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Abstract: As one of the most destructive and costly natural disasters, drought has far-reaching negative
effects on agriculture, water resources, the environment, and human life. Scientific understanding
of propagation from meteorological to hydrological drought is of great significance for accurate
forecasting of hydrological drought and preventing and mitigating drought disasters. The objective
of this study is to analyze the spatio-temporal variational characteristics of propagation from
meteorological drought to hydrological drought and the associated driving mechanisms in the eastern
Qilian Mountains using the standard precipitation index (SPI), standardized runoff index (SRI),
and drought propagation intensity index (DPI). The results show that there has been meteorological
humidification and hydrological aridification in the upper reaches of the Shiyang River Basin
over the last 56 years; especially in the 2000s, the intensity of hydrological drought was the
strongest and the intensity of meteorological drought was the weakest, indicating the propagation
intensity of meteorological drought to hydrological drought was extremely strong during this
period. The changes of meteorological and hydrological dry—wet are different, both on seasonal
and monthly scales. The meteorological dry—wet is shown to have had a significant effect both
on the current and month-ahead hydrological dry-wet, where the one-month lag effect was most
obvious. The relationship between meteorological and hydrological droughts also vary in space:
Hydrological aridification in the Huangyang River, and the rivers east of it, was greater than that in
the western tributaries. The drought propagation intensities from west to east showed a decreasing
trend, excluding the Huangyang River. Climate and land-use changes are the main factors affecting
the propagation from meteorological drought to hydrological drought. When the natural vegetation
area accounted for between 76.3-78%, the cultivated land area between 0.55-3.6% and the construction
area between 0.08-0.22% were a peer-to-peer propagation process from meteorological drought to
hydrological drought in the upper reaches of the Shiyang River.
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1. Introduction

As one of the most destructive and costly natural disasters, drought has far-reaching negative
effects on agriculture, water resources, the environment, and human life [1,2]. With climate change,
especially with the impact of extreme climate conditions [3], the frequencies and durations of major
drought events have increased over the past decade [4]. An assessment of drought and desertification
from the Intergovernmental Panel on Climate Change (IPCC) showed that aridification around the
world is likely to continue through the next 30-50 years, leading to adverse effects on ecosystems
and sustainable development [5,6]. Therefore, it is of great significance to explore the mechanisms of
drought propagation and understand the occurrence of drought in guiding the rational distribution
of the industrial economy, preventing and reducing disasters [7] and informing the decisions of
decision-makers in the fields of hydrology, ecology, agriculture, and water resources, and so on [8].

The American Meteorological Society classifies drought into four types: meteorological drought,
hydrological drought, agricultural drought, and socio-economic drought [9]. Among the four drought
types, meteorological drought is the cause of the other three drought types. Hydrological drought
is the secondary stage of natural drought development [10] and, as an intermediate link, it directly
affects agricultural drought and socio-economic drought [11,12]. Therefore, meteorological drought
is the foundation of drought, and hydrological drought is the link and bridge for the other types
of drought. The drought index is an indispensable basic tool for drought detection, monitoring,
and impact assessment [13,14] and is usually used to determine moisture status and degree of water
shortage [15]. According to the statistics of the World Meteorological Organization, there are as
many as 55 commonly used drought indexes, such as Standardized Precipitation Index (SPI) and
Standardized Runoff Index (SRI), and so on [4]. Among these, the SPI was proposed by McKee in
1993 to study drought in Colorado, USA. Due to its simple calculation, multiple time scales, better
reflection of drought intensity, and higher sensibility to drought changes, SPI has been popularized by
the World Meteorological Organization and applied globally [16], and can well assess climate drought
and can intuitively reflect the impact of precipitation on drought. The SRI was proposed by Shukla
and Wood in 2008, and its concept was based on the concept of SPI [17]. Shao concluded that the
evaluation results of drought and flood by SRI had a good consistency and certain applicability in
different climatic regions [18], and could very well evaluate hydrological drought. Up to now, drought
indices have become an important means for many scholars to study drought conditions, and some
meaningful results have been achieved [19-24]. Using the standardized indexes of meteorological and
hydrological drought to discuss the internal correlation between them can help us to better understand
the propagation processes and formation mechanisms of the water cycle, and also may aid in forming
more complete basic theories of drought monitoring [25]. Relevant studies have shown that most
hydrological droughts lag behind meteorological droughts, but the lag characteristics have obvious
spatial heterogeneity [26,27]. Moreover, on the monthly to quarterly scale, SRI is a useful supplement
to SPI's description of drought [28]. However, to date, the related studies have mainly focused on
meteorological drought with a single index, and a few have focused on hydrological drought, especially
the relationships between hydrological drought and meteorological drought response, resulting in an
unclear understanding of the propagation process of meteorological drought to hydrological drought
and its influencing factors.

The Shiyang River Basin is located in the transition zone of the Inner Mongolia Plateau, Loess
Plateau, and Qinghai-Tibet Plateau and, located at the edge of a monsoon region, is a sensitive area to
ecological environment change [29,30]; It is also one of the most densely populated basins of the inland
river basins of China, with the highest degree of water resource development and utilization and the
most serious ecological environmental problems [31]. Special geographical conditions and climatic
characteristics have determined that the Shiyang River Basin is a region with frequent droughts [32].
Its upstream originates from the Eastern Qilian Mountains, which is the water conservation area
in the Shiyang River Basin and is, also, a typical ecologically fragile area with higher sensitivity to
global warming. Under the background of global change, a change in the hydrological cycle process
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in the Qilian Mountains (i.e., in the upper reaches of the Shiyang River) not only affects ecological
security in the upper reaches but also directly affects the healthy development of social economy
in the oasis of the middle and lower reaches of the Shiyang River. Based on this, three issues to be
studied in this paper as follows: (1) The spatial and temporal characteristics of meteorological drought
propagating to hydrological drought in the eastern part of Qilian Mountains in the past 56 years; (2) The
mechanism of the impacts on climate and land-use change on meteorological drought propagating to
hydrological drought; and (3) The threshold of land-use structure on the peer-to-peer propagation
from meteorological drought to hydrological drought. The research results will further improve the
related theories of meteorological drought propagating to hydrological drought and provide scientific
support for drought monitoring and prediction.

