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Abstract Seasonal sea ice impacts Arctic delta morphology by limiting wave and river influences and
altering river‐to‐ocean sediment pathways. However, the long‐term effects of sea ice on delta morphology
remain poorly known. To address this gap, 1D morphologic and hydrodynamic simulations were set up in
Delft3D to study the 1500‐year development of Arctic deltas during the most energetic Arctic seasons: spring
break‐up/freshet, summer open‐water, and autumn freeze‐up. The model focused on the deltaic clinoform (i.e.,
the vertical cross‐sectional view of a delta) and used a floating barge structure to mimic the effects of sea ice on
nearshore waters. From the simulations we find that ice‐affected deltas form a compound clinoform
morphology, that is, a coupled subaerial and subaqueous delta separated by a subaqueous platform that
resembles the shallow platform observed offshore of Arctic deltas. Nearshore sea ice affects river dynamics and
promotes sediment bypassing during sea ice break‐up, forming an offshore depocenter and building a
subaqueous platform. A second depocenter forms closer to shore during the open‐water season at the subaerial
foreset that aids in outbuilding the subaerial delta and assists in developing the compound clinoform
morphology. Simulations of increased wave activity and reduced sea‐ice, likely futures under a warming Arctic
climate, show that deltas may lose their shallow platform on centennial timescales by (a) sediment infill and/or
(b) wave erosion. This study highlights the importance of sea ice on Arctic delta morphology and the potential
morphologic transitions these high‐latitude deltas may experience as the Arctic continues to warm.

Plain Language Summary The shape of a river delta is affected by river, wave, and tidal forces. In
the Arctic, the presence of seasonal sea ice is also thought to play an important role in shaping high‐latitude
deltas. To investigate the effects of sea ice on Arctic delta shape, we used a popular computer model with a new
representation of sea ice to examine delta growth. Our results showed that sea ice limits delta growth near the
shoreline, but accelerates growth further away at sea. It leads to a large underwater platform, which is consistent
with the morphology (shape) of Arctic deltas. The results were used to test future Arctic warming conditions
when a reduction in sea ice coverage is likely. Future modeled simulations showed that Arctic deltas may lose
the shallow underwater platform from increases in infilling by river sediments or increases in wave erosion.
These results shed light on the impacts sea ice has on shaping Arctic deltas and potential changes that may occur
to these delta systems as the Arctic continues to warm.

1. Introduction
Deltas are dynamic landforms; their shapes or morphologies respond to marine and fluvial conditions
(Galloway, 1975; Orton & Reading, 1993). In the Arctic, this set of conditions includes ice. In its various forms
such as sea ice, river ice, and permafrost, it covers Arctic landscapes for the majority of the year and plays a
significant role in limiting and/or altering the morphologic effects of coastal and riverine processes on Arctic
deltas (Overeem et al., 2022; Reimnitz, 2002; Walker, 1998). Sea ice, particularly landfast ice that directly
contacts the delta front and/or shoreline, dissipates wave energy (Hošeková et al., 2020) and redirects fluvial
sediment dispersal during key seasonal transitions (Reimnitz, 2002). However, our current knowledge of its role
as a morphologic control on delta development is limited (Chan et al., 2023; Lauzon et al., 2019; Lim et al., 2019;
Piliouras et al., 2021).

One of the unique distinguishing features of Arctic deltas—referred to herein as deltas located in northern Arctic
plains rather than fjord systems—compared to other global deltas is their clinoforms, which are sedimentary units
formed at river‐marine/lacustrine boundaries (Patruno & Helland‐Hansen, 2018; Pirmez et al., 1998; Swenson
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et al., 2005). Arctic deltas have a broad shallow 2‐m subaqueous platform or “ramp” encircling the delta apex (Are
& Reimnitz, 2000; Walker, 1998) that is similar in shape to the subaqueous “topsets” seen in many lower‐latitude
deltaic clinoforms (see Section 2.1). The formation mechanism for this 2‐m feature in Arctic plain systems,
however, is not well understood. Investigation of this feature will improve our understanding of Arctic deltaic
sediment trapping and potential carbon storage (Overeem et al., 2022).

Warming Arctic temperatures are changing land‐river‐ocean‐ice interactions on Arctic deltas by accelerating
seasonal ice melt and altering the timing of sediment influx (Box et al., 2019; Overeem et al., 2022). Sea ice has
experienced significant losses from rising temperatures, with a ∼12.7 ± 2.0% reduction in area each decade since
1979 (Meier & Stroeve, 2022). As a result, there has been an observed growth in Arctic wave energy and an
increase in the amount of time that waves interact with the coastline (Barnhart et al., 2014; Casas‐Prat &
Wang, 2020b; Thomson et al., 2016). This shift in marine energy could significantly alter morphologic processes
on Arctic deltas and thus affect biogeochemical processes (Overeem et al., 2022). Therefore, there is an emerging
need to better understand the role sea ice plays in delta morphodynamics to assess the impacts of warming.

This study uses an exploratory 1D depth‐averaged hydro‐morphodynamic model built in Delft3D to examine
cross‐shore deltaic clinoform development of a simulated Arctic delta. The model applies a floating structure in
Delft3D to mimic landfast sea‐ice on the water surface to: (a) address how sea ice thickness, extent, and sea-
sonality alter Arctic delta clinoform development and (b) explore potential morphologic changes related to
predicted future declines in sea ice and present increases in Arctic wave energy (Barnhart et al., 2014; Casas‐Prat
& Wang, 2020b; Thomson et al., 2016).

Our exploratory model is loosely based on observations of the Colville River Delta, the largest delta located on the
Alaskan North Slope—a region that has experienced some of the highest coastal erosion rates globally in the last
decade (an average of 4.5 m/yr) due to increased wave activity (Gibbs & Richmond, 2015; Zhang et al., 2022).
Model results presented here are not unique to the Colville River Delta, however, and could be used for in-
terpretations of other Arctic delta systems with similar seasonal conditions.

2. Background
2.1. Deltaic Clinoforms

Deltaic clinoforms are sedimentary sequences that develop at some river mouths (Gilbert, 1885). Their geometry
comprises three distinct features: the topset, foreset, and bottomset (Pellegrini et al., 2020; Figure 1a). The topset
is a flat, low‐gradient feature that extends to the rollover point, defined as the greatest inflection point seaward of
the topset. Beyond the rollover point lies the foreset, which reflects the dominant zone for depositional processes
and thus exhibits the highest sediment accumulation rates. The bottomset, the most distal feature, tends to have the
lowest sedimentation rates due to reduced sediment supply. Similar to the topset, the bottomset begins at a defined
seabed inflection point marking the foreset‐to‐bottomset transition. Sediment in most deltaic clinoforms tends to
exhibit a coarsening‐upward sequence as well as a lateral gradient in grain sizes, ranging from coarser‐grained
deposits proximal to the river mouth and finer‐grained deposits on the distal bottomset (Patruno et al., 2015).

Studies of deltaic clinoforms have defined end‐member geometries based on environmental hydrodynamics and
sediment supply to describe their widely variable morphologies (Patruno et al., 2015; Pratson et al., 2007;
Swenson et al., 2005; Figure 1a). End‐members develop from the interplay between river and marine (e.g., wave,
currents, tides, and sea‐level) sediment‐transport processes, which control the partitioning of sediments, and thus
the overall progradation (or growth) of the delta (see Pirmez et al., 1998; Swenson et al., 2005).

