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Abstract: The investigation of the spatiotemporal propagation characteristics of the "meteorological-
agricultural-hydrological" drought system, under diverse climatic conditions, is crucial for the development of
a robust drought warning system and the effective implementation of proactive drought prevention and
resilience strategies. To achieve this, the current study utilizes the Soil and Water Assessment Tool (SWAT)
model to simulate key components of the watershed water cycle, such as evaporation, surface water, soil water,
and groundwater. Specifically, the Standardized Precipitation Evapotranspiration Index (SPEI), the
Standardized Soil Moisture Index (SSMI), and the Nonlinear Joint Hydrological Drought Index (NJHDI) are
employed to characterize meteorological drought, agricultural drought, and hydrological drought,
respectively. By analyzing the correlation between these types of drought, the propagation characteristics of
the "meteorological-agricultural-hydrological" drought system are elucidated using the rigorous strongest
correlation coefficient method. The Yellow River Basin (YRB) is chosen as the case study for this research.
Results showed that (1) The propagation time from meteorological to agricultural drought exhibited distinct
seasonal characteristics, with durations of 5-6 months in spring, 2-3 months in summer, 3-5 months in autumn,
and 6-8 months in winter. Compared to 1961-1990, the propagation time increased in spring and summer but
decreased in autumn and winter during 1991-2010 for most YRB regions. (2) The agricultural to hydrological
drought propagation showed no clear seasonal differences but increased over time. Specifically, zone C
(arid/semi-arid with moderate temperatures) had shorter propagation time of 1-5 months, while zones B
(transitional plateau to mid-latitude) and E (semi-arid/semi-humid temperate continental climate) experienced
longer propagation time of 7-12 months. (3) Despite the extended timescales, agricultural-hydrological drought
correlation was weaker than meteorological-agricultural linkage. This is because meteorological deficits
directly reduce soil moisture, rapidly inducing agricultural drought. However, groundwater sustaining
baseflow during agricultural drought delays streamflow deficits, prolonging the agricultural-hydrological
propagation time.

Keywords: drought system; propagation time; spatiotemporal characteristics; water cycle process; SWAT
hydrological model; strongest correlation coefficient method

1. Introduction

Compared to flood disaster research, the basic research on drought in China is still relatively
underdeveloped, resulting in limited defense capabilities against drought. Currently, the focus is
primarily on "single passive drought resistance" rather than achieving "comprehensive active
drought prevention" [1]. Drought, as an extreme hydrological cycle phenomenon, fundamentally
represents an abnormal water shortage caused by an imbalance in the water cycle budget [2—-4]. It is
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intricately linked to the hydrological cycle of a basin, where imbalances in different components of
the cycle can give rise to various types of droughts, such as meteorological drought, hydrological
drought, and agricultural drought, among others [5-7]. It is widely accepted that meteorological
drought serves as the origin of other drought types, and the process by which meteorological drought
triggers agricultural drought or hydrological drought is referred to as drought propagation [8-10].

Figure 1 illustrates the intricate relationship between meteorological drought, agricultural
drought, and hydrological drought, wherein these phenomena both inhibit and foster each other. On
one hand, meteorological drought intensifies water surface and shallow groundwater evaporation,
resulting in increased surface water and groundwater depletion, thereby directly triggering
hydrological drought (referred to as propagation route I in Figure 1). On the other hand,
meteorological drought can directly cause a decrease in soil water content. Inadequate replenishment
of soil water disrupts the crop water budget, leading to reduced grain yield and consequent
agricultural drought (referred to as propagation route II in Figure 1). When agricultural drought
persists for an extended duration, it causes the dehydration and compacting of the aeration zone.
Consequently, even with the same level of rainfall, the replenishment of surface water and
groundwater is diminished, thus triggering hydrological drought (also referred to as propagation
route III in Figure 1).
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Figure 1. Propagation process and correlation relationship within the meteorological, agricultural,
and hydrological drought system based on the watershed water cycle process.

