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Abstract: In this research, monthly hydrological and daily meteorological data were
collected across China for the period 1956-2012. Modified Mann—Kendall tests, double
mass curve analysis, and correlation statistics were performed to identify the long-term
trends and interrelation of the hydrometeorological variables and to examine the influencing
factors of streamflow and sediment. The results are as follows: (1) In the last 60 years, the
streamflow in northern China has shown different decreasing trends. For the southern rivers,
the streamflow presented severe fluctuations, but the declining trend was insignificant. For
the streamflow in western China, an increasing trend was shown. (2) In the northern rivers,
the streamflow was jointly controlled by the East Asian monsoon and westerlies. In the
southern rivers, the runoff was mainly influenced by the Tibet—Qinghai monsoon, the South
Asian monsoon, and westerlies. (3) Sediment loads in the LCRB (Lancang River Basin) and
YZRB (Yarlung Zangbo River Basin) did not present significant change trends, although
other rivers showed different degrees of gradual reduction, particularly in the 2000s. (4)
Underlying surface and precipitation changes jointly influenced the streamflow in eastern
rivers. The water consumption for industrial and residential purposes, soil and water
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conservation engineering, hydraulic engineering, and underlying surface changes induced by
other factors were the main causes of streamflow and sediment reduction.

Keywords: streamflow; sediment load; precipitation; monsoon; soil and water
conservation engineering

1. Introduction

Global warming caused by human-induced emissions of greenhouse gases is accelerating the global
hydrological cycle [1]. The accelerated hydrological cycle is in turn altering the spatial-temporal patterns of
precipitation, resulting in increased occurrences of precipitation extremes that cause increased occurrences
of floods and droughts in many regions of the world [2], including China [3—5]. As a vital natural resource,
water is fundamental for the sustainable development of the economy, ecosystem, and biodiversity.
Therefore, water security and related implications for ecosystem and river diversity, particularly the
variability and availability of regional water resources under the influences of climatic change and human
activities, have been discussed in recent years [6—8]. Much attention has been given to water resource
changes and their effects on the economic society by the international community. For example, the
Intergovernmental Panel on Climate Change (IPCC) has reviewed changes in the global hydrological cycle
and has assessed the impacts of climatic change on water resources [9]. Many countries, such as the United
Kingdom, have addressed the impact of climatic change on water resource variation [10]. The climatic
changes of China are controlled mainly by winter and summer monsoons [11]. Generally, precipitation in
southwest China is greater than that in northwest China; these patterns are controlled mainly by the
monsoon system and the effects of topography [12]. Rainy seasons in eastern China hinge on progress and
retreat of the East Asian monsoon. Detailed information on the evolution of summer Asian monsoons and
the associated propagation of rain belts has been reported by Ding [13].

River sediment is an important aspect of land surface processes and global change research.
River sediment generation, transportation, and river delta response have become important aspects of
Earth system science. In 1968, Holeman [14] investigated global sediment discharge by using global
hydrological data; further research was conducted by Holland [15]. Walling and Fang [16] investigated
the temporal variation of 145 rivers by using long-term data (longer than 25 years) in Asia, Europe,
and North America. They reported that the sediment discharge in more than 50% of analyzed rivers
presented upward or downward trends, the latter of which was dominant. However, in the remaining
50%, the sediment flux essentially remained stable [17]. A study of the sediment load in Russia
showed that of the 20 rivers flowing into the Arctic Ocean, 35% showed increasing trends, 60%
presented declining trends; only 5% remained stable [18]. Similar research was conducted by Liu [19],
Subramainian [20], and Siakeu [21] for major rivers of Asia, India, and Japan, respectively. This research
revealed that human activities, particularly reservoir and dam construction, were the main causes of
sediment flux reduction.

Many researchers investigated the sediment and streamflow change in major rivers of China.
The Yangtze River Basin (YARB) [22], Yellow River Basin (YRB) [23], Huai River Basin (HURB) [24],
Liao River Basin (LRB) [25], and Songhua River Basin (SRB) [26] showed different degrees of
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decreasing trends. However, the sediment flux in western rivers such as the Yarlung Zangbo River Basin
(YZRB) and Lancang River Basin (LCRB) remained stable or increased slightly. The Yellow and
Yangtze rivers are two of the largest rivers in China and therefore receive more attention. Yang [27]
considered that reservoir and dam construction was the main reason of sediment reduction in the
Yangtze River. Miao [23] reported that reservoir construction, reduced precipitation, soil and water
conservation projects jointly induced sediment reduction in the Yellow River. So far, the focus in
China has been mostly on regional water and sediment resources. On the basis of instrument records of
streamflow and sediment, many scholars conducted research in different river basins in China to reveal
different changing patterns of runoff and sediment. Most of these studies are based on the monitoring
data of individual rivers without considering the impacts of water and sand resource consumption of
the economic society within the river basin. Regarding spatial scale, most studies completed thus far
are based on one river basin; few are based on a national scale. An acceptable evaluation of water and
sediment resources requires sufficient hydrometeorological data and extensive data-driven analysis, which
is the motivation for the current study. Further, possible causes of precipitation and streamflow and
sediment resource variation need to be investigated, and the related implications should be discussed.

Therefore, the objectives of this study are to (1) investigate streamflow and sediment changes in
major rivers in China; (2) determine the streamflow changes and their relationship with precipitation,
monsoons, and water consumption for industrial and residential purposes; (3) determine regional
sediment load changes and their relationship with hydraulic engineering, soil and water conservation
engineering, and underlying surface changes induced by human activities; and (4) discuss the
relationship between sediment and runoff changes and their relationship with specific events, the
implications of which will also be discussed. The primary goal of this study is to evaluate the impact of
climate change and human activities on streamflow and sediment load and to provide basic
information for water and soil resources management in this region.

2. Data and Methodology
2.1. Data Collection and Processing

In this study, annual precipitation data from 725 rain gauge stations for the period 1951-2012 were
obtained from the National Climate Center (NCC) of the China Meteorological Administration
(CMA). The quality of meteorological data was firmly controlled [28]. To guarantee the accuracy of
the results, the data was preprocessed as follow before the analysis. The observational data of missing
data years of more than 5 years (including 5 years) were excluded. The time series data of partial
relocation stations were unified, and the remaining missing observation data were completed with a
linear regression method and adjacent station interpolation to ensure the integrity of the time series.
The missing data in 725 stations only accounted for less than 5% of total data amount. The regional
averages refer to the arithmetic mean value of the stations within a region. Annual precipitation average
was, thus, calculated from these records using the Thiessen Polygon method for each river basin.