For example, river‐dominated deltas typically develop a single, oblique clinoform (“Gilbert‐type”) due to min-
imal marine forcing, enabling fluvial sediments to accumulate at the rollover point, creating a steep sloped surface
that advances seaward over time through a slumping and rebuilding cycle (Boggs, 1995; Pratson et al., 2007;
Swenson et al., 2005; Figure 1a). A well‐studied river‐dominated delta is the Mississippi, where high discharge
dominates the basin environment (Pratson et al., 2007). In intermediate marine settings, a compound clinoform
can develop (Swenson et al., 2005; J. P. Walsh & Nittrouer, 2009; Figure 1a). These consist of a coupled subaerial
and subaqueous delta system, where the subaerial portion is influenced by fluvial sediment supply and the
subaqueous portion is shaped and maintained by marine‐driven sediment dispersal, promoting offshore deposi-
tion (Patruno et al., 2015; Swenson et al., 2005). These sedimentary structures tend to exhibit a more sigmoidal
shape, with a convex upward subaqueous topset‐foreset (Swenson et al., 2005; J. P. Walsh & Nittrouer, 2009), and
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can highly vary in their vertical and lateral extent. Generally on compound clinoforms, subaerial rollover depths
approximately correspond to river channel depths, whereas subaqueous rollover points can occur at depths of
anywhere from 4 to 60 m, in the case of the Mekong and Ganges Delta from their differing basin dynamics (Eidam
et al., 2017; Patruno et al., 2015) On the opposing end, in settings where marine basin processes are dominant and
sediment supply is limited, a single subaqueous clinoform can develop (Swenson et al., 2005; J. P. Walsh &
Nittrouer, 2009; Figure 1a). These subaqueous clinoforms are driven by strong marine currents that advect fluvial
sediments offshore, causing the growth of these subaqueous features to outpace shoreline/subaerial delta
development as in the Eel Delta (Swenson et al., 2005; J. P. Walsh & Nittrouer, 2009). Notably, these end‐
member descriptions are useful simplifications to classify observed features and deltaic clinoforms can vary
within a given region due to changing environmental conditions (e.g., channel dynamics, wave direction).

Knowledge of the morphological influences of ice on clinoform morphology is relatively limited compared to
river, wave, and tidal processes. Key work by Reimnitz (2002) provided most of the observational examples
available for high‐latitude deltas in the North American and Siberian Arctic, including observations of unique
river and sea ice interactions and descriptions of the 2‐m subaqueous feature. Modern models have focused on ice
processes in the form of permafrost and ice thickness on the delta plain, and have found that permafrost and ice
characteristics (thickness and extent) affect the number of active channels and can lead to offshore sediment
bypassing (Chan et al., 2023; Lauzon et al., 2019; Piliouras et al., 2021). Lim et al. (2019) observed through
laboratory work that nearshore ice prevented sediment deposition at the shoreline and generated sediment de-
posits farther offshore. Results from these previous studies suggest that ice‐affected deltas would classify as a
compound clinoform similar to those influenced by intermediate wave and tidal processes. However, the long‐

Figure 1. Overview of deltaic clinoforms compared with the Colville River Delta. (a) Conceptual diagram of three end‐
member deltaic clinoform geometries and defining features. (b) Location of the Colville River Delta on the Alaskan North
Slope in the Beaufort Sea. Aerial imagery of the delta is from Google Earth Pro. Light teal‐to‐dark blue regions show
digitized nearshore bathymetry data obtained from USGS overlaid on 500‐m resolution bathymetry from the International
Bathymetric Chart of the Arctic Ocean (IBCAO; Jakobsson et al., 2020). The blue shaded region highlights the rollover
transition at the shallow 2‐m subaqueous feature offshore the Colville. Orange shaded region displays the relative shelf
break. (c) Cross‐sectional geometry of the Colville Delta from transect line shown in plot (b). Marked points correspond to
the location of the subaqueous rollover point and shelf break.
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term influence of sea ice on delta morphology remains poorly constrained, as does the role of ice as a dominant
morphologic control under mixed seasonal conditions. To investigate this, we examined the interactions between
sea ice and the formation of deltaic clinoforms, assessed varying seasonal conditions, and analyzed the impact of
incorporating wave dynamics.

2.2. The Colville River Delta

Many of the open questions that still surround Arctic delta morphology can be viewed from the perspective of the
Colville Delta, which has morphological patterns that are typical of the Arctic. The Colville Delta is the largest
delta on the Alaskan North Slope with a delta plain area of ∼600 km2 (Walker, 1998; Figure 1b). Like many
global deltas, its growth began ∼5–6 kya when rapid Holocene sea‐level rise decelerated (Overeem et al., 2022;
Walker, 1998). The Colville can be classified as river‐influenced, as mouthbars have formed a distributary
network (Galloway, 1975; Nienhuis et al., 2020; Overeem et al., 2022). Tidal influence on the delta is minimal
because the range is microtidal (10–20 cm; NOAA station 9497645, Prudhoe Bay, AK). There is also no clear
seaward expansion of channel width that would be expected when tidal flows dominate in the delta channels
(Figure 1b).

The Colville Delta morphology is heavily influenced by ice processes. The subaerial portion of the delta is marked
by a complex distributary channel network overlaid with ice‐wedge polygons and shallow thermokarst lakes,
which are depressed lakes that form in thawing ice‐rich permafrost (Piliouras & Rowland, 2020; Walker, 1998).
Approximately 25% of the subaerial delta consists of thermokarst lakes (Piliouras & Rowland, 2020). Sediments
on the delta plain consist of 2 and 3 m thick mud and peat deposits sourced from the late Pleistocene and Ho-
locene, which overlay marine, alluvial, and glacial‐fluvial sediments from the Gubik Formation deposited during
the Quaternary (Reimnitz et al., 1985).

Offshore, subaqueous deposits along the 2 and 3 m isobath have been characterized as fine, well‐sorted sand,
which transitions to poorly sorted sandy mud toward the slope break at ∼27 m water depths (Eidam, 2023;
Reimnitz, 2002; Reimnitz & Bruder, 1972). Much of the subaqueous delta comprises a prominent shallow region
referred to as a 2‐m subaqueous ramp that extends seaward 5–10 km (∼15% of the cross‐shore distance to the shelf
break; Figure 1c). Its formation has been attributed to nearshore landfast ice (sea ice that grounds or “fastens” to
the land and grows from the coast seaward), which extends 15–20 km from the shoreline and can grow up to 2 m
thick (Reimnitz & Bruder, 1972). However, there are regions along the Alaskan Beaufort coast with no river
sourced sediments that also exhibit a subaqueous ramp (0.5–5 km width), which suggests that other or multiple
processes may play a role in its formation (Reimnitz, 2002; Reimnitz et al., 1985). The 2‐m ramp features
noticeable ice gouging, likely caused by pressure ridges formed from converging sea ice (Eidam et al., 2022;
Reimnitz & Bruder, 1972; Reimnitz et al., 1985). This portion of the delta also features meters‐wide strudel
scours, which develop when river water energetically flows through cracked sea ice, impacting the seabed (Eidam
et al., 2022; Reimnitz & Bruder, 1972; Reimnitz et al., 1978).

2.3. Seasonality in the Colville Delta

Ice extent, thickness, and duration are strongly seasonal in Arctic rivers and deltas, including the Colville Delta.
Ice cover typically extends from early November to late‐May (Walker & Hudson, 2003). During this season,
Colville River discharge effectively ceases, and offshore currents rarely exceed 5 cm/s (Weingartner et al., 2017).
Ice reaches its maximum thickness of 1.5–2.5 m toward the end of the season, with some ice growing deep enough
to attach to the seabed, forming bottomfast ice (Overeem et al., 2022; Reimnitz et al., 1978). Bottomfast ice has
been observed to form along the shallow 2‐m subaqueous platform on the Colville (Dammann et al., 2018;
Reimnitz, 2002).

Around late May, as air and river temperatures rise, river ice breaks up and discharge increases. Floodwaters
inundate the delta plain (Walker & Hudson, 2003), flowing over and under ice, melting nearshore landfast ice, and
detaching bottomfast ice from the seabed (Reimnitz & Bruder, 1972; Walker, 1973). In the 20‐year river
discharge record, the average duration of river ice break‐up spans approximately 3 weeks each year. Based on
limited data, the river may supply ∼40% of its annual water discharge during this time (Arnborg et al., 1967), and
a maximum discharge of 7.0 × 103 m3/s has been observed from a modern 20‐year record (USGS gauge
15875000). Past studies have recorded maximum current speeds up to 2 m/s under the river ice and the spring
freshwater plume traveling 40 km offshore under sea ice (Arnborg et al., 1966; Reimnitz & Bruder, 1972;
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Walker, 1973). Data on the sediment load of the Colville River are sparse, though according to a study conducted
in 1962, 75% of the annual sediment load (5.9 × 1010 kg) is released during break‐up (Arnborg et al., 1967).
Sediment is delivered to the connected thermokarst lakes, delta plain, and on top of and under the nearshore
landfast ice during this season (Reimnitz, 2002; Walker, 1973). Sediments deposited on the top of ice account for
∼2% of the total annual sediment load, and the percent transported under ice remains poorly constrained
(Reimnitz & Bruder, 1972).

