Author’s response to the comments received for tc-2021-31

The following pages contain a point-by-point reply to the comments provided by the two
referees that reviewed our first submission (TC-2021-31)

Each of the referee’s comment (RC) is numbered. If a comment contained several points, we
numbered them, and address them individually in our author replies (AR).

REVIEWER 1 - BEN MARZEION

[RC 1.00] (i) Compagno and co-authors introduce parameterizations for the evolution of debris
cover distribution and thickness into a glacier model, applicable on the large regional and global
scale. They derive the parameterizations, calibrate parameters based on observations (some of
them depending quite strongly on another model), and evaluate the parameterizations using
independent observations. They apply the model for projections of glacier evolution in the 21st
century in High Mountain Asia.

There is no doubt that the manuscript improves the state-of-the-art of how debris cover is
represented (if at all) in glacier mass balance models applicable to the regional and the global
scale. The advances presented in the manuscript clearly contribute significantly to our
understanding of how relevant debris cover is in shaping the future of glaciers. The manuscript is
generally well written and the results are generally presented well, but | also have a relatively large
number of minor or technical comments and suggestions.

(ii) There are, however, a few issues with the manuscript that are more substantial. | believe that
the authors will be able to address them, and | don’t believe that the main conclusions of the
manuscript will change. But since they could only be addressed in extensive revisions to the text
and/or additional analyses (see below for details), | consider them major.

[AR 1.00] (i) We thank the reviewer for the very positive feedback and for the review.
(ii) Below, we have addressed all issues raised by the reviewer. The manuscript was updated
accordingly.

Major comments

[RC 1.01]- The estimation of debris cover thickness (L91-99) is very unclear to me:

(i) why is “observation” in “observations-based mass balances” in quotes? (ii) how is the energy
balance model that you apply on each glacier calibrated, ie., and how are the glacier-specific
@strem evaluated? (iii) What is the reasoning behind Eq. 1, and the meaning of the “free
parameters” i_debris and k_debris? | appreciate that you cannot repeat the manuscript of
McCarthy et al. here, but the description needs to be understandable in principle without going to
the reference (even if it was accessible to readers, which it is presently not). (iv) Probably | just
don’t get it, but | am also left a bit puzzled why a temperature-index melt model is applied for the
projections if the authors have an energy balance model that can deal with debris cover and is
applicable for each glacier, and which the authors trust so much as to not only estimate debris
thickness, but additionally glacier-specific @strem curves.

(v) I have a similar difficulty following L154-166: may the problem is that it remains unclear
whether the goal of the equations is to mimic a physical understanding of the debris effect (such
that it is possible to explain the “meaning” of the different parameters), or to parameterize the
shape of the @strem curve. Could, e.g., g be called a “melt modification” parameter (or



“enhancement factor”, as in Fig. S1) for the temperature index parameter? And is the goal of Eq.
3 to create the shape of the Jstrem curve for g? (vi) It might be helpful to include an example of a
parameterized @strem curve with labels for the different threshold and critical values of h (i.e., a
schematic version of Fig. S1 including the names of the parameters — and potentially 2 or 3
different curves for different parameter values).

(vii) Finally, more needs to be said on the uncertainties of the estimated debris thicknesses.
Otherwise, it is very hard to make sense of the relevance of e.g., the thickness differences
presented in Fig. 5.

[AR1.01] (i) ‘Observations’ was in quotation marks because the SMB data of Miles et al. are not
observations in the traditional sense, i.e. they are not derived from measurements made in the
field or directly from satellite imagery. Instead, they are calculated from geodetic mass balance
estimated from satellite data (Brun et al., 2017) by solving the continuity equation for each glacier.
In addition to the geodetic mass balance data, this also requires ice thickness (taken from
Farinotti et al., 2019) and surface velocities (taken from Gardner et al. 2019). These new estimates
of altitudinal resolved glacier mass balance (which we referred to as observations) are then used
in McCarthy et al. to calculate debris thickness. Stated differently: the approach by McCarthy et
al. uses the estimates as observations that the inversion aims at matching. Since we recognize
that the text was somewhat unclear, we reformulated it. In particular, we now avoid the wording
“observation” (see iii).

(ii) The energy-balance model in the study by McCarthy et al. (in review) is not calibrated: it is a
physical model with physical parameters (e.g. conductivity) for which we use values reported in
the literature, and a model that requires meteorological variables as input. We recognize that both
the physical parameters and the input meteorological variables have uncertainties. This
uncertainty is estimated in a Monte Carlo framework in which both are perturbed within their
expected uncertainty ranges. This allows for generating the mass balance data which are in turn
used to determine the @strem curves. The @strem curves themselves are not validated since the
limited observational evidence precludes it. Instead, we validate the calculated debris thicknesses
using all available in-situ debris thickness data with satisfactory results (see McCarthy et al., in
review). Note that the work by McCarthy et al. is now available on a preprint server (
https://doi.org/10.31223/X5WW5B ) thus making the full description of the methods directly
accessible.

We added the missing information in the manuscript at L. 97-117 (see iii for suggested text).