The consecutive monthly data of streamflow and sediment yields from the 30 gauge stations were
collected for the same period from Ministry of Water Resources (MWR). The hydrologic data from the
30 gauge stations listed in Table 1 were used to analyze changes in streamflow and sediment load.
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Figure 1 and Table 1 provide information on the station location and associated drainage area. It is
worth to address is that, the Xinjiang Inland River Basin and the Hexi Inland River Basin (HIRB) in
northwestern China are composed of many tributaries. Therefore, to reflect the overall change in
streamflow, we summed the streamflow in tributary data to represent the runoff of the entire basin.
In southwestern China, although many large rivers are present, we selected as study objects only two
river systems, the LCRB and YZRB, considering data availability.

The daily discharge was computed from the water level by using previously calibrated discharge-water
level curves. Water was sampled at fixed intervals, and suspended sediment concentration was
obtained by measuring water samples in the laboratory. All the measurements of water level, discharge,
SSC followed national standards issued by the Ministry of Water Conservancy, and were printed in the
China Gazette of River Sedimentation [29]. Sediment loads refers to the suspended fraction only,
whereas bedload was excluded due to its difficulty in field sampling. Measurement of the sediment
loads was on the basis of standard procedures [30,31]. Errors in calculating sediment load were
introduced through the low frequency of sampling, rather than continuous monitoring, which is likely
to underestimate sediment load during peak hours. The monthly and annual streamflow and sediment
load at the gauging stations were derived from the daily measured data. The accuracy and consistency
of all the data used in this study have been checked out by the corresponding agencies before their
release. In instances when discharge data were missing, we used discharge data from similar rainfall
conditions at other times as a replacement, and the missing data in 30 stations only accounted for less
than 3% of total data amount.
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Figure 1. Distribution of 12 major basins in China showing gauge stations (red triangles)
and meteorological stations (black dots) used in this study.

1:100,000-scale land use maps in 1985 and 2010 were respectively obtained from the Earth System
Science Data Sharing Platform and The Remote Sensing Monitoring and Assessment of Decadal
Changes of National Eco-environment (2000-2010) project group. The digital elevation model (DEM),
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the Monitoring Report of Soil and Water Loss in China, and other maps were obtained from the Earth
System Science Data Sharing Platform.

Table 1. Summary of gauging stations and hydrological characteristics in the 12 major
basins in China. DA is the drainage area.

. . L. . Longitude Latitude DA Time
ID  Gauge Station Basin (Abbreviation) Location
(N°) (E°) (km?) Span
1 Lijin Yellow River Basin (YRB)  Mainstream 118°15’ 37°29' 752,032 1952-2012
Yangtze River Basin )
2 Datong Mainstream 117°03’ 32°37" 1,705,383  1950-2012
(YARB)
3 Wujiadu Huai River Basin (HURB)  Mainstream 117°23' 32°54' 121,330  1950-2011
4 Zhangjiafen Bai River 116°10 39°48' 8506 1954-2011
5 Xiahui Chao River 117°18' 40°22' 5340 19612011
o Sanggan
6 Shixiali . ) i 114°43’ 40°16' 23,944 1952-2011
Hai River Basin (HRB) River
7 Xiangshuipu Yang River 109°40’ 38°01" 14,507 1952-2011
. Yongding
8 Yanling . 115°49' 40°01" 43,674 1952-2011
River
) Songhua River Basin .
9 Haerbin Mainstream 126°32' 45°48' 389,769  1955-2012
(SRB)
10 Tieling Liao River Basin (LRB) Mainstream 123°43’ 42°13' 120,764 19542012
11 Gaoyao Pearl River Basin (PRB) Xi River 112°27' 23°01' 351,535 19572011
. Southeast Rivers Basin .
12 Zhugqi o ) Mainstream 119°06’ 26°08' 54,500 19502011
(Min River Basin, MRB)
Southwestern Rivers Basin
13 Nuxia (Yarlung Zangbo River, Mainstream 95°05' 31°17 191,235 19562009
YZRB)
Southwestern Rivers Basin
14 Xiangda (Lancang River Basin, Mainstream 96°28' 32°12' 17,909 19562012
LCRB)
Dajingxia . .
15 i Dajing River 103°24' 37°28' 1961-2010
Reservoir
Gulang
16 Gulang i 102°52' 37°27 1961-2010
River
Huangyanghe Huangyan
7 mevans WSS jopeas 37035 1961-2010
Reservoir River
18 Zamusi Zamu River 102°34’ 37°42' 1961-2010
Nanying Hexi Inland River Basin . .
19 i Jinta River 102°31" 37°48' 68,300 1961-2010
Reservoir (HIRB)
s Xiying
20 Jiutiaoling ; 102°03’ 37052 1961-2010
River
. Dongda
21 Shagousi ) 101°55' 37°58' 1961-2010
River
Xidahe . .
22 . Xida River 101°23' 38°03' 1961-2010
Reservoir
23 Changmapu Shule River 96°51' 39°49’ 1961-2010
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Table 1. Cont.

