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Abstract Although most deltas are expected to lose land due to climate change and urbanization,
tide-dominated deltas have been suggested to gain land. The processes of land change in such deltas are,
however, not well understood, and tide-dominated deltas with all their known morphological attributes have
not been simulated before. Our Delft3D simulations successfully reproduce tide-dominated delta morphology,
and show that tide-dominated deltas with seaward widening and stable channels, elongate tidal bars and a
funnel shape form when bidirectional tidal flow occurs along the whole delta. In contrast, tide-influenced but
river-dominated deltas protrude from shoreline, and are efficient at gaining land by mouth bar deposition and
bifurcations. These differences are a function of tidal-fluvial interactions expressed by month-averaged seaward
and lateral velocities. Identification of delta types is thus critical for predicting future land change. We propose
morphological metrics to differentiate river- and tide-dominated deltas and test metrics on 40 modern deltas.

Plain Language Summary River deltas build extensive coastal lands that are one of the most
economically and ecologically valuable environments on Earth. While many deltas lose land globally due to
climate change and urbanization, deltas significantly influenced by tides are suggested to gain land. Here we
utilize numerical modeling to explore the relative formative roles of river and tidal flows, and quantify how the
land loss and gain processes differ in river- and tide-dominated deltas. We show that deltas where tidal currents
dominate throughout the whole delta build land with a low efficiency, because they form narrow elongate

bars and seaward widening distributary channels. In contrast, deltas where tidal currents only dominate in
seaward reaches are more efficient at gaining land as they build lobate deltas through mouth bar formation. We
propose morphological criteria to distinguish river- and tide-dominated deltas, so more accurate predictions

of future land loss and gain can be made. We successfully test these criteria on 40 modern deltas, and show
that identification of delta types and understanding the relative roles of river and tidal processes are critical for
accurately predicting future change in deltas.

1. Introduction

It is hard to overestimate the significance of river deltas, as they are home to over half a billion people, to biodi-
verse and rich ecosystems, and they are economic and agricultural hotspots (Foufoula-Georgiou et al., 2013; J.
Syvitski & Saito, 2007). Deltas are also global change hotspots and highly vulnerable to increasing urbanization
and climate change (Giosan et al., 2014; J. Syvitski & Saito, 2007; Vorosmarty et al., 2009). Over 210 million
people live in the Ganges-Brahmaputra-Meghna and Mekong deltas alone (Foufoula-Georgiou et al., 2013), both
of which are tide-dominated deltas (Nienhuis et al., 2018). Tide-dominated deltas are the largest deltas in the
world and provide 53% of water and 48% of sediment discharge to global oceans (Nienhuis et al., 2020). Although
most deltas are expected to lose land, tide-dominated deltas have been suggested to gain land, and tidal influence
is expected to increase in future deltas (Nienhuis et al., 2020). This raises questions about how the land loss and
gain processes, and the sensitivity to global change differ in tide-dominated deltas.

River delta growth and morphology result from an intricate balance between erosion and deposition from
river, tide and wave processes (Galloway, 1975; Orton & Reading, 1993). The evolution of tide-influenced and
-dominated deltas, and the land loss and gain processes are primarily a function of river flow and tides (Fagherazzi
etal., 2015; Leonardi et al., 2013; Leuven et al., 2019; Nienhuis et al., 2020). The relative roles of these processes
are complex and multifaceted, as both have considerable spatiotemporal variations (e.g., Cai et al., 2013; Leonardi
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et al., 2013). River discharge varies with seasons and by human intervention (Elahi et al., 2020; Nienhuis
et al., 2020; Nowacki et al., 2019; J. P. M. Syvitski et al., 2009), and tide discharge (tide prism) is affected
by estuarine shape and size, tide amplitude and frequency, bed friction, and sea level rise (Du et al., 2018; Gao
et al., 2019, 2020; Guo et al., 2016; Khan et al., 2020; Kirwan & Guntenspergen, 2010; Leuven et al., 2018).
The actual dynamics of these constantly changing processes are thus difficult to determine (Cao et al., 2020;
Goodbred & Saito, 2012; Ji & Zhang, 2020), and numerical modeling hands itself as a useful tool to study the
formative roles of river discharge and tides (e.g., Geleynse et al., 2011; Iwantoro et al., 2020, 2022; Leonardi
et al., 2013; Sassi et al., 2012). Prior studies have shown the capability of high-resolution physics-based numer-
ical models to accurately resolve the morphology of river deltas under different hydraulic and sedimentary forc-
ings (Edmonds et al., 2021; Geleynse et al., 2011), including models that only consider river and tide processes
(Akter et al., 2021; Leonardi et al., 2013; Rossi et al., 2016; Sassi et al., 2012). Models that correctly reproduce
deltaic morphology or patterns can be analyzed to understand the processes at work (Edmonds et al., 2021).

