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The Northeast Greenland Ice Stream (NEGIS), the largest basin in Greenland, is undergoing rapid and sustained dynamic change. However, the ice-flow behaviours over decadal timescales and the impacts of ice geometry and hydrology remain poorly understood. Here, we investigated the spatial and temporal characteristics of ice motions of three branches in NEGIS between 1985 and 2018 in response to bed topographic features and surface meltwater runoff based on 33 years of annual ice velocities derived from the satellite image of Landsat series. Spatial heterogeneities in ice velocity were found in three glaciers and were correlated with subglacial topography. Specifically, the peak velocities of both Nioghalvfjerdsfjorden and Zachariæ Isstrøm glaciers occur near the grounding line zone, where tidewater acts as a crucial force causing ice retreat, subglacial melting, and further acceleration. While for the Storstrømmen glacier, changes in the slope of the ice bed might cause an increase in ice motion in its inland segment. The temporal variability of ice velocity for both Nioghalvfjerdsfjorden and Zachariæ Isstrøm glaciers shows a clear regional speedup, with a mean increase of 14.60% and 9.40% in 2001–2018 compared to 1985–2000, but a widespread slowing of Storstrømmen glacier with a mean of 16.30%, which were related to a 184% surface runoff increase. This hydrodynamic coupling on ice motion over decadal timescales in these three glaciers is in line with previous studies on short-term acceleration in NEGIS induced by surface melt, not in agreement with negative feedback between enhanced surface meltwater production and ice motion previously reported in the southwest Greenland ice stream. Our work highlights crucial roles of subglacial topography and surface runoff on ice motion, which helps to promote understanding of dynamic changes of NEGIS response to changing atmospheric circumstances.
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INTRODUCTION
The Greenland ice sheet (GrIS), the second largest ice sheet in the world, has experienced marked acceleration in loss of mass and ice velocity linked to atmospheric and ocean warming since the beginning of the 21st century (Bevan et al., 2012; Straneo et al., 2013; Cook et al., 2014; Kjeldsen et al., 2015; Rignot et al., 2017). It has been the major contributor to sea level rise since the early 1990s with a 1991–2015 average annual mass loss of approximately 0.47 ± 0.23 mm sea-level equivalent (SLE) and a peak contribution of 1.2 mm SLE in 2012, and the loss is substantially attributed to the dynamic changes of outlet glaciers (King et al., 2020; Shepherd et al., 2012; van den Broeke et al., 2016; Noël et al., 2019).In Greenland, the glaciers are more active in northwest and southeast sectors as most of the glaciers are in contact with the ocean and shown strong mass loss (Abdalati et al., 2001; Khan et al., 2014). However, it is worth noting that the Northeast Greenland Ice Stream (NEGIS) contains many marine-terminating glaciers, and is also a region of high climatic sensitivity, but received relatively little attention (Hoejmark Thomsen et al., 1997; Nick et al., 2012; Larsen et al., 2018).
