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Abstract: A comprehensive analysis of the effects of major climate conditions such as El Nino
Southern Oscillation (ENSO) and precipitation on changes in runoff and sediment transport in a
basin may provide a scientific basis and technical support for regional water resource management
and protection of the aquatic ecology. Taking the Taojiang River as an example, a large set of
hydrogeographic data on runoff and sediment transport measured on a monthly basis from 1957 to
2015 was analyzed to study the impacts of various correlation factors on runoff and sediment
transport in the river, which is located in the middle and lower reaches of the Yangtze River. Besides
the conventional Mann-Kendall (M-K) method, cross-wavelet and wavelet coherence analysis
methods were also applied in the data analysis. The results showed that: (1) From the M-K mutation
tests conducted for the runoff volume and the sediment transport rate from 1957 to 2015, there were
no significant changes in runoff. However, a mutation occurred in the sediment transport rate in
2005 and the average annual decrease reached 88.2237 million tons. (2) Precipitation was a dominant
factor that controlled the changes in runoff volume and sediment transport rate. It directly
influenced the changes in runoff volume, which subsequently caused the changes in sediment
transport rate in the study area. Since the year 2005, sediment transport rates have been heavily
influenced by the construction of large-scale hydro-power stations (Julongtan), causing a significant
rate decline. A comparison between the sediment transport volume during 2005 to 2015 and that
during 1980 to 2004 revealed that the annual sediment transport decrease reached 84.4079 million
tons, accounting for 95.7% of the total decrease in sediment transport volume. (3) The significant
resonance cycle between the sea surface temperature (SST) and the precipitation, runoff volume and
sediment transport mainly occurred with a cyclic period between 1.33 and 5.33 years. During an
ENSO event, the precipitation, runoff, and sediment transport rates all decreased at the beginning,
then increased and reached their maximums, followed by a decline at the end.
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1. Introduction

Soil erosion has been a research topic that has attracted the attention of scholars for many
decades. More recently, it has become a relatively severe worldwide environmental problem [1-3].
Soil erosion caused by mining is an important part of the total soil erosion in the leading mining
countries [4-6]. As the largest rare earth (RE) resource mining and exporting country, China cannot
ignore the impacts of soil erosion caused by extensive mining activities in the RE mine sites and the
surrounding ecological environments [7-9]. It is evident that soil erosion caused by the mining
approaches applied to ion-type RE has recently become much more serious [10]. The Ganjiang River
is an important tributary of the Yangtze River, with most of the ion-type RE mine lots in China being
scattered in its upstream region. Due to the characteristics of ion-type RE, its mining technology has
evolved through three generations: pond leaching, heap leaching, and in situ leaching. By 2007, the
pond leaching and heap leaching methods were completely prohibited [11,12]. The severe vegetation
deterioration in the tailings zone caused by the earlier-stage pond leaching and heap leaching (also
called “mine removal”) has extensively exposed the surface soil [13,14]. Although the in situ leaching
technology has largely relieved the vegetation deterioration during the mining process, the exploited
mine sites are prone to landslides [15]. In recent years, as a result of global climate change, abnormal
and extreme weather events have occurred frequently, and the uneven temporal and spatial
distribution of rainfalls has been intensified [16,17]. This abnormal climate change has aggravated
the soil erosion in the ion-type RE tailings zone located in the upstream area of the Ganjiang River in
China. Meanwhile, landslides are frequent in various mines undergoing in situ leaching.
Consequently, the soil erosion has been aggravated throughout the region.

To comprehensively analyze the correlations between major climate conditions, such as
precipitation and the El Nino Southern Oscillation (ENSO), with runoff and sediment transport in a
river, we use different kinds of data analysis approaches, which include the conventional Mann—
Kendall (M-K) trend test method [18-21], as well as cross-wavelet and wavelet coherence analysis
methods [22]. The Taojiang River drainage basin located in Ganzhou City, southern Jiangxi Province,
was chosen as an example study area where various ion-type RE mine lots are located. Daily
precipitation, runoff volume, sediment transport, and the ENSO climate data recorded over the past
59 years were collected and analyzed. The time sequence variation characteristics of the runoff and
sediment process in the study area were analyzed and the mechanisms associated with the respond
to climatic changes were discussed for the purpose of providing a scientific basis for the soil erosion
control, land utilization, and function adjustment within Taojiang River drainage basin.

