physiologically
immature. The maturity stage is characterized by kernels
hardening and peak starch accumulation. Based on the core
physiological processes reflected in these 5 stages, the entire
growth cycle of maize can be further summarized into two
main growth stages: the sowing-to-jointing stage represents
the vegetative growth phase of maize, aimed at establishing
a strong root system, promoting continuous leaf growth, and
expanding the leaf surface area for photosynthesis. The tas-
seling-to-maturity stage constitutes the reproductive growth
phase, dedicated to completing pollination and facilitat-
ing seed formation and maturation. Achieving equilibrium
between these phases is essential for high and stable maize
yields.

Based on over 20 years of maize phenological data from
54 agrometeorological stations within the study area, the
spatial distribution of maize growth stages was mapped
(Fig. 3). Figure 3 reveals a southeast-to-northwest increas-
ing gradient in total maize growth duration across the Yel-
low River Basin, ranging from 100 to 180 days. The day
of year (DOY) ranges for specific phenological stages
are: sowing (DOY 89-165), emergence (DOY 112-174),
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jointing (DOY 160-213), tasseling (DOY 185-231), milk
stage (DOY 210-261), and maturity (DOY 236-281). Nota-
bly, the temporal variability between regions progressively
narrows from a 76-day range at sowing to 29 days at matu-
rity. Spring maize in the Yellow River Basin is dominant in
the upper basin, including the Shaanxi Plateau and northern
Shanxi in the mid-basin region. Summer maize is mainly
distributed in the mid-basin’s Guanzhong Basin, southern
Shanxi, and the lower basin. Based on the isotherms and
isohyets in Fig. 3, the spring maize cultivation areas exhibit
mean annual temperatures of 8—12 °C with <550 mm pre-
cipitation, while summer maize areas range between 12 and
15 °C and 550-700 mm precipitation.

3.2 Characteristics of maize drought risk in the
yellow river basin

3.2.1 Hazard

Figure 4 shows the spatial distribution of drought occur-
rence probability by intensity during critical maize growth
stages in the Yellow River Basin. For the G1 stage, light
drought primarily occurs in the middle-lower reaches, with
probabilities ranging 0.2-0.3, and southwest Longzhong
Plateau exhibits higher probability. As drought inten-
sity increases, the areas primarily affected gradually shift
northwestward. Severe drought concentrates in the upper
reaches, while extreme drought is mainly in Ningxia Plain
and Hetao region. During G2, light drought probability is
relatively high (average 0.3 in mid-basin). Severe drought
occurs mainly in areas downstream of Lanzhou (max 0.53).
Extreme drought probability peaks at 0.3-0.4 in Hetao.
During G3-G5, drought probabilities gradually decrease
as maize matures. Light drought dominates, with shrinking
spatial coverage concentrating in the upper reaches, while
severe/extreme drought persist in Ningxia Plain and Hetao
region.

The drought hazard for different growth stages in the
Yellow River Basin was determined using Eq. (3). Fig-
ure 5 shows the highest hazard in the upper reaches, fol-
lowed by the middle reaches. Hazard in the lower reaches
exceeded those in the middle reaches during G1 and GS5.
As maize development progressed, drought hazard gradu-
ally decreased. Spatially, G1 high-hazard areas concen-
trated in the upper reaches, with moderate-hazard areas in
the Shaanbei Plateau, Shanxi Plateau, and lower basin. For
G2 and G3, high-hazard areas focused on the Ningxia Plain
and Hetao region downstream of Lanzhou, while moderate-
hazard areas contracted northwestward, primarily across
Northern Shaanxi. During G4-GS, high-hazard areas further
narrowed, concentrated in the Hetao are.
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Fig. 3 Spatial distribution of DOY in maize development stages in the Yellow River Basin

3.2.2 Exposure

Figure 6 shows that areas with high maize exposure to
drought were primarily located in the Ningxia Plain and
Hetao Plain (upper reaches), Fenhe Plain and Guanzhong
Basin (middle reaches), and North China Plain (lower
reaches). Low-exposure areas concentrated in rain-fed agri-
cultural zones of the Loess Plateau. High-exposure areas
were predominantly irrigated maize systems with yields
of ~ 18,000 kg/ha, while rain-fed maize yields ranged from
3,500 to 7,000 kg/ha.

