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Current climate change has led to frequent drought events in the Weihe River
Basin, and the risks and impacts of drought are becoming increasingly severe. In
order to study meteorological drought and hydrological drought at different
scales and the propagation of drought between them, in this study,
meteorological and hydrological drought conditions were calculated for 3-,
6-, 9-, and 12-month timescales based on 56 years of monthly precipitation and
monthly runoff data of the Weihe River Basin using the Standardized
Precipitation Index (SPI) and the Streamflow Drought Index (SDI),
respectively. We explore analyzing the differences between them and their
relationship and establishing regression equations based on the relationship and
the dynamic propagation time of meteorological and hydrological droughts at
different timescales. The results demonstrate that 1) the frequencies of both
meteorological and hydrological droughts have shown an increasing trend in
the last 56 years; 2) the relationship between meteorological drought and
hydrological drought varied over time; 3) according to dynamic change
analysis, propagation time tends to be shorter on the 3-month timescale
and longer on the 6-month, 9-month, and 12-month timescales; and 4) the
accelerated propagation time between meteorological drought and
hydrological drought may be related to the increase in precipitation and
temperature. The findings not only provide scientific support for the
formulation of drought prevention and disaster reduction strategies in this
basin but also have important scientific and practical application value.
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1 Introduction

Drought is a complex and one of the most serious natural
hazards (Lesk et al, 2016). Drought is very harmful, and
prolonged drought can have some impact on social and
national development (Qu et al, 2018). According to the
statistics, crop loss due to drought in China accounts for 60%
of the total loss from various natural disasters (Yao et al., 2010).
Since the process of drought formation and the factors that affect
drought formation are different, drought is often divided into
meteorological drought, agricultural drought, hydrological
2019).
Drought propagation is defined as the transmission of water

drought, and socioeconomic drought (Xu et al,
loss signals between different types of droughts (Lucas et al,
2013). Some studies have shown that a lack of rain primarily
causes meteorological drought (Liu et al, 2021). Insufficient
rainfall in the long term will lead to insufficient surface water
and runoff unavailability; hence, runoff will be less than normal,
resulting in a hydrological drought. It takes a certain amount of
time for meteorological drought to spread to hydrological
drought (Q. Zhang et al., 2011). Wang et al. (2021) concluded
that climate change accelerated meteorological drought to
hydrological drought by 3 months, and human activities
delayed transmission by 11-12 months. Xing et al. (2021)
concluded that under the influence of reservoir operation, the
frequency of hydrological drought is significantly increased and
the correlation between meteorological drought and hydrological
drought decreases. Analyzing the propagation time from
meteorological drought to hydrological drought is critical for
forming a basis for establishing a hydrological drought early
warning system. However, it also has important scientific
significance in studying the transmission mechanism from
meteorological drought to hydrological drought.

Drought indices are often used to describe the characteristics
of a drought (Qu et al, 2014); there are many different and
unified drought indicators at present. In 1993, McKee et al.
(1993) proposed the Standardized Precipitation Index (SPI),
which has the advantages of easy data collection, a relatively
simple calculation process, and good stability, being suitable for
multiple timescales. Nalbantis (2008) proposed the Streamflow
Drought Index (SDI), which is like the SPI in calculation and also
applicable to multiple timescales. Recently, drought propagation
has become a hot topic in the field of hydrology and water
resources, and the study of drought propagation is an important
part of revealing the process of drought formation (Huang et al.,
2015; Wu et al, 2018). T. Zhang et al. (2022) proposed an
effective framework to comprehensively assess the impact of
human activities on hydrological and drought changes in the
Weihe River Basin at different periods. Ho et al. (2021)
established a new framework for calculating the transmission
time, measuring temporal changes (transmission time) in the
areas affected by drought. Zhou et al. (2021) introduced a
the Directional Information

nonlinear correlation with

Frontiers in Environmental Science

02

10.3389/fenvs.2022.1054975

Transfer Index (DITI) to build a new drought response time
(DRT) evaluation system and then determined the trigger
threshold from meteorological drought to hydrological
drought. Ding et al. (2021) used SPE, SRI, and scPDSI to
represent meteorological drought, agricultural drought, and
hydrological drought, respectively, to explore the interaction
of multiple droughts between different climatic zones and
seasons in China. The abovementioned research is mainly to
choose appropriate drought indicators to characterize the
drought and describe the drought transmission process and
clarify the drought transmission mechanism by discussing the
drought transmission time. At the same time, it is beneficial to
reveal the process of drought formation and lay the groundwork
for future drought alerts.