The NEGIS consists of an ice stream that is approximately 600 km long, drains 12–16% of the interior GrIS, and is home to three major glaciers including: Nioghalvfjerdsfjorden (79N), Zachariæ Isstrøm (ZI), and Storstrømmen (SG). The 79N glacier formed a large (80 km long) floating tongue confined in a wide (20 km) valley (Mayer et al., 2000; Mayer et al., 2018), which flowed at approximately 1.2 km/yr within a few kilometers of the ice front and exhibited the sustained stability with few variations until 2012 (Rignot and Kanagaratnam 2006; Bevan et al., 2012; Rosenau et al., 2015). The ice shelf near the grounding line thinned by 30% from 1999 to 2014 (Mouginot et al., 2015), and its northern branch was calved in July 2020. After losing a large part of the ice shelf during 2002, the ZI glacier accelerated to a speed greater than 0.6 km/yr between 2001 and 2011 (Rignot and Kanagaratnam 2006; Joughin et al., 2010). Since then, the glacier has continued retreating, thinning, and accelerating, and reached a velocity of 2 km/yr near its calving front in 2015 (Khan et al., 2014; Mouginot et al., 2015). The dynamic variations of these two glaciers highlight the vulnerability of the NEGIS to climate change. The SG glacier surged with a velocity of 1.5–2 km/yr at the front during 1978–1984 and has been static ever since (Reeh et al., 1994; Hill et al., 2018; Mouginot et al., 2018). Previous studies have suggested that rapid flow during the active phase is controlled by either basal temperature (Fowler et al., 2001) or hydrology (Kamb et al., 1985). However, the response of ice motion and hydrology over long time series in SG glacier remains unclear. Although several recent studies have revealed the dynamic changes of individual glaciers in the NEGIS, they have focused on short-term seasonal ice motion as well as thinning and retreat attributed to ocean thermal forcing (Khan et al., 2014; Mouginot et al., 2015; Rathmann et al., 2017; Neckel et al., 2020; An et al., 2021). The ice motion anomaly and its links with ice geometry and hydrology in this region have received limited attention at long-term and basin scales for more than 2 decades.
In general, the acceleration of marine-terminating glaciers is primarily driven by processes at the ice-ocean interface (Joughin et al., 2020; Wood et al., 2021). Ocean warming is likely to increase the rates of submarine melting and discharged meltwater plumes, which may exacerbate the rate of melting (Slater et al., 2016). Additionally, the reduction of sea ice may promote calving, allowing more ice to break off the ice sheet, this forcing can cause rapid glacier retreat and acceleration (McFadden et al., 2011; Cook et al., 2014). However, local topographic factors affect the extent to which individual glaciers respond to these forcing at the ice-ocean interface (Moon and Joughin 2008; Carr et al., 2015). For example, reverse bed slopes may make glaciers more prone to acceleration and increase ice retreat (Thomas et al., 2009; DeConto and Pollard 2016). The local topographic variability underlines the importance of targeted glacier surveys, which are crucial for accurately predicting the response of the glaciers in NEGIS to climate change (Hill et al., 2017).
Rising atmosphere temperature increase surface melting and has a significant influence on glaciers dynamic changes (Mouginot et al., 2015). One hypothesis is that increased meltwater runoff enhances the thermohaline circulation and submarine melting in terminus, thus drives a stronger ice motion (Xu et al., 2013). Another hypothesis is that enhanced runoff contributes to glaciers motion via hydrofracturing and increasing basal water pressure (Pollard, DeConto, and Alley 2015). However, the mechanism behind the behavior of marine-terminating glaciers is complex and the subglacial discharge induced by increased meltwater runoff and hydrodynamic coupling has not well understood and link to glacier dynamics in recent years. In Greenland, some previous studies indicated that the exact mechanism of enhanced runoff effects on glacier velocity is highly controversial across different regions and time scales. For example, increased meltwater inputs lead to short-term velocity increases in Jakobshavn glacier, which has been attributed to the drainage of surface meltwater to the subglacial zone. Increased basal water pressure alters the effective pressure (defined as the difference between the overburdened ice and basal water pressure) and reduces friction at the ice bed interface, thereby promoting faster sliding (Zwally et al., 2002; Hoffman et al., 2011). However, several studies found that increased meltwater production results in a net annual deceleration of ice-flow motion owing to drainage channels evolving from inefficient to efficient and therefore the faster draining of high-pressure water (Schoof 2010; Cowton et al., 2013; Tedstone et al., 2015). In recent years, the expansion of ablation area in north Greenland is almost twice as much as in the south response to recent warming, amplifying runoff production in north Greenland (Noël et al., 2019). However, little is known about the effect of runoff input on ice velocity in NEGIS, especially on a long-term scale (Hill et al., 2017; Williams et al., 2020).
