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Studying the probability characteristics of meteorological drought transmission
to hydrological drought can help alleviate drought and optimize the allocation
of water resources. This study takes the Yiluo River as the research object, and
Standardized Precipitation Index (SPI) and Standardized Streamflow Index (SSI)
were used to represent meteorological and hydrological drought, respectively.
First, the stability of the precipitation and stream flow sequence is tested by
using the heuristic segmentation algorithm. The correlation between
meteorological and hydrological watershed was analyzed using cross
wavelet transform and lag correlation to study the transmission time of
meteorological drought to hydrological drought. Second, the characteristics
of drought such as drought duration, drought intensity, and drought intensity
are discussed by using the run theory. Finally, the joint distribution of the SPl and
SSI sequence is constructed using Copula function. From the perspective of
conditional probability, the propagation probability and propagation threshold
from different levels of meteorological drought to hydrological drought are
calculated. A hydrological drought prediction model based on the SPI—P(SSI|
SPI) relation curve is proposed. The model is also validated based on the
historical data. The results show that the model is suitable for light and
middle hydrological drought prediction.
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1 Introduction

Drought is one of the most widespread natural disasters that
may cause persistent and adverse consequences for sustainable
development (Lesk et al, 2016). It seriously endangers the
development of economy and society and the stability of
ecological environment. Large-scale droughts occur worldwide
(Mishra and Singh, 2010). Also, the frequency of occurrence has
increased significantly in recent years. Drought is usually defined
as long-term no or little rain and water not being enough to meet
the climatic phenomena of human survival and economic and
social development (Sadeghipour and Dracup, 1985). In a certain
river basin or area, evaporation demand is large and less
precipitation, that is, water expenditure is greater than
income; this state of long-term persistence will lead to the
occurrence of drought. At present, the international drought
types are generally divided into four categories, namely,
meteorological drought, hydrological drought, agricultural
drought, and social and economic drought. Meteorological
the
phenomenon, and hydrological drought refers to the decrease

drought  refers to long-term less precipitation
of surface water, groundwater, or river stream flow (Zhu et al,,
2019). From the perspective of water cycle, meteorological
drought with precipitation as the main factor will occur first,
and the occurrence of meteorological drought will propagate the
water deficit signal to stream flow, groundwater, soil water, and
other factors, thus leading to hydrological drought (Yuan et al.,
2017). Therefore, the risk of meteorological drought is
propagated to hydrological drought with water cycle after a
certain lag time (Zhu et al, 2019). As an important link in
water circulation, the propagation process of meteorological
elements to hydrological elements is of great significance to
the propagation
hydrological drought for the management of water resources

study of meteorological drought to
and the forecast and early warning of drought (Van Loon et al.,
2016).

Risk propagation between different types of drought mainly
includes the propagation mechanism and process, propagation
time, propagation threshold, and influencing factors. Previous
studies have shown that the propagation threshold from
meteorological to hydrological drought is a key feature of
drought propagation and is important for drought prevention
and mitigation (Lorenzo-Lacruz et al., 2013). At present, a large
studied the
meteorological drought to hydrological drought, most of
which threshold,
influencing factors. At the time of drought propagation, there
three
characterization methods: run theory (Zhao et al, 2014),

number of scholars have propagation of

study the propagation time, and its

are many mature research results, including
correlational analysis method (Barker et al, 2016), and
nonlinear corresponding method (Lorenzo-Lacruz et al,
2013). In terms of propagation threshold, Guo et al. (2020)

used Bayesian theory to study the duration and severity of
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meteorological drought in the three sub-basins from the
meteorological basin of the Weihe River. Wu et al. applied the
logarithm function to establish the response relationship model
of hydrological drought to meteorological drought characteristics
and obtained the critical conditions of meteorological drought
evolution into hydrological drought. Gao et al. (2014)proposed
the concept of climate threshold caused by drought and flood
based on the study of precipitation disaster factors and crop
disaster bearing body damage degree. Leasor, Quiring, and
Svoboda (Lesk et al, 2016) used objective drought severity
definition thresholds for improving drought monitoring
(Leasor et al., 2020). Peters et al. (2003)used linear reservoir
theory to study the spread of drought in groundwater. Sattar et al.
(2019)analyzed the probability characteristics of the propagation
of meteorological drought to hydrological drought in Korea
using the Copula function and Bayesian theory. In terms of
propagation influencing factors, Pandey and Ramasastri, (2001)
believe that the corresponding propagation time depends on the
local landscape conditions. Huang et al. (2017)used the Fu’s
equation in the budyko hypothesis to study the relationship
between propagation time and the actual evapotranspiration and
El Nino-Southern Oscillation (ENSO) and the Atlantic
Oscillation (AO). Hudgins research found that the Arctic
Oscillation activity is closely related to the climate in the
middle and high latitudes (Hudgins and Huang, 1996). Talaee
et al. (2014)found that meteorological, agricultural, and
hydrological droughts are closely related to climate indices
such as El Southern Nino (ENSO) and Atlantic Oscillation (AO).