(iii) Equation 1 describes the conceptual relationship between debris thickness and sub-debris
melt rates that is represented by the @strem curve. The free parameters iyepis aNd Kyepris are
determined for each glacier by fitting a curve of the form given by Equation 1 to (a) the surface
mass balance generated using the energy-balance model, and (b) the debris thicknesses used as
input to the energy-balance model. We reformulated the entire paragraph, in order to make the
procedure clearer.

L. 97-117: ‘The debris thickness maps are based on McCarthy et al. (in review), and were obtained
through a simplified surface-mass-balance inversion procedure similar to Ragettli et al. (2015) and
Rounce et al. (2018). Due to the physical nature of the procedure, the energy-balance model and
the Ostrem curves (see below) do not need calibration. The debris thickness maps are however
evaluated using a high number of available in-situ data (148007 data points on 13 glaciers) on
debris thickness, showing good agreement (see McCarthy et al., in review).

To generate the Dstrem curves, in a first step, the energy-balance model was run at randomly
chosen points on the surface of each considered glacier, and with debris thicknesses and debris
properties randomly chosen within expected physical ranges. These Dstrem curves are expressed
as:



- Tdebris ° kdebris

h+ kdebris (1)

where b is the local surface mass balance, e and kyeris @re parameters to be determined, and h
is the debris thickness (m). Note that equation 1 has similarities with the Hyper-fit model of
Anderson and Anderson (2016), and Anderson et al. (2021a, b), although we note that the two
approaches differ in the number of parameters and their interpretation. In a second step, the mass
balances inferred by Miles et al. (2021) were used together with the fitted Dstrem curves (Eq. 1) for
each elevation (i.e. assuming that englacial and basal mass balance is negligible) to determine the
debris thickness maps used in this study. The so-obtained information represents the supraglacial
debris conditions for the period 2000-2016. With the method described above, McCarthy et al. (in
review) estimate a mean debris thickness for the debris-covered part of all glaciers in HMA of
0.34m (with an uncertainty between 0.15 and 0.76 m). The uncertainties are asymmetric because
surface mass balance is less sensitive to debris thickness as debris thickness increases, and are in
line with other studies (e.g. Rounce et al., 2021). For our purposes, the spatially-distributed debris-
cover information is divided into elevation bands of 10 m whilst the @strem curves were directly
added into our mass balance module (see section 3.1).”

(iv) There are two main reasons for why a temperature-index approach is used for the forward
projections: (1) Running a distributed energy-balance model over the whole of HMA and up to the
year 2100, would be computationally unfeasible; the energy balance model in McCarthy et al. was
run at the point scale, with one point for each elevation band of each glacier, and this alone
required a very large computation effort. (2) An energy-balance model requires additional
meteorological forcing (e.g. wind, humidity, solar radiation) which may be much more uncertain in
future simulations than it is in the meteorological reanalyses.

(v) The goal of Equation 2 is to mimic the relationship between debris thickness and sub-debris
melt in a manner that is appropriate for an empirical, temperature index model. We sought for a
simple, functional relationship that can be represented in the GloGEMflow framework. As such,
the parameters do not have a strict physical meaning.

We hope that with the reformulation of L. 97-117 (cf. 1.01 iii) of our method is clearer. Further, we
clarified the meaning of ‘g’, which is a factor enhancing ablation when debris is present.
L. 185:'The factor g (which acts as a factor enhancing ablation due to debris) depends on [...]’

(vi) As suggested by the reviewer, we added a figure with different curves for different parameter
values, and a visual explanation of Eq. 2 and 3.
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Figure S1: ‘Schematic of the melt enhancement factor g (dimensionless) as a function of debris
thickness for three different glaciers (green lines). The colored, dashed boxes show regions in
which the different cases of Eq. 2 and 3 apply.’

(vii) The uncertainty in our debris thickness estimates is moderately high. This is because of the
variety of input datasets required by McCarty et al. (in review) and because of our conservative
error propagation approach (in which the uncertainty accumulates).

For the whole of HMA, we estimate a mean debris thickness of 0.34 m (with an uncertainty of
between 0.15 and 0.76 m). We note that similar relative uncertainties are produced by, e.g.
Rounce et al, (2021).

We added the overall debris thickness uncertainty (cf. AR 1.01 iii) and the glacier-specific
uncertainty in Fig. 1
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Figure 1. (a) Extent of HMA glaciers (white) as per Randolph Glacier Inventory version 6 (RGI
Consortium, 2017). The three main RGI regions (Central-Asia, South-Asia-West, and South-Asia-
East) are shown by blueish, reddish, and greenish colours, respectively. RGl second order regions
are labelled individually. Three glaciers are highlighted to illustrate glacier-specific model results
(red spheres with numbers). (b & ¢ & d) Map of the three highlighted glaciers with their mean 2000-
2016 debris thickness given by colours (scale in panel b). Glacier outlines and debris thickness are
from RGI Consortium (2017) and McCarthy et al. (sub.), respectively. For each glacier, V is the
glacier ice volume according to Farinotti et al. (2019a), A is the glacier area according to RGI 6.0,
Adebris IS the debris-covered area, and hgepis is the mean debris-cover thickness according to
McCarthy et al. (sub.). (e & f & g) Glacier hypsometry (area per 10 meter elevation band) and
debris-covered area distribution at inventory date. n is the number of glaciers within each region
(RGI Consortium, 2017) Map source: Natural Earth.



