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Dear Editor,

We are grateful for the reviewers’ comments and suggestions that we found very constructive. We have
followed all major recommendations by the reviewers, which will improve the manuscript. Most
importantly, we found that our interpretation of the bimodal MODIS albedo distributions from 2013 were
not due to a shift from clean to dirty ice, but a shift from snow to an ice covered surface. We will update
the manuscript accordingly. We will also add a new analysis of MODIS albedo distributions from 2012
that exhibit a more complex pattern than in 2013. In 2012, darker ice surfaces are exposed and are
gualitatively different than other ice surfaces. Thus, we believe our revised manuscript of albedo of
different ice surface types will provide a contribution to understanding Greenland ice sheet albedo in the
ablation zone. We will revise the title of our manuscript to: Multi-modal albedo distributions in ablation
zone in southwestern Greenland ice sheet. In addition, we would like to include three new coauthors to
the manuscript who all made contributions to the revisions - Drs. L. Koenig, M. Hom, and C. Shuman.

A detailed response to each of the reviewers concerns and comments follows below.

In our response, we restate reviewers’ comments and follow up with our responses in blue text.
We use italics to highlight text that will be added or rewritten in the manuscript revisions. There
might be minor changes to the manuscript from what is presented below to ensure the text flows
well.

Sincerely,
Samiah Moustafa
PhD Candidate, Rutgers University



Response to comments by Dr. Pope

Response to comments on the Introduction section

1.

**Surface albedo is defined as “is defined as the ratio of reflected to incident solar
radiation upon a given surface (Schaepman-Strub et al., 2006).” However, that paper
explicitly calls out the ambiguous use of the term “albedo.” Even in common usage (as
bihemispherical reflectance), “albedo” can refer to either the entire spectrum of solar
radiation or the visible part of the spectrum (IASC Mass Balance Glossary). | do appreciate
the desire to be pithy and concise, but I think it would help comprehension if you were more
explicit in the introduction and through with the types of reflectance being compared and
the wavelengths implied.

e In the revised manuscript, we follow the advice of Dr. Pope and provide a more
unambiguous term for surface albedo — identifying it as the bihemispherical reflectance
across the visible and near-infrared wavelengths (case 9 in Schaepman-Strub et al., 2006).
Throughout the manuscript, we provided explicit terminology for different types of
reflectance and associated wavelengths as requested.

**The first paragraph continues on to describe positive albedo feedbacks as observed in
previous studies. The was confusing to me as the reader because those studies (as
summarized by Stroeve) show “The downward albedo trends indicate both a reduction in the
duration of snowcover over low albedo bare ice, and an expansion of the bare ice area
(Box et al., 2012; Tedesco et al., 2011).” This paper, on the other hand, avoids snow
altogether and instead describes change in albedo on clean/dirty ice surfaces and
cryoconite. This juxtaposition was misleading to at least this reader. To me, it would have
been clearer to me to immediately move on to the more relevant content of the 2nd
paragraph. (Another way to say this is that many studies focus on the whole of the GrIS —to
be self-consistent, this paper should be highlighting studies / processes which focus on
what happens after bare ice is exposed.)

e We will rewrite the first paragraph to include reduction in snow cover as another mechanism
for albedo decline. It reads:

Over the last decade, an observed decline in albedo has been linked to less summer snow
cover, expansion of bare ice area, and enhanced snow grain metamorphic rates from
atmospheric warming, amplified by the melt-albedo feedback (Box et al., 2012; Stroeve et
al., 2013; Tedesco et al., 2011). This positive feedback entails snow grain growth owing to
melt, reducing surface albedo,...

e We have decided to keep the first paragraph in the manuscript because it serves to draw the
reader’s attention to the importance of surface albedo on the GrlS, as well as its role in
modulating the mass balance of the ice sheet (via the ice-albedo feedback and snow grain
metamorphic rates).

**Page 4740, Lines 13-15 affirm that negative albedo trends are “linked to a darkening of the ice
surface from increased surface coverage of meltwater, cryoconite holes, and impurity-rich
surface types (Bgggild et al., 2010; Chandler et al., 2014; Wientjes and Oerlemans, 2010).” It
would be clearer to say that ablation facies have expanded relative to accumulation facies (i.e.

Box:

“the strength of albedo feedback is determined more by the surface albedo decrease
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associated with a loss of seasonal snow cover than the reduction in snow albedo due to snow
metamorphosis because of the large difference between snow and bare ice albedo values.”)
rather than this sentence, which implies darkening ice surfaces, which is not previously
substantiated in the literature as far as | am aware.

We have corrected the text as requested. The revised text will read:

Furthermore, negative albedo trends since 2000 (Box et al., 2012) are linked to an
expansion of ablation facies relative to accumulation facies.

Response to comments on the ASD Data Collection section

3.

5.

**You mention the use of a foreoptic for solar illumination collection. Was no foreoptic used
at all for data collection? And if not, were data collected with the sensor oriented in different
directions horizontally so as not to bias measurements on particular sensor fibers? Also, was
each spectrum really only 5 samples, or was each sample actually also a repeat of ‘x’
scanes (e.g. 25-50 scans), as is standard with ASD software?

We have rewritten the methods section to clarify that the ASD was fitted with a Remote
Cosine Receptor (RCR), but no additional fiber optics was attached. We also clarified that
each of the five consecutive samples consists of 10 dark currents per scan and 10 white
reference measurements. The new text will read:

The ASD was mounted on a tripod at 0.4 m distance, and with no foreoptic attached (i.e.,
bare fiber), had a 25° field-of-view, corresponding to a spot size of ~0.18 m diameter on the
surface.

At each sample location, five consecutive spectra consisting of 10 dark currents per scan
and 10 white reference measurements were recorded and averaged.

**You say that aASD is averaged over the whole spectral range (of 325-1075 nm).
Instead, for better comparison with MODIS as is done later, would it make more sense to use
MODIS relative spectral response functions to weight the spectra? Or does the increased
MODIS range (300-3000 nm) really change the comparison enough already to make this not
worthwhile?

We have revised our methodology to compute aasp as a weighted average based on
incoming solar radiation in each wavelength described in response reviewer 2 General
Comment #4. This should provide a more accurate value for aasp. We will revise the
manuscript text to make it very clear that the comparison between aasp and ouop are not
directly comparable. We decided not to calculate aasp based on the spectral response of
MODIS for two reasons. First, as Dr. Pope points out, the limited spectral range of the aasp
compared to MODIS will not allow a calculation of a directly comparable variable. Second,
we don’t aim to make a comprehensive validation between oywop and aasp, but rather use
MODIS qualitatively to provide spatial and temporal context. While the absolute values will
differ, the difference between the two products should not change spatial and temporal
patterns.

**Your regression aASD vs oMET as presented on Page 4746 / Figure 4 seems very
skewed to the datapoint on the left. Afterall, aASD ranges from 0.45 to 0.6 beside that
one 0.15 value, while the aAMET are well spread between 0.3 and 0.65. To me, this puts
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into question the regression (and use of a 40% variance statistic). While | think there is
likely some truth to your statement that “The discrepancy is likely due to differences in exact
sample locations and instrumentation”, | think your regression puts the ASD and MET data
into question more than reinforcing their intercomparison.

e We have replotted Figure 4 and updated it with revised aasp values calculated with the
broadband albedo calculation described in response to reviewer 2 General Comment #4.
Furthermore, we discovered that the outlier point was identified as ‘low quality’ and
included in the figure by mistake. The revised figure shows a stronger fit between the two
variables. The figure is shown below:
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Figure 4. Broadband ouase (blue dots) and o, (Pink dots) vs. otasp and ouer (i.€., both opase and oop)
measurements fitted to a linear regression equation (R? = 0.67). The value of aasp error is based on the
standard deviation of individual oasp measurements.

Response to comments on the Melt section

6. **Small note: Page 4748, Line 16 makes an assumption about net longwave radiation
being negligible for surface melt. Since you go on to later talk about relative rates anyway,
you might not need to state this assumption, and just acknowledge you are addressing
shortwave flux only? Either that, or back up your assumption with a reference.

e We will revise the text to acknowledge that we are only addressing shortwave flux
here in our computation of relative surface melt rates as suggested.

Response to comments on the Distribution Discussion section

7. **Page 4750, Lines 15-22: | might be misunderstanding, but these humbers don’t all seem
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to match up. E.g. the difference between 5.8 and 7.0 is 1.2, not 2.3. Or am |
misunderstanding? Same comment for the subsequent set of numbers, too.

Indeed, the numbers are incorrect. We corrected this error and the numbers now match up.
These revised numbers will also be updated in Figure 8 and Table 4.

These values were originally provided in units of m d* and converted to SI units of ms™.

**Fig 12: The term “spatial scale” is ambiguous to me. As | understand it, you are
varying the spatial extent, not the spatial resolution. Apologies if | misread that. SO — this
figure is possibly two populations that are snow & ice, as opposed to “ice” and “dirty”.
Could you address how you are sure that there is no influence of snow in the scenes? Also,
why else would he the spatial extent matter (as opposed to being able to see things at
different spatial resolutions, i.e. small patches of dark things wouldn’t be resolved, etc.)

