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Abstract

The Greenland ice sheet (GrIS) produces �8% of the global suspended sediment

delivered to the oceans and is the only Arctic region where deltas are advancing.

However, understanding of the dynamics of sediment transfer from source-to-sink

and the impact of variations in climate and ice sheet processes on sediment yields

are uncertain. Here, we investigate controls governing the annual evolution of a

proglacial fjord-head delta (Sermilik Delta) located on the southwest coast of Green-

land from satellite-derived shorelines and modelled tides (1987–2022). Our results

reveal delta progradation of �26 km2 from 1987 to 2022 (0.78 km2 year�1) with an

accelerating trend controlled by meltwater runoff, including increases in the annual

total and frequency of extreme events. The lack of correlation between delta growth

and ice velocity, with the latter decreasing over the study period, indicates a readily

accessible store of subglacial and proglacial sediment that meltwater can tap into.

Expansion of the proglacial zone, which is inundated during high runoff providing a

well-connected source of sediment, might explain the strengthened relationship

between runoff and delta growth since 2010. We highlight the importance of tides

on the morphology of proglacial deltas during low runoff, and the potential of using

tidal model data to remove the tidal signal and isolate real changes in delta area.

K E YWORD S

Arctic, deltas, glacial meltwater runoff, Greenland ice sheet, progradation, sediment transport,

shoreline-change

1 | INTRODUCTION

Ice sheets respond to climate by adjusting their spatial extent and

flow dynamics, which modifies their ability to do geomorphic work

and produce sediment (Jaeger & Koppes, 2016). Amplified anthropo-

genic warming of the Arctic (Dai et al., 2019; IPCC, 2021; Serreze &

Barry, 2011) is causing the Greenland ice sheet (GrIS) to lose mass,

making it one of the largest present-day contributors (Mouginot

et al., 2019; Shepherd et al., 2020) to global mean sea level rise

(Aschwanden et al., 2019; Goelzer et al., 2020). Mass loss is largely

driven by surface melting and runoff and increased glacier flow (King

et al., 2020), which promote the erosion and transfer of subglacial

sediment into the proglacial and coastal environments (Cook

et al., 2020; Hasholt et al., 2018; Koppes et al., 2015).

The GrIS is a significant supplier of sediments to the proglacial

area and ocean (Bendixen et al., 2017; Hasholt et al., 2018; Overeem

et al., 2017). It currently produces �8% of modern suspended sedi-

ment output to the global ocean, with 80% of this fluvial sediment

load concentrated within just 15% of its rivers (Overeem et al., 2017).

While very few measurements of erosion rates beneath the GrIS exist,

indirect observations from catchments with significant surface melt-

water inputs and basal ice motion, suggest they closely resemble

those measured at temperate alpine glaciers (Cowton et al., 2012;

Herman et al., 2021; Overeem et al., 2017; Young et al., 2016).

Meltwater production promotes glacial sliding, erosion and sediment

transfer, but the relationship is strongly influenced by low-frequency

high-magnitude flood events (e.g., Carrivick & Heckmann, 2017; Cook

et al., 2020; Doyle et al., 2015), the availability of sediment and the
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seasonal evolution of the subglacial drainage system (e.g., Alley, 1992;

Cowton et al., 2012; Swift et al., 2002; Swift et al., 2005). Thus, there

is uncertainty regarding the spatial distribution of erosion beneath the

GrIS, and whether the observed sediment flux represents the erosion

product of a single year or includes additional remnants from previous

years (Cowton et al., 2012).

Once sediment is evacuated from the subglacial environment, the

proglacial foreland acts as a filter controlling the connectivity and flux

of sediment transported from the ice margin to the ocean (Lane

et al., 2017; Mancini et al., 2023; Orwin & Smart, 2004; Porter

et al., 2019). This filtering process depends on the amount of sedi-

ment supplied and the sediment carrying capacity of the water and is

influenced by various local factors such as topography, stream dynam-

ics and paraglacial processes (Lane et al., 2017). Where proglacial riv-

ers meet the ocean, sediment is deposited, typically in Gilbert-type

deltas (Irrgang et al., 2022; Overeem et al., 2022). Greenland is the

only Arctic region where deltas have advanced since the 1980s

(Bendixen et al., 2017). Coastline mapping of 121 Greenlandic deltas

showed that 75 of these deltas prograded at an average rate of

0.011 km2 per year since the 1940s. This increased sediment flux

might provide an opportunity for Greenland to become a global

exporter of sand and aggregates (Bendixen et al., 2019), helping indig-

enous communities towards economic independence (Bendixen

et al., 2019, 2022).

Deltas form the critical interface and transition zone between the

land and ocean (Overeem et al., 2022): filtering sediment and nutri-

ents (e.g., Rawlins et al., 2010), controlling the distribution of fluvially

sourced carbon, acting as efficient sinks of inorganic and organic

material (Smith et al., 2015) and modulating biogeochemical cycles

(Hawkings et al., 2015, 2016; Hopwood et al., 2020; Meire

et al., 2015). Greenlandic delta morphology is governed by the balance

between sediment input from upstream (mainly ice sheet) processes

and river discharge and downstream marine processes, such as tidal

and wave action, that redistribute and export the sediment (Kroon

et al., 2011). Tidal dynamics in the coastal waters of Greenland are

modulated by long, narrow fjords and an extensive shallow continen-

tal shelf (Richter et al., 2011).