[RC 1.02] (i) | don’t quite understand the reasoning behind Eq. 4, specifically of including
abs(b_z,t): if we assume a generally negative glacier-wide mass balance (B_(t-9,1)), an anomalous
positive local mass balance would increase the fraction of debris cover in the elevation band,
according to this equation. (ii) Similarly, if the glacier-wide mass balances were generally positive,
a local negative mass balance would decrease the fraction of debris cover. l.e., the assumption
that b_z,t is always negative in the elevation bands where debris is present seems a bit strong to
me, (iii) and I’'m wondering what the impacts are around the ELA altitude, where the sign could go
both ways. (iv) The same question applies to Eq. 6. (v) Also, please clarify whether c_lateral and
c_thickening are global or glacier-specific parameters. (vi) Finally, the choice of ten years as a
time scale in these equations is not justified nor calibrated. It may be hard to calibrate and
evaluate, but it would be good if the authors point out to which degree this is arbitrary, or whether
there is a more substantial argument for ten years.

[AR 1.02] (i) In Eq. 4 (and also in Eq. 7, formerly Eq. 6), abs(b,,) is the local mass balance of a
certain elevation band, where the glacier is debris-covered. The term abs(b,,) accounts for the
fact that if we assume a constant debris concentration within the ice, the amount of released
debris is proportional to the local melt: if locally there is a higher melt rate, also more debris
should be released by the melted ice.

The glacier-wide mass balance B_(t-9,t), instead, decides upon the sign of the equation. E.g., if a
glacier showed a negative balance during the last 10 years, then we expect that the debris
fraction will increase. This is because more debris is melted out and because the ice-flow rate
(which evacuates the debris from the surface) will decrease. This increase in debris fraction is
observed on manly glaciers with negative mass balance (e.g. Stokes et al., 2007; Bhambri et al.,
2011; Bolch et al., 2011; Shukla and Qadir, 2016; Tielidze et al., 2020).

With a neutral glacier-wide mass balance, instead, our equation results in a debris fraction that
does not change in time. Indeed, the debris would be roughly in balance with the glacier mass
balance in such a case, and would respond primarily to external forcings (e.g. long-term changes
in debris supply and glacier dynamics’ response to its geometry). Finally, if the glacier-wide
balance is positive for a certain period of time, we expect a general debris-fraction decrease. This
is because less debris would be melting out and because the increasingly higher ice flow speed
would contribute for debris to be evacuated from the glacier.

In the reviewer’s example, where we have a generally negative glacier-wide mass balance and an
anomalously positive local mass balance, both the local debris cover fraction and thickness
would increase if the positive anomaly occurs below the ELA. However, it is impossible to have a
positive local mass balance below the ELA at the same time with negative glacier wide balance. It
could only occur with anomalously high local show accumulation, which cannot be captured with
our accumulation model (thermal inversion, shaded areas or cloudy hotspots are not accounted
for).

Therefore, we assume that the local positive mass balance is above the ELA, i.e. where it is not
possible to have debris cover on the surface. Indeed, the debris cover in the accumulation does
not matter in the model, because of snow cover.

We imagine that the reasoning behind Eq. 4 and 7 was not understood because the information
that debris can not exist and therefore expand on the glacier surface where there is snow the
entire year (i.e. accumulation) was lacking.

We added this information in the manuscript and in Eq.4 and Eq. 7:
L.224-225: ‘Note that this equation is only applied in the glacier ablation zone. Debris cover is not
permitted in the accumulation zone.’

Eq. 4:
Yzt = Vz,t—1 + abs(bz,t) . B(t—g,t) : (_1) *Vz,t—1 * Clateral, ifz<FLA



Eq. 7:
hz,t = hz,t—l + abS(bz,t) ) B(tfg,t) i (_1) : h_O Cthickening, if Yz t—1 = Oand 2 < ELA

(ii) This is correct, if the glacier-wide average mass balance of the last ten years is positive, a
locally negative mass balance would decrease the fraction of the debris cover. B,; does not
change sign in the equation, because the sign of the equation is determined by B4, On debris-
covered glaciers, often there is a negative anomaly in local mass balance (compared to a clean
ice glacier) in the upper part of the ablation area, where there is a low fraction of thin debris.
Therefore, we expect the change in debris-cover fraction and thickness to be highest in the area
with a low fraction of thin debris, rather than on the lower part of the accumulation area, where
the ice is often close to stagnant (of course also here the debris will decrease, with a positive B.

9:0)-

(iii) If there is debris close to the ELA, our approach causes the debris fraction (and also the
thickness) to increase when the glacier-wide mass balance is negative and to decrease when it is
positive. However, remember that the model does not admit debris above the ELA.

(iv) Here the principle is exactly the same as described above (see point “i”
for the debris thickness evolution.