. . L. . Longitude Latitude DA Time
ID  Gauge Station Basin (Abbreviation) Location
N°) (E°) (km?) Span
24 Dangchengwan . . . Dang River 94°53' 39°30' 1961-2010
) . Hexi Inland River Basin T
25 Yingluoxia (HIRB) Hei River 99°55' 38°57' 68,300 1961-2010
26 Binggou Beida River 101°56’ 37°54' 1961-2010
Yeerqiang
27 Kaqun Ri 76°54' 37°59’ 50,248 19572011
iver
Xinjiang Inland River )
) ] ) ) ) Yulongkashi
28  Tongguziluoke Basin (Tarim River Basin, Ri 79°55' 36°49' 14,575 19572011
iver
TRB
29 Yanqi ) Kaidu River 86°34' 42°02' 22,516 19572011
30 Alaer Mainstream 81°19' 40°32' 127,900  1957-2011

2.2. Methodology
2.2.1. Mann—Kendall Test for Monotonic Trend

To analyze the long-term trends of hydrometeorological variables, the non-parametric
Mann—Kendall test [32,33] was applied. This method has been widely used to detect trends in climate
and streamflow time series [34]. In the Mann—Kendall test, the null hypothesis Ho states that xi,..., xx
are samples of n independent and identically distributed random variables with no seasonal change.
The alternative hypothesis H1 for a two-sided test defines the distributions of xx and x; as non-identical
for all k£, j < n; with k£ #. The test statistic .S is given as

n=1 n

S:ZZSgn(xk—xi) (1)

i=1 k=i+l
+1 6>0
sgn=40 if 06=0 (2)
-1 0<0

If the dataset is independent and identically distributed, the mean of S will be zero, and the variance of
S will be:

m

Var(S)z ”(”‘1)(2"+5)_th([j_1)(2[J+5)}%8 3)

J=1

where 7 is the number of data points, ¢ is the extent of a given time, m is the number of tied groups,
and ¢ is the number of data points in the j-th group. A tied group is a set of data points having the same
value. A normalized test statistic Z can be computed on the basis of S as:

S-1

—_— §$>0
var (S)
Z=40 S=0 (4)
i S<0
Jvar(S)
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When the significance levels are set at 0.01, 0.05, and 0.1, |Z,| is 2.58, 1.96, and 1.65, respectively.
At a certain significance level, if |Z] > |Z,, the null hypothesis Ho is rejected. That is, the trend is
significant at the set level of significance. Otherwise, no significant trend exists.

In the Mann—Kendall test, the slope estimated by using the Theil-Sen estimator [35,36] is usually
considered to detect the monotonic trend and to indicate the variable quantity in the unit time. It is a
robust estimate of the magnitude of a trend and has been widely used to identify the slope of a trend
line in a hydrological or climatic time series [37]. The estimator is given as:

) X=X,
B = Median| —/—— |V1<I< (5)
j—1
where 1 </<j <n, [ is the median overall combination of record pairs for the entire dataset and is resistant to
extreme observations. A positive 3 denotes an increasing trend, and a negative [ indicates a decreasing trend.

2.2.2. Modified Mann—Kendall Test (Mann—Kendall Test with Trend-Free Pre-whitening)

The Mann—Kendall test assumes that the series is independent and the series is not robust against
autocorrelation. However, certain hydrological time series may frequently display statistically
significant serial correlation. This may lead to a disproportionate rejection of the null hypothesis of no
trend, whereas the null hypothesis is actually true. Therefore, the effect of serial correlation is a major
source of uncertainty in testing and interpretation trends. To eliminate the influence of serial
correlation, “pre-whitening” was proposed by Von Storch [38] to remove the lag one serial correlation
(1) from the time series. This method has been applied in an increasing number of studies [23,26,39].

To determine whether the observed dataset is serially correlated, the significance of the lag-1 serial
correlation (71) should be tested at the 0.10 significance level. r1 is calculated by using the following
Equation [23,26]:

1 n—k - -
_ n—k Zi=l (xi _x)(xi+k _x)
) ©

If Z1=1.645Vn=2 _ —1+1.645Vn=2 the time series is assumed to be independent at the 0.10 significance
n—1 n-1

T

level and can be subjected to the original Mann—Kendall test. Otherwise, the effect of serial correlation should
be removed from the time series by pre-whitening prior to application of the Mann—Kendall test. The
Mann—Kendall test is then used to detect trends in the residual series. The new time series is obtained as [40].

x, = x,—(Bxi) (7)
The 1 value of this new time dataset is calculated and used to determine the residual series as:
Vi=X —h X=X (8)

1

The value of B % i is added again to the residual dataset as:

v, =y, +(Bxi) )
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The y; series is then subjected to trend analysis.
2.2.3. Double Mass Curve

Double mass curve analysis is a simple and practical visual method widely used in the study of the
consistency and long-term trend test of hydrometeorological data [41]. This method was first used to
analyze the consistency of precipitation data in Susquehanna watershed, Pennsylvania, USA [42]; a
theoretical explanation was later reported [43]. The theory of the double mass curve is based on the
fact that a plot of two cumulative quantities during the same period exhibits a straight line if the
proportionality between the two remains unchanged; the slope of the line represents the
proportionality. This method can smooth a time series and suppress random elements in the series;
thus, it can show the main trends of the time series. In the last 30 years, Chinese scholars analyzed the
effects of soil and water conservation measures and land use/cover changes on streamflow and
sediment by using this method and have achieved good results [44]. In the present study, double mass
curves of sediment versus streamflow were plotted for the different periods to detect the relationship
change before and after transition years. The appearance of the inflection point denotes that the
relationship between the sediment and streamflow begins to change significantly [44].

3. Variation of Streamflow and Sediment Load
3.1. Overall Change of Streamflow

In this study, we defined the northern rivers and southern rivers as those north and south of the
eastern monsoon zone in China, respectively. Therefore, the northern rivers include the YRB, HRB,
LRB, SRB, and HURB; the southern rivers include the Pearl River Basin (PRB), YARB, and Min
River Basin (MRB); and the western rivers include the Tarim River Basin (TRB), HIRB, LCRB, and
YZRB. Based upon the years of average runoff (Table 2), the order of runoff in the southern rivers was
YARB (8944.8 x 10® m*) > PRB (2166.4 x 108 m*) > MRB (532.7 x 108 m®); that in the northern rivers was
SRB (404.7 x 10® m*) > YRB (299.2 x 108 m®) > HURB (266.9 x 10® m*a) > LRB (29.3 x 10° m*) > HRB
(18.1 x 10® m?); and that in the western rivers was YZRB (312.5 x 10 m*) > LCRB (247.3 x 10 m®) > TRB
(157.3 x 108 m®) > HIRB (44.0 x 10® m®). It should be noted that Xiangda Station, which represents the
LCRB, is located at the source area of LCRB; therefore, the streamflow was smaller than that in the entire
basin. Actually, the average streamflow in the downstream region of the LCRB was 740.5 x 10% m? [45].