Understanding how Greenlandic deltas and proglacial forelands

respond to variations in climate and ice sheet processes is crucial to

estimating future changes to the transport of freshwater, sediment,

nutrients and heat that impact marine ecosystems (Hopwood

et al., 2020). Mass loss from the GrIS is predicted to increase by 2100

(Goelzer et al., 2020). However, our understanding of glacial erosion

and sediment transport processes, the timescales over which these

processes operate, and their response to changing climate and glacier

dynamics is uncertain. This is primarily due to the complexity of ice–

water–sediment interactions (Cook et al., 2020; Savi et al., 2023) and

the paucity of empirical data on the production and transfer of sedi-

ment from source-to-sink (Alley et al., 2019; Jaeger & Koppes, 2016).

Other than the pioneering study of Bendixen et al. (2017), little work

has focused on the sedimentary coasts of Greenland (e.g., Bendixen &

Kroon, 2017; Kroon et al., 2011; Kroon et al., 2017; Nielsen, 1994;

Pedersen et al., 2013).

This study aims to quantify environmental controls governing the

morphodynamic evolution of the Sermilik Delta, a proglacial fjord-

head delta situated within the topographically confined (3–4 km wide)

Sermilik Fjord, located on the south-west coast of Greenland

(Figure 1) (63�31052.3200N, 50�45020.4800W). The Sermilik Delta is fed

by meltwater runoff from the Sermeq Glacier catchment. The Sermeq

River delivers around a quarter of Greenland’s total suspended sedi-

ment to the ocean (Overeem et al., 2017). This delta was selected as it

prograded at an exceptional rate of 0.47 km2 year�1 between the

1980s and 2010s (Bendixen et al., 2017) making it the fastest growing

delta in Greenland. In this study, we employ optical satellite imagery

and modelled tide heights to quantify temporal changes in delta

shoreline position and area between 1987 and 2022 to determine ice

sheet and climate factors governing sediment transport and

deposition.

F I GU R E 1 Location of the study

area showing the Sermilik Delta

located at the head of Sermilik Fjord,

adjacent to Sermeq Glacier (right) in

south-west Greenland (top left). The

dashed black line represents an

approximate delta shoreline. The

black polygon on the inset map

outlines the drainage basin area

(7179 km2). Background image is a

Landsat 9 true colour image (acquired

on 13 August 2022).
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2 | DATA AND METHODOLOGY

2.1 | Mapping delta area

To measure changes in the spatial extent of the Sermilik Delta, shore-

lines were mapped with satellite imagery processed in Google Earth

Engine (GEE) and manually digitised using the GEE Digitisation Tool

(GEEDiT) (Lea, 2018). Satellite images from Landsat 5, 7, 8 and

9 (30-m resolution) and Sentinel-2 (10-m resolution) were acquired

between 1987 and 2022 to map delta area change at high temporal

and spatial resolution. In addition to true colour images, the Short-

Wave Infrared (SWIR) band (30-m resolution for Landsat and 20-m

resolution for Sentinel-2) aided in the identification of the delta shore-

line due to distinct differences in albedo between water and land

(e.g., Figure 2b). Delta shoreline extent was delineated by interpolat-

ing straight lines between mouth bars rather than tracing distributary

channels (e.g., Figure 2). This was effective at reducing variability in

the delta area between each observation. To reduce uncertainty

in mapping, islands (mouth bars) were included as part of the delta.

Mapping was restricted to June to September to encompass the melt

season and minimise the impact of snow, sea-ice and shadows from

fjord valley walls (e.g., Figure 3b). Fluvial flooding of the delta plain

also obscured the delta shoreline, making identification difficult for

some images during the melt season (e.g., Figure 3a).

In total, 223 delta shorelines were mapped from 1987 to 2022.

The mapped delta shorelines were exported from GEEDiT in vector

format as separate shapefiles into ArcMap 10.7. To calculate the area

of the delta, the outline of the fjord valley walls was manually delin-

eated from a satellite image with a consistent landward baseline used

as a reference, similar to Bendixen et al. (2017). The delta shoreline

and fjord outline shapefiles were combined into a polygon for each

delta front date in MATLAB in order to calculate the change in

delta area.

2.2 | Delta area tidal correction

Tidal variation has a significant impact on the accuracy of mapped

shoreline positions (Boak & Turner, 2005; Vos et al., 2023), particu-

larly for deltas with shallow surface slopes. Figure 4a,b demonstrates

the difference between a high and low tide from two consecutive

images of Sermilik Delta, and Figure 4c illustrates the influence of the

fluctuating tidal cycle on delta shoreline mapping from satellite imag-

ery at a sub-annual temporal resolution. To mitigate the impact of

tides, previous studies identified the high-waterline on the delta plain

as the delta shoreline (Bendixen et al., 2017). In this study, we mapped

delta shorelines from all suitable images and mitigated the effect of

the tide on the position of the delta shoreline by using modelled tide

height predictions at the time of image acquisition to implement a

tidal correction.

2.3 | Tidal data

Modelled tidal data for the Sermilik Fjord study region were generated

using the Greenland 1-km Tide Model (Gr1kmTM; Howard &

Padman, 2021), available from the Arctic Data Centre. The Tide Model

Driver version 2.5 (TMD) package (Erofeeva et al., 2020) was run in

MATLAB, allowing modelled tidal phases to be generated for the

study period. The Gr1kmTM is a barotropic ocean tide model on a

polar stereographic grid with a resolution of 1 � 1 km. This high-

resolution tidal model is well-suited for accurate tidal predictions in

fjord environments. The Gr1kmTM consists of spatial grids of complex

amplitude coefficients for sea surface height (relative to the seabed,

i.e., ‘ocean tide’) and depth-integrated currents (‘volume transports’)

for eight principal tidal constituents: four semi-diurnal constituents

(M2, S2, K2 and N2) and four diurnal constituents (K1, O1, P1 and

Q1). Tidal height predictions incorporating all harmonic constituents

generated for grid cells within Sermilik Fjord were used as an approxi-

mation of the tidal signal and phase at the delta front. The tides in Ser-

milik Fjord are mixed semi-diurnal, with a predicted mean tidal range

of ca. 2.6 m and a spring tidal range of ca. 3.8 m. Uncertainty in the

modelled tidal output mainly stems from the dependence of tidal cur-

rents on water column thickness, which is poorly constrained in Ser-

milik Fjord. However, the modelled tidal range is consistent with

observed tidal variations along the delta slope (see Figure 4), giving

confidence in the model’s performance.

