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Abstract

Arctic regions are changing rapidly as permafrost thaws and sea ice retreats. These changes
directly affect Arctic river deltas, but how permafrost and ice alter delta hydrology and
sediment transport are not well researched. This knowledge gap limits our ability to forecast
how these systems will respond to continued warming. We adapt the reduced complexity
model of delta morphodynamics DeltaRCM to investigate the influences of permafrost and
landfast ice on delta morphology and channel dynamics. We find that ice cover and
permafrost decrease channel mobility, increase shoreline roughness, and route and deposit
more sediment offshore. Ice cover also enhances overbank deposition, increasing subaerial
delta elevations. Our modelling suggests that permafrost and ice loss in a warming climate
could lead to less overbank and offshore deposition and more dynamic and spatially
distributed fluxes of water and sediment across Arctic river deltas.

Plain Language Summary

Acrctic regions are warming rapidly, causing frozen soils to thaw and sea ice to melt. These
changes directly affect Arctic river deltas that connect the continents to the Arctic ocean. Due
to the difficulty of research in these remote regions, we do not yet understand how ice cover
and-frozen soil (i.e., permafrost) affect coastal change, which limits our ability to predict
coastal dynamics in a warming environment. This study uses a numerical model to examine
the impacts of ice cover and permafrost on Arctic delta dynamics. We found that both ice and
permafrost make channels more stable. Ice fills channels and forces flow underneath the ice,
preserving channels that would otherwise be filled with sediment over time. This also causes
increased delivery of sand and mud to the coastal ocean. Ice cover enhances vertical delta
growth by encouraging flooding, implying that a reduction in ice cover due to warming will
result in less vertical delta growth and therefore less of an ability to keep up with sea level
rise. Qur results also suggest that loss of permafrost and ice may result more mobile channels,
which will fundamentally change how rivers deliver water, sediments, and nutrients to the
coastal ocean.
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1 Introduction

The Arctic is experiencing accelerated warming (IPCC, 2013), permafrost thaw (ACIA,
2004; Jorgenson et al., 2006; Lachenbruch and Marshall, 1986; Slater and Lawrence, 2013),
sea ice retreat (ACIA, 2004; Barnhart et al., 2016; Overeem et al., 2011; Simmonds, 2015),
and sea level rise (SLR) (ACIA, 2004; Proshutinsky et al., 2001). Arctic river deltas are
particularly susceptible to climate change, but these remote landforms remain poorly studied
compared to their temperate counterparts. Arctic deltas are ice-covered for 7-9 months a year
and underlain by varying extents of permafrost. How future permafrost loss and changes in
ice thickness and extent will alter the structure and function of Arctic deltas is a fundamental
unanswered question. Reworking of Arctic delta floodplains will release vast stores of carbon
(Gustafsson et al., 201; Rowland et al., 2010) into the atmosphere or ocean, making it
important to understand how Arctic deltas will respond to a warming climate.

Frozen pore waters can greatly increase soil strength over that of unfrozen materials
(Williams and Smith, 1991; Tsytovich, 1975), and frozen banks must thaw prior to being
physically eroded. Both effects may slow erosion rates in permafrost systems. Additionally,
permafrost makes erosion rates sensitive to climate-driven changes in hydrology and
temperature (Dupeyrat et al., 2011; Randriamazaoro et al., 2007). On deltas, thawing
permafrost may increase channel mobility, land subsidence, and thermokarst lake creation
and expansion (Rowland et al., 2010; Williams and Smith, 1991), which all affect fluxes of
water, sediment, and nutrients through deltas.

Free-floating and landfast (i.e. attached to land) ice are both present on Arctic deltas and
affect water flow through channels by introducing friction (resistance) at the ice-water
interface (Lotsari et al., 2017; Smith and Ettema, 1997; Sui et al., 2010; Toniolo et al., 2013;
Wang et al., 2008;). For free-floating ice, this decreases velocities (Lotsari et al., 2017; Smith
and Ettema, 1997; Sui et al., 2008), which reduces bed shear stresses and sediment transport
(Lau-and Krishnappan, 1985; Smith and Ettema, 1997). For landfast ice, friction moves
maximum velocities closer to the bed (Lotsari et al., 2017; Sui et al., 2010; Wang et al., 2008)
and flow constriction under the ice increases velocities (Lotsari et al., 2017; Robert and Tran,
2012). This suggests that landfast ice may enhance below-ice sediment transport, however, to
our knowledge, this has not been confirmed by data. This hypothesis suggests that landfast
ice, present on Arctic river deltas during spring snowmelt floods (Walker, 1998), may have a
larger impact on delta dynamics than floating ice.

