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Abstract: To study the effects of changes in the rainfall intensity on sediment concentrations 
in the Loess Plateau, the observed rainfall intensities and sediment concentrations from three 
typical small watersheds were used to analyze the relationship between these parameters. 
The results showed that the sediment concentration generally increased with the increasing 
rainfall intensity on slope scale. However, at watershed scale, a significant threshold phe-
nomenon was observed for the effects of the rainfall intensity on the sediment concentration. 
When the rainfall intensity exceeds the threshold, the flood sediment concentration will no 
longer increase with the increase in the rainfall intensity. The rainfall intensity threshold in-
creased with increasing vegetation coverage. The rainfall intensity threshold was 10–15 
mm/h during 1956–1969, reached 20 mm/h from 1990 to 1997 and is approximately 40 mm/h 
at present. Due to a rainfall intensity of 10–15 mm/h almost happened every year, the vege-
tation did not change much from the 1950s to 1980s. Sediment yield mainly depends on soil 
erosion caused by surface flow, but the surface flow speed does not increase indefinitely with 
the increase in the flow discharge. Thus, the annual maximum sediment concentration of the 
tributaries in the loess area has been basically stable before the 1990s. 
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1  Introduction 
The sediment concentration (kg/m3), sediment load (t), discharge (m3/s) and flood volume 
(m3) are the main characteristic indexes of floods in the Loess Plateau. The sediment con-
centration is not only the characteristic index of flooding and the key parameter for calcula-
tion of the sediment load but is also a characteristic index of the sediment-yield intensity 
together with the sediment transport modulus (t/km2); this latter parameter constitutes the 
characterization index of sediment yield in the basin and has attracted much attention. 
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At present, research on the sediment concentration in the Loess Plateau mainly involves 
three aspects: (i) the formation and transport processes of the hyperconcentrated flow (Wang 
et al., 1982; Zheng et al., 2011; Zheng et al., 2016; Zhao et al., 2017), the erosivity of the 
hyperconcentrated flow (Xu, 1999a) and the spatial distribution characteristics of the hy-
perconcentrated flow in the Loess Plateau (Zheng et al., 2011; Zheng et al., 2016; Liao et al., 
2010); (ii) the impact of the underlying surface on the sediment concentration, such as the 
soil particle composition, vegetation coverage, slope length, gully density, drainage area, 
dams and reservoirs (Xu, 1999b; Xu, 2004; Zheng et al., 2007; Zhang et al., 2012; Liu et al., 
2015; Gao et al., 2018); and (iii) the influence of rainfall on the sediment concentration 
(Zhou and Wang, 1987; Zhang, 1991; Tang, 2004; Liao et al., 2010; Zhang et al., 2012; Ni-
shigaki et al., 2017; Wang et al., 2017; Zhang et al., 2017; Zhang et al., 2018). In terms of 
the relationship between the rainfall intensity and sediment yield, Zhou et al. proposed the 
rainfall intensity threshold for sediment yield using an “erosion modulus ≤1 t/km2” as the 
standard (Zhou and Wang, 1987; Tang, 2004); this threshold is for the amount of sediment 
yield rather than the sediment concentration. 

In terms of the relationship between the rainfall intensity and sediment concentration, 
previous studies have mostly reported laboratory test results (Fang et al., 2015; Wang et al., 
2017; He et al., 2017; Zhang et al., 2018), and few studies have focused on the prototype of 
the Loess Plateau. Based on analysis of observation data from the runoff plot, Zhang et al. 
(2012) indicated that a larger rainfall intensity led to a higher sediment yield; additionally, 
the authors proposed that the reason for the poor correlation between the rainfall intensity 
and sediment concentration was that the precipitation erosion process was random due to 
heterogeneity of the underlying surface. According to the relationship between the maximum 
sediment concentration and the relative rainfall intensity (i.e., the ratio of the maximum 1 
day rainfall to the annual rainfall) of the 12 tributaries of the Yellow River, Xu (1999b) in-
dicated that a larger rainfall intensity was associated with a higher sediment concentration. 
However, whether the maximum annual sediment concentration and relative rainfall inten-
sity occurred in the same year and whether other influencing factors were involved were not 
explained. 