F I GU R E 2 Examples of the identification of the delta extent. The

land–water boundary was drawn where the shoreline could be

identified. The orange line represents mapping distributary channels

and mouth bars, and the blue line represents mapping straight lines

between mouth bars. Island mouth bars are included as part of the

delta extent. Background image (a) is a Sentinel-2 true colour image

(acquired on 9 September 2022) and (b) is the Short-Wave Infrared

(SWIR)-band 12 of the same image.
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F I GU R E 3 Examples of how shorelines can be difficult to identify in satellite images: (a) fluvial flooding, (b) shadows from valley walls,

(c) cloud cover and (d) sea-ice and snow. Background image for all examples is a Sentinel-2 true colour image.

F I GU R E 4 Example of the difference between (a) high and (b) low tides between two consecutive Sentinel-2 satellite images. (a) High tide

(+0.71 m) on 17 June 2021 and (b) low tide (�0.75 m) on 21 June 2021. This modelled tidal range of 1.46 m over a distance of �2 km is roughly

consistent with the measured delta slope, which shallows from �1.3 m/km near Sermeq Glacier to �0.5 m/km at the delta front. (c) Schematic

diagram illustrating the impact of fluctuating tidal cycle on the delta area. The red dashed box denotes the area over which sea level height

variations influence the position of the delta shoreline from satellite imagery. No spatial or temporal scale is implied (vertical scale is exaggerated).

Sermeq Glacier is approximately 65–70 km long, and the Sermilik Delta measured approximately 16 km in length on the 9 September 2022 at

low tide.
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2.4 | Tidal correction method

To enhance the precision of our delta area change observations, we

implemented a tidal correction. This approach addresses the impact of

sea level height variations caused by tides on the position of the

satellite-derived delta shorelines, which are affected by the slope of

the delta surface (Wicaksono et al., 2018). This correction method

assumes that an observed horizontal shift in shoreline position mostly

reflects tidal height variation rather than delta progradation. Thus, by

removing the tidal signal, real changes in the delta area over time can

be isolated (e.g., Figure 5c). The tidally corrected delta area (cA) was

determined by finding the relationship between tidal height change

(dℎ) and the corresponding observed delta area change (dA) and sub-

tracting this from the raw delta area (A):

cA¼A– ðs�ℎþbÞ ð1Þ

Where s represents the slope of the linear relationship between

dA and dℎ, ℎ is the tide height for the corresponding A, and b is the

intercept. We make the assumption that the slope of the delta surface

is constant and uniform.

Preliminary investigation into the influence of tides on the delta

area revealed a consistent and statistically significant inverse relation-

ship between dℎ and dA for all time periods tested (single month out-

side of the melt season, annual periods and multi-annual periods)

(e.g., Figure 5a,b). This suggests that tidal sea surface height changes

play a significant role in driving observed delta area changes, consis-

tent with the observed several-kilometre tidal variation (mean mod-

elled tidal range: 2.6 m) in shoreline position along the low-angled

(�1.3 m/km) delta plain (Figure 4), compared to �150 m year�1 rate

of delta progradation between the 1980s and 2010s (Bendixen

et al., 2017). This dominance of the tidal signal allowed the correction

to be calculated across whole years with sufficient data. For previous

periods, with sparse data coverage, we used multi-annual periods:

1987–1999, 2000–2004, 2005–2009, 2010–2015 and 2016–2022.

Upon initial inspection of the raw delta area data, no significant

changes in area were observed on an annual timescale (2016–2022)

(e.g., Figure 5a). We suggest this is because tidal heights fluctuate

F I GU R E 5 (a) Time series of tide height and

delta area data for 2016. (b) Linear regression plot

showing the relationship between tide height

change and delta area change for 2016. (c) Tidally

corrected delta area data for 2016 showing

standard error bars.
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annually and are higher in spring and autumn, resulting in apparent

changes in dA that actually reflect variations in dℎ. By removing the

tidal signal, we are able to extract the underlying trend in dA over

sub-annual periods (Figure 5c), providing a more accurate signal of

delta progradation on shorter timescales, and giving confidence that

the modelled tidal data is producing realistic values.

2.5 | Tidal correction evaluation

Figure 6 shows the delta area data from 1987 to 2022, before and

after the tidal signal was removed from the time series. A power law

curve was used to model the observed data due to the nonlinear

nature of the delta area changes over time. Prior to removing the tidal

signal, the quality of fit is represented by an R2 of 0.82. The applica-

tion of the tidal correction improved the model’s performance

(R2 = 0.97) and reduced the variability (Figure 7). Without the tidal

correction, delta growth rate would be overestimated.