2. Overview of Study Area

The Taojiang River drainage basin (Figure 1), covering an area of 8440.0 km?, is located in the
upper reaches of the Ganjiang River Basin in the middle and lower reaches of the Yangtze River
(geographical location: 24°28'-25°53'N; 114°11'-115°19'E) [23]. It mainly consists of low and medium
mountains and hills, with the altitude gradually lowering from south to north. The mountains are
located in the upstream area of the river and the east side of the basin, with the tallest peak reaching
1199 m. The terrain in the middle and lower reaches fluctuates mildly, with an average elevation of
around 300 m. The watershed is mainly covered by red, yellow-red, and paddy soils, which account
for more than 95.0% of the total soil area. The vegetations in the watershed are rich and diverse, but
dominated by evergreen broad-leaved forests, evolving to deciduous broad-leaved mixed forests
with the increase in altitude. The major land use type is forest (77.0%), followed by cultivated land
(17.5%). Navel orange, citrus, and chestnut are featured crops. Located in the subtropical humid
monsoon climate zone, the regional weather is warm and humid, with abundant sunshine and rich
precipitation [24]. The annual average precipitation in this area is 1580.6 mm, which is unevenly
distributed throughout the year. The precipitation from March to August (the flood season) accounts



Water 2020, 12, 2283 3 of 16

for 74.0% of the total annual precipitation. The inter-annual precipitation difference is relatively large.
The precipitation in a flood year can be 2 times as much as that in a dry year. By the year 2005, nine
water conservancy projects were completed on Taojiang River, including 3 hydro-power stations
(Julongtan, Longtoutan, and Taojiang power stations) and 6 reservoirs (Longjing, Shangjing, Bailan,
Wudugang, Zoumalong, and Zhongcun reservoirs).
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Figure 1. Sketch map of the study area.
3. Data and Main Methodology

3.1. Data

The applied hydrologic data are the daily runoff and sediment transport volumes recorded at
the Julongtan Hydrologic Station 59a in Taojiang River, as well as the daily precipitation data
collected at 27 rainfall stations (Table 1). The observations were performed in accordance with
related national standards, such as the code for liquid flow measurement in open channels and
the specification for precipitation observations. The data used in this study were provided by the
Hydrology Bureau of Jiangxi Province, China, and the Meteorological Administration of Jiangxi
Province, China. Using the Thiessen Polygon interpolation method, precipitation values across the
whole basin were extrapolated using the precipitation values measured at various stations, and
eventually the daily precipitation within the Taojiang River Basin from 1957 to 2015 was figured out.
To facilitate comparisons with analytical results, these data are provided in the results section. In
terms of the ENSO characterization data, the sea surface temperature (SST,
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http://iridl.Ldeo.columbia.edu/SOURCES/.Indices/.nino/) of Nino3 zone (5°N-5°S, 160°W-90°W)
from 1957 to 2015 was selected according to the longitude and latitude of the study area [25,26].

Table 1. Measurement stations located in the study area.

