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ABSTRACT 

While global glacier mass balance has decreased rapidly over the last two 

decades, mass loss has been greatest in regions with marine-terminating glaciers. In 

Greenland, peripheral glaciers and ice caps (GICs) cover only ~5% of Greenland’s area 

but contributed ~14-20% of the island’s ice mass loss between 2003-2008. Although 

Greenland GIC’s mass loss due to surface meltwater runoff have been estimated using 

atmospheric models, mass loss due to changes in ice discharge into surrounding ocean 

basins (i.e., dynamic mass loss) remains unquantified. Here, we use the flux gate method 

to estimate discharge from Greenland’s 594 marine-terminating peripheral glaciers 

between 1985 – 2018, and compute dynamic mass loss as the discharge anomaly relative 

to the 1985-1998 period. Greenland GIC discharge averages 2.14 Gt/yr from 1985-1998 

and abruptly increases to an average of 3.87 Gt/yr from 1999-2018, indicating a -1.72 

Gt/yr mass anomaly. This mass loss is driven by synchronous widespread acceleration 

around Greenland and, like the ice sheet, is primarily caused by changes in discharge 

from a small number of glaciers with larger discharge. These estimates indicate that 

although Greenland GICs are small, they are sensitive to changes in climate and should 

not be overlooked in future analyses of glacier dynamics and mass loss. 
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CHAPTER ONE: INTRODUCTION 

Glacier mass loss is a major contributor to sea level rise, which impacts coastal 

communities globally (IPCC, 2014). The mass balance of glaciers worldwide has rapidly 

decreased over the last two decades (Rignot et al., 2011; Gardner et al., 2013; Zemp et 

al., 2019), and mass loss is generally greatest for regions with marine-terminating 

glaciers since these glaciers are subject to both atmospheric and oceanic forcing (Straneo 

et al., 2012). Although there have been tremendous advances in the understanding of 

marine-terminating glacier sensitivity to atmospheric and oceanic conditions over the last 

two decades, this sensitivity remains a critical limitation to predicting future global land 

ice volume and sea level rise as well as changes to ocean properties and circulation 

(Straneo et al., 2012; Catania et al., 2020). Mass contributions to sea level rise from the 

Greenland ice sheet (GrIS) have been well documented (Enderlin et al., 2014; King et al., 

2018; Mankoff et al., 2020). However, there are fewer observations for Greenland’s 

peripheral glaciers, and regional trends cannot be confidently extrapolated from the ice 

sheet to these glaciers (Rignot et al., 2008; van den Broeke et al., 2009).  

Greenland’s peripheral glaciers and ice caps (GICs; Figure 1.1) account for ~12% 

of global ice area outside of the Greenland and Antarctic ice sheets (Noël et al., 2017). 

GICs occupy only ~5% of Greenland’s area but contributed ~20% (~38-41 ± 7 Gt/yr) of 

mass loss from Greenland’s terrestrial ice masses between 2003-2008 (Bolch et al., 2013; 

Gardner et al., 2013). The portion of this mass loss due to the imbalance between surface 

accumulation and meltwater runoff, called surface mass balance (SMB), is estimated to 
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have steadily increased for GICs from 11.3 Gt/yr in 1997 to 36.2 Gt/yr in 2015 (Noël et 

al., 2017). The other component of glacier mass loss, which is the rate at which ice is 

discharged into the ocean due to dynamic processes (i.e., dynamic mass loss), is expected 

to be on the order of gigatons per year based on the difference between total mass loss 

and SMB. However, the large uncertainty in SMB (~15.7 Gt/yr) for GICs prevents 

confident partitioning of mass loss. 

