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Abstract Debris flows move as surge waves and they transport vol-
umes of sediment of various magnitudes at irregular time intervals.
As exemplified by Jiangjia Gully (JJG; Yunnan Province, China), the
sediment transport of such surges can fluctuate by up to four orders
of magnitude within a single debris flow event. This study investi-
gated the variation of the sediment transported by a series of surges
based on observations of 3000 surges in JJG. It was found that the
fluctuation in sediment transport evolved with surge progress and
then finally decayed in a power law form with a decay coefficient
of 0.1-0.5, which can be considered a representative of the under-
lying dynamics. Moreover, the cumulative sediment yield followed
a unified sediment size distribution (SSD) that can be expressed
as P(S) = CS# exp(=S/S,), with parameters well associated with
the material composition of the surges. Moreover, this distribution
also applies to transport processes in large-scale rivers, which sug-
gests that the SSD could be used to predict the scale of sediment
transport in rivers.

Keywords Sediment transport - Intermittent surges - Size
frequency distribution - Flow fluctuation

Introduction

Debris flows are the major source of sediment in rivers (Slaymaker
1993; Lin et al. 2004; Tang et al. 2011), and the modulus of the sedi-
ment yield (M) can reach thousands to tens of thousands of tons
per square kilometer per year (Cui 2000; Syvitski et al. 2007). This
is much greater than that of large rivers, whose mean global annual
sediment yield is just 190 t/km?*/a (Milliman and Farnsworth 2011).
Even some mountain rivers with high sediment yield, e.g., certain
rivers in the Transverse Ranges of southern California (USA) whose
M, is approximately 740-5300 t/km?*/a (Warrick and Mertes 2009;
Warrick et al. 2015), do not transport as much sediment as that
transported by debris flows.

There are three primary types of sediment transport process
that operate in mountain gullies: steady fluvial transport from soil
erosion, dramatic transport by floods, and debris flows. Compared
with steady fluvial transport, sediment transport by floods from
small watersheds is more transitory, the sediment concentration
of which can increase to grams or hundreds of grams per liter in
a short period (Conaway et al. 2013; Galewsky et al. 2006; Grodek
et al. 2012), displaying marked spatiotemporal variability. How-
ever, steady fluvial transport always contains some sediment, and
it shows minor fluctuation in the non-rainy season. In mountainous
watersheds, debris flows and flood sediment transport might both
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occur during the same rainstorm event, but the behavior and sedi-
ment transport dynamics of debris flows are more complex than
those of a torrential flood (Rickenmann et al. 2016; Rickenmann
and Koschni 2010; Prancevic et al. 2014). In contrast to flood trans-
port, high fluxes of sediment with a wide range of sizes and large
boulders are always transported by debris flows, and the strong
interactions of the solid and liquid constituents represent an essen-
tial element of debris flow mechanics (Iverson 1997; Li et al. 2015).
The sediment transport of a debris flow is fundamentally different
in terms of frequency and magnitude to that of a torrential flood
(Hungr and Evans 2001; Wilford et al. 2004; Glade 2005; Liu et al.
2009). For example, the peak discharge of a debris flow is approxi-
mately 2-6 times greater than that of a torrential flood when they
occur at the same frequency (Jiang 2015), highlighting the stronger
sediment transport capability of debris flows.

Transport of solid material via intermittent surges is the typi-
cal mode of sediment transport in mountain watersheds globally
(Davies 1986; Major 1997; Liu et al. 2009; Takahashi 2014; Li et al.
2015). Notable intermittent debris flow surges occur in Jiangjia
Gully (JJG) of Yunnan Province (China) (Cui et al. 2005; Liu et al.
2009), and each debris flow event consists of tens or hundreds of
surges with velocity in the range of 2-15 m/s, which can produce
a yield of millions of cubic meters of sediment in just a few hours
(Wu et al. 1990). According to investigation, the total amount of
sediment transported by a debris flow could be tens or even hun-
dreds of times greater than that of fluvial transport (Guo et al. 2013).
The short-term sediment transport capacity of debris flows is far
greater than that of large rivers.