2. Materials and Methods

2.1. Study Area

The upper reaches of the Shiyang River (101°41’-103°48" E and 36°29'-38°18’ N) originate from
the northern slope of Lenglongling, eastern Qilian Mountains, with the elevation being 2000-5031 m
and a total area of about 11,550 km? (Figure 1). The mountain range runs from northwest to southeast.
From east to west, the upper reaches of the Shiyang River are composed of eight tributaries—the
Dajing River, the Gulang River, the Huangyang River, the Zamu River, the Jinta River, the Xiying River,
the Dongda River, and the Xida River—and several small ditches and rivers. The climate is alpine,
semi-arid, and semi-humid, with precipitation ranging from 400-600 mm and potential evaporation
ranging from 880-1000 mm. The upper reaches of the Shiyang River are similar to those of other
arid inland rivers, with precipitation and melted alpine ice and snow as the main water sources [33].
The main land-use types in the basin are natural vegetation (grassland and woodland), cultivated land,
construction land, water areas, and unused land. From 1986 to 2016, the area of natural vegetation
(grassland and woodland) and water areas in the upper reaches of the Shiyang River showed a first
decreasing and then increasing trend; whereas, the area of cultivated land showed the opposite trend,
and the area of construction land continued to increase. Spring wheat is the main commodity grain in
the Shiyang River Basin.
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Figure 1. Overview of the study area.
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2.2. Data Sets

2.2.1. Meteorological Data

The monthly precipitation, monthly mean temperature, daily maximum temperature, and daily
minimum temperature data were all derived from the China Meteorological Data Network. The monthly
surface precipitation data from 1961-2016 were given as 0.5° X 0.5° grid data. The upper reaches of
the Shiyang River occupied 13 grid points. Each tributary occupied multiple grid points, and the
meteorological data of the eight tributaries were calculated by weighting the proportion of area in each
grid point of each tributary.

2.2.2. Runoff Data

The monthly flow data of the eight tributaries in the upper reaches of the Shiyang River, from
1961-2016 were obtained from electronic data provided by the Shiyang River Basin Administration
and the Water Resources Bulletin of the Shiyang River Basin. Table 1 shows the hydrological station
information. Among the tributaries, the Gulang River lacked monthly flow data from 1961-1988,
and the Jinta River lacked monthly flow data from 1961-1975. For the accuracy of the results, the data
were not interpolated artificially.

Table 1. Locations of the tributaries” hydrological stations.

Tributaries Hydrological Station Latitude Longitude
Xida River Xida 38°3’00” 101°22’59”
Dongda River Shagousi 38°1’00” 101°57’00”
Xiying River Jiutiaoling 37°52/00” 102°3’00”
Jinta River Nanying Reservoir 37°48’00”  102°31’00”
Zamu River Zamusi 37°42'00”  102°34’00”
Huangyang River Huangyang 37°34’00”  102°43’00”
Gulang River Gulang 37°25’59”  102°54’00”
Dajing River Dajingxia 37°22’59”  103°21’00”

2.2.3. Land-Use Data

Landsat/TM remote sensing image data from the United States was received by the China Remote
Sensing Satellite Ground Station, with a resolution of 30 m, orbital numbers 131-33, 132-33, 131-34,
and 132-34, and with data acquisition time from June to September, using remote sensing images with
less cloudiness and better quality in 1986, 2000, and 2015. ArcGIS 10.4 software was used to interpret
remote sensing images by an artificial visual method.

2.3. Methods

2.3.1. Standardized Precipitation Index (SPI) and Standardized Runoff Index (SRI)

As precipitation distribution is a skewed distribution [34], McKee selected the I' probability
distribution to describe the change of precipitation when proposing SPI, and then calculated the SPI
value by normalization. For the specific calculation steps of SPI, refer to the literature [35]. SPI has
multiple time scales, and the SPI at different time scales reflect different drought and flood situations.
SPI; can accurately identify short-term meteorological drought and flood and has a high correlation
with agricultural droughts. SPI;; is an accurate indicator of long-term drought and flooding and their
durations and is usually highly correlated with rivers, reservoirs, and groundwater levels [36,37].
Therefore, SPI;, SPI3, and SPI;, were selected to analyze the monthly, seasonal, and annual dry-wet.
Kingtse (2008) considered that SRI can be calculated by imitating SPI[17]. Shao calculated the SRI by
using the calculation method of SPI, which proved that the calculated SRI was correct and could be
used in the study of drought and flood identification and its evolution process [18].
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The SPI and SRI drought grades were classified based on previous studies [38-40] and the situation
of the Shiyang River Basin, as shown in Table 2.

Table 2. Classification of standard precipitation index (SPI) and standardized runoff index (SRI) drought.

Index Range SPI and SRI Level

(-1,0) Mild drought
(-1.5,-1] Moderate drought
(—2,-1.5] Severe drought
(—00,-2] Extreme drought

2.3.2. Time-Delay Correlation Coefficient

The time-delay correlation analysis method was used to calculate the time-delay. This method is
applied to the correlation analysis of a finite discrete time-series. It considers the time lag of interaction
between different time series elements; that is, if there exists a reaction delay process. The procedure
for calculating the time-delay correlation coefficient may be found in [26].