Here, we quantify ice discharge from Greenland’s 594 marine-terminating 

peripheral glaciers (Figure 1.1) using the fluxgate method (Enderlin et al., 2014; King et 

al., 2018; Mankoff et al., 2020) and compare it to the dynamic mass loss estimates 

inferred from the independent total mass loss and SMB estimates. We use remotely-

sensed data from satellite and airborne observations to estimate discharge as the ice flux 

in the direction towards glacier termini. We also provide estimates of flux corrections to 

account for surface accumulation and meltwater runoff between flux gates and termini 

using SMB estimates from the Regional Atmospheric Climate Model. Finally, we 

estimate temporal changes in ice thickness at the flux gates using the sparse observations 

of terminus position, speed, and elevation change that are presently available and provide 

regional estimates of near terminus rates of thickness change.  
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Figure 1.1 (a) The marine-terminating peripheral glaciers (pink points) 

overlaying the MEaSUREs velocity mosaic (m/yr) with the five regions used for this 
analysis. (b) Each glacier has an RGI outline (black) and a manual terminus 

delineation from 2000 (orange) and 2015 (red) as illustrated in the zoomed-in panels 
from Western and (c) Southeastern Greenland. 
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CHAPTER TWO: DYNAMIC MASS LOSS 

2.1 Data and Methods 

The Randolph Glacier Inventory (RGI) Greenland glacier outlines compiled as 

part of the Global Land Ice Mapping from Space program (GLIMS) are used to identify 

potential marine-terminating glaciers peripheral to the Greenland ice sheet. The outlines 

are overlain on summer Landsat 7 and 8 panchromatic images from 2000 and 2015, 

respectively, and terminus positions are traced to assess whether each glacier is marine-

terminating and to characterize terminus position change. Based on the relatively stable 

terminus positions observed for the Greenland Ice Sheet’s marine-terminating glaciers 

prior to the early 2000s (Howat and Eddy, 2011), we use the 2000 terminus delineations 

to characterize the steady-state terminus positions. Similarly, given that changes in ice 

sheet discharge have been correlated with terminus change (King et al., 2020) and that 

the ice sheet’s discharge at least temporarily stabilized in the 2010s (Mankoff et al., 2020; 

King et al., 2020), we use the 2015 terminus delineations to characterize terminus 

positions likely following a period of retreat. A total of 641 glaciers are identified as 

peripheral marine-terminating glaciers using this approach. Since we are interested in 

discharge from only GICs, not glaciers connected to the ice sheet, we filter our dataset to 

exclude GrIS outlet glaciers for which Mankoff et al. (2020) calculated solid ice 

discharge. Although numerous GrIS discharge datasets are available, we use the Mankoff 

et al. (2020) dataset for filtering because it is updated regularly. There were 47 
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overlapping glaciers, which are excluded from our dataset, resulting in 594 glaciers used 

for this analysis. 

Using the flux gate method, a “flux gate” perpendicular to ice flow is delineated 

inland of the glacier’s terminus and the mass of ice that flows across the flux gate 

towards the terminus is used to estimate discharge. The flux gate is usually assigned near 

the grounding line (Enderlin et al., 2014; King et al., 2018) and can also be assigned 

algorithmically using a velocity mosaic and robust digital bed elevation models (Mankoff 

et al., 2020). However, for grounded glacier termini, the grounding line is co-located with 

the terminus. Since there are very few bed elevation estimates for the peripheral glaciers, 

however, we cannot determine whether glaciers are grounded by differencing surface and 

bed elevations. Therefore, we use the ArcticDEM digital elevation model (DEM; Porter 

et al., 2020) to identify floating termini as an observably distinct break in slope at 

elevations below 50 m, under the assumption that the majority of the relatively narrow 

and slow-flowing glaciers around Greenland’s periphery will not be thicker than 500 m at 

their grounding lines. Only 8 glaciers are identified with potential floating termini, and 

the flux gates at those glaciers are set inland of the apparent floating ice. In the absence of 

floating ice, we position the flux gate within ~2 km of the more retracted terminus 

position. The flux gate is manually delineated approximately perpendicular to flow using 

the 250 m-resolution MEaSUREs velocity mosaic for Greenland (Joughin et al., 2016; 

https://nsidc.org/data/NSIDC-0670/versions/1).  