Data Type Station Longitude Latitude Time Period
Runoff Julongtan 115°07'E 25°49'N 1957-2015
Sediment Julongtan 115°07'E 25°49'N  1980-2015
SST 160°W-90°W  5°N-5°S  1957-2015
Shanggankeng 114°19'E 24°43'N  1980-2015
Gupi 115°06'E 25°20'N  1965-2015
Jinpenshan 115°12'E 25°16'N 1962-2015
Xintian 115°15'E 25°22'N 1965-2015
Pitou 114°35'E 25°01'N  1977-2015
Longyuanba 114°27'E 24°56'N  1964-2015
Yuezi 115°18'E 24°40'N  1963-2015
Luokeng 114°19'E 24°37'N 1984-2015
Makenggang 114°24'E 24°37'N 1980-2015
Dutou 114°38'E 24°47'N  1958-2015
Guankeng 114°40'E 24°39'N  1981-2015
Henggang 114°42'E 24°36'N  1977-2015
Jiahu 114°39'E 24°44'N  1964-2015
Precipitation Shangwei 114°30'E 24°35'N  1980-2015
Shuangluo 114°36'E 24°43'N  1980-2015
Yangcun 114°38'E 24°39'N  1980-2015
Chayuan 114°58'E 25°24'N  2001-2015
Dajishan 114°22'E 24°37'N 1962-2015
Hengxi 115°01'E 25°35'N  1962-2015
Huangpodi 115°12'E 25°38'N  1965-2015
Julongtan 115°07'E 25°49'N  1957-2015
Nanjing 114°23'E 24°41'N  1977-2015
Xinfeng 114°56'E 25°23'N  1957-2015
Yangfang 114°14'E 24°41'N  1980-2015
Zhushanxia 114°18'E 24°40'N  1980-2015
Wenlong 114°54'E 24°46'N  1963-2015
Youshan 114°42'E 25°25'N  1962-2015

3.2. Analytical Methods

Different analytical methods including the M-K trend test, cross-wavelet transform, and wavelet
transform coherence methods were applied in this study. The M-K trend test has been used to analyze
the data collected over a time period for consistently increasing or decreasing trends. It is a traditional
method and an introduction to it is omitted here. Hereafter, we briefly introduce the latter two
methods.

3.2.1. Cross-Wavelet Transform

Both cross-wavelet transform (XWT) and Wavelet Coherence (WTC) belong to cross-spectrum
analysis [27,28]. The cross-spectrum can be presented in polar coordinates.

fxy(u) = ny(u) - iQxy(u) = Axy(u)exp|_i9xy(u)| 1)

In Formula (1), P, (u) and Q,(u) represent the co-spectrum and quadrature spectrums,
respectively; Ay, (u) and 6y, (u) are the amplitude and phase spectrums, respectively. The phase
spectrum can be presented as:
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gxy (w = arCtan[_Qxy (u)/ny (u)] (2)

The phase spectrum represents the average of the corresponding frequency component phase
variations in two sequences and reflects the phase difference of various frequency components
between sequences (namely the lead-lag relationship). Generally, they are limited in the interval
range (-7, 7). If Qy,(u) > 0, it means that the phase 6, (w)of {y,} at the frequency u shall exceed
the phase 6,(u) of {x;}. Therefore, the fluctuation of {x;} lags behind {y,}0,,(u) phases and vice
versa. Based on the relation between the vibration period T and the frequency u (T = 2rm/u), the
retardation time between {x;} and {y;} can, thus, be calculated based on 6, (u).

Oy (WT

o (©)

L(T) =

If L(T) > 0, this means that {x;} lags behind {y,} when the frequency achieves u; if L(T) <0,
itindicates {x,} leads {y,}.

The time difference relationship based on the phase spectrum is subject to the overall fluctuation
process between two indicators rather than certain points for comparing and determining the lead-
lag relationship. Compared with other time-domain methods, the phase spectrum can be applied to
better grasp the time difference relationship of the fluctuation time of each cycle as a whole. For less
regular fluctuations, this method is particularly suitable [29].

3.2.2. Wavelet Transform Coherence (WTC)

WTC is a method used to analyze the coherence and phase lag between two time series as a
function of both time and frequency [22]. The coherence spectrum of the WTC can be applied to
represent the correlation of periodic components with the same frequency u of two sequences and
can be indicated as:

2

2 —
Ry () = o

In Formula (4), f,(uw) and f,(u) are the power spectral densities of {x,} and {y},
respectively. Therefore, the power spectrum is a real function. Then, because:

| foy @] = P2,(w) + Q% () 5)

the equivalent coherence spectrum formula can be rewritten as follows:

P%y (D) +Q)25y (w)

2 —
Ry (W) = = or ©)

Obviously, when R,%y(u) approaches to 1, the coherence between {x,} and {y,} becomes
higher when the frequency is u.

