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Short Communication

Dynamic Changes of Sediment Discharge and the
Influencing Factors in the Yellow River, China, for
the Recent 90 Years

The dynamic changes in the sediment discharge over 90 years from 1919 to 2008 in the

Yellow River in China were assessed on the basis of annual rainfall series and annual

sediment series in Shan County hydrological station. The key factors affecting sediment

discharge, such as rainfall, and human activities were studied. Anomaly accumulation

method and double mass curve were employed to test the stage changes of sediment

discharge, and to determine the main factors of sediment decline. Results showed that

the annual average sediment discharge under natural conditions was about 16� 108 t,

but the measured annual average sediment during 1919–2008 was 12.71� 108 t. The

highest annual average during the study period was 39.10� 108 t in 1933 while the

lowest was 1.77� 108 t in 2008. Sediment discharge in the Yellow River experienced two

low sediment stages (1924–1931 and 1979–2008) and a high sediment stage (1932–1971),

respectively. Since 1979, there was a significant decreasing trend in the sediment

discharge, and the main influencing factor was fierce human activities. Annual average

sediment discharge in the post-development period (1979–2008) was 69.7% lower than

that in the pre-development period (1919–1978), with average reduction of 81 and 19%

caused by human activities and rainfall, respectively. These results provide important

evidence for making protecting policy for water resources quality and environmental

safety of the Yellow River.
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1 Introduction

River sediment research is a kind of comprehensive technological

sciences. Studies on the sediment erosion, suspension, transpor-

tation, and deposition are the important theoretical basis of

hydro-science [1, 2]. River sediment discharge is a comprehensive

reflection of climate, surface conditions, and human activities, so it

has attracted much attention by various subjects, like physical

geography, geochemistry, hydrology, soil and water conservation,

and so on for a long time [2–4]. Researchers identified stable or

decreasing trends in sediment discharge based on the research of

145 rivers all over the world, of which 46.9% rivers showed decreas-

ing trend, 48.3% stayed stable, while only 4.8% presented increasing

trend in sediment discharge [5].

The Yellow River is famous for the large amount of sediment

discharge and sediment concentration in the world. As a result,

the researches on incoming source, developing process, and chang-

ing laws of sediment (Sediment Discharge Institute of the Yellow

River Conservancy Commission, 1952) play a significant role in

sediment control of the Yellow River. The observation of sediment

in the main Yellow River firstly started in Shan County hydrological

station in April, 1919. The annual average sediment discharge of

the Yellow River was clearly stated for the first time in 1962 in ‘‘The

calculated results of runoff and sediment on the main sections in the

Yellow River from 1919 to 1960’’ published by Yellow River

Conservancy Commission, which is 16� 108 t (according to the

observed data from Shan County hydrological station during

1919–1960), and it has been used ever since.

However, the sediment discharge of the Yellow River had been

affected by various factors and had changed significantly in recent

50 years. Many studies were devoted to the analysis of sediment

changes in the Yellow River. In 1970s, scholars analyzed and fore-

casted the effect of soil conservation projects on runoff and sediment

according to the soil and water conservation experimental data in

the midstream region of the Yellow River [6]. In 1980s, the runoff and

sediment of the Yellow River decreased significantly; as a result,

using the hydrological data, irrigation data, reservoir sedimentation

data, and soil and water conservation measures data, Ministry of

Water Resources, Natural Science Foundation, as well as Ministry of

Science and Technology established some projects for the study on

the changes in runoff and sediment, the influencing factors, the
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research methods, and especially the runoff and sediment reduction

effects through regional soil and water conservation measures in the

Yellow River [7–9]. Theses works showed an agreement on the qual-

itative recognition of sediment changes in the Yellow River, but

presented a great disagreement on the influencing factors, especially

the annual average sediment reduction through soil and water

conservation measures for which the estimated value is from

2.5� 108 to 5.2� 108 t [10, 11]. After 2000, the annual average sedi-

ment discharge values in the Yellow River published on the Yellow

River Sediment Bulletin also had limitations to some extent in terms

of the analysis on the incoming sediment amount, the changing

laws, and also runoff–sediment relationship in the Yellow River

because of the lack of sediment record of 1920s which was a signifi-

cantly dry period.

