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Abstract: Supraglacial stream/river catchments drain large volumes of surface meltwater off 

the southwestern Greenland Ice Sheet (GrIS) surface. Previous studies note a strong seasonal 

evolution of their drainage density (Dd), a classic measure of drainage efficiency defined as 

open channel length per unit catchment area, but a direct correlation between Dd and 

surface meltwater runoff (R) has not been established. We use 27 high-resolution (~0.5 m) 

satellite images to map seasonally evolving Dd for four GrIS supraglacial catchments, with 

elevations ranging from 1100 m to 1700 m. We find a positive linear correlation (r2 = 0.70, 

p<0.01) between Dd and simulations of runoff production from two climate models (MAR 

v3.11 and MERRA-2). Applying this R-Dd empirical relationship to climate model output 

enables parameterization of spatial and temporal changes in supraglacial drainage efficiency 

continuously throughout the melt season, although temporal and spatial skewness of Dd 

observations likely affects the application of this R-Dd relationship on crevasse fields and 

snow/firn surfaces. Incorporating this information into a simple surface routing model finds 

that high runoff leads to earlier, larger diurnal peaks of runoff transport on the ice surface, 

owing to increased Dd. This effect progressively declines from low (~1100 m) to high (~1700 

m) elevation, causing a roughly order-of-magnitude reduction in diurnal runoff variability at 

the highest elevations relative to standard climate model output. Combining intermittent 

satellite Dd mapping with climate model output thus promises to improve characterization of 

supraglacial drainage efficiency to the benefit of supraglacial meltwater routing and 

subglacial hydrology models. 

 

Plain Language Summary: Supraglacial streams and rivers are fed by meltwater runoff and 

are widely distributed on the Greenland Ice Sheet (GrIS). However, a direct correlation 
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between stream abundance and surface meltwater runoff production has not previously 

been established. This introduces uncertainty surrounding the diurnal timing and magnitude 

of runoff entering moulins, which in turn limits our physical understanding of short-term 

hydrodynamic ice motion. By correlating climate model runoff simulations with intermittent 

high-resolution satellite maps of supraglacial streams, we find a positive correlation between 

modeled runoff and satellite-mapped stream drainage density along an elevational gradient 

of the southwestern GrIS. This finding opens the door for parameterizing surface runoff 

routing efficiency directly from climate model output, and reveals existence of elevational 

gradients in moulin input timing and subglacial water pressure caused solely by lower 

supraglacial stream drainage density at higher ice sheet elevations. 

 

Key words: meltwater runoff, drainage density, flow routing, moulin, Greenland Ice Sheet
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1 Introduction 

Supraglacial streams and rivers are widely distributed on the Greenland Ice Sheet (GrIS) 

ablation zone (Smith et al., 2015; Yang and Smith, 2016; Pitcher and Smith, 2019). In 

southwestern GrIS, virtually all terminate in moulins, forming numerous internally drained 

catchments on the ice surface that deliver large volumes of surface meltwater runoff (R) to 

the bed (Banwell et al., 2013; Clason et al., 2015; Smith et al., 2015; Banwell et al., 2016; de 

Fleurian et al., 2016; Yang and Smith, 2016; Smith et al., 2017; Andrews et al., 2021; Smith et 

al., 2021). Field-calibrated surface routing models suggest that this runoff passes quickly 

(~10-1 m/s) through supraglacial stream/river channels, but slowly (~10-3 – 10-4 m/s) through 

surrounding interfluves (Yang et al., 2018). Indeed, the interfluve meltwater routing velocity 

may be two orders of magnitude lower (~10-6 m/s) if rills and micro-channels do not exist in 

the interfluve zone (Irvine-Fynn et al., 2021). This dichotomy of fast vs. slow flow between 

open channels and interfluves controls the timing and magnitude of diurnally varying moulin 

input, which in turn influences subglacial hydrology and ice flow dynamics (Schoof, 2010; 

Banwell et al., 2013; Andrews et al., 2014; Clason et al., 2015; de Fleurian et al., 2016; 

Decaux et al., 2018; Koziol and Arnold, 2018; Davison et al., 2019; Poinar and Andrews, 2020; 

Smith et al., 2021). Accurate simulation of moulin input hydrographs therefore requires high-

resolution, multi-temporal mapping of supraglacial stream/river networks, so as to partition 

catchment drainage areas into channelized vs. non-channelized flow (Yang et al., 2018). 

While supraglacial rivers are sufficiently large (>10 m wide) to detect in Landsat-8 and 

Sentinel-2 visible/near-infrared satellite imagery (Lampkin and VanderBerg, 2014; Poinar et 

al., 2015; Yang and Smith, 2016), smaller (<10 m wide) supraglacial streams are narrow and 
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discernable only in very high resolution (VHR, <2 m) satellite or drone images (McGrath et 

al., 2011; Yang and Smith, 2013; Rippin et al., 2015; Smith et al., 2015; King et al., 2016; 

Smith et al., 2017; Decaux et al., 2018). Due to limited spatial and temporal coverage, VHR 

supraglacial stream maps are relatively rare. This limits understanding of how spatial and 

seasonal variations in supraglacial stream development influence supraglacial drainage 

efficiency and diurnal discharge cycles delivered to moulins. 

Climate models provide daily or hourly simulations of surface meltwater runoff 

(Fettweis et al., 2020). Because supraglacial channels are fed by meltwater runoff, their 

pattern and abundance evolves temporally in response to surface meltwater production 

(Lampkin and VanderBerg, 2014; Smith et al., 2017; Yang et al., 2017; Decaux et al., 2018; 

Yang et al., 2018; Pitcher and Smith, 2019; Muthyala et al., 2020; Gleason et al., 2021). 

Previous studies have noted some qualitative relationships between channel planforms and 

modeled runoff, e.g. becoming wider as surface runoff increases (Smith et al., 2015; Yang et 

al., 2017), migrating to higher elevations (Lampkin and VanderBerg, 2014), or growing in area 

as modeled runoff increases (Lu et al., 2020; Yang et al., 2021). However, an explicit, 

quantitative correlation linking remotely sensed supraglacial stream/river abundance with 

modeled runoff has yet to be demonstrated. 