However, in the previous studies on drought transmission
and prediction, more quantitative characteristics of drought
events such as drought duration, intensity, and severity were
adopted as variables, but the calculation of these features is often
based on a complete drought event. That is to say, only after the
end of a complete meteorological drought can the duration,
intensity, and severity of the meteorological drought be
obtained. But in actual circumstances, the process of a
meteorological drought not yet being ended may have led to
the occurrence of hydrological drought. In this case, it is difficult
to describe the hydrological drought according to the
characteristic amount of meteorological drought in a timely
manner. As a result, it is unable to carry out hydrological
drought caused by meteorological drought in a timely
manner. Therefore, this study used the month-by-month SPI
and SSI values as variables, which are relative in a timelier
manner, such as the SPI value obtained in this month and the
SSI value of the next month can be predicted. Also, as far as
known, most of the scholars will focus on some aspect of drought
transmission process or drought prediction, and this study is to
combine the two on the basis of a drought prediction model so as
to form a complete system to provide a new idea and inspiration
for later research. At present, how to predict the occurrence of
real-time monitored

hydrological drought according to

meteorological drought index value? This is an unclear
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problem in the spread of meteorological drought to hydrological
drought. Therefore, the Standardized Precipitation Index (SPI)
and the Standardized Streamflow Index (SSI) were used to
characterize
respectively (Shukla and Wood, 2008). Directly using the
drought index as the calculation condition and using the

meteorological and hydrological ~droughts,

Copula function (Kolesarova et al, 2015), the conditional
probability of different levels of hydrological drought under
calculated, the
of meteorological drought to

certain  meteorological  conditions  is

threshold
hydrological drought is solved, and a theoretical basis for

propagation

water resources management and early warning and control
of drought is provided.

The main objectives of this study are @ to reveal the
probability of hydrological drought of different levels after
different levels of meteorological drought. @ Under certain
probability conditions, the SPI-P(SSI|SPI) relationship curve is
used to solve the propagation threshold of meteorological
drought to different levels of hydrological drought. ®The
hydrological drought early warning and forecast model based
on the SPI-P(SSI|SPI) relationship curve is proposed and
verified.

2 Methods and material

2.1 Methods

2.1.1 The precipitation and stream flow stability
analysis method

In the current environment of rapidly changing climate
conditions and increasing human activities, meteorological
and hydrological conditions may change. Bernaola-Galvan
et al. (2001)proposed a heuristic segmentation algorithm (BG
algorithm) in 2001, which can test the stationary status of the
sequence, detect the mutation point, and divide the non-
stationary sequence into several stationary sequences. The
main ideas are as follows:
the there
corresponding point sequences K = {kj, k»,..., k,}, and for any

For time series X = {x1,X2,..., Xu}, are
ki(i = 1,2,...,m), the means: 4, (i), u, (i) and standard deviations:
s, s of the left and right sequence of the ki are calculated and

then the combined deviation SD at point k;:

SD:<(n,—1)><s,2+(nr—l)xsf>%x(l+l>, o

m+n —2 n o n,

where n; and 1, are the number of sequence points on the left and
right side of the points k;, respectively. The statistical value T(i) of
the ¢-test is then used to quantify the difference between the mean
on the left and right sides of the point k;:

(D) —p, (i)

50 @

T (i) =}
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TABLE 1 Division of the different drought grades.

Drought grade SPI SSI

-1.0 < SPI < 0.5
-1.5 <SPl < -1.0

-1.0 < SSI < 0.5
-1.5 < SSI < -1.0

Light drought
Middle drought
—2<SPI < -1.5
SPI < -2

—2<S88I < -1.5
SSI < -2

Severe drought

Extreme drought

The T sequence one-to-one corresponding to k; is obtained
by computing all points in K. The larger the T value, the greater
the difference between the mean of the left and right parts of the
current point. Statistical significance was then calculated for the
maximum value of Ty, in T:

P(Toas) = (1= T sy 040)) 3)
where  obtained from  Monte Carlo  simulations:
n=419InN -11.54, § =0.4. N is the length of the time
series X, v = N — 2, and I, (a,b) is an incomplete  function.

Set the critical value Py:

If: P(Tax) > Po:

At this point, the X sequence is divided into two
subsequences with certain differences in the mean, and then
the abovementioned process is repeated for the newly obtained
subsequence so that the cycle until the abovementioned
conditions is no longer met. In addition, to ensure its validity,
when the subsequence length is less than or equal to [y, no more
segmentation will be conducted.

2.1.2 Standardized precipitation index

The SPI was first proposed to describe the drought conditions
in Colorado by McKee et al., in 1993. The SPI can be applied to
monitor long-series precipitation and is widely used in drought-
related research due to its advantages of multi-time scale
calculation, simple computational methods, and easy access to
required data (Kao and Govindaraju, 2010). The SPI was used to
characterize meteorological drought. The general calculation
method can be divided into two steps: calculating the Gamma
distribution probability of precipitation in a certain period and
normally standardizing the Gamma distribution probability.
Considering the regional characteristics of precipitation,
Gamma distribution, Generalized Extreme Value distribution,
and Log-logistic distribution were used to fit the stream flow data,
and the tests were selected according to the Akaike information
criterion (AIC) and Bayesian information criterion (BIC) (Zhang
etal., 2014). The division of the different drought grades is shown
in Table 1 (Vicente-Serrano et al., 2012).