In this paper, we use the Mann-Kendall (M-K) trend
method to the of
meteorological drought and hydrological drought at different

analysis analyze evolution trend
scales, studying the lead-lag relationship between meteorological
drought and hydrological drought, establishing a regression
equation between them, and exploring the propagation time
of meteorological drought across different timescales. It is
useful to reveal the propagation process and discover the
range of dynamic changes between them. Therefore, it
improves the accuracy of hydrological forecasting and
provides scientific and technical for

support drought

prevention in the Weihe River Basin.

2 Study area and methodology
2.1 Study area

As the largest tributary of the Yellow River, the Weihe River
Basin (Figure 1) originates from Niaoshu Mountain in Weiyuan,
Gansu, and flows through the three provinces (regions) of Gansu,
Ningxia, and Shaanxi, between 103° and 110°E and 34° and 38°N,
with a total mainstream length of 818 km and a basin area of
134,800 km?, representing 18% of the Yellow River basin area
(Yuan, 2008). As the Weihe River Basin is in the continental
monsoon climate zone, there is less rain in spring, hot and rainy
in summer, cold and wet weather in autumn, and less rain in
winter. The average annual precipitation is about 580 mm (Ma,
2019), and the average annual temperature is 10.0°C (Song et al.,
2007).

Daily precipitation temperature data from 13 standard
meteorological stations within the basin were obtained from
the China Meteorological Administration (http://data.cma.cn/)
covering the period from 1960 to 2018. These stations contain
high-quality data preserved according to the standard methods
by the National Meteorological Administration of China, which
enforces data quality control before releasing the data. The
monthly streamflow data are derived from the daily runoff
data recorded by the HX hydrological station and were
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FIGURE 1

The weihe River Basin map.

obtained from the Institute of Soil and Water Conservation of the
Chinese Academy of Sciences and Ministry of Water Resources
(http://loess.geodata.cn), covering the period from 1960 to 2018.

2.2 Methodology

2.2.1 Standardized Precipitation Index (SPI)

In 1993, the SPI was used for the first time to describe the
meteorological drought in Colorado, United States. As rainfall
varies greatly at different periods and the rainfall distribution
obeys an asymmetric distribution, the analysis of the rain process
requires the use of a gamma distribution function to describe the
change in rainfall, and then the SPI value is calculated from
normal standardization (McKee et al, 1993). The calculation
method is as follows:

If the measured rainfall of a time series is P;, j» it is as follows:

3k
Rij=Y Piji=1,2,3nj=12-12k=1,23,4,
j=1

(1)

where R;; is the accumulated rainfall, i represents the
hydrological year, and j represents the first hydrological year.
k =1,2,3,4 represents the timescales of 3, 6, 9, and 12 months,
respectively.

The SPI calculation formula (Nalbantis et al., 2009) is as
follows:
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Rix — R
%

SPI; = i=1,2,3nk=1234, )
where R; and Si are the mean and standard deviation of the
accumulated rainfall on the kth timescale, respectively.

To eliminate drift from the accumulated rainfall, another SPI

calculation formula is as follows:
Wik — Wi
k

SPIiy = ,i=1,2,3n;k=1,23,4, (3)

where

Wiy =In(R;;),i=1,2,3-n; k=1,234. (4)

Here, W) and S; are the mean and variance of the
accumulated rainfall under logarithmic operation, respectively.