Drainage density Dd (km-1) is a terrestrial hydrology measure of stream abundance 

defined as the total stream length (km) within a catchment divided by the catchment area 

(km2) (Dingman, 2015). Dd is controlled primarily by climate (Montgomery and Dietrich, 

1989), with topography and saturated soil conductivity as secondary factors (Abrahams, 

1984). On the ice sheet surface, surface meltwater runoff production analogously plays a 
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primary role in controlling Dd, with ice surface topography (Crozier et al., 2018; Ignéczi et al., 

2018) and permeability of weathering crust/firn/wet snow (Cooper et al., 2018; Irvine-Fynn 

et al., 2021) as secondary factors. The large supraglacial river main-stems do not expand or 

contract in length considerably during the melt season (Smith et al., 2015) so they have 

marginal impact on Dd. In contrast, the abundant small streams expand and contract quickly 

(diurnally) as a response to diurnal surface runoff inputs, analogous to their terrestrial 

counterparts (Godsey and Kirchner, 2014; Allen et al., 2018; Prancevic and Kirchner, 2019; 

van Meerveld et al., 2019). Therefore, Dd has potential to vary sensitively in response to 

different surface runoff intensities. 

Here, we present empirical evidence of a correlation between remotely sensed 

supraglacial stream Dd and climate model outputs of surface runoff (R) on the southwestern 

GrIS. For four supraglacial catchments, we compare runoff from two climate models with 

VHR imagery and find a positive linear R-Dd relationship. Next, we apply this relationship to a 

spatially-lumped surface routing model, rescaled width function (RWF, Yang et al. (2018)), to 

assess the influence of temporal and spatial differences in Dd on diurnal surface runoff 

cycles. A sensitivity analysis is also conducted to ascertain the relative importance of surface 

runoff on supraglacial drainage efficiency versus those of two previously reported factors, 

namely catchment area (Smith et al., 2017) and topographic slope (Banwell et al., 2012). 

From this analysis, we identify strong seasonal and elevational gradients in GrIS supraglacial 

drainage efficiency, caused by predictable runoff seasonality and lower Dd at higher 

elevations, respectively. We conclude by discussing some broader scientific implications of 

our findings, and promising directions for future research. 
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2 Study area and Data  

Four supraglacial catchments with good archival coverage by satellite VHR images and 

spanning an 1100-1700 m elevation gradient along the southwestern GrIS ablation zone 

were selected for study (Figure 1, Tables 1 and S1). This general area exhibits high surface 

melt intensity and has been widely used to study GrIS supraglacial hydrology (Sundal et al., 

2009; Fitzpatrick et al., 2014; Smith et al., 2015; Yang and Smith, 2016; Smith et al., 2017; 

Cooper et al., 2018; Smith et al., 2021). These four selected catchments, hereafter called 

Catchments 1-4, span a range of elevational bands with differing surface conditions and melt 

intensities (Fitzpatrick et al., 2014). These elevation bands include: ~1000-1200 m (heavily 

crevassed); ~1200-1400 m (numerous supraglacial streams, rivers, and lakes); ~1400-1600 m 

(near the end-of-summer snowline 1549 ± 144 m during 2009-2015, Ryan et al. (2019)); 

and >1600 m (firn/snow). Catchments 1-4 also capture a previously reported general pattern 

of increasing catchment area at higher ice surface elevations (Yang and Smith, 2016; Smith et 

al., 2017). An additional four Catchments m1-m4, including previously published supraglacial 

stream networks manually digitized from 0.5 m WorldView panchromatic imagery (Smith et 

al., 2015; King et al., 2016), were used for independent validation (Figure 1). 

Mosaics of 5 m ArcticDEM v2.0 digital elevation data were used to delineate 

supraglacial catchment boundaries. ArcticDEM is produced by the University of Minnesota 

Polar Geospatial Center (PGC, https://www.pgc.umn.edu/) using stereo photogrammetrical 

processing of VHR satellite imagery. ArcticDEM is the highest spatial resolution DEM 

available for the GrIS and has been widely used in ice sheet hydrology studies (Smith et al., 
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2017; Crozier et al., 2018; Yang et al., 2018; Yang et al., 2019b; Lu et al., 2020). Importantly, it 

can discriminate continuous supraglacial drainage networks that match the general pattern 

of satellite-mapped supraglacial river/stream networks quite well (Yang et al., 2018; Gleason 

et al., 2021), although it may overestimate or underestimate streams depending on the 

choice of the channel initiation threshold Ac (Yang et al., 2019b; Lu et al., 2020). The 5 m 

mosaic ArcticDEM product was used because of its sufficient resolution for representing 

interfluve routing distance (Yang et al., 2018), and its higher computational efficiency 

compared to the 2 m tile ArcticDEM v2.0 product. 

Twenty-seven scenes of VHR panchromatic WorldView-1/2/3 (0.5 m) and Quickbird 

(0.61 m) satellite imagery acquired during 2009-2015 were obtained from PGC to delineate 

supraglacial stream networks within Catchments 1-4 (Table S1 and Figure S1). The spatial 

resolution of the single Quickbird scene was resampled to 0.5 m for consistency with the 

WorldView-1/2/3 scenes. Yang et al. (2018) compared 0.5 m WorldView VHR images with 

even higher resolution (0.2 m) fixed-wing drone images (Smith et al., 2017) and found that 

0.5 m WorldView images accurately discern small supraglacial streams. Therefore, 0.5 m 

satellite VHR images enable accurate partitioning of supraglacial open channels and 

interfluves and may be satisfactorily used to estimate supraglacial stream drainage density. 

However, 26 out of 27 VHR satellite images were acquired at a similar time of day (12:00 -

15:00, Western Greenland summer time, Table S1) precluding a satellite-based assessment 

of Dd diurnal variability. 

Two climate models, the regional climate model MAR v3.11 and the atmospheric 

reanalysis MERRA-2, were used to estimate daily surface meltwater runoff (R) over our study 
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area (Figure 1). Both models have been previously used for supraglacial hydrology studies of 

the southwestern GrIS (Smith et al., 2017; Yang et al., 2019a). MAR v3.11 was also used to 

approximate hourly runoff values. MAR v3.11 is driven by ERA-5 reanalysis at its lateral 

boundaries and is here applied at a spatial resolution of 7.5 km (Fettweis et al., 2020). 

MERRA-2 is a global atmospheric reanalysis produced by the NASA Global Modeling and 

Assimilation Office (GMAO) with a horizontal spatial resolution of 56 x 28 km in 

southwestern GrIS (Bosilovich et al., 2016; Reichle et al., 2017). The temporal resolution of 

MERRA-2 is three hours so it cannot be used for hourly runoff modeling. 

 A ~0.78 km resolution surface albedo product of Greenland developed from standard 

MODerate-resolution Imaging Spectroradiometer (MODIS) images (Hall et al., 2018) was 

used to calculate daily surface albedos of the four supraglacial catchments. 