After the break‐up, as river and sea ice continue to melt, the Colville River begins to flow freely and the marine
influence on the delta front increases, coinciding with the open‐water season in the Arctic. Discharge decreases to
a summertime average of ∼300 m3/s, with occasional peaks exceeding 1,000 m3/s due to pluvial events later in the
summer and fall. Fetch increases while sea ice retreats throughout the summer, allowing increasingly large waves
to form (Eidam et al., 2023; Reimnitz et al., 1985). During the beginning of the open‐water season, prevailing
northeasterly winds create an overall net westward transport of sediments offshore of the Colville (Reimnitz
et al., 1985). As sea ice reaches its minimum extent in the Arctic Ocean around late August/early September, the
Colville Delta experiences a more bimodal wind pattern of northeasterly and northwesterly winds from the in-
crease in westerly storm events (Reimnitz et al., 1985). These storms can last for several days, producing surges
exceeding 1 m that inundate the delta front and transport large volumes of terrestrial sediment seaward (Reimnitz
et al., 1985).

In mid‐October, river and landfast sea ice starts to develop (Mahoney et al., 2007; Walker & Hudson, 2003). River
ice forms first, followed by landfast sea ice in the nearshore zone with the onset of cooler atmospheric and land
temperatures (Walker & Hudson, 2003). Arctic storms persist throughout ice freeze‐up. Landfast ice/storm‐wave
interactions have been observed to dissipate storm‐wave energy during this period (Hošeková et al., 2020; Smith
& Thomson, 2016). Ice completely covers the Colville Delta again by November, limiting further geomorphic
activity until the following year (Walker & Hudson, 2003).

2.4. Climate Change in the Colville Delta

Seasonal cycles at the Colville are shifting with warming Arctic temperatures and the loss of sea ice. Sea ice
break‐up on the Beaufort Sea has begun on average ∼0.3 days earlier per year, and freeze‐up has started ∼0.6 days
later per year since 1979 (J. E. Walsh et al., 2022). Overall, these seasonal shifts have extended the open‐water
season in the Arctic Ocean by 3.9–14 days per decade from 1979 to 2016 (Bliss et al., 2019). Sea ice loss has
allowed increases in wave heights and more impacts from storm events (Thomson & Rogers, 2014). Climate
models predict a >0.5% per year growth in significant wave heights with a decline in minimum sea ice extent
(Casas‐Prat & Wang, 2020a). Additionally, the Arctic hydrological cycle is expected to intensify due to warming,
leading to increases in discharge and changes in the timing of the spring freshet. Currently, there is no significant
trend in annual total discharge from the Colville River according to time‐series records (USGS gauge 15875000).
However, spring freshet among the North Slope rivers (Colville, Kuparuk, and Sagavanirktok) has been observed
to occur on average 4.5 days earlier (Rawlins et al., 2019). Models examining freshwater export from the Colville
River indicate a potential 215% increase in discharge during the current ice‐covered season (Rawlins et al., 2019).
These increases in discharge combined with permafrost thaw are predicted to increase fluvial sediment discharge
by 22% with every 2°C of atmospheric warming (Syvitski, 2002). The described changes in seasonal dynamics
could affect the morphology of the Colville Delta; however, the scale and timing of this impact remain unknown.

3. Methods
3.1. Model Description

A simplified 1D depth‐averaged model was constructed in Delft3D (see Lesser et al., 2004) to simulate the cross‐
shore effects of seasonal sea ice and waves on Arctic delta evolution. The model was coupled with modules
written in MATLAB to simulate seasonal cycles of sea ice, sediment discharge, and waves representative of the
Colville River Delta environment.

In assessing the role of sea ice, model simulations were divided into two timescales: long‐term delta develop-
mental runs (spanning 1500 years) and future scenario runs (spanning 450 years). Delta developmental simu-
lations included ice‐free and ice‐affected cases. These cases consisted of simulations with and without waves to
compare sea ice, river, and wave impacts on Arctic delta evolution. Nine varying sea ice conditions were also
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evaluated to examine ice characteristics on delta development for the first 500 years. Additionally, two versions of
future scenarios were assessed: (a) a longer open‐water season; and (b) increased wave energy during the open‐
water and freeze‐up seasons. A full summary of model simulations is presented in Table 1.

3.1.1. Model Setup

The initial model domain was a 150 × 1 km grid with 300‐m horizontal cell size and an assigned basinward slope
of 4.18 × 10−4 m/m (Figure 2; Table 2). Slope calculations were extrapolated from surface elevation measure-
ments in Google Earth Pro using the National Elevation Data set from USGS, combined with 500‐m resolution
publicly available IBCAO bathymetry (Jakobsson et al., 2020) and inner‐shelf digitized bathymetry obtained
from USGS (Figures 1b and 1c). The elevation transect started at the apex of the delta (where distributaries begin
branching) and continued to the shelf break at ∼27 m depth (Figures 1b and 1c). The model was forced by two
boundary conditions: (a) a water‐level boundary; and (b) a total discharge (river) boundary. The water‐level
boundary was located at the seaward end of the domain at 65 m water depth (Figure 2). Phase‐averaged
waves were implemented using the Delft3D‐FLOW surfbeat roller model (Deltares, 2014). The discharge
(river) boundary was located upstream, with an initial depth of 2.5 m, which reflects the approximate depths of the
Colville River channels (Mikhailova, 2009).

The 1D model design has some implications for the outcomes. Over long timescales, the model delta progradation
will not decelerate over time as much as most radially expanding natural deltas. Over shorter timescales, our
simulations will also not capture dynamics such as lobe shifts.

To simulate the effects of sea ice, a floating structure was positioned on the part of the water surface, with its size
and location varying seasonally. When present, a local surface pressure was assigned to the floating structure,
which compressed surface waters to the selected depths (Deltares, 2014). An artificial compression coefficient of
1.0 was applied to the floating structure parameter to restrict movement of the free surface and stabilize the flow
of water and sediments under the structure (Deltares, 2014; Goede et al., 2014). Additionally, an upwind
advection scheme was applied to ensure model stability.

Basin salinity and river temperature dynamics were excluded from the model parameters as they would be poorly
represented in a 1D model and would cost computational time, especially for 1500‐year model runs. Sediment
parameters were adjusted to account for the exclusion of salinity (0 ppt) and to mimic the effects of flocculation
(e.g., settling velocity). We note that by excluding these parameters, the model did not account for density‐driven

Table 1
List of Model Runs

Model run names Description Modeled time (yr)

Ice‐free Comparative control run 1500

Ice‐affected Seasonal sea ice on delta clinoform development 1500

Ice‐free with waves Comparative control run with waves 1500

Ice‐affected with waves Seasonal sea ice and waves on delta clinoform development 1500

Ice matrix (n = 9) Varying sea ice thickness and location on delta clinoform development 500

Future scenario A Exploratory run: future Arctic delta evolution with less sea ice 450

Future scenario B Exploratory run: future Arctic delta evolution with less sea ice and larger waves 450

Figure 2. Schematized model domain.
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hydrodynamics that can significantly alter fluvial sediment delivery to a basin by riverine plumes or exchange
flow dynamics (Kasper & Weingartner, 2014; Syvitski et al., 2019). Additionally, these parameters are known to
affect sea ice melt/formation (Stroeve & Notz, 2018), which was not explored in the model since nearshore sea ice
was represented by a floating structure.

Two sediment classes were applied in the model at the river boundary: sand (representative of bedload) and mud
(representative of suspended load; Table 2). Sand was classified as a non‐cohesive sediment and assigned a d50 of
109.7 μm and dry bed density of 1,590 kg/m3. Cohesive mud was assigned a settling velocity of 1 mm/s but not a
grain size, and a dry bed density of 1,060 kg/m3. The settling velocity was assigned a value of 1 mm/s to represent
flocs. Additionally, the critical shear stress for erosion of cohesive sediments was set to a relatively high value of
0.8 Pa to account for the consolidated permafrost sediments that comprise the Arctic seascapes (Brilli, 2023).
Sediment characteristics used in the model were determined from grab samples and cores collected offshore in
Harrison Bay during the summer 2020, 2021, and 2022 field seasons as well as from previously published
literature (Brilli, 2023; Eidam, 2023; Malito et al., 2022; Walker, 1994). Sediment discharge in the model, QS,
was derived from a rating curve (Figure 3b) extracted from Arnborg et al. (1967) study applied to discharge, QR,
from USGS gauge at Uimat, AK.