Figure 2a,b show the cumulative curve of the streamflow in the major rivers. The cumulative curves
of YARB, PRB, MRB, LCRB, YZRB, TRB, and HIRB, presented linear increasing trends with
essentially no fluctuation or inflection point. Among them, the runoff in the HIRB showed a significant
increasing trend at 0.16 x 10® m*/a, P < 0.001. That of other basins fluctuated near the mean level, as
shown in Figure 3; the interdecadal anomalies are shown in Table 3. For the northern rivers, the
cumulative curve of streamflow in HURB presented complicated changes. The overall direction was a
straight line, indicating severe fluctuation on the interannual scale, and no obvious trend was found.
The other northern rivers generally presented convex curves or lines, indicating that runoff in these
rivers showed decreasing trends (Figure 3). As shown in Table 4, the order of decrease rate was YRB
(=7.25 x 10® m’/a, P < 0.001) > SRB (-3.32 x 10® m%/a, P < 0.001) > HRB (-0.69 x 10° m?/a,
P <0.001) > LRB (-0.48 x 10® m*/a, P < 0.001).
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Table 2. Average annual streamflow and sediment load.

Basins Water Discharge (105 m*)  Sediment Load (10* t)
HRB 18.1 795.1
HURB 266.9 881.4
YRB 299.2 76,655
LRB 293 1112.9
SRB 404.7 598.8
MRB 532.7 573.3
PRB 2166.4 6274.6
YARB 8944.8 40791
HIRB 44.0 -
TRB 157.3 -
YZRB 312.5 1710.4
LCRB 247.3 341.0

3.2. Overall Change in Sediment Load

5857

Figure 2c,d show the cumulative curve of the sediment load in the major rivers. No obvious convex
state was presented in those of LCRB and YZRB, which means the sediment discharge variation had
no significant trend. The cumulative curve of sediment load in other rivers showed obvious convex
shapes, which denote that the sediment had different degrees of gradual reduction. In particular, after
2000, the decrease was between 59.1% and 98.7% (Table 3). In the southern rivers, the decrease in the
2000s was between 59.1% and 63.4%, with YARB showing the largest value. In the northern rivers, the
decrease was between 59.4% and 98.7%; LRB and HRB were reduced by 97.6% and 98.7%,

respectively (Table 3).
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Table 3. Interdecadal anomalies of water discharge and sediment load. The reference value
is the average value during the 1950s to 1960s.

Basins Change in Water Discharge (%) Change in Sediment Load (%)
1970s 1980s 1990s 2000s 1970s 1980s 1990s  2000s
HRB -18.6 -55.9 -56.4 -84.6 -35.0 -77.5 -772  -98.7
HURB -27.8 0.1 —45.5 -6.5 —43.4 —46.8 -73.7 —69.6
YRB -36.4 —41.5 -71.2 -67.5 -26.0 -47.3 -67.8  —88.7
LRB -56.9 -36.8 -27.3 —62.8 -90.2 -80.3 -599 976
SRB -31.6 -2.9 —4.6 -43.4 -21.3 7.7 -19.6 594
MRB -1.7 2.6 4.2 -5.4 -1.6 -13.4 -49.0 —63.4
PRB 11.2 -4.0 13.3 -6.4 10.9 14.7 4.4 -59.1
YARB -6.1 -0.9 5.8 =5.7 -13.0 -10.9 -29.7 -63.1
YZRB —-6.6 -14.2 4.5 5.2 -14.9 -24.0 -5.2 -
LCRB -1.4 19.3 1.7 14.1 5.7 39.4 -14.4 —

Table 4. Results of Sen’s slope estimator and the Z value by using linear regression and
the Mann—Kendall test, respectively.

Basins Water Discharge (108 m®) Sediment Load (10* t)
Slope V4 Significance Slope V4 Significance
HRB —0.69 —6.96 ** P <0.001 —46.96 —6.73 ** P <0.001
HURB —-1.50 —1.49 P>0.1 —25.35 —5.42 ** P <0.001
YRB =7.25 —6.01 ** P <0.001 —2300 —6.58 ** P <0.001
LRB —0.48 —32%* P <0.01 —55.33 —4.90 ** P <0.001
SRB -3.32 —3.37 ** P <0.001 —8.44 —4.11 ** P <0.001
MRB —0.53 —0.58 P>0.1 —9.74 —4.10 ** P <0.001
PRB —2.04 —0.98 P>0.1 =77.49 —3.31 ** P <0.001
YARB —5.72 —0.36 P>0.1 —6000 —6.73 ** P <0.001
HIRB 0.16 2.81% P <0.01 - - -
TRB 0.10 0.80 P>0.1 - - -
YZRB 0.20 0.40 P>0.1 6.12 0.47 P>0.1
LCRB 0.61 1.58 P>0.1 —0.96 —0.67 P>0.1

Note: “*” and “**” mean the correlation coefficient reach the significance level of 0.01 and 0.001, respectively.
3.3. Pattern of Changes in Streamflow and Sediment Load

Figures 3 and 4 show respectively the temporal variation and double mass curves of sediment load
and streamflow in the 12 major rivers in China. On the whole, the variation of streamflow versus
sediment can be divided into three categories. In the first, the streamflow was stably maintained, but
the sediment load was reduced (HURB, YARB, MRB, PRB). In the second, the streamflow and
sediment load were both reduced (YRB, LRB, HRB, SRB). In the third, both water and sediment
discharge remained stable (LCRB, YZRB).
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3.3.1. Streamflow Remained Stable and Sediment Load Reduced

In the HURB, the streamflow and sediment discharge experienced continuous declines before 1978
(Figures 3a and 4a). Since the early 1980s, and particularly in the 1990s, an obvious decrease in
sediment discharge occurred. This result was due mainly to the effects of soil and water conservation
projects in the HURB with areas of 1.53 x 10* km? and 1.04 x 10* km? in the 1980s and 1990s,
respectively. Shi [24] reported that the soil erosion amount of the small watershed in the upper reaches
of the Huai River was reduced 77%—85% after implementation of engineering projects.
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Figure 3. Interannual variability of streamflow and sediment load in major basins in China
during 1950-2012. Blue and red lines represent changes in water discharge and sediment
discharge, respectively.