In our research, four timescales (3, 6, 9, and 12 months) were
selected based on the hydrological year of the Weihe River Basin.
The classification of meteorological droughts was as follows: no
(=0.5<SPI), light drought (-1.0<SPI< -0.5),
moderate drought (-1.5<SPI< -1.0), drought
(-2.0<SPI< - 1.5), and extreme drought (SPI< —2.0).

drought

severe

2.2.2 Streamflow Drought Index (SDI)

The SDI was used for the first time by Nalbantis et al. (2009)
to validate data from two river basins in Greece, and it is
generally a drought index used to represent hydrological
drought. The calculation method is similar to the SPI
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FIGURE 2
Meteorological drought on four time scales.

meteorological drought index. To eliminate the deviation of the
accumulated runoff deviation, the SDI calculation formula is as
follows:

3k . .
V= Zj=1 Qji=123"nj=12-12k=1,234 (5)

SDI,; :y""‘s_y",iz 1,2,3n: k=1,2,3,4 6)

k
yu=In(Vi;),i=1,2,3n;k=1,234, )
where V;; is the accumulated runoff, and yj and Sy are the mean
and variance of the accumulated rainfall under logarithmic
operation, respectively. The classification of hydrological
droughts was as follows: no drought (0.0 < SDI), light
drought (-1.0 < SDI < 0.0), moderate drought (-1.5 <
SDI < —-1.0), severe drought (2.0 < SDI < -1.5), and extreme
drought (SDI < -2.0).

2.2.3 Mann-Kendall method

The nonparametric Mann-Kendall test is a trend test
established based on data sequence ordering and time order
correlation. Currently, this method has been widely used in
analyzing trends and testing the significance of rainfall,
temperature, and hydrological series. The Mann-Kendall test
determines the chance for a climate mutation in the climate
sequence to occur (Yu, 2013).

In order to analyze the trend in the number of months of
meteorological drought and hydrological drought that occur each
year and the dynamic trend of drought propagation time, we first
calculated the number of months that occur in each year and the
drought propagation time, and then the M-K trend analysis
method was applied. To understand whether the number of
months of meteorological drought and hydrological drought
occurring each year changed abruptly, the M-K abrupt
change method was employed to analyze the number of
months that occurred.
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3 Results and discussion

3.1 Analysis of meteorological and
hydrological droughts

The meteorological drought index SPI in the Weihe Basin on
four timescales is shown in Figure 2. In this region, drought
events were not the same at different computational timescales:
findings indicated that there were more drought events in the
case of the 12-month scale (March-February) than in the other
three timescales. In terms of drought severity, there was one light
drought event and one severe drought or extreme drought event
on the 3-month timescale (March-May), 6-month timescale
(March-August), and 9-month timescale (March-November).
On the 12-month timescale, there was one moderate drought
event and 23 severe or extreme drought events. This happened
because precipitation varies on different timescales.

Using the hydrological drought index SDI to calculate the
number of droughts and drought conditions in the Weihe Basin
on four timescales (3-month, 6-month, 9- month, and 12-
month), the result is shown in Figure 3. The numbers of
hydrological droughts in four timescales were 35, 27, 22, and
31, respectively; among them, the light drought events occurred
25 times, 15 times, 15 times, and 10 times, respectively. The
moderate drought events occurred five times, eight times, two
times, and seven times, respectively. The events were five, four,
five, and 14 times, respectively. Overall, there were more
hydrological drought events on the 3-month timescale than
on the 12-month timescale. This occurs in the Weihe Basin
region because much of the winter precipitation falls in the form
of snow, and, consequently, spring thaw can alter river flow
regimes with the increased river flows in the March to May
season.

To better study the meteorological drought and hydrological
drought throughout the hydrological year of the basin, the
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FIGURE 3
Hydrological drought on four time scales.
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Meteorological drought and hydrological drought severity during 1961-2016 on a 12-month time scale.

severity of the meteorological drought was analyzed based on a
timescale of 12 months. The severity of the meteorological
drought from 1961 to 2016 on a 12-month scale is shown in
Figure 4. It appears that 1997 was the driest year, which was
consistent with the record in the China Historical Drought
Yearbook (1949-2000) (Sun et al., 2008). In addition, the
severity of meteorological droughts has the most significant
trend.