Fluvial sediment concentrations from the river boundary consisted of 10% sand and 90% mud, based on the
typical ratio between bedload and suspended load transport for global river systems (Pratson et al., 2007). This
conservative ratio was based on global data due to the lack of information on the Colville River sediment

Table 2
User‐Defined Model Parameters

Constant between model runs Value Units

Grid size 150 × 1.00 km

Cell size 0.300 × 1.00 km

Initial basin bed slope 4.18 × 10−4 m/m

Initial sediment layer thickness at bed 10.0 m

Subsurface stratigraphy bed layer thickness 0.150 m

Number of subsurface stratigraphy bed layers 50 –

Time step 0.200 min

Spin‐up time interval before morphological updating begins 180 min

Sand d50 110 μm

Sand dry bed density 1590 kg/m3

Cohesive sediment dry bed density 1060 kg/m3

Cohesive sediment settling velocity 1.00 mm/s

Cohesive sediment critical shear stress for erosion (τc) 0.800 N/m2

Seasonal between model runs Break‐up Open‐water Freeze‐up

Morphological scale factor (MF) 16.0 103 30.0 –

Sea ice thicknessa 2.00 – – m

Sea ice offshore extent 20.0 – – km

QR at the total discharge boundary 4.00 × 102 2.50 × 102 1.00 × 102 m3/s

QS at the total discharge boundary 1.73 × 10−2 8.20 × 10−3 2.70 × 10−3 kg/m3

Historical Hs at water level boundary – 0.200 0.600 m

Historical Tp at water level boundary – 5.00 5.00 s

Future scenarios MF 16.0 155 30.0 –

Future Hs at water level boundaryb – 0.800 2.00 m

Future Tp at water level boundaryb – 7.00 7.00 s

Note. Footnotes denote certain conditions used in different model simulations. aSea ice thickness used in delta developmental
and future scenario simulations. bFuture wave climate was only used in the model run scenario B.
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composition. The initial seabed condition in the domain was a 10‐m‐thick layer of sand to act as a basement for the
modeled deltaic deposits. The underlayer parameter in Delft3D was employed to track bed stratigraphy produced
during delta development for different model runs.

3.1.2. Seasonality in the Model

In this study, every year each Arctic season (break‐up, open‐water, freeze‐up) was run as a separate 24‐hr model
simulation. This is because the floating structure cannot vary in time or space during a continuous model

Figure 3. Seasonal sediment and hydrodynamics of the Colville River Delta. (a) Annual sediment load, QS, of the Colville River derived from the Arnborg et al. (1967)
data and the rating curve in (b) applied to USGS discharge measurements in (c) (see text). Sediment loads are divided by seasonal inputs. Annual I ratio is shown in
orange, see Section 3.3, and derived from ice‐cover data from Overeem et al., 2022. (b) Colville River sediment‐rating curve generated from Arnborg et al. (1967).
(c) Example of annual hydrograph of Colville Delta from USGS gauge 15875000 at Umiat, AK (from 2022) and the wave climate from ERA5 reanalysis (from 2022; see
text). Discharge, QR, is shown in shaded gray, peak wave period, TP, is shown as a dashed gray line and significant wave height, HS, is shown in black. Satellite imagery
of the Colville Delta from 2022 showing the various modeled seasons. Imagery is Sentinel‐2 data acquired from Copernicus data visualization (https://browser.
dataspace.copernicus.eu).
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simulation; therefore, looping through restart files allowed for unique sea ice, discharge, sediment, and wave
conditions to be imposed (Table 2). Each 24‐hr “season” was then multiplied by a morphological scaling factor
(MF) in order to represent morphological change according to the differing length of each season (Table 2).
Bathymetry continuously evolved from one season to the next, but hydrodynamics were re‐initiated every time. A
spin‐up interval of 180 min was applied at the start of each season to allow hydrodynamics to stabilize before any
morphologic change occurred. Individual season model runs were assigned a timestep of 0.2 min. The long winter
ice‐covered season was not modeled because river discharge and sediment transport are minimal (Figures 3a and
3c), and excluding this season saved computation time.

Various model sensitivity tests were conducted to ensure that changing seasonal parameters did not affect the
outputs. For example, we examined seabed differences between simulations with no MF and with MF, finding
less than ±0.1 m difference in deposition, and determined that the results were independent of the applied MF.

3.2. Model Scenarios

3.2.1. Long‐Term Delta Development

To simulate long‐term Arctic delta development in the model, simulations were conducted over 1500 years, with
each year characterized by different sea ice and sediment discharge conditions. Within a given year, the break‐up
season was defined in the model as a 14‐day period and was assigned 75% of the annual sediment load. The open‐
water season was defined as a 90‐day period and accounted for 22% of the annual sediment load, followed by the
freeze‐up season (30 days, 3% of annual sediment load).

Floating sea ice was imposed only during the break‐up season to recreate typical natural conditions (Figure 3c).
Sea ice extended for 20 km seaward with a thickness (depth) of 2 m and was initially established with a separation
of 1 km offshore of the river mouth (Table 2). During the simulation, sea ice remained in its initial position until
shoreline development; then, the ice moved seaward synchronously with delta progradation.

3.2.2. Varying Sea Ice Characteristics

Nine 500‐year simulations (“ice‐matrix”) were run to assess the impact of varying sea‐ice characteristics (extent
and thickness) on delta clinoform development. Ice thicknesses of 0.5, 1, and 2 m, and locations of 0.5, 1, and
2 km relative to the river boundary, were chosen based on observational studies of seasonal sea ice coverage along
the Alaskan North Slope (Mahoney et al., 2007; Reimnitz & Bruder, 1972; Weingartner et al., 2017). The
shoreline offset distance and ice thickness were varied in order to study delta sensitivity to ice characteristics, such
as a larger open‐water space during spring breakup (represented by the shoreline offset) and thinner ice (which
might be expected given warmer water temperatures). In these model cases, river boundary and MF inputs were
the same as those shown in the original long‐term runs (Table 2), but simulations did not include waves.

3.2.3. Future Scenarios

Two future Arctic sea‐state scenarios were evaluated based on present warming conditions: Future scenario A,
which included a 50% increase in the modeled open‐water season (which represents a conservative projection
from the study by Barnhart et al. (2016), who showed similar increase in a shorter time span); and future scenario
B, which included a 50% increase in the modeled open‐water season and an increase in wave energy during the
open‐water and freeze‐up seasons (also, a conservative projectation from ERA5). These model simulations were
run for 450 years using the restart file from the 1100‐year timestamp of the long‐term delta developmental run
(ice‐affected with waves; Table 1). This restart file was used in lieu of the 1500‐year restart file due to a time
limitation within the model configuration. This was not considered problematic because the overall bathymetric
changes (e.g., length and depth of clinoform features) in the chosen restart timestamp had reached steady pro-
gradation rates.

In future scenario A, a 50% increase in open‐water days was applied and the MF was increased from 103 to 155,
which increased the modeled open‐water season duration from 90 to 135 days (Table 2). In turn, this change
increased the annual time of fluvial forcing from 130 to 175 days, and the exposure to waves from ∼50 to
∼70 days. To maintain a consistent sediment load with the increased MF compared to long‐term simulations, the
QR and QS during the open‐water season were lowered to 200 m3/s and 6.79 × 10−3 kg/m3, respectively. This
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reduced sediment supply was implemented in order to facilitate an equal comparison between the reference (long‐
term ice affected) and future simulations.

In future scenario B, larger wave heights and longer wave periods were imposed on the longer open‐water season
and larger MF imposed in future scenario B. This study was designed to simulate the morphologic effects of an
increased wave climate together with diminished sea ice. The assigned wave climate during these periods rep-
resents the relative averages reported by the recent ERA5 wave hindcast (Figure S1 in Supporting
Information S1).

3.3. Model Analysis

Model simulation outcomes were assessed in terms of hydrodynamics, sediment transport, morphodynamics, and
the resulting stratigraphy. The morphology of each outcome is quantified by the location of the shoreline, rollover
point(s), and inflection point(s); the gradient, length, and height of the topset, foreset, and bottomset; accumu-
lation rates; and sediment stratigraphy. The shoreline position was defined as 0 m in elevation. Inflection and
rollover points were identified as the absolute maxima from the first and second derivatives of the bed elevation
from model output.