In the YARB, the streamflow variation was relatively stable; however, the sediment load decreased
significantly (Figures 3b and 4b). The sediment yields in 1956, 1958, and 1963—-1968 were obviously
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high, which is likely attributed to large-scal edeforestation activities such as “Devastating Forests for
Arable Land”. After 1969, the sediment load value suddenly dropped. This result is likely attributed to
the Danjiangkou Reservoir operation that began in 1968, which intercepted a large amount of sediment.
After 1989, the sediment yield decreased again, which could have been caused by three aspects. Firstly, a
series of ecological engineering projects was conducted since 1982, particularly the Changzhi Project
launched in 1989. Secondly, the reservoirs were constructed in the mainstream and tributaries of the
Yangtze River. Thirdly, the amount of sand dredging increased annually. The total amount in 1990-2002
was 5 x 107 t. After 2003, the sediment load decreased again, which was mainly caused by operation of the
Sanxia Reservoir in 2003. In 2012, sedimentation in Sanxia Reservoir reached 14.37 x 10 t.
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For MRB, as observed by Zhugqi Station, sediment load changed with streamflow variation before 1985,
although the amplitude of the sediment was larger than that of the streamflow (Figures 3c and 4c).
After 1985 and 1993, we detected two distinct decreasing processes obviously related to reservoir
construction such as the Shaxikou hydropower station in 1987, Fancuo Dam in 1988, and the Shuikou
hydropower station in 1993. In particular, the sedimentation of Shuikou Dam accounted for 86% of the
total amount of sediment in the MRB. An additional factor is that the annual sand dredging amount in
Mawei near Shuikou Dam was 1 x 107 t after the late 1980s. The streamflow in Gaoyao Station of
PRB was stable, although the sediment load decreased significantly (Figures 3d and 4d). Before 1983,
the sediment load fluctuated with streamflow change and maintained a consistent pace. In 1983—-1991,
the sediment load increased obviously, which may related to the construction of multiple reservoirs.
Since 1994, the sediment load presented a sharp decline, which is mainly attributed to the
sediment-retaining functions of reservoirs and dams such as Yantan Reservoir in the Hongshui River
(operated in 1993) and Longtan Reservoir (operated in 2003).

3.3.2. Streamflow and Sediment Load Reduced Together

In the YRB, HRB, LRB, and SRB, the water and sediment discharge showed clear downward trends.
In YRB, as observed by Linjin Station, the sediment loads in 1961-1965, 1980-1988, and 20002012
were lower than the mean level (Figures 3e and 4e). The low point in 1961 reflected the operation of
Sanmenxia Reservoir, which began to retain water and sediment. In 1965, the operation mode of this
reservoir changed to begin storing clear water and releasing muddy sediment; therefore, the sediment load
recovered slightly. After 1980, the sediment load reduced again, with the following possible causes:
Firstly, the water diversion project began operation, which reduced the streamflow and sediment
discharge. Secondly, the soil and water conservation projects in the upstream function are functioning
efficiently; thus, the water discharge is reduced in the lower reaches. Thirdly, the rainfall is concentrated
mainly in the midstream region with less soil loss area; thus, the sediment is reduced downstream. In the
early 2000s, the sediment and streamflow reduced again, mainly due to the water diversion projects and
water reservoirs operating in the upstream region, such as Xiaolangdi Reservoir in 1999.

In the HRB, the sediment and streamflow after the 1980s was maintained at relatively low levels,
the sediment load approached zero since 2000 (Figures 3f and 4f). The abnormally high sediment load
in 1967 and 1974 was due to the desilting effect of Guanting Reservoir during the flood season through
high rainfall and runoff. In the LRB, the sediment and water discharge presented periodic changes
(Figures 3g and 4g). Before the 1960s, strong rainfall caused severe soil erosion, thereby inducing
sediment load increases. After 1964, the sediment load decreased significantly due to the operation of
Hongshan Reservoir in 1962. Until 1999, the sedimentation in Hongshan Reservoir reached 9.41 x 10® m?,
accounting for 58% of the total storage capacity. Severe fluctuation of sediment and streamflow
occurred in 1985-2000, which was caused mainly by rainfall.

In the SRB, the streamflow and sediment discharge decreased at the same pace (Figures 3h and 4h).
On the interdecadal scale, the streamflow and sediment discharge experienced “low-high-low”
alternating variation processes in the 1970s to 1990s, which were mainly affected by precipitation.
In addition, agricultural and industrial development since the beginning of the 1960s also accelerated
the water consumption for industrial and residential purposes. Although some large- and medium-sized
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reservoirs are located in the upstream regions of Songhua River, the reciprocal relationship between
runoff and sediment has been relatively good, and no obvious anomalies have been detected.
This result occurred essentially because the vegetation coverage in the source area is relatively high,
and density of population is low; thus, the river is seldom disturbed by human activities.

3.3.3. Both Streamflow and Sediment Discharge Remained Stable

Both streamflow and sediment discharge in the LCRB and YZRB maintained stability. No
significant upward or downward trends were detected, and fluctuations of streamflow versus sediment
have been essentially consistent (Figures 3i,j and 41,j). Actually, the vegetation coverage is good, the
population density in the YZRB and LCRB is relatively low, and the level of economic development
and social construction is also relatively low. Thus; the streamflow and sediment are seldom affected
by human activities, and presented a good correlation among rainfall, streamflow, and sediment.