Recent studies on debris flows based on numerical simulations
and model tests have considered the influence of the nonuniformity
of rainfall (Govindaraju et al. 2012; Lascelles et al. 2015), the Poisson
process of soil instability (Li et al. 2011; Guo et al. 2014), and the silting
or erosion of debris flow movement (Sepiilveda et al. 2015; de Lima
et al. 2020). Additionally, a large amount of data obtained from field
observation stations have been used to study the sediment transport
capacity and hazards of mountain watersheds (Cui et al. 1999, 2005;
Sadeghi et al. 2008; Warrick et al. 2015; Royall and Kennedy 2016;
Imaizumi et al. 2016; Takayama et al. 2022). However, little attention
has been given to the spatiotemporal characteristics of intermittent
surges, the sediment they transport, or their dynamic processes. In
this study, we examined the patterns of sediment transport by surges
and investigated their fluctuation, probability distribution, and rela-
tionship with the material composition of debris flows. Finally, we
also considered the sediment transport in large-scale rivers.
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Study area and data collection

Study area

The area of focus of this study was JJG, which is located in the
northeast of Yunnan Province (China). The river flows northward
to join the Xiaojiang River, which is a major tributary of the upper
Yangtze River. Overall, JJG covers an area of 48.7 km? and it extends
for 13.9 km (Fig.1). Slate and phyllite are intensely weathered in JJG,
which results in a large number of shallow landslides, avalanches,
and other loose deposits. Moreover, there is abundant rainfall in the
JJG basin, i.e., the annual rainfall is in the range of 700-1200 mm.
Given this background, debris flows in JJG appear in the form of
surges with large-scale sediment transport under the excitation of
concentrated rainfall. A site ideal for real-time observation of mov-
ing debris flows is the Dongchuan Observation and Research Sta-
tion of Debris Flows (Dongchuan Station), operated by the Chinese
Academy of Science.

Debris flow observation and data collection

Dongchuan Station has an automatic observation system, which
has made continuous systematic observations and amassed a large
dataset since its establishment in the early 1960s (Fig. 1). According
to observation, approximately 15 debris flows occur in JJG annually.
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Each debris flow event consisting of tens or hundreds of surges
typically persists for 3-4 h, but can continue for a period of tens
of hours. The progress of a surge in the channel is shown in Fig. 2.

Kinetic parameters of debris flow surges such as depth (H),
velocity (v), flow density (p), flow discharge (Q), and sediment yield
(S) are measured using semiautomated instruments (Table 1). Flow
velocity is measured by timing the surge front as it passes through
two fixed cross sections. Fluid samples are collected from the mov-
ing surges using a suspended cable sampler measuring 0.3 m? and
the density is obtained directly by weighing the fluid. The maxi-
mum discharge is 2820 m?/s (equivalent to 5 times the peak dis-
charge of the Xiaojiang River), the maximum velocity is 15 m/s,
the maximum depth is 5.5 m, the flow density is 2.37 g/cm’, the
maximum sediment transport rate is 6079 t/s, and the maximum
amount of solid runoff is approximately 2 x 10° m>.

Methods
From a macro perspective, a debris flow is equivalent to a surge
series that is expected to feature the following intrinsic property:

X={Xl|i=123-,N} ()

where X is the parameter observed in real time (e.g., H, v, p, Q, and
S) and N is the surge number of the debris flow event.
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Fig.1 Location of the Xiaojiang basin and Dongchuan observation station
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Fig.2 Intermittent surge of a
debris flow in the JJG

(a) Intermittent surges of debris flow

Field investigation has revealed that obvious fluctuation and
variety exist in the process of sediment transport by intermittent
surges. Therefore, the standard deviation (o) and variation coef-
ficient (CV) are used to describe the temporal variation of sedi-
ment transport. Thus, the physical meaning of o is to describe the
fluctuation of the series, which varies temporally in a debris flow
series and can be defined as follows:

(2)

where the range of n is [1, N] and (X) is the mean value.

