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Abstract: Investigating the processes governing drought propagation under a changing environment is essential
for advancing drought early warning and reducing socio-economic risks. Currently, few studies have analyzed
the effects of meteorological factors and watershed characteristics on drought propagation based on non-
stationary drought indices. In this paper, the probabilities and thresholds of meteorological drought to
hydrological drought propagation were calculated using the non-stationary drought index constructed using the
Generalized Additive Model for Location, Scale, and Shape (GAMLSS) model and the Copula function to assess
the influence of large-scale climatic indices, meteorological elements, and watershed characteristics on the
propagation characteristics of seasonal droughts. The results showed that non-stationary drought indices that
incorporate meteorological factors tended to have a better performance than standardized drought indices. Under
the combined influence of large-scale climatic indices, temperature, specific humidity, and wind speed, the
propagation probabilities became larger especially during spring and winter in the upstream and midstream
regions of the Luanhe River Basin, China, with the propagation thresholds in winter significantly increases by
0.1-0.2. These mean that hydrologic droughts are more likely to be triggered. Furthermore, the spatial variability
of drought propagation is further influenced by watershed characteristics, including the slope and leaf area index,
which collectively alter runoff generation processes.

Keywords: Climate change; Watershed characteristics; Drought propagation; Luanhe River basin
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1. Introduction

As one of the major climate problems, meteorological drought poses a serious threat to the ecological
environment and social economy (Wang et al., 2022; Hao et al., 2019; Kumar et al., 2019). In a drought event,
meteorological drought often occurs first and insufficient precipitation leads to hydrological drought or
agricultural drought through the hydrological cycle (Han et al., 2019; Zhang et al., 2022; Zhong et al., 2020).
This process of meteorological drought triggering hydrological or agricultural drought is called inter-type
drought propagation (Zhang et al., 2021; Wossenyeleh et al., 2021; Apurv and Cai, 2020; Jehanzaib et al., 2020).
After suffering from numerous drought disasters, it is widely recognized that the impact of drought on human
life can be reduced by investigating the propagation of droughts. (Pandey et al., 2022; Dehghani et al., 2019; Le
et al., 2016).

Drought is often studied based on drought indices, and the choice of drought index is crucial for
characterizing regional drought (Mahmoudi et al., 2019; Tao et al., 2021; Xu et al., 2021). Some drought indices:
the Standardized Precipitation Index (SPI), the Standardized Precipitation Evapotranspiration Index (SPEI), the
Standardized Runoff Index (SRI) and the Standardized Soil moisture Index (SSI) are used to describe the
drought characteristics of a region (Mckee et al., 1993; Vicente-Serrano et al., 2010; Shukla and Wood, 2008; Xu
et al., 2021).In recent years, scholars have made a lot of efforts to examine drought propagation characteristics,
employing a wide range of analytical tools including both statistical analyses and model simulations. Such as the
Copula models (Wu et al., 2022; Wang et al., 2022; Guo et al., 2020), Markov models (Yeh and Hsu, 2019;
Vorobevskii et al., 2022), and Variable Infiltration Capacity (VIC) model (Bhardwaj et al., 2020; Lilhare et al.,
2020). Wang et al. (2022) analyzed the propagation probability characteristics of meteorological drought to
hydrological drought in the Yiluo River Basin based on the Copula function. Sattar et al. (2020) assessed the
propagation probability of meteorological drought to different categories of hydrological drought in the Han
River basin using Markov Bayesian Classifier and conditional probabilities. Bhardwaj et al. (2020) assessed
drought propagation characteristics in India based on the SPI and VIC models.

Some studies have shown that under the dual influence of climate change and human activities, the
spatiotemporal evolution characteristics of drought are difficult to analyze (Wu et al., 2022; Jehanzaib et al.,
2020; Zhou et al., 2019). Therefore, scholars analyzed the factors that affect the propagation of droughts around
the world (Li et al., 2019b). For instance, Jehanzaib et al. (2020) and Pefia-Gallardo et al. (2019) have found that

climate type, climate change, catchment characteristics, and other factors can affect the propagation of drought.
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Ding et al. (2021) showed the effect of climate on drought propagation by comparing the differences in
propagation time from meteorological drought to hydrological drought in different climatic regions of China.
Guo et al. (2021) assessed the impact of large reservoirs on propagation by comparing differences in drought
propagation characteristics before and after reservoir construction.

Under the influence of climate change and human activities, precipitation and runoff series show significant
non-stationarity and uncertainty, and drought studies become more complex and urgent (Wang et al., 2015; Wang
et al., 2020; Jehanzaib et al., 2023). Therefore, researchers incorporate non-stationarity into drought studies
through more appropriate analytical tools. The GAMLSS model is one of the commonly used methods.
Previously, researchers mostly used the non-stationary drought index constructed based on the GAMLSS model
to assess the impacts of climate change, human activities, and other factors on a single drought, indicating that
the non-stationary drought indices have a better performance than the stationary drought index in drought
research (Shao et al.,, 2022; Wang et al., 2023). Since then, the non-stationary drought indices have been
gradually applied to the study of drought propagation. Das et al. (2022) constructed non-stationary
meteorological and hydrological drought indices using large-scale climatic factors and regional meteorological
elements as covariates for precipitation and runoff, respectively, and assessed the impact of external drivers on
drought propagation characteristics. Overall, fewer studies incorporate non-stationary drought indices into
drought propagation.

