
Below, find the original reviewer concern/question in regular typeface followed by our response in italic 
typeface. This response is written in anticipation of making all corrections to a manuscript as stated. 
Therefore, we make statements such as ‘we changed’ or ‘we corrected’ or ‘we modified’ in past-tense as 
if this document were being submitted together with a revised manuscript. It is our intent that the 
revised manuscript will read exactly as suggested here. We have also included references to the other 
review. 
 
This is a novel piece of research addressing an important area of glaciology. It uses a 
well-established ‘off the shelf’ hillslope-channel hydrological model used previously in 
terrestrial settings, to route meltwater across a supraglacial catchment on the Greenland 
Ice Sheet. It provides a useful steppingstone, therefore, to one day developing 
fully coupled surface mass balance – surface water routing – subglacial water routing 
– glacier dynamics models. The paper adds to valuable previous work produced by this 
group. A series of experiments are created using four different runoff series from widely 
cited surface mass balance models (HIRHAM5, MAR3.6, RACMO2.3, and MERRA-2)  
and for routing model sets ups that consider a course and a fine density channel network, 
and which either consider or do not consider hillslope routing processes. So 
16 separate experiments are performed in total. Model parameters are calibrated by 
comparing outputs with measured discharges in a surface stream at the catchment 
outlet over a few days in July, which have been published elsewhere. Parameter space 
is explored, and the patterns of parameter values are used to infer the importance of 
catchment processes, for example the role of hillslope friction, which is high compared 
to terrestrial settings and which, it is argued, may represent shallow subsurface routing 
through a weathering crust. 
 
The paper is nicely structured and generally well written, and the Figures and Tables 
are clear and useful. The work is thorough, generally acknowledges previous work 
(with a few exceptions that could be added at the authors’ discretion – see below) and 
provides a valuable contribution to the literature. 
 
Thank you for this assessment! We appreciate this summary and have agreed to functionally all of your 
suggestions below. Thanks for taking the time to write all these down and read the paper in detail, as it 
is much improved because of both reviewer’s efforts. 
 
There are five places where I think things need to be explained in more detail or where 
the results could be discussed further. These are: 
1. On line 210/11 you tell us the channel widths that are produced for the fine network. 
But how are channel widths determined? Was this explained? I’d assumed they’d be 
dictated by the DEM grid size? Why don’t you also tell us the widths of the channels 
produced for the coarse network here? [note the reviewer bumped this comment from detailed to 
broad, so we include some details that respond to later requests here]. 
 
Thanks for pointing this out, as we did neglect to mention this important methodological procedure. 
Channel widths were set by the remotely sensed image, and therefore they are limited to the resolution 
of that imagery. This is because we ‘burned in’ the network, that is, we took Smith et al’s stream map 
and lowered it into the ice to help the DEM-based network generation. Therefore, once the DEM (with 
burned in stream map to guide it) created either fine or coarse networks, we assigned the width of the 
nearest remotely sensed channel from the Smith map to the DEM-generated channel. In practice, this 



means that channel widths are identical across networks for higher order (larger) channels as these 
appear in both networks. The only real difference between the networks is at lower orders, and in this 
case we are confident in the widths as the DEM based method will always co-locate a topographic 
channel with the RS channel (due to its artificially lowered elevation from burning in), and thus they are 
accurate to the resolution of the network. Therefore, the smallest streams may be overestimated in 
width, but our field observations in previous papers indicate that the very smallest true open channels 
are on the order 0.2m width, and the imagery produces streams to 0.5m (as we note in the paper).  
 
Thus, to your point, the streams are limited by image resolution, not DEM resolution. 
 
Reviewer 1 also had questions here, so we substantially re wrote this passage. We reprint it in full below 
in response to another of your questions, but the germane text to this specific query now reads as 
follows: “To estimate the impact of drainage pattern on meltwater routing, we tested both a large (104 
m2) and a small (103 m2) channel initiation threshold to create a ‘coarse’ and a ‘fine’ supraglacial 
drainage network, respectively from the DEM (Figure 2). These two modelled stream networks both 
follow the channel map from Smith et al (2017), with the key difference that the coarse network does not 
produce the narrowest streams we know to exist. This enabled us to test the effects of including or 
excluding very small tributary streams on surface water routing. We assign channel widths to each DEM-
derived channel from the Smith et al channel map, and since the DEM process begins with burning in 
these streams, there is always a 1:1 assignment of channel width from imagery to network model. Our 
‘fine’ channel network produces streams with a minimum width of 0.5m, matching to the correct order 
magnitude Gleason et al.’s (2016) reporting of channels as narrow as 0.2m. The coarse network 
produced streams with a minimum width of 0.7m, suggesting it is excluding the smallest streams in the 
remotely sensed map.” 
 
2. On line 222. You say “and lakes are represented by wide, shallow ‘throughflow’ 
river segments: : :” Is this a major limitation of this work? How do lakes fill and drain? 
Surely, the filling and draining of lakes will have a major impact on the relation between 
distributed runoff and the hydrographs at the catchment outflow and yet this important 
process is not incorporated. I’d like to see more discussion of this. How many sinks 
are there in the catchment that need to be filled? Where are they? What are their 
volumes? What are the implications for water routing? [note this comment was bumped from detailed 
to broad, so we include some details from later detailed requests]. 
 