Shan County hydrological station was firstly used to observe the

sediment in the main Yellow River in April, 1919, it also acted as a

basic station for incoming sediment in the Yellow River before 1959

(it was no longer used since the operation of Sanmenxia Reservoir).

In order to connect and compare with the historical data first

officially published in this paper, several methods were employed

to interpolate and extend sediment data in Shan County

hydrological station and rainfall data in the area, and finally to

establish complete sediment and area-rainfall series from 1919

to 2008 to analyze the sediment discharge, the changing laws,

as well as the influencing factors of sediment discharge in the

Yellow River.

2 Materials and methods

2.1 Interpolation and extension of sediment data

in Shan County hydrological station

Sediment discharge data in the main Yellow River derived from ‘‘The

calculated results of runoff and sediment on the main sections in

the Yellow River from 1919 to 1960’’ published by Yellow River

Conservancy Commission and also from Yellow River Sediment

Bulletin after 2000. According to ‘‘the statistics of measured runoff

and sediment values in main hydrological stations in the Yellow

River during 1952–1990’’, there are 29 hydrological stations from the

source region to the estuary, along the main Yellow River. The

sediment discharge changes in these hydrological stations along

the main Yellow River from 1952 to 1990 is shown in Fig. 1; the

value of Shan County station was only calculated using the data

before 1960 which is the starting year of the operation of Sanmenxia

Reservoir. The average sediment discharge was only 9.14� 104 t in

Huangheyan station and it was continuously less than 1� 108 t till

Lanzhou station. From Anningdu station to Toudaoguai station, the

sediment discharge stayed stable in the range of 1.3� 108–1.5� 108 t,

and it increased significantly to 13.5� 108 t in Shan County station.

After that, there was a gradual decrease in sediment discharge, and it

kept stable at 11� 108 t from Huayuankou station to the estuary of

the Yellow River. Based on the sediment discharge changes along

the Yellow River, Shan County station was chosen as the control

station for incoming sediment in the upper and middle Yellow

River [1, 2].

Shan County hydrological station was firstly used to observe the

sediment in April, 1919, but it was no longer used since 1959 because

of the operation of Sanmenxia Reservoir. In the middle Yellow River,

changes in sediment discharge are highly consistent among neigh-

boring stations. As a result, using the 11-year sediment information

both observed in Tongguan station and Shan County station, a

regression equation was built to extend the sediment discharge data

in Shan County station after 1960, which is described by the follow-

ing equation:

SS ¼ 0:4564 þ 1:0081 ST (1)

where SS (in 108 t) is the annual sediment discharge in Shan County

station while ST (in 108 t) is the annual sediment discharge in

Tongguan station. The correlation coefficient of Eq. (1) is 0.991, with

the significance value at the 0.001 level. The slope of Eq. (1) is nearly

1, i.e., to say, there was a positive correlation between sediment

discharges in these two stations. The consistency analysis, which was

checked by double mass curve, further verified the accuracy of the

extending data. Therefore, the complete 90-year sediment discharge

series in Shan County station from 1919 to 2008 was finally estab-

lished, and shown in Tab. 1.

2.2 Interpolation and extension of rainfall data

above Shan County hydrological station

Rainfall data were read from ‘‘China Rainfall Data’’ published by

Central Meteorological Bureau in 1954 and also downloaded from

China Meteorological Data Sharing Service System. The complete rain-

fall data from 1953 to 2008 in more than 70 rainfall stations above

Shan County station can be downloaded from China Meteorological

Data Sharing Service System; and the area-rainfall after 1953 can be

calculated by simply using arithmetic average method.

Figure 1. The sediment discharge in 28 hydrological stations along the
main Yellow River from 1952 to 1990.