Following Overeem et al. (2022), the a‐priori effect of ice was quantified with the non‐dimensional ice‐
dominance ratio I,

I =
Qice

Qriver

In this ratio, Qice = ∫t=tice
Qs(t) dt (in kg), which represents the integrated fluvial sediment flux (Qs(t), kg/s)

delivered when nearshore sea‐ice is present (tice). The term Qriver = ∫t≠tice
Qs(t) dt is remainder of the fluvial

sediment load, which is delivered when there is no nearshore sea ice. For temperate deltas, I = 0, and for fully ice‐
dominated deltas I = ∞. Note that this ratio includes tice for winter ice‐cover, although that was not simulated in
the model seasonal run since the Colville sediment discharge nearly ceases during this period (Table 2; Figure 3a).

4. Results
Model outputs are separated into four subsections: Section 4.1 compares the morphodynamics between ice‐
affected and ice‐free delta developmental cases and highlights the unique ice‐driven features on centennial
timescales; Section 4.2 presents results on seasonal differences in the ice‐affected simulation; Section 4.3
compares long‐term delta simulations with and without waves; and Section 4.4 shows the changes in clinoform
morphology produced by warming Arctic climate conditions on decadal timescales.

4.1. Effects of Ice on Delta Development (Ice‐Free, Ice‐Affected, and Ice‐Matrix Simulations)

The presence of nearshore sea ice had a notable impact on deltaic clinoform development and morphology. In
contrast to the clinoform that developed during ice‐free simulations, the ice‐affected delta developed a compound
clinoform but differed in subaerial and subaqueous morphology (Figure 4).

For long‐term delta development simulations (1500 years), the ice‐free delta formed a single, “Gilbert‐type”
clinoform with a subaerial topset extending 9 km offshore, whereas the ice‐affected delta formed a compound
clinoform with a 7.8 km subaerial and a 1.8 km subaqueous topset (Figure 4). Early in delta development
(100 years), progradation distances and aggradation rates between the two runs were equal (Figures 4e and 4f).
However, as clinoform growth transitioned to be dominantly progradational, the ice‐affected delta encountered
the 2‐m thick sea ice floating 1 km offshore. Changes in water depths from sea ice constrained the flow and
generated shear stresses exceeding the critical shear stress for erosion (0.80 N/m2) during the break‐up season in
the topset region. Ice‐induced shear stresses remained elevated for an additional 2 km offshore compared to the
ice‐free scenario. These elevated shear stresses promoted sediment bypassing in the nearshore zone that resulted
in the development of a subaqueous delta.

Due to bypassing, ice‐affected deltas experienced slower subaerial delta progradation rates compared with ice‐
free scenarios (Figures 4e and 4f). On the ice‐affected delta, the shoreline did not extend until 700 years into
the simulation, almost halfway through the total model runtime. Until the 700‐year timestamp, on average, 95% of
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the annual sediment load went to develop the 6 km long subaqueous delta. Floating sea ice then moved a grid cell
(300 m) seaward with shoreline progradation by our model design. This adjustment in ice location during break‐
up promoted deposition to the subaerial portion of the delta and influenced the ice‐affected delta progradation,
where on average 71% and 29% of the annual sediment load went to the subaerial and subaqueous deltas,
respectively, after the shoreline developed.

Both the ice‐free and ice‐affected simulations produced a coarsening‐upward stratigraphy, with mud accumu-
lating on the foreset and prodelta and sand accumulating on the topset (Figures 4c and 4d). Mixing of deltaic mud
and sand basement occurred at the delta base and prodelta. But, in the ice‐influenced delta, sand accumulated on
both the subaerial and subaqueous topsets and created a mud “pocket” in the subaerial foreset that ranged from
68% to 87% mud content (Figure 4d). The sedimentary sequencing showed sand depositing in low‐relief regions
of the subaqueous platform, indicating a transition to the subaqueous topset in the stratigraphic record (Figure 4d).
At the final timestamp for the ice‐affected simulation (1500 years), the top 60 cm of the subaerial topset
comprised ∼43% sand, whereas the subaqueous topset was ∼31% sand (Figure 4d).

The compound clinoform morphology produced by ice was highly dependent on ice location, depth, and cor-
responding river hydrodynamics (Figure 5). Cases from “ice‐matrix” simulations where ice was closer to the river
mouth developed a compound clinoform earlier in delta development (Figures 5a–5c), and cases that featured
thicker ice developed subaqueous deltas farther from shore in deeper water (Figures 5c and 5f). Relative lengths
of the subaqueous topset increased with ice thickness (Figure 5j). Additionally, lengths were overall greater when
sea ice was closer to shore. When sea ice was located farther offshore (2 km), a compound clinoform did not
develop (Figures 5g–5j). In this case, there was not enough flow confinement to promote sediment bypassing.

Figure 4. Long‐term delta developmental results for: (a) ice‐free and (b) ice‐affected. Dark gray lines highlight morphology after 500, 1,000, and 1,500 years of delta
growth, as denoted in plot (a). See figure key for the location of rollover and inflection points. Foreset gradients are in degrees and displayed to the left of the inflection
point. The internal sediment composition of ice‐free and ice‐affected results are shown in (c) and (d). Length of the subaerial (tan) and subaqueous (blue) topsets, and
shoreline position (gray) relative to modeled time for (e) ice‐free and (f) ice‐affected simulations.
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4.2. Impacts of Seasonality on Ice‐Affected Delta Development

The seasonal variations in hydro‐ and morphodynamics can explain the long‐term delta development. In an annual
simulation, the seasonal contribution to total delta volume was as follows: break‐up, 28%; open‐water, 69%; and
freeze‐up, 3%. These contributions corresponded to the sediment discharge assigned at the river boundary and
duration of the given season (Table 2). However, within each season, sediment dispersal spatially varied and
therefore shaped different regions of the modeled delta (Figures 6a–6f).

The break‐up season depositional patterns were strongly dependent on the distance between the river mouth and
the floating sea ice. On average, 147% of the sediment discharge during break‐up was deposited in the subaqueous
delta, meaning erosional processes were active on the subaerial portion of the delta (Figures 6a and 6d). The
greatest cross‐shore currents and bed shear stresses occurred during the break‐up season. High discharge under
sea ice promoted currents up to 95 cm/s and peak shear stresses of 1.5 N/m2. These conditions occurred at the
subaerial foreset to subaqueous topset transition where sea ice was located. At times, the combination of strong
flows and elevated water levels led to the erosion of subaerial deposits by amounts almost equivalent in volume to
subaerial deposits formed during the open‐water season (Figures 6d and 6e).

During the open‐water season, 86% and 14% of the fluvial sediment load was deposited on the subaerial and the
subaqueous deltas, respectively. This depositional pattern was constant throughout the 1500‐year simulation and

Figure 5. Ice matrix simulations testing various locations and depths of sea ice in the model (a–i). Dark‐to‐light gray denotes the timestamps at 100–500 years as shown
in plot a. (j) Relative length of the subaqueous topset compared to the subaerial topset by the assigned sea ice thickness and location.
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was ultimately responsible for the development and seaward progradation of the subaerial delta. Maximum
sustained river currents during the open‐water season were 73 cm/s on the shallow subaerial topset. Sediment
accumulation occurred at the subaerial foreset at rates up to 7.1 cm/yr.

During freeze‐up, 100% of the incoming fluvial sediments were deposited on the subaerial topset. Flow velocities
were typically lowest during freeze‐up because this period received the lowest seasonal discharge (Table 2).
However, this trend changed with the inclusion of waves, which is further discussed in the following section.

The ice‐dominance ratio I for the ice‐affected delta is 5.4, that is, 84% of the annual sediment delivery occurred
when there was nearshore sea ice, and the remaining 16% of the annual sediment load occurred when no sea ice
was present. The modeled ratio is below the average I‐ratio observed on the Colville Delta, which is 67.2
(Figure 3), and is most comparable to the measured conditions in 2012 and 2016, which had I ratios of 6.0 and 5.0,
respectively (Figure 3a).

4.3. Wave Influence on Ice‐Free and Ice‐Affected Delta Development

A moderate wave climate was added to the open‐water and freeze‐up seasons in the ice‐free and ice‐affected
scenarios (Table 2; Figure 7), interacting with the delta for ∼50 days out of the 130‐day annual cycle. Wave
inputs reflected the lowest 5% of wave heights in the ERA5 record offshore the Colville during sequential seasons

Figure 6. Seasonal morpho‐ and hydrodynamics at the 1500‐year timestamp on the ice‐affected delta and ice‐affected delta
with waves. (a–c) Bathymetry and water level for ice‐affected delta for each season. (d–f) Total seasonal deposition as a
function of cross‐shore distance, highlighting location of depocenters. (g–i) Bathymetry and water level for ice‐affected delta
with waves for each season. (j–l) Location of deposition in the simulation with waves. (m–o) Maximum critical shear stresses
for erosion during the individual seasons and simulations.
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(Figure S1 in Supporting Information S1). Waves began when the subaerial delta aggraded to 0.8 m above mean
sea level, to prevent overtopping and influencing the river boundary, and lasted for the remainder of the 1500‐year
simulation.