2.3.3. Potential Evaporation Calculation Model

Potential evaporation (ETy) is usually calculated by mechanism models in the world. There are
dozens of calculation models, among which the Penman model, Thornthwaite model, Selianinov model,
and Hargreaves formula (H formula) are the most commonly used [41]. Revised and corrected for many
years, the Penman model can fully analyze the influencing factors by integrating the characteristics
of turbulent energy transfer, energy balance, and physiological characteristics of vegetation [42].
According to a comparative study between the United States and the European Union, the Penman
model was relatively accurate with respect to dry-wet and, so, it has been widely used globally [43,44].
However, the Penman model needs a lot of meteorological data. For an ET calculation in the
case of a lack of meteorological data, the United Nations Food and Agriculture Organization (FAO)
recommended the H formula to estimate ETy. However, a large number of research results have shown
that there were deviations in calculating ET in different regions with the H formula and, so, the results
must be corrected when applying the formula in a certain region [45].

Based on the daily meteorological data of the Wushaoling Meteorological Station in the upper
reaches of the Shiyang River from 1961-2016, ETy-P and ET,-H were calculated by the P-M formula
and H formula, respectively, and a regression model between them was established. Then, it was
corrected using the regression model of [46], the ETy-H was calculated by the H formula based on grid
data, and then the precise potential evaporation in the study area was obtained.

2.3.4. Drought Propagation Intensity Index (DPI)

In order to quantitatively express the propagation process of meteorological drought to
hydrological drought, an index of drought propagation intensity was constructed, and its calculation

formula is as follows:
DPI = %(MA #0) (1)
- MA ’

In this formula, DPI is the drought propagation intensity index, HA is the hydrological drought
intensity over a certain period of time, and MA is the meteorological drought intensity over a certain
period of time. Drought intensity refers to the average value of SPI or SRI in a drought year.

The direction of drought propagation is defined as meteorological drought to hydrological drought.
When the DPI is greater than 1, hydrological drought is greater than meteorological drought, and the
intensity of the meteorological drought propagating to hydrological drought is strong. When the
DPI is less than 1, hydrological drought is less than meteorological drought, and the intensity of
meteorological drought propagating to hydrological drought is weak. When the intensity index of
drought propagation is equal to 1, there is a peer-to-peer propagation from meteorological drought to
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hydrological drought. According to the classification of SPI and SRI, combined with the DPI in the
upper reaches of the Shiyang River, the DPI was classified, as shown in Table 3.

Table 3. Drought propagation intensity (DPI) index classification.

Index Range Level Index Range Level
1 Peer-to-peer
(1,1.1] Mildly strong [0.9,1) Mildly weak
(1.1,1.2] Moderately Strong [0.8,0.9) Moderately weak
(1.2,1.3] Extra strong [0.7,0.8) Extra weak
(+00,1.3) Extremely strong 0,0.7) Extremely weak

Note: When meteorological drought intensity is 0 and hydrological drought intensity is not 0, the grade of DPI is
extremely strong.

3. Results
3.1. Interannual and Interdecadal Response Characteristics

3.1.1. Response of Hydrological Drought to Upstream Meteorological Drought

The values SPI;; and SRIj; in the upstream, from 19602016, were calculated as the annual scale
drought indicators, and their variation characteristics were analyzed.

As can be seen from Figure 2a, on an annual scale: (1) the upper reaches of the Shiyang River
showed meteorological humidification and hydrological aridification, (2) the correlation coefficient
between SPI;; and SRIj, was 0.69 (p < 0.01), and there was a significant positive correlation between
SPIj; and SRIjp, but there were differences in the degree of correlation between SPI;, and SR,
in different periods, especially in 2010-2016 (except in 2013), where the obvious meteorological
humidification did not create obvious hydrological humidification; (3) the coefficients of variation of
SPI;; and SRIj, were 0.4001 and 0.4223, respectively; that is, the fluctuation degree of meteorological
dry-wet is less than that of hydrological dry-wet. Among these, from 1961 to 2016, both SP1;, and SRy,
had the similar periodic fluctuation characteristics of intense (1960s)-gentle (late 1970s-1980s)-intense
(late 1980s—early 1990s)—gentle (mid-late 1990s—early 2000s), with the most intense fluctuation around
1990; (4) Before the end of the 1990s, the degree of meteorological drought was greater than that of
hydrological drought but, after 2000, it was the opposite case. Both 1962 and 1991 were extreme
meteorological drought years, and there was no extreme meteorological year after the end of the
1990s; 1991 was the worst year for hydrological drought, with severe drought; there was no extreme
hydrological drought year.

SPL, — =Lincar equation (SPT ) ()  1960s 1970s 1980s 1990s 2000s
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Figure 2. Interannual and interdecadal response characteristics in the upstream. (a) SPI;, and SRIj;
change trends; (b) interdecadal variability of meteorological and hydrological drought.
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Interdecadal changes can better illustrate the stages and persistence characteristics of
meteorological and hydrological droughts in the upper reaches of the Shiyang River. In order
to further illustrate the characteristics of meteorological drought propagation to hydrological drought,
the number of drought years was counted and the average values of SPI;; and SRIy; in the drought
years were calculated.