As the main source of water supply for the Beijing-Tianjin-Tangshan area, the Luanhe River Basin is
responsible for multiple tasks such as urban water supply, and industrial and agricultural water supply. Frequent
droughts in recent years have not only affected the supply of regional water resources but also had a serious
impact on the ecological environment. Therefore, an in-depth understanding of the evolution pattern and impact
mechanism of drought is of great significance to the rational allocation of water resources and sustainable
development of the basin. According to some recent studies, there are non-stationary characteristics in the
precipitation series and the runoff series of the Luanhe River Basin (Li et al., 2019a; Li et al., 2020) and the
occurrence of drought in Luanhe River Basin may be related to some large-scale climatic indices (Wang et al.,
2018; Li et al., 2015; Wang et al., 2016). Wang et al. (2016) pointed out that the Atlantic Multi-Year Oscillation
(AMO) has a significant effect on drought in the Luan River Basin. In addition, meteorological factors are also
important in influencing droughts in the basin. Chen et al. (2022) pointed out that the increase in temperature
will lead to more frequent hydrological droughts in the Luan River basin in the future. Previous studies on the

Luanhe River Basin have focused on examining the effects of large-scale climatic factors on a single type of
3
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drought, with few assessments of the effects of large-scale climatic indices and regional meteorological elements
on drought propagation (Li et al., 2015; Wang et al., 2015; Li et al., 2024).

Although some progress has been made in the study of drought propagation, there are few studies
considering the impact of changing environments. Furthermore, spatial and temporal differences in drought
propagation are strongly related to watershed characteristics. To evaluate the influence of external driving factors
on drought propagation, NSPI and NSRI were constructed based on GAMLSS framework with climate indices
and meteorological factors as covariables. The propagation probability and propagation threshold of
meteorological drought to hydrological drought were calculated by Copula model under stationary and non-
stationary conditions in different seasons, respectively. The effects of climate change on drought propagation
were quantified at a seasonal scale, and the impacts of watershed characteristics on drought propagation were

explored.

2. Study area and data

The Luanhe River is the second largest river in Hebei Province, China, and its geographical location is
shown in Fig.1 (a). The area of the basin is about 44750 km?, with an average width of 90km from east to west
and a length of 500km from north to south, including a mountainous area of 43940 km? (Li et al., 2024). There
are obvious differences in physical and geographical conditions, and the topography of the whole basin is high in
the northwest and low in the southeast.

The surface is flat and the river valley is wide and shallow in the Luanhe River basin. The climate
difference between the north and south of the Luanhe River basin is obvious. The annual mean temperature
ranges from 1 to 11°C, while the July mean temperature ranges from 17 to 25°C (Gao et al., 2024). Affected by
the continental monsoon climate, the basin has four distinct seasons of precipitation, with an average annual
precipitation of 400~800mm, of which summer precipitation accounts for 67%-76% of the total annual
precipitation; spring and autumn account for about 9% and 15% respectively; and winter precipitation accounts
for only about 2% (Li et al., 2023). The climate type changes from cold temperate arid and semi-arid climate to
warm temperate semi-humid climate.

With global climate change, drought disasters in the Luanhe River Basin are becoming increasingly
frequent, causing serious losses to the region's ecology and socio-economy. According to historical records, the

main drought events in the Luanhe River Basin occurred in 1961, 1963, 1968, 1972, 1980-1984, 2000, 2007, and
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2009. The cumulative economic losses caused by drought disasters in the basin during the period from 1960 to
2010 exceeded 13 billion yuan. Under the influence of climate change and human activities, the characteristics
of drought propagation in the basin become more complex.

In this paper, the large-scale climatic indices (abbreviated as CI) Nino3.4, Atlantic Multidecadal Oscillation
(AMO), Southern Oscillation Index (SOI), Pacific Decadal Oscillation (PDO), Arctic Oscillation (AO), North
Atlantic Oscillation (NAO) and North Pacific (NP) data are derived from the National Oceanic and Atmospheric
Administration (NOAA) (http://www.esrl.noaa.gov/psd/data/climateindices) (1960-2014). The average monthly
precipitation, temperature, wind speed, specific humidity, evapotranspiration, and runoff datasets are available at
a grid resolution of 0.25° Lat % 0.25° Lon and are obtained from Global Land Data Assimilation System (GES

DISC Dataset: GLDAS Noah Land Surface Model .4 monthly 0.25 x 0.25 degree V2.0 (GLDAS _NOAH025 M

2.0) ). The grid-wise analysis is carried out at a resolution of 0.25° Lat x 0.25° Lon over the Luanhe River which
includes 58 grid points (Fig.1 (b)). Leaf area index of 0.25° spatial resolution was derived from the Advanced
Very High Resolution Radiometer (AVHRR) Global Inventory Modeling and Mapping Studies (GIMMS)

LAI3g version 2 (https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1653 ) (1981-2015). The slope data is

extracted from 90 m resolution DEM data, and the data set is provided by Geospatial Data Cloud site, Computer

Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn). In addition, based on

county-level administrative divisions, this study divides the research area into 11 sub-regions, namely ZL, DL,
GY, FN, WC, LH, LP, CDS, CDX, PQ, and KC (Fig.1 (c)). Based on geographical features, the watershed is
divided into three parts: upstream, midstream, and downstream. The upstream region includes ZL, DL, GY, FN,
and the northern part of WC; the midstream region includes the southern part of FN, the southern part of WC,

LH, and LP; and the downstream region includes CDS, CDX, PQ, and KC.


http://www.esrl.noaa.gov/psd/data/climateindices
https://disc.gsfc.nasa.gov/datasets/GLDAS_NOAH025_M_2.0/summary?keywords=GLDAS_NOAH025_M&start=1920-01-01&end=2025-04-02
https://disc.gsfc.nasa.gov/datasets/GLDAS_NOAH025_M_2.0/summary?keywords=GLDAS_NOAH025_M&start=1920-01-01&end=2025-04-02
https://disc.gsfc.nasa.gov/datasets/GLDAS_NOAH025_M_2.0/summary?keywords=GLDAS_NOAH025_M&start=1920-01-01&end=2025-04-02
https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1653
http://www.gscloud.cn/
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Figure 1 The geographical location of the Luanhe River Basin (a), and the grid points contained in the

watershed boundaries (b), 11 subregions contained in the watershed (c)