In recent years, both domestic and foreign scholars have conducted extensive research on
drought propagation [11-14]. For instance, Ma et al. [15] examined the correlation between
meteorological drought and hydrological drought in the Huaihe River through correlation analysis
and cross-transform wavelet method. Li et al. [16] proposed a quantitative approach to investigate
drought propagation in the Yangtze River based on multiple drought indices, cross wavelet analysis,
and spatial self-correlation method. Liu et al. [17] analyzed and studied the time it takes for
meteorological drought to propagate to hydrological drought, as well as its seasonal variation
characteristics, using the Standardized Precipitation Index (SPI) and Standardized Runoff Index (SRI)
in the Wuding River basin, Kuye River basin, and Qinhe River basin. Bai et al. [18] quantified the
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propagation time and probability from meteorological drought to agricultural drought during the
period of 1981-2020, and further explored their sensitivities to seasons and drought levels in the Heihe
River Basin.

However, current researches on drought propagation predominantly focuse on the propagation
of meteorological drought to hydrological drought (Figure 1, propagation route I) or meteorological
drought to agricultural drought (Figure 1, propagation route II). Conversely, investigations on the
systematic propagation from meteorological to agricultural droughts, as well as from agricultural to
hydrological droughts (Figure 1, propagation routes II and III), are relatively limited and inadequate.

The progression of meteorological drought, from its initial occurrence to its subsequent
development, ultimately leading to the onset of agricultural drought or hydrological drought, is a
gradual and protracted process. This implies that agricultural and hydrological droughts exhibit a
certain time lag compared to meteorological drought [19-21]. Implementing drought mitigation
measures prior to the propagation of meteorological drought to hydrological or agricultural drought
can effectively mitigate socio-economic losses. Therefore, it is of paramount importance to
comprehensively elucidate the temporal evolution characteristics of the meteorological-agricultural-
hydrological drought system and analyze the spatiotemporal dynamics of drought propagation
within the framework of the watershed water cycle.

Hence, this study primarily focuses on investigating propagation routes II and 1II, as depicted
in Figure 1, which pertains to the temporal progression among meteorological, agricultural, and
hydrological droughts. By employing the Yellow River Basin (YRB) as the study area, we
quantitatively assess the time required for the propagation from meteorological to agricultural
droughts, as well as from agricultural to hydrological droughts. Furthermore, we analyze the
spatiotemporal distribution characteristics of the propagation time for meteorological, agricultural,
and hydrological droughts. The findings of this research can serve as valuable scientific references
for drought management agencies in enhancing real-time early warning systems for agricultural and
hydrological droughts, based on meteorological drought indicators.

2. Research Methods

2.1. SWAT Hydrological Model

The Soil and Water Assessment Tool (SWAT) is a distributed hydrological model developed by
the USDA-ARS, based on physical mechanisms [22,23]. It incorporates various basin characteristics,
such as climate, topography, geology, soil, land use types, and management practices, to effectively
simulate the hydrological processes of translocation and transformation. The SWAT model has been
widely adopted both domestically and internationally in watershed studies, demonstrating
commendable simulation performance [24-27]. Given its proven track record, the SWAT model is
selected to simulate the water cycle processes within the basin in this study.

The SWAT distributed hydrological model consists of three primary sub-modules: hydrological
process, soil erosion, and water quality simulation. The selection of specific sub-modules depends on
the research objectives. In this study, the hydrological simulation sub-module is employed to
simulate the water cycle processes within the basin. The hydrological process sub-module of SWAT
can be further divided into two components: the land surface part, which encompasses runoff
generation and slope confluence, and the water surface part, which focuses on river confluence within
the watershed. The former governs the input of water, sediment, nutrients, and chemicals into the
main river channel within each sub-basin, while the latter determines the transport of water,
sediment, and other substances from the river network to the basin outlet.

The watershed is initially divided into multiple sub-basins, based on the actual river network.
These sub-basins are then further subdivided into smaller hydrological response units, using
clustering techniques that consider the similarities in land use, soil type, and surface slope within
each sub-basin. Through this process, the water yield within each sub-basin is obtained by effectively
simulating the water cycle processes, including rainfall, evaporation, surface runoff, soil water
dynamics, and groundwater interactions. The total runoff at the basin outlet is subsequently obtained
by aggregating the individual runoff contributions from each sub-basin through the river network.