As shown in Figure 2b, (1) the number of meteorological drought years increased gradually and the
intensity of meteorological drought experienced three stages: weakening (1960s-1970s), strengthening
(1970s-1990s), and, again, weakening (1990s-2000s); the number of hydrological drought years
experienced a process of decrease (1960s-1980s), increase (1980s-1990s), and decrease (1990s—-2000s).
The intensity of hydrological drought has gradually increased since the 1970s, and the 2000s was
the era with the strongest hydrological drought intensity and the weakest meteorological drought
intensity. (2) In the 1960s, 1970s, 1980s, and 1990s, the intensity of hydrological drought was less than
the meteorological drought, where the DPI were 0.5, 0.46, 0.42, and 0.66, respectively; so, the intensity
of meteorological drought propagating to hydrological drought was extremely weak, and the number
of hydrological drought years in each decade was greater than or equal to the number of meteorological
drought years. After entering into the 21st century, the intensity of hydrological drought was greater
than that of meteorological drought, with the highest DPI being 2.56, so the intensity of meteorological
drought propagating to hydrological drought was extremely strong, and the number of hydrological
drought years was less than that of meteorological drought years. On the whole, the average DPI over
the past 56 years was 0.68, and the intensity of meteorological drought propagating to hydrological
drought was weak. In each decade where the intensity of meteorological drought was greater than that
of hydrological drought, the number of meteorological drought years was less than that of hydrological
drought years. When the intensity of meteorological drought is less than that of hydrological drought,
the number of meteorological drought years was more than that of hydrological drought years.

3.1.2. Response of Hydrological Drought to Meteorological Drought in Different Tributaries

The values SPI;; and SRI;; for the eight tributaries, from 1960-2016, were calculated as annual
scale drought indicators, and their variation characteristics were analyzed.

The results are shown in Figure 3a and are as follows: (1) meteorological humidification and
hydrological aridification were shown in the Xiying River and the rivers east of it, which are those
upstream of it; whereas meteorological and hydrological humidification were seen in the rivers to the
west of the Xiying River. Moreover, the hydrological aridification of the Huangyang River and the
rivers east of it was greater than that of the western rivers, and the aridification of the Huangyang
River was the most obvious (Figure 3a, Table 4). (2) The approximate periodic fluctuations of SPI;,
and SRIy; for the eight tributaries were consistent with the upstream (Figure 3a). Among them,
the meteorological dry—wet fluctuations of the Huangyang River and the rivers east of it were greater
than their hydrological dry-wet fluctuations, while the meteorological dry-wet fluctuations of the rivers
west of the Huangyang River were less than their hydrological dry-wet fluctuations. The hydrological
dry-wet fluctuations of the Huangyang River and the rivers east of it were less than that of the rivers
west of the Huangyang River, and the meteorological dry—wet fluctuations were greater than that in the
rivers west of Huangyang River (Table 4). (3) The values of SPI;; and SRI;j; in the eight tributaries had
significant positive correlations, and that of the Xiying River had the strongest correlation, while that
of the Huangyang River was the weakest (Table 4). (4) After the 1990s, the characteristics of the
hydrological drought intensity were greater than those of the meteorological drought intensity most
obviously for the Huangyang River (Figure 3a).
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Figure 3. Interannual and interdecadal response characteristics in different tributaries (a) SPI;, and
SRI;; change trends; (b) spatial characteristics of meteorological and hydrological drought.

Table 4. Change tendency rate, coefficient of variation (Cy), and correlation coefficient of SPI;; and
SRIy; in eight tributaries.

Items Indexes Xida Dongda Xiying Jinta Zamu Huangyang Gulang Dajing

Change SPI;, 0.138 0.098 0.102 0.120 0.100 0.115 0.215 0.202

Tendency SRI, 0.129 0.129 —-0.004 - -0.018 —-0.156 - —0.134

I%lte SPI;, 0.381 0.384 0.41 0.424 0.383 0.476 0.424 0.417

v SRI;, 0.516 0.575 0.488 - 0.463 0.427 - 0.413
Correlation

.. 0.55 ** 0.66 ** 0.675 ** 0.52 ** 0.58 ** 0.299 * 0.53 ** 0.52 **
Coefficient

Note: **, p < 0.01, *, p < 0.05.

In order to analyze the spatial characteristics of meteorological drought propagating to hydrological
drought, the average values of SPlj; and SR;; and the number of drought years in each tributary,
from 1961-2016, were calculated.

According to Figure 3b, the number of years of meteorological drought and hydrological drought,
from the west to the east, of the six tributaries was gradually decreasing, and the intensity of
meteorological drought gradually increased (except for Huangyang River). The hydrological drought
intensity of Huangyang River was the most serious and the meteorological drought intensity was the
smallest. Combined with Figure 6, it can be seen that there were obvious spatial differences in the
intensity of meteorological drought propagating to hydrological drought. Except for the Huangyang
River, the DPI gradually decreased from west to east. Among the tributaries, the hydrological drought
intensities of the Zamu and Dajing Rivers were less than that of meteorological drought, with the DPI
being 0.87 and 0.79, respectively (indicating that the intensity of meteorological drought propagating
to hydrological drought were moderately weak and severely weak, respectively), and the number of
hydrological drought years were more than that of meteorological drought years. The hydrological
drought intensities of the other tributaries were greater than the meteorological drought intensities.
The DPI of the Dongda and Xiying Rivers were 1.03 and 1.02, respectively, which were very close to
peer-to-peer propagation. The DPI of the Xida and Huangyang Rivers were 1.2 and 2.1, respectively,
indicating that the intensities of meteorological drought propagating to hydrological drought were
moderately strong and extremely strong, respectively, and that the number of hydrological drought
years was less than that of meteorological drought years.
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3.2. Seasonal Response Characteristics

3.2.1. Response of Hydrological Drought to Meteorological Drought in the Upstream

The values of SPI; and SRI3 in the upper reaches of the Shiyang River, from 1960-2016,
were calculated as seasonal drought indicators, and their variational characteristics were analyzed.