Previous studies have concluded that a larger rainfall intensity led to a higher sediment 
concentration; however, explaining the phenomenon depicted in Figure 1 is difficult. Before 
the 1990s, little change occurred in the forest and grass vegetation. Although the interannual 
variation in annual sediment transport was large, interannual variation of the annual maxi-
mum sediment concentration was small in many tributaries (especially those with few dams 
and reservoirs). In fact, the dispersion coefficient (Cv) of the annual sediment discharge 
from rivers in the Loess Plateau from 1954 to 1975 generally was between 0.7 and 0.85, 
which was much larger than the Cv value of the annual maximum sediment concentration 
(0.06–0.23) (Liu, 2016). For a given tributary of loess hilly and gully regions, an extreme 
sediment concentration phenomenon exists (Wang et al., 1982). In nature, the rainfall inten-
sity in the same area generally varies greatly from year to year. For example, the rainfall 
intensity in the Tuanshan gully in Zizhou from 1962 to 1969 ranged between 1.9 and 52.3 
mm/h, but the interannual variation of the annual maximum sediment concentration was 
very small. The phenomenon of a sediment concentration limit exists, indicating that the 
sediment concentration does not increase indefinitely with an increase in the rainfall inten-



LIU Xiaoyan et al.: Effects of rainfall intensity on the sediment concentration in the Loess Plateau, China 457 

 

 

sity. Based on data measured at different spatial scales, this paper focuses on analysis of the 
influencing mechanism of the rainfall intensity on the flood sediment concentrations in the 
Loess Plateau. 

 

 
 

Figure 1  Changes in the annual maximum sediment concentration (SCamax) and the annual sediment discharge 
(Sa) of typical tributaries in the Loess Plateau (a. Qingyang station on the Malian River; b. Peigou station on the 
Quchan River) 

2  Study area and data 
Wuding River is a first-order tributary of the Yellow River. The study area is located in the 
middle of the Loess Plateau. Table 1 and Figure 2 provide an overview of the selected wa-
tersheds and their locations. Jiuyuangou and Peijiamao are the primary tributaries of the 
Wuding River. Chabagou is the secondary tributary of the Wuding River. Liujiagou and She-
jiagou are the primary tributaries of the Chabagou, whereas Tuanshangou is the subbasin of 
the Shejiagou. 

The observed subwatershed data were collected from Tuanshangou, Shuiwanggou, Tu-
anyuangou and Qiaogou, whereas the small watershed data were collected from Peijiamao, 
Liujiagou and Shejiagou. The small watershed system is composed of many subwatersheds. 
The Tuanyuangou and Qiaogou subwatersheds are located in the Jiuyuangou and Peijiamao 
watersheds, respectively. 

On the runoff plot scale, the observation data were obtained from the No. 2–9 runoff plots 
in the Tuanshangou subwatershed and the Duanchuan 1 and Duanchuan 2 runoff fields in the 
Shuiwanggou subwatershed (Table 2). The land use types were all farmland, and the obser-
vation period was from 1961 to 1969. 

The sample floods selected in this paper are all floods recorded during the selected period. 
The rainfall, runoff and sediment data are from the hydrological data of the Zizhou Runoff 
Experimental Station in the Yellow River Basin and the Runoff and Sediment Test Data of 
Soil and Water Conservation in the Middle Reaches of the Yellow River published by the 
Upper and Middle Yellow River Bureau, Yellow River Conservancy Commission. 

 

Table 1  The characteristic values of the selected watersheds 

Subwatershed Small watershed 
 Tuan-

shangou
Shui-

wanggou
Tuan- 

yuangou Qiaogou Peijiamao Liujiagou Shejiagou 

Area (km2) 0.18 0.107 0.491 0.44 39.5 21.0 4.72 
Period 
(years) 1961–1969 1959–1967 1958–1961 1990–1997 2007–2018 1990–1997 2007–2018 1960–1969 1963–1969 

Vegetation 
coverage (%) 10–30 36–47 55–75 36–47 55–75 10–30 
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Figure 2  Location of the study area (a. Wuding River basin; b. Jiuyuangou watershed; c. Peijiamao watershed;  
d. Chabagou watershed; e. runoff plots in the Tuanshangou subwaershed)  

 

Table 2  Overview of the runoff plots 

Runoff plots located at an upper hillslope Runoff plots composed of hillslope 
and valley side slope (entire slope)  