Within the hydrological simulation sub-module of the SWAT model, evapotranspiration is
calculated using the Penman-Monteith method, which accounts for various climatic and surface
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characteristics. Surface runoff is simulated using the Soil Conservation Service (5CS) curve method,
which provides a physically-based approach for runoff estimation considering different land use and
soil types. The simulation of soil water dynamics employs a dynamic storage model, which
incorporates factors such as slope, hydraulic conductivity, and temporal and spatial variations in soil
water content. The simulation of groundwater includes two components: shallow groundwater and
deep groundwater. Shallow groundwater represents water within the shallow saturation zone, which
eventually contributes to river runoff as base flow. Deep groundwater refers to water within the deep
pressure saturation zone.
(1) The water balance equation of shallow groundwater is as below:

aqsh,j = aqsh,j—l + Wrchrg,sh - ng - Wrecap - Wpump,sh (1)

Where, aqg; and aqqy.; are the water storage in shallow water layer on day i and day i-7,
respectively (unit, mm). wyengq is the recharge from shallow aquifer on day i (unit, mm). Q,, is the
groundwater flowing into the main river on day 7 (unit, mm). Wy, is the amount of water entering
the soil zone due to insufficient soil water on day 7 (unit, mm). Wyum,s is the groundwater extraction
from shallow aquifer on day i (unit, mm).

(2) The water balance equation of deep groundwater is as below:

agdp,j = anp,j—l + Wdeep - Wpump,dp (2)

Where, aqqy; and aqap,..1 are the water storage in deep aquifer on day i/ and day i -1, respectively
(unit, mm). waep is the water infiltration from shallow aquifers into deep aquifers on day i (unit, mm).
Woump.dp 1S the groundwater extraction from deep aquifer on day 7 (unit, mm).

The calculation formula of water yield in the hydrological response unit is as below:

WYLD = SURQ + LATQ + GWQ — TLOSS — PA )

Where, WYLD is the water yield (unit, mm). SURQ is the surface runoff (unit, mm). LATQ is the
lateral flow (unit, mm). GWQ is the groundwater (unit, mm). 7LOSS is the riverbed transmission
water loss (unit, mm). P4 is the water retention in ponds (unit, mm).

To evaluate the performance of the SWAT model in simulating monthly runoff, three statistical
metrics were utilized: the Nash-Sutcliffe efficiency coefficient (Ns) [28], the relative error (Re), and
the coefficient of determination (R?) [29]. The simulated and observed runoff time series were judged
to have an acceptable fit if the following thresholds were met concurrently on a monthly scale: Ns >
0.5, IRel <25%, and R2> 0.6 [30].

2.2. Drought Indexes
2.2.1. Standardized Precipitation Evapotranspiration Index

Meteorological drought arises from an imbalance in the water cycle, caused by anomalies in
precipitation and evapotranspiration over annual, seasonal, or monthly timescales [31]. To
characterize meteorological drought the Standardized Precipitation Evapotranspiration Index (SPEI),
proposed by Vicente-Serrano et al. [32], was utilized in this study. SPEI modifies the Standardized
Precipitation Index (SPI) by incorporating potential evapotranspiration. SPEI sensitively captures the
atmospheric water vapor deficit arising from mismatches between income (precipitation) and loss
(evapotranspiration). Therefore, it is well-suited for monitoring and assessing meteorological
drought, even under non-stationary climate warming trends, across river basins. The calculation
steps of SPEI are as follows:

(1) Calculation of the difference between precipitation and evaporation:

@ =P-E @

1

Where, & is the difference between precipitation and evaporation (unit, mm) of watershed

during the ith period. I} is precipitation of watershed during the ith period (unit, mm). E; is the

1

evaporation of watershed during the ith period(unit, mm).

(2) Normalizing the value & in Eq. (4)and then standardizing the probability density:
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Where, O, = 2515 517, &4 = 0.802853, O, = 0.010 328, [, =1.432788, [3, =0.189269 [,
~0.001308.
2.2.2. Standardized Soil Moisture Index

The Standardized Soil Moisture Index (SSMI) is a reliable indicator for assessing soil water
conditions at various time scales and exhibits a strong correlation with both meteorological and
hydrological drought [33]. Consequently, this study employs the SSMI to characterize soil drought.
The calculation approach for the SSMI parallels that of the SPEI, wherein the distribution function is
employed to model the soil water series data and subsequently normalize the fitted values [34].