 

3 Methods 

3.1 Supraglacial catchment boundary delineation 

Supraglacial catchment boundaries were extracted from 5 m ArcticDEM mosaic rasters 

following Karlstrom and Yang (2016). The topographic depression breaching method of 

Lindsay (2016) was used to determine supraglacial flow direction and flow accumulation 

following Gleason et al. (2021). Supraglacial catchment outlets were manually identified and 

used as pour points to generate upstream catchment boundaries, following Karlstrom and 

Yang (2016).  

 

3.2 Surface runoff and albedo calculations 
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For each catchment, values of runoff (in mm) were extracted from MAR v3.11 and 

MERRA-2 model outputs at daily or hourly resolution by clipping model grid cells with the 

catchment polygon boundary and averaging their values (Pitcher et al., 2016). Because the 

runoff in MAR v3.11 is already delayed by an internal routing function (Zuo and Oerlemans, 

1996; Lefebre et al., 2003), it cannot be used as input for another routing model. We 

computed instantaneous runoff instead (melt + rainfall + condensation – retention – 

refreeze, Vernon et al. (2013)) for the following routing analysis, as per Smith et al. (2017). 

Similarly, for each catchment, surface albedo values were extracted from the MODIS data 

product by clipping it with the catchment polygon boundary and averaging their values. To 

discriminate between bare ice and firn/snow, we used an albedo threshold of <0.55 (Ryan et 

al., 2019). 

 

3.3 Spatial and temporal variations in supraglacial drainage density (Dd) 

Supraglacial stream networks were delineated from the 27 scenes of VHR (0.5 m) 

panchromatic satellite images following the method of Yang et al. (2017). First, a band pass 

filter (ramped between 1/200 and 1/10 m-1) was applied to remove low frequency image 

background and high frequency image noise. Second, a Gabor filter with a thickness of 2 

pixels was used to enhance narrow supraglacial stream channels from the image 

background. The minimum path length is set to 20 pixels to enhance the longitudinal 

continuity of short stream channels. Third, a path opening morphological operator was used 

to enhance longitudinal connectivity of stream channels. Fourth, a global threshold (set to 25 

out of 255) was used to classify the enhanced image and generate a raster stream mask. This 
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global threshold was empirically determined to achieve a good balance of small stream 

identification and background noise suppression, which has been successfully applied in 

previous studies (Yang et al., 2018; Yang et al., 2019b; Lu et al., 2020). Finally, the raster 

stream mask was vectorized to produce supraglacial stream polylines, from which the 

supraglacial stream Dd of each supraglacial catchment was then calculated (Dd = total stream 

length / area of the catchment covered by VHR imagery). 

For this study, we hypothesized that a positive relationship exists between modeled 

runoff (R) and remotely sensed Dd, and used linear regression to quantify this R-Dd 

relationship for our four study catchments. Our motivation is that a stable R-Dd relationship, 

if found, could be used to predict time-varying estimates of Dd simply from climate model 

outputs of runoff. For independent validation of the regression model, we use previously 

published manually digitized supraglacial stream maps for Catchments m1-m4 in the area 

(Smith et al., 2015; King et al., 2016). 

 

3.4 Spatial and temporal patterns in channel initiation threshold (Ac) 

A second metric we use to characterize supraglacial drainage efficiency is the channel 

initiation threshold Ac (Montgomery and Dietrich, 1989). Ac is the total cumulative upstream 

contributing area (in m2) required to initiate an open channel on the landscape surface. It 

tends to have an inverse relationship with drainage density, with high Dd values associated 

with low Ac values (i.e. abundant supraglacial streams separated by small interfluves), and 

low Dd values associated with high Ac values (i.e. fewer, less extensive supraglacial streams 

separated by large interfluves). To simulate this effect, we used the ExtractStreams tool in 
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the WhiteboxTools-Python (https://whitebox.readthedocs.io/en/latest/index.html) to 

generate multiple supraglacial drainage networks from the flow accumulation grid based on 

a stepwise increase in Ac values (ranging from 25 m2 to 2.5×105 m2 with a step of 25 m2) 

applied to the 5 m ArcticDEM data. All pixels with flow accumulation values larger than a 

given Ac value are classified as open channel pixels, and others classified as interfluve pixels, 

following conventional hydrological analysis (Tarboton et al., 1991). 

Next, we calculated the corresponding Dd values associated with each stepwise value of 

Ac. Correlation of the two variables yields an empirical Dd -Ac relationship for each of the four 

study catchments. As such, for a given Dd value, a corresponding Ac value may be determined 

and then used to generate a physically realistic supraglacial drainage network from the 5 m 

ArcticDEM data. Note the Dd -Ac relationship is scale-dependent and varies across different 

spatial resolution DEMs (Goulden et al., 2014; Yang et al., 2014). Therefore, the obtained Dd -

Ac relationship is only appropriate for use with the 5 m resolution ArcticDEM. 

Following these steps, corresponding values of Dd and Ac may be calculated for a given 

modeled value of runoff, and a physically realistic supraglacial drainage network may be 

simulated from ArcticDEM. Using continuous climate model output of runoff, the evolving 

supraglacial stream networks are simulated, and then used as input to a surface routing 

model to investigate temporal changes in supraglacial drainage efficiency and surface runoff 

cycles. Because the images were acquired at a similar time of day (Table S1), supraglacial 

drainage efficiency is assumed constant for time periods <24 hours, to allow daily climate 

model output to drive seasonally change in Dd and Ac. 
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3.5 Surface meltwater runoff routing 

For each given supraglacial stream network in each study catchment, we drove the 

rescaled width function (RWF) routing model of Yang et al. (2018) with MAR and MERRA-2 

runoff outputs to the outlet of each catchment. The RWF model is spatially “lumped” but 

assumes two bulk (catchment-averaged) water velocities, through open channels (vc) and 

interfluves (vh), respectively. Field-calibrated values of vc and vh are available for Catchment 2 

(i.e. part of Rio Behar catchment) from Yang et al. (2018). For Catchments 1, 3, and 4, the 

method of Miller et al. (1994) is used to adjust vc and vh as follows: 

𝑣𝑐 = 𝑣𝑐0√𝑠/𝑠𝑜, 𝑣ℎ = 𝑣ℎ0√𝑠/𝑠𝑜 (1) 

where vc0 = 0.4 m/s and vh0 = 0.0006 m/s are mean open-channel and interfluve water 

velocities derived from field measurements in Catchment 2, s0 = 0.034 m/m is the mean 

slope of Catchment 2, and s is the mean slope for each of the other three catchments.  