Like the meteorological drought study, the severity of the
hydrological drought on the 12-month timescale was analyzed.
The result shows that there were 31 years of hydrological drought
(Figure 4). Among them, 1997 was the most severe year of
hydrological drought, and its SDI value was —2.4. According
to the severity of the meteorological drought on the 12-month
scale, the highest severity of the meteorological drought was the
year 1997. The lack of precipitation in 1997 caused a
meteorological drought and, at the same time, led to a
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significant reduction in surface runoff and the lack of
groundwater replenishment, which caused severe hydrological
droughts.

The Mann-Kendall method was used to analyze the
changing trend of meteorological drought and hydrological
drought numbers for the months from 1961 to 2016 on a 12-
month timescale (as shown in Figure 5). The result showed an
of
meteorological drought months. The Z value of the M-K
0.05, the annual
number of meteorological drought months from 1961 to

increasing trend during 1961-2016 in the number

statistical test was 0.71, and under « =

2016 did not increase significantly. Overall, the number of
hydrological drought months that occur each year showed an
increasing trend. The M-K statistical Z value was 0.84.
Furthermore, we tested the number of meteorological
drought months (Figure 6) and the number of hydrological
drought months (Figure 7) for mutations to understand
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FIGURE 5
The Number of months of annual meteorological drought and hydrological drought from 1961 to 2016 on a 12-month time scale.
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FIGURE 6
Meteorological drought month number mutation test.
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FIGURE 7
Hydrological drought month number mutation test.
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timescale.

whether the number of months in which drought occurs each
year will change abruptly. The results showed that the number of
meteorological drought months suddenly changed in 1967; the
number of hydrological drought months mutated in 1963, 1965,
and 1966, and all met the 95% confidence test.

3.2 Lead-lag relationship between
meteorological drought and hydrological
drought

To better analyze the relationship between meteorological

drought and hydrological drought, we compared the
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meteorological drought index and the hydrological drought
index with the 5-year moving average on four timescales. As
shown in Figure 8, meteorological and hydrological droughts
have similar but different trends. The relationship between the
SPI and the SDI was strong on the 12-month timescale, and the
relationship was weak on the 3-month timescale. The reason for
this phenomenon on a 3-month timescale could be that melting
snow increases runoff and the construction of storage reservoirs
affects hydrological characteristics (Zhao et al, 2019). The
construction of reservoirs affects the process of changing
hydrological characteristics, increasing water storage and
leakage losses. The amount of water used for irrigation
increases, as well as the land use change, human activities,
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TABLE 1 Trend changes in the propagation time from meteorological
drought to hydrological drought in the Weihe River Basin at
different timescales.

Timescale 3 months 6 months 9 months 12 months

zZ -0.2866 1.0424 0.1042 2.8977

and other factors (He et al., 2015). There were two reservoirs in
the Weihe River Basin in 2000, with a total reservoir storage of
2.73 billion m® and a usable capacity of 1.55 billion m? the
effective irrigation area was 121,000 hm* (Bi et al., 2013).

To estimate the impact of meteorological drought on
hydrological drought, the lead-lag correlation coefficient between
the SPI and the SDI was assessed (Figure 9). As shown in the figure,
the SPI was 1 month behind the SDI for the 3- and 12-month
timescales. The reason for this could be the hydrological drought
caused by the reduction of surface runoff due to the construction of
the reservoir and the meteorological drought caused by the absence of
precipitation. For the 6-month timescale, the SPI was 2 months
longer than the SDI, that is, the propagation time from
meteorological drought to hydrological drought was 2 months. For
the 9-month and 12-month timescales, the SPI was 2 months longer
than the SDI. That is, the propagation time was 1 month.

3.3 Dynamic change of propagation from
meteorological drought to hydrological
drought at different timescales and the
influence of hydrological factors on the
propagation time

We analyzed the propagation time from meteorological
drought to hydrological drought across the sequence, for a

10.3389/fenvs.2022.1054975

better understanding of the changing trend of drought
propagation and to establish the basis for drought monitoring.
The data from 1961 to 2016 were selected, having as the research
object the sliding window of 30 years, divided into 27 groups to
analyze the changing trend in the propagation time (Ma, 2019).
The Z values obtained at different timescales are shown in
Table 1. A positive value represents an upward trend and a
negative value represents a downward trend, indicating that the
propagation time becomes longer and shorter, respectively.