4. Results and Discussion

4.1. Runoff and Sediment Transport

Figure 2 shows the average runoff volume (from 1957 to 2015, Figure 2a) and sediment transport
rate (from 1980 to 2015, Figure 2b) on inter-annual scales, as well as the same categories on annual
scales (Figures 2c,d, respectively), together with the M-K analyses (Figures 2e,f) and WTC analyses
results (Figures 2g/h) at Julongtan station.
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4.1.1. Inter-Annual Variation

The annual average runoff volume (Figure 2a) and the sediment transport rate (Figure 2b)
showed overall declining trends, with the decreasing trend for the runoff volume being less obvious.
The accumulative anomaly curve for the runoff (Figure 2a) changed in 1962 and 1972. In 1962, it
changed from an increasing trend to decreasing, then returned to increasing in 1972. The declining
trend for sediment transport was more obvious and occurred to a larger extent. The accumulative
anomaly curve for the sediment transport rate (Figure 2b) changed from an increase to a decrease in
2003. The sediment transport rate reached its minimum values in 1991 and 2004, and the runoff
volume during the same periods also reached its minimum values. This means that the runoff
showed influences on sediment transport. From 2006 to 2015, the sediment transport volume (Figure
2b) decreased significantly, while such a decrease did not occur in the contemporaneous runoff
volume (Figure 2a). The M-K trend analyses for the runoff and sediment transport showed that the
annual average sediment transport rate passed the 0.01 significant level of the declining trend test,
indicating that the decrease in the annual average sediment transport was significant. The annual
average runoff, however, did not pass the significant change trend test, indicating that its changes
were not significant within the time period.

4.1.2. Annual Variation

In the first half of a year, the runoff volume kept increasing and reached its maximum in June,
then it kept decreasing in the second half of a year (Figure 2c). Generally, the runoff volume was
relatively higher from March to June (the flood season). Compared with the annual runoff change,
the sediment transport rate annual change had a similar pattern but with a shifted peaking time
(Figures 2¢,d). The sediment transport rate from March to June was much higher than that in other
months (Figure 2d). It reached its peak value of 94.50 kg/s in April and decreased progressively in
May and June, at 92.83 kg/s and 87.58 kg/s, respectively.

4.1.3. Mutation Analysis

The runoff volume UFx curve intersects the UBk curve in the years 1962 and 1972 (Figure 2e,f),
which was consistent with the years showing accumulative anomaly variations. However, the UF«
statistics did not exceed the critical value of the significance level of a = 0.1. Therefore, the changes of
the runoff volume between 1957 and 2015 were insignificant.

The annual sediment transport rate mutation test showed that the UF« statistical value was
positive only in the year 1996, but showed negative values in other years (Figure 2f), indicating that
the descending trend for the sediment transport rate was dominant for the entire time sequence. In
2007, the statistical value for the sediment transport rate UFk exceeded the critical value of the
significance level of a = 0.1, and a higher decreasing rate was observed. The forward and reverse M-
K statistical values UFxand UBkintersect between 2005 and 2006. However, this intersection point is
within the critical value of the significance level; thus, it could be concluded that the year 2005 was
the mutation year of the sediment transport rate. In addition, the accumulative anomaly of the
sediment transport volume began to decline in year 2003 and turned to a linear decreasing trend after
2005, which was consistent with the fact that the year 2005 was the starting time for the mutation. In
fact, nine water conservancy projects were completed on the Taojiang River by the year 2005, and
construction of the dams induced the decrease in sediment transport.

4.1.4. Periodic Variation

The fine lines in Figure 2g,h respectively represent the cone of influence (COI) and the energy
spectrum beyond the curves, which shall be ignored due to the impact exerted by the boundary
effects. The thick lines in the figures represent the critical value passing the 95% confidence level
significance test [30]. The monthly runoff volume and sediment transport volume from 1957 to 2015
had different scales in the time-frequency domain and passed the 0.05 confidence level test. From
1958 to 1963, 1973 to 1990, 1991 to 1997, and 2004 to 2013, the runoff volume cycles in the low-energy
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region of the time-frequency domain lasted for 10 to 15 months (Figure 2g). For 1981-1990 and 1991-
1997, the sediment transport volume cycles lasted for 10-16 months (Figure 2h).
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the measurement periods). Mann-Kendall (M-K) inspection (e,f) and continuous wavelet (gh)
analysis of the data collected at Julongtan station over the measurement periods.