3. Methods

The current study aims to assess the impact of external drivers on drought propagation based on the
GAMLSS model, in particular, the probability and threshold of drought propagation in different seasons. Fig.2
summarizes the steps of the current study. First, the standardized drought indices SPI and SRI were calculated
based on monthly-scale rainfall and runoff. Then, the non-stationary drought indices NSPI and NSRI were
calculated using the large-scale climate indices and regional meteorological factors as covariates of the non-
stationary Gamma distribution parameters of the rainfall and runoff series, respectively. Finally, based on the
copula function, the drought propagation probability and threshold under stationary and non-stationary
conditions were calculated, and the impact of external driving factors on the propagation of meteorological

drought to hydrological drought was analyzed and quantified.
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Figure 2 Flowchart of this study

3.1 The calculation of drought index

3.1.1 Stationary Model

Based on precipitation data, the SPI is constructed using hydrological statistical principles and

standardization methods. The index has the advantages of convenient data collection, simple calculation, and is

suitable for multi-spatiotemporal scale calculations. Suppose that the precipitation series X at a certain time

scale satisfies the probability density function of Gamma distribution ./ (x) :

Jf(x)=

xa—le—x/ﬂ

BT(a)

M

In the formula, @ and /B are shape and scale parameters (@ >0, B >0) and they are treated as constants in

the GAMLSS framework. The cumulative probability of precipitation is as follows:

F() =] f(x)d

2

The corresponding SPI is obtained by normalizing the cumulative probability F'(x) of each item. The

cumulative probability normalization method is based on the inverse normal function algorithm proposed by

Abramowitz and Stegun. (1965).
If 0< F(X) <0.5:

SPI=—k—(

If 0.5< F(X)<I:

7o
In| —
F*(x)

c, +ek+c,k’
1+dk+d,k* +d i

3)

“4)
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Here: ¢, =2.515517, ¢, =0.802853, ¢, =0.010328, d, =1.4132788, d, =0.189269 and d; = 0.001308..

As a drought index that can effectively and accurately describe the hydrological drought characteristics of
the basin, SRI can be calculated by replacing the precipitation sequence with the runoff sequence and the
calculation method of SRI is similar to that of SPI. Table 1 shows the drought class classification (Kolachian and

Saghafian, 2021).

Table 1 Drought class classification and corresponding SPI values and SRI value

SPI\SRI value Class
>-0.5 Normal
-0.5 to -1.00 Mild
-1.00 to -1.50 Moderate
-1.50to -2.00 Severe
<-2.00 Extreme

3.1.2 Nonstationary Model

Generalized Additive Models for Location, Scale, and Shape (GAMLSS) proposed by Rigby and
Stasinopoulos. (2005) can flexibly analyze non-stationary time series, more details of GAMLSS are available in
Rigby and Stasinopoulos. (2005). In recent years it has often been applied to capture non-stationary in series
such as precipitation and runoff. The non-stationary model presented in this paper is based on the study by Das
et al. (2022). To better study the seasonal characteristics of drought and capture the changes in meteorological
elements caused by seasonal climate change, this paper chooses the drought index on a 3-month time scale to
analyze the propagation characteristics of drought, and the GAMLSS model is used to construct a non-stationary
model for the analysis of precipitation and runoff changes. By incorporating large-scale climate factors as
covariates, a non-stationary meteorological drought index is constructed and used to capture the non-stationary
characteristics of precipitation series in the basin. In this paper, based on the calculation principle of the
standardized drought index, the non-stationary Gamma distribution of precipitation and runoff is constructed
based on the GAMLSS model. The correlated climate variables are selected from these large-scale climate
factors (e.g., AMO, SOI, PDO, AO, NAO, and NP). To capture the non-stationary characteristics of the basin

runoff sequence, the non-stationary hydrological drought index (NSRI) was constructed. The meteorological
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variables (wind speed, temperature, and specific humidity) were considered as covariates for the non-stationary

model of hydrological drought index. The semi-parametric additive model formula used in this study is as

follows:
@(@) =2y (c) ™
&(8) =2 (c,) ®)

Where g,(e,) and g,(f,) are the link functions, which are determined by the domain of the statistical
parameter, namely, if the domain of the distributed parameter ¢, and B, are @,,, € R, the link functions are
gla)=a, and g(B)=p , if a,p, >0, then g(a,)=Ina, and g,(B)=Inp . The h, represents the
dependence function of the distribution parameters on the covariates ¢; . The parameter coefficients and model
residuals are estimated by RS algorithm, and whether the model residuals approximately satisfy the normal

distribution is analyzed, and the optimal fitting distribution is selected by AIC (Akaike Information Criterion),
SBC (Schwarz Bayesian Criterion), and GD (Global Deviance).

3.2 The Copula model

In multivariate drought probability analysis, the Copula function is an effective tool for constructing
multivariate joint drought distributions with multiple characteristics based on the univariate distribution and the

linkage structure between random variables. The equation is expressed as follows:

F(x.7)=C(Fy (x). Fy (v)) ©
where C is the two-dimensional Copula function, F (x,y) is a joint distribution function, Fy (X) and

F, (y) are the marginal distribution functions of two random variables X and Y, respectively. Before

establishing the joint distribution, the marginal distribution of the random variables needs to be determined, and
in this study, the normal distribution is used as the marginal distribution of the meteorological drought index and
hydrological drought index series. Droughts are usually extreme climatic events, precipitation shortages and
other extreme conditions, which are statistically manifested in the behavior of data tails, and Clayton Copula can
effectively capture the tail correlation between variables, which is especially significant in the research of
drought. Therefore, Clayton Copula is used to construct the joint distribution between meteorological drought
and hydrological drought indices in this paper (Guo et al., 2021; Zhang et al., 2022; Zhang et al., 2023). Based

on the Copula model, the conditional probabilities are calculated as follows (Liu et al., 2022):