In this study, we investigated the spatial and temporal characteristics of ice motion in the 79N, ZI, and SG glaciers in NEGIS over the last 33 years, using annual ice velocity data products derived from satellite remote sensing between 1985 and 2018. We then linked subglacial geometry to ice dynamic changes to estimate the influence of basal topography features on the heterogeneous spatial distributions of three individual glaciers. Finally, we investigated the relationship of the surface meltwater runoff and decadal variations of glacier velocities, thus estimating the impacts of hydrothermal conditions on long-term ice dynamic changes in NEGIS.
DATASETS AND METHODS
Ice velocity
To assess annual changes in ice motion over decadal timescales, we employed the annual ice velocity of The Inter-Mission Time Series of Land Ice Velocity and Elevation (ITS_LIVE), which was created using the method of feature tracking and error-weighted average of all image-pair velocity fields derived from Landsat images, and available from 1985 to 2018 with a spatial resolution of 240 m (Gardner et al., 2018; Gardner et al., 2019a). Preprocessing includes the normalization of local variability in image radiance caused by shadows, topography, sun angle, and the removal of Landsat 4 and 5 along track artifacts and SLC-OFF of Landsat 7. The errors were corrected by setting the rock surface velocity to zero and setting the slow-moving area to the median reference velocity of the MEaSURE data (Gardner et al., 2019b).
Following the method of Tedstone et al. (2015), we computed the median percentage change in ice velocities over the study area (Figure 1) between 1985–2000 and 2001–2018. We then calculated the distribution of the median percentage change over the three glacial catchments below 1,600 m.a.s.l. For each 200 m-elevation band, we presented the median percentage change and median deviation of each glacier velocity.
[image: Figure 1]FIGURE 1 | Study area of the catchment in NEGIS divided into separate glaciers by the bold black line (Mouginot and Rignot 2019). Average glacier velocities (m/yr) between 1985 and 2018 derived from ITS_LIVE are shown (Gardner et al., 2018). The short dash black lines show the central flow lines of each glacier.The thin gray lines are 400–1600 m contour line of ice surface elevation, and the yellow lines are the ground line locations of 79N and ZI glaciers (Morlighem et al., 2017). Asterisks indicate the two closest automatic weather stations (AWS) in the Programme for Monitoring the Greenland Ice Sheet (PROMICE) project (Fausto and Van as 2019).
We then explored the temporal variability in glacier velocities along the central flow lines of the three glaciers according to the streamline of NEGIS region provided by Krieger et al. (2020) and Nagler et al. (2015), and the points with velocity values were separated by 1 km and extracted by bilinear interpolation. To avoid the effect of null values or large errors on the analysis of temporal variation of velocity, we excluded points with velocity values with errors greater than 30%. Additionally, central flow line segments with relatively complete velocity values were selected to ensure the comparability of the time series variability. The velocity maps of 1996, 2002, and 2003 could not represent the mean ice velocity because of the large amount of missing data in the whole basin and were not considered during the time series analysis.
Previous studies have shown that the velocity magnitude has a biased mean that increases with the standard deviation of the components (Dehecq et al., 2019). The absolute magnitude of ice velocity may cause an artificial negative velocity trend, particularly where the signal-to-noise ratio of ice velocity is low in slow-flowing sectors (Williams et al., 2020). Therefore, in the comparisons process with the factors such as air temperature, we calculated the anomaly to analyze the temporal variation trends. We defined the velocity anomaly as the difference between the annual velocity and the mean velocity from 1985 to 2018, using the method of Williams et al. (2020). This method concentrates the noise distribution symmetrically around zero and removes any artificial slowing trends resulting from changes in the noise magnitude between different sensors.
Air temperature and runoff
Climate warming can cause an increase in meltwater and affect glacier movement, so we employed the ERA5 monthly averaged reanalysis temperature of air 2 m above the surface of glaciers from 1979 to 2019 to calculate the air temperature change anomaly (Wang et al., 2019). For validation, we also calculated the average annual temperature anomaly from 2009 to 2018 using monthly averages of near-surface air temperatures acquired by the AWS KPC_L and KPC_U of PROMICE (Fausto and Van as 2019).