No. 2 No. 3 No. 4 No. 5 Duanchuan 1 Duanchuan 2 No. 7 No. 9 

Slope length (m) 40 60 20 20 7.57 20.1   

Area (m2) 647 970 324 350 31.5 208 17200 4580 

 
Rainfall intensity refers to rainfall in a unit of time in mm/min or mm/h. For the runoff 

plots and subwatersheds, we selected the maximum rainfall in 1 min (I1min) and maximum 
rainfall in 5 mins (I5min) before the occurrence of the sand peak as the maximum rainfall in-
tensity (Imax) of the corresponding sand peak. In the rainfall records for the data collection 
period, we found that the minimum step size of rainfall was mostly in hours at the small 
watershed scale, although a few rainfalls were recorded in minutes; however, the step size 
was uneven. In view of this issue, this paper also chose maximum rainfall in 1 h (I1h) as the 
characteristic index of Imax for small watersheds. The data processing method is as follows: 
(1) when the rainfall lasted more than 1 h and the maximum 1 h rainfall could be obtained 
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directly, the maximum 1 h rainfall before or covering the occurrence of the sand peak was 
taken as Imax corresponding to the sand peak; (2) when the rainfall duration was less than 45 
mins, the flood was not selected to avoid disturbance of the sediment concentration caused 
by the gully bed during flood evolution; and (3) if the rainfall duration was more than 45 
mins but less than 1 h, the measured rainfall intensity was magnified in proportion, and the 
hourly rainfall intensity was calculated as Imax. 

For subwatersheds with a drainage area of less than 0.5 km2 and 6–8 rainfall stations, Imax 
is the average of the maximum 1 h rainfall of each rainfall station in the subwatershed. By 
analyzing the measured data from the Chabagou watershed from 1959 to 1969, we found 
that the sediment concentration of a medium hyperconcentrated flood in any subwatershed 
with no dam or reservoir to intercept sand could almost completely represent the sediment 
concentration in the small watershed outlet. In view of this finding, Imax is the maximum 
value of the maximum 1 h rainfall of each rainfall station for small watersheds. 

Using the Global Inventory Modeling and Mapping Studies (GIMMS) NDVI dataset 
(NDVI3g, v1.0), the Normalized Difference Vegetation Index (NDVI) of Peijiamao and 
Qiaogou from 1990–1997 and 2007–2018 was extracted to obtain vegetation coverage in-
formation. 

3  The relationship between the sediment concentration and rainfall inten-
sity on the plot scale 
Figure 3 shows the relationship between Imax and the peak sediment concentration (PSC) on 
the upper hillslope scale, with a total of 207 points. Although the slope area and the slope 
length of each plot are quite different, the PSC of each flood tends to increase with the in-
creasing rainfall intensity. Although the points in Figure 3 are somewhat scattered, the  
 

 
 

Figure 3  The relationships between the maximum rainfall intensity (Imax) and the peak sediment concentration 
(PSC) of the runoff plots located at the upper hillslope 
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conclusion is generally consistent with the previous understanding obtained from smaller 
runoff plots (Zhou and Wang, 1987; Zhang, 1991; Tang, 2004; Zhang et al., 2012; Wang   
et al., 2017; Zhang et al., 2017; Zhang et al., 2018). 

However, the relationship between PSC and Imax shown in Figure 4 for the runoff plots 
comprised of hillslope, valley side slope (a steep slope area below the edge line) and natural 
slope gully plots where the hillslope area and the valley side slope area generally are bal-
anced is quite different from that in Figure 3. An obvious threshold phenomenon exists, be-
cause in the rainfall intensity range of less than 0.8–1 mm/min or 2.5 mm/5 min, the sedi-
ment concentration increases rapidly with the increase in the rainfall intensity; however, 
when the rainfall intensity is larger than this threshold, the sediment concentration is almost 
independent of the rainfall intensity and generally is stable within a certain range. The same 
trend holds true if the indicator of Imax is changed to the maximum 1 h rainfall and the rain-
fall intensity threshold is 11–15 mm/h. 