Here, CV is used to discuss the relative standard deviation and
variability. Generally, the larger the value of CV, the stronger the
variability; the formula can be expressed as follows:

(b) Movement progress of surges

cv=-2

= 1
79 X 100%

(3)

Most debris flow series in nature exhibit long-range correla-
tion and self-similarity characteristics, which can be considered
representative of the underlying dynamics. Therefore, a cumu-
lative distribution model is often used to describe the magni-
tude-frequency relationships of such series (Eagleson 1972; Yue
et al. 1999; Aronica and Candela 2007; Read and Vogel 2016),
and the parameter distributions can generally be fitted by the
Weibull distribution or even a more general distributional
function involving power and exponential components (Li
et al. 2005 2007). Observational data from JJG reveal that the
sediment yield of the intermittent surges fluctuates intensely.
To explore the kinetic effect of sediment transport by intermit-
tent surges, the cumulative distribution is used to express the

Table 1 Flow parameters of Duration  Velocity Discharge Runoff Sediment yield

debris flow event 010,813 in T (s) v (m/s) Q (m?/s) Q. (m? S (m?)

the JJG -
1 26 7.77 285.90 2.20 3145.00 2286.00
24 23 8.67 499.40 2.30 4744.00 3738.00
25 23 8.85 575.20 2.30 4889.00 3852.00
26 34 5.88 185.20 2.30 3148.00 2481.00
27 21 9.39 563.40 2.30 4226.00 3330.00
39 27 7.44 285.70 2.15 2857.00 1992.00
53 26 7.72 463.20 2.25 2779.00 2106.00
54 30 6.63 298.40 2.25 6266.00 4750.00
83 30 6.74 242.60 2.27 3882.00 2989.00
117 37 5.37 193.30 2.10 5606.00 3739.00
118 30 6.68 300.60 2.20 3758.00 2732.00
122 21 9.62 793.60 2.25 15,078.00 11,430.00
123 22 9.00 742.50 2.25 11,509.00 8724.00
124 29 6.93 360.40 2.25 4144.00 3142.00
193 70 2.86 254.20 1.70 2040.00 865.00
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magnitude-frequency relationships and the integrality of surges
in debris flow events.

Results
Temporal variation of sediment transport

Fluctuation and decay of sediment yield

Hydrographs of debris flow events 910709, 010813, and 910813 indi-
cating discharge and sediment yield are shown in Fig. 3. Three
fundamental parameters, density (p, g/cm?), velocity (v, m/s), and
duration (T, s), are used to determine the discharge and sediment
transport process, which is shown in a ternary array (p, v, T). The
sediment transport exhibits various patterns: a single peak, mul-
tiple peaks, and their irregular combination. Debris flow event
040721 has a typical single-peak hydrograph of sediment transport
(Fig. 4a-1). The majority of surges in such hydrographs have little
sediment yield, with just one or two isolated peaks transporting
large volumes of sediment, thereby showing strong variability in the
process of sediment transport. However, some sediment transport
hydrographs are often characterized by multiple peaks (e.g., events
910711, 010813, and 910813; 910813 is shown in (Fig. 4b-1), whose
o and CV values are smaller than those of single peaks (Table 2),
which means that their fluctuation and variation are smaller than
those of the single-peak patterns. Additionally, the combination
types contain some single peaks and clusters of multiple peaks
(Fig. 4¢c-1), reflecting wide-ranging variation.

During the advance and evolution of surges, dramatic variation
in sediment yield indicates that huge fluctuations exist in the sedi-
ment transport process. Notably, the decay of a fluctuation in the
process of sediment transport generally occurs after a flood peak.
However, the smooth decay process can suddenly jump and then
recommence the decay process when a subsequent larger peak is
encountered (Fig. 4c-2). This indicates that the local maximum sed-
iment yield is the key factor in determining the sediment transport
process. Despite the abrupt variation in the early part of an entire
series, o, finally varies with surge number in a power-law form:

o, ~n (4)

Notably, the range of exponent a is approximately 0.1-0.5 for
all the debris flow events (Table 2). The decay coefficient a of most
events of multiple-peak type is smaller than that of the other two
types (Table 2), suggesting that the local relative fluctuation of mul-
tiple peaks is slightly less than that of the other types. The decay
properties of a surge series show that the movement process of
a debris flow is not stochastic, but that it has certain nonlinear
dynamic characteristics.