2.2.3. Nonlinear Joint Hydrological Drought Index

Hydrological drought occurs when runoff and water levels in rivers and lakes are abnormally
low due to imbalanced surface water and groundwater budgets within a watershed [35]. To
characterize hydrological drought in this study, the Nonlinear Joint Hydrological Drought Index
(NJHDI) was utilized. As proposed in our previous research [36], NJHDI accounts for nonlinear
surface water-groundwater interactions and changes in underlying surface conditions affecting the
hydrologic cycle. It sensitively captures abnormal imbalances between surface water and
groundwater components. The NJHDI constructs a joint distribution function of surface water and
groundwater using copula theory, which is then inverted to the standard normal space. The main
calculation steps are:

(1) Assuming that surface water and groundwater are two random variables X and Y, the
cumulative joint probability p of X and Y can be calculated by copula as below:

P(X<x,Y <y)=C[F(X),G(Y)]=p (8)

Where, C is the copula connection function and F (X) and G (Y) are the marginal cumulative
distribution functions of random variables X and Y, respectively.

According to the cumulative joint probability p calculated in equation (8), the hydrological
drought index NJHDI can be calculated as below:

NJHDI = [~ (p) )

Where, f(p) is normal distribution function.

2.2.4. Classification Standard of Drought Grades

According to the classification standard of national meteorological drought and previous
studies[37-39], the SPEI, SSMI and NJHDI are divided into five grades. The meteorological,
agricultural and hydrological drought grades and corresponding thresholds are shown in Table 1.

Table 1. Classification Standard of drought grades.

Drought grade Meteorological Agricultural drought  Hydrological drought
drought
No drought -0.5< SPEI -0.5<SSM1 -0.5< NJHDI
Light drought ~1<SPEI<-0.5 1< SSMI<-0.5 —1< NJHDI £ —0.5

Medium Drought -1.5<SPEI<-1.0 -1.5<SSMI<-1.0 -1.5< NJHDI<-1.0

doi:10.20944/preprints202309.1050.v1
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Severe drought -2.0<SPEI<-1.5 -2.0<SSMI<-1.5 -2.0< NJHDI £-1.5
Extreme drought SPEI < -2.0 SSMI <-2.0 NJHDI £ -2.0

2.3. Drought Propagation Time

Drought propagation time refers to the lag between the onset of meteorological drought and
agricultural drought, or between agricultural drought and hydrological drought. The strongest
correlation coefficient method has been widely utilized in recent studies to quantify propagation time
[40—43]. Taking meteorological to agricultural drought as an example, the approach is illustrated in
Figure 2. Since crop growth cycles are generally less than one year, the cumulative drought scale is
defined from 1-12 months. As shown in Figure 2, let SPEI§j and SSMI-1 denote the j-month
meteorological drought and 1-month agricultural drought in month i, respectively, where i = 1,
2,...,12. When the correlation between SPEI-j and SSMI-1 is maximized, the meteorological to
agricultural drought propagation time in month i is j months. Similarly, the lag between SSMI-j and
NHDI-1 represents the agricultural to hydrological drought time.

Seasonal mean propagation times are computed by averaging the monthly values - for instance,
springtime lag is the mean of March, April, and May. Overall, this correlation-based approach
quantitatively elucidates the cascading effects of drought across interlinked meteorological,

agricultural, and hydrological systems.
SPEI-j

\
1i 2 3 i 12 The meteorological drought sequence at
g e s j-month scale in the ith month(SPEI-j)

Strongest @ correlation

The agricultural drought sequence at

‘ . | 2‘ - ‘ | - ‘ \ H I u l 12 one-month scale in the ith month (SSMI-1)

Figure 2. Schematic diagram of drought propagation time based on strongest correlation coefficient
method.

3. Case study and Data Sources

3.1. The Yellow River Basin

The Yellow River is the second largest river in China, with a drainage basin of 795,000 km2 and
main stem length of 5,464 km. The climate varies significantly across the basin due to the influences
of atmospheric and monsoonal circulations. Precipitation exhibits substantial spatial heterogeneity,
uneven seasonal distribution, and high interannual variability. The multi-year mean annual
precipitation is approximately 476 mm, decreasing from southeast to northwest. Most areas have
high potential evapotranspiration ranging from 800 to 1,800 mm annually. Mean annual
temperatures vary from -4°C to 14°C, increasing from northwest to southeast [44,45]. To
comprehensively analyze the spatial propagation characteristics among meteorological, agricultural,
and hydrological droughts, the Yellow River Basin (YRB) was delineated into six zones based on
climatic regions, as shown in Figure 3. The climatic features of each zone are detailed in our previous
work [46].