), but is now applied

(v) c_lateral and c_thickening are regional parameters, i.e. the same values are applied for the
entire HMA. Unfortunately, there is insufficient data on debris-cover evolution to make these
parameters glacier-specific. We added this information in the methods and calibration sections:

L206-207: ‘c_lateral is a regional debris-cover extension parameter which is calibrated to minimize
the difference between observed and computed lateral expansion of debris (see section 4.2)’
L249-250:’c_thickening is a regional calibration parameter for the debris-cover thickness
evolution. It is constrained based on observations (see section 4.2)’

L303-304: ‘'The mean value [of c_lateral] is used for all further modelling, i.e. the same value is
applied for all glaciers in HMA [...]

(vi) The time window of 10 years is meant to account for the time it takes for the debris cover to
respond to a long-term change in the glacier-wide mass balance. Indeed, we do not expect the
debris fraction or debris thickness of a glacier to respond to the mass balance on a year-to-year
basis. Due to the lack of data for the temporal evolution of debris, it is impossible to determine
the exact and optimal length of this time window. The length of 10 years is based on our gut
feeling and judgment. We added this information in the manuscript.

L209-212: 'Since there is not enough observational data that would allow constraining the
parameter, the time window of 10 years, which accounts for the time it takes for the debris cover
of a glacier to respond to changes in the glacier-wide mass balance, is based on our own
judgment.’

[RC 1.03] Comparison between “explicit” and “implicit” treatment of debris cover: | think one of
the strongest points of the study is the possibility to evaluate how “wrong” glacier models are that
are not taking into account debris cover explicitly. As is pointed out in the paper — and depending
on the calibration scheme of the respective model - they often do take it into account implicitly,
through the calibration using observations that include the effect of debris cover. Unfortunately,
this possibility is mostly left unused in the manuscript. | would like to suggest to add a focus on
this, as it would be straightforward and quite informative. Some examples of simple analyses: (i)
what is the distribution of the differences of DDFs between explicit and implicit treatment of



debris cover in GloGEMflow? (ii) How does the performance of the mass balance model change
when debris cover is treated explicitly? Does it (significantly?) reduce RMSE or increase
correlation of observations, etc.? l.e., how do figures S2 and S3 change when the debris cover
parameterization is introduced? | appreciate the difficulty of getting this into the (already quite
long) paper, but | would argue it is quite central to address these questions when introducing a
new parameterization. To some degree, this has been done (e.g., Fig. S11) — but not for the mass
balance model. | can well imagine that there are no significant changes in mass balance model
performance — but it would be good to point this out, because | would argue that representing
more processes without significantly deteriorating the performance of a model is already a good
step ahead, given the limitations of data availability for calibration and evaluation.

[AR 1.03] (i) We added the analysis requested by the reviewer in the manuscript. In line with the
rest of the study, the analysis shows that the difference in degree-day factors is relatively small
when modelling the debris cover explicitly or implicitly.

1.465-469: ‘Aggregated over all of HMA (glaciers with area > 2km?), and considered in terms of
glacier volume and area changes, the difference in the results between explicitly and implicitly
modelling debris cover is relatively small. On average, DDF,.,is of 3.49 mm d”' °C”" when the
debris cover is modelled explicitly and of 3.55 mm d’ °C" when it is modelled implicitly. However,
on the single glacier scale the differences in DDF,, are larger (e.g. 0.47 mm d' °C" for Langtang
and 0.20 mm d’' °C’" for Inylcheck).’

(ii) We analysed the performance of the mass balance model when implicitly modelling debris
cover (Figure R1), and the RMSE, bias and distribution are extremely similar to when the debris
cover is modelled explicitly (Figure S2).

However, this is due to the fact, that the majority of the glaciers which are in the WGMS are clean
ice glaciers. Therefore, we decided to not put this analysis and Figure R1 in the manuscript.
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Figure R1: ‘Evaluation of modelled annual glacier-wide and per elevation bands mass balance
when implicitly modelling debris cover with observations from 21 glaciers provided by the World
Glacier Monitoring Service (WGMS, 2020).’

Minor comments

[RC 1.04] L10: since the focus of the manuscript is on the effect of debris cover, it would be more
interesting if the impact of debris cover on projections was given instead of the totally projected



mass loss. E.g., “explicitly accounting for debris cover in the projections only has a minor effect
on the projected mass loss, but improves the representation of processes on the intra-glacier
scale” (or something similar, based on Sect. 7.1).

[AR 1.04] We changed the sentence as suggested by the reviewer.

L10-12: ‘Explicitly accounting for debris cover has only a minor effect on the projected mass loss,
which is in line with previous projections. Despite this small effect, we argue that the improved
process representation is of added value when aiming at capturing intra-glacier scale, i.e. spatial
mass balance distribution.’

[RC 1.05] - Throughout the manuscript: the authors often refer to the “module”, but in many
places the word “parameterization” would be more correct. | would suggest distinguishing
between the parameterization and its implementation as a module of GloGEMflow, in order to
increase clarity.

[AR 1.05] The word ‘model’ is used for GlIoGEMflow, which is divided into several ‘modules’ (e.g.,
mass balance, ice flow, and debris-cover), and each of these modules has various
‘parameterizations’. We recognize that the wording was inconsistently used in in different places
of the manuscript (e.g. L. 105, 316,318, and 380) and we corrected these.