2.1.3 Standardized stream flow index

The standardized streamflow drought index (SSDI) is a
drought index constructed by the calculation procedure of the
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analogy SPI (Niu et al., 2015). The variables calculated by the SPI
were replaced by precipitation with stream flow, which includes
all the advantages of SPI. In this study, the SSI was used to
characterize hydrological drought. However, the distribution
characteristics of stream flow sequence do not necessarily
follow Gamma distribution well. Therefore, the Gamma
distribution, Generalized Extreme Value distribution, and Log-
logistic distribution were used to fit the stream flow data, and the
test is performed according to the AIC and BIC. The calculation
method is similar to that of the SPI, which is not repeated here.

2.1.4 Run theory

Run theory was proposed by Yevjevivich in 1967 and has
been widely used in the identification of drought events, which
can identify the characteristics of drought events, such as drought
onset time, end time, drought duration, and drought intensity.
Specific theory and calculation methods can be used as reference
(Wu et al, 2021).

2.1.5 Cross-wavelet transform

Cross-wavelet transform (Paz and Mahler, 1993) was
proposed by Hudgins et al. It is a new signal analysis
technology based on continuous wavelet analysis technology
and combining wavelet transform and cross-spectrum
analysis, which can show the correlation of two time series in
the time domain and frequency domain from the perspective of
multiple time scales (Li et al, 2020). WX (s) and WY (s) are
assumed as the continuous wavelet transformations of two time
series, X = {x1,%2,...,x,} and Y = {y1, y2,..., ¥}, respectively.
The cross-wavelet  transform  between them is
WXY (s) = WX (s)W)*(s), where W!*(s) represents the
complex conjugation of Wﬁ (s) and s is a time delay. The
cross-over-wavelet power spectrum can be defined as
IWffY (s)l. It contains time-frequency-amplitude information.
The larger the value, the higher the correlation between the two
time series. For two stationary random processes, the
standardized form of cross-wavelet transform can be written
as wavelet cross-correlation coefficient (Sun and Cheng, 2008).

i(W? (5) - WE <s))<W§ (5) - W7 <s>>

i=1

2 2
J (ws‘ © —w,XTs)) \jz<Wf<s> —wr‘w)
i=1 i=1

(4)

r(X,Y) =

3

Cross-wavelet transform can reflect the common high-
energy region of two time series and the bit-phase
relationship, which is used to analyze the correlation between
the SPI and SSI.

2.1.6 Cross-wavelet condensation spectrum

The wavelet condensation spectrum can measure the close
degree of local correlation between two time series in the time
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domain and frequency domain, revealing the dependence
between two time series relative to frequency, and its
changing characteristics in the time domain indicates the
degree of linear correlation at different frequency scales and
the change of coupled period signal over time, which reflect the
main information of the mutual correlation structure in the time
and frequency domain (Wang et al., 2020). It is defined as

|S(s‘1WffY (s, ‘r))|2

Ri(s,1) = ,
(&0 S(sHWi(s, T)lz) x S(s7H WY (s, T)|2)

®)

where s is the scaling parameter, 7 is the time translation
parameter, and S is the smoothing function.

2.1.7 Solving conditional probability by copula
function

The concept of Copula was first introduced by Sklar in
1959 when he answered M. Frechet’s question about the
relationship between multidimensional distribution functions
and low-dimensional edges. It is currently widely used in
non-parametric measures to determine the dependence
between random variables. Nelsen (2005)introduced and
described the Copula function concretely. . Mishra and Singh
(2011) (Sadeghipour and Dracup, 1985) introduced the
application of Copula in drought. The edge distribution of the
Copula function is very flexible. For the same Copula function, its
edge distribution can be of different types, so the Copula function
can construct various types of multivariate distribution, and its
connection form is not limited by edge distribution, which is the
main reason for choosing the Copula function to build the joint
distribution of the SPI and SSI (Hao and Singh, 2015). The main
ideas of solving the conditional probability by using Copula are as
follows:

P(X,Y)

P(X]Y) = 1)

. (6)

The abovementioned formula is a simple conditional
probability calculation formula; X and Y are two random
variables. When X and Y are not independent of each other,
it will bring difficulties to calculate P (X,Y), but this problem can
be solved by the Copula function.

_F(X,Y) _C(F(X),F(Y))
FXJY) = F(Y) ~ F(Y)

@)

The calculation problem of the joint distribution function F
(X,Y) can be skipped by the abovementioned equation, but the
abovementioned equation can only solve the conditional
probability for a fixed value of X and Y. When X and Y are
in a certain interval, the calculation method is as follows:

F(x1 <X<x|y1 <Y <y),

_ C(F(x2), F(y2)) = C(F (x1), F(y2)) = C(F(x2), F (1)) + C(F (1), F (1))
F(y:) = F(y)

(8)
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FIGURE 1

General situation of the Yiluo river basin and location of hydrological and meteorological stations.

where C represents the Copula function and F(x) and F(y) are the
distribution functions of random variables X and Y, respectively.

