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- 1. Regarding the rating curves (section 2.1). A more in-depth discussion about the
previous ratings curves is needed. Were they created with some of the 90% of the float
discharge measurements that now are discarded? Explain why they are so different.

In the paragraph that is dedicated to explaining these differences between the rating
curves in section 2.1, we suggest to change/add the following: “The latter two differ
from each other because of a revision in the cross-sectional area and larger availability
of float-derived measurements at high stage – Hasholt et al. (2013) used ca. 140 float
measurements to construct a rating curve. Yet because of the persisting problem of
measuring channel depth during intermediate and high discharge, we have to reject
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the (majority of the) float-derived discharge values for our study unless simultaneously
the cross section could be determined. The further increase that our rating curve yields,
we therefore speculate to be due to remaining uncertainties in cross-sectional area in
Hasholt et al. (2013), and/or uncertainties in deriving the channel average velocity from
surface float measurements in the rapid, supercritical flow through the irregular and
seasonally heavily sedimented channel 1 (Fig. 2).” We feel that this describes in more
detail on what grounds most float measurements were rejected, while also mentioning
that it is uncertain that float measurements can be used to estimate channel-average
flow velocities in this turbulent part of the river in the first place (see lower panel in Fig.
2 to get an impression).

- 2. Clarify what uncertainties are considered in the uncertainty estimates made with
each the three discharge methods.

We suggest changing/adding the following: 1) “The depth- and width-integrated water
flux has an uncertainty <10% combining sensor error, and bank-to-bank and depth in-
tegration of the point measurement, when the full width of the river is surveyed”. 2)
“Hasholt et al. (2013) estimate the float method to be accurate within 15%, represent-
ing the combined uncertainties in cross-sectional area, surface velocity determination,
and calculation of depth-average velocity, although below we argue this to be an un-
derestimate”. 3) “The combined uncertainty of each depth- and width-integrated river
discharge value, including sensor error in sediment-loaded water, is estimated to be
. . .”.

- 3. Regarding the gap filling method (section 2.2). Consider referring to the positive
degree-day melt model as a motivation for using temperature for gap filling. Also,
please provide the correlation/coefficient of determination and/or RMSE for fit between
the observations and the temperature-based model.

We suggest rewriting the relevant sentence in section 2.2 to: “Whereas locally melting
can be approximated by a linear temperature-index model, for the whole catchment
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draining in Watson River we find that a power law approximates the relation between
river discharge and air temperature (Fig. 4)”, followed directly by Eq. 2. As to the
second point, we can change the text to read: “FT equals 0.31 during the peak and
late melt season (July and after, when the ice sheet ablation area has little to no snow
cover), yielding a correlation of r = 0.74. FT is smaller (0.17) during the first half of the
year (r = 0.65). The correlations are good considering that temperature cannot serve as
a proxy for rain, jökullaups and other factors governing river discharge variability.” The
RMSE value of the fit is a less useful statistic when the fit error increases (substantially)
with temperature, and therefore we argue to stick to reporting correlation values.

- 4. Alternatively, forego the temperature based gapfilling method all together. The
paper would be simplified if the SMB model output with runoff delays would be used
for gap filling the river discharge time series rather than the temperature based model.
The advantage of the SMB model is that it physically based. This hinges upon that the
runoff delay can be developed without the gap-filled time series.

This is a good suggestion, yet we argue for keeping the gap filling (section), primarily
since we return to the relation between temperature and discharge when quantifying
hypsometric amplification later in the manuscript. Also, we feel that it is important to
inform the reader on how much of the discharge was not captured during low-flow situ-
ations in which the divers were not submerged, or during discharge events outside the
instrumented period each year. But rest assured, the delays are calculated excluding
the periods with temperature-derived discharge – as we suggest to make clearer in
section 2.5: “We achieve this by finding the highest correlation between (observed, not
temperature-derived) river discharge and catchment-total runoff . . .”.

- 5. Regarding testing the SMB model performance (section 2.3). It would be good to
quantify the difference between model estimates and the in situ ablation and accumu-
lating data.

A quantitative description of model vs measurement mismatch is given in the last para-
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graph of section 2.3. We suggest to elaborate by (re)writing: “Over the course of seven
melt seasons, the accumulated SMB at any time is modelled within 1.5 m ice equiva-
lent of the measured values in spite of 20-40 m elevation differences (Fig. 5). At the
end of the model run, the accumulated model error at the lower and middle weather
station site is negligible; at the upper site the model underestimate SMB by one meter
of snow, i.e. half a meter in water equivalent. The model annually overestimates winter
snow accumulation by 0-0.5 m ice equivalent at low elevation; Van den Broeke et al.
(2008) suggest that accumulation does not get recorded by low-elevation weather sta-
tions because snow mostly collects in the depressions between the ∼5-10 m diameter
ice hummocks. At high elevation, winter accumulation and summer ablation (melt) are
overestimated by up to 1 m ice equivalent in some years, which partially cancel each
other out in terms of SMB (Fig. 5)”.