Yes, we are varying the spatial extent and not the spatial resolution. In the revised
manuscript, the term “spatial scale’ will be replaced throughout the text to instead reflect the
less ambiguous term “spatial extent’.

After carefully analyzing the conditions in our study area in 2013, we have come to the
conclusion that snow did in fact influence the MODIS scenes. As will become clear in the
response to reviewers 1 and 2 below, we have made major revisions to the manuscript to
address this issue.

Snow did influence the probability density distributions (PDDs) at the MODIS 100x100 and
150x150 spatial extents in 2013, as seen in Figure 12. The bimodality identified for the
100x100 MODIS pentad averages is likely associated with the population of snow and ice
surfaces.

To verify the presence of snow in our study area and MODIS spatial extents, we examined
hourly precipitation and air temperature measurements collected by a meteorological station
installed near the ice sheet edge (at the proglacial and ice sheet margin interface). Near
surface air temperature measurements from the shorter Base Met Stations time series were
also examined to demonstrate roughly how much colder it was on the ice. To confirm that
solid precipitation fell, we used NASA’s WorldViewer to browse daily MODIS reflectance
imagery (bands 7-2-1 and 3-6-7) to identify textural or brightness changes related to
precipitation events. The identification of snowfall events will be added to the Methods
section.

Several precipitation events occurred throughout the 2013 melt season as shown in the
figure below. Two snowfall events were identified on 28-29 June and after 14-15 August.
The 28-29 June 2013 precipitation event has been identified as a snowfall event. NASA
WorldViewer imagery reveal cloud cover on 28-29 June followed by a brightening of the
surface on 30 June. The 28-29 June snowfall event corresponds to the bimodal distribution
observed in the MODIS 30 Jun - 4 July pentad average (see Figure 13), corresponding to a
brief ‘jump’ in the PDD (associated with higher albedo values of ~0.6 and 0.7). The bimodal
distribution seen in the 2013 MODIS data is associated with a transition from ice to snow,
rather than clean to dirty ice. The results of this snowfall event, and its role in creating a
bimodal distribution in the MODIS 2013 data will be added to the Results section, and
further fleshed out in the Discussion section.
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New Figure. Summer 2013 precipitation (left y-axis; black line) and near surface air temperature (right y-
axis; blue line) time series collected from a meteorological station installed at the edge of the pro-glacial
tundra environment. Base Met Station near surface air temperature time series is available from 8 — 26
June 2013 (green line). The difference in tundra and ice sheet near surface air temperatures is ~3 °C. The
zero degree line is in red.

To verify our findings in 2013, we also included an analysis of possible snowfall events in 2012 based on
precipitation and air temperature meteorological station time series data, as shown in the figure below.
Snowfall events likely occurred on 6 and 13 June 2012, prior to the start of the meteorological station log
(8 June 2012), and on 14-15 August 2012, based on NASA WordViewer imagery. Calculation of
100x100 MODIS 2012 pentad averages reveal that the only exception to low albedo averages is on 6
June 2012, when snow likely fell (as verified with NASA’s WorldViewer and tundra meteorological
station data; see figure below and our response to reviewer 1 Major Comment #3 below). The results
of the 2012 snowfall event identification, as well as its impact on MODIS albedo and pentad averages
will be added to the Results section.
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New Figure. Summer 2012 precipitation (left y-axis; black line) and near surface air temperature (right y-
axis; blue line) time series collected from a meteorological station installed at the edge of the pro-glacial
tundra environment. The zero degree line is in red.

**Qverall in figs & discussion: | think the term “bimodal distribution” really needs to be used with
caution (as opposed to single peak with a shoulder, wide peak, etc.) as this has important
implications for later interpretation.

e After revising our work and discovering more complex albedo distributions, we agree with the
reviewer, and have adopted a more cautious and nuanced approach to writing about our results
and their interpretation.

Response to Anonymous Referee #1

Response to General comments

Although Moustafa et. al. touch a very interesting and important research topic (i.e. the
seasonal evolution of ice surface types in the GrIS ablation zone) that is very rele- vant for
(future) surface mass balance estimations, there are several main issues and a variety of
smaller comments that need to be clarified and corrected (see major and detailed comments
below).

Generally, | do think that Moustafa et. al. are overcriticizing the existent SMB models while
simultaneously overinterpreting their own results. For example, the latest genera- tion of SMB
models does take the major variability in ablation zone albedo into account (i.e., snowfall events,
spatial variability (e.g. Van Angelen et. al., 2012). Therefore they should already account for the
major albedo variability in this study, which | also tend to attribute to (degraded) snow and spatial



variability. In that context, | do believe they are obtaining results that are very close to the results
obtained by Alexander et. al. (2014). Moreover, by comparing the differences in melt relative to
melt with unrealistic high ice albedo values of 0.7 they are overestimating the impact of their
study.

In the response to the reviewer’s major and minor comments below, it will become clear how we have
addressed the reviewer’s general comments. Briefly, we have revised the manuscript to better represent
the state-of-the-art surface mass balance models, recalculated in-situ ASD albedo values (now more
realistic), and clarified how our study differ from Alexander et. al.’s study, thereby strengthening the
weaknesses pointed out by the reviewer.

2 Response to Majorcomments

1. Moustafa et. al. state motivate their work based on the clear separation be- tween the
albedo schemes of ablation zones in current surface mass balance models (e.g. in
RCMs) and the albedo values they observe. In their motivation they implicitly take two
assumptions. Firstly, they assume that a constant and spatially uniform ice albedo is
being used throughout the ablation season in the existent SMB models and,
consequently, they assume there is no seasonal variation in the ablation zone albedo.
Secondly, they assume that last winter’s or wind redistributed snow does not play a role
in their data and, consequently, they assume that they are observing only evolution of
ablation zone ice surfaces.

e We will revise the manuscript and better described SMB models and acknowledge that SMB
models represent seasonal variation in ablation zone albedo. For example, we have rewritten
the introduction to say:

State-of-the-art SMB models consider the presence of water ponding, bare ice, and snow
surfaces to characterize seasonal variations in ablation zone albedo (Alexander et al., 2014;
Van Angelen et al., 2012).

e We have also added an analysis to consider the possibility of snow cover in explaining high
albedo values. Indeed, several high albedo events are likely due to snowfall and expansion
of snow-covered ice. Further details are provided in the response to Dr. Pope’s Comment #8.

2. Although I agree 100% with the importance of understanding/assessing the seasonal evolution
of ablation zone albedo, | don’t agree with this separation. Firstly, because recent SMB models
(e.g. in RACMO; Van Angelen et. al.,, 2012) take the spatial variability in ice albedo into
account (e.g., spatially variable ice albedo background map that accounts for spatial differences in
dark material, etc.). Secondly, because snow in these models also results in a bimodal albedo
distribution (e.g. Fig. 5 of Van Angelen et. al. (2012)) as short term snowfall periods or re-
distribution of blowing snow on top of the underlying ice can result in variations in ablation
zone albedo (i.e., here the bimodal distribution is the result of the deposition/change/removal
of the snow layer on top of the ice layer). Thirdly, they assume that the observed changes in
albedo are completely independent of snow (redistribution) events, whereas | think the observed
fractions of white ice are very closely related to these (earlier) snow events. Therefore, | do
not see this clear separation between ablation zone albedo in SMB models and evolution of
ablation zone albedo in this study.

e After conducting further analysis, we agree with the reviewer, to a large extent. Indeed,



the bimodal distribution seen in MODIS albedo data in 2013 was due to differences in
snow and ice covered area (see response to Dr. Pope’s Comment #8). We will update the
manuscript throughout to correct our error. However, we expanded our analysis to also
include MODIS albedo data observed in 2012. This analysis is explained in reviewer 1
Major Comment #3 below and shows that ‘dark’ ice regions exist, but were not visible
in 2013 due to snow cover. Thus, our claim that dust and sediment on Greenland’s ice
sheet surface can influence surface albedo stands.