The core approach of the RWF surface routing model is to create a catchment-specific 

unit hydrograph (UH) that distinguishes between interfluve (i.e. hillslope) and open-channel 

flow. To achieve this, RWF uses input supraglacial stream networks to partition each 

catchment into interfluve and open-channel zones, calculates corresponding routing 

distances (Lh and Lc) for each, then estimates the routing time for each catchment pixel as: 

𝑡 = 𝑡ℎ + 𝑡𝑐 = 𝐿ℎ/𝑣ℎ + 𝐿𝑐/𝑣𝑐 (2) 

where th is the interfluve routing time and tc is the channel routing time. Hourly (or daily) 

binning the histogram of the routing time raster yields a one hour (or day) UH, which 

determines the response function of how one “unit” (1 mm/hour or 1 mm/day) of modeled 

instantaneous runoff is routed to the catchment outlet (Smith et al., 2017). The routed 
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runoff (Rrouted) at the catchment outlet is then calculated as: 

𝑅𝑟𝑜𝑢𝑡𝑒𝑑 = 𝑅 ∗ UH (3) 

where * is a convolution operator (Dingman, 2015). UH conserves mass and its unit is hour-1 

or day-1. The final outcome of this procedure is a routed meltwater runoff hydrograph at the 

outlet of each of the four catchments, at either a daily or hourly time step depending on 

choice of climate model output and UH (Yang et al., 2018). 

 

3.6 Sensitivity analysis 

The model diurnal runoff signal from each catchment is dependent on drainage density 

Dd, which is controlled primarily by runoff; and by prescribed water velocity, which is 

controlled by topographic slope (Eq. 1); and by catchment area, which determines the total 

routing distance for surface meltwater. These characteristics are closely linked, making it 

difficult to isolate the impact of any individual characteristic while retaining realistic modeled 

runoff. 

To evaluate the relative roles of runoff, catchment area, and topographic slope 

(velocity), we performed several inter-comparisons. These inter-comparisons use runoff 

derived from Catchments 1 through 4, and a small sub-catchment (Catchment 4-1), with an 

area of 7.8 km2 (similar to the area of Catchment 1, inside Catchment 4; Figure 1) and the 

methods described above. In addition, we also modeled runoff using field-calibrated water 

velocities (i.e. vc0 = 0.4 m/s and vh0 = 0.0006 m/s) without adjusting for catchment 

topographic slope (Eq. 1). 

Comparison 1: To examine the relative importance of instantaneous runoff magnitude, 
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we compared Catchment 1 outputs to Catchment 4-1 outputs using field-calibrated water 

velocities. This comparison minimizes differences in catchment area and removes differences 

in velocities allowing us to isolate the impact of runoff production on Dd and subsequent 

diurnal variability of routed catchment runoff (as Catchment 1 has the highest melt rates and 

Catchment 4-1 has the lowest melt rates for any given day). 

Comparison 2: To examine the relative importance of catchment area, we compared 

Catchment 4 outputs to Catchment 4-1 outputs using field-calibrated velocities. This 

comparison minimizes the differences in meltwater runoff magnitude (because Catchment 4-

1 is part of Catchment 4) and removes the impact of topographic slope on water velocity, 

allowing us to isolate the impact of catchment area on diurnal variability of routed 

catchment runoff. 

Comparison 3: To examine the relative importance of topographic slope (velocity), we 

compared Catchment 4 runoff routed with field-calibrated velocities and slope-adjusted 

velocities (as determined from Eq. 1). The difference in slopes nearly spans the range of 

slopes observed in Catchments 1 through 4. Performing this comparison using Catchment 4 

magnifies the observable differences as larger catchment area and longer routing distance 

heighten the relative importance of flow velocity on routing efficiency. 

Overall, these three comparisons do not act as a true sensitivity study, but provide 

useful insight on how relevant variables impact routed catchment runoff under a typical 

range of surface conditions found on this area of the GrIS. 

 

4 Results 
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4.1 Correlation of supraglacial drainage density (Dd) with modeled runoff (R) 

Using VHR satellite imagery, supraglacial stream networks in the four studied 

supraglacial catchments were mapped 27 times in total (Figures 2 and S2-S5). The resultant 

Dd values range from 0.3 km-1 to 81.3 km-1. On 31 July 2012, during a period of extreme 

surface melting (Nghiem et al., 2012; Tedesco et al., 2013), the measured Dd of Catchment 3 

is 81.3 km-1, an extraordinarily high Dd value that has not previously been reported (Figure 

S2). A total of 26 out of 27 images were acquired during 12:00 – 15:00, local Greenland time 

(Table S1). Therefore, we assume that the resultant Dd is smaller than but comparable to the 

peak diurnal Dd value (Text S1). 

A positive linear relationship is found between satellite-mapped drainage density Dd 

and modeled runoff (Figures 3a-3b). Optimal regression coefficients (r2 = 0.70) for both MAR 

and MERRA-2 (Figure 3) are achieved when runoff is smoothed using an antecedent five day 

moving average (i.e. replacing the runoff of each day with the average runoff of the 

preceding five days). As a result, an identical regression coefficient was obtained for the MAR 

and MERRA-2 models (Dd = 1.7RMAR – 4, and Dd = 2.6RMERRA-2 – 8, r2 = 0.70, p<0.01). We 

recommend using their corresponding model-specific regression functions to handle their 

differing runoff estimates (Figure S1) and set the minimum Dd to 0 as a constraint for the 

regression. An additional R-Dd linear regression was conducted using Dd and runoff values for 

each catchment (Figures 3c-3d). These four regressions show no significant differences 

(p>0.1 in the Chow test, “a test of whether the true coefficients in two linear regressions on 

different data sets are equal”, Chow (1960)) and indicate the R-Dd relationship is generally 

stable among the four catchments, although the limited number of regression points for 
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Catchment 4 (n = 3) limits our confidence in that determination. This finding is consistent 

with previous reports that surface meltwater areas and volumes are positively correlated 

with modeled runoff (Sneed and Hamilton, 2007; Sundal et al., 2009; Fitzpatrick et al., 2014; 

Yang et al., 2017; Lu et al., 2020; Yang et al., 2021). 

The seasonal Dd observations are skewed temporally because 24 out of 27 images were 

acquired during or after seasonal peak melting time period (Figure S1). However, no 

significant temporal trends in the residuals are found between the VHR satellite-mapped and 

regression-calculated Dd values (Text S2). The seasonal Dd observations are also skewed 

spatially because 19 images were acquired at middle-elevation Catchments 2 and 3, while 

low-elevation Catchment 1 and high-elevation Catchment 4 have limited observations (5 and 

3 times, respectively). Additionally, 22 images were covered by bare ice and only 5 images by 

snow/firn (Table S1). Unfortunately, the five “snow/firn” points cannot build confident R-Dd 

relationships (p = 0.05 for MAR and 0.12 for MERRA-2) so it is not possible to confirm 

whether a different R-Dd relationship should be built for snow/firn surfaces. 