The mass flux across each gate is calculated as the volume flux (i.e., product of 

the speed perpendicular to the gate, thickness, and width) multiplied by the depth-

averaged density. Velocities are obtained from the NASA MEaSUREs ITS_LIVE project 
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(Gardner et al., 2019), which provides annual mean surface velocities derived from 

Landsat 4, 5, 7, and 8 using the auto-RIFT feature tracking processing chain described in 

Gardner et al. (2018). These data have 240 m-resolution and annual coverage from 1985 

to 2018. To account for across-glacier variations in speed and irregular flux gate 

geometries, each flux gate is divided into discrete bins with widths based on the 

intersection of the gate with each velocity raster cell. For each bin, the speed is extracted 

perpendicular to the gate.  

Thickness data for Greenland’s peripheral glaciers are incredibly sparse. The 

NASA Operation Ice Bridge (OIB) mission conducted annual airborne-radar surveys 

across Greenland from 2009 to 2018 but focused primarily on data acquisition for the ice 

sheet. There are only a handful of thickness observations within a few kilometers of 

peripheral glacier termini and in cross-sectional orientation that can be used to constrain 

the geometries of Greenland’s peripheral glaciers. Therefore, we use the MCoRDS L2 Ice 

Thickness Version 1 with 4.5 m vertical resolution, ~25 m along-track resolution, and 

~14 m sample spacing (Paden et al., 2019) to devise an empirical scaling relationship 

with which to estimate ice thickness from width and speed observations (Enderlin et al., 

2014). Only 4 of the 594 peripheral glaciers have cross-sectional OIB thickness 

observations at the terminus, and these glaciers are scattered between the West, 

Southeast, and Central-east regions. We find that for our glaciers with MCoRDS 

thickness data, the flux across each bin can be approximated using a second-order 

polynomial function (y = 0.00068x2 – 33.6x) relating the flux to the product of bin speed 

and glacier width with an r2 = 0.85 (Figure 2.1). The flux from each individual bin is 

multiplied by the ratio of glacier width to bin width to convert to flux across the flux gate. 
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For the lowest fluxes the quadratic fit is replaced with a simple linear fit (y = 172.3x, r2 = 

0.66) forced through the origin to ensure that the flux goes to zero as speed approaches 

zero. Beyond the upper limit of the data domain, the slope of the quadratic polynomial is 

held constant in order to avoid unrealistically large fluxes for the fastest-flowing glaciers. 

For each glacier, a flux cross-section is calculated using the empirical scaling 

relationships and the 1985-2018 median ITS_LIVE speed in each pixel along the cross-

section. Although ideally steady-state velocities should be used to calculate ice thickness 

and we anticipate that dynamic change has occurred since 1985 given the rapid changes 

observed for nearby GrIS outlet glaciers, we use the median velocities over the entire 

time period because only 277 of the 594 glaciers have complete velocity time series. The 

flux in each bin is then divided by the bin speed and width to estimate the thickness in 

each bin. The histogram in Figure 2.1 indicates that this empirical relationship is mostly 

applied at the lower end of the curve where the confidence interval is tighter and bounds 

all data points used to construct the curve.  

The sum of the product of the bin thickness, annual speed, and width is used to 

construct time series of volume flux. The volume flux is multiplied by the density of ice 

(917 kg/m3) to estimate the mass flux across each flux gate. In line with analyses of GrIS 

mass loss and surface mass balance losses for Greenland’s peripheral glaciers, we 

compute dynamic mass loss as the discharge anomaly relative to the 1985-1998 time 

period. The data are clustered by region based on the regional boundaries designated by 

Mouginot et al. (2019) for the GrIS, with the north, central, and south west regions 

merged into one western region since there are so few GICs along Greenland’s west 

coast. 
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Figure 2.1 Top panel: flux calculated as the product of the bin thickness (m) and 
speed (m/yr) and the glacier width (m) plotted against the product of the bin speed 
and glacier width for the four peripheral glaciers with radar observations of cross-
flow ice thickness. The solid line is the best-fit quadratic polynomial for the product 

of the bin speed and width greater than 1x105 m2/yr and the linear polynomial 
forced through the origin at smaller values. The dashed lines represent the 

boundaries of the two sigmas (i.e., ±2 standard deviation) confidence interval. 
Bottom panel: the histogram illustrates the distribution of glaciers across the curve. 