Using the reduced complexity model of delta morphodynamics DeltaRCM (Liang et al.,
2015a, b, 20164, b), we investigate the influences of permafrost and landfast ice on river delta
morphology, growth, and channel dynamics. By simplifying physical processes for
incorporation into this rule-based model (Murray, 2003), we gain insights into the processes
and process interactions most important to Arctic river delta dynamics, which would be
difficult to obtain through other methods (e.g. remote sensing or field observations). Here we
show that ice and permafrost alter channel mobility and depositional patterns on Arctic river
deltas, affecting delta morphology, sediment retention, and the distribution of flow and
sediment across the delta.

2 Materials and Methods

DeltaRCM consists of a grid of square cells, each with an associated water discharge, water
surface elevation, and bed elevation. In each timestep, the model divides water discharge into
parcels, which enter the grid through a fixed inlet channel and are routed by a weighted
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random walk, with weights determined by inertia (average downstream direction), gravity
(water surface gradient) and flow resistance. The depth-averaged flow field and water surface
profile are then updated and the sediment parcels, set fractions of which represent mud and
sand, are routed by a similar random walk weighted by water discharge. Bed elevations are
updated based on sediment parcel paths and lateral sediment diffusion, and the next timestep
begins. We adapt DeltaRCM for Arctic environments by incorporating the effects of ice and
permafrost. Our modifications are described in detail below and in Supporting Information,
and a complete description of the model can be found in Liang et al. (2015a).

We characterize ice cover by maximum ice thickness (himax) and initial upstream ice extent
(fice; fraction of the delta length that is ice-covered at the start of each model year). The model
assumes bankfull flow conditions (Liang et al., 2015a), which we assume occur entirely
during the spring flood based on observations of punctuated geomorphic activity associated
with spring floods in Arctic deltas (Walker and Hudson, 2003). We therefore model only the
melting of ice during the spring flood.

At the beginning of each flood, the ice is at its maximum thickness (which may not exceed
99% of the cell’s water depth (h)) and upstream extent. Ice thickness increases linearly
downstream from zero at the initial ice extent boundary (fice) to h; max Over 10 grid cells to
prevent abrupt increases in ice thickness. During the flood, ice in each cell melts (i.e., thins)
during each timestep according to the heat flux provided by the local discharge and a
background rate representing atmospheric melting. The discharge-weighted melting per
timestep is calculated after Searcy et al. (1996). To represent atmospheric melting, we
calculate the rate necessary to melt all the ice over the exact length of the spring flood and
then impose melting at a fraction of this rate (Text S1).

We incorporate two main effects of ice into the model: (1) increasing resistance by adding
friction and (2) when landfast, constricting flow, reducing water depths by forcing flow under

the ice. Flow resistance (Ry) in DeltaRCM was originally depth (h) dependent: — = where

8 = 1 for water and mud (assumed to follow the water parcels) and 6 = 2 for sand parcels
(assumed to preferentially follow deeper flow paths). We modify this equation to include

additional flow resistance and constriction from ice — = ( —-—) wherehjisice

thickness and = — . This formulation has several advantages: (1) when h; = 0, it
reduces to the original equation and (2) the resistance introduced by the ice increases as both
h; and hi/h increase, consistent with observations that roughness (and therefore resistance)
along the ice-water interface increases with ice thickness (Attar and Li, 2012). We also use
hess to calculate velocity, so that velocities under ice are higher for the same discharge because
of the decreased water depth, consistent with observations of flow under fast ice (Lotsari et
al., 2017; Robert and Tran, 2012).