[RC 1.06] - L27-30: it might be worthwhile here to be a bit more specific by explaining the impact
of debris based on an energy balance perspective instead of “ice melting” (i.e., albedo, thermal
conductivity, reduced turbulent fluxes of heat and water vapor, etc.).

[AR 1.06] We thank the reviewer for this suggestion. We have modified the text as follows:
1.29-36: 'The presence of debris at the ice surface has the effect of reducing the surface albedo
and increasing the net shortwave radiation (Owen et al., 2003; Reid and Brock, 2010). When
debris is particularly thin and/or patchy, this excess energy can be readily conducted to the ice,
thus enhancing melt rates (e.g. Ostrem et al 1959; Reznichenko et al, 2010; Fyffe et al, 2020).
However, for thicker, continuous debris layers, the increased isolation layer allows for high debris
surface temperatures (often >15 ° C), thereby increasing both the outgoing longwave radiation
and the turbulent energy fluxes directed away from the surface (e.g. Nicholson et al, 2006; Steiner
et al, 2018). This results in a reduced and delayed conduction of energy to the glacier ice, leading
to a progressive reduction of melt with increasing debris thickness (e.g. Ostrem 1959;
Reznichenko et al., 2010; Anderson and Anderson, 2016; Rounce et al, 2021).’

[RC 1.07] - L31-32: | would argue that debris cover would evolve in response to any non-zero
mass balance, also if there was no “additional” disequilibrium between glacier geometry and
climate conditions.

[AR 1.07] We changed the sentence into:

L37-39: ‘Since glaciers are presently far from equilibrium (Marzeion et al., 2018; Zekollari et al.,
2020; Miles et al., 2021), their debris cover is evolving through time (Stokes et al., 2007; Bhambri
etal.,, 2011; Bolch et al., 2011; Shukla and Qadir, 2016; Tielidze et al., 2020).’

[RC 1.08] - L39-41: if the relatively constant debris cover in the Karakoram region is to be
explained by neutral or slightly positive MB in the region, it is not an exception from what was
explained above, which referred to negative MB.

[AR 1.08] We changed the sentence into: ‘In the Karakoram region, instead, positive and negative
debris-cover changes offset one another during the past 40 years.’



[RC 1.09] L43-44: Sentence is a bit unclear: | think what you want to express is that the mass
balance profile of a debris-covered glacier may have a local minimum at mid-elevation?

[AR 1.09] We reformulated the sentence into:
L. 48-49: ‘Indeed, the mass balance profile of a debris-covered glacier may have a local minimum
at mid-elevations, especially if the ice is clean (i.e. not covered by debris) at that elevation.’

[RC 1.10]- L71: the references to Marzeion et al. 2020 and Edwards et al. 2021 are a bit strange
here: it would make more sense to compare the results with projections obtained from the same
model, but without applying the debris cover evolution parameterization.

[AR 1.10] We agree. We removed the references.

[RC 1.11]- L104-117: it is not clear here whether only the debris extents are used for calibration
and validation, or whether additionally, debris thicknesses are estimated for different time periods
as well, in order to evaluate the modeled thickness evolution as well (I don’t think so, but please
specify).

[AR 1.11] The Hexagon and the Landsat images are used for the calibration and validation of the
evolution of both the debris area and thickness. Indeed, in section 4.2.2 we calibrate, and in
section 5.2.3 we evaluate the debris-thickness evolution using such images (combined with the
debris thickness dataset of McCarthy et al., in review). We added this missing information in the
manuscript:

L.128-130: ‘To calibrate and evaluate the parameterizations used for describing the evolution of
both debris area and thickness (see section 3.2), we use multiple Hexagon and Landsat satellite
images acquired between 1973-1976 and 1987-2019, respectively.’

[RC 1.12]- L129-131: suggest to rephase for clarity, e.g.: “... we use 53 members of the CMIP6
ensemble (Eyring et al., 2016) from X different GCMs, covering 5 SSPs (5 members for SSP119
and 12 members for all other SSPs).”

[AR 1.12] We reformulated the sentence as suggested by the reviewer.

[RC 1.13]- Sect. 2.3: it remains unclear here whether you use the MB data for calibration and
evaluation of the glacier-wide modeled mass balances, or also for the evaluation of the mass
balance profiles.

[AR 1.13] We reformulated two sentences of this section, to clarify which type of data we used for
calibration, and which for the evaluation.

L.136-137: ‘To calibrate the mass balance module of GloGEMflow, we rely on glacier-wide
geodetic volume changes available for 2000-2019 (Hugonnet et al., 2021).’

L.742-143: ‘To evaluate the mass balance module, we use independent data from in-situ
observations provided by the World Glacier Monitoring Service for 21 glaciers (WGMS, 2020).’

[RC 1.14]- L131-135: would it be correct to state that you use only anomalies from the GCMs,
while keeping climatology from ERA5? The phrasing in the manuscript - “a set of additive and
multiplicative corrections” - seems a bit unclear to me.