4.2. Driving Factors of Runoff and Sediment Transport

4.2.1. Precipitation

The annual precipitation from 1957 to 2015 is shown in Figure 3. The precipitation values were
2223.8 mm and 2291.4 mm in 1961 and 1975, respectively (Figure 3a). Despite the fluctuations from
1957 to 2015, there were no remarkable increase or decrease trends. Linear fitting was applied to the
trend of annual average precipitation change, but it did not pass the significant correlation test.

From the annual precipitation distribution, it can be seen that the wet season was from March
to August; the dry season was from October to the next January; and the normal season was in
February and September (Figure 3b). The precipitation values in the wet, dry, and normal seasons
accounted for 73.7%, 12.8%, and 13.5% of the total annual precipitation, respectively.

The continuous wavelet transform analysis of monthly precipitation from 1957 to 2015 (Figure
3c) showed that a significant cycle existed in the time-frequency domain, which passed the 0.05
confidence level test. The corresponding change cycle was about 1a, with interruptions occurring in
1971 and 1991.
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Figure 3. The inter-annual (a) and annual (b) changes of precipitation and the continuous wavelet
transform analysis (c).

Cross-Wavelet Analysis of Precipitation, Runoff, and Sediment Transport

Figure 4a shows the results of cross-wavelet analyses applied to the monthly precipitation,
runoff, and sediment transport volumes. In the cross-wavelet energy spectrum and coagulation
spectrum of the precipitation and runoff volume, a significant resonance cycle with a magnitude of
about 1 year was observed in the high-energy area, with one interruption occurring in 1971. During
this period, the precipitation was positively correlated with the runoff volume and the correlation
coefficient exceeded 0.9, proving that the precipitation was a dominant factor controlling the runoff
volume. In the low-energy area, the significant resonance cycle area covered more than 90% of the
entire wavelet coherence COL which was consistent with previous studies [31-33].

Figure 4b shows the energy spectrum and coagulation spectrum related to the cross-wavelet
analyses of precipitation and sediment transport volume. The variation cycle in the high-energy area
was around 1a from 1980 to 2007, while the variation tendency within the cycle was similar to that in
the precipitation—-runoff cross-wavelet energy spectrum. From 2008 to 2015, there was no significant
variation cycle between the precipitation and the sediment transport volume. After 2005, the
significant resonance cycle in the low-energy area decreased remarkably.

Figure 4c shows the energy spectrum and coagulation spectrum related to the cross-wavelet
analyses of runoff and sediment transport volume. The variation cycle of the high-energy area was
around 1a from 1980 to 2001 and from 2005 to 2007, while the cycle variation tendency was similar to
that of the precipitation—runoff and precipitation-sediment transport cross-wavelet energy spectra.
From 2008 to 2015, no significant variation cycle was observed between the runoff and the sediment
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transport volume. Since 2006, the significant resonance cycle in the low-energy area has had a larger
reduction than precipitation-sediment transport.

Figure 4 reveals that the differences in the phases among precipitation-runoff, precipitation—
sediment, and runoff-sediment were identical in various time-frequency domains. However, the
correlation between the runoff-sediment time-frequency domain changed and the precipitation—
runoff time-frequency domains declined, while the precipitation—sediment time-frequency domain
continued falling based on the runoff-sediment time-frequency domain, indicating that the runoff
was the mediator between the precipitation and the sediment. Namely, the precipitation directly
influenced the runoff and indirectly influenced the sediment transport by means of the runoff.
Around 2005, a significant decline was observed from the significant resonance cycle area of the
precipitation—sediment and runoff-sediment in the low-energy area occupied in the entire wavelet
coherence COJ, corresponding to the construction and operation time of a large-scale hydro-power

station (Julongtan hydro-power station). Therefore, the hydro-power station played a significant role
in reducing sediment transport induced by runoff.
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sediment transport (c).