The Dd values calculated from four other manually digitized stream networks in 

Catchments m1-m4 are slightly lower than the linear regression curves predict, except for 

the low-elevation (~850 m) validation catchment (King et al., 2016) where the digitized Dd is 

significantly lower than the Dd predicted from climate models (Figure 3). Two possible 

explanations for this difference are that manual digitization tends to miss very small streams 

(Smith et al., 2015), and crevasses may hinder development of supraglacial streams at low 

elevations (Yang and Smith, 2016). This finding suggest that the R-Dd relationship may not 

hold for low-elevation crevasse fields, where surface meltwater routing paths are short and 
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spatially distributed (Colgan et al., 2011). 

When unmodified runoff is used (first column, Figure S6), the corresponding r2 values of 

the R-Dd relationships decline to 0.50 and 0.40 for MAR and MERRA-2, respectively. This 

finding suggests that considerable uncertainties exist in the timing and the magnitude of 

runoff estimates (Smith et al., 2017; Yang et al., 2019a; Fettweis et al., 2020); and/or that 

several days are required to form detectable supraglacial meltwater channels after melting 

occurs (Holmes, 1955; Marston, 1983; Knighton, 1985). Further partitioning of these two 

effects lies outside the scope of this study, but as a practical solution we suggest use of an 

antecedent 5-day moving average to smooth runoff estimates prior to computing empirical 

R-Dd correlations. 

 

4.2 Correlation of supraglacial drainage density (Dd) with channel initiation threshold (Ac) 

Due to its higher spatial and temporal resolution than MERRA-2, we primarily use MAR 

here and in following sections. For the 5 m ArcticDEM, we find a third order polynomial 

function reasonably describes this inverse Dd-Ac relationship for Dd < 60 km-1 (and 

corresponding Ac > 102 m2, Figure 4a). For Dd > 60 km-1 (and corresponding Ac < 102 m), which 

indicates extreme melting and is rare, Dd-Ac curves show large variations among the four 

study catchments (Figure 4a). The fitting curves of low-elevation catchments 1 and 2 are 

steeper (mean slopes 0.035 and 0.034), signifying that they require smaller contributing 

areas to initiate supraglacial open channels, similar to terrestrial channels (Montgomery and 

Dietrich, 1989; Prancevic and Kirchner, 2019). The fitting curves of high-elevation 

Catchments 3 and 4 are flatter (mean slopes are 0.025 and 0.021), signifying these 
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topographically flatter catchments require larger contributing areas to initiate supraglacial 

open channels. 

According to the R-Dd correlation as surface meltwater runoff increases, supraglacial 

stream Dd increases and channel initiation threshold Ac decreases (Figure 4b). This finding is 

similar to the surface runoff production by saturation overland flow in terrestrial humid and 

semi-humid environments (Montgomery and Dietrich, 1989; Tucker and Bras, 1998), and 

suggests that surface runoff dominates the typical ranges of Dd and Ac, i.e., Dd < 60 km-1 and 

Ac > 102 m2. A daily MAR runoff value exceeding >37 mm/day (which is rare) is required to 

yield a Dd larger than 60 km-1. Under such extreme conditions, surface runoff and ice surface 

slope (which are constrained by DEM spatial resolution) control both Dd and Ac (Figure 4b). 

As noted earlier, there is generally an inverse relationship between drainage density Dd 

and channel initiation threshold Ac. This Dd-Ac relationship is scale-dependent (Goulden et 

al., 2014) so the obtained Dd-Ac curves show large variations approaching the limit of the 

resolution of the DEM (Figures 4c-4d). If the ArcticDEM grid is bilinearly resampled to 10 m 

resolution, for example, increasing variability of the curves is around Dd = 25 km-1 rather than 

60 km-1 (Figure 4). Therefore, the 10 m resolution ArcticDEM product cannot accurately 

simulate Dd> 25 km-1 drainage networks. 

 

4.3 Elevational gradients in Dd, and supraglacial drainage efficiency 

The observed R-Dd correlations enable empirically-based modeling of temporally 

evolving supraglacial stream networks (i.e. drainage pattern) directly from climate model 

runoff simulations (Figures 3 and 4). As a simple example, the average interfluve distance (Lh) 
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that a drop of meltwater travels to its nearest open-channel is roughly 1/(4Dd) (Dingman, 

2015). Therefore, using the R-Dd correlation, catchment-averaged interfluve (non-

channelized) routing time th may be approximated directly using modeled runoff (Figure 5). 

With vh = 0.0006 m/s (Yang et al., 2018), a MAR runoff of 20 mm/day yields Dd = 30 km-1, 

catchment-averaged Lh = 8.3 m, and th = 3.7 hours (Figure 5). This approach, while purely 

empirical, provides a straightforward, flexible tool to roughly estimate the mean runoff 

routing time on the ice surface. 

Moreover, the R-Dd correlation enables partitioning of catchment interfluves and open-

channel zones, permitting RWF routing of modeled runoff all the way to the catchment 

outlet (Figure 6). Lower runoff induces smaller Dd and higher Ac, and thereby a contracted 

supraglacial stream network with larger, slower-routing interfluves – a configuration yielding 

flatter UHs and longer meltwater routing delays (Figure 6). In Catchment 3, for example, 

both hourly and daily UHs indicate that >90% of MAR surface runoff is routed to the 

catchment outlet within one day if runoff exceeds 20 mm/day, but <50% reaches the 

catchment outlet within two days if runoff is less than 10 mm/day. 