As the "Mother River" of China, the YRB supplies water to major agricultural areas and over 50
large, medium, and small cities, playing a vital role in national socioeconomic development [47,48].
However, the unique geography and climate render the basin prone to frequent droughts, hence its
ancient epithet of "nine droughts in ten years." Drought poses a major threat to ecological
environments and economic-social stability in the region [49,50].
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Figure 3. Map depicting the location and topography of the YRB and its six delineated zones. Zone A
encompasses a semi-arid to semi-humid region with plateau climatic characteristics. Zone B
represents a transitional zone between plateau and mid-temperate climates. Zone C comprises an arid
to semi-arid region with mid-temperature climatic features. Zone D constitutes a semi-arid region
with warm temperature climate traits. Zone E encompasses a semi-arid to semi-humid zone with
temperate continental climate. Zone F constitutes a humid region with temperate monsoonal climate
characteristics.

3.2. Data Sources

Daily precipitation, minimum and maximum temperature records (1960-2010) from 121
meteorological stations (Figure 3) were acquired from the China Meteorological Administration.
Monthly naturalized streamflow data (1960-2010) at 5 hydrological stations (Figure 3) were obtained
from the Yellow River Conservancy Commission. A 90 m resolution digital elevation model (DEM)
for the YRB was downloaded from geospatial cloud databases.A 1:1 million scale soil map classified
into 10 types (FAO98 system) was downloaded from the Nanjing Institute of Soil Science, Chinese
Academy of Sciences. The soil types include calcareous cinnamon, black earth, fluvo-aquic, and
brown soil. Four 1:100,000 scale land use maps (1980, 1990, 2000, 2010) were acquired from the
Chinese Academy of Sciences and reclassified into 6 types per the National Standard (GB/T21010-
2007), including cultivated land, grassland, forest, water bodies, barren land, and built-up areas.
These long-term, high-resolution spatiotemporal datasets enabled robust characterization of
meteorological, agricultural, and hydrological drought propagation across the YRB.

4. Results and Discussion

4.1. Simulation Results of SWAT Model

Prior to calibrating the SWAT model, the Mann-Kendall nonparametric test [51] was applied to
detect abrupt changes in the monthly naturalized streamflow records from 1961-2010 at the five
hydrological stations. The results revealed breakpoints around 1990 across all gauges. Based on this
finding, the study period was divided into two segments - 1961-1990 and 1991-2010 - for subsequent
analyses. Since SWAT simulation accuracy directly impacts drought propagation time calculations,
model parameters were calibrated and validated for both segments to ensure robust representation
of the YRB hydrologic cycle. A 1-2 year warm-up period was specified in the initial SWAT simulations
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to eliminate the default zero parameter values. The model warm-up, calibration, and validation
periods are summarized in Table 2. This rigorous calibration procedure enabled reliable

quantification of meteorological, agricultural, and hydrological drought propagation under
contrasting climatic conditions before and after 1990.

Table 2. The warm-up, calibration and validation periods in the SWAT model.

Period Warm-up period Calibration period Verification period
1961—1990 1960 1961-1975 1976-1990
1991—2010 1990 1991-2000 2001-2010

Figure 4 presents the monthly simulated and observed runoff time series from 1961-1990 and
1991-2010 at the Tangnaihai, Lanzhou, Toudaoguan, Huaxian, and Huayuankou gauges across the
YRB. As shown, the SWAT model accurately captures the observed monthly runoff dynamics during
both periods for all stations. The evaluation metrics meet the threshold criteria, with Nash-Sutcliffe
efficiency >0.5, relative error <25%, and R2>0.6. These results demonstrate the SWAT model skillfully
simulates basin-wide hydrological processes including precipitation, evapotranspiration, surface
runoff, soil moisture, and groundwater recharge across different climatic zones of the YRB. The
calibrated SWAT model will enable robust characterization of the spatiotemporal evolution of
meteorological, agricultural, and hydrological drought propagation in this complex watershed.
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Figure 4. Comparison of naturalized runoff and simulated runoff at five hydrological stations during

two periods in the YRB.

4.2. Propagation Time of Meteorological Drought to Agricultural Drought

Figure 5 presents the correlation coefficients between 1-12 month aggregated meteorological
drought and 1-month agricultural drought across the YRB. Warmer colors indicate higher correlation,
while cooler colors denote lower correlation. The small black points mark the maximum correlation
between agricultural and meteorological drought for each given cumulative monthly meteorological
drought scale. In other words, these points represent the propagation time in months from
meteorological to agricultural drought during each month, corresponding to the horizontal axis
cumulative monthly timescale. This correlation matrix elucidates the spatiotemporal evolution of
drought propagation from the meteorological to agricultural droughts over the YRB.
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Figure 5. The correlation coefficient between meteorological drought at 1-12 month cumulative scale
and agricultural drought at 1-month scale in the YRB.