These are excellent questions, and answering them improves the manuscript. Terrestrial hydraulic 
routing as a whole typically incorporates lakes in the manner we have treated them here. For a free-
flowing natural lake connected to the network, treatment of these lakes as a wide reach with low slope is 
sufficient to accurately reproduce the behavior of these fluvial lakes.  At-scale terrestrial hydrology 
struggles much more with reservoirs: places where the mass balance of a lake is affected by human 
decisions that are very difficult to model. 
 
 We conceive of connected lakes on the GrIS as closer to fluvial throughflow lakes than reservoirs: they fill 
during the early season until an outlet sill elevation is reached, and then these lakes spill into the 
downstream channel, furthering the network connection and extent. Thus, during peak flow and 
maximum network extent (as for the data in this paper) we are relatively confident that our treatment of 
connected lakes is properly conserving mass into and out of these systems. Further, although our 
methods cannot explicitly fill a lake with full consideration of bathymetric geometry, we do see that at 
times during the routing the outflow from a lake segment is effectively zero (less than 0.0001 m3/s) due 



to the small amount of inflow and hillslope input to the lake. The lake segment does not dewater, but 
rather stores water with this effectively zero output. Thus, the model is able to show there are times that 
the lake is connected to the network but not actively spilling until flow returns at a higher level the next 
day, effectively segmenting the network. This effect is also a function of lake order- if a lake is on the first 
order (headwater) this spill/no spill condition is much more likely to occur than in a 5th or 6th order lake 
that collects water from the entire network. 
 
Later in this review, you note that some of our slow transport over hillslopes might in fact be due to 
unaccounted for lake filling. This is plausible, but unlikely for this peak-melt season experiment as all 
lakes are full here, and if they do stop spilling the model indicates this only happens overnight. Repeating 
the experiment with a less developed river network built from an early-season image and coupled with 
early-season SMB output and some observations of lake filling would allow us to assess this explicitly. Or, 
we could use a validated lake filling model from the literature and try to harmonize the forcing to see if 
our lakes spill at the same time as that model. 
 
Finally, per another request made below, we have calculated the total depression storage in the basin to 
assess the potential magnitude of their effect on mass imbalance. We see in the following table that the 
total depression storage (including DEM artifacts/errors in addition to lakes) is 6.92e6 m3, which is two 
orders of magnitude less than the observed ADCP flux during this time (integrated into a bulk volume, 
241 e6 m3 ) and one order of magnitude less than the maximum runoff deficient (obtained by subtracting 
the ADCP form the largest SMB input, 17.5 e6 m3).  Therefore, if all depressions were dry when we started 
and all the extra runoff filled them, this would still only account for roughly one-third of the missing 
mass. Given that we know lakes are full and therefore cannot fill from empty, we assert that this lake 
filling effect is not the cause of mass imbalance. 
 

 

Total 
depression 
storage 

ADCP 
total 

Minimum 
SMB 

Maximum 
SMB 

Maximum 
runoff deficit  

Volume (m3) 6.92 e6 241 e6 219 e6 417 e6 17.5e6 

 
 
To capture these ideas and present them to readers, we have added the following text here: “The main 
trunk streams only are visible in the coarse network, and lakes connected to the channel network (i.e., 
have an inflow and outflow) are represented by wide, shallow ‘throughflow’ river segments as all are 
non-terminal with outflow channels. Lakes on the GrIS evolve seasonally- they begin pooling water in the 
early melt season until an outlet elevation is reached, and then they begin to spill downstream. Our data 
come from peak melt season when lakes are full, and thus any lake connected to the network will behave 
fluvially, that is, it will spill according to its slope, volume, and lateral input via the conservation of mass 
and momentum. Further, Figure 2 indicates that there are likely no lakes in the watershed that are 
disconnected to the channel network- our drainage density is sufficient to ensure that lakes of any 
appreciable size would be captured as a throughflow segment.” 
 
Further, we added the following in the discussion  “Or, the mass imbalance could come from transport 
processes: filling lakes, drainage through fractures (there are no crevasses in the study area), or the 
breach of topographic divides are all plausible transport process gaps.  Topographic breach is unlikely 
given that we use an observed (via image) channel network, and thus if breaches did occur they are 
accounted for. Further, total depression storage (including true lakes and DEM artifacts) was 6.92e6 m3, 
which is two orders of magnitude less than the observed ADCP flux during this time (integrated into a 



bulk volume, 241e6 m3) and one order of magnitude less than the maximum runoff deficit (obtained by 
subtracting the ADCP from the largest SMB input, 17.5 e6 m3).  Therefore, if all depressions were dry at 
the start of routing and were completely filled by runoff before beginning to flow in the channel network, 
this would still only account for roughly one-third of extra runoff production mass. Given that we know 
lakes are full during this time period, we assert that this lake filling effect is not the cause of mass 
imbalance.” 
 