3. Although | agree that SMB models don’t have the evolution of ice surfaces (e.g. dust
deposition/accumulation, cryoconite development, roughness evolution, etc.), they do have
variations in ablation zone albedo (e.g. on top of a spatially variable ice background (Van
Angelen et. al., 2012) or as a function of ponding water (MAR)) as a result of the
deposition/redistribution of snow which also results in a bimodal distribution. I am convinced that
large part of the albedo evolution in Fig.6 is closely related to this bimodal distribution
(presence/absence of snow or at least the remnants in the form of white ice) which is also in the
SMB models if they model it correctly. For example, if I look at Fig. 13, | have the impression
that this ‘bimodal distribution’ is the effect of the presence of snow or degraded snow (which you
call white ice), which perhaps is also in Alexander et al. (2014). Therefore, | think you should
prove that this bimodal distribution is effectively not the result of the disappearing (already
degraded) snow instead of the evolving ice itself (i.e., completely independent of previous
snowfall events) and/or what the contribution of (degraded) snow to this bimodal distribution is?

e Asexplained in our response to reviewer one’s Comment #1 and Dr. Pope’s comment #8, we
concur with the reviewer that the bimodal distribution in Figure 13 is due to snow. However,
the albedo evolution in Figure 6 cannot have been caused by presence/absence of snow
alone. We will revise the manuscript to clarify that Figure 6 shows albedo for the two
MODIS pixels that overlap with our transect and that snow had melted from this region
before mid-June 2013. We will also clarify that there were no snowfall events in this area
between 9-25 June 2013. Finally, we will revise our text to acknowledge that while albedo
has a slight negative trend from June to mid-August, there is variability that could be caused
by occasional snowfall events.

e While the 2013 MODIS albedo bimodal distribution shown in Figure 12 and 13 actually are
a result of snow and ice albedo, subsequent analysis of MODIS (MOD10) 2012 data, for the
100x100 spatial extent pentad averages, reveal a more complex distribution (see figure
below). This distribution cannot be explained due to the presence/absence of snow and ice.
Very low albedo values are likely due to sediment and dust-enriched ice in the so-called
‘dark-band’ region (see figure of spatial distribution of 100x100 MODIS albedo data in 2012
and 2013 below). In the revised manuscript, this new analysis will be included to provide
evidence for the importance of low albedo surfaces caused by surface dust and sediments. In
our revised discussion, we hypothesize that higher resolution satellite imagery (finer than
MODIS) might capture such regions closer to the ice sheet margin. Furthermore, we
postulate that the area of these regions may grow in size over the melting season as
demonstrated on local scales by Chandler’s in-situ observations.

e Here, 2012 MODIS pentad averages exhibit more variability and center at lower albedo
values (between ~0.3 — 0.5 albedo values) as compared to 2013 pentad averages (see figure
below). The higher probability of substantially low albedo values is expected since 2012 was
identified as an extreme melt year (e.g., see Nghiem et al., 2012). These points will be
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brought up in the Results section along with its implications in the Discussion section (e.g.,
this greater variability may be related to changes in meltwater ponding).
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New Figure. MODIS 100x100 spatial extent pentad average albedo distributions for the 2012
melt season. Note, the 20-24 June pentad (yellow stippled line) is erroneous due to an outlier in
the MODIS data for on 21-22 June 2012. This figure will be updated accordingly.
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4. You state the ‘seasonal changes in GrIS ablation zone albedo are not exclusively a function a
darkening surface from ice crystal growth’ and | do completely agree. The current SMB models
do not claim that either for the ablation zone, because the major variability the ablation zone
albedo in these models is driven by the deposition/change/disappearance of snow.
Consequently, these models also have the bimodal distribution with sudden changes (e.g.
sudden disappearance of snow or the suddent albedo reduction due to localized melt within
the snowpack). Again, here you will have to prove that the bimodal distribution is effectively
not the result of the disappearing (already degraded) snow instead of the evolving ice itself (i.e.,
completely independent of previous snowfall events) and/or what the contribution of (degraded)
snow to this bimodal distribution is?

e Indeed, after careful analysis, we found that the 2013 bimodal distribution was due
to the presence of snow and ice. However, in 2012, a more complex distribution
emerges as the snow melt, revealing a region of lower albedo known as the “‘dark-
band’. We explain how this has been addressed in the revised paper in reviewer 1
Comment #3 above. Furthermore, we will correct our manuscript text to clarify that
the presence/absence of snow cover is an important driver for surface albedo.

5. Is the spatial or temporal variability of importance? | do have the impression that the spatial
variability in “ice albedo’ is an order of magnitude more important than the temporal variability
(E.g., the difference between pixel 1 and 2 is bigger than the within pixel variability, certainly if
you assume that the biggest temporal variability is driven by appearance/disappearance of
snowfall (e.g. 29/6 or 7/7)). If you then take into consideration that for example VVan Angelen et.
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al. already accounts for the spatial variability in ice albedo, the uncertainty of the existing
SMB?’s, which is the motivation for your research, reduces significantly. | certainly think this
should be discussed in your paper.

e In our revised manuscript, we will explain that the spatial distribution of snow cover and
background ice albedo is very important to understand the temporal change in MODIS
distributions in 2012 and 2013. For example, in 2012 when snow melt is more pronounced
and reaches higher elevations, the ‘dark band’ is exposed and results in a mode with lower
albedo.

e We will rewrite our Introduction section to acknowledge that the SMB model RACMO2 (as
implemented by van Angelen et al. (2012)) accounts for spatially distributed ice albedo, and
considers the impact of black carbon contaminants on albedo. Finally, we will rewrite our
Introduction to make clear that the motivation for our research is not to critique SMB
models, but to understand ablation zone albedo because of its role in ice sheet surface
ablation.

6. Although | agree with the Short Comment of Pope that it is good that you provide so much
information on the processing of the ASD data, | think large part of this processing (e.g. section
3.4 and Fig. 2-3) can be moved to a supplementary material as | think it diverts the reader of
your main message. Moreover, some of this processing should be improved (e.g., the use of
different wavelengths, etc.) to avoid wrong interpretations (see detailed comments).

e We will dedicate the information related to the ASD data processing to an Appendix section.
This new appendix will include section 3.4 and Figures 2-4. This appendix will describe our
improved processing that address the concerns raised by the reviewers about accounting for
wavelengths (see response to Dr. Pope’s Comment #4) and in the Detailed Comments
below.

7. The hypothetical albedo distributions based on ASD albedo (400-700nm) values for distinct
surfaces and the fractional surface coverage area from Chander et. al. (2014) is prone to many
assumptions that are wrong or difficult to justify. Therefore, it is very difficult to draw any
conclusion from it. In my opinion, it is an interesting thinking exercise, but it stays far from the
real bimodal distributions that will be much more blurred due to i) broadband values instead of
overestimated albedo differences in the 400-700nm, ii) uneven standard deviations for different
surface types (see detailed comments). This blurring is also what | tend to see in Fig. 10 and
therefore | would remove this analysis as it will give you an overestimation of the real bimodality.

e The authors believe that incorporating the computed albedo distribution analysis is an
important part of the study. To our knowledge, no other studies have attempted to theorize
and characterize the albedo distributions of distinct surface types in the ablation area of
the GrlS. In the revised manuscript, we will correct the issues raised by the reviewer,
namely i) correct calculation of broadband albedo and ii) provide different standard
deviations for each surface type.

8. By comparing melt rates relative to the early summer ice melt rates, the underestimation in the
existing SMB models and the importance of this study is overestimated. For example, existing
SMB models with a fixed ice albedo use values of typically 0.5-0.45, but that locally go much
lower (e.g. Van Angelen et. al. 2012), whereas Moustafa et. al. compare melt relative to melt with
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albedo values of 0.7. Off course, this will result in strong increases in melt rate when compared
relative to unrealistic high ice albedo values with unrealistic low melt rates.

e We will clarify that the melt rate calculations were made to examine the seasonal changes
in MODIS albedo. No comparison with SMB models was made. Furthermore, we will
remove the last sentences in the conclusions that stated that SMB models need to
incorporate seasonal evolution of surface types. We will rewrite the conclusions to make
it more nuanced, and it will read:

Continued atmospheric warming coinciding with a darkening ice surface will increase the
ice sheet surface meltwater production and runoff. Here, we show the importance of the
distribution of dirty ice surfaces, which are likely the result of accumulation of impurities
melted out from internal ice layers rather than contemporary deposition of atmospherically
transported dust. Future research should investigate the importance of surface
accumulation of impurities and if its surface area can change to significantly influence GrlS
albedo and surface ablation.

Response to Detailed comments

1. p4738 L 7 “excluded in surface mass balance models” : Depending on how you define a
surface mass balance, | do not completely agree. For example, VVan Angelen et. al. (2012)
included a spatially variable background albedo in RACMO which accounts for the spatial
variability in surface properties once the snow is gone. Also MAR, for example, allows for
ponding water, etc..

e We will add in that these surface properties, such as ponding water, and snow spatial
distributions, are characterized in SMB models. See also our response to reviewer 2 Specific
Comment #2.

2. p4738 L20: “are not exclusively a function of darkening from the surface from ice crystal
growth”: that is absolutely true, but the existent models also do not claim that. See major
comments 1-3

e This particular line does not include a reference to SMB models. However, we hear the
reviewers concerns about ensuring accurate representation of the state-of-the art SMB
models, and believe that the many revisions to our manuscript described at many places in
this response address those concerns satisfactorily.

3. p4739 L22-28: Any idea what the effect of increased roughness on the changes in albedo
is?

e We will add a sentence describing the current understanding about roughness
changes, albedo and melting. It reads:

Not many studies have quantified the effects of surface roughness on bare ice albedo
in the ablation zone, besides macroscopic surface features (e.g., Warren et al., 1998;
Zhuravleva and Kokhanovsky, 2011). Chandler et al. (2014) indicates that seasonal
development of topographical features, as well as the transition from snow to bare
ice, can have implications for sensible and latent heat fluxes, yet is rarely
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characterized in the ablation zone.

e In the discussion section, we will mention a need to address this in follow up
research. It will read:

Future work should examine the importance of increased surface roughness on
changes in albedo.

4. p4740 L7: Add “and crevasses and other types of roughness begin to form” ?

e We will add ‘crevasses and other types of surface roughness’ as an additional
mechanism for lowering surface albedo in the ablation area, as requested.