Permafrost is developed over time as the delta grows and develops only on the delta, not in
the ocean. Permafrost is defined as ground that maintains a temperature below freezing for a
minimum of two years, and therefore can only exist below the active layer (seasonal thaw
layer). We assign an active layer thickness of 0.5 m. Each model grid cell is vertically
divided into 0.05 m thick layers in which we track the amount of time (in model years) layers
of sediment have been below the active layer. Layers that have been below the active layer >
2 model-years are flagged as permafrost. We assume that sediment below the active layer
freezes during its first year, such that we are modeling systems with rapid rates of permafrost
development. Sediment layers within the active layer are assigned an age of 0. In each
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timestep, we use this 3D permafrost map to assign a binary designation to each horizontal cell
as permafrost or non-permafrost based on thickness of permafrost layers relative to channel
depth and total deposit thickness (Text S2).

To represent the decreased erodibility of permafrost without implementing a complex thermal
erosion model (Dupeyrat et al., 2007; Randriamazaoro et al., 2007), we characterize
permafrost with a relative erodibility (E; always < 1). We increase the erosion velocity
thresholdand decrease lateral sediment diffusion by this relative amount for permafrost cells.
Lateral sediment diffusion (gs iar) is a function of local lateral slope (S) and sand flux (Qs_joc):

= _ . We multiply the smoothing coefficient (a) by E, such that a permafrost
cell contributes less sediment to its neighbors through lateral diffusion than a non-permafrost
cell.

We present 3 sets of experiments (ice thickness, ice extent, permafrost erodibility) using a
120 x 240 cell grid with sediment inputs of 25% sand and 75% mud. We prescribed a flood
length-of 10 days (34 model timesteps (each ~7 hr)), assuming 10 bankfull flow days per
year; analysis of daily discharge data for six major Arctic rivers suggests this is a reasonable
assumption. We delayed implementation of permafrost or ice cover until 300 timesteps to
allow establishment of an initial channel network. We ran each experiment in triplicate for
5000 timesteps (approximately 150 years).

We first varied only hj nax, using fice = 40%, and hjmax = 0.5, 1, 2, 3, 4, and 4.5 m. We then
varied both h; nax and fice to represent the flood occurring at different times during the spring
season. For hjmax = 0.5, 2, and 4 m, we tested fic. = 0% (ice present only in ocean), 40%, 80%,
and 100% (entire delta is ice-covered). Finally, we examined permafrost erodibilities E = 0.5,
0.65, 0.8 and 0.95. Model deltas with E = 0.5 consistently reached the edge of the model
domain before the end of a run and are therefore not presented here (see Table S3 and Figures
S3 and S4). Details of data analysis methods can be found in Text S3.

3 Channel networks and channel dynamics

Permafrost limits lateral channel mobility and inhibits channel incision, as frozen sediment
requires higher velocities to erode. In our experiments, this results in fewer channels on deltas
with permafrost (3.14 + 0.38 channels) than on deltas with no ice or permafrost (3.77 + 0.38).
Decreasing erodibility also results in more frequent channel switching (avulsions), as
permafrost-bound channels cannot easily adjust to local changes in discharge through lateral
migration or bed erosion, and more favorable slope or resistance gradients may exist outside
of active channels. For a slight decrease in erodibility (E = 0.95 or 0.8), this results in a more
mobile and spatially disperse channel network (Figures 1f, g, 2a). However, as erodibility
decreases (E = 0.65) and migration and incision of new channels become more difficult,
existing channels become strong flow attractors, and attempted avulsions are short-lived,
resulting in decreased channel mobility (Figures 1h, 2a) and entrenchment of existing
channels.

Thick ice cover enhances channel persistence (Figures 1c, d, 2b, ¢, S1) through two
mechanisms. First, it constricts and accelerates flow, limiting aggradation in channel beds.
Second, ice preserves channels through a positive feedback. Increased flow resistance limits
water discharge and sediment deposition, which would fill the abandoned channel. Without
discharge, the ice melts slowly, and continues to provide resistance to flow. Channel
persistence then increases as abandoned channels are preserved as topographic lows (Figure
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5i) and shallower channels are blocked by ice, focusing flow in existing, deeper channels that
become entrenched under the ice (Figure 3e).