3. On line 397 you show that after calibration, hillslope friction values were on occasion 
very high – up to the max. threshold allowed of 25. These do seem very high. To what 
extent are these high because you didn’t allow channel frictions to rise very high (Table 
2)? Could you explain a bit more about the range of parameter values considered in 
Table 2 and the implications of this? 
This is another good observation.  You are spot-on that an unconstrained model can effectively ‘trade off’ 
channel friction and hillslope friction to produce a single effective friction for the stream unit. We 
therefore need to constrains these parameters to realism.  Manning’s n has a history of study in ice 
channels and we have a good sense from previous literature about what range of values are plausible for 
this parameter. We have almost no information on effective friction for ice/firn hillslopes that funnel this 
water to channels. Therefore, we limited channel friction to what the literature indicates is physically 
possible and let the model choose hillslope friction from a wide range of values: We are comfortable 
limiting Manning’s n to achieve this given its over 100 years of study. Our results indicate that a 
considerable amount of total friction is needed: Figure 7 shows that non-hillslope models need extreme 
channel friction and do not model outflows as accurately as models with hillslopes to add friction. Thus, 
the mass and momentum conservation inherent to our setup indicates that water needs be slowed, and 
the most physically realistic way to slow it is via a fine network with hillslopes included, which matches 
theory and observation.  
 
We have added the following text in the following paragraph to help tease this point out: 
“HRR is not a glaciological model, and therefore it is agnostic about sources of friction and can trade off 
channel and hillslope friction to produce correct outflows if unconstrained. We have constrained the 
channel friction to match literature field observations closely and allowed hillslope frictions to vary over a 
much wider range of values given the longer history of study and larger databases of Manning’s n values 
for ice channels relative to transport through the crust/bare ice. Therefore, non-hillslope models would 
likely improve only by including physically unrealistic channel frictional values given results in Figure 7.” 
 
4. Related to point 2 above. On lines 398-405, you find very slow water transport rates 
on hillslopes here and suggest this may be due to slow transport through an ice crust. 
But what role does ignoring travel through lakes as they fill up and overtop their outlet 
channels play on your results? 
Per the above, this concern arises from unclear writing on our part. We are confident that lakes are 
handled with realistic ‘fill and spill’ behavior, particularly for this fully developed network from July. 
 
5. You need to introduce a runoff correction coefficient (Rcoef) to match modelled with 
measured hydrographs and this turns out in the calibration to always be less than one 
which means runoff from all the SMB models is over predicted or measured discharge 
at the catchment outlet is under predicted. This is discussed to some extent in the 
Discussion but I think more thought could be given to this. You suggest water may be 
stored (and possibly freeze) in a weathering crust but is this feasible? What volumes 
are we talking about and could storage in a weathering crust really explain it? Related 



to above, is it possible lakes may be filling over this period which would explain the 
discrepancy. Could it also be due to leakage into the ice sheet via crevasses? 
Other than these five points, I have just a series of questions / suggestions regarding 
improving clarity as follows. 
 
Reviewer 1 is also interested in this mismatch. In writing about our results, we want to be careful about 
only stating supported conclusions and stating plausible hypotheses specifically as plausible but not 
supported conclusions. Our results show (as you point out) that Rcoef is always less than 1, and therefore 
we have to both slow down water (channel and hillslope friction) AND hold 40-60% of it within the 
watershed in order to match flows. There are several possibilities for this underestimation: [note this text 
is identical to our response to reviewer 1 in quotes] “This assumption could be incorrect in several cases 
that are not present in terrestrial hydrology: 1) if water penetrates the firn into an englacial system 
driven by pressure heads and not topography, 2) if the channel network in reality thermally erodes some 
topography to the point where it ‘breaches’ the watershed divide, or 3) if there are large scale subsurface 
fluxes that transport subsurface water into or out of the system. In terrestrial hydrology, these 
subsurface fluxes do exist, leading to discussions on the ‘myth of the water balance’ in the literature. 
However, for scales such as the catchment here these fluxes are extremely uncommon. In the absence of 
literature describing englacial fluxes at medium to GrIS scales (which in fairness would be extraordinarily 
difficult to measure), we are confident in this classical assumption and believe the 3rd exception is not 
value. Further, the remotely sensed image of streams shows the stream network as it actually exists (as 
opposed to the traditional hydrologic view driven solely by a DEM that would assume topography), and 
therefore we can eliminate the 2nd exception. We are left with the 1st exception as a plausible means to 
violate our assumption of topographically controlled transport.” Our ADCP measurements could also be 
error, but ADCP error seems the least likely as a mature technology applied by an expert team with 
thorough control (although we show our bias as field hydrologists with that statement!). In response to 
this and Reviewer 1’s comments, we have added the following to the paper in section 3.1 
 
“Further, the use of a single Rcoef allows us to accurately model discharge without allowing attribution of 
errors in runoff production: these could stem from SMB errors, unaccounted for refreezing, storage, or 
lake filling, surface transport that violates topographic constraints, englacial draining, or ADCP 
measurement error. Our framework is unable to apportion any gaps in runoff production and routed 
discharge to any of these sources, and thus our treatment of runoff as a bulk reduction/augmentation is 
faithful to our experiment design and manuscript goals.”  
 