5. p4740 L24-28: You are perhaps too optimistic about satellite albedo estimates and too hard
for the RCM albedo description. This should be more nuanced.

o We will rewrite this sentence to make it more nuanced. The new sentence reads:
Remotely-sensed and modeled albedo has been validated with ground measurements from
dispersed Greenland Climate Network Automatic Weather Stations (GC-Net AWS; Knap and
Oerlemans, 1996; Steffen and Box, 2001). These comparisons reveal that MOD10 satellite
product provides albedo estimates with an overall RMSE of 0.067 (Stroeve et al., 2006).
Early implementations of RCM used constant albedo values for bare ice or very simple
schemes, which resulted in very large intra-model differences in runoff (42% Vernon et al.,
2013). More recent RCM implementation allow for spatially distributed bare ice albedo that
evolve with grain size growth and contamination of black carbon on snow (Van Angelen et
al., 2012, Alexander et al . 2014).

6. p4749 L28: "relatively smooth terrain™ | understand what you mean, but this might be
confusing for the non-experienced reader. I would change it to "lack of surface roughness
in the RCMs"

e We will change the text to ‘lack of surface roughness in the RCMs’ instead of ‘smooth
terrain in the RCMSs’ as requested.

7. p4749 L29: Perhaps it is worth to mention the Van Angelen et. al. (2012) already has a
spatially variable ice albedo scheme.

e We will revise the text and mention the existence of ‘a spatially variable ice albedo
scheme in RCMs (Van Angelen et al., 2012)’.

8. p4741: L9-29: | think this section, which provides a complete summary of your
manuscript is perhaps too long as it reads more as an abstract.

e We have shortened this paragraph as requested.

9. p4743 L8: “in close proximity”: is close proximity enough when you have only a 1.1m
footprint? If there is only close proximity, you are sampling different plots for each transect
overpass (and | think you are anyway). Therefore, and given the large fine scale spatial
variability (as seen in Fig. 5), you are obtaining transects which are very difficult to compare.

e We will clarify that we are not aiming to do a point-by-point comparison for the
different ASD transect dates. Instead, we are comparing them based on their
smoothed spatial patterns (i.e., 50 m bins averages in Fig. 5b) and their overall
distributions. We recognize that these are not identical points, but are sufficient to
capture the general spatial pattern along the transect given the similarity of our bin-
averages.
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e We will add a sentence that reads:

While samples were not taken from exactly the same sites preventing a point-by-point
comparison, the transect sample distribution and smoothed spatial patterns can be analyzed
for change over time.

e We also revised our calculation of the ASD footprint and found it to be ~0.18 m (see
our response to reviewer 2 Specific Comment #10).

10. p4743 L14 “spectra > 1.0” based on the assumption that you have an equal amount of

11.

12.

outliers in each side of the mean, you will underestimate the final albedo, because you tend to
remove only the postive (>1) outliers. Can you comment on that?

e We will add the sentences below to comment on the issue raised by the reviewer.
Note that while this makes the section longer, it will now appear in the Appendix
section. It reads:

Apparent outliers were identified using the Spectral Analysis and Management
System software (SAMSs) to identify outliers. Outliers were defined as raw spectra
that were significantly different to the other spectra across the entire spectral range
(visible and near-infrared wavelengths) taken for the same sample. For June 16, 20
spectra were deemed outliers (total spectra collected = 555); June 19, 17 spectra
were deemed outliers (total spectra collected = 560); and June 25, 12 spectra were
deemed outliers (total spectra collected = 480). The outliers for these transect dates
comprise less than 4% of all spectra collected, and thus, likely had an insignificant
impact on the final albedo calculations. On June 17, spectra with unrealistic >1.0
values were collected, as will be shown later all data from this day were considered
low-quality and removed from the dataset.

p4743 L15: To obtain broadband albedo you should never (!) average over the entire
spectral range, but you should apply a weighted average based spectral response curve
and the amount of incoming radiation per wavelength. Otherwise you will obtain albedo data
that are not comparable to the albedo values derived from broadband sensors (See for example
Table 3). Given these large discrepancies (0.1), | also think it is very difficult to interpret
the melt rates calculated based on these visible albedo values.

e We will recalculate broadband albedo as a weighted average based on the spectral
response curve as requested. We have described this further in our response to
reviewer 2 General Comment #4.

p4743 L24-25: Can you give an idea (+ add it to the text) of the amount of observed tilt as it
can give an indication of the albedo uncertainty

e We do not have observed tilt information for the AWSs, however we have calculated
reasonable uncertainty ranges caused by tilt and will add them to the manuscript. The
calculations are based on the equation given by Van den Broeke et al. (2004), Journal
of Atmospheric and Oceanic Technology. The text reads as:

Based on Fig. 3b in Van den Broeke et al. (2004), a theoretical tilt of 1° on 18
January at Kohnen station, Antarctica (75°S, 0°) is associated with ~15 W m™ offset
in net shortwave at noon local time. This is associated with an absolute error of 5%
with a tilt of 1°. Here, we assume double the uncertainty (x 10%) since tilt
information was not recorded.
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13.

14.

15.

16.

p4744 L5: (e.g. Lhermitte, S., Abermann, J., Kinnard, C. (2014). Albedo over rough snow and
ice surfaces. The Cryosphere, 8(3), 1069-1086. doi:10.5194/tc-8-1069- 2014 or Warren, S.,
Brandt, R., Hinton, P. (1998). Effect of surface roughness on bidi- rectional reflectance of
Antarctic snow. Journal of Geophysical Research, 103(E11), 25.)

e We will add the citation on surface roughness effects on snow and ice albedo, as
requested.

p4744 L16: Although the differences between data sets are logical (I expect higher
albedos for 300-1100nm than for the entire SW spectrum), it complicates comparison as the
absolute differences between the data sets are almost bigger than the spatial and temporal
variability. Therefore, it is important to include a rough correction for the different spectral
ranges (e.g. based on a reference spectrum) .

e We are not aware of any simple conversion from MODIS broadband albedo to the
300-1100 nm range based on the reference spectrum. However, we have calculated
the relative weight of the reference spectrum in the 325-1075 nm range
(corresponding to the ASD wavelength range), compared to the MODIS range (300—
3000 nm), to show that the ASD visible and near-infrared wavelengths are
dominating albedo, which suggests that spatial and temporal comparisons are sound.
We have added the following to the manuscript to clarify this point:

Direct comparison of aasp, awmer, @nd owop are not possible, and oyop IS expected to
have lower values than the other two datasets. However, relative comparisons of
spatial and temporal patterns are reasonable, because the MODIS albedo is
dominated by the ASD visible and near-infrared (i.e., 325-1075 nm) wavelengths. In
a standard Top-of-Atmosphere solar irradiance reference spectrum, the 325-1075
nm range comprises 80.52% of the total irradiance in the 300-3000 nm range.

p4744 L17: What do you mean by similar results and do you effectively expect that? For
example, based on the spectral differences | do expect for the 300-1100nm data a higher
albedo for the white ice and a lower albedo for the dark ice compared to the broadband
albedo values.

e We will clarify that we expect to see similar temporal and spatial variability, but not
similar absolute values. The new sentence reads:
The three albedo dataset’s different wavelength ranges prevent comparison of absolute
values. However, the dominance of reflectance in the ASD visible and near-infrared
wavelengths (325-1075 nm) in determining broadband albedo means that temporal and
spatial variability can be compared among the three datasets.

p4744 L18: Are mean ASD data per MODIS pixel a reasonable assumption? | have my
doubts. Firstly, because the MODIS observations have footprints that often are much larger
and include data from neighboring pixels (i.e. pixel 2 data in pixel 1 data and vice versa). It
is true that the MODIS pixels data are resampled to a fixed grid, but this does not remove the
larger footprint effects (See for example Dozier, J., Painter, T. H., Rittger, K., Frew, J. E.
(2008). Time-space continuity of daily maps of fractional snow cover and albedo from
MODIS. Advances in Water Resources, 31(11), 1515-1526.
doi:10.1016/j.advwatres.2008.08.011). So this implies that both pixel 1 and 2 are oftennot that
separable and certainly not allow a clear separation of the ASD measurements. This should be
discussed.
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e As mentioned previously, we are not attempting to conduct a 1:1 comparison
between MODIS and ASD albedo data. The intent of the ASD data averaged per
MODIS pixel was meant to examine how our data falls within the MODIS seasonal
pattern. The authors will address the reviewer here by: 1) clarifying in the manuscript
that we are not conducting a comparison of absolute values, and 2) improve the
discussion regarding issues of MODIS pixel separability and include a reference to
the Dozier et al. (2008) paper.

17. p4745 L3-13: What is the temporal resolution to calculate CC? Every second, minute,

18.

19.

20.

21.