Hourly runoff routing to the outlets of Catchments 1-4 was performed using hourly UHs 

(Figure 7). In the first two weeks after onset of melt, surface runoff is low and induces 

minimal supraglacial stream Dd, a finding supported by a contemporaneous satellite image 

(Figure S7). The outlet runoff hydrographs become increasingly dampened and delayed from 

Catchment 1 to 4, due to lower modeled runoff (and thereby lower Dd and higher Ac), slower 

routing velocities, and larger catchment areas at progressively higher elevations (Figure 7 

and Table 1). Averaged over the 2015 melt season, the diurnal range of instantaneous (non-
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routed) runoff at Catchment 1 is ~1.8 times greater than Catchment 4.  After Dd-based 

routing is applied, this contrast in diurnal range rises to 12.4 times greater (Figure 8 and 

Table 1). At progressively higher elevations, the diurnal range of routed runoff decreases 

from ~48%, ~30%, ~21%, and ~7% (relative to instantaneous MAR output) for Catchments 1-

4, respectively (Figure 8). Therefore, the diurnal variability of routed surface meltwater 

flowing over the ice sheet become disproportionally smaller from low (~1100 m where Dd is 

high and surface drainage is more efficient) to high (~1700 m where Dd is low and 

supraglacial drainage is less efficient) elevations, with a roughly one order-of-magnitude 

reduction relative the standard output of climate models. The daily peak timings of routed 

runoff arrive at the catchment outlets 5, 8, 8, and 20 hours later for Catchments 1-4, 

respectively, as compared to peak MAR runoff timings (Table 1). We conclude that 

supraglacial drainage efficiency, driven by melting intensity, controls diurnal surface runoff 

timing even more than daily cycles in surface energy balance. 

 

4.4 The relative contribution of surface runoff, catchment area, and topographic slope 

A sensitivity analysis was conducted to further determine the relative controls of 

surface runoff, catchment area, and topographic slope (velocity) on the routed runoff (Table 

1). In Comparison 1, we applied the field-calibrated velocities to Catchments 1 and 4-1, 

which have similar areas (Table 1). This allows us to examine the impact of drainage density 

(as modulated by runoff production) on the diurnal range and the peak time of routed 

runoff. The diurnal range of routed runoff for Catchment 1 is ~4.1 times greater than 

Catchment 4-1(Table 1), indicating that the more developed drainage density associated with 
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elevated melt rates results in more rapid routing of surface meltwater. Further, the peak 

runoff time from Catchment 1 occurs 1 hour later than from Catchment 4-1. 

In Comparison 2, we compared Catchment 4 outputs to Catchment 4-1 outputs using 

field-calibrated velocities. This comparison demonstrates that catchment area is negatively 

correlated with the diurnal range of routed runoff, as the diurnal range of routed runoff for 

Catchment 4-1 is ~1.4 times greater than Catchment 4 (Table 1). Furthermore, the timing of 

peak runoff from Catchment 4-1 occurs 8 hours earlier than from Catchment 4. Viewing 

Comparisons 1 and 2 collectively, we suggest that surface runoff intensity is more important 

than catchment area in controlling the diurnal range of runoff transport, but catchment area 

dominates the timing of peak runoff transport. 

In Comparison 3, we compared Catchment 4 runoff routed with field-calibrated 

velocities and slope-adjusted velocities. When faster field-calibrated velocities are applied, 

the diurnal range of routed runoff of Catchment 4 increases by ~2.2 times, and peak runoff 

timing occurs 8 hours earlier compared to slower slope-adjusted velocities (Table 1). Viewing 

Comparisons 1-3 collectively, we suggest that surface runoff is more important than 

topographic slope for controlling the diurnal range of supraglacial runoff transport, but the 

topographic slope dominates the peak runoff timing. Note that the diurnal range of routed 

runoff only increases by ~1.4 times for Catchment 4-1, confirming that longer routing 

distance in Catchment 4 maximizes the impact of topographic slope (velocity). 

We conclude that surface runoff intensity is the most important factor controlling the 

diurnal range of runoff transport, but catchment area and topographic slope are most 

important for the timing of peak runoff delivery to the catchment outlet. 
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5. Discussion 

5.1 Supraglacial drainage efficiency can be characterized directly from climate model output 

This study presents a first attempt to characterize supraglacial drainage efficiency 

directly from climate model outputs of surface runoff. Climate models typically calculate 

runoff as a residual of other surface mass balance variables, and ignore catchment routing 

and other supraglacial hydrologic processes that delay and attenuate runoff transport across 

the ice surface (Vernon et al., 2013; Flowers, 2018; Fettweis et al., 2020). 

Such runoff delays may be simulated using climate model output to drive a surface 

routing model constrained with supraglacial stream maps and/or digital elevation models 

(Banwell et al., 2012; Leeson et al., 2012; de Fleurian et al., 2016; Smith et al., 2017; Koziol 

and Arnold, 2018; Yang et al., 2018; Yang et al., 2020). However, VHR satellite imagery and 

DEMs have limited temporal and spatial coverage (Yang and Smith, 2013; Rippin et al., 2015; 

Smith et al., 2015; King et al., 2016) making time-varying evolution of the supraglacial 

drainage patterns difficult to capture. Due to this limitation, current routing models 

commonly assume supraglacial drainage pattern and efficiency are temporally static, 

although some simple parameterizations of routing distance or velocity may be used to 

mimic the temporal evolution of meltwater routing (Yang et al., 2020; Gleason et al., 2021). 

Our finding of a direct, correlative R-Dd relationship suggests that a simpler, alternative 

approach may be to parameterize this evolution directly from climate model output (Figure 

3). By correlating intermittently available VHR images with modeled runoff, it appears 

possible to approximate the time-varying evolution of supraglacial drainage patterns in a 
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seamless and continuous way. 

 

5.2 Supraglacial drainage efficiency follows an elevational gradient 

The temporal and elevational variations in Dd presented here (Figures 2, 3, and S3-S5) 

introduce large differences in the timing and diurnal range of surface runoff delivered to 

supraglacial catchment outlets, which causes an order-of-magnitude reduction in the diurnal 

variability of surface runoff as compared to standard climate model output alone (Figures 7 

and 8). This is mainly attributed to a combination of smaller Dd (inducing smaller channel 

networks and larger interfluves), higher Ac, and larger, flatter catchments at high elevation 

(Yang and Smith, 2016), which delay and attenuate the lateral transport of runoff across the 

ice surface (Table 1). 

Notably, since we extrapolate meltwater routing velocities calibrated at mid-elevation 

(~1300 m) Catchment 2 (characterized by low density weathering crust, Cooper et al. (2018)) 

to estimate routing velocities at high-elevation (~1500-1700 m) Catchment 4 commonly 

covered in snow and firn (i.e. above the end-of-summer 1549 ± 144 m snowline, Ryan et al. 

(2019)), the high-elevation meltwater routing velocities presented here are likely too high. 

This renders our conclusion of suppressed diurnal runoff variability at high elevations 

conservative, and providing only an upper bound for this variability (Figures 7d and 8d). 