On the seasonal scale, the results are as follows, as shown in Figure 4a: (1) Meteorological
humidification and hydrological aridification occurred in spring and summer. In autumn and winter,
there was meteorological and hydrological humidification (Figure 4a). (2) Except for in summer,
the meteorological dry-wet fluctuations were greater than hydrological dry-wet fluctuations (Table 5).
(3) There was no extremely dry year in spring and winter; the years with extreme drought in autumn
were the most numerous, of which three were extremely meteorological dry years (1972, 1991, and 1993)
and one was an extremely hydrological dry year (1991). There were two extremely meteorological
dry years in summer (1962 and 1991), and no extremely hydrological dry year (Figure 4a). (4) There
was a significant correlation between SPI3 and SRI3 in spring, summer, and autumn, in which the
correlation between SPI; and SRI3 was the strongest in autumn, followed by summer and spring
(Table 5); there was no significant correlation between SPI; and SRI3 in winter. The low correlation
between SPI; and SRIj in spring is mainly affected by the melt-water of ice and snow, as well as
agriculture. Spring wheat is the main agricultural grain in the upper reaches of the Shiyang River,
and the key water source for crop cultivation is the interception of runoff in spring. SRI3 in winter is
closely related to SPI3 in summer and autumn (Table 5), mainly due to the fact that the runoff of rivers
in winter is mainly recharged by groundwater, which is less affected by solid precipitation in that
season, while the amount of groundwater in winter is closely related to the recharge of groundwater
by precipitation in summer and autumn.

Table 5. Coefficient of variation (Cy) and correlation coefficients of SPI3 and SRI3 from 1961 to 2016 in
the upstream.

Items Indexes Spring Summer Autumn Winter

C SPI5 0.532215  0.374438  0.470314  0.550405

v SRI3 0.432726  0.498215  0.346708  0.411916
SPI3 and SRI; 0.47 ** 0.66 ** 0.72 ** 0.24

Correlation Coefficients  gpy ond winter SRI; 0213 0.393% 0452 0.24

Note: **, p < 0.01, *, p < 0.05.

T72 SPI, Drought intensity—l=SPL Number of dry years
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Figure 4. Seasonal response characteristics in the upstream. (a) SPI3 and SRI3 change trends; (b)

drought characteristics of SPI3 and SRI;.

Combining seasonal interdecadal drought characteristics (Figure 4b) and DPI (Table 6), we can see
that: (1) Over the past 56 years, the intensity of meteorological drought propagating to hydrological
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drought in spring and summer was weak, while that in autumn and winter was extremely weak;
that is to say, the intensity of meteorological drought propagating to hydrological drought in spring
and summer was greater than that in autumn and winter. The intensities of hydrological drought in
spring and summer in the 1980s and autumn in the 2000s were greater than those of meteorological
drought, and the DPI was greater than 1.4, indicating that the intensity of meteorological drought
propagating to hydrological drought was extremely strong. In other years, the intensity of hydrological
drought was less than that of meteorological drought and the DPI was less than 1, indicating that the
intensity of meteorological drought propagating to hydrological drought was weak. (2) On the whole,
the number of meteorological drought years in spring and summer was more than that of hydrological
drought years, while the number for autumn and winter shows the opposite case. The number of
meteorological and hydrological drought years in spring, autumn, and winter increased first and then
decreased, and the number of meteorological and hydrological drought years in summer decreased
first and then increased. The number of years of hydrological drought after the 1990s, in spring and
summer, was more than or equal to the number of years of meteorological drought.

Table 6. Interdecadal variations of DPI in different seasons.

Period Spring Summer Autumn Winter
1960s 0.433488 0.855159 0.681394 0.32863
1970s 0.847836 0.763629 0.747062 0.586071
1980s 1.470081 3.348155 0.687449 0.878939
1990s 0.773624 0.380279 0.643143 0.742972
2000s 0.976068 0.842752 Extremely strong 0

1961-2016 0.838034 0.812942 0.669722 0.605535

3.2.2. Response of Hydrological Drought to Meteorological Drought in Different Tributaries

The SPI3 and SRI; values of the eight tributaries of the upper Shiyang River, from 1960 to
2016, were calculated as drought indicators on a seasonal scale, and their variational characteristics
were analyzed.

According to Table 7, SPIs showed humidification in eight tributaries in each season. Among
them, there was the most obvious meteorological humidification in the Dajing and Gulang Rivers.
SRI3 shows different trends for different tributaries and seasons. The hydrological drought in the Xida
River showed a weakening trend in all seasons, and hydrological drought in the Huangyang River
showed an increasing trend. On the whole, the hydrological drought showed a trend of weakening in
the western tributaries to increasing in the eastern tributaries. In summer and autumn, meteorological
humidification and hydrological aridification of the Huangyang River and the rivers east of it were
greater than that in the western tributaries of the Huangyang River.

Table 7. Seasonal change tendency rate of SPI3 and SRI; in different tributaries (unit:/10a).