15mins, hourly? And how do you define variability (range? standard deviation?)

e We will clarify in the manuscript that the temporal resolution is every second. The text
reads:

As a proxy for cloud cover, relative cloud cover, hereafter CC, was calculated every
second as the ratio of modeled clear-sky and observed incoming solar radiation
similar to Box (1997).

e We will clarify in the manuscript that variability here refers to the range in CC during
transect times.

p4745 L6: How do you account for surface albedo values in the Igbal model as the Clear
sky incoming radiation is strongly dependent on the surface albedo (e.g. Sedlar, J.,
Tjernstrom, M., Mauritsen, T., Shupe, M. D., Brooks, I. M., Persson, P. O. G, et al. (2010). A
transitioning Arctic surface energy budget: the impacts of solar zenith angle, surface albedo
and cloud radiative forcing. Climate Dynamics, 37(7-8), 1643-1660. doi:10.1007/s00382-
010-0937-5)

e The Solar Radiance model does not account for surface albedo values. It only solves
for incoming radiation, not outgoing radiation (which would then need to account for
surface albedo values). The model computes total incoming solar flux through a
horizontal surface, zenith declination, solar azimuth, direct beam irradiance on a
surface normal to the beam, and the diffuse component on a horizontal surface. As
far as we can tell, Sedlar et al’s paper shows that net solar radiation is dependent on
surface albedo, not incoming solar radiation.

p4745 L18-19: 662 and 239: is that average incoming radiation or average variability?

e We will clarify that these values are the average incoming and outgoing radiation
during transect dates.

p4746 L3-14: You spend a large amount of text on discussing why you are only using 3 of six
transects. | think that is not completely relevant for your story and could therefore be moved to
supplementary material.

e We will follow the reviewer’s recommendation to separate the quality control of
transect data from the Methods section, and move the quality control assessment and
associated figures (i.e., Figures 2-4) of the ASD data to the Appendix section.

p4746 L9: “reduced the amount of longwave radiation” | would expect clouds to increase
the longwave radiation? Or do you mean longer wavelength SW radiation? Anyway, | think
it is best to remove all cloudy ASD observations from your data set.

e We agree with the reviewer and will revise the sentence to state that cloudy conditions
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22.

23.

24.

25.

26.

effectively increase the amount of longwave radiation at the ice surface.

p4746 L20-26+Fig.4: | would not draw any conclusion from this figure. First of all, there is no
linear relation apparent at all (six points with a ASD albedo of 0.5-0.6 and a highly variable
MET albedo + one clear outlier) so any interpretation is not very meaningful. Secondly, how
come you have 5 points (base) and 4 points (top) for the ASD data if you only have three
useful transects?

e We have revised Figure 4 to account for a couple of errors, see response to Dr. Pope’s
ASD Data Collection Comment #5 and reviewer 2 Specific Comment #19. The updated
figure exhibits better agreement between oasp and et

p4747 L9: Why do you suddenly restrict your wavelengths to only the 400-700nm range?
This makes again any comparison very difficult and would overestimate the albedo
differences between white and dirty ice compared to the values of the broad- band albedo.
This will cause overestimation in all your later results.

e We will revise the manuscript to use the 325-1075 nm wavelength range. See more
details in response to reviewer 2 General Comment #22.

p4747 L11: Which bimodal distribution? This is completely unclear in this part of the text if
you haven’t read the next parts yet.

e We will revise the analysis to only incorporate high quality broadband aasp measurements
from the 16, 19, and 25 June transects. aasp Spectra made within 40 m of ablation stakes were
individually assessed to classify each surface type into two distinct groupings: clean and dirty
ice.

e We agree with the reviewer that ‘bimodal’ is not an appropriate description of the
histograms. To clarify, we will rewrite the text in the following way:
At Sites D and E, albedos of white and dirty ice, hereafter_asp bw, Asb bp, AsD Ew, and AsD ED,
were estimated from the histograms of axsp observations made within 40 m of stakes for each
transect date. Manual inspection of each of the spectrums at Sites D and E confirm that
samples with aasp <0.4 are qualitatively similar to typical spectrum for wet or debris rich ice
as shown in Pope and Reese (2014), and distinctly different from aasp above 0.4.

p4747 L18: By taking the 400-700nm albedo data you overestimate the differences in albedo
between white and dark snow and you tend to separate the bimodal distribution much more
than would occur in reality in the broadband spectrum.

e We have replaced the 400-700 nm albedo with 325-1075 nm albedo, which will
minimize the error pointed out by the reviewer.

p4747 L22: 1 think it is not very realistic to fix s to a fixed value as | expect the white ice
values to have much higher standard deviations than the darker surfaces due to the non-
linearity of albedo decrease to increasing impurity/melt. You also can see this in Figure 8.
Moreover, why do take a standard deviation of 0.09, when your observations show much
larger standard deviations (e.g. Table 3)

e We have computed additional standard deviations for each surface type to address
the reviewer’s comment. We will add in additional standard deviations into our
calculation to take into account the expected higher standard deviations associated
with the white ice albedo values. The standard deviations will be unique for each
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27.

28.

29.

30.

31.

32.

distinct surface type’s spectral albedo.

e A standard deviation of 0.09 was selected based on the average standard deviation of
all aasp for each surface type. The standard deviations in Table 3 correspond to all
aasp Measurements collected for each transect date, excluding the aasp measurements
associated with distinct surface types. We are removing Table 3 from the manuscript
(see response to reviewer 2 Specific Comment #19).

p4747 L24-28: | think that using fractions from another study over another year determined
over a very small footprint may help to provide a nice thinking exercise, but give very little
indication of what is actually happening in reality. Moreover, as you tend to overestimate the
differences between, for example, dark and white ice (see previous two comments) | believe
your modeled bimodal distribution is overestimating the bimodal distribution observed in
reality. Therefore, | would recommend to remove this analysis from the manuscript.

e We decided to keep the modeled distribution. Prior studies, to our knowledge, have
not attempted to model the overall albedo distribution of the ablation area in this
way. We believe these computed distributions inform the subsequent interpretation
of the MODIS distributions, and may be of value for future ablation area albedo
research. Finally, we have corrected the issue the reviewer is raising with
overestimating the difference between dark and white ice by replacing visible albedo
with broadband albedo.

p4747 L10: 463m is indeed the resolution for the zenith observations but the final
effective resolution will almost always be different depending each overpass (see also earlier
comment)

e Yes, 463 m spatial resolution assumes that the MODIS pixel data was collected at
nadir. We have revised the sentence to read:
The spatial resolution of the original MOD10Al data is 463 m at zenith observations (exact
resolution varies with overpass time),...

p4749 L14: Is it day-to-day variability or are you just sampling different sites? Based on my
earlier comment, | tend to believe the latter.

e We agree with the reviewer, and will rewrite the text to clarify this. The text will
read:

While discrete aasp Observations often differ from the nearest observation made at
another transect time due to slight day-to-day changes in sample location (fig. 5a),

p4749 L15 “spatial range? You mean spatial variability?
e We have corrected the sentence to say ‘spatial variability’ as requested.

p4749 L23 “uneven decline” | understand what you mean, but it is a very confusing way to
formulate it.

e We rephrased the sentence to clarify the meaning. The new sentence will state that
the owase and ouep follow a “non-linear decline’, as requested.

p4749 L26 “inconsistent decline” What is inconsistent about it? It is completely consistent to
me. A steady decline + noise + some snowfall events
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33.

34.

35.

36.

37.

e We agree that the term ‘inconsistent decline’ is a poor choice to describe the figure.
We will rephrase this sentence in the following way to better describe the figure:
The MOD10A1 albedo time series declines from June 1* to June 21%. A snowfall event on
June 28-29 raised MOD10A1 albedo compared to the June 21* values. July MOD10A1
albedos exhibited some temporal variability, but were generally lower at the end than the
start of the month. August MOD10AL1 albedo increased from early to late in the month with a
snowfall event on 18 August, triggering large increases in albedo values above 0.75.

p4745 L3-4: “The general darkening observed in apase”. Sorry, but I do not see that general
darkening, as it seems to be a darkening followed by a increase in albedo again.

e We agree that “general darkening” does not describe ap.se Well. We will rewrite the
sentence as such:

High-quality daily average broadband o,sp piver 1 @3N @asp pixel » d@ta don’t exhibit the
increase in albedo at the end of June, as seen in the o, and a,,, data, which may be
reflected by differences in footprint sizes. Instead, aasp pixer 1 @NA Gpsp pixer » data
exhibit a steady decline over the month of June, while ay,op pixer 1 8Nd %yop pixer 2 data
remain relatively constant over the same time period.

p47450 L4-6: “temporal variability shows general agreement”. Sorry, again | do not see that
general agreement. amet decreases followed by an increase, whereas aasp’s only decline.
amobis’S seem to be fairly constant over the period when aasp’s decline.

e We agree with the reviewer (see also reviewer 1 comment #33 response above), and
will rephrase the sentence in the following way:
Absolute magnitudes among the three ground- and satellite-derived albedo products diverge
due to sensor, wavelength range and spatial resolution differences. However, all products
have higher albedo values in the first than the last observation in the month of June, prior to
the 28-29 June snowfall event.

p4750 L13-22: Isn’t an overestimation (factor 2) of the difference in melt rates (ob- served
difference light-dark=2.31 10 -7m/s, vs. calculated difference light-dark=4.63 10 -7m/s)
resulting in an overestimation (factor 2) of the effect of albedo difference on increased melt
rates?

e We will recompute melt rates since the ablation rates were not converted to Sl units
properly (see response to Dr. Pope’s Distribution Discussion Comment #8).

p4751 L8: see my earlier comments, but | believe you severely overestimate the bi- modal
distribution (e.g. by too high difference between white and dark ice, by underer timating the
standard deviation (especially for white ice), etc.)

e We will recalculate the computed distributions with additional standard deviations
for each surface type. See response to reviewer 1 Detailed Comment #26.

p4751 L12-17 “darker surfaces progressively populate” Is it dark surface that grow or is it
just the (degraded) snow that disappears? Similarly, is the dichotomy not the result of
disappearing snow and thus possibly already included in the SMB models?

e See our previous response to Dr. Pope’s Distribution Discussion Comment #8. The
darker surface that progressively grows is a result of degraded snow that disappears
to expose the impurity-rich ice surface beneath. We will revise the manuscript to
explain that disappearing snow plays an important role in governing surface albedo.
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It is our understanding that SMB models consider impurities from dust deposition,
but not from melted out sediments (e.g., dark band). We will revise our discussion to
make it more nuanced about SMB models and include advances to SMB albedo
schemes as described in Alexander et al . (2014) and van Angelen et al. (2012).

