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Abstract River longitudinal profile, a key morphological characteristic of the river channel, is subject to
river mouth progradation. Given the increasing influence of human activities and climate change on this
critical downstream control, understanding its effects on the evolution of the longitudinal profile is
imperative. A general theoretical framework is proposed to quantify the relevant effects, which is tested by
numerical experiment and compared with field, numerical and laboratory data from the literature. The
results suggest the existence of a critical ratio of accommodation space to sediment supply of approximately
0.5, above which the typical concave upward profile tends to form. Further analyses show that sea level
rise tends to increase the concavity of the longitudinal profile of a river with a relatively low equilibrium bed
slope and progradation rate.

Plain Language Summary As a key feature of a river, the bed level along the river, i.e., the
river longitudinal profile, affects flooding, navigation, etc., and thus greatly influences human societies
and natural ecosystems. However, the effects of the seaward progradation of a river mouth on the
evolution of the river longitudinal profile are still unclear. Given the increasing influence of human
activities and climate change on this critical downstream control, understanding these effects becomes
imperative. A new theoretical framework incorporating the effects of river mouth progradation on the
evolution of a river longitudinal profile is developed and tested by numerical experiments, field
observations, and numerical and laboratory data from the literature. The results show that the seaward
progradation of a river mouth could potentially lead to the formation of a concave river longitudinal
profile. Specifically, we found that there exists a critical condition in which the sediment supply is
insufficient to balance the seaward progradation of the river mouth, causing the typical concave upward
longitudinal profile to form. The proposed theoretical framework further suggests that sea level rise
tends to increase the concavity of the longitudinal profile for river with a relatively low equilibrium bed
slope and progradation rate.

1. Introduction

The morphological evolution of river channels affects river flooding and navigation and thus plays a vital
role in both human society and fluvial ecosystems (Best, 2019; Stihly et al., 2019; Wohl et al., 2015). As
one of the key morphological characteristics of a river channel, the curvature of its longitudinal profile influ-
ences important processes, such as channel avulsion (Chadwick et al., 2019) and sediment delivery in deltaic
systems (Bijkerk et al., 2016), and therefore has been extensively studied (Blom et al., 2016; Bolla Pittaluga
et al., 2014; Ferrer-Boix et al., 2016). It is well known that the evolution of a river longitudinal profile is sub-
ject to both upstream boundary conditions, including river discharge and sediment load (Blom et al., 2017;
Bolla Pittaluga et al., 2014; Chatanantavet et al., 2012; Fasolato et al., 2009; Zaprowski et al., 2005), and
downstream controls, including river mouth progradation and sea level rise (Blum & Tornqvist, 2000;
Fagherazzi et al., 2015; Muto & Swenson, 2005; Swenson, 2005; Wu et al., 2020). Given the increasing inter-
vention of human activities and climate change in the progradation of river mouths (Besset et al., 2019;
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Figure 1. (a) Schematic of the evolution of a river profile under the progradation of the river mouth. (b) Schematic of the
normalized bed difference, ¢, proposed in this study, as well as the fill percentage, FP, and slope percentage, SP,
of the river profile proposed by Bijkerk et al. (2016).

Gao et al., 2019), understanding its effects on the evolution of rivers, particularly the change in the
longitudinal profile curvature, becomes imperative.

The intrinsic characteristic of a river channel is to evolve toward an equilibrium longitudinal profile, i.e., one
with an equilibrium bed slope that allows the river channel to transport exactly the sediment load supplied
from the upstream (Chang, 1986; Jansen et al., 1979; Mackin, 1948; Nones et al., 2019). The equilibrium
longitudinal profile typically exhibits a concave form in reality, which could result from various mechanisms
causing the downstream decrease in the equilibrium bed slope, such as downstream fining due to abrasion
and selective transport of sediment (e.g., Blom et al., 2016; Paola et al., 1992b), tributary (e.g., Sinha &
Parker, 1996), and variation in channel width (e.g., Ferrer-Boix et al., 2016; Li et al., 2014). Dating back to
Mackin's (1948) definition on the grade profile (i.e., the equilibrium profile), previous studies including
those mentioned above focused primarily on the concavity of the river profile at its equilibrium state, which
explicitly or implicitly assumed that the river profile can eventually attain an equilibrium profile (Muto &
Swenson, 2005; Nones et al., 2019).