2.6 | Delta area change quantification

To quantify the change in dA between periods, the 5th and 95th per-

centile values of each year were used as metrics to represent, without

outliers, the early season and late-season conditions, respectively. The

5th percentile data point represents the minimum observed delta area

extent for a particular year, while the 95th percentile data point repre-

sents the maximum. The change in delta area extent is calculated as

dA¼Ai–Aj ð2Þ

where Ai (Aj) represent the 95th (5th) percentile value of the delta

area for a specific year. This approach is then used to obtain the over-

all area changes. To determine the annual area change accounting for

yearly variations, we use the 95th percentile value of each year as a

representative measure of delta area change post-hydrological melt

season, capturing late-season area fluctuations. This approach was

chosen due to its ability to capture the upper range of data distribu-

tion, which is particularly informative when investigating interannual

variations in delta area change.

2.7 | Subglacial discharge

To understand the relationship between catchment runoff and delta

morphodynamics, modelled daily meltwater discharge data were

obtained from Mankoff et al. (2020). Meltwater discharge was calcu-

lated using daily runoff estimates from the Regional Climate Model

(RACMO) version 2.3p2 (Noël et al., 2019), routed subglacially to the

catchment outlet. The dominant outlet and basin that contributed to

the runoff entering the fjord were selected for the study area, and the

melt-season (June–September) discharge total was calculated. To

investigate the impact of episodic high discharge events on delta area

change, we calculated the number of extreme discharge events using

two methods. First, we used the Hampel identifier, typically used for

outlier detection in time-series data (e.g., Sharifi et al., 2022), to isolate

extreme discharge values by comparing each value with a running

median and median absolute deviation. This approach allowed us to

generate a relative metric, providing insight into the additional geo-

morphic power that extreme events might exert beyond the back-

ground discharge, indicating the potential for enhanced erosion and

sediment transport during floods. Second, we calculated the 95th per-

centile of all daily discharge values to count the number of extreme

events for each year, providing an absolute metric that serves as a

proxy for the overall geomorphic power of the discharge.

F I GU R E 6 The effect of applying the tidal correction. (a) The raw

delta area data before the tidal correction. (b) The delta area data

after the tidal signal was removed.

F I G U R E 7 Map of delta front positions from 1987 to 2022.

Background image is a Landsat 9 true colour image (taken on

13 August 2022). Light (earliest) to dark blue (latest) margin positions

indicate the delta front position through time. Note the prominent

advancing delta lobe located on the southern edge of the delta front

in later years (e.g., 2020). The glacier terminus is stable throughout

the study period.
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2.8 | Tidal discharge

Once sediment reaches the intertidal zone, both fluvial and tidal pro-

cesses control delta change (Fagherazzi & Overeem, 2007; Hoitink

et al., 2017). The relative dominance of tidal and river processes was

quantified by comparing fluvial and tidal discharge (e.g., Nienhuis

et al., 2018); when tidal discharge is much greater than fluvial dis-

charge, tidal processes dominate, and vice-versa. For Sermilik Delta,

we calculated a mean tidal discharge of 373 m3 s�1 based on the

mean tidal range (2.6 m), fjord width (3.1 km) and delta slope

(1.3 m/km) and the 6-h ebb tide.

2.9 | Ice velocity data

Ice flow velocities at the Sermeq Glacier were obtained using

data from the NASA MEaSUREs ITS_LIVE programme (Gardner

et al., 2018; Gardner et al., 2019), which contains annual ice velocity

mosaics of the GrIS, generated from Landsat imagery covering the

period from 1985 to 2018 and gridded to 240 m (Gardner

et al., 2018; Gardner et al., 2019). Median annual ice velocity was

extracted from the average of all pixels in the glacier catchment that

have data for all years (excluding 1987–1991 when there was very lit-

tle velocity data due to insufficient satellite coverage), and average ice

flow across the study period exceeds 50 m year�1.

2.10 | Fjord width

Accommodation space is determined by fjord width and bathymetry.

Fjord width was measured at each delta shoreline position. The fjord

walls and a centreline were delineated, and then to ensure the mea-

surements were representative, the fjord width was measured per-

pendicular to the main along-fjord axis at the point where the delta

shoreline intersects the centreline. The median fjord width for each

year was calculated to evaluate its impact on delta area change.

A key limitation of this study is the lack of bathymetry data to

fully constrain the 3D geometry of Sermilik Fjord. For the same

F I GU R E 8 Examples of key geomorphological features of the Sermilik Delta system during its evolution. (a) Example of the typical braided

river channels emanating from Sermilik glacier. (b) Distributary channel networks showing mouth-bar-induced river bifurcation. (c) Elongation of a

tidally influenced mouth bar. (d) Tidal reworking along the delta fringe. (e) Example of sediment banks forming proximal to the subglacial portal,

associated with temporary stabilisation following sediment aggradation. These banks become inundated during high flow. (f) Flooding of the delta

during a large discharge event resulting in almost complete inundation of the delta plain. Background image (a) Landsat 5, (b) Landsat 7 and (c)–(f )

Sentinel-2.
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sediment flux, progradation would be slower when the fjord is deeper

and faster when the fjord is shallower. While we cannot rule out the

possibility of progradation rates being strongly controlled by varia-

tions in bathymetry, the consistent width and lack of tributaries of

Sermilik Fjord (Figure 1) suggests it is less likely to exhibit large spatial

variations in glacial erosion and thus bathymetry, potentially reducing

this impact (Patton et al., 2016).