Simulations of tidal processes (Iwantoro et al., 2020, 2022; Lerczak & Geyer, 2004; Schramkowski et al., 2010;
Zhou et al., 2014), and tide-influenced deltas (Akter et al., 2021; Geleynse et al., 2011; Leonardi et al., 2013;
Matsoukis et al., 2023; Rossi et al., 2016) are not uncommon. However, tide-dominated deltas with all their
known morphological attributes of seaward widening and stable channels, elongate tidal bars and funnel-shape
(e.g., Dalrymple & Choi, 2007; De Swart & Zimmerman, 2009; Goodbred & Saito, 2012) have not been simulated
before (see Fagherazzi et al. (2015)). All previous simulations produced tide-influenced deltas with construc-
tional and protruding delta plain with distributary mouth bars (Akter et al., 2021; Geleynse et al., 2011; Iwantoro
et al., 2020, 2022; Leonardi et al., 2013; Matsoukis et al., 2023; Rossi et al., 2016).

We simulate 30 tide influenced deltas, that range from tide to river dominated, with Delft3D (v. 4.04.01) (Figure 1
and Figure S3 in Supporting Information S1); and their adjacent off-axis tidal channels that are a generic part of
such deltas (see Goodbred and Saito (2012)). What sets our simulations apart from previous tide-influenced delta
modeling efforts (e.g., Geleynse et al., 2011; Rossi et al., 2016), is that we allow for erosion along the shoreline.
The latter is important because erosion causes land loss, and because erosion is a significant process in forming
the morphology of tide-dominated deltas that characteristically do not protrude from shoreline (Figures 2a—2e,
and 2g; e.g., Dalrymple & Choi, 2007). Our simulations successfully reproduce tide-dominated delta morphology
and we quantify formative processes in tide-dominated versus tide-influenced (river-dominated) deltas, and show
that the understanding of the roles of river and tidal processes are essential for accurate prediction of land loss and
gain, as well as for understanding the specific effects of global change on deltas. We propose non-dimensional
metrics to identify tide-dominated and river-dominated deltas morphologically, and test these metrics on 40
modern deltas.

2. Methods

Delft3D is a high-resolution physics-based numerical model that has been shown to accurately resolve the morphol-
ogy of coastal systems under different hydraulic and sedimentary forcings (Caldwell & Edmonds, 2014; Edmonds
& Slingerland, 2007; Edmonds et al., 2011; Hibma et al., 2004; Wang et al., 2021), including tide-influenced
deltas and estuaries (Akter et al., 2021; Baar et al., 2019; Elmilady et al., 2022; Geleynse et al., 2011; Rossi
et al., 2016).

We simulate tide-influenced (river-dominated) and tide-dominated deltas, using simulation parameters from
the tide-dominated Fly River delta, including dimensions, sediment properties and concentration, monthly
river discharge, and tidal range and cyclicity (Canestrelli et al., 2010, 2014) (Text S1.2 in Supporting Informa-
tion S1). Seasonal discharge variation was also considered, which is an important factor for tide propagation
(Elahi et al., 2020). The model domain is 150 km long and 100 km wide, consisting of an initial estuary and
adjacent shoreline (Figure 1a). The shoreline is erodible in order to allow for the development of tidal chan-
nels and the seaward widening of distributary channels that are characteristic features of tide-dominated deltas
(Langbein, 1963; Nienhuis et al., 2018; Wright et al., 1973).