However, when downstream controls are considered, river mouth progradation and sea level rise will lead to
the continuous aggradation of the riverbed to approach a new equilibrium profile and thus maintain the
sediment transport capacity (Muto & Swenson, 2005; Schumm, 1993; Wang et al., 2019). In such cases,
the assumption of attaining an equilibrium profile may not hold for the lower river section, as suggested
by some previous experimental and numerical studies (Muto & Swenson, 2005; Sinha & Parker, 1996; Wu
& Nittrouer, 2020) that river mouth progradation and sea level rise could prevent river profile from attaining
the equilibrium profile, and instead a concave profile (Figure 1a) forms as a transient state (Chang, 1986;
Muto & Swenson, 2005; Nones et al., 2019). Although the nearshore water depth and the progradation rate
of the river mouth are considered the first-order controls on the attainment of the equilibrium river profile
(Bijkerk et al., 2016; Wang et al., 2019; Wu & Nittrouer, 2020), its actual development essentially depends on
the infilling of the accommodation space between the initial and equilibrium profiles (i.e., the “prograda-
tion-induced accommodation space” in this study). The infilling of the accommodation space is further dic-
tated by the interplay between the sediment supply and the generation of accommodation space (Coe
et al., 2003; Di Silvio & Nones, 2014; Muto & Steel, 1997), the processes of which still remains largely unclear.

To address this gap, a general theoretical framework is proposed in this study to investigate when and how
river mouth progradation can keep the river channel from attaining an equilibrium profile and therefore
result in a transient concave profile (section 2). We further test the framework using numerical experiments
(sections 3, 4.1, and 4.2) as well as field, numerical, and laboratory data from the literature (section 4.3).
Further applications of the theoretical framework to analyze the potential impacts of sea level rise and long-
itudinally increasing river discharge mimicking the lateral water input from hillslopes, ground water, and
tributaries are also discussed (sections 4.4 and 4.5).

2. Theoretical Framework

To derive a theoretical framework for analyzing the evolution of a longitudinal profile under river mouth
progradation, we only include the essential physical processes for simplicity (Paola & Leeder, 2011).
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We consider a lower reach of the river without tributaries where the river width is fixed and downstream
fining is negligible, as commonly assumed in previous studies (An et al., 2018; Chadwick et al., 2020;
Moodie et al., 2019), which results in a quasilinear profile for the equilibrium form (Figure 1a). However,
these assumptions can be relaxed, and analysis incorporating other coexisting factors can be performed
using the same theoretical framework as demonstrated in an example in section 4.5. As shown in
Figure 1a, an initial river profile (solid yellow line) in an equilibrium form tends to evolve toward a new equi-
librium profile (dashed yellow line) due to the progradation of the river mouth, which allows the river chan-
nel to remain the sediment transport capacity (Muto & Swenson, 2005; Schumm, 1993). As such, a
progradation-induced accommodation space between the initial and new equilibrium profiles (the shaded
area in Figure 1a), i.e., a nonmarine accommodation space, is created (Di Silvio & Nones, 2014; Muto &
Steel, 2000; Posamentier & Vail, 1988; Schumm, 1993), which is to be filled to attain the new equilibrium
profile depending on how much sediment deposits in the river channel (Di Silvio & Nones, 2014). The infill-
ing of the accommodation space therefore can be quantified by a ratio of the accommodation space to the
potential maximum river channel deposit volume in the nondimensional form, which is typically called
the A/S ratio (Coe et al., 2003; Huerta et al., 2011; Muto & Steel, 1997; Nichols, 1989).