Figure 5 shows strong correlation between meteorological and agricultural drought across the
YRB during 1961-1990. The relationship was slightly weaker in the upper reaches (zones A-C)
compared to the middle-lower reaches (zones D-E), indicating soil moisture in the YRB, especially
downstream regions, was highly sensitive to precipitation and temperature changes prior to 1990.
This is attributed to the flat terrain in middle-lower areas enhancing precipitation infiltration and soil
moisture recharge. In contrast, correlation weakened in 1991-2010, particularly in the arid-semiarid
mid-latitude zone C. Soil moisture sensitivity to climate drivers significantly declined, likely due to
the zone's location in the rain-scarce Ningmeng reach with increasing rainless days and frequent
meteorological droughts after 1990 [52]. Although monthly lags showed variability, distinct seasonal
patterns emerged. Therefore, seasonal mean propagation times for spring, summer, autumn and
winter in each zone were calculated during 1961-1990 and 1991-2010, summarized in Table 3.

Table 3. Propagation time from meteorological drought to agricultural drought at seasonal scale in
the Yellow river basin (Unit, month).

Spring Summer
Period A B ¢ D E § Whle g ¢ p g p Who
basin basin
1961 —1990 7 1 2 4 4 10 5 1 1 4 1 2 1 2
1991—2010 3 3 6 9 6 7 6 1 2 1 4 4 1 3
Autumn Winter
Period A B ¢ D E § Whle g ¢ p g p Who
basin basin
1961—1990 3 6 6 4 4 5 5 6 9 10 8 8 9 8
1991—2010 2 4 3 3 3 4 3 4 8 5 6 6 7 6

Table 3 reveals that the propagation time in the YRB during different seasons varied. In spring,
the propagation time ranged from 5 to 6 months, while in summer it ranged from 2 to 3 months.
Autumn exhibited a propagation time of 3 to 5 months, and winter had the longest propagation time
of 6 to 8 months. The shorter propagation time in summer can be attributed to the fact that soil water
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primarily relies on atmospheric precipitation, which is abundant during this season. Consequently,
soil water is highly responsive to changes in precipitation and quickly reacts to meteorological
droughts. Additionally, the high temperatures in summer accelerate soil water evaporation. In the
event of a meteorological drought characterized by high temperatures and limited rainfall, a shortage
of soil water can promptly occur, leading to agricultural drought. The longer propagation time in
winter can be attributed to the occurrence of snowfall in the northern basin, which typically does not
melt until the arrival of spring and warmer temperatures. When compared to the period of 1961-1990,
the propagation time in most zones of the YRB from 1991 to 2010 was extended in spring and summer
but reduced in autumn and winter.

Spatially, there were significant variations in the propagation time of drought in spring across
different zones of the YRB between 1961 and 1990, ranging from 1 to 10 months. Generally, zones B
and C exhibited the shortest propagation time of 1 to 2 months, while zone F had the longest
propagation time of 10 months. However, after 1990, the spatial differences in spring propagation
time gradually reduced to 3 to 9 months. Zones B and C had the shortest propagation time of 3
months in spring, while zone D had the longest propagation time of 9 months. In summer, the
propagation time of drought in the YRB mainly concentrated within 1 to 4 months. Prior to 1990,
long-term drought propagation time in summer was primarily distributed in zone C, whereas after
1990, it shifted to zones D and E, indicating a gradual shift of long-term drought propagation towards
the middle and lower reaches of the basin. During the period of 1961 to 1990, the propagation time
of drought in autumn within the YRB ranged from 3 to 7 months, with zones B and C experiencing
the longest propagation time of 7 months. However, the spatial differences in propagation time in
autumn significantly decreased to 2 to 4 months between 1991 and 2010. Prior to 1990, the
propagation time of winter drought in the YRB ranged from 6 to 10 months, which was reduced by 2
to 5 months after 1990. Particularly in the upper reaches of the basin, the propagation of winter
drought was shortened from 10 months to 5 months, primarily due to the significant increase in
winter temperatures and acceleration of snow melting in the six zones of the YRB after 1990 compared
to the period of 1961 to 1990 (Figure 6).
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Figure 6. Compared with the period of 1961-1990, the variation of winter temperature in six zones of
the YRB during the period of 1991-2010.

