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Abstract: In this study, the impacts of massive sediment input on channel geometry adjustment
were analyzed across decades based on the downstream hydraulic geometry. Massive amounts
of field data and evolution models showed that the alternation of degradation and aggradation in
short-to-medium-term channel adjustment is common in evolving rivers. This phenomenon has
always been challenging in research; most existing studies have focused on unidirectional adjustment
in short-term channel adjustment. A few studies have considered the alternation of degradation
and aggradation in short-to-medium-term channel adjustment, presuming that this phenomenon
is caused by water and sediment changes. However, we found that the alternations also occurred
under stable water and sediment transport in the North Fork Toutle River, southwestern Washington,
USA. This adjustment across decades was analyzed by downstream hydraulic geometry in this study.
It was concluded that the river consumes surplus energy to reach the optimal cross section through
this short-to-medium-term adjustment under stable water and sediment transport. The objective of
channel adjustment is minimal energy loss.

Keywords: sediment transport and morphology; downstream hydraulic geometry; extremal hypothesis;
maximum flow efficiency; principle of minimum potential energy; short to medium term

1. Introduction

Increases in sediment input may be triggered by landslide, debris flow, and volcanic
eruption [1,2]. Massive sediment input has a significant impact on rivers, with channels
often severely blocked up in the short term. However, channels undergo more complex
evolutionary processes in the short-to-medium-term. Researchers have summarized the
short-to-medium-term development of channel morphology for different disturbances
and proposed a six-stage model: pre-modified, constructed, degradation, degradation and
widening, aggradation and widening, and quasi-equilibrium [3,4]. Thereafter, the six-stage
model was developed by adding a pilot stage and transforming the previous model from
a linear relationship to a cyclic model [5]. Based on the common river evolution stage,
the river system under different conditions omits certain stages or cycles and returns to
previous stages, finally reaching equilibrium again. The developed model showed the
degradation and aggradation cycle in short-to-medium-term channel adjustment. Field
data and related research proved their models in different types of river systems [6,7]. The
rivers affected by massive sediment input also presented the same processes, as shown in
Figure 1 [8]. The alternation of degradation and aggradation in short- to-medium-term
adjustments was widespread during fluvial processes, even lasting for decades.
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Figure 1. Developed model for channel adjustment, affected by massive sediment input in the North 
Toutle River (NFTR) [8] (h is the bank height, and hc is the critical stability bank height). Stage 2 in 
the original SEM is omitted as it is not relevant to the evolution of the upper NFTR. ‘Anabranching’ 
is used instead of ‘anastomosing’ in stages 0 and 8 to better reflect the conditions in the NFTR. 

Many analyses and simulations can explain aggradation processes through sudden 
changes in sediment input [9–12]. However, the understanding of the alternation of deg-
radation and aggradation in the short-to-medium-term is not sufficient. Only a few stud-
ies have recognized the limitations of existing research, presenting a general framework 
and explaining the alternation of the aggradation and degradation phenomena through 
the fluctuation of discharge and sediment load [13,14]. 

It is reasonable that fluctuations in discharge and sediment load will cause changes 
in degradation and aggradation. In this study, the North Fork Toutle River’s (NFTR) dis-
turbance by the sudden and heavy input of sediments due to volcanic eruption has been 
analyzed. However, previous studies showed that the sediment input remained stable 
after five years of volcanic eruption [10,15], but the alternation of degradation and aggrad-
ation was still distinct and regular, even lasting for tens of years [8]. Therefore, the mech-
anism of the degradation and aggradation cycle is not clear in the NFTR. The NFTR has 
been surveyed for more than 30 years since the eruption on 18 May 1980, so there is a large 
amount of reliable data. Therefore, it presents an excellent opportunity for the study of 
channel adjustment. In this study, field data from the NFTR were analyzed, and down-
stream hydraulic geometry was employed to analyze the adjustment processes and ex-
plore the mechanism of short-to-medium-term channel adjustment under massive sedi-
ment input. 