And in the discussion [entire paragraph reprinted, which includes previously quoted passages]: 

“Our results also support earlier assertions of mismatched timing and magnitude of SMB runoff 
and observed discharges entering the Rio Behar terminal moulin (Smith et al., 2017).  The routing model 
is unable to assign glaciologic process to mass gaps, so we can only suggest plausible mechanisms for 
closing that mass balance gap. Mass gaps could perhaps result from to subsurface retention and/or 
refreezing in bare-ice weathering crust (Cooper et al., 2018), a process not currently well-represented in 
SMB models. Or, the mass imbalance could come from transport processes: filling lakes, drainage 
through fractures (there are no crevasses in the study area), or the breach of topographic divides are all 
plausible transport process gaps.  Topographic breach is unlikely given that we use an observed (via 
image) channel network, and thus if breaches did occur they are accounted for. Further, total depression 
storage (including true lakes and DEM artifacts) was 6.92e6 m3, which is two orders of magnitude less 
than the observed ADCP flux during this time (integrated into a bulk volume, 241e6 m3) and one order of 
magnitude less than the maximum runoff deficit (obtained by subtracting the ADCP from the largest SMB 
input, 17.5 e6 m3).  Therefore, if all depressions were dry at the start of routing and were completely filled 



by runoff before beginning to flow in the channel network, this would still only account for roughly one-
third of extra runoff production mass. Given that we know lakes are full during this time period, we 
assert that this lake filling effect is not the cause of mass imbalance. Further, errors in our outlet 
hydrographs are dominated by underestimation of night-time low flow periods, as peak flows are 
modelled well across nearly all 16 trials.  These night-time low flows are particularly important for mass 
balance in the Rio Behar watershed, as a large driver of mismatches in total mass balance (Figure 4) 
comes from these low flow periods. Error could come from the ADCP itself, and this instrument is 
generally less certain at lower flows. However, the ADCP record here is taken from Smith et al. (2017) 
and represents a well documented procedure carried out by expert field personnel, and thus we are 
confident that ADCP errors are too small to explain Rcoef. We affirm that all SMB models examined here 
produce too much excess water relative to ADCP observations (at least at peak times, Figure 4 shows 
MERRA2 total runoff is less than the ADCP total discharge, but still requires Rcoef < 1 to reduce the peak 
daytime volume of water),and do not model night-time flows without routing, consistent with Smith et 
al. (2017). Our results suggest that hydrologic process modelling (i.e., routing) can correctly reproduce 
these night-time low flows.” 

L54. After ‘lake impoundment’ you could consider referring to: Arnold, N.S., Banwell, 
A.F. and Willis, I.C., 2014. High-resolution modelling of the seasonal evolution of surface 
water storage on the Greenland Ice Sheet. The Cryosphere. 
L63/4. As well as Banwell et al 2013, could also refer here to Banwell, A., Hewitt, I., 
Willis, I. and Arnold, N., 2016. Moulin density controls drainage development beneath 
the Greenland ice sheet. Journal of Geophysical Research Earth Surface, v. 121, 
p.2248-2269. 
Both papers cited as suggested.  
 
L64. Immediately before the sentence beginning ‘Liston and Mernild (2012)’ you could 
add another sentence summarising and referring to the work of Leeson et al 2012: Leeson, 
AA, Shepherd, A, Palmer, S, Sundal, A & Fettweis, X 2012, ’Simulating the growth 
of supraglacial lakes at the western margin of the Greenland ice sheet’, Cryosphere, 
vol. 6, no. 5, pp. 1077-1086. 
As requested, we now state the following here “Leeson et al (2012) similarly used Manning’s equation to 
transport water in a 2D grid based routing scheme, assigning all grids a uniform Manning’s n while not 
explicitly defining flow differences between flow in channels or flow over bare ice.” 
 
L75-77. Would it be better to say: “These previous efforts successfully modelled meltwater 
transport on the GrIS ablation zone, but their relative simplicity allows space for 
more sophisticated routing models from terrestrial hydrology to be applied to ice sheet 
surfaces”? Or something like this. 
It would be better to say that! Thanks for the suggestion. 
 
L85. What is meant by "explicit routing"? As opposed to implicit routing? What about 
saying "...accurately routing water at the catchment scale across the GrIS"? 
This now reads “barriers to applying such routing” 
 
L86. What is meant by “explicit” here? 
Explicit here means that each member of the network has all of its attributes defined. 
 
L87/88. “: : :but to our knowledge no automated, large scale network extraction and 



topological connection work exists for the GrIS”. Do you mean for the whole of the GrIS 
here ? There are examples of this at smaller scale surely. 
We meant that we are unaware of any off the shelf processes that both extract a network and define its 
topology at scale (e.g. for channel networks of thousands of members or more). We have added the 
word ‘coupled’ to this passage to indicate this. 
 
L89. “these issues” What issues? You’ve not explicitly referred to ’issues’ above. 
Changed to “yet these cannot be applied until a generalizable automated extraction/topological 
connection process is available” to clarify. 
 