38. p4751 18-21: | do think the results in Fig.11 are overestimating the melt rate effects (see
my previous comments)

We agree with the reviewer and will recalculate the melt rates using broadband
albedo instead of visible albedo. We will also clarify that these melt rates were not
absolute values, but were modeled in relatively simplistic terms to quantify relative
changes in ablation rates related to distinct surface types.

39. p4751-4752 L22-2: Aren’t you here also stating that the difference is due to the pres-
ence/(dis)appearance of snow? Consequently, it could already be in the SMB models.

After careful analysis presented in Dr. Pope’s Distribution Discussion Comment #8,
we find that the reviewer is correct. In the revised manuscript, we will clarify that at
the 100x100 and 150x150 spatial extent, it is likely that the transition from snow to
ice may have contributed to this bimodal distribution seen in Fig. 12.

40. p4752 L3-7: If 1 am correct MOD10A is giving direct beam albedo (i.e. black sky
albedo), which is strongly dependent on the solar zenith angle. So how much of that
variation would be caused by variations in SZA?

From what we understand, the MOD10AL product provides daily black sky albedo in the
absence of modeled or observed aerosol optical depth information (e.g., Stroeve et al., 2013).
As such, the MOD10A1 albedo data may be classified as a directional-hemispherical
reflectance (DHR) case, different from our ASD albedo data (bi-hemispherical reflectance).
As identified in several studies, the accuracy of albedo data retrieved from both satellite and
observational systems declines as the SZA increases, particularly beyond ~70 - 75°.
However, since we are focusing our analysis on summer months (primarily June to
September), SZAs are minimized (e.g., see Box et al., 2012). As such, SZA should not
influence the MOD10A1 albedo retrievals used in this study. We will update the manuscript
with this information to clarify for the reader.

41. p4752 7-9 + Fig.14: | do think the results in Fig.14 are overestimating the melt rate effects
(see my previous comments)

We agree and will revise the manuscript accordingly. See similar response to
reviewer 1 Detailed Comment #38.

42. p4752 L27 “due to fluctuations in diurnal shortwave fluxes”: What do you mean by that? Isn’t
the unsteady decline driven by small snowfall/redistribution effects, etc?

The unsteady decrease in albedo during our field campaign in late June 2013 was linked
to fluctuations in daily radiation fluxes, and by extension, a brief cooling period (see
figures in response to Dr. Pope’s Distribution Discussion Comment #8), disallowing the
albedo to decline continuously as we may expect it to otherwise (refer to opase and o
lines in Figure 6). Based on visual assessment in the field, and continuous monitoring of
the site, no snow fell in our study area between 8-26 June 2013.

We will clarify in the manuscript that the fluctuation in diurnal shortwave fluxes refers to
variability in daily incoming and outgoing solar radiation.

43. p4753 L9 | don’t agree with these assumptions and | think they tend to overestimate your
bimodal distribution (see earlier comments)
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44,

45,

46.

47.

48.

e We will add a sentence to clarify that the bimodal distribution is an idealized representation

that likely overemphasizes the two modes. It will read:
Compared to reality, the modeled distribution probably overemphasizes each mode and does
not account for darkening of each surface type due to ice crystal growth over the melting
season.
p4753 L14: “abrupt shifts” Could these shifts not just be the shift from (degraded) snow to
ice, or from dry snow to wet snow? And isn’t that exactly what Alexander et al. formulate?

e We will revise the text to clarify that these abrupt shifts are due to snow to ice transitions.
See response to earlier comments.

p4753 L24-27: *“and not solely grain size metamorphism” | do agree, but neither Box or
Tedesco, nor any other SMB model, do claim that either. Both Box and Tedesco clearly indicate
that the longer exposure of ice and the lower summer snowfall was responsible for the lower
albedo values in the ablation zone.

e We have removed the reference to Box and Tedesco as requested. We have also rewritten the
manuscript to emphasize the importance of snow to ice transition in overall albedo.

p4753-54 L28-2 | do agree, but as you can see in the figure, the initial drop or the partial
snow variability is much more important (albedo variability of 0.2) than the the subsequent
decrease due to darkening (albedo variability of maximum 0.1)

e To address the concern of the reviewer, we will revise the sentence in the following way:
Consistent with Chandler et al. (2014), the initial drop in ablation zone albedo is likely due to
the transition from dry to wet, and patchy snow surfaces. Successive lowering of albedo after
snow melt is predominantly due to an increase ice crystal size and possibly also by expansion
of darker surface area coverage (e.g., cryoconite holes, accumulation of impurities, and
stream organization).

p4753 L4:’Substantial’ are the differences also equally substantial if you compare to a more
realistic reference albedo values of 0.4-0.35 that would be used as a background ice albedo
for this region?

e We will recalculate the computed distributions, using more realistic reference albedo values
for bare ice, to reevaluate relative melt rates. Figure 11 will be redone, as discussed in earlier
responses, to address reviewer comments. The manuscript will be updated accordingly.

p4753 L17 “Previous studies have ...” | do not agree (see earlier comments)

e This statement will be revised and nuanced, see our response to comments above (see
reviewer 1 Detailed Comments #45).

Response to Anonymous Referee #2

Response to General Comments: It is stated in the conclusions that abrupt shifts in albedo
can occur as a result of changing dust concentrations. Abrupt shifts primarily occur for
MODIS data, and seem more likely to be associated with changes in snow cover, while the
observed changes at local sites (which are presumably snow-free) are actually more gradual.
The conclusion that abrupt changes in albedo can be associated with sudden changes in
impurities does not seem to be supported by the data and should be revised.

o We will revise the text to reflect the reviewer’s comment as requested.

1. The authors suggest that “white ice” albedo is greater than 0.6, similar to the albedo of snow
(Figs. 8 and 9). Thus the bimodal distribution of albedo over ice may be similar to the bimodal
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distribution for areas including both snow and ice. These numbers are higher than the cited
range for bare ice (p.4740, line 10) of between 0.3 and 0.6. If the authors are certain that “white
ice” is indeed ice and not firn or snow, the observation that ice albedo can be higher than 0.6,
and that changes in ice albedo can occur over the course of a season, are important findings of
this study and should be emphasized. If there is a possibility that there is snow cover present in
the study area, the manuscript should be revised throughout to consider this possibility. In the
case of MODIS data, | think that snow likely plays a role in the albedo distributions. The authors
should more thoroughly discuss differences in the distributions and changes in the distributions
for local data vs. MODIS data.

e \We are not going to make this a distinction between white ice or firn. We will remove
the term white ice, and refer to this instead as ‘high albedo’ for clean surfaces and ‘low
albedo’ for dirty surfaces. High albedo appears to be pure ice, free of snow. Low albedo
is ice with impurities.

e In the discussion, we will discuss why white ice is likely not firn (it’s unlikely to form
along the low reaches of the ablation area). We will also address that the likely sources
of variability in the 2012 MODIS pentad averages (e.g., related to shifts in meltwater
ponding). See additional comments in response to reviewer 1 Major Comment #3.

2. The authors should discuss the discrepancy between the observed distribution along the
transect over which ASD measurements were taken, and the bimodal distribution inferred from
the surface types of Chandler et al. (2014), which appear to have very different peaks. Figure
1 suggests that the transect passes over relatively bright areas, while the MODIS pixels and
the area of Chandler et al. (2014) may cover a wider range of values. Also, it was noted that
during sampling with the ASD, streams and cryoconite holes were not sampled, which would
seem to reduce the frequency of dark surfaces sampled. The discrepancy should be noted in
the results and discussed in the discussion section.

e We will add a text to explain that the modeled bimodal distribution is idealized and can
only be compared qualitatively to MODIS distributions. Furthermore, we will explain in
the discussion that the transect is under sampling dark surfaces, as requested.