We designed 30 simulations and varied river discharge and tidal amplitude over a range of conditions consist-
ent with natural variations in tide-influenced and -dominated deltas (Canestrelli et al., 2010, 2014; Leonardi
et al., 2013) (Figures 1c—1f; see Text S1 in Supporting Information S1 for detailed design and simulations; see
Movies S1 and S2 for depositional processes of Run 26 and 30). We focus on the relative roles of river and
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Figure 1. (a) Simulation domain, (b) design, and (c—f) four examples of modeled tide-influenced deltas. Runs 26 (7 = 3.8)
and 28 (T = 1.9) are examples of tide-dominated deltas and Runs 1 (7= 0.02) and 30 (7 = 0.63) of river-dominated deltas. T
is Nienhuis et al. (2018) tide-dominance ratio. I-VII indicate locations of observation points in Figure 4. (e, f) illustrate the
morphometric measurement methods defined in panel (g).
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—~—~ Land boundary at 1984a

Figure 2. Satellite maps of modern tide-influenced and -dominated deltas. (a) Fly River Delta; (b) Ord River Delta; (c¢) Amazon River Delta; (d) Indus River Delta; (e)
Squamish River Delta; (f) Huanghe Delta; (g) Ganges River Delta; and (h) Lena River Delta. The 1984 shoreline (yellow line) in the Ganges and Lena River Deltas was

traced using Google Earth.

tidal processes, and omit waves and sedimentary forcings in order to avoid overcomplication (see also Akter
et al. (2021), Leonardi et al. (2013), and Sassi et al. (2012)).

We conducted a numerical validation for jet spread according to theory (Ozsoy & Unliiata, 1982) that has been
applied in previous studies (Leonardi et al., 2013; Nardin et al., 2013) (see Text S2 in Supporting Information S1).
We tested the robustness of the model by 46 expanding simulations (Text S3 in Supporting Information S1).
Changing these parameters indeed modified some morphological characteristics of simulated deltas, but they
had minimal effects (<10%) on the morphological recognition criteria that are of interest in this study (Figure S8
in Supporting Information S1), similar to sediment supply variations (Figure S9 in Supporting Information S1).
Sediment supply changes concomitantly with discharge.

The simulated deltas evolved by processes similar to those observed in field studies, including delta progradation
and mouth bar growth (DuMars, 2002), bi-directional flows (Canestrelli et al., 2010; Olariu et al., 2012), channel
widening and elongation (Nienhuis et al., 2018; Plink-Bjorklund, 2012; Sassi et al., 2012), and tidal shoreline
erosion (Goodbred & Saito, 2012; Plink-Bjorklund, 2012). We further tested whether the model correctly repro-
duces deltaic morphology, by measuring the morphological criteria in 40 modern tide- and river-dominated
deltas (Figure S7 and Table S3 in Supporting Information S1).
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3. Metrics

Nienhuis et al. (2018) quantify tide-dominated deltas using a tide-dominance ratio, 7, which is the ratio of char-
acteristic mean tidal discharge amplitude (Q,,.) to mean annual fluvial discharge (Q,,.).- If T > 1 the delta is
tide-dominated, and if 7 < 1 the delta is river-dominated. We calculate this criterion to initially define river-
(tide-influenced) and tide-dominated deltas (Table S1 in Supporting Information S1). Tides are present in all our
simulations, and all the simulated deltas are tide influenced.

Although the effect of tides on deltas is complex, seaward distributary channel widening has been suggested
as a first-order effect (Langbein, 1963; Nienhuis et al., 2018; Wright et al., 1973). A relative increase in
tidal amplitude has been suggested to elongate distributary channels (Geleynse et al., 2011; Hoekstra, 1993;
Plink-Bjorklund, 2012; Sassi et al., 2012), increase the shoreline rugosity (Geleynse et al., 2011; Orton &
Reading, 1993; Rossi et al., 2016) and affect the number of distributary channels (Nienhuis et al., 2018). Based
on these previous studies and the morphological differences observed in our simulations, we adopted a range of
metrics to quantify the relative effects of river discharge and tides on delta morphology (Figures le—1g).