Table 1.Changes in measured sediment discharge in Shan County station

in the Yellow River from 1920s to the early 21st century

Period Average
area-rainfall

(mm)

Sediment
discharge

(108 t)

Sediment
concentration

(kg/m3)

1920–1929 338.5 11.90 33.36
1930–1939 450.7 17.54 39.60
1940–1949 509.6 17.08 35.86
1950–1959 450.1 17.61 40.18
1960–1969 432.0 14.80 32.61
1970–1979 410.5 13.71 39.54
1980–1989 401.2 8.32 22.93
1990–1999 396.6 8.42 35.18
2000–2008 398.6 3.82 20.60
Average 421.1 12.71 33.40
Max 666.1 (1949) 39.10 (1933) 78.37 (1933)
Min 290.0 (1965) 1.77 (2008) 8.95 (2008)
Cv 0.18 0.55 0.39
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However, there was not much rainfall record before 1953.

According to ‘‘China Rainfall Data’’, the earliest rainfall record above

Shan County station was observed in 1916 in Taiyuan station, Shanxi

Province. But there were still a few of rainfall stations above Shan

County station in the Yellow River basin before 1953 and the stations

were not evenly distributed; it is, therefore, inappropriate to calcu-

late area-rainfall only using measured rainfall data for the unevenly

distributed stations above Shan County station and the incomplete

rainfall series. In this paper, the Yellow River basin above Shan

County station was divided into east region and west region. East

region covers Shanxi Province and the east part of Central Shaanxi

Plain; about 20 rainfall stations in east region had observation

records for more than 5 years during 1920–1936, but the number

sharply decreased to 2 or 3 because of the war in the period of 1937–

1945. West region includes Qinghai, Gansu, Inner Mongolia, and

most areas of Shaanxi. Before 1931, no rainfall station existed in this

region, but there were nearly 30 stations that have observation

records for more than 5 years after 1932.

According to the rainfall data in more than 70 rainfall stations

from 1953 to 2008, the annual average rainfall was 491.5 and

388.1 mm in east region and west region, respectively. That is, to

say, rainfall in the Yellow River above Shan County station has

obvious spatial differences. For the period of 1919–1952, inter-

polation and extension of rainfall data in both east region and

west region were needed. In this paper, the stations in both east

and west region that had rainfall observation records for more than

15 years in 1932–1936 and 1957–2008 were chosen to establish

regression functions between annual average rainfall in west region

and east region, and further to interpolate the annual average

rainfall in west region and to revise the rainfall data in east region.

For the period of 1919–1931, with no rainfall station in west

region, regression method between annual average rainfall in east

region (PW, in mm) and west region (PW, in mm) was employed to

extend annual average rainfall data in west region:

PW ¼ 127:486 þ 0:520 PE (2)

The correlation coefficient of Eq. (2) is 0.782, while the variance

ratio is 78.47, which is at the 0.001 significant level.

For the period of 1937–1952 in east region, regression method was

also used to revise the average rainfall data in this region:

PE ¼ 41:369 þ 1:175 PW (3)

The correlation coefficient of Eq. (3) is 0.789, the variance ratio is

79.47, which is also at the 0.001 significant level.

Because of the obvious difference of rainfall between east and wet

regions, the area-rainfall above Shan County station in the Yellow

River basin should be calculated by the weighted average method.

The average rainfall data in more than 70 stations after 1953 were

taken as the true values to establish Eq. (4):

PA ¼ aPW þ bPE (4)

where PA (mm) is the average area-rainfall above Shan County

station; PW (mm) and PE (mm) are the annual average rainfall in

west region and in east region, respectively; a and b are weight

coefficients in the range of 0–1, and aþb¼ 1. During the period of

1953–2008, PA, PW, and PE were 409.1, 381.8, and 489.6, respectively;

these data were used to simulate a and b. The result comes to that

Eq. (4) is correct when a and b are 0.7466 and 0.2534, respectively.

And Eq. (4) turned into:

PA ¼ 0:7466 PW þ 0:2534 PE (5)

where PA (mm) is the average area-rainfall above Shan County

station; PW (mm) and PE (mm) are the annual average rainfall in

west region and in east region, respectively.

Based on Eq. (5), there obtained the average area-rainfall data in the

areas above Shan County in the Yellow River basin in 1919–1952 using

the interpolated and extended average rainfall data in west and east

regions. The area-rainfall during 1953–2008 can be calculated simply

using arithmetic average value of more than 70 stations above Shan

County station. Therefore, the complete 90-year average area-rainfall

series from 1919 to 2008 was finally established, and shown as Tab. 1.