3.2.3 Vulnerability

As shown in Fig. 7, the high-vulnerability areas for maize
during the G1 stage were primarily located in the Shaanbei
Plateau and the Shanxi Plateau in the middle reaches of the
basin, as well as in Henan Province in the lower reaches.
During the G2 stage, the high-vulnerability areas were
mainly located in the Ningxia Plain in the upper reaches of
the basin and in northern Shaanxi and Shanxi in the middle
reaches. During the G3 stage, the areas of high vulnerabil-
ity further contracted and were primarily concentrated in
the Ningxia Plain in the upper reaches and central Shaanxi
Province in the middle reaches. During the G4 stage, the
high-vulnerability areas were primarily located in the
Ningxia Plain in the upper reaches of the basin and in some
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Fig. 4 Probability of drought by intensity across maize growth stages in the Yellow River Basin

parts of the downstream regions. In the G5 stage, the high-
vulnerability areas were mainly found in the northern and
central Shaanxi Province.

Regarding the water demand throughout the maize
growth period, the water demand from sowing to emer-
gence was the lowest, approximately 16-53 mm, account-
ing for 2-9% of the total water demand. The water demand
from emergence to the jointing was 98-234 mm, account-
ing for approximately 20-42% of the total water demand.
The water demand during the jointing to tasseling stage
was 56208 mm, accounting for 10-30% of the total water
demand. The highest water demand occurred from tasseling
to the milky stage, which was 106—250 mm, accounting for
22-41% of the total water demand. The water demand from
the milky stage to maturity was 46—173 mm, accounting for
8-28% of the total water demand.

In summary, the growth period for spring maize is
approximately 120—150 days, with a water demand primar-
ily ranging between 400 and 700 mm; for summer maize, the
growth period is about 90—100 days, with a water demand
primarily ranging from 350 to 500 mm.

3.2.4 Sensitivity
Figure 8a illustrates that maize irrigation areas within the

Yellow River Basin are primarily concentrated in the upper-
reach Ningxia-Inner Mongolia Hetao Irrigation District, the

@ Springer

middle -reach Fen-Wei Irrigation District, and the down-
stream Plains Yellow River Diversion Irrigation Areas.
Irrigation frequency in summer maize regions exceeds that
in spring maize regions; however, the total irrigation vol-
ume for summer maize is typically lower than for spring
maize. As depicted in Fig. 7b, areas characterized by low
plant-available soil water content are predominantly found
in non-irrigated zones downstream of the Lanzhou section
(upper reaches) and in the northern middle reaches. These
regions are mainly covered by aeolian sandy soil, sierozem,
and chestnut soil. Aeolian sandy soils exhibit high porosity
and permeability but poor abilities in conserving soil/water
and retaining nutrients. Due to its loose texture, low organic
matter content, and week structure, sierozem exhibits poor
water retention capacity. Chestnut soil features a distinct
calcic layer and poor aggregate structure, resulting in low
water storage capacity, characteristics that are particularly
pronounced under semi-arid conditions. Regarding irriga-
tion practices, summer maize is mainly irrigated during the
sowing-to-emergence stage, with supplementary irrigation
potentially applied during the mid-to-late growth stages
contingent upon precipitation. In contrast, Spring maize
necessitates more intensive irrigation management; timely
irrigation during critical periods such as the jointing and
grain-filling stages is critical for ensuring yield.