 
2.2 Dynamic Mass Loss Uncertainties 

There are several sources of uncertainty in our dynamic mass loss estimates. 

Uncertainties in speed are extracted from the ITS_LIVE data product. Uncertainties in 

width are assumed to be one 15 m-resolution Landsat pixel at each end of the flux gate. 

We quantify uncertainty in our ice thickness estimates due to the use of the empirical 

scaling relationship from the confidence intervals of the polynomial fits. These 
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uncertainties are combined using standard error propagation techniques to constrain their 

influence on our flux estimates.  

The use of a constant thickness cross-section for all flux calculations potentially 

introduces a time-varying bias into our flux time series. Although DEM time series 

produced by the Polar Geospatial Center ArcticDEM project are available for all glaciers, 

the limited and highly variable temporal coverage of the DEMs prevents the direct use of 

these data to constrain changes in ice thickness over the 1985-2018 time period. The 

number of DEMs per glacier ranges from 1-61 with an average of 11. The average time 

span covered by these DEMs at a given glacier is 4.3 years, and the DEMs are from any 

time between 2011 and 2019. In order to provide first-order estimates of temporal 

changes in thickness on our flux time series, we fit linear polynomials to the surface 

elevation time series from the DEMs available for each glacier. We also fit linear 

polynomials to the surface elevation data and the speed and surface mass balance from 

the closest observation dates in an effort to identify the most predictive relationship to 

extrapolate thickness changes over time.  

The use of inland fluxes to approximate terminus discharge also introduces 

uncertainty into our dynamic mass loss estimates. We use annual SMB estimates to 

approximate surface mass loss or gain over the time it takes for the ice to advect from the 

flux gate to the terminus. The distance between the flux gate and the terminus is 

estimated using the 2000 terminus position for 1985-2000, the mean of the 2000 and 

2015 terminus positions for 2001-2014, and the 2015 terminus position for 2015-2018. 

The annual ITS_LIVE speeds are used to convert the distance to an advection time. The 

annual 1 km-resolution Regional Atmospheric Climate Model (RACMO) SMB over the 
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advection time period is summed to estimate mass loss between the flux gate and 

terminus.  

Our assumptions that surface speeds are equal to the depth-averaged speeds and 

that the glacier density is equal to bubble-free ice may also introduce bias into our flux 

estimates. However, we expect that the errors introduced by these assumptions will 

remain relatively constant over time and should have minimal influence on dynamic mass 

loss estimates. 
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CHAPTER THREE: DISCHARGE TIME SERIES 

3.1 Results 

The sum of the time-averaged glacier discharge across the GICs is 2.14 Gt/yr with 

a median absolute deviation (MAD) of ± 7x10-5 Gt/yr from 1985 to 1998 which we refer 

to as ‘steady state’ since this is the part of the record before the mass anomaly emerges 

(Figure 3.1). From 1999-2018, the sum of time-averaged glacier discharge is  

3.87 ± 3x10-4 Gt/yr (Figure 3.1). 98% of the glaciers discharge less than 0.05 Gt/yr, and 

there are 13 glaciers, 2% of the total, that discharge more than 0.05 Gt/yr (Figure 3.2). 

These 13 glaciers account for 1.34 Gt/yr (63%) of the GICs discharge during the steady-

state period before 1998 and 1.94 Gt/yr (50%) of the discharge after 1999. There are 277 

glaciers that have complete time series which exhibit a 0.31 Gt/yr increase in discharge 

from an annual average of 1.56 Gt/yr before 1998 to an annual average of 1.87 Gt/yr after 

1999. 57% of glaciers have velocity data from 1985 – 1998, and 93% of glaciers have 

velocity data from 1999 – 2018. The greatest discharge comes from the southeast and 

central-east regions both during the steady-state period (0.65 Gt/yr, 0.97 Gt/yr, 

respectively) and the 1999 – 2018 period (1.76 Gt/yr, 1.07 Gt/yr respectively, Table 3.1).  
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Figure 3.1 Top panel: annual discharge from the marine-terminating GICs from 
1985 to 2018 (dark blue), discharge from only glaciers with complete data coverage 
across the time series (light blue), and discharge from glaciers with average annual 

discharge greater than 0.05 Gt/yr (green). Bottom panel: cumulative width of all 
glaciers used to calculate discharge each year. 