To explore the relationship between runoff and ice velocity in three glaciers from 1985 to 2019, we investigated the changes in surface meltwater runoff provided by PROMICE (Mankoff et al., 2020). Previous studies have shown a statistical relationship between ice movement and annual melt volume and accounted for 50% of the ice movement by including 3 years of antecedent melt volume (Tedstone et al., 2015). Therefore, following this study, we performed the regression analysis of the glacier velocity anomalies and surface meltwater runoff (averaged over the first N years) for each glacier. R2 is coefficient of determination from 0 to 1, using to quantify the strength of the relationship between glacier velocity change and the antecedent runoff. p value represents significance and is used to judge whether R2 is statistically significant, with a general standard of 0.05. If the value is less than 0.05, R2 is significant.
Ice bed topography and surface elevation
We used IceBridge Bedmachine Greenland, Version 3 data with 150 m resolution to acquire bed elevation, ice surface elevation, and ice thickness (Morlighem et al., 2017). These were extracted along the central flow lines of the three glaciers and sampled over 1 km. The distance between the ice bed and lower surface of the glacier was calculated by subtracting the ice thickness from the ice surface elevation.
To assist the analysis of the impact of runoff on ice motion, we investigated the 5-year average changes in glacier surface elevation from 1992 to 2020 provided by CCI (Simonsen and Louise, 2017; Sørensen et al., 2018). We also computed the median percentage change in surface elevation over the study area between 1992–2000 and 2001–2018.
RESULTS
Spatial pattern of ice motion variation
The spatial variation in ice velocity in the NEGIS showed distinct differences for each glacier (Figure 2A). The catchments of 79N and ZI glaciers experienced a larger area of ice-flow acceleration in 2001–2018 than in 1985–2000, with 78.77% (16,039 km2) of the total surface area in the 79N glacier and 92.50% (9,138 km2) of the total surface area in the ZI glacier exhibiting increased velocity. The mean acceleration was approximately 14.60% and 9.40%, respectively (Figure 2B). In contrast, the SG glacier displayed a widespread ice-flow deceleration of approximately 81.37% (9,118 km2) between 1985–2000 and 2001–2018, with a mean deceleration of 16.30%.
[image: Figure 2]FIGURE 2 | (A) Spatial pattern of velocity change of three glaciers in NEGIS between 1985–2000 and 2001–2018. The colour scale shows the median percentage change in ice velocities during 2001–2018 compared with the 1985–2000 reference period, the short dash lines represent the central flow lines, the yellow lines indicate the grounding lines of the 79N and ZI glaciers (Morlighem et al., 2017), the thin gray lines are 400–1600 m contour lines representing ice surface elevation (Morlighem et al., 2017). (B) Median percentage velocity changes for each glacier sampled at 240 m intervals between 0 m.a.s.l. and 1,600 m.a.s.l. (C) Median percentage velocity changes for eachglacier in each 200 m contour interval between 0 m.a.s.l. and 1,600 m.a.s.l. The error bar shows the median absolute deviation.
The areas with the strongest velocity increase were in different sectors of the 79N and ZI glaciers, and the acceleration percentages varied according to the contour interval (Figure 2C). The acceleration in the 79N glacier was approximately 20% greater at higher surface elevation of 1,200–1,600 m.a.s.l., and approximately 5% at lower elevations (Figure 2C). Glacier velocity showed an accelerating trend with an increase in surface elevation. For the ZI glacier, between 1985 and 2018, its higher velocity sectors (approximately 20%) occurred near the terminus at a low surface elevation of 0–200 m.a.s.l., and the percentage of velocity increase decreased as the surface elevation increased (Figure 2C).
The deceleration in the SG glacier was greatest (20–50%) below 800 m.a.s.l. (Figure 2C). The glacier also shows that the percentage of velocity variations changed with the surface elevation, which decreased as it approached the interior and was similar to the pattern of long-term velocity change in southwest Greenland (Williams et al., 2020).