In order to study the processes responsible for the characteristic morphological attributes, we quantify the
formative roles of river and tidal flow. River flow is unidirectional and seaward directed, tidal flow is bidirec-
tional. We quantify the river and tidal flow interactions, and how they change along the delta axis by extracting
month-averaged seaward flow velocities V,_ as vectors, where positive value is seaward and negative value land-
ward flow. V__ close to zero indicates bidirectional current, and a positive and high V__ indicates river outflow
dominance. In addition to bidirectionality, the river and tide interaction-induced lateral flow is considered a
first-order control, leading to baroclinic pressure gradient force in tide-influenced systems (Geyer et al., 1998;
Huijts et al., 2006; Lerczak & Geyer, 2004). We calculate these lateral flow velocities V_ as a scalar (along N-S
direction in simulations) at different observation points (Figure 1a). We calculate V,_ and V,  in fixed observation
points I-VII (Figure 1a), over which the deltas prograde over time. We then use V,_ and V_, to define fluvial,
interaction, and tidal regions.

4. Results
4.1. Axial Delta Morphology

In tide-dominated deltas (7 > 1), delta length scales to the length of tidal bars and tide-influenced channels,
and increases with increasing tidal amplitude, rather than river discharge (Figure 3a). In river-dominated deltas
(T < 1), delta length is determined by river-dominated distributary channel length, which increases with river
discharge and is independent of the tidal amplitude. Therefore, delta length seems threshold-driven and controlled
by the dominant process. Delta width increases in both delta types when river discharge increases (Figure 3b),
and shoreline angle increases with an increase in tidal amplitude and a decrease in river discharge (Figure 3c).

Distributary channels widen seaward in all tide-influenced deltas (Figure S3 in Supporting Information S1).
High river discharge and low tidal amplitude reduce the length of the widening channel reaches, and vice versa
(Figure 3d). In tide-dominated deltas (7" > 1), distributary channels widen seaward throughout the whole delta
domain (nondimensional distributary channel widening length L = 1). In river-dominated deltas (T < 1),
L. <1, and it scales with both river discharge and tidal amplitude. When T is <0.5, L,
indicating that distributary channel widening is limited to the seaward one-third of these deltas. Distributary chan-

e N1as a value of ca 0.3,
nel proportion is influenced by river discharge and tidal amplitude, but river discharge is the primary controlling
factor (Figure 3e). When river discharge is >1,500 m?%/s, distributary channel proportion is <0.35 (Figure 3e).
Consequently, the land area increases with a high gradient when river discharge is more than 1,500 m%/s in
river-dominated deltas, and it increases with a low gradient with increasing tidal amplitude in tide-dominated
deltas (Figure 3f).

4.2. Tidal Channel Morphology

Tidal channels characteristically occur in and adjacent to the natural tide-influenced deltas (Goodbred &
Saito, 2012; Hood, 2010). These channels are not connected to the distributary network and only transfer tidal
discharges. We successfully model tidal channels and they exhibit higher seaward extent near the axial delta
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Figure 3. (a—i) Contour maps of nine morphological metrics as functions of river discharge and tidal amplitude. (j-1) Relationships between the Nienhuis et al. (2018)
tide dominance ratio (7)), and the three here proposed morphological criteria for differentiating tide-dominated and river-dominated deltas. Numbers in the circles
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and higher landward erosion length further away from the axial delta (Figure 1). Despite this difference, both

the seaward extent and the landward erosion length are primarily controlled by tidal amplitude (Figures 3g

and 3h).
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4.3. River and Tidal Flow Interactions

In tide-dominated deltas, V,_ is mostly close to zero, indicating a bidirectional current along the whole delta
length, even if T is near to 1 (Run 28) (Figures 4a and 4b). A positive and high V__ that indicates river outflow
dominance, only occurs at times in the most upstream section I of tide-dominated deltas (Figures 4a and 4b).
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In river-dominated deltas, V,_ is river outflow dominated in locations I-III, and at times also in location IV
(Figure 4c), but is near zero, indicating bidirectional flow in location V (Figure 4c). These differences show
that tidal currents dominate along the whole length of tide-dominated deltas, but only in the seaward parts of
(Figure 3d). In tide-dominated
deltas V,_  remains the same or even slightly increases from delta center to margins (locations II and VI in Run

river-dominated deltas, explaining the observed morphological differences in L,
26, Figure 4d). In river-dominated deltas V,  dramatically decreases from center to margins (locations II and VII
in Run 30, Figure 4d).

V. is relatively high in locations I-III, but near zero in locations IV and V in tide-dominated deltas (Figure 4e).
In river-dominated deltas, V_ is relatively high in locations III and IV, and at times also in location V, but it is
low in locations I and II (Figure 4f). A temporary high V_, occurs in location I before river flow reaches the initial

river mouth.