4. Influencing Factors of Streamflow Variation
4.1. Precipitation

In general, climate change is mainly characterized by temperature and precipitation variability.
Precipitation drives runoff and hence directly influences the discharge of a river. Figure 5 shows
precipitation changes in the major rivers and in the entire country that occurred during the past 60
years. China’s precipitation experienced a “decrease, increase, decrease, increase, decrease” pattern.
The 1950s was a rainy decade; the average rainfall reached 820.3 mm, which was the highest value
recorded in several decades. After 1960, precipitation began to decrease. Levels were low in the 1980s
and increased slightly in the 1990s. After 2000, the overall trend obviously reduced. The SRB and
LRB experienced a rainy period in the 1950s that decreased in the 1960s and 1970s. The 1980s and
1990s presented slight increases that decreased again in the 2000s. Precipitation in the YRB essentially
showed a decreasing trend by decade with lowest values occurring in the 1990s. After 2000, however,
the level increased slightly. Rainfall in the TRB and HIRB increased by decade; however, the YZRB
and LCRB presented decreasing trends since the 1960s. For the southern rivers including YARB,
MRB, and PRB, changes in precipitation were consistent. Levels were lowest in the 1950s, increased
in the 1960s and 1970s, and fell slightly in the 1980s before returning to the less-rainfall stage in 2000.
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Figure 5. Interdecadal rainfall changes in the main basins in China during the 1950-2012.
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Since the Reform and Opening-up policy was implemented in 1979, the demand for water resources
increased substantially, and the streamflow in some rivers showed different degrees of decreasing
trend (Figure 3). Therefore, we divided the streamflow sequence into two periods of before and after
1980 to explore the relationship between streamflow and precipitation (Figure 6). The subsection
fitting lines of precipitation versus runoff represent the runoff depth produced by rainfall in 1950-1979
and 1980-2010, respectively. Assuming that the precipitation had no significant change on the basin
scale, changes in the relationship of precipitation and streamflow can reflect the influence of the
underlying surface on the original hydrological process. In the northern rivers, the fitting lines of
rainfall-runoff in the HRB (Figure 6a), YRB (Figure 6¢), and SRB (Figure 6¢) moved downward
during 1980-2010 comparing with that occurring in 1950-1979.
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Figure 6. Subsection fitting lines of precipitation versus streamflow in 1950-1979 versus
those in 1980-2012. Solid and dotted lines represent lines in 1950-1979 and 1980-2012,
respectively. Blue and red points represent data of 1950-1979 and 19802012, respectively.
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This downward movement denote the capacity of runoff yield decline. For the HURB (Figure 6b)
and LRB (Figure 6d), the fitting lines moved upward, which illustrates that the capacity of runoff yield
was enhanced. In the southern rivers, the runoff capacity of the PRB declined after 1980 (Figure 6g),
whereas the change of MRB was not obvious (Figure 6f). The YARB also remained stable (Figure 6h).
The streamflows of the TRB and HIRB in the northwest and the LCRB and YZRB in the southwest,
originating from Tibet—Qinghai Plateau, were recharged by rainfall in addition to runoff from glacier
and snow melt water. In this condition, the rainfall-runoff fitting lines could not fully reflect the
changes in runoff yield ability. Nevertheless, the fitting lines can still be used to determine the role of
rainfall change on runoff. The slope of the regression line in the HIRB during 1950-1979 was a
negative value (Figure 6i1), which shows that the water supply in addition to rainfall decreased.
In 1980-2010, however, this part of the water supply increased. Similarly, the runoff yield in the TRB
(Figure 6j) and the YZRB (Figure 6k) decreased, whereas the change in the LCRB was not obvious
(Figure 61). Changes in the rainfall-runoff relationship showed that the underlying surface affected the
hydrological process, which will be further discussed in subsequent sections.

4.2. Monsoons

To determine the possible causes of streamflow variation, we examined Asian monsoon indices,
including the East Asian monsoon index (EAMI), South Asian monsoon index (SAMI), Tibet—Qinghai
Plateau monsoon index (TPMI), West Pacific subtropical high (WPSH), and westerly index (WI). The
Asian monsoon indices were created by Li [46,47], and WI was derived from National Centers for
Environmental Prediction (NCEP) reanalysis data. The TPMI was calculated from NCEP 600 mb
height reanalysis data based on the method given by Wang [48].

Figure 7 shows the cumulative anomaly curves of runoff versus climatic indexes and their correlation
coefficients. The streamflow in the northern rivers correlated positively with the EAMI and negatively with
the WI, including the HRB (Figure 7a,b), HURB (Figure 7¢,d), YRB (Figure 7e,f), LRB (Figure 7g,h), and
SRB (Figure 7i,j). Among the northern rivers, the correlation coefficient between the YRB and EAMI
streamflow was the highest (R = 0.82, P < 0.001). However, the cumulative anomaly curves of streamflow
against the WI presented an opposite phase (R =—0.83, P < 0.001). The results showed that streamflow in
the YRB was jointly affected by the East Asian monsoon and westerlies, which also reflects the
interaction of westerlies and the East Asian monsoon. The relationship of streamflow in the HRB,
HURB, LRB, and SRB and climatic indices was essentially the same as that in the YRB. However, the
correlation was not as strong as that with the YRB, which may be related to the locations of the East
Asia monsoon and westerly belt, as well as the influence of human activities on natural runoff. In the
southeastern rivers, the runoff of the MRB was affected mainly by the West Pacific subtropical high
(R=0.46, P <0.01) and the Tibet—Qinghai Plateau Monsoon (R = 0.38, P < 0.01) (Figure 7k,l). The
PRB (Figure 7m,n) is adjacent to the South China Sea and is also located in the westerly belt and the
East Asian monsoon zone. Therefore, its runoff was influenced by several monsoon systems and
therefore lacked direct correlation with a specific monsoon index; the closest relationships were with
the SAMI (R = 0.24, P < 0.1) and TPMI (R = —0.55, P < 0.01). The case of the YARB (Figure 70,p)
was similar to that of the PRB. The runoff was influenced by several monsoon systems dominated by
the WI (R = 0.64, P < 0.001) and TPMI (R = 0.39, P < 0.01). Ma [49] also found a similar
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phenomenon, although deeper indications require further investigation. In northwestern China, runoff
in the HIRB (Figure 7q,r) and TRB (Figure 7s,t) correlated positively with that in the TPMI and WI,
indicating that streamflow changes in these areas were controlled mainly by the Tibet—Qinghai Plateau

monsoon and westerlies.
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Figure 7. Cumulative anomaly curves of streamflow versus monsoon intensity indices in
the main basins of China. EAMI, SAMI, WI, WPSH and TPMI represent the East Asian
monsoon index, westerly index, West Pacific subtropical high, and Tibetan Plateau
monsoon index, respectively. R and P represent the correlation coefficient and significance

level, respectively.