3. The procedure used for calculating broadband albedo values (P. 4743, Lines 14-16) appears
to involve simply averaging albedo over a series of spectral intervals, which would assign too
much weight to albedo values where incoming solar radiation is small. The best way to calculate
broadband albedo would be to integrate incoming and out- going shortwave radiation and
divide the total outgoing amount by the total incoming amount. Please recalculate broadband
albedo values if possible.

e We will recalculate broadband aasp as requested. The process will be repeated for
individual spectra associated with a known surface type. The process of recalculating
broadband a.asp Will be included in the Methods section of the ASD appendix.

4. In some cases, the authors use “broadband albedo” and in other cases use “visible” albedo
values for a smaller wavelength range. It would seem that broadband albedo would be more
indicative of changes in absorbed energy and hence the energy avail- able for melt. The
authors should explain why different wavelength ranges are used, use broadband albedo in all
cases, or perhaps compare differences in results for “visi- ble” vs. “broadband” albedo if there
are substantial differences.

e We will compute broadband aasp in all cases throughout our analysis (e.g., Figures 5, 7-9,

25



5.

10-11, and 14; Tables 2 and 4). See above for how we will compute broadband aasp
(reviewer 2 General Comment #4). Depending on these results, we will either use
broadband aasp in all cases or compare differences in results for visible and broadband
a.asp, If the differences are substantial.

I suggest moving the discussion of melt rates (P. 4750, Line 13 — P. 4751 Line 6, and perhaps
Lines 7-11) to a separate section (Section 4.3) that follows the discussion of albedo
distributions (Section 4.2). This would allow the manuscript to flow better and would allow the
authors to introduce the bimodal distribution of albedo before present- ing results regarding its
influence on melting.

e We will move the text containing the discussion of melt rates to after the
discussion of albedo distributions, as requested.

Response to Specific Comments
1. Consider revising “ablation zone” to “ablation area” through- out.

e We will replace ‘ablation zone” with ‘ablation area’ throughout the entire paper, as
requested.

2. P. 4738, Line 7: The statement that the role of distinct surface types on surface albedo is
“excluded in surface mass balance models” is not true. The MAR and RACMO models, for
instance, account for the presence of bare ice. Perhaps a statement such as “not represented
in detail. . .” or “represented in a relatively simple manner” is more accurate.

e We will add in ‘represented in a relatively simplistic manner’, as requested.

3. P. 4739, Lines 9-12: The feedback also involves a melt- induced increase in the percentage
of the surface covered by bare ice, impurities and meltwater, which further enhances
melting. Please include these effects.

e We will revise the manuscript to mention an increase in debris, meltwater ponding,
and bare ice facies as additional effects of the feedback.

4. P. 4739, Lines 15-16: Again, while some processes such as the transport of dust are
generally not included in RCMs, some processes, such as the presence of surface water and
bare ice are accounted for (though perhaps in a relatively simplistic manner). Please clarify.

e We will clarify that bare ice and surface water are accounted for, albeit in a
relatively simplistic manner, in RCMs (e.g., MAR; Alexander et al. 2014), and
some models account for black carbon concentration on snow surfaces (e.g.,
RACMO?2; van Angelen et al. 2012). We will also explain that processes such as
dust/sediment accumulation, the distribution of cryoconite holes, and spatial
variability in debris-covered ice are generally not included in RCMs.

5. P. 4740, Line 25: Alexander et al. (2014) indicate some discrepancies between MODIS
albedo products.

e We will revise the text to include a statement highlighting the exception to
reasonable albedo estimates identified in satellite products, namely the
discrepancies between MODIS albedo products, as requested. We will add the
reference to Alexander et al. (2014).
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6.

10.

11.

12.

13.

14.

15.

16.

P. 4740, Line 26: “Physically unrealistic” seems too extreme. The latest version of RACMO
(van Angelen et al., 2012) uses (realistic) MODIS background albedo. The schemes employed
by MAR account for the presence of bare ice and capture the change in albedo as bare ice is
exposed. Please revise.

e We will revise the text to state that it’s represented in relatively simplistic terms.
See response above to reviewer 2 Specific Comment #4.

e We will reword the text to acknowledge that RACMO uses realistic MODIS
background albedo data and that MAR accounts for the presence of bare ice and
changes in snow cover.

P. 4740, Line 30: The word “poor” suggests that there is something wrong with the schemes
used. Perhaps, “relatively simplistic” is more accurate.

e We will include ‘relatively simplistic’ as requested.

P. 4742, Lines 21- 22: Since the foreoptic was used, perhaps it would be better to indicate the
field of view with the foreoptic?

e We will clarify that only a RCR was attached to the ASD. See additional response
to Dr. Pope’s ASD Data Collection Comment #3.

P. 4742, Line 22: Is the diameter of the spot 1.1m or is the area 1.1m2 ? Please clarify.

e We have revised the calculation of the spot size after finding an error with the
calculation. The new estimate is ~0.18 m. We will explain that the spot size refers
to the diameter, as requested.

P. 4743, Line 14: Perhaps “albedo spectra” should read “spectral albedo values”?

e We will correct to ‘spectral albedo values’ as requested.

P. 4743, Lines 14-16: As noted in the general comments, the statement “Broadband aASD . . .”
is ambiguous. Is broadband albedo calculated by averaging albedo values over each spectral
interval provided by the spectrometer.

e We will recalculate broadband albedo, as requested. See response to reviewer 2
General Comment #4.
P. 4744, Line 11: This is a bit unclear. Change “MOD10AL1 albedo” to “MOD10A1 albedo for
pixels”.
e We will change it to “MOD10A1 albedo for pixels’ as requested.
P. 4744, Line 17: Please define “similar results”. For example, results would be expected to be
similar for the distribution of albedo values and tem- poral changes in albedo.
e We will reword this section to provide a better description. See response to reviewer 1
Detailed Comment #15.
P. 4745, Lines 10-13: These two sentences probably could be removed as the information seems
redundant.
e We will remove the two sentences to avoid redundancy as requested.
P. 4745, Lines 18, 19: Are the “average” values in parenthesis the average range of diurnal
variability? Please clarify.
e We will clarify that in the text as requested.
P. 4745, Lines 19-21: Since CC is derived from observed incoming SW, it seems self-evident that
they would be well correlated. Perhaps this sentence should be removed. If the authors wish to keep
it, the phrase “yet on average, remained low” is unclear and should be revised. Also, since CC is
based on a combination of modeled clear-sky SW and observed SW, perhaps this should read
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17.

18.

19.

20.

21.

22.

23.

24.

“Derived CC reveals” rather than “CC simulations reveal”.

e We kept the sentence to show that the model was able to adequately capture cloud
conditions during transect dates. The phrase will be revised for clarification as
requested.

P. 4745, Lines 26-27: Could hysteresis also result from changing surface conditions over the course
of a day?

o We will revise the text to acknowledge that the hysteresis may also partly be due to
changing surface conditions.

P. 4745, Lines 20-26: Given the high range of variability that is observed along the transect, the
comparison shown in Figure 4 seems unnecessary. It appears that the average cASD over the entire
transect is being compared with the albedo at the stations, but this is somewhat unclear. | suggest
removing this figure, or alternately comparing station measurements with « ASD measurements
within a small radius of the weather stations.

e We will clarify that Figure 4 compares the first and last a.asp measurements for each
transect date that is closest to the AWSs. Only aasp measurements from high quality
transect dates were used in the updated figure (see response to Dr. Pope’s ASD Data
Collection Comment #5).

P. 4745, Line 25: Table 3 is only mentioned here in passing. Please provide more discussion of the
data shown in Table 3 or alternately, remove it.

e We will remove Table 3 from the manuscript.

P. 4746, Line 1: Here it is stated that Top Met Station measurements are excluded, but it appears
that the measurements continue to be mentioned in the results and discussion section. Please
clarify.

e We will exclude the Top Met Station in the revised manuscript except for in Figure 4.

P. 4747, Line 10: Why are “visible” albedo values used here while albedo values for the entire
spectrum are used in other analyses? See general comment 5.

e We will recompute our data using broadband aasp values. See response to reviewer
2 General Comment #5.

P. 4747, Line 15: Please provide a few more details regarding how cryoconite hole albedo was
parameterized.

o We will revise the manuscript and better explain how cryoconite holes albedo was
parameterized, as requested. The text will be as follows:

Cryoconite hole albedo, hereafter o, Was parameterized using published values of
Boggild et al. (2010). Here, broadband albedos for damp cryoconite material and
cryoconite basin surface types under clear-sky and overcast conditions were averaged
together to estimate ogryo.
P. 4747, Line 25: Perhaps the authors can refer to the figure from Chandler et al. (2014) that
shows fractional changes in surface types, for clarity.

e We will add in the reference to the relevant figure (i.e., Fig. 6 from Chandler et al.,
2014) as requested.