L92. What are “network scales”? You’ve referred to catchments and (I think) the entire 
ice sheet previously which I understand but what are these? 
‘Network scales’ channel networks of thousands of members or more. We realize now we’ve had that 
definition in our head and never written it in this manuscript. So, we have added the epithet (i.e. 
catchments with thousands of channels or more) earlier in this paragraph. 
 
L93. Delete the word “these” as you’ve not referred to processes previously. 
We are here referring to hillslope friction, channel friction, channel density, runoff transport, and runoff 
reduction/augmentation as introduced in this sentence. 
 
L96. What is meant by “spatially explicit”? 
In terrestrial hydrology, routing networks can often be spatially implicit, and a system represented as a 
series of links and nodes that do not necessarily map precisely back to reality. In our case, each of our 
channels can be mapped to its physical location on the ice sheet. 
 
L104. Would it be clearer to say “: : :test how the representation of hillslope processes 
and network density (as derived by our automated network generation process): : :” or 
something like that? 
Great suggestion. Accepted. 
 
L116-119. Would it be clearer to say: “Previous work in the basin includes: i) a comparison 
of SMB runoff and field measured discharge using a simple routing method 
(Smith et al., 2017); ii) a study of subsurface water storage in bare-ice weathering 
crust (Cooper et al., 2018); iii) albedo mapping (Ryan et al., 2017); and iv) mapping 
the catchment’s supraglacial channel network via satellite and un-crewed aerial vehicle 
(UAV) remote sensing (Ryan et al., 2017; Yang et al., 2018)”? 
Another good idea. Accepted. 
 
L122. ‘of a summer” 
No longer relevant due to a change requested by Reviewer 1 
 
L128/9. Perhaps add Banwell et al 2016 to this list? 
Cited as suggested 
 
L135. Could reference Pope et al, and Moussavi et al somewhere here as they use the 
ArcticDEM in the context of representing GrIS surface lake bathymetries 
Pope, A., Scambos, T. A., Moussavi, M., Tedesco, M., Willis, M., Shean, D., and 
Grigsby, S.: Estimating supraglacial lake depth in West Greenland using Landsat 



8 and comparison with other multispectral methods, The Cryosphere, 10, 15–27, 
https://doi.org/10.5194/tc-10-15-2016, 2016. 
Moussavi, M. S., Abdalati, W., Pope, A., Scambos, T., Tedesco, M., MacFerrin, M., and 
Grigsby, S.: Derivation and validation of supraglacial lake volumes on the Greenland 
Ice Sheet from high-resolution satellite imagery, Remote Sens. Environ., 183, 294– 
303, https://doi.org/10.1016/j.rse.2016.05.024, 2016. 
Cited as suggested 
 
L138-143. Can you better explain here how you deal with the very different grid sizes 
between the 2m DEM and the various (I assume) grid sizes of the 4 models? How do 
you interpolate across the finer scale grid? Is the Rio Behar catchment entirely within 
a SMB model grid? 
At 63km2, Rio Behar covers a small amount of ground area relative to SMB cells. HIRHAM5 has 5.5km 
cells (30.25km2, 8 cells intersecting), MAR 3.6 has 20km cells (400km2, 2 cells intersecting), RACMO2.3 
has 11km cells (121km2, 3 cells intersecting), and MERRA2 0.5degree cells (~58 x 30km here, 1740km2, 
entirely contained within 1 cell). Thus, our domain takes 1-8 grid cells of the original models, and 
straightforward averaging is effective, per Smith et al., 2017. We have added the following in this 
passage: 
 
“We take the average runoff in all grid cells intersecting Rio Behar (ranging from 1-8 SMB grid cells for 
the four models) to arrive at a single hourly runoff value for each SMB model following Smith et al 
(2017).” 
 
L161-2. “allowing us to calibrate the free parameters of the routing model (Section 
3.2) and to adjust water excess of the SMB models to best match these observations.” 
Suggest delete this as this was explained earlier. 
Amended as requested 

 
L174/5. I don’t quite follow this sentence. Do you mean "Our overall goal for this 
study is to improve current understanding of supraglacial hydrological transport processes 
through application of a hydrological model, which includes classical hillslope 
and channel routing processes, to a catchment on the GrIS" ? 
That is precisely what we mean. We now state “Our overall goal for this study is to improve current 
understanding of supraglacial hydrological transport processes by classically modelling hillslope and 
channel routing” 
 
L193. “ Figure 1 shows an overall schematic of our approach.” This sentence comes 
too late as Fig 1 has already been referred to. Could just delete or move to after first 
sentence of this section on line 175. 
Deleted as requested 
 
L195/6 “we are interested in generalizing the process of water routing from satellite 
image collection to water routing” doesn’t make sense to me. 
It didn’t make sense to Reviewer 1 either! It now states “we are interested in generalizing the process of 
water routing in cases where pre-existing channel network maps do not exist. Further, we must generate 
different river networks to test the effects of network density on the routing model.” 
 