Additionally, to show the overall fluctuation of the sediment yield
series, the o values of all the debris flow series are listed in Table 2.
Except for a few events, the value of o is in the range of 0.9-10 X 10°
m?, showing little difference between the three patterns. Therefore,
we introduce the CV to discuss the relative standard deviation and
variability. It is worth noting that the CV values of the three sedi-
ment transport patterns are markedly different (Table 2). The high-
est CV values, i.e., in the range of 170-540%, are associated with the
single-peak pattern and are much higher than the values for the
multi-peak (CV: 70-120%) and combination (CV:120-170%) types.
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Fluctuation of surges with different density

The diverse ranges of depth, velocity, and sediment transport under
the same flow density lead to fluctuation in intermittent surges. We
chose all sediment yields at a given density as a new series, where
similar fluctuations are also presented. For example, at density of
2.0 g/cm? (considering the accuracy of density measurements, sta-
tistical analysis was performed on flows with density of between
1.95 and 2.05 g/cm?®); the sediment yield is in the range of 1.8 m?
to 40.649 X 10°> m?, with an average value of 3.06 X 10°> m% and the
values of o and CV at different densities are 0.4-8 X 10> m? and
100-280%, respectively. Most importantly, the value of o increases
broadly with flow density in the form of an exponential relation-
ship, for which the R? value of 0.817 indicates the goodness of fit
(Fig. 5). This means that high-density surges usually have more
abundant sediment transport and relatively high fluctuation. Actu-
ally, high-density surges have a complex and variable grain compo-
sition; thus, their fluctuation can be attributed to grain composi-
tion, as discussed in "Discussion and application".

Upper limit of sediment transport series

The S,,,, of a surge series determines the range of fluctuation.
Therefore, we consider the effect of S, on the sediment transport
series, which might vary with surge properties, e.g., flow density
and velocity. Consideration of the variation of S, with flow den-
sity and velocity reveals that S, ,, increases with density as a power
law function:

Suax = kpP (5)

The statistics yield values of k=0.0315 and p=10.16 (R*=0.9868)
(Fig. 6a). A similar limit also exists between velocity and S
(Fig. 6b):

max

Smax ~ V' (6)

for which the statistics yield a value of r=1.60 (R*=0.99). Equa-
tions (5) and (6) also suggest that the high density and velocity of
surges usually have a relatively high limit and high fluctuation of
sediment yield.

Sediment size distribution (SSD) of sediment transport

The previous analysis suggests that there should be a dynamic pro-
cess to describe the decay properties, fluctuation, and variability
of a surge series. Although the underlying dynamics are unknown,
there are tangible properties that reflect the integrity of a surge
series. It has been found that sediment yield, despite its marked
fluctuation, shares a cumulative distribution described by the fol-
lowing statistical result:

P(S) = CS~P exp(=S/S.) (7)

where P(S) is the percentage of surges with sediment yield of > S,
C s a coefficient, B is a power exponent, and S, is the characteris-
tic sediment yield as defined above. All three parameters can be
determined by fitting Eq. (7) to the sediment yield data of a surge
series. The unified cumulative distribution (Eq. (7)) shows that a
surge series behaves as an entity that obeys a unified dynamical
framework that encompasses all appearances.
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Moreover, when we rescale the sediment fluctuation by S_
and normalize the percentage as P(S)S?/C, Eq. (7) can be rewrit-
ten as P*(S) = exp(—S/S.), leading to the curves collapsing onto