- 6. Specify the uncertainties in the catchment delineation method and discuss the im-
plications on the results and conclusions. For example, consider work by Ben Hudson
about how DEM uncertainty propagates to catchment delineation (see ref by Carroll et
al.).

We suggest to add the following text to section 2.4: “Yet ice sheet catchment delin-
eation remains a relatively uncertain undertaking, e.g. due to uncertainties in bedrock
topographical maps (Carroll et al., 2016) that were minimized by Lindbäck et al. (2015)
by constructing a detailed bedrock map from ice-penetrating radar measurements. To
our advantage, the Kangerlussuaq catchment is relatively wide at 30+ km near the ice
sheet margin (Fig. 1), making its area-total runoff less sensitive to boundary shifts.
Also, the large majority of meltwater is generated at low elevation, where catchment
delineation is least uncertain due to its proximity to the watershed at the ice sheet
margin“. Since the catchment delineation and its uncertainties are the topic of the
Lindbäck et al. (2015) study, we propose not to repeat their methods in greater detail,
also because the main conclusions of our study are not sensitive to catchment size.

- 7. It is unclear how science question 1 is examined in section 3.2. The section
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appears to quantify the effect of the factor three inter-annual variability on hypsometric
amplification, but does not appear to explain it. It is a difficult section to follow so it may
be in there, but difficult to follow. Consider rewriting.

Thanks for pointing this out. We propose to firstly simplify the research question 1:
“Can we explain the large variability in ice sheet meltwater release by quantifying hyp-
sometric amplification?”, as well as question 2, to make them clearer and structured
similarly: “Can we explain the moderation of ice sheet meltwater release by quantify-
ing routing delays in the supra-, en-, sub- and proglacial environments?” Also, we can
rewrite the last paragraph of section 3.2 to read: “The Watson River discharge time se-
ries confirms the value of the hypsometric amplifier in the Kangerlussuaq catchment,
and thus that variability in meltwater release from the ice sheet is disproportional to the
variability in atmospheric forcing of melt. Yet the uncertainty . . .”.

- 8. The analysis about rainfall events and their impact on ice sheet meltwater produc-
tion presented in the discussion warrants some deeper analysis. First, provide a more
comprehensive identification of these events and how often they coincide with rainfall
events. Second, to prove your argument that the temporal mismatch between the red
and black lines in Figure 7 can be explained by rainfall events, run the SMB and routing
model without precipitation. The mismatch should then be reduced.

Concerning your first point: excellent idea. We suggest identifying rain events exceed-
ing 1 mm over a period of 6 hours, recorded by DMI in Kangerlussuaq, by adding +
symbols to Fig. 7. This gives direct visual confirmation on how some rain events are
captured well by the model, and some are not, leading to a mismatch between the
black and red lines (river discharge and ice sheet runoff, resp.). We attach a revised
figure. We suggest adding to section 4.4: “Meteorological measurements in Kanger-
lussuaq (Fig. 7; Cappelen, 2016) and near the ice sheet margin (Johansson et al.,
2015) confirm precipitation in these periods, with only the 2015 event not exceeding a
precipitation rate of 1 mm in 6 hours in Kangerlussuaq (Fig. 7j), and with positive tem-
peratures yielding the possibility of liquid precipitation over the ice sheet”. And also:
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“Figure 7 illustrates that during most precipitation event that generate a spike in ice
sheet runoff, the model performs well in capturing these events without overestimating
river discharge. A clear example of a heavy rain event that was modelled with accuracy
occurred in late August 2011 as described in detail by Doyle et al. (2015), (Fig. 7f).
Climatologically though, Kangerlussuaq is arid in terms of precipitation due to blocking
topography to the southwest (Van den Broeke et al., 2008; Johansson et al., 2015),
providing this study with the possibility to study routing delays in an environment where
complications by rain are minimal”. As to your second point, we argue that the model
performs very well in most situations with rainfall and that it only overestimates rainfall
rarely. Therefore a model run without precipitation would generally not improve mat-
ters. We trust that the suggested changes to the text make it clearer to the reader that
a modelled runoff overestimate occurs only in rare events, and that the outcome of the
study is not impacted by these occurrences.

- P2.L1: Clarify what you mean with “similar methods”

We suggest changing this to “the input-output method”, mentioned in the previous para-
graph.

- P2.L8: “did not quantify [it’s effect] as we do here”

Good addition, thanks.

- P3.L22: Rephrase. I think you are using one method (rating curve) to relate state and
discharge, but three different methods to measure discharge.