2. Study Area 

Figure 1. Developed model for channel adjustment, affected by massive sediment input in the North
Toutle River (NFTR) [8] (h is the bank height, and hc is the critical stability bank height). Stage 2 in
the original SEM is omitted as it is not relevant to the evolution of the upper NFTR. ‘Anabranching’
is used instead of ‘anastomosing’ in stages 0 and 8 to better reflect the conditions in the NFTR.
Reprinted with permission from ref. [8]. Copyright 2021 John Wiley & Sons-Books.

Many analyses and simulations can explain aggradation processes through sudden
changes in sediment input [9–12]. However, the understanding of the alternation of
degradation and aggradation in the short-to-medium-term is not sufficient. Only a few
studies have recognized the limitations of existing research, presenting a general framework
and explaining the alternation of the aggradation and degradation phenomena through
the fluctuation of discharge and sediment load [13,14].

It is reasonable that fluctuations in discharge and sediment load will cause changes
in degradation and aggradation. In this study, the North Fork Toutle River’s (NFTR)
disturbance by the sudden and heavy input of sediments due to volcanic eruption has
been analyzed. However, previous studies showed that the sediment input remained
stable after five years of volcanic eruption [10,15], but the alternation of degradation and
aggradation was still distinct and regular, even lasting for tens of years [8]. Therefore,
the mechanism of the degradation and aggradation cycle is not clear in the NFTR. The
NFTR has been surveyed for more than 30 years since the eruption on 18 May 1980, so
there is a large amount of reliable data. Therefore, it presents an excellent opportunity for
the study of channel adjustment. In this study, field data from the NFTR were analyzed,
and downstream hydraulic geometry was employed to analyze the adjustment processes
and explore the mechanism of short-to-medium-term channel adjustment under massive
sediment input.
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2. Study Area

The eruption of Mount St. Helens on 18 May 1980 was one of the largest volcanic
eruptions that occurred in the 20th century. The North Fork Toutle River (NFTR), which
originates from the volcano, was extremely affected. Areas 27.4 km upstream of the
NFTR were buried under an avalanche of debris with a volume of 2.5 km3. The thickness
of the debris that buried the area exceeded 140 m, with an average of approximately
40 m [10]. Considering the presence of loose and erodible avalanche debris, severe damage
to vegetation, and the impact of volcanic ash and other factors, the sediment volume
increase in the NFTR basin is considerable. At the beginning of the volcanic eruption, the
sediment erosion rate reached 130,000 t/(km2/year), representing one of the highest rates
of sediment erosion to have ever occurred worldwide [16,17]. This remarkable increase in
sediment supply has become a major problem for the NFTR since the volcanic eruption.

Several hydrological stations are present in the NFTR, and the studied cross sec-
tions are characterized by a river length of approximately 33 km; study cross sections
NF105–NF375 are arranged from upstream to downstream. Cross sections NF105–130 are
located at the most upstream area of the NFTR, belonging to the river’s source region.
Valleys NF300–NF320 are narrow and widen at cross section NF345. Therefore, cross
sections NF300–NF320 and NF345–NF375 belong to a narrow valley region and wide valley
region, respectively (Figure 2). In the downstream area near cross section NF130, two
tributaries (Castle Creek and Coldwater Creek) merge into the NFTR (Figure 2); no branch
inflow is present between NF130 and the sediment retention structure (SRS). The end of
the volcanic collapse accumulation area is located downstream of cross section NF375. All
cross sections have been affected by the volcanic collapse [18]. To control sediments in the
upper reaches of the NFTR and ensure the safety of the downstream channel and flood
control, temporary Debris Retaining Structures (DRS) were constructed on the North Fork
Toutle River. A larger DRS-N1, with a capacity of 4.6 million m3, was built in 1980 at the
toe of the debris avalanche deposit on the NFTR (Figure 2b). The DRSs were, however, only
ever intended to provide a temporary solution and quickly filled to capacity. In September
1981, DRS N-1 was also largely buried and was no longer functional [15]. Then, the U.S.
Army Corps of Engineers built an SRS in 1987. As shown in Figure 2, the studied cross
sections are far from the backwater region of the SRS; thus, they have been unaffected by
this structure [19].