a single scaling curve of exponential exp(—S/S.) (Fig. 7). The
meaning of each individual SSD parameters is discussed in the
following section.
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Table 2 Statistical parameters Sediment yield pattern  Event a (S (10°’m?) o (10°'m?) S, (10°m?) cv
of s.ediment discharge in surge (%)
series
Multiple peaks 890802 0.114 0.8562 0.6721 3.3736 78.49
890803 0.153 0.4658 0.4283 2.8145 91.96
910711 0.255 4.2805 4.2888 26.5540 100.20
970725 0.348 2.6729 3.1293 28.6910 117.08
970829 0.322 2.9432 2.6060 16.5940 88.54
990716 0.223 4.7514 5.2588 39.2700 110.68
990810 0.278 1.7844 1.7190 9.6140 96.34
990818 0.232 1.7214 1.4805 7.6370 86.01
990825 0.307 2.7545 3.0816 20.2000 111.85
990829 0.258 2.3018 2.3412 18.4720 101.71
010813 0.294 2.7676 2.7061 15.6420 97.78
010822 0.288 4.5197 4.6230 24.4940 102.29
020820 0.365 3.0951 3.2502 21.0220 105.01
030611 0.262 3.6242 3.1475 18.9170 86.85
030726 0.096 1.6143 1.4063 5.4120 87.12
Irregular combinations 890627 0.312 2.7527 3.7384 20.5107 135.81
910709 0.271 2.3324 2.9394 26.0229 126.02
910813 0.309 2.8353 3.9375 33.6617 138.87
940616 0.386 5.3003 8.9701 80.7878 169.24
990724 0.218 1.8701 2.3386 12.7840 125.05
020718 0.239 1.4724 1.8911 9.3440 128.43
020816 0.218 3.4338 5.5452 45.4120 161.49
Single peak 970707 0.329 2.0989 5.6405 76.3560 268.73
970715 0.452 10.455 40.9159 425.8870 391.36
010708 0.376 1.4606 2.5955 23.9060 177.70
040721 0.476 0.6035 1.0651 6.9620 176.48
040825 0.376 6.9604 34.756 244.6850 499.34
070726 0.428 1.7592 2.6270 13.4220 149.32
020815 0.330 7.3224 18.3723 107.3950 250.91

SSD parameters of C, B, and S,

Independent variables The three SSD parameters C, 3, and S, are
calculated directly from data fitting of Eq. (7) and are listed in
Table 3. Surprisingly, the B-C relationship appears in the form of a
logarithmic function with reasonable goodness of fit (Fig. 8):

= aln(C) + b (8)

where a= —0.389 and b=1.7968, with R>=0.96. The exact corre-
lation between B and C indicates that they are not independent

variables. Statistical analysis reveals that 8 in JJG has a logistic dis-
tribution (Fig. 9), with an average and standard variance of —0.038
and 0.006, respectively. In summary, the sediment size distribution
holds for all sediment yields of a series of debris flow events and
the distinction depends only on parameters  and S..