2.3 Methods

The changing characteristics of sediment discharge and rainfall

were derived from mainly using the Anomaly Percentage Method

and the double mass curve in this paper.

The Anomaly Percentage Method is widely used in the analysis of

stage changes in hydrometeorological factors. The anomaly accumu-

lation (Li), take sediment discharge, e.g., can be derived from annual

sediment discharge values using Eq. (6):

Li ¼
Xn

i

ðSi � SÞ (6)

where Li (in 108 t) is the anomaly accumulation of the ith year, Si

(in 108 t) is the annual sediment discharge of the ith year, S (in 108 t) is

the n-year average sediment discharge. The continuously increasing

Li reveals that the sediment discharge anomaly in this time interval

are continuously positive, i.e., to say, the sediment discharge in this

period are persistently more than the n-year average sediment dis-

charge, vice versa.

Double mass curve was used in this paper to detect inconsistencies

in sediment discharge and rainfall which result from human activi-

ties. Searcy and Hardison [11] stated that the theory of double-mass

curve is based on the fact that a graph of the accumulation of one

quantity against the accumulation of another quantity during

the same period will plot as a straight line so long as the data are

proportional; the slope of the line will represent the constant of

proportionality between the quantities. A break in the slope of the

double-mass curve means that a change in the constant of propor-

tionality between the two variables has occurred or perhaps that the

proportionality is not a constant at all rates of accumulation. If

the possibility of a variable ratio between the two quantities can be

ignored, a break in the slope indicates the time at which a change

occurs in the relation between the two quantities.

3 Results

3.1 Changes in sediment discharge in the Yellow

River

Table 1 shows the measured sediment discharge in Shan County

station in the Yellow River from 1920s to the early 21st century.

Sediment discharge in Shan County station fluctuated greatly

during the study period, with the average at 12.71� 108 t, ranging

from 1.77� 108 t in 2008 to 39.10� 108 t in 1933. The coefficient of

variation (Cv) was as high as 0.55. During the period of 1930–1950s,

the annual average sediment discharge was more than 17� 108 t.
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From 1960s, sediment discharge decreased gradually and it dropped

to about 8� 108 t in 1990s. After then, there was a sharp decline in

sediment discharge which was only less than 4� 108 t in the early

21st century. As to the sediment concentration, it varied from

8.95 kg/m3 in 2008 to 78.37 kg/m3 in 1933, with the average

at 33.40 kg/m3. The coefficient of variation (Cv) was calculated

as 0.39.

Figure 2 shows the changes in measured sediment discharge in

Shan County station from 1919 to 2008 and the anomaly accumu-

lation curve of sediment discharge in this period is shown as Fig. 3.

Sediment discharge in the Yellow River was divided into four stages

according to Fig. 3. The first stage was a low sediment stage from

1924 to 1931 (annual average sediment discharge was 10.24� 108 t);

the second one was a high sediment stage from 1932 to 1971 (annual

average sediment discharge was 16.98� 108 t); the third stage was a

normal sediment stage from 1972 to 1978 (annual average sediment

discharge was 13.16� 108 t); and the last one was a low sediment

stage again from 1979 to 2008 (annual average sediment discharge

was 7.11� 108 t). Among these four stages, the magnitude of the

slopes was greatest in the last low stage which indicates a most sharp

decrease in sediment discharge after 1979. Also, it can be easily

obtained from Fig. 2 that since 1979, the annual sediment discharges

were continuously lower than the annual average sediment dis-

charge only except 1988 and 1994.

Figures 4 and 5 represents changes in measured sediment con-

centration and the corresponding anomaly accumulation curve.

Comparing Figs. 4 and 5 with Figs. 2 and 3, we found that the periods

of high or low sediment concentration stages were relatively short;

the sediment concentration data series showed more random

characteristics. The differences between sediment concentration

and sediment discharge indicate that there existed inconsistency

between runoff and sediment discharge in the Yellow River.