 

5.3 Potential importance of the elevational Dd gradient to ice flow dynamics 

Because surface meltwater runoff entering moulins modifies subglacial effective 

pressure and ice flow velocity (Andrews et al., 2014; Banwell et al., 2016; Flowers, 2018; 
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Koziol and Arnold, 2018), we speculate that the up-elevation decline in diurnal runoff 

variability – which correspondingly reduces diurnal variability of moulin input – might 

potentially contribute to previous observations of reduced short-term variability in ice 

velocity at higher elevations previously linked to diurnal cycles in surface melting (Shepherd 

et al., 2009; Bartholomew et al., 2011). 

Diurnal fluctuations in meltwater-supply variability drive short-term ice motion even 

more than absolute subglacial water storage (Iken et al., 1983; Bartholomaus et al., 2008; 

Schoof, 2010; Hoffman et al., 2011; Cowton et al., 2016; Andrews et al., 2018; Armstrong and 

Anderson, 2020), which was recently confirmed using in situ discharge and GPS ice motion 

measurements at Catchment 2 (Smith et al., 2021). Our findings suggest that in a warming 

climate, increasing runoff production at high elevations will lead to higher Dd (Figure 3), thus 

routing runoff to moulins faster and with greater diurnal variability than today. As per Smith 

et al. (2021), this, in turn, may enhance short-term accelerations in ice motion due solely to 

increased diurnal variability of moulin inputs. 

Because ice thickness, basal and surface slopes, strain rates, and other factors also 

influence ice velocity, a direct linkage between Dd, diurnal variability of moulin input, and ice 

motion remains untested. Due to thicker ice (which promotes conduit closure), the 

dynamical effect of this likely differs at higher elevations. Doyle et al. (2014), for example, 

found that high-elevation (>1700 m) ice experiences persistent ice flow acceleration and 

attributed it to seasonal melt and supraglacial lake drainage. Our findings imply that 

increasing diurnal surface runoff variability (Figures 7 and 8) due to increased supraglacial 

drainage efficiency (i.e. high Dd) might also contribute to subglacial water pressure and ice 
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dynamics, in addition to overall surface runoff and moulin input (Covington et al., 2020; 

Andrews et al., 2021). 

 

5.4 Advantages of Ac for simulating continuous, temporally evolving drainage networks 

VHR satellite-mapped supraglacial streams reflect a combination of surface melt, 

topographic, and ice/firn/snow processes, whereas ArcticDEM modeled drainage networks 

reflect only the effect of topography. Therefore, it is unsurprising that these two types of 

networks exhibit differences in stream distribution (Figures 2 and S3-S5). However, these 

differences have marginal impacts on streamflow simulated by spatially-lumped routing 

models if the DEM resolution is sufficient (Zhang and Montgomery, 1994; McMaster, 2002; 

Yang et al., 2014). The 5 m resolution ArcticDEM analyzed here appears sufficient for 

capturing the overall pattern of satellite-mapped supraglacial stream networks and 

reproducing supraglacial stream abundance over a catchment. 

Although Ac may not capture the precise real-world location of all supraglacial streams, 

it remains a promising parameter to simulate continuous, temporally evolving DEM-modeled 

drainage networks for the purpose of driving lumped surface routing models for several 

reasons: first, these simulated networks expand or contract naturally in response to runoff 

variations (i.e., networks expand outward from river-mainstems when runoff generation 

increases, and contract inward toward mainstems when runoff decreases (Godsey and 

Kirchner, 2014; Schneider et al., 2017; van Meerveld et al., 2019); second, unlike mapped 

stream networks which commonly have discontinuities, ArcticDEM modeled drainage 

networks are continuous, a prerequisite for routing models (Yang et al., 2018; Gleason et al., 
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2021); and third, based on the quantitative Dd-Ac relationship, ArcticDEM modeled drainage 

networks appear to reasonably reflect stream abundance, which is crucial for interfluve vs. 

open channel partitioning. With future progress in multi-temporal satellite stream mapping, 

better understanding of ice surface properties and higher resolution modeled runoff, 

spatially varying Dd-Ac relationships are feasible. 

 

5.5 Prospects for a more universal R-Dd relationship 

The empirical R-Dd relationship presented here (Figure 3) is a first demonstration of an 

empirical technique to estimate temporal and spatial variations in ice surface runoff 

transport efficiency, but has several limitations. Temporally, diurnal expansions and 

contractions of supraglacial streams are substantial but we cannot assess Dd diurnal 

variability due to similar time-of-day satellite image sampling (Table S1 and Text S1). In the 

future, VHR images acquired at different times of day will enable investigation of diurnal Dd 

variations. Furthermore, the lumped UH may not be sufficient to handle these rapid 

variations so a spatially distributed routing model is required to estimate the impacts of 

diurnal Dd variations on runoff transport. Spatially, large scale implementation of our 

approach requires further testing and validation in other areas of the ice sheet. While 

obtained using different elevations, catchments, and times (Figures 2, and S3-S5, Table 1), 

the southwestern GrIS is the most melt-intensive area of Greenland (Fettweis et al., 2020), 

characterized by bare glacial ice (Ryan et al., 2019), high supraglacial drainage efficiency 

(Smith et al., 2015), and porous, low density, water-saturated bare ice (Cooper et al., 2018; 

Irvine-Fynn et al., 2021). For areas where surface melting is less intense (e.g. northern and 
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eastern Greenland), both the empirical R-Dd relationship and the optimal way to estimate it 

may differ. For example, the runoff smoothing (i.e. moving average) parameter is likely to be 

longer than five days because longer time is required to route meltwater. Importantly, more 

Dd observations are required for snow- and firn-covered areas. Above the seasonal snowline 

(~1500 m in this area, Ryan et al. (2019)), the slope of the R-Dd linear relationship is likely 

smaller due to meltwater retention in snow and firn (Harper et al., 2012; Mikkelsen et al., 

2016; Steger et al., 2017), reduced open-channel development, and channel infilling with 

slush (Mikkelsen et al., 2016). The underlying calibration required to compute vh and vc is 

likely non-transferable because the physical mechanism for meltwater flowing through 

snow/firn and bare ice differs (Banwell et al., 2012; Leeson et al., 2012; Yang et al., 2018). 

Acquisition of new supraglacial discharge datasets from other, snowier parts of the ice 

sheet would thus broaden the applicability of the approach presented here. A more universal 

R-Dd relationship will require consideration of other ice surface conditions besides bare ice. 

Acquisition of field-measured or remotely sensed ice surface physical properties (e.g. 

density, permeability, and porosity (Zuo and Oerlemans, 1996; Harper et al., 2012; Mikkelsen 

et al., 2016; Steger et al., 2017; Cooper et al., 2018; Ryan et al., 2019)) sampled concurrently 

with measurements of runoff/discharge would provide exceedingly valuable calibration data 

for this purpose. 