Size effects on SSD parameters We found that the range of B is
from —o0.23 to 0.2 and that of S, is 0.5-110. As shown in Fig. 10, the
variations of B and S, show diverse patterns in the sediment trans-
port series. It is noted that the values of f and S, of the single-peak
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patterns are 0-o.2 and 4-110, respectively, which differ markedly
from those of the multiple-peak and combination patterns, i.e.,
B <o and S.=o0.5-13 (Table 4). The SSD parameters of the three
patterns are listed in Table 4.
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For the multiple-peak sediment yield series, parameters § and
S. exhibit a degree of an exponential relationship with R*=0.9121
(Fig. 11a). For the combination type, a weak exponential relation-
ship still exists for the parameters f and S, (Fig. 11b). However, if
there is a sudden increase in the amount of sediment yield for one
or two surges, the similarity of the relationship between 8 and S,
with the single-peak pattern disappears (Fig. 11c). The B-S, rela-
tionship shown in Fig. 11a implies that underlying system dynam-
ics might operate because of the self-similar structure of the chan-
nel network and the self-organized nature of soil failure criticality.
Nevertheless, a single-peak point in the series will break the self-
organized rules and yield different features of sediment transport.
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Table 3 Parameters of Sediment yield pattern Event C § S, (10°m3) R*
sediment discharge in a surge
series Multiple peaks 890802 179.1857 - 0.2212 1.0090 0.9992
890803 212.4052 - 0.2442 0.4825 0.9971
910711 113.4966 - 0.0641 7.3865 0.9928
970725 114.5095 - 0.0576 4.8818 0.9932
970829 125.8221 - 0.1072 3.7707 0.9881
990716 111.4397 - 0.0536 8.5370 0.9883
990810 128.8974 - 0.1013 2.5209 0.9959
990818 132.8764 - 0.1115 2.2533 0.9985
990825 113.3607 - 0.0510 5.1525 0.9947
990829 124.7006 - 0.0961 3.3541 0.9918
010813 117.4406 - 0.0676 4.4649 0.9978
010822 110.6117 - 0.0478 8.3786 0.9962
020820 115.8544 - 0.0621 4.9275 0.9945
030611 120.1986 - 0.0810 4.6045 0.9936
030726 134.9314 - 0.1266 2.3154 0.9916
Irregular combinations 890627 104.4533 - 0.0115 8.2093 0.9959
910709 107.9923 - 0.0226 5.4145 0.9986
910813 105.0444 - 0.0128 7.7289 0.9986
940616 104.2300 - 0.0139 13.9848 0.9900
990724 110.5012 - 0.0338 4.4399 0.9948
020718 109.3796 — 0.0342 3.8760 0.9867
020816 108.8338 - 0.0260 6.8252 0.9797
Single peak 970707 97.2154 0.0273 9.5015 0.9841
970715 96.6926 0.0254 181.5249 0.9735
010708 92.2389 0.0558 6.9155 0.9902
040721 80.5009 0.1046 4.2538 0.9897
040825 95.2292 0.0369 90.6748 0.9854
070726 96.1753 0.0296 8.0217 0.9827
020815 96.0838 0.0395 46.1163 0.9766

Physical meaning of SSD parameters

As shown in Fig. 7, the curves fall abruptly at point S/S_ =1; thus, S,
can be treated as a critical point and defined as the characteristic
sediment yield. Then, the meaning of parameter S_ can be explained
by the variation of S, with the S, ,, and o of the sediment transport
series. It can be seen from Figs. 12 and 13 that S_ increases positively
with S, and o for all three sediment transport patterns. Such sta-
tistical results clearly illustrate the physical meaning of parameter
S. which can broadly characterize the degree of fluctuation and
the maximum sediment transport capacity of a debris flow series.

It is evident that there are more surges with sediment yield below S,
(Ss<sc) in the debris flow event. For single-peak patterns in particular,
if we assume that there are t sediment yields that are less than param-
eter S, (Ss.g.) in a debris flow event, the percentage of T can be writ-
ten as N(§<S_) =t/N*100, where N(§<S_) accounts for 95-98% of the
total, i.e., much larger than that of the multiple-peak and combination
types. It is also worth noting that irrespective of the type of pattern, the
sediment contribution by surges with Sg_g. accounts for 55-80% of the
total sediment yield. This indicates that surges with S;_g are the main
contributors of sediment transport in debris flow events.
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Additionally, parameter B increases with N(S<S,) (Fig. 14), sug-
gesting that exponent f is related to surges in a series with sediment
yield of below S, (Ss.g.)- Taking S, as the representative magnitude of
a series, results show that the largest percentage of “small” surges (e.g.,
surges with Sg_g ) usually presents a high decay exponent a (Table 4).
Specifically, comparison of the three different pattern series of 040721,
910711, and 910813 (Fig. 4) reveals that they have the same decay char-
acteristics at the end of the surge series; however, 040721, with higher
values of B and N(S< S,) falls more steeply (Fig. 4).