L199-203. I don’t quite follow these two sentences. Could they say "Having done 



this, conventional network generation was confounded due to two large topographic 
depressions, one located in the upper part of the catchment and one located near the 
catchment outlet. Standard DEM preparation for hydrological analysis (in which the 
upstream depression was filled while the outlet depression was preserved) generated 
unrealistic parallel drainage channels upstream and no channels in the outlet depression 
of the catchment" ? 

Reviewer 1 was similarly confused by this passage, so it has been substantially reorganized and re written. 
The passage now stands as  

“Although Smith et al. (2017) provide a topologically connected channel network for our study 
area (i.e., they explicitly defined how every channel is connected to every other channel throughout the 
entire network to allow water to flow from the headwaters to the outlet to obey observed channel 
connections) , we are interested in generalizing the process of water routing in cases where pre-existing 
channel network maps do not exist. Further, we must generate different river networks to test the effects 
of network density on the routing model. Therefore, we introduce a process to create models of a 
complete river networks as defined by topography that can in theory be applied to any area of the GrIS 
with a high-quality DEM and a remotely sensed image. This topographically defined flow is a classic 
practice in terrestrial hydrology, and since all open channel flow is gravity-driven this practice applies for 
flow routing through any media without substantial pressure forces. Topographically defined flow has 
therefore been applied/invoked for a variety of surfaces, including Mars (e.g. Dohm et al., 2001; 
Rodriguez et al., 2005; Fassett and Head, 2008) 

To generate our river networks, 1) We first ‘burned’ (i.e. lowered the pixel elevations) the 
remotely sensed stream map of Smith et al. (2017) into ArcticDEM, a standard hydrologic practice (e.g. 
Lindsay, 2016). This process ensures that channels are lower than surrounding topography, as remotely 
sensed DEMs cannot ‘see’ channel bottoms and therefore creates smooth surfaces where surface water 
features exist. Since we know that a river/stream channel is abruptly deeper than its surrounding banks, 
artificially lowering elevations where we observe channels ensures that these locations are the lowest 
feature in the surrounding terrain and therefore collect topographically driven water. In DEM processing 
for a hydrology, a depression is an area where water pools, as the flow direction is always downhill as in 
the sides of a bowl. These depressions typically need to be artificially ‘filled’, that is, they elevations need 
to be raised, as otherwise the topography indicates that water cannot leave once it enters the 
depression.  Because we ‘burn in’ stream locations to the DEM, standard sink filling is not required for 
this analysis (we lower streams rather than raise depressions), but two large topographic depressions in 
the DEM of our catchment required further processing even after burning in streams. Standard DEM 
preparation for network generation dictates that upstream depressions are filled while an outlet 
depressions are preserved, yet this assumption generated unrealistic parallel drainage channels 
upstream and no channels in the outlet depression for our data. To address this problem,  2) a priority-
flood algorithm (Lindsay, 2016) was applied to breach the two depressions and to create a continuously-
flowing, realistic drainage network for the catchment (Figure 2). Finally, 3) the parameter that drives 
network generation and ultimately channel density is the channel initiation threshold: the minimum area 
needed to form a free-flowing channel. This concept stems from the fact that above river headwaters, 
water simply flows through the soil and not on the surface until the water table elevation exceeds the 
soil elevation in a spring. We observe an exact analogue on the GrIS: channels dwindle in size until they 
become indistinguishable from wet firn/ice near topographic divides (Gleason et al., 2016). To estimate 
the impact of drainage pattern on meltwater routing, we tested both a large (104 m2) and a small (103 
m2) channel initiation threshold to create a ‘coarse’ and a ‘fine’ supraglacial drainage network, 



respectively from the DEM (Figure 2). These two modelled stream networks both follow the channel map 
from Smith et al (2017), with the key difference that the coarse network does not produce the narrowest 
streams we know to exist. This enabled us to test the effects of including or excluding very small tributary 
streams on surface water routing. We assign channel widths to each DEM-derived channel from the 
Smith et al channel map, and since the DEM process begins with burning in these streams, there is 
always a 1:1 assignment of channel width from imagery to network model. Our ‘fine’ channel network 
produces streams with a minimum width of 0.5m, matching to the correct order magnitude Gleason et 
al.’s (2016) reporting of channels as narrow as 0.2m. The coarse network produced streams with a 
minimum width of 0.7m, suggesting it is excluding the smallest streams in the remotely sensed map. GrIS 
supraglacial channels incise and meander over time, yet HRR cannot represent this behaviour and 
instead assumes that channels remain fixed in space and time.  It would be possible to derive expected 
erosion and incision (and additional meltwater) due to frictional heating of the channels, but without 
including a radiation budget and ice property data we could not model how the stream network changes 
in time nor satisfactorily model this additional meltwater with commensurate sophistication to the SMB 
runoff forcing (i.e., tight coupling with SMB models). Instead, we model these network snapshots with 
HRR as loosely coupled to SMB runoff (as opposed to tightly coupled, where SMB runoff would be an 
input into network generation), which is reasonable for our one-month experiment (Section 3.3.1).” 