On the ice‐affected delta, the introduction of waves increased maximum shear‐stresses from 1.1 to 1.3 N/m2 and
from 0.5 to 1.3 N/m2 in the open‐water and freeze‐up seasons, respectively (Figures 6n and 6o). Open‐water and
freeze‐up wave climates affected different portions of the delta. Smaller waves shoaled closer inshore during the
open‐water season, which deepened the subaerial rollover point by 0.16 m and decreased delta aggradation rates
overall (Figure 7). However, the larger wave climate imposed during freeze‐up affected the subaqueous portion of
the delta, with waves shoaling at depths near the subaqueous rollover point. Over time, this increased wave
climate steepened the gradient of the subaqueous foreset from 0.23° to 0.30° (Figure 7). Notably, waves
diminished shoreline progradation rates, which created a morphologic feedback in the model with the location of
ice. As mentioned in Section 3.2.1, the floating sea ice moves seaward with shoreline growth; therefore, in the
simulation featuring sea ice and waves, sea ice remained closer to the delta apex compared to the simulation
without waves. The combined processes of sea ice nearshore and wave‐driven sediment dispersal aided in the
growth of the subaqueous delta, lengthening the subaqueous topset from 1.8 to 2.1 km compared to long‐term
simulation without waves (Figure 7).

In the ice‐free simulation, the inclusion of waves had a smaller impact on delta morphology than in the ice‐
affected. The imposed wave climate steepened the gradient of the delta shoreface from 0.43° to 0.47°
(Figures 4a and 7a) and increased the separation between the shoreline and subaerial rollover point (Figure 7c). It
should be noted that because waves started in the simulation based on delta elevation, the ice‐free scenario
experienced waves for 200 years more than the ice‐affected scenario.

4.4. Future Morphologic Change in Arctic Deltas

Two future sea‐state scenarios were run to represent Arctic delta morphologic response to a prolonged open‐water
period and an intensified wave climate (partially resulting from the prolonged open‐water period) The ice‐
dominance ratio for these future scenarios is 4.6, which is lower than any of the ratios measured on the Col-
ville Delta from the 2003–2016 record and 16% lower than the long‐term simulations (Figure 3a). Simulations ran

Figure 7. Long‐term delta development with waves results for: (a) ice‐free and (b) ice‐affected. Dark gray lines highlight
timestamps after 500, 1,000, and 1,500 years of delta growth as denoted in plot (a). See figure key for the location of rollover
and inflection points. Foreset gradients are in degrees and displayed to the left of the inflection point. Length of the subaerial
(tan) and subaqueous (blue) topsets, and shoreline position (gray) relative to modeled time for (c) ice‐free and (d) ice‐affected
simulations.
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for a total of 450 years using the starting bathymetry from the 1100‐year timestamp of the long‐term evolution
model with sea ice and waves. Future scenario model inputs are described in Table 2.

4.4.1. Scenario A: 50% More Open‐Water Days

The expansion of the open‐water season resulted in rapid sediment infill of the shallow subaqueous delta
(Figure 8a). After 250 years, the subaqueous topset was reduced from 2.0 km to 0.3 km in width (Figure 8c).
However, the subaqueous delta was not entirely removed to produce a single clinoform at the end of the simu-
lation. Since sea ice remained present during break‐up, sediment bypassing still occurred, as noted in the long‐
term model runs, and promoted outbuilding of the subaqueous delta. Moreover, bypassing was highly depen-
dent on the location of the sea ice relative to the shoreline.

In scenario A, break‐up produced the highest shear stresses of 1.30 N/m2 due to substantial discharge. Notably,
the increase in the time of wave action had little effect on overall delta morphology during the open‐water season.
Shear stresses were similar to those exhibited in the long‐term ice‐affected case with waves because both sim-
ulations featured the same prescribed wave climate (Table 2). The rollover points deepened by 0.039 and 0.098 m
on the subaerial and subaqueous deltas (Figure 8a). At approximately the 350‐year mark, the rate of morphologic
change decelerated for the lengths of the subaerial and subaqueous topsets, indicating that extending the model
run time to 500 years would likely result in minimal to no change to the overall delta morphology (Figure 8c).

4.4.2. Scenario B: Intensified Wave Climate

Increases in wave heights and period during the open‐water and freeze‐up seasons resulted in a different delta
morphology compared to scenario A, though still maintaining a compound clinoform morphology (Figure 8). At
the beginning of the simulation, waves attenuated from 2 to 1 m at the wave base offshore the delta and again
between the subaqueous and subaerial rollovers by 0.4 m before shoaling at the shoreline. Over time, the wave
energy eroded the subaqueous topset width from 2.0 to 0.6 km and hindered subaerial delta progradation
(Figures 8b and 8d). Wave action created a concave‐upward inner shelf that progressively deepened and moved

Figure 8. Deltas produced from future scenarios after 450 years: (a) clinoform morphology after a 50% increase in open‐water
days and (b) clinoform morphology after a 50% increase in open‐water days and a larger wave climate with 0.8 and 2 m wave
heights with a 7 s period. Lighter gray clinoform is the starting bathymetry used at the beginning of the simulation. The black
line shows the final result of the simulation. The position of the shoreline (gray) and lengths of subaerial (tan), and
subaqueous (blue) topsets relative to modeled time are shown in (c) scenario A and (d) scenario B.
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landward during the simulation. This concave‐upward profile resembles the inner shelf currently present on the
Colville (Figures 1c and 8b).

Maximum shear stresses doubled during the freeze‐up season compared to scenario A, increasing from 1.3 to
2.9 N/m2. Deposition during break‐up appeared to have a minor overall effect on delta morphology, with most of
the deposition eroded by waves during the following seasons. Throughout the 450‐year simulation, the sub-
aqueous rollover point deepened by 0.26 m while the subaerial rollover point decreased by 0.48 m in depth
(Figure 8b). Notably, the subaerial topset exhibited little to no rate of morphologic change in scenario B compared
to scenario A, whereas comparable rates were observed for the change in length of the subaqueous topset between
the two simulations (Figures 8c and 8d).

5. Discussion
Based on the Delft3D simulations, we found that the subaqueous 2‐m platform observed offshore of Arctic deltas
—which resembles a subaqueous delta topset observed in lower‐latitude deltaic clinoforms—can be generated
from river forcing and floating landfast sea ice alone (i.e., without waves, which are thought to help create this
geometry in non‐polar settings). We explore how sea ice alters delta morphology and how longer open‐water
seasons and larger waves may re‐shape Arctic deltas and affect the dispersal of Arctic riverine sediments to
offshore depocenters.

5.1. Sea Ice Effects on Cross‐Shelf Delta Morphodynamics

As detailed in Section 4.1, the ice‐affected delta displays the defining characteristics of a compound clinoform.
The delta profile comprises a coupled subaerial and subaqueous delta with corresponding rollover points,
separated by a low‐relief region of minimal accumulation (Patruno & Helland‐Hansen, 2018; Peng et al., 2020;
Pirmez et al., 1998; Swenson et al., 2005). Both subaerial and subaqueous portions of the clinoform have a
basinward dipping topset‐foreset‐bottomset morphology, which progrades seaward through time (Figures 1a and
4b). Similarly, the ice‐affected delta exhibits a more sigmoidal geometry associated with compound clinoforms
compared to the oblique single clinoform formed during the ice‐free simulation and more typical of lower‐latitude
systems (Patruno et al., 2015; Swenson et al., 2005; Figure 4). Furthermore, the modeled ice‐affected delta has the
same internal stratigraphic architecture associated with a compound clinoform—namely, seaward‐dipping beds
as well as coarser sediments comprising the subaerial and subaqueous topsets and finer sediments comprising the
foresets (Lim et al., 2019; Peng et al., 2020; Figure 4).