Figure 9 shows the spatial distribution of multi-year aver-
age effective precipitation across maize growth stages in the
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Plain and Hetao Plain show lower values, necessitating irri-
gation to compensate for water deficits. As maize develop-
ment progresses, the zone of higher effective precipitation
exhibits a gradual extension from the southwest toward
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the northeast. Basin-scale analysis indicates that the aver-
age effective precipitation is 117 mm in the upper reaches,
141 mm in the middle reaches, and 133 mm in the lower
reaches. The contribution of effective precipitation for each
growth stage is as follows: G1 (6%), G2 (28%), G3 (18%),
G4 (28%), and G5 (19%).
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Fig. 7 Spatial distribution of
maize drought vulnerability
across growth stages in the Yel-
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N0 250 500km
A L]

M Low @ Sub Low

Vulnerabili

Gl1 G2

G3
il Upstream . Midstream & Downstream

G4 G5

[ Moderate Wl Sub High M High

Irrigation r;ne (%)

z| m0-10 m 40 - 50 A
S[m10-20 =50-60

=20-30 w™=60-70

=30 - 40

— Yellow Rivery
O Basin

40°N

35°

Soil available water content
(em'/em?)
= (.10 - 0.20 = (.30 - 0.35
0.20 - 0.25 = (.35 -0.51
10.25- 0,30

>z

— Yellow River
CIBasin

105° E 110° E 115°E

105°E 110° E

Fig. 8 Spatial distributions of (a) farmland irrigation ratio and (b) soil available water content across the Yellow River Basin

Figure 10 shows minimal variation in the overall spa-
tial distribution of maize environmental sensitivity across
growth stages. High-sensitivity zones are consistently
located along the peripheries of the Mu Us, Kubugqi, and
Ulan Buhe Desert, while sub-high sensitivity zones pre-
dominantly occur in the central-northern middle reaches.
Low-sensitivity regions encompass the Ningxia, Hetao, and
North China Plain irrigation districts; the northeastern mar-
gin of the Qinghai-Tibet Plateau; mountainous areas includ-
ing the Liupan, Qinling, and Ziwuling Mountains; and the
Guanzhong Basin and Fenhe Valley, with all Yellow River
Basin irrigation districts exhibiting persistently low sen-
sitivity. Basin-scale analysis shows peak sensitivity in the
upper/middle reaches during stages G1 (sowing-emergence)
and G4 (tasseling-milking), while the lower reaches dem-
onstrate maximum sensitivity during stage G5 (milking-
maturity), establishing a consistent sensitivity hierarchy of
Upper>Middle>Lower reaches. Notably, sub-high to high
sensitivity zones covered 70% of the study area during stage
G4 (tasseling-milking).
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3.2.5 Maize drought risk

Figure 11 shows the spatial distribution of drought risk across
different maize growth stages. The high-risk zone during
the G1 (sowing-emergence) was predominantly located in
the Shaanbei Plateau. During the G2 (emergence-jointing),
this high-risk zone expanded northwestward, covering both
the Shaanbei Plateau and areas downstream of the Lanzhou
section in the upper Yellow River. By the G3 (jointing-tas-
seling), the high-risk area contracted and became primarily
concentrated in the Ningxia and Hetao Plain regions of the
upper reaches. The spatial extent of high-risk areas during
the G4 (tasseling-milking) remained largely consistent with
G3, however, sub-high to moderate risk zones expanded
significantly across the Shaanbei Plateau and Guanzhong
Basin. In the G5 (milking-maturity), the high-risk area fur-
ther diminished, focusing mainly on the Yinchuan-Linhe
section of the upper reaches, while sub-high to moderate
risk zones extended toward downstream regions. Basin-
scale drought risk patterns reveal substantially elevated
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Fig. 9 Spatial distribution of effective precipitation across maize growth stages in the Yellow River Basin

risk in the upper reaches during emergence-jointing (G2)
contrasted against relatively lower risk in milking-maturity
(G5), while the middle reaches sustained heightened vul-
nerability throughout sowing-jointing (G1-G2) but dem-
onstrated markedly reduced risk from jointing to maturity
(G3-G5), and the lower reaches exhibited peak risk during
both sowing-emergence (G1) and milking-maturity (GS5)
phases with minimal risk occurring specifically in jointing-
tasseling (G3).