[AR 1.14] In a certain way, yes. If every dataset would be perfect and the grids would be
consistent, such a de-biasing would not be needed. However, since there is a bias between ERA-
5 and GCM results in both temperature and precipitation, as well as significant differences in
spatial grid resolution, this bias has to be adjusted. In our approach, we assume that ERA-5
should be ‘closer to reality’ compared to the GCMs given its higher spatial resolution and the



rooting in observational data sets. Therefore, the GCMs are ‘adjusted’ on the ERA-5 dataset, in
order to have a seamless time series from the past into the future.

Since explaining the complete procedure would need about two paragraphs, and in light of the
manuscript length, we prefer to keep this shorter version (which is the same as used in
Compagno et al., 2021b). Additional information about this procedure is also available in Huss &
Hock, 2015, as mentioned in the manuscript.

[RC 1.15]- L172: this was mentioned before, but why actually are surging glaciers excluded from
the application of the debris cover parameterization? Because of difficulties in calibration and
evaluation, or because of more fundamental, physical reasons?

[AR 1.15] We deleted the repetition.

Concerning the surging glaciers: there are two difficulties. Firstly, the specific mass balance
inferred by Miles et al., (2021) leverage glacier surface velocity and elevation change data
products spanning approximately 20 years, but based on different temporal sampling. Even if a
surge was represented in both datasets (experience shows that this is rarely the case), the rapidly
changing debris conditions during a surge would invalidate the debris thickness inversion. More
fundamentally, even if we could estimate the present-day debris thickness for these glaciers (e.g.
as done by Rounce et al, 2021), we argue that the temporal evolution of the debris cover for
surging glaciers is not controlled by the processes emulated by our model.

[RC 1.16]- L212-219: (i) it is not quite clear to me which variables are used for the regression
here: do you calculate a regression of ELA over time, and then use the slope of the regression
directly — or do you have a constant of proportionality (L213 says “proportional t0”)? (ii) | also
would argue that claiming “no calibration parameters” is a bit bold, because some choices (e.g.,
new debris thickness of 1 cm, expansion by Eq. 5) seem a bit arbitrary to me (the authors point
that out). It is the authors’ choice not to calibrate them, and it may not be possible to do so, and |
think they should say so explicitly.

[AR 1.16] (i) We agree that this was unclear. We first calculate a regression of ELA over time, and
then use the slope of the regression directly. We added under which conditions Eq. 5 can be
applied, and we added Eqg. 6 which shows for how many elevation bands Eq. 5 is applied at time
t. Here a copy of equation 5 and 6 and of the modified sentence (1.231-234):

_ Yz—1,t +’Yz+1,t dELAt_g,t <0

5 , ifvy,,1=0and 2 < ELA and I . o)

'72,t

This process is discretized within elevation bands of 10 m. The amount of elevation bands h
without debris at time t-1 that can gain debris from a nearby elevation band at time t (we use
yearly time steps) applying Eq. 5, is equal to the rise of the ELA over the last ten years, determined
using linear regression of the values ELA(t-9,1), i.e.

dELA;_g
Hh=—""22
dt-10 (6)

(ii) We reformulated the sentence to make clearer that it was our choice to not calibrate this. The
reason is to be found in the need of very accurate data.

L.240-241: ‘The procedure was not calibrated due to the need of a considerable amount of
accurate data. An evaluation of the performance is found in section 5.2.2.°



[RC 1.17]- L294: it is unclear why two values, each with uncertainties, are given for what | would
expect to be a range (two values with no uncertainty) or a number with uncertainties.

[AR 1.17] We changed the values into two ranges, like requested by the reviewer
1.320: ’[...] (on average between 1979-1983 and 1990-1996 in this study) [...]’

[RC 1.18]- Fig. 5: the Figure seems excessively complex from the perspective that the tabulated
values (right part of the figure) do not seem to play any role in the analysis of the results. | would
suggest to remove this part. Also: | don’t understand the definition of DC_frac.

[AR 1.18] We deleted the tabulated values, and adapted the caption accordingly. By doing so, we
deleted also ‘DC_frac’, which is the fraction in area of the debris cover. E.g. DC_frac=0.3 means
that 30% of the glacier area is debris covered.

[RC 1.19]- Sect. 5.1: this should be expanded significantly, see major comment above.

[AR 1.19] We added an analysis and a plot of the validation of the mass balance model when
modelling debris cover implicitly (cf. AR 1.03).

[RC 1.20]- Sect. 5.2.3: I'm wondering how the difference between activated and non-activated
thickness evolution compares to the uncertainty of the estimated debris thicknesses in the
“observations” used for evaluation.

[AR 1.20] The uncertainties in the estimates of debris thickness in the “observations” (results
based on McCarty et al., in review) are significant (cf. AR1.01 vii). This is in line with what we
showed in the manuscript, i,e. high glacier-to-glacier variance and a rather weakly contained
value of Cthickening-

[RC 1.21]- Fig. 8: (i) | don’t understand the meaning of the colored numbered circles in panels a
and c, and the illustration in panel b. | guess the intention is to point out the relevant processes
for different locations and times for changes in debris distribution on the glacier, but since all
three parameterizations are active all times, it's hard to get a specific meaning (especially in panel
c). | would suggest to remove this. (ii) Also: please point out how the maps (panel c) are drawn,
given that the model only “knows” elevation bands. | guess the red outlines are simply based on
elevation?