Our assumption, based on Table 1, indicates that the
propagation time from meteorological drought to hydrological
drought in the Weihe River Basin has a decreasing (downward)
trend on the 3-month timescale; it has an increasing (upward) trend
on the other three timescales. There is an obvious upward trend at
12 months, and the test meets the significance test with 99%
confidence. In other words, the propagation time becomes
shorter on the 3-month timescale and longer on the 6-month, 9-
month, and 12-month timescales.

The propagation from meteorological drought to
hydrological drought was affected by different factors,
which have different effects in different seasons. Among
these factors, we noticed meteorological factors having the
most direct impact. Its changes will affect the variations in
precipitation and runoff and then directly affect the process
of drought propagation. The propagation time from
meteorological drought to hydrological drought is related
to hydrological elements. The determination coefficients (R*)
of temperature and precipitation and propagation time are
calculated in this paper, and the results are shown in
Figure 10. For the 3-month and 6-month timescales, the
R*> values for temperature and precipitation for the
propagation time were 0.72 and 0.69 and 0.90 and 0.78,
respectively, indicating that temperature and precipitation
had a greater impact on drought propagation time in these

09
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FIGURE 10

The Determination coefficient (R?) of the linear regression model between the propagation time and temperature and precipitation.
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two scales. Conversely, the R values on both the 9- and 12-
month timescales are lesser than 0.1, indicating that
temperature and precipitation have very little effect on
propagation time on both scales.

The results also show that temperature and precipitation have a
greater effect on the drought propagation time in short timescales.
Among them, the temperature has a greater influence on the drought
propagation time. But as the timescale gradually increases from
6 months to 12 months, the impact on drought propagation time
will become smaller and smaller, until it disappears.

4 Discussion

The dynamic propagation time of drought varies from time to
time, mainly for the following reasons. 1) For the 3-month
timescale, the melting surface snow leads to an increase in
surface water, but most of the surface water forms groundwater
by infiltration, which eventually leads to a decrease in surface
water. Therefore, the propagation time from meteorological
drought to hydrological drought is shortened. 2) For the 6-
month and 9-month timescales, on the one hand, precipitation
increases in summer, resulting in high soil moisture, and on the
other hand, the temperature in autumn is low. Decreased rainfall
will lead to meteorological drought; however, hydrological drought
will react within a certain time. Therefore, the propagation time
from meteorological drought to hydrological drought becomes
longer. 3) For the 12-month timescale, in the whole hydrological
year perspective, precipitation in winter decreases, but there will be
snow, and after a meteorological drought, it will take longer to
propagate to the hydrological drought.

5 Conclusion

This study analyzes the static and dynamic changes of
meteorological and hydrological droughts in the Weihe River Basin
on four timescales, and the following conclusions are drawn. 1) Severe
or extreme meteorological drought events occurred more frequently in
the Weihe River Basin based on the 12-month timescale than the other
three timescales, but more hydrological droughts occur on the 3-month
timescale. 2) The regression coefficients of a linear regression between
the SPI and the SDI indicated that with increasing timescales, the
regression coefficients become weaker. The reason for the differences
between meteorological and hydrological droughts included, but was
not limited to, climate change, variability, and human activities. 3) The
number of meteorological drought months and hydrological drought
months on the 12-month timescale showed an upward trend, and they
mutated in 1967, 1963, 1965, and 1966, respectively. 4) For the 6-
month timescale, the propagation time from meteorological drought to
hydrological drought was 2 months, and its propagation time has an
upward trend; for the 9-month and 12-month timescales, the
propagation time was 1 month, and there is also an upward trend.
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5) Temperature and precipitation have a strong influence on the
drought propagation time of 3 months and 6 months, of which
temperature is particularly prominent, and its R* value reaches 0.90.
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