3.2 Trends in sediment discharge and the

influencing factors in the Yellow River

The correlation coefficient between area-rainfall above Shan County

station and sediment discharge in Shan County station from 1919 to

2008 was 0.558; while the critical correlation coefficient at 0.001

significance level is r (1,88)¼ 0.3211, which means an obvious causal

relationship between sediment discharge in Shan County station

and area-rainfall above this station. Figure 6 shows the double mass

curve of sediment discharge in Shan County station and annual area-

rainfall above the station during 1919–2008. The correlation coef-

ficient between area-rainfall and sediment discharge was calculated

year by year since 1919; it was 0.557 till 1977, but the period after

1977 showed a gradual decline of the correlation coefficient between

area-rainfall and sediment discharge.

In order to further analyze the relationship between area-rainfall

and sediment discharge, the complete daily rainfall data in 67

meteorological stations in the upper and middle Yellow River since

1951 were used to investigate four categories of annual area-rainfall

Figure 2. Changes in annual sediment discharge in Shan County Station
from 1919 to 2008.

Figure 3. Anomaly accumulation curve of sediment discharge in Shan
County Station from 1919 to 2008.

Figure 5. Anomaly accumulation curve of sediment concentration in Shan
County Station from 1919 to 2008.

Figure 4. Changes in annual sediment concentration in Shan County
Station from 1919 to 2008.

Figure 6. Double mass curve of sediment discharge in Shan County
Station and annual area-rainfall above the station during 1919–2008.
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based on different daily rainfall (�0.1, �10, �15, and �20 mm) in

each station; and statistics showed that correlation coefficient

between sediment discharge and the four categories of annual

area-rainfall were 0.542, 0.601, 0.650, and 0.547, respectively, with

the critical correlation coefficient at 0.001 significance level being r

(1,57)¼ 0.407. The result indicated that all the correlation coefficient

were at the 0.001 significance level, and sediment discharge in Shan

County station was best correlated with the third annual area-

rainfall, whose daily rainfall was �15 mm. Further, the relationship

between sediment discharge and four categories of area-rainfall in

every station in the study area were studied, and we found the best

correlated significance value occurred between sediment discharge

in Shan County station and area-rainfall in Shaanxi, Shanxi, east

Gansu, and also Ningxia autonomous region (the correlation

coefficient was 0.671) in the Yellow River. As a result, annual

average area-rainfall series with daily rainfall being �15 mm in

the above areas was established and the corresponding double mass

curve between sediment discharge in Shan County station and the

area-rainfall (daily rainfall was �15 mm) above the station during

1951–2008 was described in Fig. 7. From 1951 to 1978, the correlation

coefficient between sediment discharge and area-rainfall (daily

rainfall was �15 mm) was as high as 0.790, however, it decreased

gradually thereafter. According to the theory and the method of

double mass curve, it could be deduced that there was a decreasing

trend in sediment discharge in Shan County station from 1978 to

1979, and this decline is mainly driven by human activities.

In order to accurately estimate the influences of human activities

and rainfall on measured sediment discharge in Shan County

station, a regression equation between accumulated annual sedi-

ment discharge and accumulated annual area-rainfall (daily rainfall

was �15 mm) from 1951 to 1978 was built based on the theory and

method of double mass curve, and it was shown as Eq. (7):

SS ¼ 7:510 þ 0:073 SP (7)

where SS (108 t) is the accumulated annual sediment discharge

in Shan County station in the period of 1951–1978; SP (mm) is

the accumulated annual area-rainfall (daily rainfall was �15 mm)

in the regions of Shaanxi, Shanxi, east Gansu, and Ningxia. The

variance test value and the correlation coefficient of Eq. (7) are

12509.5 and 0.9990, respectively, reaching the extremely significant

level. Equation (7), therefore, could be used to forecast and evaluate

the impact of human activities and rainfall on sediment discharge in

the Yellow River, together with the analysis results in Tab. 2. In

comparison with the pre-development period of 1951–1978, annual

average sediment discharge in Shan County station in the Yellow

River decreased by 8.54� 108 t in the post-development period of

1979–2008, with average reduction of 81 and 19% being caused by

human activities and rainfall, respectively; which means that

human activities is the main influencing factor of declining sedi-

ment discharge in the study area. Calculation result derived from

Eq. (7) is in accordance with the finding of Gu [12], who said that

annual average sediment discharge in the Yellow River decreased by

7.06� 108 t during 1980–1989, caused by human activities including

reservoirs in the upper and middle Yellow River, soil and water

conservation measures, and so on.