True. We suggest changing the sentence to: “For this purpose, we measure discharge
in three different ways”.

- P3. L29: Explain a bit more about how was the cross section area was determined.
Particularly, why couldn’t the area be determined for over 90% of the float discharge
data.

We propose changing/adding: “Only few measurements pass this criterion because
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during intermediate to high flow, depth probing by tethered weight or iron rod is impos-
sible, whereas we know there to be depth variations in channel 1 (Fig. 2) in excess of
2 m, due to erosion and deposition of bed load (sediment and gravel) (Hasholt et al.,
2013)”.

- P5. L10: Consider rewriting this. Pressure transducers may be installed through
winter if protected from freezing with anti-freeze liquid.

Watson River at the Kangerlussuaq bridge does not run dry in winter, but it freezes
over when water level is low, leaving the transducer encased in solid ice. We do use an
anti-freeze liquid to prevent minor frost damage during the melt season, but that offers
no protection for winter conditions. We can attempt to make this clearer by adding:
“Due to the risk of frost damage when encased in solid ice . . .”.

- P5.L26. Clarify if this is plus/minus 70 percent, or plus/minus 45 percent.

We will clarify by changing this to ±70%.

- P5.27: Rephrase, this is unclear. Will you get back to these equations to revise them
and update the river discharge dataset?

“We return to these equations later when we use them for quantifying ice sheet hypso-
metric amplification of meltwater release”.

- P5.L31-33: Confusing. Please rephrase.

We propose to shorten and clarify: “Hasholt et al. (2013) estimated the river discharge
to be 4-11% of the annual values during these data gaps in 2007-2010. We find a
smaller contribution during data gaps largely due to the revised stage-discharge rela-
tion”.

- P6.L4: Clarify how the model has been improved since van As et al. 2012. Some
modifications are clear (i.e. MODIS albedo) while it is unclear if precipitation is a new
modification or was part of the old model.
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Good comment, thanks. Two major changes/improvements were made to the model.
We can add to the text of section 2.3: “One of the two major improvements made
to our model is that we calibrated MODIS albedo . . .”. And also: “The second large
improvement to the model is an increase in temporal resolution. While for Van As et
al. (2012) the daily MODIS resolution was an argument for running the SMB model in
daily time steps, we recognize the need to resolve the daily cycle in ice sheet runoff.
Therefore the current model version runs at an hourly time interval with a fixed daily
albedo. The two above-mentioned, important changes to the Van As et al. (2012)
model impact the melt and runoff calculations mostly by increasing. The SMB model is
not in any way tuned to match river discharge.

- P7.L3: Rewrite equation so that it calculates albedo for each of the 100 elevation bins.

Note that this equation gives the correction factor to calculate “true” albedo from
MODIS albedo. It does not calculate albedo, which is still very much an observa-
tion by MODIS (though adjusted) used in this observation-based study. To clarify, we
suggest changing the text in section 2.3 to: “This is needed as we find from linear re-
gression that MODIS on average gives albedo values lower than those derived from
in-situ observations for solar zenith angles below ca. 74◦ (mean bias of 0.043): α_true
=α_MODIS + 0.114·cos θ_noon - 0.032 (3) where α is albedo and θ is the solar zenith
angle.”

- P7.L11: Explain where these in situ measurements originate from. Are they from the
AWS stations or the K-transect?

We can write: “To test the model’s performance, we compared its calculations of abla-
tion and accumulation with independent in-situ measurements from the three weather
stations.”

- P7. L24. Rewrite as this can be misunderstood. Meltwater runs over the surface in
ice sheet stream networks. However, Yang et al shows how these networks ends in
moulins far from the margin and is routed subglacially from there.
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Indeed – thanks. We suggest changing this to: “This delineation method is superior to
methods entirely dependent on surface slope (e.g. Van As et al., 2012) as moulins and
crevasses are abundantly present far from the ice sheet margin in the Kangerlussuaq
region, yielding subglacial meltwater routing over large distances (Yang et al., 2016).”

- P8. L30. Consider naming M, runoff to distinguish between meltwater production and
runoff, given that not all meltwater reach the river.

True, but here melt is estimated through a temperature-index method. It strikes us as
odd to call this runoff instead of melt. Instead we suggest adding: “This is a fair as-
sumption since meltwater retention in firn is of second-order magnitude for catchment-
total runoff in this catchment even during extreme melting (Machguth et al., 2016).”

- P10. L15. Clarify what the Zo sensitivity test is.

We can clarify be writing: “A sensitivity test in which we vary Z0 between values repre-
sentative of the lowest elevation of the regional ice sheet margin indicates . . .”.

- P10. 25: Clarify what you mean with four “equal” portions.

We suggest writing: “We divide the ice sheet in four portions of equal surface area, and
find . . .”.