2.2 Material

2.2.1 Study area

The Yiluo River is the largest tributary of the Yellow River
below San menxia in China. There are two sources, namely, the
Yi River and the Luo River. The main stream is 446.9 km in
length, spanning Shanxi and Henan provinces. The basin covers
about 18,900 square kilometers, and the control area of the
export hydrological station is 18,563 square kilometers,
accounting for about 98% of the whole basin, with an
average annual stream flow of 3.2 billion cubic meters (Yue
and Li, 2013).

The upper reach of the Yiluo River is a mountainous area
with good vegetation and abundant water production; the middle
and lower reaches are low hills and flat valleys, respectively,
which are the main agricultural area.

The whole basin has a temperate monsoon climate, and the
annual distribution of precipitation is uneven within the year.
There are 60% of the precipitation concentrated in the flood
season from July to October, which often causes large floods (Liu
et al, 2013). But other seasons are often dry. Therefore, it is of
great significance to study the drought characteristics and
propagation process in this river basin. The basin overview is
shown in Figure 1, in which HSG and LK are Heishiguan
station station,

hydrological and Lingkou hydrological
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respectively, and 57071, 57067, and 57077 are the three
meteorological stations in the basin .

2.2.2 Data

Stream flow data used in this study: the monthly scale stream
flow data of 1960-2020 are obtained from the Hydrologic
Yearbook of China (Hydrologic data of the Yellow River
Basin). Meteorological data: monthly scale precipitation data
of three meteorological stations in 1960-2020, from China
Meteorological Data Network: http://data.cma.cn/. The average
precipitation in the river basin was calculated by the Tyson
polygon method.

3 Results
3.1 ldentification of mutation points

In this study, the BG segmentation algorithm was used to
identify the rainfall and stream flow sequence, and L, is the
minimum segmentation scale, ensuring the validity of the
statistics, generally not less than 25, P, is the statistical
if the
significance value of a certain segment is greater than or equal

significance critical ~value, maximum statistical
to the value, then one can continue the segmentation; otherwise,
the segmentation will not continue. The value of PO generally
ranges from 0.5 to 0.95, so the Py and L, were 0.95 and 25,
respectively, to ensure statistical validity (Peng et al., 2017). The

segmentation results are shown in Figure 2. For the precipitation
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http://data.cma.cn/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.961871

Wang et al.

10.3389/feart.2022.961871

A __ Bernaola-Galvan Segmentation Algorithm
§'°" M M“ i M !L hM nlMl u,hm ﬂ * “ A 1&““
A A S LA LA P AT M AN

o}

=
S

80

60

40

Streamflow(mm)

20

FIGURE 2

Identification results of mutation points in precipitation and streamflow sequences. (A) shows the mutation point of precipitation sequence. (B)

shows the mutation point of streamflow sequence.

sequence, as shown in Figure 2A, in the period of 732 months
from January 1960 to December 2020, the mean value was
maintained in a stable state, which shows that in the long
series from 1960 to 2020, it remained in a stable range and
can be used for the study of stationary conditions. For stream
flow sequence, as shown in Figure 2B, several streams flow far
beyond the mean value, but according to the segmentation
results, they just exist as little mutation points, and almost all
of them are near in April 1964. This is due to meteorological
conditions in the Yiluo River basin. The annual precipitation is
concentrated in the summer, resulting in high stream flow, but it
was not segmented due to its short duration and does not reach
the minimum segmentation scale criterion. The mutation in
April 1964 lasted for a long time, so it was identified, which is
also consistent with the diachronic data of the Yiluo River basin,
which had the largest surface water resources in 1964.
Considering that this mutation situation is relatively short
compared to that of the long series and the mean stream flow
value returns to normal after that, this mutation situation is not
considered in this study and is studied according to the stationary
state.

3.2 Calculation of the drought index
According to the multi-time scale characteristics of the SPI

and SSI, this study calculated the SPI and SSI of 1, 2 ... 12-
month scales,. According to the calculation method, the
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TABLE 2 Distribution function fitting effect evaluation.

Gamma Generalized Extreme Value Log-logistic

P AIC 643.10 643.30 654.97
BIC  643.99 644.63 655.86
R AIC 436.98 419.59 420.69
BIC  437.88 420.93 421.58

distribution function of precipitation and stream flow is
fitted first. Gamma distribution, Generalized Extreme Value
and Log-logic distribution fitted to
precipitation and stream flow . The AIC and BIC are used

distribution, are
to evaluate the fitting effect, and the distribution function is
optimized according to the evaluation results. The distribution
fitting results are shown in Table 2:

According to the evaluation results of distribution fitting,
the Gamma distribution is used for fitting the precipitation
sequence, and the Generalized Extreme Value distribution is
used for fitting the stream flow sequence. Then, the inverse
operation of the normal distribution is performed to obtain the
SPI and SSI sequences. The SPIon 1-, 3-, 6-, and 12-month scale
and the SSI on 1-, 3-, 6-, and 12-month scale are as shown in
Figure 3.