(iii) Finally: instead of panels f and i, please consider only showing the differences between
implicit and explicit treatment; as is, they are very hard to see (which of course is relevant in itself,
but maybe not the main point here).

[AR 1.21]

() we removed the colored numbers.

(i) This is a result from extrapolating from 1D to 2D only used for the plot, to better illustrate the
model results. The detailed method used for this is described in the supplementary material.
We rephrased the sentence that provides this information.

Fig. 8: ‘ (c) Model results extrapolated to 2D (see Supplementary Material for the method used
for extrapolating from one to two dimensions, and note that the extrapolation is for
visualization purposes only, i.e. it does not affect the presented results)

(i) we changed panels f and i, into plots of differences between explicit and implicit treatment, as
requested by the reviewer. We changed panels f and i also for Baltoro and Inylchek glaciers
(Fig. S5 and S6). Accordingly, also the caption was changed. Fig.8: for every SSP, (f and i)
show the difference in glacier volume and area obtained when explicitly and implicitly
modelling the debris cover.’



[RC 1.22]- (i) L395: whether the mass balance gradient is “erroneous” in that case is not clear,
unless it is shown that the explicit treatment of debris cover actually improves the model’s
representation of the mass balance gradient (see major comment above). (ii) Also: in Fig. S7, |
think the last sentence in the caption should read “higher mass balance gradient with elevation of
(b)” (not “(a)”).

[AR 1.22] (i) we changed the sentence into: ‘In that case, however, surface mass balance
gradients would not consider the effect of debris cover [...]'.
(ii) we corrected the figure caption.

[RC 1.23]- L441-443: this statement is not well backed-up by the analyses presented, at least not
as categorically as it is given here: there is no evaluation of the impact of the parameterizations on
model performance regarding local mass balance, glacier length, or runoff. | agree that the results
including the parameterizations are more plausible — but it is not a correct/incorrect-situation, and
it has not been shown that the model’s performance did in fact improve.

[AR 1.23] We admit, ‘captured correctly’ was a bit strong. We rephrased the sentence into:
1.472-475: ’Indeed, quantities such as the local mass balance, the glaciers’ ice flow velocity and
mass turnover, the glacier’s length change or water runoff are only captured adequately when
explicitly accounting for supraglacial debris and its temporal evolution.’

[RC 1.24]- L458: | would also argue that uncertainty arises from parameters that are not
calibrated here; e.g., the time scale for debris cover expansion/thickening, new debris thickness.

[AR 1.24] We agree that there are also uncertainties coming from the parameterization itself and
all the parameters which are within it. We added an additional paragraph, in order to clarify that
also other uncertainties exist (cf. AR2.04 v).

Il. 597-508: ’ Additional uncertainties arise also from the parameterizations themselves (Eq. 4,5
and 7).. In a simplified but realistic way, our approach aims to parameterize the evolution of debris
cover on glaciers, and is based on debris-evolution patterns observed in the last decades.
However, this is not the only way how debris evolution can be parameterized. E.g. we could
explicitly (instead of implicitly, see section 3.2.3) account for debris re-distribution dynamics, like
debris advection and/or debris compression (e.g. Anderson et al., 2021b). We decided to include
such effects impilicitly (1) because of the absence of data to calibrate and validate a more complex
parameterization and (2) due to the small sensitivity of volume and area evolution to changes in the
debris-cover evolution when considering the entire region (see previous paragraph).’

[RC 1.25]- L461: the “little impact” is, however, comparable to the magnitude of switching the
parameterizations completely off.

[AR 1.25] This is true. However, for specific glaciers it is more substantial (see I. 494) and we did
not expect such a small influence of debris evolution on the total regional volume evolution. Even
if the magnitude is comparable, a sensitivity analysis has to be done, in order to know how
sensitive, the model is to changes in Cjaera @8N Cinickening-

[RC 1.26]- L464-465: unclear whether these numbers refer to the sensitivity analyses (changing
c_thickening and c_lateral) of to completely switching the parameterizations off.

[AR 1.26] We added the missing information in the sentence:

L495-497: ‘However, volume differences for individual large and strongly debris-covered glaciers
can be as high as 18% when the debris-evolution module is disabled (e.g. Langtang Glacier 2 %,
Baltoro Glacier 8 % and Inylcheck 1 %).’



[RC 1.27] L528-529: by affecting the MB gradient, debris cover would also impact methods of ice
thickness estimation based on mass continuity — wouldn’t it?

[AR 1.27] Indeed. We added this information in the manuscript.

Il. 566-568: ‘This results in turn in a reduced mass turnover, with consequences for the future
evolution of the glacier’s geometry, the modelled surface ice velocities, or the methods that use
considerations of mass turnover for estimating glacier ice thickness (for overviews, see Farinotti et
al., 2017, 2021).”

Technical comments and suggestions

[RC 1.26]- L1: grammar: not the area is altering the surface mass balance, but the debris cover.
[AR 1.26] Corrected. L1 ‘[...] glacier area is debris-covered, that alters its surface mass balance.’
[RC 1.27]- L4-5: grammar: "the module" was previously called an "approach"; therefore better
(instead of "the module"): "... we implement a parameterization into ..." or "We derive a
parameterization and implement is as a module into...".