3 | RESULTS

3.1 | Geomorphological features of the delta

system

Satellite imagery reveals �10-km advancement of the delta in the

down-fjord direction between 1987 and 2022, while the glacier termi-

nus remained stable (Figure 7). The delta system is characterised by a

braided river plain (Figure 8), which experiences frequent fluvial inun-

dation during the melt season resulting in shifts in the braided chan-

nels (Figure 8a). Distinct seasonality of the delta system is observed,

including freezing over of river channels during the winter and the

presence of sea-ice in the fjord, typically between the months of

October/November to May. River channels currently emerge from

two dominant subglacial portals, located at the northern and southern

ends of the glacier terminus, although the relative discharge from each

has changed qualitatively through time. Sediment aggradation near

the subglacial portals is indicated by bar growth, and the formation of

sediment banks, which inundate occasionally but can be stable over

successive years (Figure 8e). The distributary channel networks often

increase in number at the delta front and exhibit mouth-bar-induced

bifurcation, illustrating the influence of fluvial input into the delta sys-

tem (Figure 8b) (Geleynse et al., 2011). Tides influence the morphol-

ogy of the delta front through the formation of shore-perpendicular

elongate tidal bars (Figure 8c) that form quasi-parallel to the tidal flow

(Dalrymple & Choi, 2007). Tributary channels also become enlarged

by tidal motion during times of low fluvial input and show less order

of branching than when river flow dominates (Figure 8d) (Plink-

Björklund, 2012).

3.2 | Evolution of the Sermilik Delta from 1987

to 2022

Between 1987 and 2022, significant progradation of the delta

occurred (R2 = 0.97, p < 0.01). The delta area increased in the down-

fjord direction by approximately 26.37 km2, from 24.27 km2 in 1987

to 50.64 km2 in 2022 (108% area increase) at an average rate of

0.78 km2 year�1. The annual progradation rate reveals a superlinear

trend (Figure 9a) represented by a power law regression curve

(R2 = 0.99):

y¼0:10 x�1987ð Þ1:54þ25:25 ð3Þ

We applied Bayesian change-point detection (BEAST; Zhao

et al., 2019) to determine statistically significant shifts in the time

series. A statistically significant shift in delta growth was identified in

1994. From 1987 to 1994, delta area increased by 1.92 km2 at a rate

of 0.27 km2 year�1. In contrast, from 1994 to 2022, delta growth was

much more rapid, increasing by 23.4 km2 overall at a rate of

0.84 km2 year�1. During the final 5 years of the study period (2017–

2022), the delta grew by 8.55 km2, corresponding to an increased pro-

gradation rate of 1.35 km2 year�1, which is 73% greater than the

overall average.

On an interannual scale, the magnitude of delta area change var-

ies considerably between successive years and is punctuated by years

of significant growth (Figure 9b). Substantial increases in the delta

area occurred in 2006, 2010, 2012 and 2019. Conversely, 2001, 2011

and 2017 are marked by decreases in delta area. Analysing short-term

changes in delta area, between every data point, was only possible for

the years 2016–2022 when the temporal resolution of the data was

significantly improved by the availability of Sentinel-2 satellite imag-

ery (Figures 6, 10). These data display an increasing trend throughout

the summer melt seasons when river discharge is typically greater

than tidal discharge, but with variability between individual data

points. In the period 2016–2022, all years except for 2017 (R2 = 0.18,

p = 0.07) exhibit significant seasonal increases in delta area. Large

magnitude melt events are often associated with periods of acceler-

ated delta growth, for example, in July 2018 (Figure 10c) and August

2020 (Figure 10e). Conversely, four of the six October to May periods

were characterised by a decrease in delta area, and periods of slower

growth or recession often occur during low flow period when tidal

discharge exceeds river discharge (Figure 10).

F I G U R E 9 (a) Annual area change of the Sermilik Delta from

1987 to 2022 (95th percentile with power law curve fit).

(b) Interannual delta area change (95th percentile difference from

1 year to the next). The annual 95th percentile value gives a

representative value of the magnitude of change in the delta area

following the hydrological melt season and to capture the late-

season area.
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3.3 | Controls governing delta area change

There is a significant positive trend in summed discharge (p < 0.01)

from Sermilik Glacier, and the number of extreme discharge events

(p < 0.05) between 1987 and 2022 (Figure 11). Summed discharge

(i.e., total meltwater volume) has increased at a rate of 0.038 km3 per

year (17% increase over the 35-year study period), with the three

greatest runoff years in 2010, 2012 and 2016. Bayesian change-point

detection (Zhao et al., 2019) identified a statistically significant shift in

summed discharge in 2010. In contrast, ice velocity displays a signifi-

cant (p < 0.01) negative trend across the study period, decreasing

from a median velocity of 114 m year�1 between 1994 and 1998 to

85 m year�1 between 2018 and 2022 (25% decrease over the

30-year period). The section of the fjord traversed by the delta front

during the study period has a mean width of 3.1 ± 0.15 km and dis-

plays no significant trend in width along the fjord.

Linear regression analysis demonstrates a significant relationship

between key melt-season discharge variables and annual delta change

between 1992 and 2022 (1987–1991 omitted due to lack of data)

(Figure 12a,c,e). The summed discharge shows a significant positive

relationship (p < 0.05). The adjusted-R2 value is relatively weak (0.29)

over the entire time period (Figure 12a) and not significant from 1992

F I GU R E 1 0 Time series of delta area change (blue line) and discharge (black line, from Mankoff et al., 2020) between June and October

2016–2021. The black horizontal line is the tidal discharge (see Methods). When river discharge is less than the tidal discharge, flow is likely to be

tidally dominated. When river discharge exceeds the tidal discharge, fluvial processes will dominate.

F I GU R E 1 1 Interannual trends

of environmental controls at Sermilik

Delta between 1987 and 2022.

(a) Summed discharge (Q).

(b) Number of extreme discharge

events (95th percentile). (c) Ford

width. (d) Median ice velocity.

Summed discharge and extreme

discharge events display significant

(<0.05) positive trends through time,

while median ice velocity exhibits a

significant (<0.01) negative trend.
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to 2010 but shows a strong correlation (0.49) over the last 12-years

of the study period (2010–2022) (Figure 12b). Noticeably, prior to

2010 there is considerably higher scatter in delta area change for simi-

lar summed discharges, particularly at lower values (Figure 12a).