In this study, the channel adjustment of the NFTR was analyzed, and the aspect ratio
and channel slope in a stable state were calculated by downstream hydraulic geometry. The
measured data of topography in the channel adjustment analysis were from [8,14] and/or
provided by Zheng S. in personal communication. The data covered 11 cross sections
(NF105–NF375 in Figure 2) from 1980 to 2016. The measured data of discharge, sediment
flux, and bed material are needed in downstream hydraulic geometry. The discharge was
derived from the flow series developed in [20]. The annual sediment transport and bed
material were derived from [10]; the measured data covered the sediment flux from 1980 to
1992 and the bed material of six cross sections in 1980 and 1991.
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Figure 2. Study area: (a) study channel and cross sections and (b) Toutle River Basin [8]. 
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In some cases, the rivers are subjected to violent and transient disturbances, but the 

time of channel adjustment may extend to decades or centuries. In this study, through the 
calculation of the geometry of the stable channel, the channel evolutionary processes in 
short-to-medium-term adjustment were analyzed. 

The downstream hydraulic geometry provides a means for calculating the geometry 
and hydraulic variables of a stable channel. In the previous study, the downstream hy-
draulic geometry solution was usually obtained by the three basic flow relationships: flow 
continuity, flow resistance, and sediment flux. The flow continuity is expressed as follows: 𝑄 = 𝑊𝐷𝑉 (1)

where W, D, V, and Q are the flow width (m), flow depth (m), flow velocity (m/s), and 
discharge (m(/s), respectively. 
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boundary on the flow. The Manning-Strickler flow equation, as the most common equa-
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Figure 2. Study area: (a) study channel and cross sections and (b) Toutle River Basin [8]. Reprinted with permission from
ref. [8]. Copyright 2021 John Wiley & Sons-Books.

3. Methodology

In some cases, the rivers are subjected to violent and transient disturbances, but the
time of channel adjustment may extend to decades or centuries. In this study, through the
calculation of the geometry of the stable channel, the channel evolutionary processes in
short-to-medium-term adjustment were analyzed.

The downstream hydraulic geometry provides a means for calculating the geometry
and hydraulic variables of a stable channel. In the previous study, the downstream hy-
draulic geometry solution was usually obtained by the three basic flow relationships: flow
continuity, flow resistance, and sediment flux. The flow continuity is expressed as follows:

Q = WDV (1)

where W, D, V, and Q are the flow width (m), flow depth (m), flow velocity (m/s), and
discharge (m(/s), respectively.

The flow resistance relationship is used to quantify the resistance of the channel
boundary on the flow. The Manning-Strickler flow equation, as the most common equation,
has the form:

V = 7.68(
R
d
)

1/6√
gRS (2)

where g, R, d, and S are the gravity constant, hydraulic radius, the representative sediment
size (mm), and channel slope, respectively.

The sediment flux relationship is commonly written as follows:

Qs/W = cb(τ0 − τc)
α (3)

where Qs, τ0, τc, and cb are the sediment flux (m3/s), shear stress, critical shear stress, and
a coefficient related to sediment size, respectively. Among them, τ0 = γRS; γ is the bulk
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density of water. The following values of α, τc, and cd are suggested: α = 1.5, τc = 0.047,
cd = 4.93 [21].

Combining Equations (1)–(3), the following relationship is obtained:

Qs = K1ξ3/8(ξ + 2)1/4

[
K2

ξ3/8

(ξ + 2)3/4 − K3

]1.5

(4)

where the coefficients K1, K2, and K3 are defined as follows:

K1 = 4.93
√
(ρS/ρ− 1)gd25/16

(
Q

7.68
√

gS

)3/8

K2 =
S13/16

(ρS/ρ− 1)d15/16

(
Q

7.68
√

g

)3/8
(5)

K3 = 0.047

where ξ is the aspect ratio (W/D), ρs is the sediment density, and ρ is the density of water.
The detailed derivations can be found in [22].