 

 
 

Figure 4  The relationships between Imax and PSC at natural slope gully plots 

4  The relationship between the sediment concentration and rainfall inten-
sity on the basin scale 
The natural slope gully plot can be regarded as the lowest level of the drainage area, whereas 
the subwatershed is a higher level. Figure 5 shows the relationship between the rainfall in-
tensity and sediment concentration in the subwatersheds. The characteristics are similar to 
those in Figure 4, including the following: (1) the rainfall intensity threshold of Tuanyuan-
gou in the Jiuyuangou watershed is approximately 10–15 mm/h, and when the rainfall inten-
sity is larger than this threshold, the increasing rainfall intensity has little effect on the sedi-
ment concentration; and (2) for the two adjacent subwatersheds in the Chabagou watershed, 
the rainfall intensity thresholds of Tuanshangou and Shuiwanggou are similar at 1 mm/min, 
4.5 mm/5 min or 15 mm/h. Compared with the results of the runoff plots, the rainfall inten-
sity threshold of the Tuanshangou subwatershed is obviously larger than that of the No. 7 
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and No. 9 plots during the same period (both runoff plots are located in the Tuanshangou 
subwatershed). 

The vegetation of the Qiaogou subwatershed in the 1990s was much better than that before 
the 1960s, and the rainfall intensity threshold was 17–20 mm/h, which was obviously larger 
than that of Tuanyuangou, which is adjacent to Qiaogou, in 1956–1961; when the rainfall in-
tensity is larger than this threshold, the PSC is also significantly lower than that of Tuan-
shangou. After 2007, the annual precipitation with daily rainfall greater than 25 mm was 30% 
higher than that in the 1990s at the Qiaogou subwatershed. However, due to further improve-
ment of the vegetation, the frequency of rainfall that caused runoff decreased from an average 
of 6–7 times per year in the 1990s to less than once per year after 2007, the maximum sedi-
ment concentration was reduced by approximately 50% and the rainfall intensity threshold 
probably exceeded 40 mm/h. However, more verification is needed in the future. 

 

 
 

Figure 5  The relationships between Imax and PSC in the subwatersheds 
 

On the small watershed scale with a larger area, as shown in Figure 6, the relationship 
between Imax and PSC is similar to that shown in Figures 4 and 5. The Shejiagou and Pei-
jiamao small watersheds are the upper levels of the Tuanshangou and Qiaogou subwater-
sheds, respectively, and Liujiagou is adjacent to Shejiagou. Figure 6 shows that the rainfall 
intensity threshold of the Peijiamao small watershed is slightly larger than that of the 
Qiaogou subwatershed during the same period, which is related not only to the size of the 
drainage area but also to the sediment retention effect of the check dam. In the 1990s, the 
control area of the check dams in the Peijiamao small watershed accounted for 30% of the 
basin area, whereas no check dam was located in the Qiaogou subwatershed. 

The rainfall intensity thresholds obtained from the Tuanguangou, Tuanshangou and 
Shuiwanggou subwatersheds in the 1950s and 1960s were also similar to the standard of 
erosive rainstorms proposed by others (Zhou and Wang, 1987; Tang, 2004). This finding 
indicated that once the soil experienced obvious erosion, the extreme value of the sediment 
concentration would be reached soon. 
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Figure 6  The relationships between Imax and PSC in small watersheds 
 

Rainfall during flood season on the Loess Plateau is mostly local rainstorms with a small 
coverage area. Therefore, for large- and medium-sized river basins, the corresponding rela-
tionship between the rainfall intensity and sediment concentration will be disturbed due to 
the low density of rainfall stations coupled with the influence of the water flow propagation 
time and riverbed environment on evolution of the flow with sediment. However, according 
to analysis of the upper reaches of the Malian River (Zhang et al., 2017), the relationship 
between the maximum rainfall intensity and the peak sediment concentration basically is 
consistent with the above results. 

5  Discussion 

5.1  Comparisons with similar studies 

Phenomena similar to those shown in Figures 3–6 have been found in other studies. Wang et al. 
discovered the existence of an extreme sediment concentration in the hyperconcentrated 
flow of the Loess Plateau (Wang et al., 1982). Based on observation data from the whole 
slope runoff plot (bare area) in Ansai, Zhang et al. (1991) found that when the rainfall inten-
sity was less than 0.8–1 mm/min, the sediment concentration increased with the increasing 
rainfall intensity, however, when the rainfall intensity increased, the variation in the sedi-
ment concentration on the slope was very small. Zhang et al. (2017) analyzed flood and 
rainfall data from the Hongde hydrological station on the upper reaches of the Malian River 
and showed that the PSC was linearly proportional to Imax when the rainfall intensity was 
less than 18 mm/h, whereas the PSC remained approximately 900 kg/m3 when the rainfall 
intensity was larger than 18 mm/h. However, few studies have analyzed this phenomenon 
from different spatial scales, such as runoff plots, subwatersheds and small watersheds. 