P(Y <y X<x)_C(Fy(x).F ()

PIY <y <x]= PO <x) PO <x)

(10)

Here, P(X <x) denotes the cumulative probability of X <x . In this paper, with the meteorological
drought index as the condition and the hydrological drought index as the target, then P[Y <ylX < x] denotes

the conditional probability of occurrence of hydrological drought under different meteorological drought

conditions.
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The drought propagation threshold (PT) is commonly defined as the severity of the meteorological drought
that is most likely to cause hydrological drought, i.e., the SPI critical threshold. In this paper, the conditional
probability density of SPI was calculated for each scenario in the interval of -3 to 3 at an interval of 0.01, and
when SRI < -0.5, the SPI value corresponding to the maximum point of the conditional probability density is the
meteorological drought threshold that triggers hydrological drought (Zhou et al., 2022).

To visualize more intuitively the difference between meteorological drought to hydrological drought
propagation thresholds under non-stationary and stationary condition, the change rate of drought propagation

thresholds was calculated with the following equations:

T -T
R = x100% (11)

n s
c

s

where T, and 7, the thresholds of meteorological drought to hydrological drought propagation under non-

s

stationary conditions and stationary conditions, respectively.

4. Results

4.1 Selection of Climate Indices

Pearson correlation test can be used to test whether there is a correlation between two sample sequences that
follow a normal distribution. Usually, there is more than one climate factor affecting meteorological drought
(Gao et al., 2020). In this paper, to select the relevant climate variables linked with meteorological drought in the
Luanhe River basin, the Pearson correlation test was carried out to test the correlation between cumulative
precipitation series at different time scales K (K =1, 3, 6, 12, 24 months) and the CI with a lead time M (M = 0,
1, 2, 3 months) for all regions of the basin. The standardized climatic index series were averaged over a period
(4P) of 1, 3, 6, 12, and 24 months (CI-n: CI with AP=n). To analyze the seasonal drought characteristics of the
basin, we selected the significant climate indices for the cumulative precipitation series on a three-month time
scale. According to the correlation test results, AMO-1 and AMO-24 have higher correlation than other climate
indexes, so AMO-1 and AMO-24 are selected as the covariates of rainfall. AMO-1 and AMO-24 with a lead time
of M=0 months were selected as covariates for the precipitation series and the test results are shown in Fig.3. In
addition, the correlation between AMO-1, AMO-24 and precipitation series with lag time of 1, 2 and 3 months

from 1961 to 2014 is shown in the supplementary document (Tables S1-S6).
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Figure 3 The correlation between AMO and precipitation series during 1961-2014

Trends of temperature, wind speed, and humidity in different seasons were calculated by the Mann-Kendall
(M-K) trend analysis method in the watershed (Mann, 1945; Cheng et al., 2023). The results are presented in

Table 2. When the absolute value of Z is greater than 1.96, it indicates that the series shows a significant level of
p <0.05. The temperature shows a significant upward trend in four seasons. Wind speed shows a decreasing

trend in spring and summer and an increasing trend in autumn and winter. Relative humidity showed an

increasing trend in spring, summer, and winter, and a decreasing trend in summer.

Table 2 Trends of temperature, wind speed, and specific humidity in different seasons during 1961-2014

(The bold numbers represent the series shows a significant trend.)

Z
Spring Summer Autumn Winter
Temperature 4.55 4.37 4.13 3.66
Wind speed -0.03 -4.21 0.12 0.58
Specific humidity 1.29 -0.07 1.10 2.61

4.2 Preference of GAMLSS model

4.2.1 The simulation of precipitation series

GAMLSS framework was used to model the precipitation in each region of the watershed. To analyze the
seasonal drought characteristics of the region, the SPI was calculated for 3-month time scales in this article.
According to the correlation test results, AMO (AP=1 and AP=24) was selected as the significant C/ for non-
stationary modeling of precipitation. Seven different situations were considered according to the structure of the

GAMLSS model (the model types are shown in Table 3). The AIC, SBC, and GD were used to select the optimal

11
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model, taking the CDS region as an example. The results of model preferences for the precipitation series are

shown in Table 4.

Table 3 Different model situations considered for precipitation simulation (CI-n: CI with the AP=n month)

Model Parameters

a, B,
Mod 1 ~1 ~1
Mod 2 ~1 ~AMO-1, AMO-24
Mod 3 ~AMO-1, AMO-24 ~1
Mod 4 ~1 ~AMO-24
Mod 5 ~AMO-24 ~1
Mod 6 ~1 ~AMO-1
Mod 7 ~AMO-1 ~1

As can be seen from Table 4, for the non-stationary models of precipitation in the CDS region, among all

the models with climate index as covariates, Mod7 has the best performance in spring, with the AIC, SBC, and

GD of 494.1, 500.0 and 488.1 respectively. The optimal model in summer was Mod5, the AIC, SBC, and GD

were 625.8, 631.7, and 619.8. In autumn, the optimal model was Modl, the AIC, SBC, and GD were 505.8,

509.7, and 501.8. Mod2 had the best performance in winter, with the AIC, SBC, and GD of 322.5, 330.4, and

314.5. The results of the estimated model parameters of the precipitation in the CDS region are shown in Table 5.

Table 4 AIC, SBC, and GD of the different models of precipitation in the CDS region (the Bold indicates
the optimal model)