[AR 1.27] Corrected with reviewer’s second suggestion.

[RC 1.28]- L8: replace "the model" with "GloGEMflow", in order to prevent misinterpretation with
"the module”.

[AR 1.28] Corrected.

[RC 1.29]- L10: replace "projections in the literature" with "previous studies”.
[AR 1.29] Corrected.

[RC 1.30]- L11: replace "modelled" with “projected".

[AR 1.30] Corrected.

[RC 1.31]- L18: reference to IPCC (2019) should be replaced with reference to Lee et al. (2021),
i.e. Chapter 4 of the 6th assessment report.

[AR 1.31] Corrected.
[RC 1.32]- L47: add “distribution” after “thickness”.
[AR 1.32] Added.

[RC 1.33]- L57: delete second “by”, otherwise it implies that it was the first projection generally
for HMA glaciers.

[AR 1.33] Done.
[RC 1.34]- L66: I'm not sure if you can “extensively calibrate” a parameterization, since there is

simply a given number of parameters; | suggest to apply the word “extensively” only to
“evaluate”.



[AR 1.34] Changed.
[RC 1.35]- L81: replace “condensed” by “simplified”.
[AR 1.35] Corrected.

[RC 1.36]- L75: the number of glaciers should be referenced (e.g., “... all 95536 glaciers
contained in the RGI...”

[AR 1.36] Added.

[RC 1.37]- Fig. 1: (i) maybe a matter of taste, but the overlapping panels make the figure look a
bit messy to me; (ii) “red spheres” are red circles; (iii) please indicate uncertainties of V, h_debris
and A_debris (if relevant) in panels b-g; (iv) “map source” is the background elevation data set?;
(v) why is panel f highlighted with a thicker frame?

[AR 1.37] (i) We changed the configuration of the figure. Now the panels are not overlapping
anymore; (ii) corrected; (iii) we added the uncertainty for the ice volume and debris thickness
h_debris. We did not add the uncertainties of the debris-covered area A_debris because they are
not available. (iv) Corrected; (v) No reason. We corrected the frame thickness.

[RC 1.38]- L86: grammar: “a surging glacier” (singular).

[AR 1.38] Corrected.

[RC 1.39]- L89: in reference, comma before Jstrem is missing.

[AR 1.39] Added.

[RC 1.40]- L91: wrong parenthesis for references.

[AR 1.40] Corrected

[RC 1.41]- L104: “see Sect. 3.2”

[AR 1.41] Corrected

[RC 1.42]- L129: delete “Interim” (hint: the title of the reference Hersbach et al., 2019, includes
the words “goodbye ERA-Interim”)

[AR 1.42] Corrected

[RC 1.43]- L138: “is illustrated”, not “are”
[AR 1.43] Corrected

[RC 1.44]- L251: fix phrasing in reference.
[AR 1.44] Corrected

[RC 1.45]- L252: delete “of”.

[AR 1.45] Corrected



[RC 1.46]- L254: please indicate the default values for the DDFs, in case step 2 of the calibration
is never done.

[AR 1.46] The default value for DDFg,, is 3 mm d-1 °C-1. Therefore, the default value for DDF,., is
6 mm d-1 °C-1. We added this information in the mansucript at L. 279: ‘If the second step is not
needed, the default value of 3 and 6 mm d’ K" are used for DDF,,,,, and DDF,, respectively.’
[RC 1.47]- L278: replace “spread” with “uncertainty”

[AR 1.47] Corrected

[RC 1.48]- L278: “results’”, not “result’s”

[AR 1.48] Corrected

[RC 1.49]- L290: not the sensitivity of the value is evaluated, but the sensitivity of the results to
the value.

[AR 1.49] Corrected. L. 316: ‘This value and the result’s sensitivity are evaluated in section 5.2.2.°
[RC 1.50]- different places in the manuscript: the year 2020 is given as both using ERA5 and
CMIP6 data as forcing; | guess the use of CMIP6 only starts in 20217 Or is the transition really
within the year 20207

[AR 1.50] The transition year is in 2020, i.e. the model is forced with ERA5 until 2020, and from
2021 onwards with CMIP6.

[RC 1.51]- Fig. 4 caption: typo “derbis”.
[AR 1.51] Corrected

[RC 1.52]- Fig. 4: panel a: suggest to delete “Identify” from the title; panel c: suggest to label
X_axis with c_lateral for consistency.

[AR 1.52] We did the modification of the figure as requested by the reviewer

[RC 1.53]- Fig. 11: add explanation of dashed horizontal lines to caption. Also point out that this
figure covers HMA, not the globe.

[AR 1.53] We added the missing information in the caption of Fig. 11: ‘Comparison of modelled
volume changes with values from Marzeion et al. (2020) and Edwards et al. (2021).’

‘The dashed lines correspond to the mean volume changes of this study.’

[RC 1.54]- L531: suggest to remove “appreciation”.

[AR 1.54] Removed

[RC 1.55]- L537: remove “availability”.

[AR 1.55] Removed
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