The channel geometry under equilibrium water and sediment transport can be calcu-
lated by Equation (4) with known values of Q, Qs, and d. As shown in Equation (4), the
channel geometry under equilibrium water and sediment transport is not a fixed value; it
is a relationship between the aspect ratio and channel slope, as shown in Figure 3.
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Figure 3. Plot of energy slope vs. aspect ratio for hydraulic geometry with constant Q, Qs, and d.

The curve in Figure 3 shows all of the channel geometries that satisfy the equilibrium
water and sediment transport with given values of Q and Qs. However, it is still unable to
give the fixed solution of the channel in stable state. Therefore, researchers have proposed
multiple extremal hypotheses. All of these hypotheses indicate that the channel attains
stability at the extreme point of the relationship curve (Figure 3). The extremal hypotheses
have been explained through the energy theory [23,24]. This states that the equilibrium
condition should satisfy the conditions for equilibrium water and sediment transport.
Hence, a channel in equilibrium must provide the kinetic energy that is necessary for water
and sediment transport. Except for the point where energy (energy slope) reaches the
lowest level (Figure 3), the other points on the curve have potential energy. In any system,
the existence of potential energy renders the system unstable; therefore, the channel reaches
the equilibrium state only at the extremal point with zero potential energy.
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In summary, Equation (4) can be used to calculate all of the channel geometries that
meet the equilibrium of water and sediment transport with given values of Q, Qs, and d
(the calculated curve in Figure 3). The channel geometry in a stable state is at the extreme
point of the calculated curve in Figure 3. In this study, hydraulic geometry has been used
to calculate the channel geometries under water and sediment transport and the stable
state. The calculation results have been compared with the measured data to analyze the
adjustment over decades.

4. Results and Discussion
4.1. Runoff and Sediment Flux

Given that the study area has been seriously affected by the volcanic collapse, the
sediment supply has considerably increased, significantly affecting the channel and flood
control safety of downstream reaches. Accordingly, several prediction studies and obser-
vations relative to sediment transport have been conducted; two representative studies
have been selected in Figure 4 [10,15]. In addition, the bed material has changed a lot.
The particle size of the debris avalanche is usually less than 1 mm. The debris avalanche
covering the channel significantly reduced the particle size of the bed material. Thereafter,
the particle size of bed material was coarser due to the water sorting. Table 1 shows the
particle size of bed material sampled through the pebble-count method [10].
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Figure 4. Sediment flux in NFTR. (a) Measured sediment flux [10]; (b) predicted cumulative sedi-
ment yield (dashed lines refer to 1999 and 2035) [15]. 

Table 1. Particle size of sampled bed material [10]. 
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NF350 19.57 0.53 32.0 Aggradation 
NF375 24.73 - - Aggradation 

The climate in the NFTR basin is characterized by cool and wet winters and warm 
and dry summers. Seasonal hydrological characteristics are dominated by long-term, low-
intensity rainfall in autumn and winter, combined with the effects of spring snowmelt 
[25]. The developed NFTR flow series for the upstream area of the SRS is shown in Figure 
5 [20]. 

Figure 4. Sediment flux in NFTR. (a) Measured sediment flux [10]; (b) predicted cumulative sediment
yield (dashed lines refer to 1999 and 2035) [15].

Table 1. Particle size of sampled bed material [10].