Model

Mod 1
Mod2
Mod3
Mod4
Mod5
Mod6
Mod7

Spring

Summer

Autumn

Winter

AIC

SBC

GD

AIC

SBC

GD

AIC

SBC

GD

AIC

SBC

GD

498.2
501.7
495.1
500.0
499.1
500.2
494.1

502.2
509.6
503.0
506.0
505.0
506.1
500.0

494.2
493.7
487.1
494.0
493.1
494.2
488.1

626.8
629.2
627.7
627.2
625.8
627.6
627.6

630.7
637.1
635.6
633.1
631.7
633.5
633.5

622.8
621.2
619.7
621.2
619.8
621.6
621.6

505.8
509.4
508.3
507.7
507.8
507.8
507.2

509.7
517.3
516.2
513.6
507.8
513.7
513.1

501.8
501.4
500.3
501.7
513.7
501.8
501.2

3253
322.5
3293
329.9
327.3
327.2
3273

3293
330.4
337.1
324.0
333.2
333.1
333.2

3213
314.5
3213
318.0
3213
321.2
3213
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Figure 4 Fitting results of four seasons of precipitation series in the CDS region (These red dots represent
precipitation observations, light grey areas represent areas between the 5% and 95% centile curves, dark
grey areas represent areas between the 25% and 75% centile curves, and black lines represent the median
(50%); the black dashed line in the worm plot of the fitted residuals indicates the 95% confidence interval)

To assess the quality of the fitting, Fig.4 provides the simulation of precipitation from the GAMLSS
framework (Taking the CDS region as an example). It can be seen from Fig.4 that the precipitation data values of
the four seasons were basically within the 95% quantile interval, the deviation values in the worm chart were
evenly distributed in the 95% confidence interval, and there was no obvious excess, which indicates that the
residual fitting of the Gamma distribution meets the conditions. In general, the temporal behavior associated with

the data was significant, the results of the model (Fig.4) seem to reproduce the behavior of the data, especially to
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Table 5 Model parameters estimation results in four seasons in the CDS region

Season Parameters

a, =exp(4.17+0.134AMO,-1)
Spring

B, =exp(-0.98)

a, =exp(5.75-0.104AMO, -2»)

Summer
B, =exp(-1.43)
a, =exp(4.29)
Autumn
B, =exp(0.40)
a, =exp(2.04)
Winter

B, = exp(0.20—0.49 AMO, -1 +0.29 AMO, -2:)

4.2.2 The simulation of the runoff series

For the simulation of runoff, temperature(T), specific humidity(H), and wind speed(W) were considered as
covariates of the shape and position parameters of the gamma distribution. Table 6 shows the models for the
different combinations of the covariates considered, and taking the CDS region as an example, the optimal

results are listed in Table 7.

Table 6 Different model situations considered for runoff simulation

Model Parameter

a, B
Mod 1 ~1 ~1
Mod 2 ~1 ~Tand H
Mod 3 ~Tand H ~1
Mod 4 ~1 ~T
Mod 5 ~T ~1
Mod 6 ~1 ~H
Mod 7 ~H ~1
Mod 8 ~1 ~W
Mod 9 ~1 ~T,Hand W
Mod 10 ~T,Hand W ~1
Mod 11 ~W ~1
Mod 12 ~H and W ~1
Mod 13 ~Tand W ~1
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Table 7 AIC, SBC, and GD of the best suitable model of the non-stationary model of runoff in the CDS

region

Season The optimal model

AIC: -70.28
Spring Mod 10 SBC: -60.43
GD: -80.27

AIC:136.19
Summer Mod 4 SBC:142.10
GD:130.19

AIC: -58.67
Autumn Mod 3 SBC: -50.79
GD: -66.67

AIC: -447.77
Winter Mod 3 SBC: -439.89
GD: -455.77

The results of the estimated model parameters of the runoff in the CDS region as an example were shown in
Table 8. As seen in Table 8, the main factors affecting the spring runoff series were temperature, specific
humidity, and wind speed, with specific humidity having a greater influence than the other two factors. In
summer, temperature was the main factor influencing the runoff series. In autumn and winter, runoff sequences
were mainly influenced by temperature and specific humidity.

The simulation results of the stationary model and non-stationary model for runoff in the CDS region are
shown in Fig.5. As can be seen from Fig.5, most of the runoff data values (red points) of the four seasons were
located in the light gray area (5% and 95% centile curves), and the data deviations in the worm plots were evenly
distributed in the 95% confidence interval (between the two black ellipses dotted lines), which show that non-
stationary gamma distribution meet the requirements for the fitting of runoff series. In Fig.5, the non-stationary
model showed the time variation characteristics of the runoff series flexibly. Generally, the non-stationary model
can describe the variability of runoff series accurately. In summary, the non-stationary model with temperature,
specific humidity, and wind speed were considered as covariates that can capture the time variation

characteristics of the runoff series.

Table 8 Model parameters estimation results in four seasons of the CDS region

Season Parameter
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a, = exp(~1.57—0.37T +0.54H, +0.2817))

Spring
B, =exp(-0.42)
a, =exp(0.62)
Summer
B, =exp(-0.73+0.237))
a, =exp(~1.45-0.29T, +0.48H,)
Autumn
B, =exp(-0.41)
a, =exp(—4.85-1.917, +1.34H,)
Winter

B, =exp(0.48)

The results of the optimal modeling of the non-stationary series for the 11 regional runoffs are presented in
Table 9. Table 9 shows that there are some differences in the optimal models of the non-stationary runoff series
in different regions in different seasons, among which the spatial differences of the optimal models in winter are
the most significant. The optimal models in spring are mainly Mod3 and Mod10, in summer the optimal models
are mainly Mod2, Mod4 and Mod8, in autumn the optimal models are Mod3 and Mod7, and in winter the

optimal models are mainly Mod3 and mod11.