5. Discussion
5.1. Tide-Versus River-Dominated Delta Morphodynamics

Our results confirm that seaward channel widening is the first-order effect of tides (Langbein, 1963; Nienhuis
et al., 2018; Wright et al., 1973). Previous modeling efforts have also suggested that tides in deltas promote more
symmetrical and stable bifurcations (Iwantoro et al., 2020, 2022), but also that they increase seaward sediment
transport efficiency that results in deeper and more stable distributary channels with less frequent bifurcation and
avulsion events (Rossi et al., 2016). Tides have also been suggested to promote distributary channels that are low
sinuosity and relatively stable; whereas river processes promote constant channel width, higher sinuosity, and
relatively high channel mobility (Gugliotta & Saito, 2019; Gugliotta et al., 2017; Ji & Zhang, 2020; Nienhuis
et al., 2018). Tides have further been suggested to increase sediment retention and nutrient and pollutant resi-
dence times in deltas thanks to flux convergence and reduced bed shear stress (Glover et al., 2021; McLachlan
et al., 2017; Ralston & Geyer, 2017).

Our results show that seaward distributary channel widening, sediment transport efficiency and retention, and
mouth bar versus elongate tidal bar formation are a function of tide versus river flow dominance, and their inter-
actions. We observe three regions: fluvial, interaction and tidal regions, defined by V__and V.

ms m]

.- In fluvial region,
V., 1s positive and V_, is near zero, indicating the dominance of river flow and weak tidal flow. In this region
(locations I-II in river-dominated deltas; Figure 1), we observe mouth bar deposition and consequent distributary
channel bifurcations, as expected in river-dominated deltas (Edmonds & Slingerland, 2007) with no channel
widening. In tidal region (locations IV-V in tide-dominated and V in river-dominated deltas; Figure 1), V_ and
V,; are both near to zero, indicating the dominance of tidal (bidirectional) flow. Here we observe tidal erosion
and channel widening (see also Canestrelli et al. (2010) and Schramkowski et al. (2010)). In interaction region
(locations I-III in tide-dominated and III-IV in river-dominated deltas; Figure 1), V,__ is relatively low and V is
high, as a result of interaction between riverine and tidal flow.

Distributary channel widening occurs in the tidal and interaction zones in tide-dominated deltas, but only in the
tidal zone in river-dominated deltas. This is because, in river-dominated deltas, in the interaction zone, the rela-
tively strong V, ; (Figure 4f) and the distinct decrease in V, , from channel center to margins (Figure 4d) promote
lateral sediment transport and entrapment at channel margins (see also Fugate et al. (2007), Huijts et al. (2006),
and Ralston et al. (2012)). We observe in simulations that sediment is transported downstream and sideways, and
finally deposited at the sides of distributary channels (see also Iwantoro et al. (2020)).

In tide-dominated deltas, V, does not decrease from channel center to margins and promotes channel widening
by erosion also in interaction zone. We observe in simulations that V, , rather traps sediments in the central area
of the widening channels and forms bars that merge into elongate tidal bars. This prevents bifurcations, and
promotes channel stability (see also Iwantoro et al. (2020)), and elongation of tidal bars and distributary channels
(see Geleynse et al. (2011)). In tide-dominated deltas, V, promotes a drawdown of the water surface profile that

triggers the development of outward tidal residual currents, which favor channel elongation and tidal-bar progra-
dation (see also Fagherazzi et al. (2015) and Lamb et al. (2012)).

An effect of the differences in V,  and V, is that in tide-dominated deltas (especially when river discharge
is low), distributary channel widening length has a strong positive correlation with tide amplitude increase,
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because increase in tide amplitude promotes erosion. In contrast, in river-dominated deltas (especially when river
discharge is high), distributary channel widening length does not covary, or even has a negative correlation with
tide amplitude increase, because tides induce more V,_; that promotes lateral deposition in river-dominated deltas
(Figures 3d and 3e). Consequently, in river-dominated deltas mouth bar formation induces bifurcations and avul-
sions that form a protruding delta (see also Edmonds and Slingerland (2007) and Olariu and Bhattacharya (2006)),
and elongation of distributary channels and mouth bars is restricted to the interaction region, and channel widen-
ing to the tidal region. In tide-dominated deltas lateral flow redistributes sediment into elongate tidal bars, and
channel widening occurs in interaction and tidal regions, generating a funnel-shaped delta that progrades by
distributary channel and tidal bar elongation and forms a delta with a high distributary channel area and stability
(see also Dalrymple and Choi (2007), Goodbred and Saito (2012), and Plink-Bjorklund (2012)).