4.3. Propagation Time of Agricultural Drought to Hydrological Drought

Figure 7 presents the correlation coefficient between agricultural drought at cumulative scales
of 1 to 12 months and hydrological drought at a 1-month scale in the YRB. The color scheme
represents the strength of the correlation coefficient, with redder shades indicating higher coefficients
and bluer shades representing lower coefficients. The small black points indicate the strongest
correlation coefficient between hydrological drought and agricultural drought at the corresponding
cumulative scale of the month. In other words, these points indicate the propagation time from
agricultural drought to hydrological drought within the month, corresponding to the cumulative
monthly scale shown on the horizontal axis.


https://doi.org/10.20944/preprints202309.1050.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 September 2023 do0i:10.20944/preprints202309.1050.v1

12

1961— 1990 1991— 2010

7 9

Cumulative monthly scale Cumulative monthly scale

Figure 7. The correlation coefficient between agricultural drought at 1-12 months cumulative scale
and hydrological drought at 1-month scale in the YRB.

Figure 7 illustrates that, in comparison to the period of 1961-1990, the correlation between
agricultural drought and hydrological drought in the YRB noticeably diminished during the period
of 1991-2010. This decline can be primarily attributed to the substantial migration of rural populations
to economically developed urban areas after 1990, resulting in a rapid expansion of urban
construction land. Table 4 presents the areas and proportions of change in urban construction land in
the YRB from 1980 to 2010. The table reveals an increasing trend in the area of urban construction
land within the basin, particularly from 2000 to 2010, when the proportion of urban construction land
grew by nearly 20%. The extensive urbanization process involves transforming pervious surfaces into
impervious ones, such as replacing loose pavements with cement pavements. This alteration reduces
the infiltration of surface water, disrupts the natural connection between soil water and surface water,
and consequently weakens the correlation between agricultural drought and hydrological drought.

Table 4. Change area and proportion of urban construction land in the YRB from 1980 to 2010.

Period Change area (km?) Change proportion (%)
1980—1990 898 5.16
1990—2000 1669 9.12
2000—2010 3980 19.93

The propagation time from agricultural drought to hydrological drought in the six zones of the
YRB exhibited a scattered pattern, with no significant seasonal differences. However, in comparison
to the period of 1961-1990, the propagation time from agricultural drought to hydrological drought
during 1991-2010 displayed an increasing trend. This can be primarily attributed to the stabilization
of water and soil conservation efforts in the YRB since the 1990s. The implementation of numerous
water and soil conservation measures, including ecological and engineering measures, has gradually
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restored vegetation and grassland areas in the basin. Particularly after 2000, these conservation efforts
have yielded remarkable achievements [53]. As a result, the water holding capacity of the soil in the
YRB has significantly improved, leading to increased recharge of soil water to groundwater.
Consequently, the propagation time from agricultural drought to hydrological drought has been
prolonged.

Spatially, zone B and zone E exhibited relatively longer propagation time of 7 to 12 months from
agricultural drought to hydrological drought. This can be attributed to the presence of four large
reservoirs (Longyangxia and Liujiaxia, Sanmenxia and Xiaolangdi) located in these zones [54]. The
perennial water storage in these reservoirs maintains relatively high groundwater levels, allowing
groundwater to supplement base flow and alleviate hydrological drought for a certain duration when
agricultural drought occurs. On the other hand, zone C displayed relatively shorter propagation
times ranging from 1 to 5 months from agricultural drought to hydrological drought. This is because
zone C is situated in the Ningmeng reach, characterized by lower rainfall and higher evaporation
rates. The thicker vadose zone in the soil hinders the formation of surface runoff and underground
runoff. Consequently, when the soil experiences water scarcity, it is more susceptible to groundwater
depletion, leading to hydrological drought. As a result, the propagation time from agricultural
drought to hydrological drought in zone C is relatively short.

In comparison to meteorological drought and agricultural drought, the correlation between
agricultural drought and hydrological drought is weaker, but the propagation time is longer. This
can be primarily attributed to the sensitivity of soil water to changes in precipitation and temperature.
When meteorological drought occurs, it directly leads to a decrease in soil water content,
subsequently inducing agricultural drought. However, when agricultural drought occurs, the base
flow can typically be replenished by the relatively stable groundwater, mitigating the drying up of
rivers. Consequently, agricultural drought generally persists for a certain duration, ultimately
inducing hydrological drought.