The variation of SSD parameters reflects the different sediment trans-
port patterns and the magnitude of fluctuation in debris flow events. In
practice, B is positive for a single-peak pattern and negative for the other
two pattern types. Furthermore, the greater the percentage of “small”
surges, the bigger the value of exponent p and the higher the decay rate.
Conversely, S. defines the characteristic sediment yield that governs the
fluctuation and capacity of sediment transport. This means that p and
S, take the role of an integrated index that can describe the fluctuation
of sediment transport in a debris flow series. The uniform size frequency
distribution of sediment yield reflects the integrity and systematic nature
of debris flows. This integrity can result in a wide range of debris flow
surge evolution patterns in similar mountain watersheds, which results
in fluctuation of the sediment yield within debris flows.

Discussion and application

Effects of granular composition on sediment transport
Observations indicate that successive surges usually have different
densities and consist of different materials, meaning that they are
more likely to have emerged from different tributaries and sources.
More importantly, material composition plays an important role in
the activity of a debris flow (Li et al. 2005, 2007). Therefore, the con-
straints on sediment transport fluctuations imposed by flow density
and velocity (Fig. 6) can be attributed to grain composition.

The material comprising a debris flow satisfies the universal grain
size distribution of P(D) = CD ¥exp(— D/D,), and the grain composi-
tion is determined by the grain parameters y and D, (Li et al. 2013;
2017). Broadly, the value of y represents the porosity of a debris flow,
where a small value of y implies low porosity and possibly high excess
pore pressure in the debris flow, reflecting high mobility and high
transport capacity. A large value of D_ means a wide range of grain
composition in the debris flow (Li et al. 2013, 2017). Moreover, flow
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Table4 Sediment transport
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SSD parameters
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density p can be described by the parameters y and D, (Li et al. 2013),

o~ /fM,O' ~ DCN

and the power exponential relationship can be expressed as follows:

p~up~D>

Considering the relationship between flow density p and o
(Fig. 5), an approximate relationship between o and the parameters

pand D_ can be expressed as follows:

Fig. 14 B-N(S<S,) relationship
for debris flows in the JJG (5%
error line)
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This suggests that grain composition plays an important role

(9)

in the fluctuation of debris flow surges. Generally, the clay content
in high-density debris flow surges with 4 <o0.05,and D_~20 mm
is much greater than that of low-density debris flow surges with

0.05<p<o0.1and 2<D_ <15 mm (Li et al. 2013), which creates a
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Table 5 Parame}ters of . Hydrologic station SSD parameters

interannual sediment yield

series of different basin (from C B

1955 t0 1990) L
Wuding River Baijiachuan 85.08 112.56 - 0.0540 8.39 0.9844
Beiluohe River Liujiahe 64.05 129.89 - 0.0994 2.81 0.9911
Beiluohe River Jiakouhe 57.58 115.29 - 0.0957 13.57 0.9862
Weihe River Huaxian 63.44 135.15 - 0.1228 2.90 0.9937
Weihe River Xianyang 67.27 134.60 - 0.1207 2.85 0.9964
Jinghe River Zhangjiashan 59.40 11701 - 0.0881 10.43 0.9902
Yellow River Huayuankou 39.32 151.80 - 0.1972 28.01 0.9017
JIG J1G 131.48 101.70 - 0.0056 0.044 0.9814

strong internal structure, high yield stress, and high excess pore
pressure. It also leads to a larger content of coarse grains that par-
ticipate in the structure of the debris flow (Li et al. 2013) and show
strong carrying capacity of sediment. Data from JJG also show that
the sediment concentration of surges has a positive relationship
with parameter D, (Li et al. 2015). However, a process of paving the
gully bed occurs when high-density debris flow surges move, which
reduces the Manning coefficient of the gully bed by approximately
half (Du et al. 1987). Consequently, subsequent surges can main-
tain a state of high-velocity motion. With increase in flow velocity,
the turbulent motion of the fluid is enhanced, which increases the
quantity of coarse grains in suspension and increases the sedi-
ment transport capacity of the debris flow. However, debris floods
(density: 1.3-1.6 g/cm?) in a series have severe erosive effect on the
gully bed and roughen the active path in the process of movement,
thereby reducing the velocity of the debris flood surges and lower-
ing the sediment transport capacity and degree of fluctuation. Thus,
these two mechanisms explain the results shown in Figs. 5 and 6.