Temporal variability in glacier velocity
To explore the temporal characteristics of ice motion, we compared the variations of two specific periods of glacier velocity along the central flow lines (Figure 3). The velocities of the 79N and ZI glaciers showed limited change between 1985 and 2000, but gradually increased after 2000, especially near their grounding line (Figures 3A,B). In contrast, the SG glacier continued to slow between 1985 and 2000 and approached a static state after 2000 (Figure 3C).
[image: Figure 3]FIGURE 3 | (A) Temporal characteristic of the velocity variations of three glaciers along their central flow lines. The velocity of the 79N glacier at -30 to -53 km along the central flow line. 0 in the X axis indicates the grounding line position of 79N glacier as shown in Figure 1, and the negative values point to the direction of internal extension of the ice sheet. (Ai) The velocity of 79N glacier at -110 to -30 km along the central flow line. (Aii) The velocity of the 79N glacier at 53 to 67 km along the central flow line. (B) The velocity of ZI glacier at -30 to 5 km along the central flow line (Bi) The velocity of ZI glacier at -140 to -30 km along the central flow line. (C) The velocity of SG glacier along the central flow line.
Specifically, the time evolution of ice velocity in the upper areas of 79N is not significant, and it has not accelerated significantly in the past 33 years (Figure 3Ai). Starting 30 km upstream of the grounding line, the characteristics of the velocity variation with time become apparent, especially near the grounding line (Figure 3A). The ice velocity accelerated rapidly between 2000 and 2015, followed by decreased acceleration. Within 14 km of the glacier terminus, the ice velocity gradually decreases (Figure 3Aii), but again showed distinctive temporal evolution characteristics. Unlike the area near the grounding line, the ice velocity in this area has been accelerating slowly since 1985.
Similar to the 79N glacier, the upstream velocity of the ZI glacier changed little before 2000 (Figure 3Bi). From 30 km upstream of the grounding line to the terminus, the glacier velocity showed an apparent characteristic of time evolution (Figure 3B). Since 2000 to 2015, the velocity rapidly accelerated, followed by slowed acceleration for the next 3 years. The velocity reached 3,200 m/yr near the terminus of ZI glacier in 2018, compared to the peak velocity of only 1400 m/yr in 79N.
The ice velocity of SG is was small (Figure 3C). Unlike the other two glaciers, SG decelerated from 1985 to 2018. The ice velocity changed little over time upstream of approximately 120–170 km from the grounding line. In the rest of the segment, the glacier slowed rapidly before 2000, but the deceleration began to slow after 2000 and appeared to move slightly around 2016.
DISCUSSIONS
Glacier movement related to bed topography
Each individual glacier in the NEGIS has distinct geometric variability (Figure 4), which is an important factor in determining the response of glaciers to ocean and atmosphere warming (Thomas et al., 2009; Cowton et al., 2018). Our results show that glacier velocity is related to the position of the grounding line near the terminus.
[image: Figure 4]FIGURE 4 | For each glacier, 79N (A), ZI (B) and SG (C), the average ice velocity from 1985 to 2018 is shown in red lines, the surface topography is shown in bright blue, and bedrock is shown in black for each glacier along its central flow line. The vertical black lines indicate the respective grounding line position of the 79N and ZI glaciers.