Quantitative Analysis of the Influence of Precipitation on Runoff and Sediment Transport
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From the single accumulative figure (Figure 5a) showing the time sequences of the monthly
precipitation and runoff volume from 1957 to 2015, it can be seen that the precipitation and runoff
volume accumulative values were linearly correlated with time, with linear fitting R? values of 0.9998
and 0.9987 for precipitation and runoff volume, respectively, indicating that the precipitation and
runoff volume varied linearly with time, although the variation ranges were not significant.

The single accumulative curve (Figure 5a) for the time sequence of the monthly sediment
transport rate from 1980 to 2015 revealed that a mutation occurred in the sediment transport rate in
2005, and that the sediment transport rate could be divided into two phases. In the first phase (from
1980 to 2004), the linear fitting R?was 0.9957; in the second phase (from 2005 to 2015), the linear fitting
R?was 0.8962. The linear fitting curve slope in the second phase was obviously less than that in the
first phase. Namely, the accumulative value of the annual sediment transport rate began to decline
from the year 2005.

In general, the relationship between the double accumulative curve between precipitation,
water, and sediment should be stable under natural conditions. When the curve turns, it represents
a change occurring in the environment, which is often induced by human activities, such as
construction of reservoirs and dams, which affect the water flow or sediment transport.

In the double mass accumulative curve (Figure 5b) for the time sequence of the annual
precipitation and runoff volume from 1957 to 2015, the accumulative values for the runoff volume
and precipitation were linearly correlated, with the linear fitting R? at 0.9995, indicating that no
significant increase or decrease was found in the precipitation yield within the basin.
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Figure 5. Accumulative curves (a) for 1957-2015 and double mass curves (b,c) for precipitation,
runoff, and sediment transport in the study area, along with normalized sediment (d) for 19802015
over the measurement periods.

In the double mass curve for annual precipitation and sediment transport volume in time
sequence ranging from 1980 to 2015 (Figure 5b), a mutation occurred in 2005, which is consistent with
the results of the M-K analysis for sediment transport. This curve could also be divided into two
periods. In the first period (from 1980 to 2004), the linear fitting curve R? was 0.9969; in the second
period (from 2005 to 2015), the linear fitting curve R? was 0.9032. The results of the hydrological
estimation (Table 2) showed that the annual sediment transport volume in the second period
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decreased by 8.44 x 107 t on average compared to the first period due to human activities, accounting
for 95.7% of the total annual average sediment transport volume decrease. However, the decrease in
sediment transport volume caused by the precipitation was 3.82 x 106 t, only accounting for 4.3% of
the total annual decrease. The ratio of influence of human activities and precipitation on the sediment
transport volume was about 0.95:0.05.

A similar trend can be seen from the double mass curve (Figure 5c) of the time sequence of the
annual runoff volume and sediment transport volume from 1980 to 2015. A mutation occurred in
2005. From 1980 to 2004, the linear fitting curve R2 was 0.9973; from 2005 to 2015, the linear fitting
curve R?was 0.9174. The fitting curve slope was smaller from 2005 to 2015 than that from 1980 to
2004. Based on the linear relationship between the runoff volume and sediment transport volume,
the decrease in the sediment transport volume caused by the decline in the annual average runoff
volume was 6.82 x 107 t from 2005 to 2015.

Table 2. Decrease in sediment transport in the study area.

Decrease in the Sediment Transport /(104 t/ year) Decrease in the Sediment

Years L. Transport Caused by the Runoff
Human Activities Total Decrease
Volume (10*t/ year)