Bolch et al. (2013) and Gardner et al. (2013) estimated the total mass budget for 

Greenland GICs at -38 ± 7 Gt/yr for 2003-2009 using surface elevation change 

observations from ICESat. Noël et al. (2017) estimated that changes in surface mass 

balance from 1997-2015 accounted for approximately 36.2 ± 15.7 Gt/yr of that mass loss, 

implying that recent dynamic mass loss should be approximately 2 Gt/yr. Under the 

assumption that the 1985-1998 discharge represents steady-state conditions, our 

discharge estimates suggest a time-averaged 1.72 Gt/yr dynamic mass loss from 1999-

2018 (Figure 3.1). The jump in discharge in 1999 is present in both the total GIC 
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discharge time series as well as the time series for only glaciers with data across the 

entire record, suggesting that the sharp increase is at least in part a real signal rather than 

solely a sudden increase in data availability due to the launch of Landsat 7. 

 
Figure 3.2 Histogram of the distribution of the time-averaged annual glacier 

discharge.  

3.2 Thickness Change 

Negative rates of thickness change dominated all regions, indicating that thinning 

was prevalent over the 2011-2019 time period. The regional median rate of thickness 

change ranged from -0.23 ± 0.85 m/yr in the north to -1.39 ± 0.27 m/yr in the central-east 

(Table 3.2). The small thinning rate (61.33%, Table 3.2) and large variability in the north 

indicates that although thinning dominates in this region, thickening is fairly common as 

well. The median rate of thickness change for all GICs was -0.94 ± 1.14 m/yr (Table 3.2). 

Overall, the correlation between thickness change and time (r2 = 0.20), speed (r2 = 0.11) 

or SMB (r2 = 0.10) for the GICs is very low, indicating that changes in ice thickness 
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cannot be confidently extrapolated as a linear function of any of the tested variables 

(Table 3.2). For all but the north region, change in thickness is best, although weakly, 

approximated as a linear function of time. For the north, changes in thickness over time 

are most strongly correlated with changes in SMB. 

The change in mass between the flux gate and the terminus due to surface 

accumulation and ablation as the ice flows from the flux gate to the terminus for all GICs 

is -0.33 Gt/yr during the 1985-1998 steady-state period and -0.31 Gt/yr during 1999-2018 

period. In other words, our Greenland GIC discharge estimates should be lowered by 

~0.32 Gt/yr to account for mass loss between the flux gates and glacier termini. These 

losses are equivalent to 15% of the discharge before 1998 and 8% after 1999.  

Table 3.1 Regional sum of time-averaged annual glacier discharge from 1985-
1998 (“steady-state”) and 1999-2018, and the sum of the time-averaged SMB 
between the flux gate and terminus. 