The sediment-carrying capacity of the overland flow has become a research hotspot in 
recent years (Zhang, 2007; Zhang, 2018). This term refers to the amount of sediment that 
can be transported by overland flow under specific hydrodynamic conditions and is related 
to the flow velocity, flow regime, and other factors, such as the surface slope and slope 
length. Based on existing knowledge, a greater overland flow velocity (i.e., a larger dis-
charge) results in a larger sediment-carrying capacity of the overland flow. If the real-time 
sediment concentration is less than the sediment-carrying capacity of the corresponding 
discharge, the surface soil will be stripped and washed away (i.e., the greater the discharge, 
the larger the sediment concentration). However, the reality is that no close response exists 
between the peak discharge and sediment concentration of the tributaries in the Loess Pla-
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teau (Figure 7), although the peak dis-
charge is closely related to the rainfall 
intensity (Figure 8). 

Notably, the sediment concentration of 
a flood will not increase significantly 
when the rainfall intensity is larger than 
the rainfall intensity threshold obtained in 
this paper, since the sediment discharge 
in the basin is a function of the discharge, 
sediment concentration and flood dura-
tion. However, because the discharge 
increases with the increasing rainfall in-
tensity (Figure 8), the sediment discharge 
in the basin will still increase with the 
increasing rainfall intensity (Figure 9). 

5.2  The influence of the underlying 
surface on the rainfall intensity thresh-
old and maximum sediment concentra-
tion 

Dam and reservoir sediment retention and 
vegetation coverage are also important 
factors affecting the sediment concentra-
tion of floods (Cerdan et al., 2002; Liu, 
2016). Previous research has shown that 
vegetation in the Loess Plateau has been 
improving at a fast rate since 1998 (Feng 
et al., 2016). Before 1979, check dam 
construction in the Loess Plateau was 
mainly concentrated in Shaanxi and 
Shanxi provinces, and the number of check dams changed little from 1979 to 1997 (Liu et 
al., 2018). No check dams were present in the Tuanshangou, Shuiwanggou and Tuanyuan-
gou subwatersheds selected in this paper before 1969. Moreover, no check dam is located in 
Qiaogou at present. Therefore, the influence of check dams on the sediment concentration 
can be eliminated. The original four check dams in the Shejiagou small watershed were 
filled up or destroyed by the end of June 1962 (i.e., the check dams had a minimal impact 
from 1963–1969). Since 1980, the control area of the check dam in the Peijiamao watershed 
has always accounted for 30% of the basin area, but 78% of the check dams have mostly lost 
their ability to intercept sand at present. 

Taking the subwatershed as an example, the average forest and grassland vegetation cov-
erage in the Qiaogou subwatershed from 1990–1997 and 2007–2018 was 36%–47% and 
55%–75%, respectively (Table 1). The average maximum annual sediment concentration in 
the Tuanyuangou, Tuanshangou and Shuiwanggou subwatersheds ranged from 870 kg/m3 to 
1100 kg/m3. Referring to the ground survey data at that time and the relationship between 

 
 

Figure 7  The relationship between the peak discharge 
and PSC in the subwatersheds 

 
 

Figure 8  The relationship between the peak discharge and 
maximum 1 h rainfall in the subwatersheds 
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vegetation coverage and the maximum an-
nual sediment concentration (Liu et al., 
2015), the forest and grassland vegetation 
coverage in these subwatersheds during the 
selected period was estimated to be ap-
proximately 10%–30%. 

The rainfall intensity threshold and 
maximum sediment concentration of Tuan-
yuangou from 1956–1961 were 10–15 mm/h 
and 780 kg/m3, respectively. In the 1960s, the 
rainfall intensity threshold and maximum 
sediment concentration of Tuanshangou and 
Shuiwanggou were 15 mm/h and 760 kg/m3, 
respectively. The rainfall intensity threshold 

and maximum sediment concentration of Qiaogou in the 1990s were 17–20 mm/h and 507 
kg/m3, respectively. From 2007 to 2018, the rainfall intensity threshold of Qiaogou may 
have exceeded 40 mm/h, whereas the maximum sediment concentration has not exceeded 
400 kg/m3. No check dams and terraces are located in these areas, and therefore the change 
in the rainfall intensity threshold is obviously caused by vegetation changes.  