Site Distance from
NF105 (km)

1980
D50 (mm)

1991–1992
D50 (mm)

Initial Vertical
Adjustment

NF105 0 - - Degradation
NF110 1.42 - - Degradation
NF120 4.63 0.9 15.6 Degradation
NF125 5.53 - - Degradation
NF130 7.59 0.9 25.9 Degradation
NF300 10.87 - - Degradation
NF310 14.04 0.53 16.0 Degradation
NF320 15.99 0.53 50.2 Degradation
NF345 19.07 0.53 28.1 Aggradation
NF350 19.57 0.53 32.0 Aggradation
NF375 24.73 - - Aggradation

The climate in the NFTR basin is characterized by cool and wet winters and warm
and dry summers. Seasonal hydrological characteristics are dominated by long-term, low-
intensity rainfall in autumn and winter, combined with the effects of spring snowmelt [25].
The developed NFTR flow series for the upstream area of the SRS is shown in Figure 5 [20].
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Figure 5. Flow series developed for upper NFTR at SRS [20].

As shown in Figure 4, at the beginning of the volcanic eruption, the sediment load was
at the maximum level. In 1980–1985, the sediment load rapidly decreased; after 1985, the
sediment load was basically stable. Under the existing conditions, this load is expected to
remain unchanged for many years. Table 1 shows the bed materials obviously roughening
after 1980. Figure 5 shows that three flood events occurred in 1982, 1996, and 2006. The 1982
event was caused by multiple factors, including pumping from Spirit Lake, the breakout
of debris-dammed lakes, a lahar, and a rainstorm. On 8 February 1996, the mean daily
discharge peaked at 318 m3/s, which is the record flood of the last 35 years. In 2006, a
smaller flood and debris flow in the upstream tributaries resulted in a peak daily flow of
198 m3/s. However, except for these three, the NFTR discharge presents a seasonal annual
distribution without any distinct trend over the years. The influences of those three flood
events on the channel adjustment has been estimated later. In summary, the discharge has
no characteristic trend, and the sediment load has remained stable after 1985. In 1980–1985,
the channel was of non-equilibrium water and sediment transport; thereafter, equilibrium
water and sediment transport were achieved.

4.2. Vertical Morphological Adjustments

After the eruption of Mount St. Helens on 18 May 1980, the upstream of the NFTR
was buried under a debris avalanche, which increased the channel slope. Figure 6 shows
the adjustment of the averaged measured slope between sections N120 and N375 from
the measured thalweg elevation of each cross section. At the beginning of the volcanic
eruption, the initial average slope was steep because of the influence of volcanic collapse
accumulation, as shown in Figure 6. After 1985, the measured slope remained stable.
Combined analysis of discharge and sediment load showed that the channel reached the
equilibrium water and sediment transport after 1985. At the same time, the measured
average slope was basically stable.

Figure 7 shows the elevation changes from 1980 level in the NFTR. As shown in
Figure 7, in the first few years of the volcanic eruption, the upper and middle sections
of the study area began to degrade, and the downstream began to aggrade (Figure 7a);
cross sections NF105–NF320 experienced degradation, and cross sections NF345–NF375
experienced aggradation in 1980–1985 (Figure 7b). In this way, the channel slope decreased.
However, although the channel met the equilibrium water and sediment transport, and the
channel slope was around stable after 1985, alternation of degradation and aggradation
still occurred over the decades. As shown in Figure 7b, all of the cross sections alternated
between degradation and aggradation after 1985; the scales of those adjustments were
over 5 m. Figures 6 and 7 also show that there were no significant changes in the channel
slope and the trends of elevation changes for each cross section in 1982, 1996, and 2006.
Therefore, the flood events in 1982, 1996, and 2006 had no significant effects on the channel
adjustment.
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Figure 7. Elevation changes from the 1980-level in the NFTR. (a) Elevation changes along the channel
since 1980; (b) elevation changes from 1980 for cross sections NF105–NF375.

Figure 8 shows the time series of profiles for cross sections. As shown in Figure 8, each
cross section still had a large adjustment. Cross section NF110 experienced degradation
from 1980 to 1984, then aggradation from 1984 to 1998, and a return to degradation until
2016; cross section NF130 experienced degradation from 1980 to 1983, then aggradation
from 1983 to 1987, and a return to degradation until 2007; cross section NF320 experienced
degradation from 1980 to 1987, then aggradation from 1987 to 1990, and a return to
degradation until 2011; cross section NF345 experienced aggradation from 1980 to 1985,
then degradation from 1985 to 1990, and a return to degradation until 2009.