The importance and dominance of tidal flow in tide-dominated deltas is further shown by that the reworking
strength of the tidal currents is similar in the axial delta and the adjacent tidal channels, as the axial deltas exhibit
progradation distances similar to the tidal channel seaward extent, resulting in a high shoreline angle and low
protrusion length. This further explains why V,_ remains the same or even slightly increases from delta center to
margins in tide-dominated deltas (Figure 4f).

5.2. Morphological Recognition Criteria

The morphological differences can be utilized as easily used criteria for recognition of tide- and river-dominated
deltas. Although we used Nienhuis et al. (2018) criterion T to differentiate tide- and river-dominated deltas, this
criterion requires knowledge of river discharge and tidal amplitude, or some other hydrodynamic parameters,
which are not always available. Our simulation results suggest that tide-dominated deltas can be identified when
the shoreline angle is >150°, L is 1, and P is <0.3.

We tested the effectiveness of these criteria on 40 modern deltas (see Table S3 in Supporting Information S1) that
have a diverse morphology (Figure 2) and T values (Figures 3j—31). In most deltas, 7 value and the morphological
criteria are in agreement (Figures 3j-31). However, in the Squamish River Delta (Figure 2e) that classifies as a
tide-dominated based on the morphological criteria, the T value is only 0.11. We thus show that the morphologi-
cal criteria are applicable, and help to identify deltas where the 7 value approach is not possible or the T value is
near 1, such as in the Squamish River Delta.

The model validation confirms that the morphological criteria are controlled by the relative strength of river and
tidal discharge, and are less influenced by other sedimentary forcings, such as channel and seafloor sand/mud
ratio, sediment cohesion, sediment supply, and shoreline erodibility (Text S4 in Supporting Information S1).
Thus, although based on simulations with properties of the Fly River delta, these morphological criteria apply
globally also in deltas with different sedimentary forcings. These morphological metrics can be calculated using
satellite maps, seismic data or even from outcrop data and inter-well analysis.

5.3. Land Building Processes

Our simulations indicate that although distributary channels in tide-dominated deltas are more stable, the land
area building is more efficient in river-dominated deltas, even when considering different sediment supply or
growth time scenarios (Figure 4 and Figure S9 in Supporting Information S1). Future increase in tidal amplitude
would likely result in a larger increase in distributary channel rather than in land area. Climatic and anthropogenic
modifications may change the relative strength of river and tidal processes, such as by construction of dams and
irrigation, or embankment of tidal intrusion and land reclamation (Hoitink et al., 2017; Nienhuis et al., 2020; J.
Syvitski & Saito, 2007; J. P. M. Syvitski et al., 2009). Our results show that tide-dominated deltas will be less
sensitive to river discharge changes, such as due to damming or irrigation, because tides dominate the flow along
the whole length of the delta. In contrast, river-dominated deltas will be highly sensitive to such changes, but
less sensitive to changes in tidal range, such as due to sea-level rise or coastal protection because tidal flow only
dominates the seaward portion of the deltas. Furthermore, reduction in river discharge in tide-dominated deltas
increases seaward widening distances in distributary channels and elongates tidal bars, whereas it has less influ-
ence on delta length. Such changes can be observed in the Ganges River Delta where the 1984-2020 reduction
in river discharge resulted in distributary channel widening and elongation of a tidal bar, whereas delta width
or length did not change (Figure 2g). In contrast, in river-dominated deltas, changes in river discharge influence
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distributary channel widening, as well as delta width and delta length. Such changes can be observed in the Lena
delta, where the 1984-2020 increase in river discharge resulted in a decrease in distributary channel widening
length and a slight increase in delta length (Figure 2h). In summary, identification of delta types and understand-
ing the relative roles of river and tide processes is critical for accurately predicting future change in deltas.
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