For the subwatersheds, during the analysis periods of the different watersheds, the 
vegetation coverage was highest, the rainfall intensity threshold was largest, and the 
maximum sediment concentration was smallest at Qiaogou. For the Qiaogou subwatershed, 
the vegetation coverage in 2007–2018 was higher than that in 1990–1997, the rainfall 
intensity threshold increased and the maximum sediment concentration decreased. 

During the same period, the vegetation coverage of the Peijiamao watershed and Qiaogou 
subwatershed were the same (Table 1), but the rainfall intensity threshold of the Peijiamao 
watershed was slightly larger than that of the Qiaogou subwatershed as a result of check 
dams. Therefore, the rainfall intensity threshold must be different in different watersheds 
with different underlying surfaces. 

5.3  Causes of extreme sediment concentrations 

The Loess Plateau is the main source of sediment in the Yellow River. The study area of this 
paper is located in the middle and lower reaches of the Wuding River. According to a remote 
sensing survey (Liu et al., 2015; Liu, 2016), the middle and lower reaches of the Wuding 
River were one of the worst vegetation areas in the Loess Plateau before 1998. The vegeta-
tion coverage in 1998 was the same as that in other areas of the middle reaches of the Yellow 
River in the 1970s. The maximum 1 h rainfall in the Chabagou basin and the loess hilly area 
of the region from Hekouzhen to Longmen in the middle reaches of the Yellow River Basin 
was calculated from 1965 to 2011, and the results showed that rainfall with an intensity lar-
ger than 15 mm/h occurred almost every year on the basin scale (Figure 10). Among the 
13,000 maximum 1 h rainfall data points collected from 1966 to 2017 at the 224 rainfall sta-
tions in the region from Hekouzhen to Longmen, the frequency of rainfall with an intensity 
≥10 mm/h reached 75% (Figure 11). Therefore, the flooding of each tributary can easily 
reach its maximum sediment concentration. 

 
 

Figure 9  The relationship between the maximum 1 h 
rainfall and sediment discharge in the subwatersheds 



LIU Xiaoyan et al.: Effects of rainfall intensity on the sediment concentration in the Loess Plateau, China 465 

 

 

In addition to the frequency charac-
teristics of the rainfall intensity, the 
unique sediment supply mode may also 
be the cause of the extreme sediment 
concentration phenomenon.  

Flows with sediment transported in 
the main stream of the Yellow River and 
its larger tributaries allocated sediment 
when entering the river channel. There-
fore, there is a feature that “the greater 
the flow, the more sediment that can be 
carried”. However, in the Loess Plateau, 
although the sediment concentration in 
the small watershed in the 1960s could 
reach approximately 1100 kg/m3, gener-
ally the sediment concentration of the 
raindrops was not more than 200–300 
kg/m3 (Wang et al., 1982) (i.e., the gen-
eration of sediment mainly depends on 
erosion of surface soil by the overland 
flow). Obviously, the erosion per unit 
area is directly proportional to the veloc-
ity of the near-surface flow and inversely 
proportional to the vegetation coverage of the slope surface. Thus, only the flow attached to 
the surface can participate in the sediment production activities, whereas other flows can 
only be engaged in sediment transport activities. The test shows that when the discharge ex-
ceeds a certain magnitude, the bottom flow velocity does not increase infinitely with the 
increase in the discharge. On the other hand, regardless of whether a site is a hillslope or a 
steep valley slope, increasing the rainfall intensity and the amount of rainfall will inevitably 
increase the runoff of the slope, because there is no river bank constraint; thus, improving 
the unit discharge of the slope runoff and the sediment-carrying capacity is difficult even in 
the absence of blocking vegetation. Therefore, when the rainfall intensity exceeds a certain 
magnitude, the sediment concentration is basically stable or even reduced, even when the 
flood discharge continues to increase. After entering the channel, the constraint of the river-
bed will increase the unit discharge considerably and greatly increase the sediment-carrying 
capacity. If a sufficient sediment supply is available at this time, the sediment concentration 
will increase. However, because the lower riverbeds of the rivers in the Loess Plateau are 
exposed to bedrock, obtaining a large amount of sediment supply for the water flowing into 
the river is difficult. 