As shown in Figure 1a, the accommodation space per unit width A can be written as

1 20+dL
"2 cosB

-dL - sin © (1)

where L (m) is the characteristic river length and 0 is the angle between the equilibrium riverbed and the
horizontal plane. The expansion of Equation 1 and omission of the second-order infinitesimal term lead to

A = BL%,dt ()

where 8 = (dL/df)/L (s™%) is the progradation rate of the river mouth normalized by L,  (s) is time, and
i, = tan 6 is the equilibrium bed slope (see Wang et al., 2008, for a detailed derivation).

The potential maximum river channel deposit volume per unit width, V;, equals the sediment supplied at the
upstream boundary:

950
Ve=1I¢- dt 3
s f 1—21 ( )
where gy (m?/s) is the specific sediment load at the upstream boundary, 1 is porosity, and Iris the flood
intermittency factor (Miller et al., 2019). The A/S ratio thus can be written as

(1-2) - pL?,

4
If "y

A
AlS=2=
/ V.

Therefore, we hypothesize that the river profile could attain a new quasilinear equilibrium profile in this
study when the river channel deposits are likely to fill the accommodation space, i.e., A/S < 1, such as the
lower reach of the Yellow River in China, which is subject to high fluvial sediment input and fast prograding
(see section 4.3). Otherwise, the river channel cannot obtain the equilibrium profile due to the shortage of
sediment required to infill the accommodation space, resulting in a concave profile in this study, such as
the Patuka River in Honduras, which is subject to limited fluvial sediment load and yet exhibits significant
progradation rate due to alongshore sediment load (Nienhuis et al., 2016).

In this study, the normalized bed difference, ¢ = An/(1,,, — n4), Was proposed as a proxy to quantify the
concavity of the river profile (Figure 1b). The bed level difference between the equilibrium (quasilinear) pro-
file and the evolving concave profile at the midpoint of the river length Ay is equal to (,, + 14)/2 — 9, Where
Nu> N and 1y are the bed levels at the upstream boundary, the midpoint of the river length, and the down-
stream boundary, respectively. The fill percentage (FP) and slope percentage (SP) of the river profile
proposed by Bijkerk et al. (2016) were also calculated in this study (Figure 1b). Following Bijkerk et al. (2016),
FP=AI1/(Al1 + A2)and SP = A1/(Al + A2 + A3), where A1 is the area between the horizontal plane at the
river mouth and the concave profile, A2 is the area between the concave profile and the average profile
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(dashed black line in Figure 1b), and A3 is the area between the average profile and the new equilibrium pro-
file. Given the definitions provided in this study, the concavity of the river profile increases with increasing ¢
and decreasing FP and SP. When ¢ equals zero and FP and SP equal unity, the river profile attains an equili-
brium (quasilinear) form.

3. Development of Numerical Model
3.1. Governing Equations

A 1-D numerical model, which incorporates the 1-D steady Saint-Venant equations (Chow, 1959), general
power law for the sediment transport capacity (Jansen et al., 1979), and Exner equation for the evolution
of the channel bed level (Paola et al., 1992a; Paola & Voller, 2005), was developed to simulate the evolution
of a river profile and test the generic hypothesis derived from the theoretical framework. The governing
equations are documented in the supporting information.

3.2. Boundary Conditions

A constant specific bank-full discharge, g,,0, and specific sediment load, gy, were imposed at the upstream
boundary, whereas a constant water level (H = 0 m) and progradation rate of the river mouth were pre-
scribed at the downstream boundary:

4(x =0, 1) =gy ©)
q5(x =0, 1) = gy (6)
H(x=L(t),t)=0 7
L(t) =Lo-(1+p-1) ®

Note that the river mouth progradation rate could be proportional to the sediment discharge (Aadland &
Helland-Hansen, 2019); however, the dependency can be mediated by nearshore water depth, baselevel
changes, waves, etc. (Bijkerk et al., 2016; Gao et al., 2020; Swenson et al., 2005; Wang et al., 2019; Wu
et al., 2020; Wu & Nittrouer, 2020). In deflected river mouths under waves, the progradation rate can be
insensitive to fluvial sediment load but more dependent on alongshore sediment load (Gao et al., 2020;
Nienhuis et al., 2016). Since we did not associate our framework with any specific receiving basins with a
given nearshore water depth, baselevel changes, wave conditions, etc., we imposed a boundary condition
of progradation rate at the river mouth as appropriate alongside the upstream sediment supply
(Equation 8) to focus on the evolution of the longitudinal profile as the main target of our study.