A deeper indication is that the TRB and HIRB were located in the central area of Eurasia, which
could have hardly been reached by the Northwest Pacific summer monsoon. Therefore, the westerlies
and Tibet—Qinghai Plateau monsoon became the dominant factors. In southwestern China, the YZRB
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originated from the Tibet—Qinghai Plateau hinterland. Its runoff was therefore subjected to the
Tibet—Qinghai plateau monsoon, and the correlation coefficient between them was as high as 0.76
(p < 0.001) (Figure 7u,v). In contrast, because the YZRB was near the India Ocean, the runoff and
particularly the midstream was influenced by the South Asia monsoon. In the LCRB (Figure 7w,x),
although its headwater was in the Tibet—Qinghai Plateau monsoon zone, the runoff was mainly
affected by the westerlies and East Asian monsoon.

4.3. Water Consumption for Industrial and Residential Purposes

Although climate change is important, particularly the impact of precipitation change on runoff, water
consumption for industrial and residential purposes also plays important roles in runoff change [50-52].
Long-term statistics of water consumption are not currently available, which makes detailed analysis
difficult. The “China Water Resources Bulletin (2004-2012)”, reported that the YARB had the largest
annual water consumption (Figure 8a). Aside from a slight reduction in water consumption in the HRB, the
other basins all presented increasing trends in 20042012 (Figure 8a). Water for agriculture and industry
accounted for the largest proportion at more than 80% of the total water consumption (Figure 8b,c). For
long term trends, the “China Statistical Yearbook (1950-2009)” reported that the population, gross
domestic product (GDP), and gross agricultural products showed significantly increasing trends (Figure 9).
In particular, definite increases in water consumption are expected by the former two sectors. Thus, it can
be inferred that the water consumption during the past 60 years also showed sharp increasing trends.
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Figure 8. Interannual variability of water consumption and its change rate in the 10 major
basins and in the whole country (TWC). (a), (b), and (c) are respectively gross water
consumption, agricultural water consumption, and industrial water consumption.
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Figure 9. (a) Interannual variability of population; (b) gross domestic product (GDP); and
(¢) agricultural products in 1950-2012 in China.

4.4. Land Use/Land Coverage Change

The statistics of land use change from 1985 to 2010 are listed in Table 5. National land use change
during the past 30 years shows obvious spatial differences and can be divided into two periods: from
the end of the 1980s to 2000 and from 2000 to 2010. The characteristics of land use change during the
first period indicate that farmland, residential land, industrial land, paddy fields, and water areas
increased rapidly, and ecological land was greatly reduced. In 2000-2010, growth in farmland,
residential land, paddy fields, and water areas slowed, and ecological land decreased slightly. Three
possible causes can be considered. Firstly, construction land expansion was the main cause of the
farmland decrease in traditional agricultural areas. In addition, large-scale ecological engineering
promoted decreases in farmland. Another aspect, annual accumulated temperature increases in the
northern arid zone, created suitable climatic conditions for reclamation in some forest zones, and a
large area of dry land was converted to paddy fields. Secondly, implementation of the Reform and
Opening-up policy resulted in rapid urbanization processes that occupied farmland and ecological land,
particularly in eastern China. Thirdly, before 2000, the reclamation of grassland and forests caused soil
degradation, which induced severe soil erosion. After 2000, the ‘Grain for Green’ program was
implemented, which significantly increased the areas of grassland and forests in the ecologically
fragile areas of western China.
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Table 5. Area of land use conversion in China during the two periods of 1980s—2000 and

2000-2010.
Transfer Dryland— Grassland— Others— Others— Forest— Forest— Grassland— Grassland— Waters—
Types Paddy Field Forest Waters ConstructionLand ~ Farmland Grassland Farmland Forest Others
1980-2000 173.15 115.80 80.81 177.63 174.73 81.14 345.76 104.73 62.40
2000-2010 138.12 142.36 114.55 378.24 37.54 41.85 197.38 88.79 83.27

The potential hydrological effect of land use/land coverage change has been a highly contested
issue. Firstly, the high intensity of human activities in the city have resulted in accelerated soil
compaction and crusting processes, thereby decreasing the infiltration rate and capacity of soil water
storage and resulting in surface runoff increases [22,53]. Secondly, the runoff coefficients of forest
areas and grassland are relatively small. When the forests and grassland converted to arable land, the
flow yield will therefore increase. Thirdly, in southern China, a certain degree of lake reclamation
occurred, which inhibited the process of evaporation and infiltration and resulted in runoff increases.

5. Influencing Factors of Sediment Load Variation
5.1. Hydraulic Engineering and Soil and Water Conservation Engineering
5.1.1. Soil and Water Conservation Engineering

China began to conduct soil and water conservation projects in the early 1950s, which included the
construction of silt dams and terraced fields and the planting of trees and grass [54,55]. In the middle
reaches of the Yellow River, for example, the most severe soil erosion in China occurred. The statistics
of soil and water conservation engineering projects conducted in this area in 1979, 1989, 1996, and
2011 are plotted in Figure 10a.
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Figure 10. Statistics of soil and water conservation engineering areas in (a) the middle
stream of the Yellow River basin (YRB) and (b) the national distribution.

All types of engineering showed an increasing trend, with the largest area in afforestation. On the

national scale, the total area of present soil and water conservation engineering projects is 99.2 x 10*
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km?, and the area of silt dams is 925.6 km? [56]. The largest distribution is in western China, which
incurred severe soil erosion (Figure 10b). During the past 60 years, the runoff in some large rivers
declined significantly (Figure 3), largely due to the impact of soil and water conservation engineering.

5.1.2. Reservoir and Dam Construction

By the end of 2012, the total number of large, medium, and small reservoirs in mainstreams and
tributaries was 97,543, and a capacity of 8255 x 10® m* [56]. These reservoirs regulated the runoff and
sediment change processes and reduced the sediment load in the downstream regions. The statistics of
the “Water Resources Yearbook in 2006 [57] indicate that by the end of 2006, the numbers of large
and medium reservoirs in the YARB were 149 and 1115, respectively, which ranked as highest. For
the southern rivers including the YARB, PRB, HURB, and SERB, water resources were abundant.
Thus, there were many reservoirs in these basins, and the ratios of total reservoir capacity (TRC) to
average annual flow (AAF) was below 70%. However, in the northern rivers including the LRB, SRB,
and HRB, the water resources are relatively limited; thus, the TRC/AAF was above 100%. In the two
largest basins (YRB and YARB), the total amount of sedimentation in all of the reservoirs in the YARB
during 1991-2005 was 17958 x 10* t. For the Sanmenxia and Xiaolangdi reservoirs, sedimentation in
19602012 and 1997-2012 was 64.108 x 10® m* and 27.625 x 10® m?, respectively [56].