 
L215/16. I don’t follow this sentence. Should this say " ...we model the networks as 
static snapshots within HRR, which is..." ? I assume networks should be plural as there 
is the coarse one and the fine one. Need to explain what you mean by "loosely coupled 
to SMB runoff" or delete this. 
This sentence now reads “Instead, we model this these network snapshots with HRR as loosely coupled to 
SMB runoff (as opposed to tightly coupled, where SMB runoff would be an input into network 
generation), which is reasonable for our one-month experiment (Section 3.3.1).” 
 
L233-5. Sentence here seems misplaced. Better to justify using HRR earlier, when 
you first introduce it - i.e. Section 1. 
Since this is a hydrology model, we wanted to remind glaciology readers about why we chose it here, as 
we felt the detail in the preceding section about network extraction might have reasonably distracted 
someone from remembering it if given earlier. 
 
L278-80. This sentence doesn’t quite makes sense. Suggest rewrite to clarify. 
We have added the following here, which links to a few sentences later “(e.g. fine networks with hillslope 
processing take much longer to run and therefore used less generations, see below)” 
 
L282. What is a “population member”? This is not explained. 
This refers to a population size of 40. We had introduced the concept of population size, which is 
equivalent to n population members, but we see the confusion. We replaced this with “ we used a 
population size of 40” 
 
L282/3. On L175 you refer to "two experimental settings (inclusion/exclusion of hillslope 
flow, coarse/fine channel network densities)". See also nomenclature used in Fig 1 
e.g. "hillslope coarse" or "non hillslope fine". Can you use consistent terminology so 
it’s clear that you’re running tests that both include and exclude hillslope processes and 
also that the ’coarse’ and ’fine’ refer to the network density? The terms you use here 
“non-hillslope tests”, “coarse hillslope test” and “fine hillslope test” are a bit sloppy and 



rather confusing and don’t match earlier. See also legend in Fig 3. 
Good idea. We have added to the L175 passage “These runs are labelled as either ‘fine/coarse’ and 
‘hillslope/non-hillslope’, so for example an experiment using a fine network density and excluding 
hillslope processes would be labelled ‘non-hillslope coarse.’” This harmonizes Fig 1, 3, and this passage of 
text. 
 
L315-18. Confusion over whether you’re defining routing delay to be generic or specifi- 
cally in terms of comparison of peaks. Would it be better to say something like: "Finally, 
we calculate routing delays for each of our 16 calibrated routing models. Routing delay 
will be a function of both time of day and discharge but here we calculate routing delay 
as the difference in ADCP peak and the unrouted SMB runoff peak. This delay is 
the shortest for MERRA2 (1-3 hours) and longest for MAR and RACMO2 (5-6 hours). 
These values provide an estimate for daily peak flow delay between runoff forcing and 
the calibrated HRR model.” 
This is a great suggestion! We’ve rewritten along the lines of your suggestion as: “Finally, we calculate 
routing delays for each of our 16 calibrated routing models by noting the difference in ADCP peak and 
the unrouted SMB runoff peak. Routing delay is a function of both time of day and discharge, but is 
easiest to interpret at daily peak flow. This peak delay is the shortest for MERRA2 (1-3 hours) and longest 
for MAR and RACMO2 (5-6 hours). This routing delay is a function of both time of day and discharge, so 
tThese values represent an approximate estimate for daily peak flow delay between runoff forcing and 
calibrated HRR model, and. These calculations represent the total travel time for water to pass through 
the system, from runoff production to the outlet. “ 
 
L366/7. You say “across inclusion/exclusion of hillslope process and across coarse/fine 
networks”. So this nomenclature matches initial terminology (line 175) but not that used 
in other places – see comment re L282/3 
Amended here and before as noted. 
 
Fig 7 Heading. You say “Mean” but these are box whisker plots so explain what all 
features represent. What are the dots? 
We see the confusion here. These are standard boxplots- median drawn as a black line, IQR given as 
colored shading, and dots represent outliers. The ‘mean’ refers to the fact that we take the mean 
Manning’s n of all rivers in the bin, and then make a boxplot of those mean values across the 
experimental controls. So, the first boxplot has 8 values in it- one mean n for all streams in that bin for 
the 8 hillslope tests.  
 
The caption now reads “Figure 7. Mean Manning’s n for all rivers binned by area, where bin refers to an 
area threshold given in Table 1. Bins are bounded by the maximum value indicated in the x axes and a 
minimum value equal to the maximum area of the next smallest bin. There are eight values per each 
boxplot: these represent the mean Manning’s n for all channels in that area bin for each of eight 
experimental trial configurations. Our experiment design yields for instance eight models that include 
hillslopes (four of which are coarse, and four of which are fine), and these boxplots plot the mean n, per 
bin, of those eight models. Boxplots are standard and show median, IQR, and outliers. Non-hillslope trials 
require substantially more friction than hillslope trials in the largest channels, suggesting compensation 
for lack of hillslope process representation.” 

 

 



In the body of the paper, can you explain the reason for the very anomalous results for 
bin 3.16 km and 10 km where Manning’s n is very high? 
This suggests to us that the model chose to suddenly add quite a bit of friction to these large channels 
(note the quite high friction of bin >10 as well) in the absence of hillslopes to slow water otherwise in 
order to conserve mass. 
 