As can be seen from the figure, the SPI and the SSI have
different temporal oscillation frequencies on different time
scales, and the number of drought events identified is
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FIGURE 3

SPIand SSl values on different time scales (A), (B), (C), and (D) are the SPI on time scale of 1, 3, 6, and 12 months, respectively (E), (F), (G), and (H)

are the SSI on time scale of 1, 3, 6, and 12 months, respectively.

different, and the drought duration is also different, showing
different dynamic characteristics. Taking SPI as an example,
specifically the SPI identified the most drought events on a short
time scale of 1 month. The main drought events lasted for
1-2 months, showing frequent wet and dry alternations. The
SPI on 3-month and 6-month medium time scales showed a
certain seasonality to a certain extent, reflecting the cyclical
variation characteristics of the climate in the Yiluo River Basin
and the alternating cycles of dry and wet changes with the
seasons. The SPI of the 12-month long time scales can reflect
the long-term meteorological characteristics of the watershed
and can clearly show the long-term drought or wet conditions
of the watershed. The SSI sequence shows a similar situation to
the SPI sequence.

3.3 The connection between
meteorological and hydrological drought

In order to further reveal the link between meteorological
drought and hydrological drought and to explore the validity of
the SPT and SSI sequences, cross-wavelet analysis was used in this
study. The results are shown in Figure 4. Figure 4A is the cross-
wavelet power spectrum of the SPI and SSI, and Figure 4B is the
cross-wavelet condensed spectrum of the SPI and SSI.
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The thick solid line area in the figure represents the test of the
red noise standard spectrum under the condition of significance
level a = 0.05, the arrow represents the phase relationship
between the two, — represents the same phase between the
impact factor and the stream flow, indicating that the two are
positively correlated, « indicates antiphase, indicating that the
two are negatively correlated, | indicates that the change of the
impact factor precedes the change of stream flow by 90°
(corresponding time is 3 months), and T indicates that the
change of the impact factor lags behind the change of stream
flow by 90°. In order to avoid boundary effects and high-
frequency wavelet false information, the area within the
wavelet-influenced cone (thin arc in the figure) is the effective
spectrum value (Sang, 2013). It can be seen from the figure that
there is a high positive correlation between the SPI and SSI
sequences on different time scales. The significance test basically
runs through the entire area. The impact of the SPI on the SSI is
mainly on the 8-16 month scale. The change of SPI ahead SSI
stream flow varies with time, but it is basically between 30° and
90°, corresponding to 1-3 months. It reflects the propagation link
between meteorological drought and hydrological drought,
showing a good positive correlation, and more clearly reflects
the detailed characteristics and resonance phase differences of the
correlation between the two series in the time domain and
frequency domain.
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3.4 |dentification of drought events and
characteristics

In this study, the run-length theory proposed by Yevjevich in
1967 was used to identify drought events and calculate related
drought characteristics, including drought frequency, drought
duration D, drought severity S, and drought intensity I
(Montaseri et al.,, 2018). Among them, drought severity S is
the accumulation of the drought index value within the drought
duration D, and the drought intensity I is the ratio of S to D. In
the process of drought identification, in order to prevent the
interference of drought events with short duration and light
severity, this study eliminated the drought events, that is, when
the duration of a drought event is less than 1 month or its severity
is greater than the threshold of drought index -0.5, the drought
event was eliminated. At the same time, according to the times of
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TABLE 3 Frequency and propagation ratio of meteorological and
hydrological droughts in different grades.

MD HD Propagation ratio
Light 23 27 1.17
Middle 22 9 0.41
Severe 8 4 0.50
Extreme 2 3 1.50
ALL 55 43 0.78

meteorological drought and hydrological drought, this study
calculates the propagation ratio R from meteorological
drought to hydrological drought, which can measure the
drought resistance of the basin (Guo et al., 2020).
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Intensity characteristic of (A) meteorological drought and (B) hydrological drought at different scales.

HD
r = ——x 100%,
MD

&)
where HD is the number of hydrological droughts and MD is the
number of meteorological droughts.

The identification of meteorological and hydrological
drought events at various levels is shown in Table 3. From
the total number of drought events, the number of
than that of

meteorological

meteorological ~droughts is greater

that
droughts do not necessarily lead to hydrological droughts.

hydrological droughts, indicating
Hydrological drought is a slow accumulation process, which
is often caused by several meteorological droughts. The
of

hydrological drought in the Yiluo River basin is 0.78, so

propagation  ratio meteorological ~ drought to
the drought resistance is poor.

Among the three drought characteristics: D, S, and I, any two
of them can describe drought. Compared with drought duration
and drought severity, the value of drought intensity can more
comprehensively represent drought characteristics, and it is
easier to produce abnormal values in the sequence of drought
duration and drought severity. Therefore, this study selects
drought intensity as the characteristic quantity to describe
drought. In this study, the SPI and SSI on the scale of 1, 3, 6,
and 12 months were used to identify drought events and calculate
their characteristics. The statistical calculation results of drought
intensity are shown in Figure 5. It can be seen from the figure that
the intensity of meteorological drought is slightly stronger than
that of hydrological drought, but drought intensity identified by
the two time scales is roughly the same, basically between-
1.0 and-1.25.