3.3 Dominant risk factors identified by the OPGD
model for maize drought

Utilizing the OPGD model, spatial explanatory variables
for drought disaster risk dynamics in maize during differ-
ent growth stages were obtained. Factor detectors were
then employed to quantify the contribution (Q-value) of
individual risk components (Hazard, Exposure, Sensitivity,
Vulnerability) to the spatial heterogeneity of drought risk,

thereby identifying the dominant factors in different regions
and growth stages.

It was found through the model analysis that the spatial
pattern of drought risk sensitivity in the main maize pro-
duction areas of the upper Yellow River reaches was pre-
dominantly associated with effective precipitation, while
that in the middle and lower reaches was primarily asso-
ciated with irrigation rate. Regarding the ranking of the
dominant risk components based on their Q-values across
growth stages (Fig. 12), the order was Hazard>Expo-
sure> Sensitivity > Vulnerability at the G1 stage. During
G2-G4 stages, the order was Hazard>Exposure> Vulner-
ability > Sensitivity. At the G5 stage, the dominant order was
Hazard > Exposure > Sensitivity > Vulnerability.

Spatially, the model results revealed distinct pat-
terns of dominant risk components: In the G1 stage, the
hazard-dominated area was located in the upper reaches
(Lanzhou-Ningxia section) and the Hetao Plain; the expo-
sure-dominated area encompassed regions below the
Lanzhou section and parts of the middle/lower reaches;
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Fig. 10 Spatial distribution of environmental sensitivity across maize growth stages in the Yellow River Basin

sensitivity-dominated areas concentrated in the northwest- Based on Fig. 12, when hazard dominates, it indicates
ern Shaanbei Plateau; while vulnerability-dominated areas  that drought intensity/frequency exerts a significant direct
occupied regions below the Lanzhou section and the Guan-  impact on risk, necessitating priority improvements in

zhong Basin in the middle reaches. In the G2 and G3 stages,  disaster resistance capacity within high-hazard zones, such
the hazard-dominated area was the Baotou section of the  as constructing irrigation systems. When exposure domi-
Hetao Plain, and the Ningxia Plain was co-dominated by  nates, it signifies that the spatial distribution of maize pro-
Hazard, Exposure, and Vulnerability. In the G4 stage, the  duction substantially amplifies risk, requiring adjustments
hazard-dominated area was the Linhe section of the Hetao  to planting layouts or optimization of infrastructure in high-
Plain, and vulnerability dominated the Ningxia Plain. Inthe =~ exposure areas. When vulnerability dominates, it reflects
G5 stage, hazard continued to dominate the Linhe section of  the significant response of maize physiological stages to
the Hetao Plain, while vulnerability dominated the western ~ drought, mandating guaranteed water supply during criti-
Guanzhong Plain and parts of the western Shaanbei Plateau.  cal growth periods. When sensitivity dominates, it demon-

Spatial interpretation indicates that drought risk in the  strates insufficient environmental resilience against drought,
upper reaches was primarily driven by Hazard and Vul-  demanding soil improvement or selection of drought-resis-
nerability, whereas the middle/lower reaches were mainly  tant cultivars. Interaction term analysis reveals synergistic
influenced by Exposure. Overall, Hazard dominated the  effects among risk factors; for instance, in areas jointly

broad spatial distribution pattern of drought risk, while Vul- ~ dominated by hazard and wvulnerability, maize drought
nerability, Sensitivity, and Exposure shaped its localized  disaster risk is primarily driven by meteorological drought
characteristics. intensity and sensitivity during the tasseling stage.
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Fig. 11 Spatial distribution of drought risk across maize growth stages in the Yellow River Basin