Using the 95th percentile to represent the change in number of

‘absolute’ extreme discharge events per melt season reveals a signifi-

cant but weak positive relationship with delta area change (p < 0.05,

adjusted-R2 of 0.23) across the whole study period, and no significant

correlation over the last 12 years (Figure 12c–d). The Hampel identi-

fier, which provides a relative measure of extreme discharge events,

shows no significant relationship with delta area for either time period

(Figure 12e–f). Fjord width and ice velocity exhibit no significant rela-

tionship with delta area change on annual timescales, both over the

whole time period and between 2010 and 2022 (Figure 13).

F I GU R E 1 2 Linear regression of delta area change and melt-season discharge variables from 1992 to 2022 (a,c,e) and 2010 to 2022 (b,e,f).

1987–1991 was omitted due to lack of data. (a–b) Summed discharge. (c-d) Number of extreme discharge events per melt season, based on the

95th percentile of the daily discharge values (P95). (e–f) Number of extreme discharge events per melt season based on a Hampel identifier. Note

that in (b) and (d) the large outlier is from 2011, which immediately followed a high melt year (2010).

F I GU R E 1 3 Linear regression of

delta area change and environmental

variables from 1992 to 2022. (a) Fjord

width. (b) Ice velocity. The

relationships for 2010 to 2022 were

also not significant and so are not

shown here.
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4 | DISCUSSION

This study provides the first annual resolution mapping and quantifi-

cation of shoreline change for the Sermilik Delta, Greenland. Between

1987 and 2022, the delta more than doubled in area, and prograded

at an accelerating rate, represented by a power–law relationship

(Figure 9a). Superlinear delta growth indicates a substantial increase in

the amount of sediment transport and connectivity within the Sermilik

Glacier-Delta-Fjord geomorphic system.

Bendixen et al. (2017) reported progradation of Sermilik Delta at

a rate of 0.47 km2 year�1 for the period 1980–2010. This study

derived a slightly faster progradation rate of 0.49 km2 year�1

between 1987 and 2010, representing a 4.3% difference, likely due

to slightly different time periods and the higher temporal resolution

mapping conducted in this study, made possible by the use of a tidal

correction. However, overall, the two approaches are comparable.

For the period 1940–1980, the delta prograded at a significantly

slower rate of 0.16 km2 year�1 (Bendixen et al., 2017). Between

2017 and 2022, the progradation rate of the delta was

1.35 km2 year�1, reflecting a 744% increase compared to the

40-year period from 1940 to 1980.

4.1 | Delta area change and meltwater runoff

forcing

Our results demonstrate that changes in delta area and therefore sedi-

ment input and transport are significantly influenced by meltwater

runoff (Figure 12). This association between delta area change and

meltwater runoff is apparent when examining summed discharge, as

well as for extreme discharge events (95th percentile).

Meltwater runoff has been identified as a dominant mechanism in

controlling rates of sediment transfer in glacial and proglacial environ-

ments (e.g., Antoniazza & Lane, 2021; Beaud et al., 2016; Comiti

et al., 2019; Cowton et al., 2012; Delaney & Adhikari, 2020; Herman

et al., 2021; Swift et al., 2005). The positive correlation between delta

area change and meltwater discharge suggests that increased meltwa-

ter production on the surface of the GrIS, linked to rising tempera-

tures and negative mass balance (e.g., Beckmann &

Winkelmann, 2023), reaches the ice bed and has a direct impact on

sediment transport (e.g., Chu et al., 2012) and proglacial foreland

dynamics (Bendixen et al., 2017; Hasholt et al., 2018; Overeem

et al., 2017; Savi et al., 2023). Increased meltwater input to the sub-

glacial environment leads to enhanced subglacial sediment transport,

with the transport capacity increasing superlinearly with discharge

(e.g., Alley et al., 1997; Swift et al., 2005). This relationship is consis-

tent with our findings, which reveal accelerating delta growth

(Figure 9a) in response to a linear increase in meltwater discharge

(Figure 11a,b).

4.2 | Impact of episodic extreme discharge events

Intensified glacier melting not only increases summer discharge but

also amplifies discharge variability and the frequency and magnitude

of extreme events (Lane & Nienow, 2019; Slater et al., 2021; Zhang

et al., 2023). Our results show a significant but weak positive

relationship between delta growth and the increasing frequency of

extreme (95th percentile) subglacial discharge events between 1992

and 2022 (Figures 12c), consistent with the high erosion and sediment

transport capabilities of large floods (Alley et al., 1997), and observa-

tions of sediment fluxes dominated by high-magnitude episodic

events in glaciated basins (e.g., Carrivick & Tweed, 2021; Dunning

et al., 2013; Hasholt et al., 2008; Livingstone et al., 2019). This

includes the ability of extreme discharge events to erode and mobilise

new subglacial sediment and remobilise sediment downstream in the

proglacial zone. In contrast, the Hampel identifier produces no signifi-

cant temporal trend in the frequency of ‘relative’ (i.e., more than three

times the median absolute deviation from the 30-day median) extreme

discharge events and no correlation with delta area change

(Figure 12e–f). We interpret this to indicate that the correlation

between delta area change and extreme discharge events at Sermilik

is not dependent on the relative increase in discharge compared to

the background signal, but scales more closely to absolute discharge

variability.