Region Discharge: 
1985-1998 
(Gt/yr) ± MAD 

Discharge: 
1999-2018 
(Gt/yr) ± MAD 

SMB 
adjustment: 
1985-1998 
(Gt/yr) ± MAD 

SMB 
adjustment: 
1999-2018 
(Gt/yr) ± MAD 

North 0.02 ± 0 0.03 ± 0 0 ± 0 -0.01 ± 0 

West 0.16 ± 8x10-5 0.63 ± 2x10-4 -0.04 ± 1x10-4 -0.06 ± 2x10-4 

Southeast 0.65 ± 2x10-2 1.76 ± 5x10-4 -0.07 ± 2x10-5 -0.12 ± 2x10-4 

Central-east 0.97 ± 2x10-4 1.07 ± 2x10-4 -0.19 ± 2x10-4 -0.09 ± 8x10-5 

Northeast 0.35 ± 7x10-5 0.39 ± 1x10-4 -0.03 ± 4x10-5 -0.02 ± 5x10-5 

Total 2.14 ± 7x10-5 3.87 ± 3x10-4 -0.33 ± 4x10-5 -0.31 ± 9x10-5 
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Table 3.2 Regional median time-averaged thickness change (𝚫𝚫H), median 
absolute deviation (MAD) of thickness change, and median time-averaged correlation 
coefficients for linear polynomials used to describe thickness change as a function of 
time, speed, and SMB across each region.  

Region 𝚫𝚫 H 
(m/yr) 

𝚫𝚫 H 
MAD 
(m/yr) 

% glaciers 
thinning 

Time 
series r2 

Speed 
r2 

SMB r2 

North -0.23 0.85 61.33 0.09 0.04 0.12 

West -1.04 1.22 64.52 0.15 0.06 0.04 

Southeast -0.94 1.40 66.67 0.19 0.10 0.10 

Central-
east -1.39 

0.27 72.88 0.33 0.18 0.14 

Northeast -0.89 0.13 59.18 0.16 0.11 0.05 

Total -0.94 1.14 67.00 0.20 0.11 0.10 



16 

 

CHAPTER FOUR: TRENDS IN GICs DYNAMIC MASS LOSS 

4.1 Dynamic Drivers of Mass Loss 

Discharge varies spatially with glacier geometry and speed. The fastest speeds 

should be observed for glaciers that are wide, thick, and occupy troughs that are hundreds 

of meters below sea level since these conditions require fast speeds in order to maintain a 

balance of driving and resistive stresses (Cuffey and Paterson, 2010). Here we make use 

of the expected, and observed (Figure 2.1), relationships between glacier geometry and 

speed to estimate ice thickness. Since thickness is estimated as a piecewise function of 

the product of speed and glacier width that includes a non-linear component, spatial 

variations in discharge are not identical to patterns in speed (Figure 4.1). However, 

temporal variations in discharge are entirely dictated by changes in speed over time. We 

observe a sudden acceleration in 1999 in all regions except the north, which drives the 

step-increase in discharge in Figure 3.1. We find discharge was relatively steady before 

and after the 1999 step increase, with MADs of 7x10-5 Gt/yr and 3x10-4 Gt/yr for all 

GICs from 1985-1998 and 1999-2018, respectively. The median speeds for each region 

remain fairly steady from 2000-2011 after the 1999 step-increase (Figure 4.2) before 

dropping again in 2014-2015. The discrepancy between temporal patterns in median 

speed and GIC discharge reflects changes in the prevalence of glaciers with anomalously 

high speeds after 2012, particularly in the southeast (Figure 4.2). The time series also 

shows that, similar to the ice sheet, where 15 glaciers drive >50% of the discharge change 

(Enderlin et al., 2014), the largest glaciers (n=13) account for 50-68% of the discharge.  
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Thinning is prevalent across all regions (Table 3.2). Change in thickness across 

the GICs is most highly correlated to linear change in time (r2 = 0.20, Table 3.2). 

However, the principle of mass conservation requires that changes in thickness over time 

are caused by changes in SMB, speed, or both. We attribute the overall poor correlations 

to the sparse data coverage and lack of temporal synchronicity between these datasets. 