4 Discussion

4.1 Abrupt decline year in the incoming sediment

in the upper and middle Yellow River

‘‘The preliminary summery report on sediment measurement in

1950’’ was the first paper which systematically analyzed sediment

discharge in the Yellow River, and it was published on the 6th issue

of ‘‘The New Yellow River’’ in 1951. Sediment discharge in the Yellow

River in 1970s attracted much attention mainly due to the abrupt

decline in comparison with historical average. Taking the Wuding

Figure 7. Double mass curve of sediment discharge in Shan County
Station and annual area-rainfall (daily rainfall �15mm) above the station
during 1919–2008.

Table 2. The influence of area-rainfall and human activities on sediment discharge decline in Shan County station in the Yellow River (108 t/a)

Period Measured
sediment
discharge

Theoretical
sediment
discharge

Changes in
measured
sediment
discharge

comparing
with the

pre-development
period

Effect of area-rainfall
on sediment discharge decline

Effect of human activities
on sediment discharge decline

Amount Percentage
(%)

Amount Percentage
(%)

1951–1978 15.65 15.74 – – – – –
1979–2008 7.11 14.13 �8.54 �1.61 19 �6.93 81
1980–1989 8.32 14.68 �7.33 �1.06 14 �6.27 86
1990–1999 8.42 13.97 �7.23 �1.77 24 �5.46 76
2000–2008 3.82 13.70 �11.83 �2.04 17 �9.79 83

Changes in measured sediment discharge comparing with the pre-development period means the annual average measured sediment
discharge differences between statistical periods and the period of 1951–1978; effect of area-rainfall on sediment discharge decline was the
annual average theoretical sediment discharge differences between statistical periods and the period of 1951–1978; effect of human activities
on sediment discharge decline derived from the differences between measured sediment discharge and theoretical sediment discharge in
each period.
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River, e.g., Tsinghua University and Yellow River Conservancy

Commission specifically analyzed the effect of soil and water con-

servation measurements on sediment discharge reduction. In 1980s,

Ministry of Science and Technology, Ministry of Water Resources, as

well as Natural Science Foundation set up various projects to analyze

the changes in runoff, sediment discharge, and the influencing

factors. Most scholars all found a significant decreasing trend in

the early 1970s [1–4, 8, 11, 13–16]. By comparing the changes in

measured sediment discharge in the Yellow River (Figs. 2 and 3) with

the changes in average sediment discharge in each decade (Tab. 1), it

can be easily obtained that annual average sediment discharge in

1970s was lower than historical average, especially lower than that

in 1950s, but it was still higher than the annual average sediment

discharge in 1920s. The analysis of anomaly accumulation curve of

sediment discharge and double mass curve between rainfall and

runoff implies that the decline in sediment discharge in 1970s was

mainly caused by climate changes. Despite of the fiercer human

activities on Loess Plateau during 1958–1979, like soil and water

engineering, soil and water conservation measurements; this period

was an exploring and developing time; meanwhile, many negative

factors existed in soil and water conservation measurements, such as

‘‘overambitious targets in production’’, ‘‘the proneness to boasting

and exaggeration’’, and so on, which resulted in neither sufficient

scientific nor high management standards [17]. As a result, water

conservancy and soil conservation projects were not the basic

reasons for changes in the relation between rainfall and sediment

discharge in the Yellow River. After the National Science Conference

in 1978, four conferences of ‘‘Soil and Water Conservation

Comprehensive Managements and Construction of Rural

Production in the Loess Plateau’’ in late 1970s made clear controlling

methods of managements in the Loess Plateau, which moved

regional control into a period of sustained, steady, and coordinated

development [12]. And for this reason, changes in the relation

between rainfall and sediment discharge in the Yellow River

occurred (Figs. 6 and 7). The above analysis shows that the late

1970s was the period when the abrupt decreasing trend in sediment

discharge started in the Yellow River.