100° 0'0"E

Application of SSD in sediment transport in the Yellow
River Basin

Sediment transport by a river is more persistent and stable than
that by a debris flow, but river sediment still shows interannual
fluctuation. Irrespective of whether by debris flow in a small-scale
gully or by a large-scale river, sediment transport is the result of a
discontinuous and random supply of sediment material. Therefore,
it is a reasonable to suggest that the interannual variation of river
sediment is satisfied by the proposed SSD.

The following analysis considers the interannual sediment
transport of the Yellow River Basin (Fig. 15), and all observed
hydrological data (1955-1990) were obtained from the National
Earth System Data Sharing Infrastructure, National Science &
Technology Infrastructure of China (http://www.geodata.cn). For-
tunately, we found that the SSD is also applicable to the interan-
nual sediment transport series of rivers (Table 5, Fig.16), showing
dynamics similar to those of small watersheds. Generally, a debris
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flow gully can be regarded as a branched source structure of a
large river, with high soil activity and drastic sediment transport.
For example, the values of CV and B of JJG are both bigger than
those of rivers in the Yellow River Basin (Table 5), showing that the
variability of sediment transport by debris flows is greater than
that of rivers.

Spatially, different tributaries are at different stages of evo-
lution, which causes obvious differences in the fluctuation and
magnitude of the sediment transport process. Therefore, it is
more realistic to discuss the change of parameter f in relation
to different scales of the basin. It can be seen from Table 5 that
the values of CV and B decrease gradually from the tributaries to
the main channel, suggesting that the sediment transport process
gradually becomes more stable. The value of parameter B of both
the Jinghe River and the Beiluo River, which are secondary tribu-
taries of the Yellow River, is approximately — 0.09. However, the
value of parameter B of the Weihe River (a first tributary of the
Yellow River) is approximately — 0.12, and that of the main chan-
nel is — 0.1972. This shows that parameter B not only reflects the
spatial variation of sediment transport but also represents some
dynamic process of basin evolution.

In practice, the SSD parameters change with the distribution
of sediment yield; therefore, the total sediment yield (S,) can be
expressed by the SSD:

S, = / S, p(S)dS (11)

where S, is the sediment yield at size S and p(S) is the percentage.
Considering that S, varies with the p, v,and T of flows and is inde-
pendent of size S, we have the following:
S =S, /p(S)dS =S,,(1—-P(S)) (12)
where P(S) is the SSD function defined by Eq. (7). Then, the change
in sediment corresponds to the variation of § and S_. This means

that we can estimate the magnitude of the sediment in different
basins using the SSD parameters.

Conclusions

This study investigated the spatiotemporal variation of sediment
transport in terms of a debris flow surge series based on observa-
tional data. First, the fluctuation of sediment yield varies with the
progress of the series and finally decays in a power law. It follows
that some underlying system dynamics determine the process of
sediment transport. Second, the cumulative sediment yield of the
intermittent surges satisfies the unified sediment size distribution
P(S) = CS exp(—S/S,), with parameters § and S, describing the
sediment transport features of the surges. A large value of B implies
a greater percentage of “small” surges and a high decay property,
and a large value of S_ indicates a wide range of fluctuation and
high sediment transport capacity of debris flow events.

We determined the sediment size distribution of sediment
transport and preliminarily discussed the physical meaning of
parameters B and S.. For all drainage basins, the diversity of soil
sources and inhomogeneity of rainfall determine the random fluc-
tuations of intermittent surges, but the unified distribution reveals
the nonlinear dynamics of sediment transport. Further problems
exist concerning the findings, among which the most urgent are to
explore the universality of the SSD of sediments and to examine
the variation of parameters in the process of sediment transport
evolution based on observational data from drainage basins other
than the Yellow River. The findings would be expected to provide
further details regarding the dynamic characteristics of sediment
transport series.
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