- P10.L 28: How do the accumulation rates play a role in the calculation of the p-value.
Isn’t the p-value just a function of elevation distribution?

We mean to say that the shape of the ice sheet in east Greenland may be different due
to differences in accumulation. We propose to remove accumulation from this sentence
altogether: “This relatively high factor is likely caused by the eastern ice sheet being
bordered by high mountains, forcing the ice sheet to converge into valley glaciers with
a relatively small area at lower elevations, as opposed to the generally less irregular
margin elsewhere in Greenland.”

- P12. L16-27: The text about the development of englacial drainage system needs
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references or it should be made clear that those are speculations/hypotheses.

Agreed. We suggest adding a reference, and several words/phrasings to clarify what is
interpretation of results, and what is speculation: “. . .and an underdeveloped englacial
drainage system (Chandler et al., 2013). In July, commonly the peak river discharge
month (Table 1), routing delays and the spread therein are smaller as surface snow
is largely melted and presumably the englacial drainage system develops rapidly in
response to increases in water supply. The reduced delays are most relevant at the
lower and mid elevation bands from which most meltwater originates. Our results sug-
gest that development of the englacial drainage system can occur over the course of
mere days; for instance in the first half of July 2012, the drainage system shifted from
below-average efficiency (larger delays in Fig. 9a) to above-average (smaller delays
in Fig. 9b). After the peak of the melt season, in August, Fig. 9 suggests that the
englacial drainage system remains capable of efficiently routing the dropping water
volumes given the fact that delays are typically similar to those in July (Fig. 9c). In
September, routing delays increase, presumably as drainage channels close and hy-
draulic efficiency reduces, most notably at lower and mid elevation where hydraulic
efficiency is rapidly lost as water supply diminishes (Fig. 9d).”

- P12. L34. Figure 7 does not have monthly panels. . .

Thanks – we’ll change this to Fig. 9 as intended.

- P13. L18. Clarify what the “long-term” ablation area refers to.

We suggest replacing “long-term” by “multi-annual”.

- P13. L20. Clarify that these ice lenses are most likely to be in the higher elevation
areas.

No problem: “Therefore we consider the role of largely impermeable ice layers in the
firn of the high-elevation accumulation area (Machguth et al., 2016) to be minor for
peak river discharge and road dam washout (Mikkelsen et al., 2016).
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- P14. L19. Rewrite. Some conclusions are indeed about the magnitude of discharge

True. We can change this to: “In any case, changing the rating curve and thus the am-
plitude of the discharge signal does not impact our primary conclusions on hypsometric
amplification and routing moderation.”

- P15. L20. This reads as if all the peaks are due to the combined effect of rainfall and
melt. Is this true? It would be good to see the timing of the (modelled) rainfall events.

We suggest adding the word “can” to this sentence to avoid this interpretation – not all
discharge peaks stem from rain events. For the timing of the rain events we changed
Fig. 7 accordingly – see above.

- P16.L8. This can’t be seen in Figure 7. The delayed runoff agrees pretty well with the
observations throughout the whole season.

Thanks for finding this error. We meant to state 100, not 1000 m3 s-1. We now intend to
change the sentence to: “Figure 7 illustrates that modelled ice sheet runoff exceeds the
river discharge values by 100-200 m3 s−1 during springtime of all years except 2010
when accumulation during the preceding winter was well below average (Tedesco et
al., 2011).”

- Figure 1: Show the entire catchment.

We considered doing so already for the original submission, but found that adding the
missing half of the catchment results in too little detail about the comparatively narrow
proglacial area, the position of the discharge station, and the visible ice sheet features
in the ablation zone. As opposed to showing the entire catchment, we could instead
refer to a recently submitted study by Hasholt et al., who do show the entire catchment.

- Figure 4. The x-axis shows 10 day smoothed temperature, right? Please clarify.

Correct – we will correct this omission by adding “ten-day smoothed” to the figure
caption.
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- Figure 8: put the line about p=0 in the caption. Having it in the legend suggest that it
is a line represented in the plot.

Good idea, we will do as you suggest, and add to the caption: “Note that a linear slope
yields p = 0.”

- Figure 9: Be consistent and use day of year or real dates, but not both.

These are our considerations in removing one of the two date formats: 1) The panels
illustrate the delays per calendar month, therefore it would be odd not to mention the
month. 2) The interpretation of the figure benefits from a visual comparison with Fig.
7 that makes use of the day of year as horizontal axis unit – therefore we cannot omit
the day-of-year notation. We agree that using calendar dates only would simplify Fig.
9, but argue that there are clear benefits of having both date formats included in the
figure.

Interactive comment on The Cryosphere Discuss., doi:10.5194/tc-2016-285, 2017.
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