5.1.3. Water and Sediment Diversion Projects

To resolve the uneven distribution of water resources and to ease the high demand of local water
resources, China has been conducting water and sediment diversion projects such as the “South-to-North
Water Diversion Project” and the “Yellow River-to-Tianjin Water Diversion Project”. After
implementation of these projects, the streamflow and sediment load decreased in water supply areas
and increased in water demand areas. In the “South-to-North Water Diversion Project”, the amount of
water diversion from the midstream region of the Yangtze River accounted for a very small proportion
of the average streamflow, particularly in the wet seasons, and had little impact in abundant water.
In the dry seasons, however, the water diversion project reduced the streamflow in the downstream
region. Therefore, the saltwater traced back into the estuary of Yangtze River, and the sediment load
was reduced downstream.

In the Yellow River, for example, the total amount of water diversion in the lower reaches was
3665.2 x 108 m® in 1958-2002, and the annual water diversion was 89.4 x 10® m®, accounting for 23.1%
of the runoff observed at Huayuankou Station during the same period and directly influencing
streamflow and sediment changes in the lower reaches [23,55]. The amount of water and sediment
diversion in the downstream region of the Yellow River in 2011 is shown in Table 6. These factors
accounted for 15.6% and 13.6% of water and sediment discharge, respectively, during the same period.
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Table 6. Amount of water and sediment diversion in the downstream reaches of the

Yellow River in 2011.
Lower
Xixiayuan—  Huayuankou— Jiahetan— Gaocun— Sunkou— Aishan— Luokou—
Channel Segment Reaches of Total
Huayuankou Jiahetan Gaocun Sunkou Aishan Iuokou Lijin Lii
ijin
Length (km) 109.8 100.8 77.1 118.2 63.9 101.8 167.8 110.0 849.4
Amount of water
o 4.19 14.57 17.31 11.50 8.5 21.07 22.08 4.66 103.88
diversion (108 m?)
Amount of sediment
o 62.8 111.3 286.6 242.7 266.3 800.2 464.4 94.5 2328.8
diversion (10*t)

5.2. Other Human Activities

The impacts of human activities on soil and water loss and sediment discharge in rivers include
direct and indirect effects. Direct impacts include the erosion-transport-accumulation process induced
by human activities such as farmland reclamation, mining, and road construction. The indirect impacts
were mainly caused by destruction of vegetation, which accelerated the occurrence and development of
soil erosion. With the development of society and the economy, both the strength and breadth of
human activities were greater than those in the past. These activities include increases in population,
the scale of reclamation, mining, and other infrastructure construction.

6. Impacts of Water and Sediment Discharge Reduction on Utilization of Sediment Resources
6.1. Effects of River Regulation and Flood Control

In the YRB, the sediment load in the lower reaches of Yellow River was greatly reduced in recent
decades. Particularly after 2000, the streamflow and sediment load observed at Huayuankou Station
were reduced by 52.5% and 61.7%, respectively, compared with those observed in the 1950s to 1960s.
Reducing water and sediment discharges has relieved flood pressure and has influenced river
regulation to some degree. Dike reinforcement with silt remains a very important project in the lower
reaches of the Yellow River [58]. Decreases in sediment concentration by flooding and the threat of
beach inundation by flooding have resulted in significant increases in the cost of dike reinforcement
with silt.

6.2. Effects of Flood Irrigation and Soil Improvement

The sediment of the Yellow River, particularly flood sediment, is an effective material for soil
improvement because it reduces salinity and alkalinity and improves land fertility. Until the early
1990s, the area of soil improvement was 23.2 x 10* hm? in the lower reaches of the Yellow River [58].
Soil improvement by silt is usually conducted during the flood season, when the sediment
concentration is relatively high. However, this effect will be limited under the reduction of water and
sediment resources.
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6.3. Effects of Land and Wetland Formation

In the estuary area of the Yellow River, approximately 64% of sediment is precipitated on land and
in shallow water, which elevates the riverbed and delta. The Linjin Station observation reported
reductions of 88.7% and 67.5% in sediment and water discharge, respectively, compared with values
reported in the 1950s and 1960s. Therefore, the land formation rate has decreased. For example, the
23.6 km?*/a land formation rate in 1855-1954 decreased to 8.6 km?/a in 1992-2001 [58]. In addition,
soil, water, and sediment are the main components of wetlands. Therefore, sediment and water
discharge reduction will directly affect the quality and formation rate of wetlands.

7. Conclusions

The results of the present study are summarized in the following points:

1. During the past 60 years, the streamflow in northern China, including the HRB, HURB, YRB,
LRB, and SRB, showed different decreasing trends. That in the southern rivers, including MRB,
PRB and YARB, presented severe fluctuations, although the declining trend did not reach
significant levels. For the streamflow in the TRB, HIRB, YZRB, and LCRB, increasing trends
were presented. The runoff yield capacity was weakened in the HRB, YRB, SRB, and PRB and
enhanced in the LRB and HURB. That in the MRB and YARB remained stable.

2. In the northern rivers, runoff correlated positively with the EAMI and negatively with the WI. In
the southern rivers, runoff was mainly influenced by the Tibet—Qinghai monsoon, South Asian
monsoon, and westerlies. That in the HIRB and TRB was controlled mainly by the Tibet-Qinghai
monsoon and westerlies. Runoff in the YZRB was controlled by the South Asian monsoon and the
Tibet—Qinghai monsoon, whereas that in the LCRB was influenced mainly by the East Asian
monsoon and westerlies.

3. Sediment loads in the LCRB and YZRB did not present significant change trends. However,
sediment loads in other rivers exhibited varying degrees of gradual reduction, the greatest of
which was in the 2000s.

4. Underlying surface and precipitation changes jointly influenced the runoff in eastern rivers.
Water consumption for industrial and residential purposes, soil and water conservation
engineering projects, hydraulic engineering, and underlying surface changes induced by other
factors were the main causes of runoff and sediment reduction.
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