3.3. Parameter Space

The initial river length (L,) was set to 150-300 km, which was also adopted as the characteristic river length
in this study. The initial riverbed was linear with the equilibrium slope, i,. The commonly used sediment
transport formulas, e.g., the Engelund-Hansen formula (Engelund & Hansen, 1967), Meyer-Peter and
Miiller formula (with a critical shear stress) (Meyer-Peter & Miiller, 1948), Einstein-Brown formula
(Brown, 1950), and more recently the Generalized Engelund-Hansen formula (Ma et al, 2017; Ma
et al., 2020), can be well represented by the power law relationship in Equation S4 in the supporting infor-
mation by changing the coefficients m (s"'/m"™2) and n. In this study, we employed the Engelund-Hansen
0.05C;*3
(Rg)*Dso
R (= 1.65) is the submerged specific gravity of the sediment. The other modeling parameters were set as fol-
lows: bed porosity 4 = 0.4, flood intermittency factor I = 0.1-0.2, and nondimensional friction coefficient
Cy=0.0011 following An et al. (2018).

formula for total sediment transport (Engelund & Hansen, 1967), i.e., m = and n = 5, where

Simulation scenarios were conducted with different combinations of specific river discharges (qo,
0.2-25 m?/s), sediment load (gs, 7.55%107° to 9.43x 10> m?/s), sediment grain sizes (Dso,0.065-0.2 mm),
and river mouth progradation rates (8Lo, 0-2,000 m/yr). To make the results of the simulation scenarios with
different progradation rates (8L,) comparable, the simulation periods (¢ = AL/BL,) were varied accordingly
(from 12.5 to 1,000 yr) to maintain the same total progradation distance (AL) among the different
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Figure 2. Concavity indices, including (a) the normalized bed difference, ¢; (b) the fill percentage of the longitudinal
profile, FP; and (c) the slope percentage of the longitudinal profile, SP, as a function of the product of normalized
progradation rate and equilibrium bed slope 8 X i, and sediment supply gyo. (d) Corresponding river profiles for

the black-edged symbols in (a)-(c). The initial river length is Ly = 200 km, the flood intermittency factor is Ir= 0.1, and
the total progradation distance is AL = 100 km.

scenarios. The ranges of the specific river discharge, sediment load, and sediment grain size are representative
of global rivers (Syvitski & Saito, 2007), whereas the river mouth progradation rate corresponds to one of the
world's fastest prograding rivers, the Yellow River in China (Wang & Liang, 2000). Sensitivity analyses
(supporting information) show that the selections of the modeling parameters and sediment transport
formula (i.e., the general Meyer-Peter and Miiller formula) do not change the conclusions in this study.
The requirements of a sufficiently small time step and grid size were tested as well (see Figure S1).

4. Results and Discussion
4.1. Evolution of River Longitudinal Profiles Under the Progradation of the River Mouth

The numerical results show that the concavity indices (i.e., ¢, FP, and SP defined in Figure 1b) tend to
increase with increasing product of normalized progradation rate and equilibrium bed slope 8 X i, and
decreasing sediment supply gy (Figures 2a-2c), which represent an increasing progradation-induced
accommodation space and a decreasing maximum river channel deposit volume, respectively. Specifically,
when the river channel deposition is capable of continuously filling the progradation-induced accommoda-
tion space, the river profile could remain in equilibrium (profile P1 in Figure 2d), whereas a concave profile
emerges when the deposits cannot fill the increasing accommodation space (profile P2 in Figure 2d).
Alternatively, a prominent concave profile forms due to relatively low river channel deposition and rela-
tively high accommodation space formation (profile P3 in Figure 2d).