4 Discussion and conclusion

The Yellow River Basin serves as a critical grain produc-
tion base in China, benefiting from fertile soils, optimal
structure, synchronized thermal-rainfall regimes, and suf-
ficient sunshine. Maintaining stable agricultural develop-
ment here is essential for national food security, regional
economic growth, and ecological conservation, among
other critical objectives. This study established a growth-
stage-based drought disaster risk assessment framework
for maize, including evaluation indices and models, identi-
fied the spatial distribution characteristics of maize drought
risk over the main crop growth period, and determined the
dominant risk factors using the OPGD model. The results
showed that high-hazard zones for maize drought disaster
in the Yellow River Basin were predominantly distributed
in the upper reaches, with these zones progressively con-
tracting southeast-northwest from stages G1 to G5. High-
exposure areas concentrated primarily in irrigation districts
along the Yellow River, including the Ningxia Plain, Hetao

Irrigation District, Weihe Irrigation District, Guanzhong
Plain, and downstream regions encompassing the Xiaol-
angdi Reservoir Irrigation District and Weishan Irrigation
District. High-vulnerability zones clustered predominantly
in the Ningxia Plain and Shaanbei Plateau, where drought
vulnerability peaked during G2. High-sensitivity areas were
mainly located in central-northern middle reaches, with sen-
sitivity peaking at G4 in the upper/middle reaches and at G5
in the lower reaches. High-risk areas centered in the upper
reaches and northern middle reaches, similarly contracting
southeast-northwest from G1 to GS5. Peak drought disaster
risk periods manifested as follows: stage G2 in the upper
reaches, stages G1 and G2 in the middle reaches, and stages
G1 and G5 in the lower reaches.

The spatial patterns of drought vulnerability and risk
in this study differed from Han et al. (2021), Ru and
Ma 2022a; Shen et al. (2022a); Wang et al. (2023a). This
discrepancy arises because: (1) This study focused spe-
cifically on maize, constructing indicators for crop water
demand, yield, and growth-stage distribution, while others

@ Springer



437 Page 16 of 19

Y. Wang et al.

100° E 105°E 110°E 115°E

Z Z
of A
< <t
Z Z
ot 2
o on
100° E 105° E 110° E 115°E 100° E 105° E 110° E 115° E
z z F RS
X of e . o :
< < L 5
sy
v ~ A3
a @ Jm\’\'w—"\:—'&/-/ ’
G4
100° E 105° E 110° E 115° E
Z 08}
X I
5
© 06}
=
E -
z O0.4-
z I
'g)
N 0.2F

0

G1 G2 G3 G4 G5
N E V eE&H ¢ E&S o H&S o E&H&S @ Exposure M Sensitivity
A oH oS ¢ E&V o H&V e S&V ND ® Hazard Vulnerability

Fig. 12 Quantifying variable contributions to maize drought risk via Optimal Parameter-based Geographic Detector (OPGD) and spatial distribu-
tions of explanatory variables in the Yellow River Basin (E: Exposure, H: Hazard, S: Sensitivity, V: Vulnerability, ND: Non-significant zone)

assessed agricultural/ecological droughts at macro scales
(e.g., crop area, grain yield, vegetation productivity); (2)
Grid-scale analysis (this study) yields distinct results from
administrative-unit-based approaches (comparison studies).
This confirms that drought risk assessment must align with
management objectives and spatial units to enable custom-
ized risk identification.