Season Xida Dongda Xiying Jinta Zamu Huangyang Gulang Dajing

Spring SPI 007  0.06 0.07 0.08 0.5 0.05 0.09 0.08

SRI 0 0.31 -0.08 - -0.03 -0.27 - —0.14

SPI 0.1 0.07 0.06 0.08  0.06 0.08 0.13 0.12

Summer  gpr 017 —0.04 -0.02 - -0.01 -0.09 - -0.15
SPI  0.03 0.02 0.08 004  0.05 0.11 0.17 0.18

Autumn ooy 505 012 0.08 - 007 ~0.1 ) ~0.04
Winter  SFI 023 0.18 0.19 021 023 0.4 0.39 0.39
SRI  0.15 0.25 0.15 - 0.18 -0.72 - 0.2

In order to analyze the spatial characteristics of meteorological drought propagating to hydrological
drought, the average values of SPI3 and SRI3 and the number of drought years in each tributary,
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from 1961-2016, were calculated. As there was no significant correlation between winter SPI and SR],
the winter drought characteristics of different tributaries were not analyzed.

As can be seen from Figures 5 and 6: (1) In spring, the hydrological drought intensity was
greater than meteorological drought in the Dongda, Xiying, Zamu, and Dajing Rivers, with respective
DPI of 1.08, 1.01, 1.31, and 1.01, indicating that the intensity of meteorological drought propagating
to hydrological drought was mildly strong, micro strong, extremely strong, and mildly strong,
respectively. The hydrological drought intensities of the Xida and Huangyang Rivers were less than
that of meteorological drought, with respective DPI of 0.99 and 0.95, indicating that the intensity of
meteorological drought propagating to hydrological drought was mildly weak. The number of drought
years in the six tributaries increased gradually, from west to east. Among them, the hydrological
drought years of the Xida, Huangyang, and Dajing Rivers numbered more than meteorological drought
years, while the other tributaries showed the opposite. (2) In summer, the hydrological drought
intensities of the Zamu and Huangyang River tributaries were greater than those of meteorological
drought. The respective DPI were 1.09 and 1.15, indicating that the intensities of meteorological
drought propagating to hydrological drought were mildly strong and moderately strong, respectively.
The hydrological drought intensities of the Xida, Dongda, Xiying, and Dajing Rivers were less than
those of meteorological drought. The respective DPI were 0.97, 0.94, 0.98, and 0.89, indicating that
the intensities of meteorological drought propagating to hydrological drought were mildly weak,
mildly weak, mildly weak, and moderately weak, respectively. The number of meteorological and
hydrological drought years in the six tributaries gradually decreased from west to east. Among all
tributaries, except for the Zamu and Huangyang Rivers, the hydrological drought years numbered
more than meteorological drought years. (3) In autumn, the hydrological drought intensities of all
tributaries were less than those of meteorological drought. The respective DPI of the Xida, Dongda,
Xiying, Zamu, Huangyang, and Dajing Rivers were 0.829, 0.937, 0.895, 0.962, 0.959, and 0.898, indicating
that the intensity of meteorological drought propagating to hydrological drought was moderately
weak, mildly weak, moderately weak, mildly weak, mildly weak, and moderately weak, respectively.
The number of hydrological drought years decreased gradually, from west to east, while the number of
meteorological drought years increased gradually, and the number of hydrological drought years of all
tributaries was more than that of meteorological drought years.

SPI, Drought intensity —fi— SPI, Number of dry years
[ ISRI, Drought intensity —#— SRI, Number of dry years

Xida Dongda  Xiying Zamu  Huangyang Dajing
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Figure 5. Characteristics of meteorological drought and hydrological drought in different seasons.
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Figure 6. DPI of different time scales in each tributary.

According to Figure 6, in each of the time scales, the intensity of meteorological drought
propagating to hydrological drought was weakest in autumn. Except for the Huangyang and Xida
Rivers, the propagation from meteorological drought to hydrological drought had the strongest
intensities in spring, and the intensity of meteorological drought propagating to hydrological drought,
on the interannual scale, was the strongest in the Huangyang and Xida Rivers. On the seasonal
scale, the Huangyang River had the strongest intensity of meteorological drought propagating to
hydrological drought in summer; this happened for the other tributaries in spring.

3.3. Monthly Response of Hydrological Drought to Meteorological Drought

According to Table 8, on the monthly scale, at K = 0 and K = 1, the time-delay correlation
coefficients of SPI; and SRI; in the upstream and its eight tributaries were larger and had a significant
positive correlation. This shows that the meteorological dry—wet had a significant effect, both on
the current and the month-ahead hydrological dry—wet, and the one-month lag effect was the most
obvious; especially for the Xida, Jinta, Zamu, and Dajing Rivers.

Table 8. Table 8. Time-delay correlation between SPI; and SRI; in the upstream and tributaries.

River K=0 K=1 K=2 K=3
Upstream 0.329 ** 0357 ** 0.242*  (0.157 **
Xida 0.218**  0.238** (0.170 ** 0.074

Dongda 0.281** 0.249* 0.155*  0.084 *
Xiying 0.290 *  0.265*  0.179 **  0.130 **
Jinta 0.242**  (0.253*  0.203 **  (0.143 **
Zamu 0.251**  0.275* 0.246 ** (0.155**
Huangyang  0.335** 0.320* 0.223* 0.171**
Gulang 0.346 **  0.205*  0.156 **  0.088 **
Dajing 0.254 **  0.272*  0.136**  0.095*

Note: **, p < 0.01; *, p < 0.05.

4. Discussion

4.1. Comparison with Previous Studies

The meteorological humidification and hydrological aridification in the eastern Qilian Mountains
agrees with the existing research results [7,47,48]. There are differences in the process of meteorological
drought propagating to hydrological drought at different spatial and temporal scales. Among these,
the meteorological drought has a significant lag transfer effect on the hydrological dry-wet of the
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next month on the monthly scale, which is similar to the existing research results, to a certain
extent [11,26,27,49], but the hydrological drought lags behind the meteorological drought in different
basins at different times. For example, He concluded that the hydrological drought in the Yellow River
Basin had a delay of 1-5 months, compared with the meteorological drought [26]. Liu concluded that
the hydrological drought in the Oklahoma Blue River Basin lagged behind the meteorological drought
by two months [27].