Table 9 Optimal model of non-stationary runoff series in different seasons in each region of the basin

Region Spring Summer Autumn Winter
ZL Mod3 Mod6 Mod7 Mod11
DL Mod3 Mod2 Mod7 Mod11
GY Mod3 Mod8 Mod7 Mod11
FN Mod3 Mod2 Mod7 Mod12
wC Mod3 Mod8 Mod7 Mod7
LH Mod3 Mod4 Mod3 Mod3
LP Mod3 Mod4 Mod3 Mod3

CDS Mod10 Mod4 Mod3 Mod3
CDX Mod3 Mod4 Mod3 Mod10
PQ Mod10 Mod4 Mod3 Mod3
KC Mod10 Mod4 Mod3 Mod3
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Figure 5 Fitting results of four seasons of runoff series in the CDS region (These red dots represent runoff
observations, light grey areas represent areas between the 5% and 95% centile curves, dark grey areas
represent areas between the 25% and 75% centile curves, and black lines represent the median (50%); the

black dashed line in the worm plot of the fitted residuals indicates the 95% confidence interval)

4.3 Calculation of stationary and non-stationary indices

According to the simulation results of the model in Section 4.2, the non-stationary models have better
performance than the stationary models in the simulation of runoff series in all regions. The comparison results
of SRI and NSRI in different seasons in CDS are shown in Fig.6. It can be seen that the distribution of two
indices is generally similar. Furthermore, the climate factors had different impacts on the index in different

seasons, with the smallest impact on summer and the most significant impact on winter.
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Figure 6 Comparison of SRI and NSRI in different seasons in the CDS region during 1961-2014 (a: Spring;

b: Summer; ¢: Autumn; d: Winter)

4.4 Drought propagation probability

Based on the Copula model, the probabilities of meteorological drought propagation to hydrological
drought can be calculated, and the impact of climate change on drought propagation can be analyzed. The
calculated results in different seasons and different regions were shown in Figs.7-10, where the solid and dashed
lines indicate the calculated results of the non-stationarity model and the stationarity model, respectively, and
black, red, blue, and green represent extreme drought, severe drought, moderate drought, and mild drought,
respectively. According to the analysis results in Figs.7-10, the probabilities of the occurrence of hydrological

drought increased with the decrease of SPI, and as the degree of meteorological drought worsened, it might lead
18



344

345

346

347

348
349

350

351

352

353

354

355

356

357

358

359

360

361

to more severe hydrological drought. In addition, the drought propagation probabilities calculated based on the
non-stationarity model were significantly different from those calculated by the stationarity model, and they also

differ in different seasons and regions.
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Figure 7 Probability of drought propagation in spring for each region (a: ZL; b: DL; c¢: GY; d: FN; e: WC;
f: LH; g: LP; h: CDS; i: CDX; j: PQ; k: KC)

Fig.7 shows the calculated results of drought propagation probabilities in spring in 11 regions. In the
upstream (ZL, DL, GY,) and middle regions (WC, FN, LH, LP, and CDS) of the basin, the drought propagation
probabilities calculated by the non-stationary model were significantly different from those calculated by the
stationary model, while the calculated results were relatively close in the downstream areas such as CDX, PQ
and KC. For the upstream and middle regions, under the same meteorological drought conditions, the
probabilities of severe and extreme hydrological drought calculated based on the non-stationary model were
larger than that of the stationary model, while in the downstream area, the probabilities of hydrological drought
calculated by the stationary model were slightly higher than that of the non-stationary model. According to the
modeling structure of the precipitation and runoff sequence in spring in section 4.2, under the combined
influence of climatic factors AMO, temperature, specific humidity, and wind speed, regional hydrological
drought is more likely to occur. In contrast to the stationary conditions, the increase in temperature may be the

main factor that causes the hydrological drought to become more severe in spring.
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Figure 8 Probability of drought propagation in summer for each region (a: ZL; b: DL; c: GY; d: FN; e:
WC; f: LH; g: LP; h: CDS; i: CDX; j: PQ; k: KC)

In summer (Fig.8), in each region, the difference between the drought propagation probabilities calculated
by the non-stationary model and the results calculated by the stationary model was not significant, and the
probability of occurrence of severe and extreme hydrological droughts calculated by the non-stationary model
was larger. Taking the ZL region as an example (Fig.8(a)), when climate change was not considered, the
probability of severe hydrological drought and extreme hydrological drought was 0.6 and 0.17, respectively.
Under the influence of the changing environment, the probability of causing severe hydrological drought and
extreme hydrological drought was 0.62 and 0.2 respectively. This means that climate changes had little impact
on drought propagation in the basin during the summer when precipitation was abundant. In contrast to the
stationary conditions, the AMO and temperature may be the main climate reasons for the greater probability of
drought propagation in summer (Zhang et al., 2022).

Different from spring and summer, in autumn (Fig.9), The probabilities of occurrence of moderate drought
and more severe hydrological droughts calculated by the non-stationary model were larger than those of the
stationary model in the upstream (ZL, DL, and GY) and downstream regions (CDX, PQ, and KC), which
indicated that the propagation of droughts in the upstream and downstream regions was influenced by climate
change significantly. As can be seen from Table 9, specific humidity is the main influence on the differences in
drought propagation in the upstream (ZL, DL, GY, FN, and WC), while drought in the middle and lower reaches

(LH, LP, CDS, CDX, PQ, and KC) is influenced by a combination of temperature and specific humidity.
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Figure 9 Probability of drought propagation in autumn for each region (a: ZL; b: DL; ¢: GY; d: FN; e:
WC; f: LH; g: LP; h: CDS; i: CDX; j: PQ; k: KC)