2005-2015 8440.79 8822.37 6817.99

In Figure 5a, a periodic sharp rise occurred in the year 2005 for the single accumulative value of
the time sequence of the sediment transport volume. The same situation was observed for the double
mass curves of the precipitation and sediment transport rate (Figure 5b) and for the runoff volume
and sediment transport rate (Figure 5c). Therefore, the goodness of linear fitting was not very high.
In combination with the actually measured data related to the sediment transport rate, the maximal
sediment transport values occurred in June 2005 (167 kg/s), July 2006 (140 kg/s), June 2007 (163 kg/s),
June 2008 (66.6 kg/s), June 2010 (79.9 kg/s), May 2011 (57.2 kg/s), March 2012 (48.6 kg/s), May 2013
(50.8 kg/s), May 2014 (52.5 kg/s), and May 2015 (52.6 kg/s). The monthly average sediment transport
rate after taking out these maximal values was 4.66 kg/s. These maximal values were tens of times
greater than the normal values (4.66 kg/s). Therefore, periodic sharp increases were observed from
the accumulative value, which caused the same changes in the double mass curves of the
precipitation, sediment transport rate, runoff volume, and sediment transport rate.

The normalization processing was performed for the sediment transport rate to eliminate the
influence of the extremums. It was required to produce a single accumulative figure for the time
sequence and double mass curve of precipitation and runoff volume (Figure 5d).

4.2.2. Water Conservancy Projects

Among various human activities, soil and water conservation measures and the building of
water conservancy structures are the main factors causing changes in the riverway runoff and
sediment transport rate [34,35]. The following is a discussion on the influence of the building of water
conservancy projects on the runoff and sediment transport in the study area.

The main features and parameters of these water conservancy projects are summarized in Table
3. The main water conservancy projects influencing the runoff volume and sediment transport
volume from 1980 to 2015 included Longtoutan hydro-power station (built in 2000), Julongtan hydro-
power station (built in 2004), and Taojiang hydro-power station (built in 2007). As Longtoutan hydro-
power station was relatively small in capacity (1.38 x 107 m3), it had an insignificant impact on the
runoff volume and sediment transport volume. The capacities of Julongtan and Taojiang hydro-
power stations were relatively larger, with an area of influence of 7739 km? (accounting for 91.7% of
the study area). These stations significantly influenced the runoff volume and sediment transport
volume. Comprehensively, the completion times for the hydro-power stations were consistent with
the mutation time (2005) of the runoff volume and sediment transport volume.

Tables 1 and 2 show that the runoff and sediment transport decrease rates were 4.49 x 107 m3/a
and 6.57 t/a, respectively, for the water reservoirs. By adopting the prospective method based on the
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trend, the runoff and sediment transport decrease rates caused by construction of Zoumalong, Bailan,
Wudugang, Shangjing, Longjing, and Zhongdun reservoirs before 1980 were 4.73 x 10'°m3/a and 6.91
x 107 t/a, respectively. It can be concluded that the specific capacity of each reservoir was positively
correlated to its water and sediment retaining capacities.

Table 3. Water conservancy projects on the Taojiang River.

Water Conservancy River System Drainage Total Storage Year of Reinforcement
Project Area/km?  Capacity/10*m? Completion Time
Zoumalong reservoir Xihe River 91.6 2370 1958
Bailan reservoir Anxi River 24.4 1160 1960 1998-2000

Wudugang reservoir Xiaohe River 120 3330 1961 2004/05-2005/07
Shangjing reservoir Anxi River 31.6 1185 1967
Longjing reservoir Donghe River 140 1385 1969
Zhongcun reservoir Xihe River 29.2 1092 1976
Longtoutan hydro-power station Taojiang River 2 653 1380 2000
Taojiang hydro-power station Taojiang River 3679 3710 2004
Julongtan hydro-power station Taojiang River 7739 7 760 2007