Further, the relative importance of these drivers varies widely between glaciers based on 

their local climate and geometry, so linear extrapolation may be too simple. For example, 

Moon et al. (2012) found regional variability in speed at GrIS outlet glaciers and a 

variable and complex response to regional and local forcing. Given our inability to 

confidently extrapolate changes in thickness beyond the sparse observational records for 

each glacier, we do not attempt to correct our discharge estimates for temporal variations 

in ice thickness. The median of the change in thickness as a fraction of the total thickness 

observed for each glacier during the 2011-2019 period is -0.13. Assuming that the 

observed thinning rates can be reasonably extrapolated over the entire 1999-2018 post-

acceleration time period, then our discharge estimates could be ~10-20% higher 

immediately following the 1999 acceleration and gradually decreasing to ~10-20% lower 

by 2018. However, there is no observational thickness data concurrent with the 1999 

acceleration, when we would expect the largest dynamic changes in thickness to occur. 
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Figure 4.1 (a) Average annual velocity and (b) average annual discharge 

anomaly at each glacier is denoted by the size of the bubble. The background images 
are the MEaSUREs velocity mosaic (m/yr) and the time-averaged surface mass 

balance anomaly for 1999-2019 relative to the 1958-1998 steady-state conditions. 

 

4.2 Comparison to GrIS Trends and Additional Drivers of Mass Loss 

Atmospheric and oceanic forcing have been shown to drive mass loss at GrIS 

outlet glaciers. GrIS outlet glacier discharge was steady for ~30 years prior to 2000 (~430 

Gt/yr), before it increased to >500 Gt/yr between 2000 and 2005 then temporarily 

stabilized at ~500 Gt/yr through present (Mankoff et al., 2020). Terminus positions were 

also fairly steady until the late 1990s, and retreat has been widespread throughout the 

early 2000s (Howat and Eddy, 2011). The onset of retreat of GrIS outlet glaciers 

coincided with mean air temperature increases at coastal weather stations (Moon and 

Joughin, 2008) and a sudden increase in subsurface ocean temperature along the west 

coast of Greenland (Holland et al., 2008). Greenland’s GICs are less studied, but Noël et 

al. (2017) found 1997 ± 5 years to be a tipping point for GIC surface mass balance, as it 



19 

 

marked the onset of rapid deterioration in the capacity of the GICs firn to refreeze 

meltwater. An increase in meltwater percolation to the glacier base could potentially 

trigger the widespread acceleration and increased discharge observed here, although the 

response of glaciers to changes in meltwater are highly variable (Moon et al., 2014, 

Moon et al., 2012). The increase in surface meltwater production and percolation as well 

as changes in ocean temperatures could have also triggered terminus retreat, such as 

observed for GrIS outlet glaciers, driving acceleration. The decreased spatial, spectral, 

radiometric, and temporal resolution of the optical satellite image record prior to the 

launch of Landsat 7 in 1999, however, limits our ability to accurately map changes in 

terminus position over time. Therefore, although we present the first estimates of 

Greenland GIC discharge and dynamic mass loss here, we cannot confidently tease-out 

the processes that drove the sudden increase in discharge in 1999 and the sustained period 

of dynamic mass loss that ensued.  
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Figure 4.2 Normalized velocity by region from 1985 – 2018. The black line shows 

the median for all glaciers, and the red line indicates the median for only glaciers 
with complete records. Figure by Rebecca Muhlheim. 
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4.3 Conclusion and Future Work 

Although GICs only cover 5% of Greenland’s area, they play a substantial role in 

Greenland’s contributions to sea level rise and freshwater flux which impact communities 

globally, as well as marine ecosystems and circulation. The 594 marine-terminating GICs 

discharged an average of 2.14 Gt/yr from 1985 to 1998, and an average of 3.87 Gt/yr 

between 1999 and 2018. These estimates indicate a mass anomaly of -1.72 Gt/yr which is 

consistent with previous mass budget estimates for these glaciers. This mass loss is 

driven by synchronous acceleration across the GICs, resulting in the step-increase in 

discharge in 1999. The cumulative discharge is driven by the 13 glaciers with the highest 

rate of discharge, which account for 63% of the total discharge before 1998 and 50% 

after 1999. Further analysis of the velocity and SMB time series is required to understand 

controls on thickness change at the terminus, and a comprehensive look at oceanic and 

atmospheric forcing will illuminate the drivers of the dynamic mass loss evident in our 

time series. Finally, these discharge estimates can be compared to terminus position 

change time series in order to estimate the intra-annual timing of mass loss and frontal 

ablation. 
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