In winter (Fig.10), the probabilities of occurrence of moderate and more severe hydrological droughts in the
upstream and midstream regions calculated based on the non-stationary model were significantly larger than
those calculated by the stationary model. Taking the WC station as an example, when climate change was not
considered, the probabilities of occurrence of moderate, severe, and extreme hydrological droughts under
moderate meteorological drought conditions were about 0.8, 0.6, and 0.4, respectively, while under the influence
of environmental change, the probabilities of moderate, severe and extreme hydrological droughts were about
0.9, 0.8 and 0.6, respectively. In most of the downstream areas, the difference between the calculation results of
the two models was relatively small. Under the combined influence of AMO, temperature, wind speed, and
specific humidity, the probabilities of drought propagation are increased. In upstream, the increase in wind speed
may be the main climate factors affecting the occurrence of severe drought, and the increase in temperature and
specific humidity may be the main climate factors affecting the occurrence of severe drought in midstream and

downstream regions.
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Figure 10 Probability of drought propagation in winter for each region (a: ZL; b: DL; ¢: GY; d: FN; e:
WC; f: LH; g: LP; h: CDS; i: CDX; j: PQ; k: KC)

Comparing the four seasons, the probabilities of occurrence of moderate and more severe droughts were the
lowest in spring, but the highest in winter, this phenomenon was significant under non-stationarity conditions.
Taking the FN region as an example (Fig.7(d)- Fig.10(d)), the probabilities of moderate meteorological drought
propagating as moderate, severe, and extreme hydrological drought in spring under non-stationarity conditions
were close to 0.6, 0.4, and 0.15, respectively, while in winter, the probabilities of propagating as moderate,
severe and extreme hydrological drought under the same meteorological drought conditions were close to 0.9,
0.7 and 0.4, respectively. The reasons for the differences in the probabilities of drought propagation under
stationary and non-stationary conditions are complex. On the one hand, non-stationary models capture changes
caused by interannual variability, and on the other hand, they are affected by AMO, temperature, wind speed, and
relative humidity. There may be some differences in the effects of various meteorological factors on drought in
different seasons. From the results in Section 4.2, the drought propagation is affected by the combined effects of
AMO, temperature, wind speed, and relative humidity in spring, with relative humidity as the main influencing
factor. In summer, drought propagation is mainly influenced by AMO and temperature. In the fall, it is
influenced by temperature and relative humidity, with relative humidity being the main influencing factor. In
winter, it is influenced by a combination of AMO, temperature, and relative humidity, with temperature being the
most important influencing factor. Comparing the four seasons, meteorological factors have the most serious
effect on winter drought. In addition, there are some differences in the effects of meteorological factors on

drought in different regions. Temperatures show a significant upward trend, which may mean that extreme runoff
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events will be more frequent. During the dry season, high temperatures increase evapotranspiration from surface
water bodies, vegetation, etc., resulting in reduced runoff and lower soil moisture content will increase the risk of
hydrological drought (Huang et al., 2017; Guo et al., 2021). Changes in humidity affect the efficiency of
evapotranspiration, and higher humidity will reduce the transfer of water from the surface and plants to the
atmosphere, limiting the development of drought. However, this effect may be limited by increased evaporation

from increasing temperatures.

4.5 Drought propagation threshold

Based on the Copula model, the thresholds that trigger hydrological droughts under stationary and non-
stationary conditions (i.e., the propagation thresholds for drought) can be calculated, the results are shown in
Fig.11. The change rate of the meteorological drought to hydrological drought propagation thresholds are shown
in Fig.12. As can be seen from Fig.11 and 12, there were obvious regional and seasonal characteristics of drought
propagation thresholds. In this paper, the higher the drought propagation thresholds, the more likely hydrological
drought is to be triggered.

In spring (Fig.11(a)), comparing the results of calculations based on the stationary model and the non-
stationary model, the drought propagation thresholds were the smallest in FN, WC region, and the highest values
occurred in the downstream region (CDS, CDX, PQ, KC) under the stationary condition. The distribution of
drought propagation thresholds under non-stationary conditions was similar to that under stationary conditions.
In addition, compared with the stationary condition, the drought propagation thresholds were higher in most
regions under non-stationary condition. It indicated that hydrological droughts were more difficult to be
triggered in most regions under the influence of climatic factors such as temperature, specific humidity, wind
speed, and AMO. In summer (Fig.11(b)), There was no significant difference in drought propagation thresholds
in all regions under stationary conditions and non-stationary conditions. In autumn (Fig. 11(c)), the drought
propagation thresholds in the river basin were close to that in summer. Under stationary conditions, the drought
propagation thresholds were close to -0.55 in most regions. Comparing stationary conditions, the drought
propagation thresholds increased in ZL, PQ, and KC, while decreasing in middle-stream areas (FN, WC, LH, LP,
CDS, CDX) under non-stationary conditions. In winter (Fig.11(d)), there were significant differences in regional
drought propagation thresholds between stationary and non-stationary conditions. Under stationary conditions,
the drought propagation thresholds of the basin were relatively lower than those in spring, summer, and autumn,
with values ranging from -0.70 to -0.65. Under non-stationary conditions, the drought propagation thresholds
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increased generally, especially in the midstream region. From Fig.12, it can be seen that drought propagation
thresholds were most affected by large-scale climate factors and meteorological factors in winter, with a rate of
change greater than 10% or even 20% in most regions, followed by spring, with the least change in the summer
and autumn seasons. It indicated that hydrological drought was more likely to occur during winter due to climate

factors.
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Figure 11 Drought propagation thresholds in different seasons under stationary and non-stationary
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Figure 12 The change rate of drought propagation thresholds in different seasons
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Comparing the four seasons, the drought propagation thresholds in most areas were relatively low in spring
and winter, and relatively high in summer and autumn under the stationary conditions. In contrast to winter and
spring, precipitation was more abundant in summer and autumn, the runoff was more sensitive to precipitation,
the propagation time from meteorological drought to hydrological drought was shorter, and a milder degree of
meteorological drought might trigger hydrological drought. However, under the influence of climatic factors, the
drought propagation thresholds of all four seasons changed. From the point of view of the model structure,
climatic factors such as AMO, specific humidity, temperature, and wind speed had an impact on the occurrence
of seasonal drought. Compared with spring, summer, and autumn, temperature and specific humidity had a great
influence on the propagation of drought in winter. The increase in temperature may be the main reason for the

occurrence of hydrological drought in winter.
5. Discussion

There are some differences in drought propagation thresholds in different regions, which may be caused by
the watershed characteristics, including slope and so on (Han et al., 2023, Liu et al., 2023, Zhou et al., 2021). To
further explore the spatial differences of propagation thresholds, the slope, average evapotranspiration, soil water
content (0-10 cm, 10-40 cm, 40-100 cm, 100-200 cm), and leaf area index in each region were calculated, and
the relationships between the propagation thresholds and the factors were explored for each region.