As a traditional agricultural region, the Yellow River
Basin primarily practices rainfed agriculture and irrigated
agriculture. Rainfed agriculture is predominantly found in
the Loess Plateau region, where it relies heavily on natural
precipitation, and droughts often lead to reduced crop yields
or even crop failures. Irrigated agriculture is mainly located
in riverside irrigation districts where annual precipitation is
below 200 mm, and a stable water supply is essential for
maintaining crop production. According to the 2022 Yel-
low River Water Resources Bulletin, agricultural water use
accounted for 64.7% of the total water consumption in the
Yellow River Basin. Among the different river sections, the
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Lanzhou-Hekou reach had the highest agricultural water
consumption at 12.788 billion m®, followed by the Long-
men-Sanmenxia reach (6.378 billion m?) and the area down-
stream of Huayuankou (2.898 billion m?®). During severe
drought events, crop irrigation demand increases while
the availability of water resources for irrigation decreases.
As one of the primary abiotic stress affecting maize yield,
water stress (drought) can impair flowering and pollination,
reduce photosynthetic efficiency, hinder nutrient uptake,
and disrupt physiological metabolism, ultimately leading
to reductions in both maize yield and quality (Chen et al.
2021; Ru et al. 2022b; Shen et al. 2022b). These processes
ultimately manifest as “source-sink imbalance,” character-
ized by a synchronized decline in photosynthetic product
synthesis (source) and grain accumulation (sink). In our risk
assessment, the high-risk levels observed during G2 (joint-
ing—tasseling) and G5 (milking—maturity) stages macro-
scopically reflect this physiological mechanism—where G2
corresponds to peak sensitivity during reproductive organ
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differentiation, and G5 associates with the critical window
for assimilate accumulation during grain filling. Therefore,
effective water management practices are required to sus-
tain high and stable maize yields in the Yellow River Basin.

Future agricultural development in the Yellow River
Basin will continue to face challenges posed by cli-
mate change. Projections indicate continued temperature
increases alongside greater precipitation variability, with
the frequency of sub-seasonal drought events in the basin
expected to rise by 23—41% — specifically manifesting as
15-30 day extensions in spring drought duration (G1-G2
stages) in the upper reaches and 20% intensity increases
in summer-autumn consecutive droughts (G4-GS5 stages)
in the lower reaches, coupled with more frequent extreme
weather events and an overall declining trend in Yellow
River runoff (Li et al. 2023; Wang et al. 2024a). Research
indicates that under climate warming, the joint probability
of meteorological and soil drought co-occurrence in the Yel-
low River Basin will significantly increase. The transforma-
tion rate of meteorological drought into agricultural drought
is projected to rise from the current 0.62 to 0.79, leading
to more frequent vegetation drought events. Consequently,
drought hazard is projected to persist with intensifying
trends, exhibiting a strengthening drought cascade effect.
These changes will further exacerbate maize yield loss
risks due to drought (Deng et al. 2023; Wen 2024; Jia et al.
2022; Wang et al. 2024b; Kang et al. 2023). To mitigate the
impacts of climate change, it is imperative to advance agri-
cultural cultivation technologies, enhance water use effi-
ciency in irrigation districts, and comprehensively promote
agricultural water conservation throughout the basin. Key
techniques include mulching for moisture retention (e.g.,
straw mulching), rainwater harvesting, water-saving irriga-
tion, and the development and cultivation of drought-toler-
ant crop varieties. During the 14th Five-Year Plan period,
the Chinese government emphasized the critical importance
of agricultural water conservation. It further proposed the
progressive development of digitalized irrigation district
systems to achieve intelligent management and water allo-
cation. Additionally, leveraging novel technologies such as
remote sensing and deep learning, integrated with multi-
source data, can improve the accuracy of agricultural water
demand prediction in the basin. This advancement provides
crucial technical support for water management and alloca-
tion in irrigation districts.

Utilizing surface observation data and remote sensing
data, this study analyzed the distribution characteristics of
drought disaster risk and dominant risk factors at different
growth stages of maize in the Yellow River Basin at the grid
scale. This approach facilitates decision-makers in conduct-
ing risk management based on the causes of risk. Maize
drought disaster risk constitutes a complex system where

risk factors are interrelated and dynamic. Consequently,
establishing a comprehensive and objective risk assess-
ment index system is highly challenging, and accurately
quantifying these indicators is far from easy. In subsequent
work, research on maize drought disaster risk should be
further refined. Building upon data mining and collection,
it is essential to systematically investigate the mechanistic
characteristics of the hazard-formative environment and
hazard-affected bodies within the risk transmission process,
while strengthening research on maize drought resilience,
sensitivity, and vulnerability. This work is of great sig-
nificance for achieving a comprehensive understanding of
maize drought disaster risk in the Yellow River Basin and
for effectively establishing early warning and management
systems for maize drought risk within the basin.
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