For the 79N glaciers with floating ice tongue, we found that the velocity increased rapidly approaching the grounding zone and the peak velocity generally occurred near the grounding zone (Figure 4A). Generally, the state of floating ice tongues downstream of the grounding line affects glacier movement (Hill et al., 2017). The glacier with floating ice provides less base/lateral resistance than those without, which makes the glacier insensitive to the retreat at terminus and its acceleration after retreat is negligible (Hill et al., 2018). However, the acceleration of the 79N glacier as it retreated in the early 21st century was inconsistent with the general pattern that glacier velocities with floating ice tongues are not sensitive to retreat, and occurred mainly in the grounding zone (Khan et al., 2014; Mouginot et al., 2015). This was related to the steep and unstable bed slope in the grounding zone in the 79N glaciers, which exacerbate the continued acceleration and retreat of glacier (Khan et al., 2014; Mouginot et al., 2015; Hill et al., 2018). In addition, a more than 70 km long and 1,200 m deep cavity underneath the 79N ice shelf and its northern branch facilitate the intrusion of warm water and the erosion to the underside of the ice shelf, which associated with the spatial distribution of ice velocity in the grounding zone (Wilson and Straneo 2015). Several previous studies have also identified the critical role of warming seawater in the acceleration and dynamic thinning of marine-terminating glaciers (Joughin et al., 2004; Howat et al., 2005; Nick et al., 2009; Joughin et al., 2010; Vieli and Nick 2011).
For the ZI glacier, the grounding zone near its terminus contact with the seawater directly, where the ice motion is fastest (Figure 4B). In 2002, its floating ice tongue broke off and the glacier gradually accelerated (Khan et al., 2014; Mouginot et al., 2015). Although the glacier with floating ice was insensitive to the retreat at terminus, while once the tongue fully collapses and the terminus becomes grounded, basal resistance becomes an important control and basal topography becomes even more important (Hill et al., 2018). Therefore, the acceleration different from the general pattern in ZI glacier still related to the steep and unstable bed slope in the grounding zone.
In contrast to the other two glaciers, the grounding line of SG glacier on the smooth ice bed above sea level near the terminus (Figure 4C), the ice flow barely contacts seawater and the variations in ice velocity are not extensively affected by seawater and bed slope. In the upstream of the SG glacier, the ice bed suddenly dipped downward and accompanied by the fluctuated surface velocity. This indicates that undulations in the bed slope may induce the local movement of the glacier through the patterns of basal stress (Figure 4C).This consistent with previous studies which found that the dynamic changes of the inland glacier movement was related to the bedrock topography (Sergienko and Hindmarsh 2013; Sergienko et al., 2014; Hvidberg et al., 2020).
Positive response of ice flow to enhanced runoff production
From 1985 to 2018, the time series of ice velocity anomalies revealed mean acceleration in the 79N (R2 = 0.5) and ZI glaciers (R2 = 0.77) and deceleration in the SG glacier (R2 = 0.85). However, the two most statistically distinct periods were identified in each glacier through several best-fit tests and showed similar positive changes since 2000 (Figures 5A–C). Varying degrees of ice flow deceleration trends were found from 1985 to 2000 in the three glaciers, among which 79N and ZI were relatively stable (-0.75 ± 0.25m/yr2 and -0.25 ± 1.28 m/yr2), whereas SG experienced a steep deceleration in ice velocity (-4.97 ± 0.5 m/yr2). In contrast, from 2000 to 2018, 79N and ZI glaciers experienced substantial ice flow acceleration of 1.95 ± 0.45 m/yr2 and 24.1 ± 2.87 m/yr2, respectively. Over this period the deceleration trend of the SG glacier gradually flattened (-1.22 ± 0.16 m/yr2) compared to its previous rate between 1985 and 2000.
[image: Figure 5]FIGURE 5 | Time series of the velocities anomaly in the 79N (A), ZI (B), and SG (C) glacier along their respective central flow lines, R2 is the indicator of how well the trend line fits. (D) Air temperature anomaly derived from automatic weather station and ERA5 datasets along the respective central flow lines of the three glaciers. (E) Runoff variation anomaly in each basin of the three glaciers.