The numerical results confirm that the progradation of a river mouth could lead to the formation of a con-
cave river profile (Bijkerk et al., 2016; Muto & Swenson, 2005). Our results further suggest that in addition to
the progradation rate of the river mouth, the concavity of the river profile also depends on its equilibrium
bed slope (i) and sediment load at the upstream boundary (gqy). As such, the interplay between the
progradation-induced accommodation space and sediment supply (Equation 4), i.e., the A/S ratio, is among
the main controls on the evolution of the river profile.

4.2. Relationship Between Concavity and A/S Ratio

The relationships between the concavity indices of the river profile and the A/S ratio is shown in Figure 3.
Consistent with the generic hypothesis derived from the theoretical framework, when the A/S ratio is rela-
tively small (<0.5), ¢ is close to 0 and FP and SP are close to 1. With an increasing A/S ratio, the river channel
deposits cannot continue to fill the accommodation space (i.e., Vy < A), which results in a concave profile
with increasing € and decreasing FP and SP. In addition, the numerical experiments suggest the existence
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Figure 3. Relationship between the A/S ratio and (a) the normalized bed difference, €; (b) the fill percentage of the river
profile, FP; and (c) the slope percentage of the river profile, SP, for representative numerical experiments, the lower reach
of the Yellow River, the physical experiments in Bijkerk et al. (2016), and the numerical results from Wu and Nittrouer
(2020). The hollow circles, triangles, rectangles, and diamonds represent numerical scenarios with different normalized
progradation rates 5 of 0.0005, 0.0025, 0.005, and 0.01 yr_l, respectively.

of a critical A/S ratio of ~0.5 (Figure 3), above which a concave profile tends to form. Moreover, the concavity
further increases with the total progradation distance AL when a concave profile forms, which is consistent
with the results of Wu and Nittrouer (2020) and suggests a long-term cumulative effect on the evolution of
the concavity, i.e., concavity increases as time elapses.

4.3. Comparison With Field, Numerical, and Laboratory Data

The generic hypothesis derived from the theoretical framework and numerical experiments are further com-
pared with field, numerical, and laboratory data from the literature (see supporting information for details).
For the lower reach of the Yellow River downstream of Taochengpu (Figure S4) (Wang et al., 2008; Zheng
et al., 2019), the high sediment load together with a bed slope of 1 X 10~ results in a low A/S ratio, despite
the relatively high progradation rate of the river mouth. As a result, the lower reach of the Yellow River
approaches the equilibrium profile with a relatively low ¢ and relatively high FP and SP (the stars in
Figure 3). Nevertheless, the longitudinal profile of the lower Yellow River would be a convex form due to
water diversion, if not for river mouth progradation that plays the counteracting role to create the actual con-
cave profile (Wang et al., 2008). In contrast, in the physical experiment conducted by Bijkerk et al. (2016), the
relatively high equilibrium bed slope (0.01) and high progradation rate (0.25 m/h) result in a high A/S ratio
(see Equation 4). Therefore, the river profile attains a relatively high € and relatively low SP, indicating a
river profile away from an equilibrium (the crosses in Figure 3). Notably, the experiments of Bijkerk
et al. (2016) used analogue models that were not hydrodynamically scaled to understand relevant processes.
However, since our theoretical framework is zero dimensional as quantified by the A/S ratio, it is capable of
describing different kinds of flow regimes and morphological settings of the lower river reach, including the
distorted physical models. The numerical results of Wu and Nittrouer (2020), though including sediment
selective transport that could add to the concavity, show that greater progradation rate for a river emptying
into a shallower receiving basin resulted in greater A/S ratio and more concave profile, whereas smaller A/S
ratio and less concave profile would be attained for a river with smaller progradation rate when emptying
into a deeper basin (the asterisks in Figure 3). Overall, the results from the literature are consistent with
the generic hypothesis derived from our theoretical framework and numerical experiments.
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Figure 4. (a) Schematic of increasing accommodation space (shaded area) resulting from a rising sea level (from solid
lines to dashed lines). The yellow lines are the bed level, the blue lines are the water surface, and h, (m) is the
equilibrium water depth. (b) Different regimes representing the net effects of sea level rise on the accommodation space
in the parameter space of normalized progradation rate 8 and equilibrium bed slope i, for a typical sea level rise rate
c=7x10"" m/yr and characteristic river length L = 200 km. The black, blue, and red dashed lines represent the
relationship between § and i, for fixed given values of o=