4.3. Application of the Downstream Hydraulic Geometry to Channel Adjustment Processes

As mentioned above, the channel in the study area had equilibrium water and sedi-
ment transport after 1985, and the channel slope was close to stable. However, the channel
morphology still experienced large-scale changes over the decades. In this chapter, the
downstream hydraulic geometry has been used to calculate the channel geometries under
equilibrium water and sediment transport and also the channel geometry in a final stable
state. The calculation results will be compared with the measured data to explore the
channel adjustment under water and sediment transport after 1985.



Water 2021, 13, 2802 9 of 13
Water 2021, 13, 2802 9 of 13 
 

 

0 50 100 150 200 250

860

870

880

890

900

El
ev

at
io

n 
(m

 a
.s

.l.
)

Distance from the left monument (m)

 1983
 1984
 1987
 1998
 2016

NF110
0 50 100 150 200 250 300

680

690

700

710

720

730

740

El
ev

at
io

n 
(m

 a
.s

.l.
)

Distance from the left monument (m)

 1981
 1983
 1985
 1987
 1998
 2007

NF130

 

700 800 900 1000 1100 1200 1300
500

510

520

530

540

550

560

570

580

590

600

610

El
ev

at
io

n 
(m

 a
.s

.l.
)

Distance from the left monument (m)

 1981
 1983
 1985
 1987
 1990
 2011

NF320
470

480

490

500

El
ev

at
io

n 
(m

)

Distance from the left monument (m)

 1981
 1985
 1990
 1992
 2009

NF345
－200 －100      0      100     200    300     400    500     600    700    800

 
Figure 8. Time series of profiles for cross sections. 

4.3. Application of the Downstream Hydraulic Geometry to Channel Adjustment Processes 
As mentioned above, the channel in the study area had equilibrium water and sedi-

ment transport after 1985, and the channel slope was close to stable. However, the channel 
morphology still experienced large-scale changes over the decades. In this chapter, the 
downstream hydraulic geometry has been used to calculate the channel geometries under 
equilibrium water and sediment transport and also the channel geometry in a final stable 
state. The calculation results will be compared with the measured data to explore the 
channel adjustment under water and sediment transport after 1985. 

Equation (4) can be used to obtain the relationship between the aspect ratio and chan-
nel slope under equilibrium water and sediment transport, with known discharge, sedi-
ment flux, and bed material. Besides those three inputs, many boundary conditions, such 
as the geological structure of the substrate and the presence of bars and inlands separating 
the channels, also limit the channel adjustment [26–28]. In the study area, there was a 
gravel-bed river, featuring a predominantly meandering channel, with a well-developed 
pool–riffle bedform, prior to the 1980 eruption [17]. Following the eruption, the channel 
reformed with the debris–avalanche deposit under the action of surface runoff [18,20]. 
Therefore, those boundary conditions have less impact in the NFTR, and the channel ad-
justment met the hydraulic dominant. Q1 discharge (discharge that is equaled or exceeded 
1% of the time) has been suggested as a representative measure of discharge, because tem-
poral changes in hydraulic characteristics of the Q1 discharge reflect changes in bed ele-
vation and active-channel width in the NFTR [10]. The Q1 discharge is about five times 
the mean annual flow at the Kid Valley gauging station. We also chose the Q1 of the de-
veloped flow series in Figure 5 as the representative discharge in calculation. The sedi-
ment flux was another input in Equation (4). For a gravel-bed stream, the bed load was 
generally chosen as the input. However, the suspended load and wash load accounted for 
a considerable fraction of the total load in the NFTR. Despite this, the grain size after 1985 
(Table 1) shows that the particle size of the bed material (tens of mm) was much greater 
than the suspended load and wash load (<2 mm), so the suspended load and wash load 

Figure 8. Time series of profiles for cross sections.