The mean surface air temperature anomaly in three glaciers from the ERA5 dataset, which was well verified by the in-situ measurements of two weather stations, shows a clear increase of 0.47 ± 0.007 K and exceeded the average temperature in 2000 (Figure 5D). The runoff anomaly was relatively stable before 2000, with only a small rise of 1.08 ± 1.82 m3/s per year. After 2000, a sustained increase in the runoff anomaly (1.99 ± 2.56 m3/s per year) was observed which exceeded the average in 2000 similar to the air temperature, and increased by 184% between 1985–2000 and 2000–2019 based on the median runoff production for each period (Figure 5E). Overall, the rapid increase in runoff production since 2000 has coincided with the acceleration of the ice motion of the 79N and ZI glaciers, which indicates that runoff changes might modulate the movement of the three glaciers. During our study period, the ice motion pattern was different in the SG glacier as it decelerated continuously (Figure 5C). The glacier surged between 1978 and 1984, and its floating ice tongue began to advance in the 1970s and continued until 1985, with the overall thickening and decelerating inland, thinning and accelerating near the terminus, and the glacier remained stationary ever since (Reeh et al., 1994; Hill et al., 2018; Mouginot et al., 2018). However, our results show that the increases in temperature and runoff might have impeded the deceleration since 2000, leading to a stabilization trend in the ice flow deceleration of the SG glacier.
Figure 5 shows that the temporal variation of glacier velocity lags behind the increase in runoff, as runoff experienced a long-term increase from 1985 while glacier velocities only started to increase in 2000. Previous studies also have concluded that there is a certain relationship between antecedent runoff and ice velocity (Tedstone et al., 2015; Williams et al., 2020). Therefore, we calculated the statistical relationship of glacier velocity anomaly and the antecedent 0–30 years of runoff anomaly. The R2 values between runoff anomaly and glacial velocity increased when more antecedent melt years are included (Figure 6). Although Williams et al. (2020) suggests that this significant relationship may be constructed as more antecedent runoff are included and the data became smoothed. However, the correlation in this study between ice velocity anomaly and runoff anomaly reached the maximum (0.66, 0.81, and 0.74) in six, five, and 8 years for the three glaciers, which did not continually increase due to the gradual smoothing of runoff. Our findings indicate a strong correlation between the antecedent runoff and ice velocity variations and underline the positive response of ice flow to enhanced runoff production, but there is a delay of approximately five to 8 years for glacier movement. This may be due to the fact that surface meltwater can be trapped and stored in the bed of the ice sheet, thus forming multi-year effects (Willis et al., 2015). Karlsson and Dahl-Jensen (2015) also showed the possibility for far field controls on the subglacial water system of NEGIS, and that the variations in subglacial water outflux at the outlets of three glaciers may be caused by changes in several hundred kilometers upstream. Thus, observed changes in ice-flow velocity at the margins are not necessarily caused by processes in the same spatial and temporal scale.
[image: Figure 6]FIGURE 6 | Statistical relationship between runoff anomaly preceding N years and three glacial velocity anomalies for the glaciers 79N (A), ZI (B) and SG (C). The line with the red dot indicates R2, the grey bar indicates p value. The black vertical line indicates the maximum value of R2 on each glacier before it starts to decrease.
Subglacial drainage systems play key roles in controlling the glacier dynamics in GrIS through the drainage of surface meltwater runoff to the subglacial area, especially for the land-terminating glaciers (Nienow et al., 2017; Davison et al., 2019). However, our study indicates the possibility that long-term velocity changes in marine-terminating glaciers are also influenced by subglacial drainage systems. The continuous increase in surface meltwater runoff for many years causes gradual pressure buildup in the subglacial drainage system, which accelerates or retards deceleration in the glacier. Some studies have attributed the deceleration of ice motion in southwest Greenland to the channeling action of subglacial drainage systems, which increased drainage efficiency and reduced subglacial water pressure, and slowed the ice motion (Tedstone et al., 2015; Williams et al., 2020). In other words, more effective drainage led to the reduction of basal pressure and thus result in the deceleration of inter-annual changes. However, the glacier has been accelerating (retarding deceleration) following the continuous increase of runoff since 2000, and the change from inefficient to high-efficiency drainage in the hydrological system does not appear to be significant, or limited in NEGIS (Neckel et al., 2020). Davison et al. (2019) show that the efficient channels can form along principal water flow paths beneath large areas of the ablation area (up to at least ∼40 km from the margin), but their formation and persistence appears to be suppressed and may even be precluded with increasing ice thickness and distance from the margin. Northeast Greenland is clearly larger than the southwest, and as the largest basin in Greenland, its subglacial drainage path extends further inland than the southwest. This indicates that even if there is channeled efficient drainage in NEGIS, it only occurs in the downstream. However, in the larger upstream un-channelized area, the basal pressure keeps increasing after the runoff input increases. The upstream meltwater input and the increased basal pressure may have a greater impact on the ice velocity than the downstream channelization at a small scale. Therefore, we propose that weak channelization in NEGIS may be responsible for the differences with the southwest Greenland. It is worth mentioning that marine-terminating glacier dynamics are complex and related to ice-ocean interactions, such as fjord water and calving (Howat et al., 2005; Cowton et al., 2018). Therefore, increased runoff may not be a dominant factor in the acceleration of glaciers in NEGIS, but the surge of runoff on the long-term scale is correlated with the changes of glacier velocity in this region.