4.2. Impact of Climate Change on Meteorological Drought propagating to Hydrological Drought

Climate change has a potentially significant impact on hydrological cycles and water resources [50].
Among these, balancing relationships between precipitation and evaporation directly affect regional
water yield, which then affects the process of meteorological dry—wet propagating to hydrological
dry-wet. Precipitation in the upper reaches of the Shiyang River has increased from the 1960s,
while evaporation has experienced a trend of decreasing first (1960s-1990s) and then increasing
(since the 1990s) (Figure 7). Before the 1990s, meteorological drought was serious and decreasing
evaporation prevented the propagation of meteorological drought to hydrological drought, resulting
in an overall intensity of hydrological drought less than that of meteorological drought. After the
1990s, precipitation increased but, at the same time, the increase of evaporation strengthened the
propagation of meteorological drought to hydrological drought, to a certain extent, resulting in the
overall intensity of hydrological drought being greater than that of meteorological drought. This is the
main reason for the opposite characteristics of meteorological drought and hydrological drought before
and after the 1990s. Therefore, the balance relationship between precipitation and evaporation is the
main factor affecting the propagation of meteorological dry-wet to hydrological dry—wet in the upper
reaches of the Shiyang River. At the same time, there were differences among different tributaries.
The increasing trend of precipitation in the Huangyang River and its eastern tributaries was larger
than that in the western tributaries of the Huangyang River, and the increasing trend of evaporation
was smaller than that in the rivers west of the Huangyang River [46]. However, the phenomenon of
hydrological drought in the rivers east of the Huangyang River was more serious, showing that changes
in human activities, especially in land-use types and structures, will directly affect the propagation of
meteorological dry—wet to hydrological dry-wet, in addition to meteorological factors.

Precipitation
Potential evaporation{1961-1989) Linear trend(Potential evaporation 1961-1989)
Potential evaporation (1990-2016) = Linear trend(Potential evaporation1990-2016)
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Figure 7. Trends of annual precipitation and potential evaporation in the upper reaches of the Shiyang
River from 1960-2016.
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4.3. Impact of Land-Use on Meteorological Drought Propagating to Hydrological Drought

The average value and its proportion were obtained by counting the land areas of cultivated land,
construction land, and natural vegetation (including woodland and grassland) in the catchment area
above tributary hydrological monitoring stations in 1986, 2000, and 2016 (Figure 8).

v DPL —m— cultivated land

natural vegetation === construction land

244
% - 60

1.6 4 % - 50

1
b
The proportion of LUCC(%)

=
c .
T~ 430
0.8 - 1
J10
- H0
0.0

e e e b e .
Xida Dongda Xiving Jinta Zamu HuangyangGulang Dajing
Figure 8. Relationship between the proportion of land-use area and DPI.

As can be seen from Figure 8, the land-use structures of different tributaries were obviously
different. With the Huangyang River as a boundary, the proportion of cultivated land and construction
land in the eastern three rivers was much larger than that in the western five rivers, and the proportion
of natural vegetation area was smaller than that in the five tributaries west of the Huangyang River.

Land-use and its spatial structure affects the propagation process of meteorological drought to
hydrological drought by influencing runoff generation and confluence processes in the basin. Firstly,
the effects of different cover types on water balance have been shown to be different [46]. Among these,
the evapotranspiration capacity of a water body is the strongest (9.3226 mm), followed by woodland
(8.6681 mm), and grassland (7.9051 mm) [51]. As a result, the water production capacity of the eight
tributaries in the upper reaches of Shiyang River with different land-use structures varied greatly,
which affected the propagation of meteorological drought to hydrological drought. Comparing Figure 8
and Table 9, it can be seen that the water production coefficient (water productivity/precipitation) of
five tributaries in the west, which were less affected by human activities, corresponded well with the
DPI value; that is, the larger the water production coefficient, the smaller the DPI value. Secondly,
the water conservation capacities of different land-use types are quite different [52], which affects the
propagation of meteorological drought to hydrological drought. The average water conservations of
woodland and grassland in natural vegetation are 90.38 mm and 41.72 mm, respectively, which are
much larger than those of other land-use types, having a strong water storage capacity and strong
transpiration, making it difficult for precipitation to form runoff; however, this has a certain regulation
effect on hydrological drought caused by meteorological drought in years with less precipitation.
Relatively speaking, the average water conservation capacity of cultivated land and construction land
is poor, with water conservation capacities of 27.36 mm and 4.15 mm, respectively. The propagation
process of meteorological drought to hydrological drought is a comprehensive reflection of the impact
of different land-use types and their spatial distribution on the various links of the hydrological cycle
process. Considering the DPI (Figure 8), we can see that the DPI of the Dongda and Xiying Rivers
are 1.03 and 1.02, respectively, which are very close to peer-to-peer propagation. Therefore, when the
natural vegetation area accounted for between 76.3-78%, the cultivated land area is between 0.55-3.6%,
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and the construction area is between 0.08-0.22%, there was a peer-to-peer propagation process from
meteorological drought propagating to hydrological drought in the upper reaches of the Shiyang
River. The abnormal propagation of meteorological drought to hydrological drought occurred in the
Huangyang River and the rivers east of it, due to the large proportion of cultivated land and small
area of natural vegetation; especially in the Huangyang River Basin, where the natural vegetation area
accounts for the smallest proportion and the cultivated land area accounts for the largest proportion.
The total population of the Huangyang River Basin was about 63,000, ranking the first among the eight
tributaries, and the water consumption of humans and livestock was relatively large. Meanwhile,
the water used in the 260 km? of cultivated land in the Zhangyi Irrigation Area above the Huangyang
Reservoir was taken from the Huangyang River, resulting in a hydrological drought intensity of the
basin much stronger than meteorological drought intensity and, so, the intensity of meteorological
drought propagating to hydrological drought was extremely strong. On the contrary, the Dajing River
had a weak propagation process of drought, which indicates that the moderate interference of human
activities can weaken meteorological drought propagating to hydrological drought; however, excessive
interference can also lead to the extremely strong propagation of drought.