This results in simulated deltas with ice cover having significantly more channels than deltas
without ice for all ice thicknesses (4.47+0.51, extent: 40%), but the mechanisms controlling
the increase in channel number differ for thin and thick ice. On deltas with fast ice, water is
forced under the ice, resulting in increased water levels upstream of the ice boundary (here
termed ‘backup’; bottom right panel of Movies S6-8). The resulting increase in water surface
slope increases the likelihood of an avulsion. For thin ice-cover (0.5 m), more avulsions
result in increased channel mobility (Figure 2b) and in a spatially and temporally dynamic
channel network distributed widely across the delta (Figure 1b), with more channels active at
once than on deltas without ice. Channel mobility decreases with increasing ice extent for
deltas with thin ice (Figure 2c) as more of the delta is ice-covered, decreasing the number of
possible flow paths with slope or resistance gradients favorable for avulsions.

For thick ice, increased velocities limit in-channel deposition and channel aggradation, which
reduces the likelihood of avulsions despite backup creating favorable water surface slopes.
When avulsions do occur, flow is more likely to reoccupy a preserved abandoned channel
than to incise a new channel. This results in overall increased persistence in channel locations
(Figure 1d) and decreased channel mobility (Figure 2b). Additionally, the channel network
appears concentrated on only one part of the delta for thick ice runs (Figure 1d), suggesting
avulsions that do occur are smaller in scale than those on deltas with thin ice (e.g. between
branches of a bifurcation or relocating part of a channel rather than the entire channel). These
smaller scale avulsions do not result in complete abandonment of existing entrenched
channels, resulting in more channels active at one time than on a delta with no ice.

4 Delta growth and structure

Increased channel persistence affects large-scale delta growth patterns, limiting deposition to
particular areas of the shoreline and increasing rugosity. The presence of permafrost
significantly increases shoreline rugosity (Figure 3a) by limiting lateral channel mobility,
thus focusing deposition at fewer, more stable channel mouths. However, shoreline roughness
does not depend on permafrost erodibility. For ice-covered deltas, shoreline roughness
increases significantly with ice thickness and ice extent (Figure 3b, c, e, f). Reductions in
channel bed aggradation and channel mobility create elongate channels and discrete, isolated
areas of deposition at the shoreline. These effects of fast ice and permafrost are like those of
cohesive sediment, which tends to create discrete delta lobes and rougher shorelines (Hoyal
and Sheets, 2009; Liang et al., 2015a), though the mechanisms for enhancing channel
stability differ.

More persistent channels also influence deposition offshore. The presence of slightly resistant
permafrost results in more offshore deposition, but as permafrost erodibility decreases, less
sediment is available for transport to the coastal ocean (Figure 5d). With very low
erodibilities (Figures S3, S4), erosion can become so difficult that less sediment is delivered
offshore than with no permafrost. Deltas with ice cover route more sediment offshore as
increased channel velocities limit in-channel deposition and channels extend beyond the
delta,.incising into the basin (Figure 3e, 5i). This behavior is consistent with observations of
sub-ice channel extension, incision, and sediment transport on the Mackenzie (Hill et al.,
2001) and Yukon (Dupre, 1979) deltas, and results in decreasing progradation rates with
increasing ice thickness as more sediment is lost to the ocean. Deltas covered with thick ice
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have smaller final subaerial extents for the same volume of sediment input (Figure 4b, 3e, 5i).
There is no clear relationship between delta growth rate and permafrost erodibility (Figure
4a) or ice extent (Figure 4c).

An increase in offshore deposition on ice-covered deltas creates a feature resembling the 2 m
deep ramp observed off the coast of many Arctic deltas (Macdonald and Yu, 2006; Reimnitz,
2002), consistent with the hypothesis that these ramps form as flow constriction leads to
offshore deposition until the bed reaches the base of the ice (Reimnitz, 2002). In our
experiments, the largest “shelves” occur with intermediate ice thicknesses (i.e. 2-3 m; Figures
3f, 5h). Thin ice does not constrict flow enough to promote offshore deposition, and thick ice
limits the space available for offshore transport between the bed and the ice. Sediment
transport to the shoreline is maximized for intermediate ice thicknesses (Figure S2). Ice
extent does not influence offshore deposition (Figure 5f). Onshore, thick ice increases median
subaerial delta elevations (Table S2; Figure 5b,c), as water level backup results in increased
flooding and overbank deposition (Figure S2). Subaerial elevation distributions are
significantly different with thicker ice cover (1, 4, 4.5, and 5m (Figure 5b) and 4m, 40% and
80% (Figure 5c)) relative to ice-free deltas. Subaerial elevation distributions do not change
significantly with permafrost erodibility (Figure 5a).