 

6. Conclusions 

Climate models offer continuous simulations of GrIS surface runoff at hourly or daily 

time steps, and high-resolution satellite mapping affords occasional glimpses of supraglacial 
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drainage density (Dd). By correlating climate model outputs of runoff with intermittent VHR 

satellite maps of Dd, we find an empirical correlation between runoff and Dd along an 

elevational gradient on the southwestern GrIS. By combining this R-Dd relationship with a 

simple surface routing model, we effectively characterize temporal variations in supraglacial 

drainage efficiency. Incorporation of spatial and temporal variations in Dd into the routing 

model reveals a strong elevational gradient in the diurnal timing and magnitude of runoff 

transport to catchment outlets – in particular decreasing diurnal variability at higher 

elevations – that is not reflected in standard climate model output. This supraglacial 

modification likely creates elevational gradients in moulin input timing and associated 

subglacial water pressures due solely to surface drainage patterns. A broader implication of 

this finding is the potential for parameterizing surface runoff routing efficiency directly from 

climate model output. This research thus advances the link between climate/SMB models, 

surface routing models, and ice dynamics; and improves current knowledge of GrIS 

supraglacial drainage efficiency in areas of differing melt intensity and supraglacial 

stream/river development. 
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Figure 1. Four supraglacial study catchments (black polygons) on the southwestern 

Greenland Ice Sheet (GrIS) are used to investigate the correlation of climate model runoff 

and supraglacial stream drainage density (Dd) mapped from very high-resolution (VHR, 0.5 

m) satellite images. Catchment 4-1 is inside Catchment 4 and used for sensitivity analysis 

(green polygon). Previously published high-resolution stream maps (not shown) are available 

for Catchments m1-m4 from Smith et al. (2015) (red polygons) and King et al. (2016) (purple 

polygons). These previously published maps, all manually delineated from 2012 WorldView-1 

images, are used to independently validate the empirical R-Dd relationship derived from 

Catchments 1-4. Catchment topographic boundaries are extracted from 5 m ArcticDEM data; 

coarser-resolution supraglacial river networks and lakes (blue lines) are derived from an 

August 2013 Landsat-8 panchromatic image (Yang and Smith, 2016). Superimposed grids 

show the cells of MAR (7.5 x 7.5 km) and MERRA-2 (56 x 28 km) climate models in gray and 

green lines respectively. Background is a Sentinel-2 image acquired on 30 July 2018. 

Figure 2. Catchment 3 supraglacial drainage pattern as estimated from ArcticDEM (upper left 

panel), and from multi-temporal very high-resolution (VHR, 0.5 m) panchromatic satellite 

images (dates shown). The green dot shows the catchment outlet. A close-up view of the 

extremely well-developed supraglacial stream/river network observed on 2012.07.31 is 

presented in Figure S2. 

Figure 3. Relationship between supraglacial stream drainage density (Dd) mapped from very 

high-resolution (VHR, 0.5 m) satellite images and surface runoff (R) simulated by (a) MAR 

and (b) MERRA-2 climate models. The corresponding linear regression functions are then 

used to estimate Dd evolution using solely climate model outputs of runoff. (c) and (d) are 
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similar to (a) and (b) but with the four different catchments color coded. 

Figure 4. (a) Relationship between supraglacial stream drainage density (Dd) and cumulative 

upstream contributing area (Ac) necessary to initiate supraglacial channels on 5 m resolution 

ArcticDEM for Catchments 1-4, where (b) shows the corresponding surface runoff that 

controls Dd variations . For Dd <60 km-1 the empirical Dd-Ac curves for the four catchments are 

similar. A generalized fitting curve can be obtained over this range, enabling calculation of Ac 

from Dd, to partition bulk interfluve and open-channel areas for the catchment. (c) and (d) 

are similar to (a) and (b) but show the Dd-Ac relationship obtained for the 10 m resolution 

ArcticDEM. The Dd-Ac relationship is scale-dependent so the Dd-Ac curves show large 

variations approaching the limit of the resolution of the ArcticDEM. 

Figure 5. A simple empirical relationship relating modeled runoff from the MAR and MERRA-

2 climate models, together with associated supraglacial stream drainage density (Dd), and 

estimated mean interfluve routing time (th) necessary for runoff to reach the channelized 

stream/river network. 

Figure 6. (a) Hourly and (b) daily unit hydrographs (UHs) derived from variable partitions of 

interfluve and open-channel zones for Catchment 3, which is determined by open-channel 

initiation thresholds (Ac), stream drainage density (Dd), and climate model runoff simulations. 

Figure 7. Instantaneous hourly MAR surface runoff and routed hourly runoff derived from 

hourly UHs for catchments 1-4 during summer 2015. At higher elevations, diurnal variability 

in the surface-routed runoff hydrograph is dampened and delayed, owing to decreased 

stream drainage density (Dd) associated with lower runoff production. 

Figure 8. Average daily cycles of instantaneous vs. surface-routed runoff for Catchments 1-4 
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during summer 2015. 

Table 1. Summary of study supraglacial catchments. Field-calibrated open channel velocity (vc) 

and interfluve velocity (vh) are 0.4 m/s and 0.0006 m/s respectively. The mean topographic 

slope of each catchment is used to adjust these field-calibrated velocities. 
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Catchment ID 
Catchment 

1 

Catchment 

2 

Catchment 

3 

Catchment 

4 

Catchment 

4-1 

Area (km2) 7.2 24.3 28.5 59.2 7.8 

Mean Elevation (m) 1103 1284 1522 1687 1733 

Mean topographic slope (m/m) 0.035 0.034 0.025 0.021 0.015 

Mean ice flow velocity (m/a) 

(2015-2016) 
118 109 99 73 69 

Distance to ice edge (km) 28 44 73 99 103 

Satellite river mapping times 5 9 10 3 3 

Slope-adjusted 

water velocity 

(m/s) 

open-channel vc 0.41  0.40  0.34  0.31  0.27  

Interfluve vh 0.00061 0.00060  0.00051  0.00047  0.00040  

Peak timing of 

diurnal MAR 

runoff  

instantaneous  13 13 13 13 13 

routed with 

slope-adjusted v 
18 21 21 9 (+ one day) 19 

routed with field-

calibrated v 
18 21 19 1 (+ one day) 17 

Range of 

diurnal MAR 

runoff (mm/h) 

instantaneous  1.30 1.07 0.86 0.74 0.74 

routed with 

slope-adjusted v 
0.62 0.32 0.18 0.05 0.11 

routed with field-

calibrated v 
0.61 0.32 0.23 0.11 0.15 

 