Table 9. Water production coefficient of each tributary.

Xida Dongda Xiying Jinta Zamu Huangyang Gulang Dajing
31.65 37.74 37.65 35.67  40.75 32.96 29.33 25.55

4.4. Impact of Climate and Land-Use Change Interactions

The influencing mechanisms of meteorological drought propagating to hydrological drought
are very complex. Under the background of global change, natural factors, and human activities,
the change of any link in the water cycle process will affect the propagation from meteorological
drought to hydrological drought. Climate change promotes the movement of water molecules, which,
as the main driving factor in atmospheric circulation and the hydrological cycle, causes evaporation,
rainfall, runoff, soil moisture, and other factors in the circulation process to change, accordingly,
ultimately affecting spatial and temporal distribution characteristics of water resources [53,54]. Human
activities, which are dominated by changes in land-use patterns, have an impact on surface runoff,
evapotranspiration, and so on, through changing factors, such as infiltration and soil moisture in the
underlying surface of the area [55]. Therefore, the combined effects of climate change and land-use
patterns will cause differences in water cycle processes and water resource allocation, which affects the
propagation process of meteorological drought to hydrological drought.

This paper has attempted to explore the influencing mechanisms of meteorological drought
propagating to hydrological drought from two aspects of climate change and land-use, the concepts of
DPI index and land-use threshold are proposed. These conclusions provide a theoretical basis and
practical reference for adjusting land-use structure, rational utilization of water resources, and drought
prevention and control in the Qilian Mountains. However, the applicability of these conclusions,
especially with respect to the land-use thresholds of drought peer-to-peer propagation, in the Qilian
Mountains needs further demonstration of relevant research in the future. Moreover, the impact of
land-use change on the propagation process of meteorological drought to hydrological drought is
reflected not only in the change of land-use structure, but also in the change of land-use landscape
patterns. Therefore, future research should investigate the impacts of land-use landscape patterns
and micro-landform changes on the propagation process of meteorological drought to hydrological
drought. Meanwhile, in order to make the results more accurate and reduce the discrepancies between
the temporal resolutions of climatological and hydrological data sets, the deployment of weather
generators will effectively solve this problem [56-58]. It is, therefore, recommended to introduce
weather generators into subsequent studies as much as possible.
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5. Conclusions

On the interdecadal scale, meteorological humidification and hydrological aridification were
shown in the Qilian Mountains (in the upper reaches of the Shiyang River), where there was a positive
correlation between them. During the fluctuation process of an approximate cycle, the fluctuation
degree of meteorological dry-wet was less than that of hydrological dry-wet. On average, the intensity
of meteorological drought propagating to hydrological drought in the 1960s, 1970s, 1980s, and 1990s
was extremely weak, while the 2000s was the period of the greatest intensity of hydrological drought
and the weakest intensity of meteorological drought, and the intensity of meteorological drought
propagating to hydrological drought was extremely strong. The correlation between SPI;; and SRI;; in
the Xiying River was the strongest and was weakest in the Huangyang River. Hydrological aridification
in the Huangyang River and the rivers east of it was greater than that in the rivers west of the
Huangyang River; the hydrological aridification in Huangyang River was the most obvious. Except
for the Huangyang River, the DPI decreased gradually from west to east.

On a seasonal scale, meteorological humidification and hydrological aridification occurred in spring
and summer, and meteorological and hydrological humidification occurred in autumn and winter. SPI3 and
SRI; had a significant positive correlation in spring, summer, and autumn, with the strongest correlation
in autumn, while SRI3 in winter was closely related to SPI3 in summer and autumn. The intensity of
meteorological drought propagating to hydrological drought in spring and summer was stronger than
that in autumn and winter. The SPI; values showed humidification in each season for the eight tributaries.
Among them, the meteorological humidification in the Dajing and Gulang Rivers was the most obvious,
while the hydrological aridification in different seasons was weak in the western tributaries and increased
in the eastern tributaries. In the autumn, the propagation of meteorological drought to hydrological
drought was the weakest. Except for the Huangyang and Xida Rivers, the intensity of meteorological
drought propagating to hydrological drought was strongest in the spring.

On a monthly scale, the meteorological dry—wet had a significant effect, both on the current and
month-ahead hydrological dry—wet, where the one-month lag effect was most obvious.

Climate and land-use change are the main factors affecting the propagation of meteorological
drought to hydrological drought. The balance between precipitation and evaporation directly affects
regional water yield. In addition, the water conservation capacities of different land-use types are
quite different. Therefore, the change of land-use structure, directly or indirectly, affects each link of
the hydrological cycle, which then affects the propagation of meteorological drought to hydrological
drought. The study found that, when the natural vegetation area accounted for between 76.3-78.0%,
the cultivated land area was between 0.55-3.6% and the construction area was between 0.08-0.22%,
there was a peer-to-peer propagation process from meteorological drought to hydrological drought in
the upper reaches of the Shiyang River.
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