Greenland experienced several extreme melt periods, with 2010

(Tedesco et al., 2011), 2012 (Nghiem et al., 2012) and 2019

(Tedesco & Fettweis, 2020) corresponding to the years with the

highest number of extreme events (95th percentile) and the largest

expansion of Sermilik Delta (Figure 9b). These melt events are linked

to a strong negative North Atlantic Oscillation (NAO) index, resulting

in persistent anticyclonic pressure over Greenland—commonly

referred to as blocking-events (Beckmann & Winkelmann, 2023; Bevis

et al., 2019; Hofer et al., 2017; Tedesco & Fettweis, 2020).

4.3 | Proglacial foreland expansion and sediment

connectivity

The influence of runoff on delta area change has strengthened in

recent years. While there is no significant correlation between delta

area change and summed discharge between 1992 and 2010 (p-value

>0.05), there is a statistically significant (p-value <0.01) and strong

(adjusted-R2 > 0.4) relationship after 2010. We suggest the stronger

relationship reflects enhanced sediment connectivity between stream

channels and sediment sources due to the frequent migration of

braided channels and flooding of the proglacial zone, accessing,

reworking and remobilising proglacial sediment (e.g., Lane

et al., 2017), driven by increased melt (average and extreme events)

and expansion of the delta plain itself. This is analogous to studies

that have linked glacier retreat and paraglacial activity to enhanced

sediment yields (e.g., Ballantyne, 2002; Lane et al., 2017), although

here expansion of the proglacial area has occurred due to delta

growth rather than glacier retreat.

When the delta plain was smaller earlier in the study period, we

suggest subglacial processes would have been relatively more impor-

tant in controlling sediment production and transport to the delta

front. However, the relationship between subglacial hydrology and

sediment flux is complex (Cowton et al., 2012; Hudson et al., 2014).

This is because each summer the subglacial drainage system typically

forms discrete channels—evidenced by the subglacial portals dis-

charging water onto the foreland (Figure 8)—limiting the portion of

the bed where meltwater can erode and transport sediment (Cowton

et al., 2012; Hasholt et al., 2018). Thus, annual proglacial sediment
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flux depends not only on total meltwater discharge but also on the

availability of sediment. More sediment can be accessed by the

opening of new subglacial channels and the migration, expansion or

overpressurisation of existing subglacial channels (Bogen, 2008;

Delaney & Adhikari, 2020; Delaney et al., 2018; Lewington

et al., 2020). Sediment flux will not increase with meltwater discharge

if sediment supply is limited (Hasholt et al., 2018). For example,

although 2011 was one of the highest discharge years (Figure 11a,b),

it was characterised by a reduction in delta area (Figure 9b), possibly

caused by sediment exhaustion from the flushing of sediment during

the exceptionally high melt year directly preceding it in addition to

tidal and wave erosion. In contrast, the 3 years with greatest delta

growth are all after 2010 and follow relatively low discharge years

(Figure 11). Thus, during the earlier expansion of the delta, we suggest

annual variability in delta area change is more strongly associated with

shifts in the location of subglacial channels and changing access of

meltwater to fresh basal sediment sources (e.g., Bogen &

Bønsnes, 2003; Cowton et al., 2012; Delaney & Adhikari, 2020),

resulting in a non-significant overall correlation with discharge

(p > 0.05, 1992–2010).

Expansion of the proglacial area, which doubled in size between

1987 and 2022, would have increased access to unconsolidated sedi-

ment (e.g. Leggat et al., 2015). During years with high meltwater dis-

charge or during high-magnitude floods (both of which are increasing

through time, Figure 11a–c), the proglacial foreland is inundated, and

channels migrate laterally (Figure 8), facilitating large-scale sediment

remobilisation (Carrivick & Tweed, 2021; Comiti et al., 2019; Hasholt

et al., 2018; Lane et al., 2017; Mancini et al., 2023). In particular, large

floods are capable of mobilising coarse sediments across the whole

delta plain, strengthening the lateral connectivity (e.g., Lane

et al., 2017; Savi et al., 2023). This leads to the downstream transfer

of sediment to the delta front that is at least partially captured by the

annual signal of delta area change.

There was no direct correlation between discharge and delta pro-

gradation at sub-annual timescales between 2016 and 2022. This

likely reflects lags in the system of transporting coarser sediment

across the delta plain to the ocean (e.g., Mancini et al., 2023; Mao

et al., 2017). Specifically, sediment build-up near the subglacial portals

and the stabilisation of sediment banks (e.g., Figure 8e) over succes-

sive melt seasons indicates that coarse sediment load is deposited in

the ice-proximal area and can become temporarily disconnected from

the main proglacial sediment system (e.g., Comiti et al., 2019; Savi

et al., 2023). There will also be a delay between when sediment is

flushed out from the subglacial environment, deposited in the ice-

proximal proglacial area, transported onto the delta outwash plain,

and when the resulting progradation signal is evident at the delta

shoreline. This is consistent with studies that suggest that the time-

scale of bedload transport is much longer than that of discharge

(Mancini et al., 2023; Mao et al., 2017). Similar to the paraglacial

model (Church & Ryder, 1972), we might eventually expect sediment

fluxes to the delta front to decline even with increasing discharge

due to exhaustion of sediment stores under the glacier (de Winter

et al., 2012) and negative feedbacks such as storage in lake basins

exposed by ice recession (How et al., 2021), and in the river plain,

due to the increased transport distance for sediment to reach

the ocean.

4.4 | Impact of other environmental variables on

delta area change

Ice velocity and fjord width exhibit no significant correlation with

delta growth (Figure 13). The lack of correlation with ice velocity con-

trasts with Overeem et al. (2017), who suggest that although runoff

explains some of the variance in suspended sediment concentration

around the GrIS, it is more strongly controlled by ice dynamics.