The above analysis shows that forest and grass vegetation changes are not significant at 
the watershed scale due to rainfall with a rainfall intensity greater than 15 mm/h, which oc-
curred almost every year from the 1950s to the 1980s (Liu et al., 2015; Zhang et al., 2017). 
In addition, because the surface flow velocity will not increase indefinitely with the increas-
ing discharge, the annual maximum sediment concentration of the tributaries in the loess 

 
 

Figure 11  The distribution of the annual maximum rain-
fall intensity in the loess hilly region from Hekouzhen to 
Longmen in the middle reaches of the Yellow River Basin 

 
 

Figure 10  The change of annual maximum 1 h rainfall in 
Chabagou Creek 
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area before the 1990s was basically stable. Since 2000, the sediment concentration in most 
tributaries of the Yellow River Basin has decreased significantly with substantial improve-
ment of the forest and grass vegetation in the Loess Plateau. 

6  Conclusions 
The relationship between Imax and PSC at different spatial scales was analyzed based on more 
than 1300 sets of measured rainfall and flood data from runoff plots located at an upper hill-
slope, natural slope gully plots, subwatersheds with an area less than 0.5 km2 and small wa-
tersheds with an area of 4.7–40 km2 in the Loess Plateau. The results were as follows: 

(1) At the upper hillslope scale, the sediment concentration generally increases with the 
increasing rainfall intensity. However, at the watershed scale with both slopes and gullies, an 
obvious threshold exists for the influence of rainfall intensity on the sediment concentration 
regardless of the watershed level or area. When the rainfall intensity exceeds this threshold, 
an increasing rainfall intensity does not further increase the sediment concentration. 

(2) The rainfall intensity threshold is also different in different underlying surface areas. 
Taking the subwatershed as an example, the rainfall intensity threshold was approximately 
10–15 mm/h for Tuanyuangou in 1956–1961, 15 mm/h for Tuanshangou and Shuiwanggou 
in the 1960s, and 17–20 mm/h for the Qiaogou subwatershed in the 1990s and may have 
exceeded 40 mm/h in 2007–2018. No check dams and terraces are located in these areas, and 
thus the changes in the rainfall intensity thresholds are obviously caused by vegetation 
changes. During the same period, the rainfall intensity threshold of the Peijiamao basin was 
slightly larger than that of the Qiaogou subwatershed as a result of the check dam. 

(3) The threshold of the rainfall intensity increases with the increasing watershed level. 
For example, generally the rainfall intensity threshold of Tuanshangou is larger than that of 
the No. 7 and No. 9 runoff plots in Tuanshangou. The rainfall intensity threshold of Peijia-
mao is also larger than that of Qiaogou, because the sediment transport resistance is greater 
at higher basin levels. As the resistance increases, the sediment concentration also decreases 
with the increasing basin level. According to statistics from 26 floods in Shejiagou from 
1963 to 1969, the average sediment concentrations were 670 kg/m3 and 690 kg/m3 for the 
No. 7 and No. 9 runoff plots in Tuanshangou, respectively, 634 kg/m3 for the Tuanshangou 
subwatershed, and only 585 kg/m3 for Shejiagou. 

(4) When the rainfall intensity exceeds the rainfall intensity threshold, the maximum 
sediment concentration of each region is also different. The average sediment concentrations 
were 780 kg/m3 for Tuanshangou, 760 kg/m3 for Tuanshangou and Shuiwanggou, and 507 
kg/m3 for Qiaogou in the 1990s but never exceeded 400 kg/m3 after 2007. This phenomenon 
is mainly related to forest and grass vegetation coverage, with higher vegetation coverage 
leading to a lower flood sediment concentration. 

The rainfall intensity threshold phenomenon that is revealed in this study not only ex-
plains the small change in the sediment concentration in the second half of the 20th century 
but also has important reference significance for the scientific and reasonable selection of 
rainfall factors in the hydrological method (a method used to analyze the causes of runoff 
and sediment changes in the basin). Additionally, our results provide scientific support for 
the objective understanding of the sediment production situation in the Loess Plateau under 
extreme heavy rainfall. 
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