4.2 Influencing factors of sediment discharge

decline in the Yellow River

Human activities and rainfall are considered the main factors influ-

encing soil erosion and sediment generation. Identifying and eval-

uating the process and mechanism of rainfall on soil erosion and

sediment generation is relatively easy. However, not every category

of rainfall would cause soil erosion [18], so we investigated three

categories of annual rainfall based on different daily rainfall here

(�10, �15, and �20 mm) (Tab. 3) using the complete daily rainfall

records from 1951 from 67 meteorological stations in the upper and

middle Yellow River, and the annual changes of these three categories

of rainfall were shown as Fig. 8. From 1951 to 2008, the three rainfall

categories almost had the same changing trend; the correlation

coefficients between annual average rainfall and the three categories

of rainfall are, 0.976, 0.945, and 0.833, respectively, and all of them are

at extremely significant level. Every categories of rainfall fluctuated

greatly in the late 1950 and 1960s, but stayed relatively stable after

then. In the study area, changes in annual average rainfall as well as

the three categories of rainfall were only random variations; also, no

decreasing trend was found in both annual average rainfall and the

three categories of rainfall using Pettitt method and Mann–Kendall

trend test. The above analysis showed that changes in the three

categories of rainfall from 1950s were only random variations, but

not increasing or decreasing tendencies.

In terms of changing ranges of the three rainfall categories, changes

in regional rainfall did not sufficient for the significant decrease in

sediment discharge in the Yellow River since 1979. Firstly, from the

comparison between rainfall and sediment discharge in different

periods as shown in Tab. 1, we found that (1) average rainfall in

1930 and 1950s was almost the same, and sediment discharge in

these two periods was also very close. (2) However, sediment discharge

decreased by 52% in early 21st century comparing with that in 1990s

under almost the same rainfall background. (3) The three categories of

rainfall showed nearly the same amount after 1980, but sediment

discharge in Shan County station in the Yellow River decreased

sharply and continuously after 1980. Secondly, from the analysis of

typical year, we found that the year of 2003 was a wet year (annual

average rainfall was 492.0 mm), of which annual rainfall with daily

rainfall�10 mm was 0.7% more than that in 1988, and annual rainfall

with daily rainfall �15 and �20 mm was 6.2 and 33.2% more than

that in 1988, respectively. However, sediment discharge in 2003 was

42.4% lower comparing with 1988 [12, 18, 19].

Therefore, the differences between rainfall and sediment dis-

charge in terms of changing process, decadal variations, and typical

year indicated that the significant sediment discharge decline was

not influenced by area-rainfall, and could, therefore, be driven by

human activities. It could be deduced that human activity is the

main influencing factor of declining sediment discharge since 1979

[20–24].

Table 3. Three categories of annual rainfall in the upper and middle Yellow

River

Period Categories of rainfall (mm)

Daily
rainfall �10

Daily
rainfall �15

Daily
rainfall �20

1951–1978 236.4 180.8 141.3
1979–2008 216.1 165.1 127.5
1951–1959 237.6 186.7 150.7
1960–1969 243.7 182.3 138.8
1970–1979 227.3 173.0 134.4
1980–1989 221.0 167.0 128.7
1990–1999 214.3 167.6 129.0
2000–2008 211.1 159.6 124.1

Figure 8.Anomaly accumulation curves of four categories of annual rainfall
(annual yearly average; daily rainfall�10mm; daily rainfall�15mm; daily
rainfall �20mm).
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4.3 Incoming sediment amount from the upper and

middle Yellow River

Sediment discharge in Shan County station could represented

incoming sediment amount from the upper and middle Yellow

River. Table 4 depicts sediment discharge in Shan County station

in different time series. The data in period of 1919–1960 were the

first formal information about sediment discharge in the Yellow

River, and the time series of 1919–1978 was the period when rainfall

and runoff were closely related. Table 4 shows that (1) under natural

conditions, annual average sediment discharge in the Yellow River

was about 16� 108 t; (2) sediment discharge in the period of 1919–

1960 could not reflect the actual sediment discharge in the Yellow

River; (3) annual average sediment discharge from 1919 to 2008

(12.71� 108 t) reflected the comprehensive effect of every categories

of rainfall and long-term human activities on sediment discharge, so

it could represent the actual annual average sediment discharge in

the Yellow River [24–26]. More studies should be covered including

GIS technology applications [27–29] for accurate prediction.
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