Equation (4) can be used to obtain the relationship between the aspect ratio and
channel slope under equilibrium water and sediment transport, with known discharge,
sediment flux, and bed material. Besides those three inputs, many boundary conditions,
such as the geological structure of the substrate and the presence of bars and inlands sepa-
rating the channels, also limit the channel adjustment [26–28]. In the study area, there was
a gravel-bed river, featuring a predominantly meandering channel, with a well-developed
pool–riffle bedform, prior to the 1980 eruption [17]. Following the eruption, the channel
reformed with the debris–avalanche deposit under the action of surface runoff [18,20].
Therefore, those boundary conditions have less impact in the NFTR, and the channel adjust-
ment met the hydraulic dominant. Q1 discharge (discharge that is equaled or exceeded 1%
of the time) has been suggested as a representative measure of discharge, because temporal
changes in hydraulic characteristics of the Q1 discharge reflect changes in bed elevation
and active-channel width in the NFTR [10]. The Q1 discharge is about five times the mean
annual flow at the Kid Valley gauging station. We also chose the Q1 of the developed flow
series in Figure 5 as the representative discharge in calculation. The sediment flux was
another input in Equation (4). For a gravel-bed stream, the bed load was generally chosen
as the input. However, the suspended load and wash load accounted for a considerable
fraction of the total load in the NFTR. Despite this, the grain size after 1985 (Table 1) shows
that the particle size of the bed material (tens of mm) was much greater than the suspended
load and wash load (<2 mm), so the suspended load and wash load have a relatively small
impact on the riverbed adjustment. Therefore, the bed load was chosen in the calculation.
The annual bed load transport after 1985 is shown in Figure 4a. We chose the average
sediment transport between 1985 and 1992 as the representative sediment flux in the calcu-
lation. The average bed material of each cross section in 1991–1992 (shown in Table 1) was
chosen for the calculation. Substituting the above data into Equation (4), we see that all of
the channel geometries meet the conditions of equilibrium water and sediment transport
shown in the calculated curve in Figure 9. Channel geometry is an approximation that
involves uncertainty; therefore, the use of the results without an evaluation of uncertainty
is irresponsible. An uncertainty analysis was conducted with the variability of the bed-load
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transport and the particle size of the bed. The uncertainty in the bed-load transport was
found to be ±15% (Figure 4), while the uncertainty in the particle size of bed material was
±40% (Table 1). The reliability band is also shown in Figure 9. The stable state of channel
geometry is at the extreme point on the curve.
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Figure 9. The calculation results and reliability band of Equation (4) compared with the measured
data.

In Figure 9, the measured data are the geometries of the main channel in cross sections
NF105–NF320 at different times after 1985. The aspect ratio of the main channel in the
aggradation reach (NF345–NF375) was difficult to obtain due to the channel experiencing a
complex flat adjustment (Figure 8). The calculated curve and reliability band were well
fitted to the measured data, so the channel adjustment was basically along the calculated
curve under equilibrium water and sediment transport after 1985. As shown in Figure 9,
the channel achieved a stable state when the aspect ratio was 31 and the channel slope was
0.0201. The channel was adjusted around the extreme point along the calculated curve.
The error bar of the extreme point in Figure 9 shows that the stable slope ranged from
0.017 to 0.023 (±15%); the stable aspect ratio ranged from 19 to 43 (±35%). However, the
channel adjustment was much greater than the variation of the stable aspect ratio. The
change amplitude of the aspect ratio was between 10 and 100, and this change amplitude
will have caused severe adjustment of geometries of cross sections.