Frontiers in Earth Science

09

Drought often shows certain seasonal characteristics, as shown
in Figure 6. Meteorological drought is concentrated in the winter,
and almost no meteorological drought occurs in summer.
Hydrological drought is relatively evenly distributed in spring
and winter. Hydrological drought in spring may be caused by
the delayed spread of meteorological drought in the winter of the
previous year. The flood season in the Yiluo River basin is summer,
and the stream flow is large, so hydrological drought occurs less.

3.5 Determination of drought propagation
t time

3.5.1 Correlation between multi-scale SPI and
multi-scale SSI

At present, for the concept of drought propagation time, the
method of calculating the correlation coefficient between the SPI
of multiple time scales and the SSI of 1-month time scale is
adopted, and the SPI time scale corresponding to the maximum
correlation coefficient is defined as drought propagation time
(Ding et al,, 2021). This study revealed the correlation between
the SPI of 1-12 month scale and the SSI of 1-12 month scale as
shown in Figure 7A. The results showed that the SPI in
2-4 months had the highest correlation with the SSI in
3 months, and the correlation coefficient was greater than 0.6.

3.5.2 Correlation between lagging SSI and multi-
scale SPI

We repeated the SSI sequence of 1 month for 1, 2, ...
12 months and obtained the correlation between SSI delayed
for a certain time and SPI of 1-12 months, as shown in Figure 7B.
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When the delay time is 2-4 months, the SPI corresponding to
different time scales shows good correlation, with the correlation
coefficient greater than 0.6. When the SPI calculation time scale is
3 months, the correlation coefficient with SSI delayed for
3 months is the highest.

3.6 Probabilistic model between
meteorological and hydrological drought

In recent years, droughts have occurred and its effects are
exacerbated by increased water demand and changes in
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hydrometeorological variables due to climate change. Various
concepts have been applied to simulate drought, from simple
methods to more complex models (Mishra and Singh, 2011).
Therefore, it is very important to construct the drought model to
study the drought transmission process and for drought
prediction. Scholars at home and abroad have also studied
this from different perspectives, and Schwarz et al. (2020)have
constructed drought disaster, vulnerability, and risk models in
different land-use situations. The model was also cross-validated
using the US Drought Monitoring (USDM) (Schwarz et al,
2020). Shin et al. (2019) developed a probabilistic hydrological
drought prediction method using a Bayesian network combining
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TABLE 4 Evaluation of fitting effect of different Copula functions.

Copula Function Gauss t

SED 0.155 1.2162

10.3389/feart.2022.961871
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Propagation probability of meteorological drought of different grades to hydrological drought.

dynamic model prediction and drought transmission
relationship to build a Bayesian network-based drought
transmission drought prediction model, which is suitable for
long-term hydrological drought prediction. Park et al. (2020)
used the drought index based on satellite remote sensing data to
build a short-term drought prediction model by convolving long
and short-term memory and random forest method. Van Loon
et al. (2012)studied the simulation effect of the large-scale
hydrological model on the drought transmission process, and
the results showed that there is still much room for improvement
in the simulation of the semi-arid watershed model. This study is
based on the conditional probability relationship between
meteorological and  hydrological
constructs the prediction model of hydrological drought based
on the Standardized Precipitation Index (SPI) and the
Standardized Runoff Index (SRI),

requirements, simple model construction ideas, and is easy to

drought drought and

which has low data

understand and use. According to the foregoing study, the
propagation time from meteorological drought to hydrological
drought is 3 months, and considering that the correlation
between the SPI and SSI in 3 months is the highest, this study
uses the SPI and SSI sequences in 3 months as variables to
construct edge distribution function, uses the Copula function
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to construct joint distribution, and calculates the propagation
probability among meteorological and hydrological droughts of
different grades based on conditional probability. In this study,
Gauss, T, Gumbel, Clayton, Frank, and five Copula functions are
selected to fit the edge distribution functions of the SPI and SSI.
Also, the Euclidean distance (He et al., 2011) is calculated to
evaluate the fitting effect. The optimizing Copula function
according to evaluation results is shown in Table 4. The
Cumbel-Copula function is selected as the joint distribution
of the SPI and SSI.

After constructing joint distribution, the interval conditional
probability (Eq. (2)) is solved by using the Copula function with
the SPI value as the known condition. The calculation results are
shown in Figure 8, which reveals the probability of different
grades of hydrological drought. For example, when light
drought occurs, the probability of light
70%.
characteristics can provide theoretical basis for water resource

meteorological

hydrological drought is about These probability
managers to apply relevant measures to deal with hydrological
drought when meteorological drought is monitored by the SPI.