As shown in Table 10°, these factors may be one of the reasons for the spatial differences in drought
propagation thresholds. Evapotranspiration and shallow soil moisture are dominant among these factors,
followed by the effects of slope and vegetation on drought propagation. Slope affects drought propagation
through its impact on surface runoff. When the slope increases and the water storage capacity decreases, the
drought resistance capacity of the basin decreases, and meteorological drought is more likely to cause
hydrological drought. Huang et al. (2015) pointed out that slope affects the impact of meteorological drought on
agricultural drought by affecting the generation of runoff in the Weihe River Basin.

Evapotranspiration is a key part of the water cycle and directly reflects the exchange of water between the
soil, vegetation, and the atmosphere. There is a positive correlation between evapotranspiration and drought
propagation thresholds, and an increase in evapotranspiration leads to a decrease in surface water resources,
which may increase the risk of drought propagation (Guo et al., 2020; Yao et al., 2022). Vegetation cover also
affects drought propagation, and more vegetation can increase water retention in a watershed and improve its

drought resistance (Zhang et al., 2022). However, when a meteorological drought is severe, vegetation in a
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water-starved condition will consume more water through transpiration, accelerating the onset of drought. Soil
moisture content may also be one of the factors causing spatial differences in drought propagation thresholds,
with shallower soil having a greater impact on drought propagation than deep soil. Vegetation coverage
significantly increases plant transpiration and inhibits soil evaporation to a certain extent. In general, the increase
in vegetation coverage affects drought propagation by enhancing transpiration water consumption and soil

moisture changes (Yang et al., 2025; Zhao et al., 2025).

Table 10 The characteristics of the study area, including slope, evapotranspiration(E), soil moisture
content (0-10 cm underground) (SMC0-10cm), soil moisture content (10-40 cm underground) (SMC10-
40cm), soil moisture content (40-100 cm underground) (SMC40-100cm), soil moisture content (100-200 cm
underground) (SMC100-200cm), Lead area index (LAI)

SMCO0-10 SMC10-40  SMC40-100  SMC100-200

Region Slope E(mm) LAI
cm cm cm cm
ZL 2.30 84.76 42.35 130.30 183.53 522.55 0.50
DL 3.60 88.79 42.67 129.60 180.51 524.61 0.50
GY 2.36 90.27 43.43 132.57 184.80 531.07 0.56
FN 10.35 96.61 44.19 136.50 196.74 523.87 0.86
wC 10.06 95.28 42.38 122.27 171.65 514.83 1.03
LH 12.64 103.76 46.84 143.74 216.09 456.18 1.21
LP 12.48 110.20 48.25 149.69 230.37 477.93 1.08
CDS 10.27 112.99 55.99 157.92 236.12 612.83 0.81
CDX 13.04 113.28 45.93 143.71 231.90 394.67 1.31
PQ 11.59 114.56 45.30 135.91 209.45 516.40 1.02
KC 14.56 117.83 45.81 139.27 222.59 465.23 1.24

Pearson for

PT

0.34 0.71 0.48 0.50 0.66 -0.09 0.23

6. Conclusions

Many studies have pointed out that climate change and human activities significantly impact the occurrence
of drought in the Luanhe River basin. In this paper, meteorological drought and hydrological drought were
characterized by the SPI and SRI respectively. The drought propagation probabilities and thresholds in all
seasons were calculated based on the non-stationary drought index constructed by the GAMLSS model and the
Copula function, the influence of climate change and watershed characteristics on drought propagation was
analyzed. The following conclusions can be drawn.

(1) AMO-1 and AMO-24 have a significant impact on the precipitation series in the Luanhe River basin.
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The temperature, wind speed, and specific humidity were considered as the main influencing climate factors of
the runoff series.

(2) Based on the GAMLSS framework, both the stationary model and non-stationary model have a good
fitting effect on the precipitation and runoff series of the basin, but overall, the non-stationary model can capture
the time variation characteristics of these series more accurately.

(3) For most regions, the probabilities of drought propagation under non-stationary conditions were greater
than that under stationarity conditions. Compared to summer and autumn, spring and winter were more prone to
hydrological drought and may experience more severe hydrological drought.

(4) With regard to the drought propagation thresholds, non-stationary conditions were more likely to trigger
hydrological drought than stationary conditions, this phenomenon was particularly evident in the midstream and
upstream regions in winter, with drought propagation thresholds increasing by 0.1-0.2 under non-stationary
conditions compared to stationary conditions. The increase of temperature may be the key factors contributing to
the occurrence of hydrological drought in the basin.

(5) Watershed characteristics were important factors in the spatial differences of drought propagation
characteristics, including vegetation cover and so on. Among them, there was a high correlation (the absolute
value of correlation coefficient > 0.5) between evapotranspiration, soil moisture content (10-40 cm underground,
40-100 cm underground) and drought propagation characteristics.

Limitation: There are many driving factors for the propagation of drought, and climate change and human
activities are important factors among them. In this paper, we analyzed the effects of temperature, specific
humidity, wind speed, and large-scale climate factors on drought and its propagation. However, there are
numerous and complex factors that affect drought propagation, and different factors interact with each other. It is
necessary to consider the interaction of topography, vegetation coverage, human activities, and climate change,

so as to provide more effective support for drought resistance and control measures.
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