Indeed, delta growth has accelerated at Sermilik despite a long-term

slowdown in median ice velocity (Figure 11e). We suggest the two

results reflect different spatial- and temporal-scales of study. Over-

eem et al. (2017) calculated an erosional potential for each catchment

around the GrIS at a snapshot in time, demonstrating that larger,

faster flowing glaciers tend to generate more sediment. However,

within individual catchments, unless the system becomes supply-

limited (e.g., Riihimaki et al., 2005), short-term (annual) fluctuations

are likely to be controlled by the transport of stored sediment to the

terminus (i.e., sediment connectivity and transport capacity) rather

than the erosion rate. These subglacial sediment stores can build up

and be released over multi-millennial timescales (de Winter

et al., 2012). The high erosional potential of Sermilik Glacier (Overeem

et al., 2017), and large and expanding proglacial store of sediment,

suggests it is not supply-limited, and therefore that delta growth

results from variations in runoff impacting the transport capacity and

connectivity to stored sediment, rather than bedrock erosion.

We expect fjord width to impact delta growth by changing the

cross-sectional area that needs to be filled by sediment for delta

expansion, that is, a narrow fjord should lead to faster expansion than

a wider fjord for a given sediment flux. The lack of correlation

between delta progradation rate and fjord width might reflect the rel-

atively consistent width of Sermilik fjord, limiting its overall influence

compared to sediment flux, and/or poor constraints on fjord bathyme-

try and thus the true 3D accommodation space. In particular, we can-

not fully rule out the possibility that accelerating delta growth is a

response to bathymetric shallowing. However, we suggest this is

unlikely primarily based on the lack of any correlation with fjord width

(Figure 13a). This is because width is a key component of the volume

calculation and overdeepenings typically exhibit a positive width-

depth relationship (see Patton et al., 2016), so we expect width to be

a reasonable proxy for accommodation space.

4.5 | Tidal impact on delta morphology

A significant finding of this research is the importance of incorporat-

ing tidal sea surface height variations in calculating delta area change.

Satellite imagery demonstrates that the tidal regime within the Ser-

milik Fjord is a fundamental feature of the delta system (Figure 8c,d).

We demonstrate that the fluctuating tidal cycle dominates delta

shoreline variations on a sub-annual timescale, obscuring any signal

from changes in meltwater runoff (Figure 5). The tidal correction

method used in this study increases the overall reliability and accuracy

of the delta area change results (Figure 6). This improves on methods

that have relied on identifying the high-waterline (Bendixen

et al., 2017), which is likely to introduce error due to the subjective

approach and variations in high tide magnitudes. Our correction has
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enabled more precise and consistent measurements of delta area,

which is crucial for comparing changes at annual timescales.

In general, during the melt season the delta is fluvially dominated

(i.e., river discharge >>tidal discharge), consistent with delta growth

from the transport of large volumes of sediment by Sermeq River into

the fjord. However, during lower flows (largely but not exclusively

outside of the melt season), river discharge drops below mean tidal

discharge (Figure 10), and tides become the dominant geomorphic

process. The morphological impact of tidal processes is evidenced by

the form of elongated bars at the delta front (Dalrymple &

Choi, 2007) (Figure 8c) and widening of channels by tidal motion

(Nienhuis et al., 2018) (Figure 8d). Given that delta growth is slower

or can recede outside of the melt season and during low flows

(Figure 10), we suggest that tidal erosion processes control delta mor-

phology during these periods.

5 | CONCLUSION

This study investigated the annual morphodynamic evolution of the

Sermilik Delta, on the southwest coast of Greenland (1987–2022)

from satellite-derived shorelines and modelled tides. We highlight the

significant role of tides on the morphodynamics of proglacial deltas

during periods of low ice sheet runoff and the complexity in extracting

the impact of runoff variations on delta area change. To address the

latter effect of tidal water height variations on mapping, we apply a

tidal correction, which involves removing the tidal signal from the

delta shoreline dataset to minimise its impact on the delta area change

time series, improving the overall reliability and accuracy.

Our results indicate that the Sermilik Delta has expanded

�26 km2 from 1987 to 2022 (0.78 km2 year�1), a 108% increase in

overall delta area. Delta growth has been accelerating, with increasing

runoff the primary driver of enhanced sediment delivery and delta

progradation, rather than ice velocity, which decreases during the

study period. Periods of significant and pronounced area change often

correspond to high meltwater runoff years, highlighting the sensitivity

of this system to recent glacier mass loss. With the Arctic warming

faster than the rest of the world (Dai et al., 2019) and surface melt

and runoff expected to dominate GrIS mass loss and retreat over the

next century (Fürst et al., 2015), increasing sediment yields are

expected at Sermilik and other glacier catchments that have access to

stores of subglacial sediment (i.e., that are not supply-limited). We

demonstrate that over decadal timescales increased sediment fluxes

can occur despite slowdown in ice flow, likely due to lags in sediment

storage and release. This high-resolution (annual) study therefore sup-

ports previous coarser (decadal) temporal resolution work highlighting

the widespread progradation of deltas and correlation with glacier

mass loss in southwest Greenland (Bendixen et al., 2017).

The coupling between runoff and delta change has strengthened

through time, which we interpret to indicate enhanced sediment con-

nectivity due to (i) an increasing supply of sediment from the expan-

ding proglacial foreland, reducing the dependence on the subglacial

drainage system eroding and accessing new sediment sources; and

(ii) greater sediment transport capacity from increasing discharge

and extreme discharge events. This implies a transition from a supply-

limited to a transport-limited system with accelerating sediment yields

at the delta front disconnected from current glacier erosion rates,

which are likely reducing in response to glacier slowdown.
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