Surface elevation change vs. ice-flow velocity
Generally, ice surface melting results in an increase in ice runoff and a decrease in ice surface elevation (Gilbert and Kittel 2021). To further estimate the relationship between runoff and ice velocity, we compared the changes in glacier surface elevation and ice velocities between 1992 and 2018. The thinning of 79N and ZI glaciers significantly accelerated and expanded to a greater area and magnitude after 2000, and the thickening of the SG glacier decreased (Figure 7). During the same period, the runoff of the three glaciers increased two to six times, went from a negative to a positive rate of increase for the SG glacier. We found that significant thinning areas of the surface elevation for the three glaciers spatially corresponded with greater changes in ice velocity (Figure 3), indicating that large amounts of runoff were generated in the significant change areas of ice velocity after 2000. Recent studies have suggested that some supraglacial lakes forming in these areas drain rapidly beneath the ice in a short time, further demonstrating the process of runoff discharge into ice bed in areas with significant ice velocity variations. (Neckel et al., 2020; Turton et al., 2021).
[image: Figure 7]FIGURE 7 | Median surface elevation changes across the study area between 1992 and 2000 (A) and between 2001 and 2018 (B). The values showed in the boxes are the changes of runoff (m3/s) in the basins of each glacier. The yellow lines indicate the grounding line of 79N and ZI glaciers (Morlighem et al., 2017). The short dash lines show the central flow lines. The thin gray lines are 400–1600 m contour line of ice surface elevation.
CONCLUSION
By analyzing annual ice velocity data from 1985 to 2018, derived from satellite remote sensing images, we found that the 79N, ZI, and SG glaciers in the NEGIS experienced spatially heterogeneous variations in ice motion over decadal timescales, which are generally related to the subglacial topographic features. Our results revealed a clear regional ice-flow speedup in both the 79N and ZI glaciers, with a mean increase of 14.60% and 9.40% in 2001–2018 compared to 1985–2000, but a widespread deceleration of the SG glacier with a mean of 16.30%. The 184% increase in surface runoff was strongly correlated with the ice velocity changes in the three glaciers.
Our statistical analysis showed that surface runoff has a significant positive effect on glacier movement over decadal time scales in this basin, which is supported by previous studies on supraglacial lake dynamics (Neckel et al., 2020; Turton et al., 2021). However, the influence of several other driving forces (such as basal melting (Rignot et al., 1997) and mélange buttressing (Khan et al., 2014)) could not be excluded because of the complexity of marine-terminating glacier dynamics. This study highlights the crucial roles of subglacial topographic features and surface runoff dynamics on the ice motion of the marine-terminating glacier in NEGIS. This improves our understanding of the dynamic changes occurring in NEGIS in response to changing atmospheric circumstances. Future research is necessary to elucidate the underlying dynamic mechanisms driving hydrodynamic coupling processes on ice motion across the NEGIS.
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