4.4 Uncertainty Analysis

Watershed hydrological models like SWAT simplify complex land surface processes into
mathematical equations and parameters to simulate components of the hydrologic cycle including
evapotranspiration, infiltration, soil moisture flow, and groundwater recharge. However, inherent
uncertainties remain in all models' representations of real-world watershed hydrology [55]. Although
the SWAT model demonstrated satisfactory performance across different periods and regions of the
Yellow River Basin, uncertainties still exist in simulated water cycle variables like soil moisture,
surface water, and groundwater. Three primary sources contribute to these uncertainties: (1) errors
in input data such as DEM resolution, land use classification, and precipitation accuracy; (2)
uncertainty in calibrated model parameters; and (3) structural deficiencies stemming from
incomplete process understanding and model conceptualization. To reduce these uncertainties in
future work, the SWAT model implementation can be improved through fusion of multi-source
inputs, dynamic parameter estimation, and coupling with complementary models to better constrain
the complex Yellow River Basin hydrological cycle. Advancing hydrological modeling frameworks is
key to reducing uncertainties in coupled drought analysis.

Fundamentally, drought arises from imbalances in basin-scale hydrological cycle components.
Any hydrometeorological anomalies can trigger drought onset and propagation along
interconnected pathways. For instance, meteorological drought deficits directly reducing soil
moisture may linearly induce agricultural drought. However, agricultural systems can exhibit
resilience to meteorological drought if irrigation or other human interventions recharge soil water. In
such cases, the meteorological-agricultural drought correlation weakens and propagation time
increases. Even prolonged meteorological drought does not necessarily cascade to agriculture.
Therefore, complex nonlinear dynamics are inherent to drought propagation, introducing
uncertainties in quantifying lag times.

In this study, calibrating the hydrological model with naturalized streamflow removed human
influences like irrigation, highlighting linear climate-driven propagation. Going forward, nonlinear
drought pathways could be identified using copula models or directional information indices to
capture agricultural-hydrological linkages mediated by human activities like reservoir operations
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across the complex watershed system. Capturing this nonlinearity is key to developing integrated
drought monitoring and early warning frameworks.

5. Conclusions

Key findings on spatiotemporal evolution characteristics of the meteorological-agricultural-
hydrological drought system within the framework of the watershed water cycle in the YRB are
summarized as follows:

(1) Strong correlation existed between meteorological and agricultural drought, with distinct
seasonal propagation time addressing 5-6 months in spring, 2-3 months in summer, 3-5 months in
autumn, and 6-8 months in winter. Compared to 1961-1990, propagation time increased in spring and
summer but decreased in autumn and winter across most regions during 1991-2010. Notably, the
propagation of winter drought in the upper basin declined from 10 to 5 months, likely due to
accelerated snowmelt from significant warming after 1990.

(2) The agricultural-hydrological drought correlation weakened over time. Propagation times
showed no seasonal differences but increased overall, potentially due to improved soil water
retention from revegetation and conservation efforts since the 1990s. This enhanced soil recharge to
groundwater, prolonging the agricultural-hydrological lag. Spatially, zones B and E exhibited longer
propagation time of 7-12 months due to reservoir regulation maintaining high groundwater levels to
sustain baseflow during agricultural droughts. In contrast, zone C had shorter propagation time of
1-5 months because thick vadose zones inhibit surface and subsurface runoff generation. Overall,
complex meteorological-agricultural-hydrological drought propagation dynamics arise across the
heterogeneous YRB climate and landscape.

(3) Compared to the meteorological-agricultural coupling, the agricultural-hydrological
drought correlation was weaker despite the longer propagation time. This is because soil moisture is
highly sensitive to precipitation and temperature fluctuations, such that meteorological deficits
rapidly reduce soil water to induce agricultural drought. In contrast, stable groundwater recharge
sustains river baseflow during agricultural drought, delaying the emergence of hydrological deficits.
Therefore, prolonged agricultural drought is typically required to propagate into hydrological
systems.

(4) This study isolated climate-driven propagation pathways by calibrating hydrologic models
with naturalized streamflow, excluding human influences like irrigation and reservoirs. The
strongest correlation coefficient method quantified the linear propagation time between
meteorological, agricultural, and hydrological drought events across the Yellow River Basin. Moving
forward, copula models or directional indices could elucidate nonlinear drought propagation
mediated by anthropogenic hydrologic alterations.
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