This is now acknowledged as “Non-hillslope large channels in the three highest orders require a 
substantially larger Manning’s n value than these same channels with a hillslope process included, 
indicating that the non-hillslope models necessitate higher friction in large channels to match outlet 
flows. For the 2nd and 3rd largest bins, this resulted in extreme friction in those channels just before the 
basin outlet in order to provide enough friction to conserve mass and momentum.” 

 
L382. Should ‘and/or’ just be ’and’? The runs that included hillslope processes and 
had a fine channel network were best right? 
Not uniformly the best. The top performing model used a coarse network with hillslope process, so we 
wanted this and/or language to reflect that. 
 
L387. In addition to ref. Karlstrom and Yang, 2016 you could also include: 
Koziol, C., Arnold, N., Pope, A. and Colgan, W., 2017. Quantifying supraglacial meltwater 
pathways in the Paakitsoq region, West Greenland. Journal of Glaciology, 
as they too model channel incision. 
In addition to Yang et al, 2020 you could also refer to: 
Banwell, A., Hewitt, I., Willis, I. and Arnold, N., 2016. Moulin density controls drainage 
development beneath the Greenland ice sheet. Journal of Geophysical Research Earth 
Surface, v. 121, p.2248-2269. and Koziol, C.P. and Arnold, N., 2018. Modelling seasonal meltwater 
forcing of the velocity of land-terminating margins of the Greenland Ice Sheet. The Cryosphere, v. 12, 
p.971- 991 as they too couple SMB models to surface and subglacial routing models to examine 
basal water pressures. 
Cited as recommended. 
 
L398-405. You find very slow water transport rates on hillslopes here and suggest this 
may be due to slow transport through an ice crust. But what role does ignoring travel 
through lakes esp. while lakes may be filling play on your results? 
Per the larger discussion above, we are confident that lakes are treated effectively, if not explicitly.  
 
L427. You say “: : :parameters should be able to accurately appliable to flow route 
watering in: : :” This is not grammatically correct. Also, what is ’watering’? I’m not sure 
this statement is correct is it? Don’t you imagine there is a huge evolution on some of 
these parameter values over the summer? 
Well this sentence was certainly garbled! Our apologies for not thoroughly catching it.  This now reads 
“While we have here only reported flows during a verifiable 72-hour period, in theory our model 
parameters should be able to accurate route water in similar areas of the GrIS with similar network 
drainage patterns in similar seasons.” 
 
L434-5. Regarding this sentence, lakes may be filling over this period which would explain 
the discrepancy. Could it also be due to leakage into the ice sheet via crevasses? 



Both of these are plausible reasons, but we unfortunately cannot verify either. Please see our earlier 
response for how we have handled this valid concern. 
 
 
--- 
L29/30. ‘: : :explicitly including hillslope flow and routing runoff through a realistically 
fine channel network: : :’ It’s difficult to fully understand this without reading the rest of 
the paper. Could you somehow add “as opposed to not including hillslope processes” 
and “as opposed to a course channel network”? 
L38. ‘with unique and complex hydrologic process distinct from terrestrial hydrology’ 
This is rather convoluted. Could it just be changed to ‘which is distinct from those in 
terrestrial settings’? 
L27. ‘routed to match measured flows’ could be deleted as it’s repetition. 
L48. Should ‘ice’ be changed to "glacier" or "ice sheet" or "snow, firn and ice"? 
L80. ‘: : :at the global: : :’ 
L81. Is ‘paradigm’ a little grand? Would "approach" be better instead? 
L90. “: : :a model such as: : :” 
L90 change “science” to “understanding” ? 
L93. Suggest change ‘are interacting” to “interact”. 
L97/8. I think the semicolons would be better as periods. 
L120. Suggest change “: : :basin: we here: : :” to “: : :basin. Here we: : :” 
L115. Delete “(Section 2.2) as you’re referring to Smith et al 2017 here. 
L122. Delete “as” 

L124. Consider changing “: : :catchment. However: : :” to “: : :catchment, but the...” 
L134. Would “: : :2 m resolution portion of the ArcticDEM was obtained...” sound better 
than “: : :2 m resolution ArcticDEM DEM was obtained : : :”? 
L134 “The ArcticDEM has been: : :” 
L154. Suggest “: : :hydrology and its discharge values are frequently: : :” 
L154. Suggest “: : :(Gleason and Durand, 2020). Further reading: : :” 
L157. Suggest changing “and ending” to “to”. 
L192. “framework to guide” 
L204 delete “Rio Behar” 
L205 “ultimately” 
L212-214. Would it be better to say: “It would be possible to derive expected rates of 
incision (and additional meltwater supply) due to frictional heating of the channels, but 
without including a radiation budget and ice property data we could not model how: : :”paper 

L217. Could delete “ultimately” 
L219. Suggest “: : :higher order) and the fine network had seven: : :” 
L232. “: : :Section 3.2 is required: : :” 
L349. “: : :.large data sets: : :” 
L350. “Figure 5” 
--- 
 
Amended as suggested. Thanks for taking the time to document these thoughtful language edits! They 
are hard for us to see (having stared at the paper for far too long) and thus these really improve this 
manuscript. 
 