Morphodynamics in the ice‐affected simulations exemplify the impacts of nearshore sea ice on sediment
dispersal. Ice reduces nearshore deposition and promotes sediment bypassing, resulting in enhanced seaward
progradation of the shallow subaqueous platform (Figures 4 and 7). Our findings are in agreement with the
reduced complexity models (RCM) developed by Chan et al. (2023), Piliouras et al. (2021), and Lauzon
et al. (2019), which simulated the generation of a subaqueous 2‐m platform in the presence of ice (in planform
view). For example, in the most recently developed RCM by Chan et al. (2023), a ∼1–3 km 2‐m ramp developed
around the delta apex after 150 years from the presence of 2‐m thick ice, matching the 2‐m depth and 1.2 km
extension we simulated at the same timescale and thickness (Figure 4f).

In non‐polar environments, this type of sediment bypassing is usually driven by waves and/or tidal currents in
deltas where waves are <2 m and tidal ranges are >2 m (J. P. Walsh & Nittrouer, 2009; Figure 1a). In these wave‐
or tide‐influenced settings, high near‐bed shear stresses from wave orbital velocities and tidal currents create a
lateral separation between the river mouth and the region of high sediment accumulation (i.e., a subaqueous
foreset, or compound morphology; Peng et al., 2020; Swenson et al., 2005; J. P. Walsh & Nittrouer, 2009;
Figure 1a). Similar processes of compound clinoform development were observed in modeled ice‐affected deltas,
but in the absence of large tidal ranges or intense wave energy. This finding has implications for stratigraphic
interpretations of ancient deltas, which may exhibit a morphology previously interpreted as a high‐energy wave
and/or tide‐dominated system, but alternatively, it may result from the presence of nearshore sea ice in a low‐
energy environment.

The compound clinoforms strongly depend on the sea ice thickness and location. In the ice matrix simulations,
when spring‐time ice was located far from the river mouth (2 km, mimicking an earlier summertime decay of sea
ice), sediments deposited near shore before contacting the sea ice and thus formed a single clinoform (Figures 5g–
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5i). In contrast, the presence of thicker ice closer to shore promoted a greater sustained current under ice, resulting
in a larger lateral separation between the subaerial and subaqueous clinoforms (Figures 5a–5f and 5j). These
contrasting results suggest that a critical nearshore sea ice thickness (compared to the fluvial channel depth) and
distance from shore (compared to the potential progradation during spring) are required to form a compound
clinoform from ice processes. These non‐dimensional comparisons suggest that there is an effect of sea‐ice on
delta clinoforms if it lies closer than 37% of the spring progradation distance offshore, and is thicker than 20% of
the channel depth. This provides a ratio of required accommodation space (i.e., less space nearshore due to
ice = extended subaqueous delta) needed for subaqueous topset development. These findings are similar to those
reported by Chan et al. (2023), who examined the timing of ice melt and basin slope, and further suggests that a
critical nearshore sea ice condition is needed in addition to seasonal sediment flux during ice‐presence (Qice) to
form a compound clinoform from ice processes.

5.2. Impacts of Arctic Seasonality

The inclusion of seasonality (i.e., timing and extent of ice relative to high river discharge) resulted in different
depositional patterns on ice‐affected deltas. During the breakup season, sea ice promoted seaward advection of
sediments, and a depocenter formed offshore (Figure 6). In contrast, a more proximal depocenter formed during
the summertime open‐water season on the subaerial foreset (Figures 6d and 6e) because of reduced sediment
discharge as well as increased nearshore accommodation space in the absence of ice. Also, despite sediment loads
from the river being higher during breakup, the most morphologic development occurred during the summertime
open‐water season (a result which is consistent with the RCM by Chan et al., 2023 which measured a 4 times
increase total delta area with the inclusion of summertime discharge). This result may have important implications
for Arctic fluvial carbon delivery, insomuch as carbon may be stored in different locations on the delta (and at
different water depths) during different seasons (McClelland et al., 2016; Raymond et al., 2007).

Despite the greater degree of morphologic change in summer, however, the springtime dispersal pattern
modulated by sea ice must act as a long‐term control on Arctic delta morphology since only Arctic deltas exhibit
the shallow 2‐m subaqueous platform and undergo the process of ice break‐up (Are & Reimnitz, 2000; Reimnitz
& Bruder, 1972). Previous studies have found that compound clinoform morphology can be driven by event‐
based influences (e.g., floods, storms), which vary in duration, frequency, and magnitude (Fagherazzi & Over-
eem, 2007; Swenson et al., 2005). Therefore, the annual event of break‐up likely impacts delta morphology in the
same way as episodic storms. In other words, two depocenters develop on the modeled ice‐affected delta: (a) on
the distal foreset, promoted by sediment bypassing under sea ice during spring flood conditions (analogous to
storm‐driven transport in lower‐latitude systems) and (b) on the proximal foreset during the open‐water season
when “normal”/low‐energy (fair‐weather) conditions occur on the delta, and seaward progradation of the sub-
aerial part of the delta occurs (see Swenson et al., 2005 for a non‐polar model). Despite differences in the length of
the open‐water season (90 days) compared to the break‐up season (14 days), at times, these depocenters were
similar in volume of deposition—but the impacts on morphology are very different. To summarize, Arctic delta
shoreline progradation is more likely to occur in the open‐water season, while the compound morphology is
primarily developed during the break‐up season. This finding has important implications considering the
lengthening open‐water seasons in the Arctic (Barnhart et al., 2016; Bliss et al., 2019; see Section 5.5).

5.3. Wave Impacts

The shallow geometry of Arctic continental shelves is known to limit the coastal morphodynamic impacts from
waves (Malito et al., 2022; Overeem et al., 2022). We observed wave heights decrease 50% at ∼27 m isobath and
another 60% at the 2‐m ramp, confirming the subaqueous platform's ability to decrease wave energy acting on the
shoreline (Overeem et al., 2022). In long‐term simulations, wave energy at the 2–3 m isobath decreased on
average 39% and 84% during open‐water and freeze‐up seasons, respectively. These seasonal waves increased
seabed slopes on the delta topset and foresets, limited shoreline progradation, and aided subaqueous delta
development (Figure 7).

However, waves likely created a feedback with the location of ice and shoreline in the model since ice moved
seaward with shoreline development. The decline in shoreline progradation rates from wave reworking kept sea
ice closer to shore for the following break‐up season and slowed overall delta progradation, thus moving the delta
closer to a steady state, as illustrated in Figure 7d. This modeled relationship between waves and the location of
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nearshore sea ice could indicate another factor limiting Arctic delta progradation rates and maintaining the 2‐m
subaqueous feature (Overeem et al., 2022). Storm waves and surges continue into the ice‐free season, removing
deltaic sediments from these sediment‐starved systems (Reimnitz, 2002). Therefore, storm‐induced erosion could
balance sea ice‐driven transport by controlling shoreline location, thus helping maintain the current delta
structure.

5.4. Future Arctic Delta Morphology

As the Arctic loses ice due to warming temperatures, ice influence on Arctic deltas will decrease and river and
wave influences will increase (Overeem et al., 2022). We simulated changes in ice and river influence by
increasing the length of the open‐water season, and simulated changes in wave influence by imposing larger
waves (see Section 4.4; Figure 3c and Figure S1 in Supporting Information S1).

In scenario A, the length of the open‐water season was increased by 50%, and the delta transitioned from a
compound clinoform to a simpler, Gilbert‐style delta over a period of 450 years (Figures 8, 9a, and 9b). The
reduction in sea ice duration meant that the nearshore accommodation space increased. This change, coupled with
increased fluvial supply due to a longer open‐water season, led to rapid sediment infilling near shore and subaerial
delta progradation (Figure 8). In other words, the delta became more river‐dominated and less ice‐dominated.

The simulated effect of scenario A is consistent with Chan et al. (2023), who used the climate‐model projections
of future sediment discharge and ice conditions (Stocker, 2013) to model the future morphology of the Lena Delta
and saw the 2‐m subaqueous feature infill after 200 years. The results presented here also raise questions about the
future of the Colville Delta in the coming centuries. In the model, the 50% increase in annual open‐water days
(from 90 to 135 days) resulted in an increase in wave exposure from 50 to 70 days and an increase in overall
season of fluvial sediment delivery from 130 to 175 days per year. By comparison, the Colville Delta has
experienced waves for an average of 106 days per year in the last 20 years (Figure S1 in Supporting Informa-
tion S1). Will the delta begin prograding if the number of open‐water and fluvial delivery days increases?