When the SPI value is known, how to predict hydrological
drought? In this study, the values of SSI as —0.5, —1.0, —1.5,

and -2.0 are given, then the points in the range of -30-10 at
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Probabilistic model of the relationship between meteorological and hydrological drought.

equal intervals as SPI values are selected, and the Copula
function is used to calculate the conditional probability (Eq.
1) to obtain the relationship curve between the SPI and P(SSI|
SPI), as shown in Figure 9. It can be inferred from this
relationship curve that when the conditional probability
value is 95%, the SPI threshold values of the propagation
from meteorological drought to light, middle, severe, and
-7.7, -13.3, -20.8,
and -29.7, respectively. According to the relationship curve
between the SPI and P(SSI|SPI), combined with the monitored
SPI value, we can obtain the probability of each grade of
hydrological drought and further reveal the probability

extreme hydrological drought are,

relationship ~ between  meteorological ~ drought  and
hydrological drought. When the SPI value is abnormal, for
example, if the SPI value of this month is low, the probability of
occurrence of corresponding hydrological drought can be
directly obtained. Combined with the propagation time from
meteorological drought to hydrological drought, it provides a
basis for timely decision-making on whether to take drought

response measures.

3.7 Model validation and analysis

For the constructed model, the actual SPI sequence of 1, 3, 6,
and 12 months is represented into the model formula for
operation, and the SSI prediction sequence of 1, 3, 6, and
12 months is obtained. The calculation method is as follows:

On the basis of

C(Fssi, F
P(SSI|SPI) = M,

(10)
FSPI

where the Gumbel-Copula function is in the form of

Frontiers in Earth Science

12

C(Fssi, Fspr) = eXp{ ~[(~nFyp)’ + (= InFee)']’ } (an

where 0 = 1.6902 is the parameter of the Copula function and Fsg;
and Fgp; are the fitting distribution function of SSI and SPI,
respectively.

J x"et dx,

0

1
bl (a)

Fepy = F(x]a,b) = (12)
where a and b are the parameters of the Gamma distribution
function and x is the value of the SPL

fssi = f (xlk, . 0)

Qe (rat) Yoa )

(13)

Fss1 = stydx, (14)
where 1, 0, and k are the location parameter, scale parameter, and
shape parameter of the Generalized Extreme Value probability
density function, respectively; x is the value of SSI.

Then, according to the known SPI sequence, the SSI can be
solved back out by substituting the SPI in the formula, that is, the
predicted value of the SSI sequence. The series of SSI-predicted
values of different time scales were compared with the actual
values as shown in Figure 10. As can be seen from the figure, the
predicted SSI sequence is relatively stable, and the hydrological
extreme value phenomenon is not obvious, but between-1-1, it is
more consistent with the actual SSI sequence, and the overall
trend of the predicted SSI and the actual SSI sequence is roughly
the same, deficit and These

reflecting  water surplus.
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SSI sequence predicted values versus actual values(A), (B), (C), and (D) are calculated at a scale of 1, 3, 6, and12 months, respectively.

characteristics can be displayed more clearly at the calculated
scale of 12 months.

After obtaining the predicted SSI sequence, this study also
tested the detection effect of the model for the specific drought
events. The combination of observations and predictions can be
divided into hit, drought observed and also predicted; false,
drought predicted but not observed; and miss, drought
observed but not predicted. The POD indicates the probability
of observed droughts that are also correctly predicted: POD = H/
(H + M); FAR represents the proportion of drought predicted but
not confirmed observed: FAR = F/(H + F). The CSI combining
POD and FAR shows the comprehensive capability of drought
detection: CSI = H/(H + M + F) (Ma et al., 2015). The results
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given in Table 5 showed that they are consistent with the
characteristics expressed by the SSI sequence, with better
effect for detecting light drought events and relatively poor
effect for predicting severe drought. Meanwhile, the detection
rate of this model is still very high, but there is a certain false
positive rate.

4 Discussion

The stream flow data used in this study are the reduced
stream flow data, so the influences of human activities such as
reservoir construction, soil and water conservation measures,
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TABLE 5 Detection effect on specific drought events.

Time scale of Drought Grade Hit

drought identification

One Month Light Drought 17
Other Drought 15

Three Month Light Drought 21
Other Drought 18

Six Month Light Drought 15
Other Drought 20

Twelve Month Light Drought 8
Other Drought 6

and irrigation water and industrial water are excluded in the
research process. At present, due to the influence of a large
number of human activities, climate change has intensified, and
the meteorological conditions and the underlying surface
conditions of the basin have changed greatly (Hao and Singh,
2015). Therefore, this study adopted the heuristic segmentation
method (BG algorithm) to check the obtained precipitation and
reduced stream flow series and found that the stability of the
series is relatively good, so the basin can be regarded as a
relatively natural basin for research. For the selection of
drought index, due to the limitation of data conditions, the
SPI is selected as the meteorological drought index, ignoring
the influence of evapotranspiration, which can be improved in
the following research; for example, the SPEI, a standardized
precipitation evapotranspiration index considering potential
the
The cross-wavelet