4.2.3. ENSO

Figure 6 shows the cross-wavelet analysis power spectrum and wavelet coherence analysis
coagulation spectrum between the SST and various water features. The significant resonance cycles
of the SST and precipitation (Figure 6a) in the high-energy area were concentrated at 1.33—4.00a from
1957 to 1982 and 1.30-5.30a from 1983 to 2015. During these cycles, the phase relation between SST
and precipitation was subject to irregular changes. However, the significant resonance cycles in the
low-energy area were concentrated at 1.00-2.30a from 1970 to 1974, 1982 to 1984, and 1995 to 1999.
During these cycles, their correlation coefficients were close to 0.9.
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Figure 6. Cross-wavelet analysis between the SST and precipitation (a), runoff (b), and sediment
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Figure 6b shows the cross-wavelet analysis energy spectrum and coagulation spectrum between
the SST and runoff volume. The significant resonance cycles in the high-energy area were
concentrated at 1.33-4.67a from 1960 to 1982, 1.33-5.33a from 1983 to 1995, and 1.33—6.67a from 1996
to 2012. During these cycles, the phase relation between the SST and runoff volume was subject to
random changes. The significant resonance cycles in the low-energy area were concentrated at 1.00-
2.50a from 1970 to 1974, 1981 to 1984, and 1995 to 1998. During these cycles, the correlation coefficients
exceeded 0.8.

Figure 6¢ presents the cross-wavelet analysis energy spectrum and coagulation spectrum
between SST and sediment transport volume. The significant resonance cycles in the high-energy
area were concentrated at 1.33-5.33a from 1960 to 2004, while the phase relation between the SST and
sediment transport volume was positive after 1995. The significant resonance cycles in the low-energy
area were concentrated at 1.00-1.67a from 1995 to 1998. During these cycles, the correlation coefficient
exceeded 0.9. In combination with their cross-wavelet analysis energy spectrum and coagulation
spectrum, the correlation changed in 2005 and was then scarcely correlated.

Further comparisons were made between the SST and precipitation, runoff, and sediment
transport volume during major ENSO events (lasting for more than 10 months) from 1957 to 2015
(Figure 7). The durations of major ENSO events during this period were from April 1957 to July 1958,
May 1965 to April 1966, May 1972 to March 1973, April 1982 to June 1983, May 1991 to June 1992, and
May 1997 to May 1998. During each ENSO event, the SST first rose to a maximum and then declined,
exhibiting a convex changing curve. The precipitation revealed a similar changing trend during each
ENSO event—at the beginning of each ENSO event, it declined to the minimum and then increased;
at later stages, it reached its maximum and then declined again. During each ENSO event, the
changing trend for runoff and sediment transport volume was basically similar to that of
precipitation. ENSO influences the rainfall related to precipitation, which affect the runoff and
consequently affect sediment transport.
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Figure 7. Changes of the SST and precipitation, runoff, and sediment transport volume in the study
area during major ENSO events.

Due to the global climate change in recent years, ENSO events occur frequently, which
consequently induce natural hazards. The approaches used in this study, together with the findings
obtained, may provide a scientific basis for decision makers, such as local governments, to make plans
and take measures against natural hazards in advance or in the early stages of an abnormal event.

5. Conclusion

From the results of this study, the following conclusions can be drawn:

e A mutation occurred in the sediment transport rate in 2005 and a significant decline was
observed as well. However, no significant change was found in the runoff volume from 1957 to
2015. From the year 2005 onwards, the annual average decrease of sediment transport volume
was 8.82 x 107 tons;
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e  The precipitation was the dominant factor that controlled the changes in runoff volume and
sediment transport volume, since the precipitation directly influenced changes of the runoff
volume, which subsequently caused changes in the sediment transport rate in the river basin.
From the year 2005 onwards, changes in the sediment transport rate were heavily influenced by
the large-scale hydro-power stations (Taojiang and Julongtan), with a significant declining trend
observed. The annual sediment transport decreased by 8.44 x 107 tons during 1980-2004 and
2005-2015, accounting for 95.7% of the total decrease in the sediment transport volume;

e  Significant resonance cycles between SST and the precipitation, runoff volume, and sediment
transport mainly covered the 1.33-5.33a-year period. During the ENSO events, the precipitation,
runoff volume, and sediment transport rate reached their maximums after a decline at the
beginning of each event, and then eventually decreased again.

Although this study analyzed various drivers of runoff and sediment transport variations in the
Taojiang River drainage basin with distributed ion-type RE mine lots, no scientific studies were
conducted on the impacts of the RE mining activities on soil erosion or the subsequent influences on
the runoff and sediment transport in this river basin. This missing information will be the priority of
the follow-on research effort in this project.
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