It is worth noting that the progradation modeled in scenario A depends on the available fluvial sediment fluxes.
Notably, the sediment supply in our future scenarios did not increase in concentration, but rather only in the
duration of delivery. However, climate models predict increases in Arctic river sediment fluxes from warming
temperatures as a result of permafrost thaw (Syvitski, 2002; Zhang et al., 2022). Such an increase in fluvial

Figure 9. Conceptual diagram of Colville River Delta morphology based on the future scenario simulations. (a) Plan‐view of
the Colville Delta based on dominating future river conditions; (b) Cross‐sectional view of the Colville clinoform based on
dominating future river conditions; (c) Plan‐view of the Colville Delta based on dominating future wave conditions;
(d) Cross‐sectional view of the Colville clinoform based on dominating future wave conditions.
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sediment flux would make the infilling modeled in scenario A more likely in the coming decades. This prediction
is illustrated in our conceptual diagram for scenario A (Figures 9a and 9b).

In contrast to scenario A, scenario B was dominated by erosional processes (Figures 8, 9c, and 9d). The inputs and
open‐water season timing were the same as in scenario A, but wave heights and periods were larger (Table 2).
Simulated conditions mimic those recently observed offshore of the Colville Delta later in the open‐water and
freeze‐up seasons (Figure 3c). At the end of 450 years, the 2‐m subaqueous topset was reduced from 2.1 to 0.9 km
in width. Despite effective wave attenuation across the subaqueous topset, the annual recurrence of larger waves
ultimately led to excessive erosion and created a morphologic feedback whereby increasingly large waves
propagated to the shoreline (resulting in a 45% increase in wave energy at the shore) and the subaqueous platform
deepened. Thus, if the regional wave climate further increases as predicted (Casas‐Prat & Wang, 2020b), the
subaqueous delta may entirely erode, and the subaerial delta may erode as well if marine sediment erosion ex-
ceeds fluvial supply. These dynamics could ultimately transition the current compound morphology to a marine‐
dominated dispersal system with features resembling those of wave‐dominated deltas along high‐energy shelves
(J. P. Walsh & Nittrouer, 2009). This prediction for scenario B is shown in Figures 9c and 9d. The transition from
ice‐driven to wave‐driven transport would significantly change the delta morphologic processes of the Colville
Delta and other Arctic deltas exposed to a similar growing wave climate and alter fundamental land‐ocean in-
teractions from excess erosion.

Notably, both scenarios are modeled separately here but are likely to occur simultaneously: A longer open‐water
season will expand the fetch that drives the increase in wave energy. As a result, the contrasting transitions of both
scenarios will compete with uncertain outcomes in terms of river‐ or wave‐dominance. Change may occur soon
though. An increase of 50% in open water days can drive substantial changes in delta morphology. This finding
implies that Arctic deltas do not need to experience 365‐day open‐water periods to transition from ice‐affected
deltas to river‐ or wave‐dominated features. A recent projection suggests that the Arctic winters may be ice‐
free by 2100 (Barnhart et al., 2016). If true, the model results presented here suggest that Arctic deltas may
experience substantial morphologic change much earlier than that. Furthermore, inputs in the model are based on
current field observations; thus, Arctic deltas may already be transitioning from ice‐dominated systems to river‐
and/or wave‐dominated systems.

5.5. Recommendations

The 1D model developed in this study is helpful for interpretations and predictions of Arctic delta formation under
the influence of sea ice, as well as future evolution under reduced sea ice, different seasonality (in the river and/or
ocean), or absence of sea ice. Our results from these analyses highlight several areas for further investigation.

First, the implementation of a floating structure in Delft3D effectively mimicked the effects of landfast ice and
can be used to explore ice dynamics in future Delft3D polar simulations. However, the structure does not allow for
any wave propagation or water flow over the floating structures. Nederhoff et al. (2022) recently adapted SWAN
to incorporate wave dissipation by ice, which could be implemented in the model as an alternative to the floating
structure during seasonal transitions. Including these more sophisticated wave interactions with sea ice would
further enhance our understanding of wave‐damping and wave stresses in the nearshore region and on the sub-
aqueous delta. This could also assist in better addressing the potential sediment flux contributed by waves, Qwave,
on the deltaic environment (Overeem et al., 2022).

Second, cryosphere processes in addition to sea ice, such as permafrost thaw, play an essential role in the
morphologic framework of Arctic deltas (Overeem et al., 2022; Piliouras & Rowland, 2020). Frozen permafrost
sediments armor the coastline and seabed from erosive processes during break‐up and freeze‐up, which stabilizes
deltaic sediments and leads to even distribution of fluvial sediments at the delta shoreline (see models by: Chan
et al., 2023; Lauzon et al., 2019; Piliouras et al., 2021). In the present study, erodibility never varied with the
seasons, and exploring the effects of a thawing coastline on delta evolution would be a valuable future
investigation.

Lastly, the modeled delta developed a 2‐m subaqueous topset or “ramp” under sea ice from riverine forcing,
which possessed the architecture of a subaqueous clinoform typical of a compound delta. However, these 2‐m
submerged platforms are also observed—though with narrower widths (e.g., 0.5–5 km)—on Arctic coastlines
which receive little fluvial sediment during spring break‐up. Reimnitz (2002) suggest two alternative explanations
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for how ice‐driven processes could produce this shallow feature: (a) repetitive erosion by tidal currents during the
ice‐covered season induced by tidal cracks between landfast ice and seabed; and (b) storm‐induced coastal setup
in the fall with the presence of landfast ice that moves sediment seaward due to horizontal pressure gradients.
Thus, a more comprehensive future model would benefit from the inclusion of these more complex hydrody-
namics to better understand ice‐mediated delta evolution and the nuances of subaqueous topset formation in polar
versus lower‐latitude environments.

6. Conclusions
This study simulated Arctic delta development and compared it to deltas with no ice, such as those in lower‐
latitude regions. Our analysis of 12 modeled clinoforms shows that sea ice‐driven processes altered fluvial
sediment deposition and promoted sediment bypassing offshore, generating a compound clinoform. However,
morphologic characteristics heavily depend on offshore conditions (e.g., location of nearshore ice, seasonality,
shallow inner shelf). We found that nearshore sea ice characteristics controlled the morphology of the subaqueous
delta, with thicker ice closer to shore resulting in a larger lateral separation between the subaerial and subaqueous
clinoforms (i.e., a wider subaqueous topset).

Additionally, our study highlighted the various depositional patterns which occur during different Arctic seasons
and mediate how the delta morphology evolves. We found that during the open‐water season, sediment was
routed to a different depocenter compared with the break‐up period. The open‐water sea depocenter supplied the
subaerial delta and contributed more to overall delta growth. Furthermore, the Arctic fall storm climate may assist
in maintaining the subaqueous topset by limiting shoreline progradation.

Most notably, our future modeled simulations suggest that the Colville Delta may already be shifting in its
morphologic influence from ice‐ to river‐ or wave‐dominated due to reduced seasonal sea ice coverage. Both
future scenarios resulted in a strong reduction of the 2‐m subaqueous topset in the 450‐year simulation. With the
extended ice‐free conditions, fluvial sediments infilled the shallow nearshore region. However, extended ice‐free
conditions with an intensified Arctic wave climate gradually eroded the subaqueous topset. The loss of this crucial
feature, which serves as a buffer for shoreline erosion by waves, will alter morphologic processes on Arctic deltas
and could make them more vulnerable to wave action at the shorelines during the open‐water and freeze‐up
seasons. Furthermore, changes in Arctic delta morphology would affect the future delivery of fluvial sedi-
ment, nutrients, and carbon sequestration in Arctic coastal systems.

Data Availability Statement
Model simulations were conducted using Delft3D‐FLOW coupled with modules written in MATLAB and out-
puts were processed in MATLAB. Model output files and examples can be found at the Arctic Data Center
(Cooper et al., 2023). Delft3D is an open‐access modeling package available for download at Deltares (https://
download.deltares.nl/delft3d‐4‐suite). Inputs for model simulations were downloaded from open‐access data
portals. Bathymetric data offshore the Colville can be found through IBCAO (Jakobsson et al., 2020) and
Zimmermann et al. (2022). The seabed inputs used in the model can also be found at the Arctic Data Center
(Eidam, 2023). River gauge data were accessed from the USGS data portal for the Colville River (U.S. Geological
Survey, 2022). Historic river sediment data were extracted from Arnborg et al. (1967) figures using the Juicr
Package in R Studio (Lajeunesse, 2021). European Center for Medium‐Range Weather Forecast ERA5 wave
reanalysis together with sea ice ARC MFC reanalysis were downloaded from the Copernicus Service catalogue
(Arctic Ocean Wave Hindcast, 2022).
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