evapotranspiration, is  selected to  characterize
meteorological drought characteristics.
analysis used in this research is a new technology combining
cross-spectrum analysis with wavelet transform, which can better
reveal the relationship between two time series in time and
frequency. In the process of studying drought characteristics,
according to the calculation results of propagation ratios of
different grades of drought, it is found that the propagation
ratios of light drought and extreme drought are all greater than 1,
which indicates that in the process of drought propagation, due
to the characteristics of slow development and long duration of
hydrological drought, it is not only affected by meteorological
conditions but also seriously affected by human activities. In fact,
the response of hydrological drought to meteorological drought
is dependent on large-scale atmospheric circulation and the local
underlying surface (Vicente-Serrano and Lopez-Moreno, 2005).
In fact, precipitation has the greatest influence on drought, but it
is often a rapid and short-term process, and it has to go through a
complicated process from precipitation to stream flow
production, which should take into account the influence of
the underlying surface factors of the basin. In addition, the
seasonal characteristics of drought are very obvious, which is

closely related to the climatic characteristics of the basin and the
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False Miss POD (%) FAR (%) CSI (%)
3 2 89 15 77
8 3 83 35 58
4 2 91 16 78
9 1 95 33 64
6 0 100 29 71
4 2 91 17 77
2 0 100 20 80
1 3 67 14 60
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spatial and temporal distribution of precipitation. Meanwhile,
the influence of evapotranspiration should also be considered. In
previous studies, some scholars analyzed the influence of climatic
phenomena such as El Nino Southern Oscillation and Arctic
Oscillation on drought propagation, which is strongly related to
the seasonal characteristics of drought, and this climatic
phenomenon is closely related to evapotranspiration, which
reveals the influence of basin evapotranspiration on drought
propagation (Liu et al, 2020). For the study of drought
propagation time, based on the correlation analysis of the
multi-scale SPI and SSI sequences in the past, this study also
analyzes the correlation between multi-scale SPI and lagging SSI
sequences and determines the drought propagation time by
comparing the two results. In addition, the correlation
coefficient diagram shows certain linear characteristics. In this
study, the best Copula function was selected to construct the joint
distribution function between the SPI and SSI sequences, and
based on conditional probability and interval conditional
probability, the propagation probability and propagation
threshold between meteorological and hydrological droughts
of different grades were obtained. The idea of guiding water
resource management and drought response according to the
SPI-P(SSI|SPI) relation curve is put forward, and the probabilistic
prediction model of hydrological drought is constructed, and it is
verified by historical data. The model construction in this study
adopts an innovative idea to construct the drought prediction
model, directly starting from the drought index and combined
with the quantitative drought transmission process. It is
enlightening to the construction of a drought model based on
the drought transmission process and provides a new idea.
According to the results, this model has good timeliness for
drought prediction, which is of great significance for drought
control work. The validation results showed that the model is
suitable for predicting mild and moderate hydrological drought
and poor, severe, and extreme hydrological drought. There are
three main reasons for this: First, in terms of influencing factors,
the stream flow of hydrological drought has other influencing
factors besides precipitation, such as the underlying surface
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conditions, human water intake, and drainage activities, and
evaporation also promotes the occurrence of hydrological
drought. These factors were not considered due to the
limitation of data in this study; second, the drought
transmission time, in this study, used more research before
the method, the

transmission time is a fixed value, but in fact, the drought

correlation  coefficient and drought
transmission time cannot be fixed, such as in previous studies
show temperature has a great influence on transmission time, in
the later study, can be considered; third, in terms of specific
drought events, in the long series of hydrological data research,
the results show that drought events are mild and moderate, and
severe and extreme drought events are relatively few, only a few
times in 1960-2020, which led to the sample size of severe and
extreme drought events, resulting in the fitting process of the
model with poor accuracy, eventually leading to poor
applicability of a severe and extreme drought model.
However, the construction idea of this model can provide new
direction and ideas for drought prediction research. For
application in different watersheds, the calculation scale of the
SPI can be adjusted according to the characteristics of
watersheds. For example, the watershed with short drought
propagation time can further refine the SPI sequence, taking
weeks as the calculation time scale, while the watershed with long
propagation time can appropriately expand the calculation scale
of the SPL

5 Conclusion

In this study, based on the calculation of conditional
probability and interval conditional probability, the Copula
function is used to put forward a probability model of
meteorological drought spreading to hydrological drought,
namely, the SPI-P (SSI | SPI) relationship curve. The
probability of occurrence of hydrological drought at all levels
can be obtained directly according to the real-time monitored SPI
value, which improves the timeliness of drought forecasting and
early warning. The main conclusions of this study are as follows:

1) Combining drought transmission and drought prediction, the
construction of a new idea of drought prediction model is
proposed.

2) Using the SPI-P(SSI|SPI) relationship curve, a drought
prediction probability model based on the drought index is
developed. After verification, it was found that the model has
good ability to predict mild and moderate hydrological
drought and still has room for improvement in predicting
severe and extreme hydrological drought effect.
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The drought prediction model constructed in this study can
directly use the meteorological drought index to predict
hydrological drought, which is easier to understand and apply.
The model construction idea can provide new ideas and
inspiration for relevant research and also has practical
significance for the drought control work.
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