5 Implications for future coastal change

Our results suggest that ice and permafrost affect channel mobility, influence the number of
distributary channels, increase shoreline roughness, and enhance offshore deposition. Thick
ice cover also decreases delta progradation and increases overbank deposition rates. Ice cover
appears to have a stronger influence on modeled delta dynamics and morphology than
permafrost, and ice thickness to be a more important driver than ice extent. This suggests that
ice thickness may be a more important factor in understanding the response of natural Artic
river deltas to climate change compared to the extent of ice cover during spring floods.

As sea ice retreats or permafrost thaws, the stabilizing effects of ice and permafrost will
decrease and channel networks may become more dynamic. Our results suggest that a
decrease in ice present at the time of the spring flood may result in channel networks that are
more widely distributed across the delta, with increased channel mobility and more large-
scale (e.g. whole channel and/or across-delta) avulsions. Recent studies have also suggested
that an earlier retreat of sea ice relative to the timing of the spring snowmelt flood would
reduce the amount of overbank flooding on the Mackenzie delta (Emmerton et al., 2007),
thus limiting the storage of water, sediment, and nutrients in the delta plain and instead
routing riverine fluxes directly to the coast. This reduction in storage, combined with
increased reworking of the delta surface as suggested by our study, may alter the magnitude
and timing of the delivery of materials such as carbon (Gustafsson et al., 2011; Rowland et
al., 2010) or mercury (Schuster et al., 2018) to the coastal ocean. Further, a reduction in
overbank flooding with a decrease in ice cover, supported by our study, would likely reduce
the rate of vertical aggradation, limiting delta ability to keep up with SLR.

This study represents a first attempt to characterize the dynamics of Arctic river deltas over
larger space and time scales than are possible from remote sensing and field observations.
While our results complement existing observations (Dupre, 1979; Emmerton et al., 2007,
Hill et al., 2001; Macdonald and Yu, 2006; Reimnitz, 2002), they also identify questions for
future research. Interactions between ice cover, permafrost, and additional variables including
temporal changes in ice extent at the start of floods, sea level, and flood discharge should be
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investigated. By generating basic understanding of the influence of ice cover and permafrost
on delta dynamics, our study provides a valuable foundation for this future work and
emphasizes the need for collection of additional observational data on channel mobility rates,
water and sediment fluxes, and depositional patterns on Arctic river deltas under various
changing ice and permafrost conditions.
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Figure 1. Maps showing the fraction of time each cell remained part of the channel network
from t = 2651-5000 for example model runs. a) and e) have no ice or permafrost. Ice
thickness increases from b) to d) and permafrost erodibility decreases from f) to h).
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Figure 2. Decay in channel planform overlap (representing channel mobility) from t = 2561-
5000 for a) permafrost erodibility, b) maximum ice thickness, and ¢) maximum ice extent.
Error bars represent one standard deviation. The dashed line represents the mean value for
runs with.no ice or permafrost, and the shading is one standard deviation.
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Figure 3. Mean shoreline roughness for a) permafrost erodibility, b) maximum ice thickness,

and ¢) maximum ice extent experime

nts. Error bars represent one standard deviation.

Elevation maps for an example run with d) no ice or permafrost, ) a maximum ice thickness
of 4.5 mand extent of 40% (arrows highlight incised channels), and f) a maximum ice

thickness of 2 m and extent of 100%.
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Figure 4. Time series of delta area for a) permafrost erodibility, b) maximum ice thickness,

and ¢) maximum ice extent.
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Figure 5. Empirical cumulative distribution functions of final delta elevations. a)-c) include
subaerial elevations (> -0.5 m) and d)-f) include subaqueous elevations (< -0.5 m). Elevation
maps for example runs with g) permafrost erodibility of 95%, h) maximum ice thickness of 3
m and extent of 40% (arrow highlights offshore deposition), and i) maximum ice thickness of
4 m and extent of 0% (arrow highlights a preserved abandoned channel).
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