The extremal hypothesis has already been proven [23,24]. The field study in the NFTR
also verified the extremal hypothesis [10]. Therefore, the channel will adjust to the extreme
point. Figure 10 shows the time series of channel geometries for the researched cross
sections. The calculated stable state (extremal point) for NF105–NF375 shown in Figure 9
is also presented. As shown in Figure 10, the channel adjustments continued after 1985,
and these adjustments were not random; the aspect ratio had periodic adjustments with
the channel slope along the calculated curve, and the aspect ratio continued to alternate
between increasing and decreasing. The channel geometries of cross sections NF120, NF130,
and NF300 were periodically adjusted around the extremal point along the calculated curve.
The stable state was calculated by the mean discharge, particle size, and sediment flux of
NF105–NF375. Therefore, there was a difference in different cross sections. The aspect
ratios of cross section NF310 were larger than the calculated stable state, but the channel
geometries of NF310 were also periodically adjusted along the calculated curve in a range.
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etries for NF130 from 1981 to 2007; (c) time series of channel geometries for NF300 from 1981 to 
2009; (d) time series of channel geometries for NF310 from 1981 to 2009. 
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adjustments were still continuing. The extremal hypothesis was regarded as implying 
that, except for the extremal point on the calculated curve, the remaining points on the 
curve have potential energy. For a system, the existence of potential energy makes the 
system not in a stable state. Therefore, the channel will adjust toward the extremal point. 
In this study, it has been shown that the channel adjustment does not directly arrive at the 
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Figure 10. Time series of channel geometries for cross sections NF120, NF130, NF300, and NF310.
(a) Time series of channel geometries for NF120 from 1981 to 1998; (b) time series of channel
geometries for NF130 from 1981 to 2007; (c) time series of channel geometries for NF300 from 1981 to
2009; (d) time series of channel geometries for NF310 from 1981 to 2009.

Figures 9 and 10 show the cross-section adjustments when the channel met equilib-
rium water and sediment transport. Some researchers believe that the channel can stay
stable once the channel meets equilibrium water and sediment transport, such that the
extremal hypothesis is not a necessary condition [29,30]. However, in this study, the chan-
nel could not stay stable when the channel met equilibrium water and sediment transport;
adjustments were still continuing. The extremal hypothesis was regarded as implying that,
except for the extremal point on the calculated curve, the remaining points on the curve
have potential energy. For a system, the existence of potential energy makes the system not
in a stable state. Therefore, the channel will adjust toward the extremal point. In this study,
it has been shown that the channel adjustment does not directly arrive at the extremal point
during the processes of channel adjusting. As shown in Figure 10, the channel did not
immediately stop adjustments when the channel geometry arrived at the extremal point
but continued to periodically adjust around the extremal point along the calculated curve.
The aspect ratio increased and decreased periodically; the channel slope was also adjusted
in a small range.

The adjustment processes in Figure 10 are similar to the ball rolling on the calculated
curve. As shown in Figure 11, the ball will move to the extremal point under the action
of potential energy when the ball is located at any point on the curve except the extremal
point. However, after the ball reaches the extremal point, it will not stop immediately, but
it continues moving due to the excessive compensation of potential energy. The potential
energy continues to be consumed during the processes of periodic moving, and eventually,
it stops at the extremal point. In the similar adjustment of channel, the aspect ratio continues
to change. The aspect ratio increases stand for the channel widening and aggradation;
the aspect ratio decreases stand for the channel narrowing and degradation. Therefore,
the channel will still experience alternations of degradation and aggradation, and this
adjustment may even last for decades.
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5. Conclusions

This study has analyzed the runoff and sediment flux, vertical morphological ad-
justments, and channel adjustment processes in the NFTR over decades. The adjustment
processes were analyzed based on the downstream hydraulic geometry. The extremal point
of the channel in a stable state and the calculated curve of channel under equilibrium water
and sediment transport were calculated. We showed that the channel met equilibrium
water and sediment transport after 1985; channel adjustments after 1985 in the NFTR were
basically around the extremal point along the calculated curve. The adjustment processes
were significant and periodic. It has been presumed that morphological adjustments con-
tinued even when the channel met the equilibrium water and sediment transport. A new
mechanism for short-to-medium-term channel adjustments after a violent disturbance has
been proposed in this study. These adjustment processes are regarded as the processes by
which a river consumes surplus energy to reach the stable state. In these processes, the
alternations of degradation and aggradation occurred.
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