4.4. Response of River Profile to Sea Level Rise

Although sea level rise creates additional nonmarine accommodation space (Schumm, 1993) (Figure 4a), it
also reduces progradation-induced accommodation space by increasing nearshore water depth and hence
slowing down the progradation rate (Bijkerk et al., 2016; Chadwick et al., 2020; Muto & Swenson, 2005;
Wu & Nittrouer, 2020). As such, based on our theoretical framework, sea level rise could have a trade-off
effect on the evolution of a river profile (Equation 4). To further quantify the trade-off effect, the change
in accommodation space AA under sea level rise (supporting information) can be written as

A=A (0= ) )

where o« = a/(BLyi.) is a dimensionless sea level rise rate, o (m/s) is the sea level rise rate, S« = (1 — f'/B) is
the dimensionless reduction in the normalized progradation rate, and 3’ (s™) is the normalized prograda-
tion rate under sea level rise condition.

As shown in Figure 4b, the parameter space of the normalized progradation rate § and equilibrium bed slope
i, can be separated into two regimes by o« = 1. Specifically, because 5« < 1 (see the definition of 8«), AA is
always positive when o« > 1: the regime with positive AA. In such a case, the increase in accommodation
space due to sea level rise prevails, leading to a more concave profile. When o+ < 1, the net effects of the
sea level rise on the accommodation space depend on g« for a given o« the regime with trade-off effects.
For example, when 8- = 0.1 or 0.01, the parameter space below the blue or red dashed line in Figure 4b indi-
cates a positive AA (Equation 9), respectively. Overall, sea level rise tends to increase the accommodation
space for rivers with a relatively low equilibrium bed slope and progradation rate (see Figure 4b and the defi-
nition of o).

4.5. Effects of the Downstream Increase of River Discharge on River Concavity

When other coexisting factors such as the variations in river discharge, sediment load, channel width, grain
size, etc. are considered, we show in additional scenarios incorporating longitudinally increasing river dis-
charge (mimicking the lateral water input from hillslopes, ground water, and tributaries) that river mouth
progradation can potentially add to the concavity resulted from longitudinally increasing river discharge
(supporting information). The results suggest that downstream controls could act alongside the abovemen-
tioned factors in affecting river profile concavity. In such cases, the progradation-induced accommodation is
the area between two concave river profiles formed due to the other factors (see Figure S7), and our frame-
work predicts whether the river channel can maintain a concave equilibrium profile when subject to river
mouth progradation (see Figures S8-S10).

5. Conclusions

In this study, the generic hypothesis derived from a newly developed theoretical framework, i.e., one that
depends on the A/S ratio, suggesting that the progradation of a river mouth could contribute to the
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formation of a concave river profile, is tested by numerical experiments and a comparison with field, numer-
ical, and laboratory data from the literature. The numerical results show that the concavity of a river profile
increases with increasing normalized progradation rate § and equilibrium bed slope i, and decreasing sedi-
ment load g,y The relationship between the concavity of the river profile and the A/S ratio suggests the exis-
tence of a critical A/S ratio of ~0.5. The river reach tends to attain an equilibrium or a concave upward profile
when its A/S ratio is below or above this threshold, respectively. Once a concave profile forms, the concavity
tends to increase with increasing A/S ratio and total progradation distance AL. The proposed theoretical fra-
mework can also be applied to analyze the response of river profiles under future changes, such as a chan-
ging sea level, sediment supply, and land reclamation at coasts.

Data Availability Statement
The data are available online (https://zenodo.org/record/3380456#.XWaxfi2VbeQ).
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