P. 4749, Lines 2-7: The additional terms (such as net LW radiation and sensible and latent heat
fluxes) could be mentioned for clarity.

e We will add in these terms for clarity as requested.
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25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

P. 4749, Line 17: Do the authors mean that the station values are “distinctly different” from
average aASD?
e We will clarify in the manuscript that we are referring to the apsse and oo, Values
being “distinctly different” on ASD transect dates. The text will read:
Ohase AN a4op are distinctly different from one another on the three transect dates (Fig. 6),
reflecting the surfaces they were installed on.
P. 4750, Line 1: Are the values for 28 June and 14 August switched here? It may be better to report
the trend over this period as the variability is rather high.
e Yes, the values appear to be switched, and will be corrected in the manuscript. We will
report results as a trend over this period, as requested. See related responses to
reviewer 1 Detailed Comments #32 and #33.
P. 4750, Line 2-4: This claim can only be made for the month of June. Please clarify.
e We will clarify that this is for the month of June as requested.
P. 4750, Line 23: Mention turbulent heat fluxes in addition to longwave radiation.
e We will mention turbulent heat fluxes as requested.
P. 4750, Lines 23-24: “Relative melt rates between. . .” The calculations capture the fact that melt
rates are substantially different, but not the magnitude of the difference between melt rates. Please
revise for clarity.
e We will revise the manuscript as requested. The text will read:
Regardless of this, relative melt rates between light and dark surfaces are considerably
different, and thus useful for investigating seasonal melt rate changes as described next.
P. 4750, Lines 26-27: To the contrary, there seems to be a wider range of ablation rates for “dark”
rather than “white” ice. Please revise.
o We will correct to reflect the wider range of ablation rates for dark ice as requested.
P. 4751, Lines 1-6: Could it be that sensible heat flux from stream water, which is not accounted for
in radiative estimates, can lead to increased melting?
e We will include this as an additional process that may not have been accounted for in
the radiative estimates. The text will be as follows:
Considerable spread in ablation rates for stream observations could be explained
by varying stream depth (Legleiter et al., 2014). The depth of these ice streams
determines the attenuation and scattering of radiant energy, thereby influencing
the observed albedo measurements. Sensible heat flux from the stream water, not
accounted for in radiative estimates, may also be a mechanism for increased
melting.
P. 4751, Line 9: Clarify that these are computed frequencies for the nearby region of Chandler
et al. (2014).
e We will clarify that these are computed albedo frequencies for a nearby area of
Chandler et al. (2014)’s study, as requested.
P. 4751, Line 18: As noted in the general comments, please mention differences between the
appearance of the distributions for aASD vs. those derived from the data of Chandler et al.
(2014).
e We will mention differences between the appearance of the distributions between
the in situ aasp and Chandler albedo data as requested. See our response to
reviewer 2 General Comment #3 and reviewer 1 Detailed Comment #38.
P. 4752, Lines 18-20: For the MODIS data this could easily be a result of snow melt exposing
impurity rich ice below, since the albedo values for “white ice” and snow are similar. In fact
this seems to be a more plausible reason for a sudden shift in albedo.
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35.

36.

37.

38.

39.

40.

e Yes, this is a more likely result for the MODIS data. We identified a snowfall
event at the end of June that likely contributed to the bimodal distribution seen in
Fig. 12. This will be restated to reflect changes associated with our strategy and
response to Dr. Pope’s Distribution Discussion Comment #8.

P. 4753, Lines 2-4: Perhaps note that MODIS albedo (shown in Fig. 6) is observed to decrease
nonlinearly, with a smaller rate of change towards the end of the season. Also, since an
alternative explanation is provided in the subsequent sentence, “mitigates” should be replaced
by “may mitigate”. van den Broeke et al. (2011), p. 378, attribute a gradual decline in albedo
over the course of a season to the gradual removal of snow patches from the surface. Perhaps
this is also a possibility at this location, unless the authors observed no snow patches during the
field expedition.

e The authors will note that the MODIS albedo exhibits a nonlinear decrease over
the melt season, with smaller changes in variability near the end of the summer
season (as seen in Fig. 6).

e We will include the possibility of snow patch removal on the ice surface as a
contributor to changes in ablation area albedo (although snow was not observed in
our study area during the field campaign in June 2013) in the Discussion section.
We will revise the text as follows:

Accumulation of exposed below-surface impurities (Wientjes and Oerlemans, 2010) and the
gradual erosion of snow patches in local depressions on the ice surface (van den Broeke et
al., 2011) may mitigate the rate of change in ablation area albedo.
P. 4753, Line 5: Replace “ground albedo” with “surface albedo” to avoid confusion with the
albedo of tundra in proglacial areas.

e We will replace ‘ground albedo’ with “surface albedo’ as requested.

P. 4753, Lines 17-22: Alexander et al. (2014) also used a lower resolution of 25 km, which
may limit the ability to distinguish between dust and ice in some areas. However, the results of
this study suggest that “white ice” can have an albedo similar to that of snow, which means that
the distribution for ice may be similar to that for areas covered by both snow and ice.

e We will acknowledge that the different results seen in Alexander et al. (2014) may
also be related to the lower resolution of the MAR model.

P. 4753, Line 25: Tedesco et al. (2011) and Box et al. (2012) discuss the role of grain size
metamorphism at higher elevations, where it may play a role in changing snow albedo.
However, both studies indicate that the exposure of bare ice (i.e. a change from light to dark
albedo) likely plays an important role in changes in albedo in the ablation zone. What is
different about the findings here is that a shift from high to low albedo is observed for areas
that are apparently snow-free. Please revise.

e We will revised this statement to reflect that the transition from high to low albedo was
observed as a primary mechanism for lowering albedo in the snow-free, lower reaches of
the ablation area.

P. 4753, Lines 27-28: For the MODIS data there do seem to be abrupt transitions, perhaps
associated with the addition and removal of snow. In the case of the observed and computed albedo
distributions, the changes seem more gradual, perhaps in association with impurity changes. Please
note these differences.

e The reviewer is correct, and we will revise and note these differences in the manuscript
accordingly. See response to Dr. Pope’s Distributed Discussion Comment #8.

P. 4754, Lines 7-11: As noted above, the observed abrupt shifts in MODIS distributions may be a
result of snow addition or removal rather than changes in impurities, so the statement that changes
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in deposition of impurities will likely result in abrupt shifts in albedo seems to be a bit of a stretch.

e We will revise the manuscript to clarify that in the 2013 MODIS albedo distributions,
it appears that the bimodal distribution seen is actually from the addition and removal
of snow. We will include a new analysis of the 2012 MODIS albedo distributions,
which likely cannot be explained by transitions from snow to ice or vice versa. Instead,
the 2012 MODIS albedo distributions likely reflect abrupt shifts in ablation zone
albedo from the exposure of impurities on the ice surface as well as ice crystal growth
and possible expansion of dirty ice areas. See response to Dr. Pope’s Distributed
Discussion Comment #8. Differences in the observed shifts in the MODIS albedo
distributions for 2012 and 2013 melt seasons will be added into the Discussion section
of the manuscript.

41. P. 4755, Line 1: “of which these processes. . .” is awkward. Please remove or include in a new
sentence.
e We will remove ‘of which these processes’ as requested.
42. Figure 1: The text within the inset is hard to read. Can the text or inset be made slightly
larger? Also, there is no scale bar for the inset.
e We will make the text within the inset and the inset itself larger as requested. A
scale bar will be added in the inset into Figure 1 as requested.

43. Figure 1, Caption: Indicate that the yellow boxes show MODIS pixel extents.

e We will indicate in the caption that the yellow boxes show the MODIS pixel
extents as requested.

44. Figure 4: As noted above, | suggest removing this figure. If the figure is included or
revised, the x and y axes should be adjusted to have the same range, and the graph should be
made square so that both axes are scaled equally. The difference in the axes results in the
appearance of a weak relationship between the variables, although there is some correlation
indicated by the statistics.

e We will keep Figure 4 in the manuscript. It will be updated per reviewer
suggestions. See the response to Dr. Pope’s ASD Data Collection Comment #5 and
reviewer 2 Specific Comment #19.

45. Figure 6: The circles used to indicate individual MODIS measurements don’t show up on
the legend. If possible please revise the legend.

e We have updated Figure 6 below.
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Updated Figure 6. High-quality daily average broadband ouasp pixel 1 aNd Otasp pixel 2, Opase (fOr SZA <
70°), and aumop pixel 1 AN Clmop pixel 2 time series for the 2013 melt season. ouasp pixel 1 AN CLasD pixel 2 PIXEl-
averaged values correspond to high-quality ASD transect dates 16, 19 and 25 June. Note, oy, Was
removed as requested (see reviewer 2 Specific Comment #20).

46. Figure 9, Caption: Mention that the distributions are computed for the site of Chandler et
al. (2014)

e We will include that the distributions were computed for a nearby site of
Chandler et al. (2014) as requested.

47. Figure 11, Caption: Mention in the caption what the melt rates are relative to.

e We will include in the caption that the melt rates were relative to ‘early summer
ice (1 Jun)’ distribution as requested.

Response to Technical Corrections:
1. P. 4738, Line 13: Change “30 August.” to “30 August 2013.” for clarity.
e Changed to include the year as requested.
2. P. 4739, Line 22: Change “Large-scale” to “The large-scale”.
e Included ‘the’ at the beginning of the sentence as requested.
3. P. 4739, Line 25: Change “lack of” to “a lack of”
e Added ‘a’ as requested.
4. P. 4741, Lines 18-19: Suggest changing “surface type’s fractional area” to “fractional area
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10.

11.

12.

13.

14,

15.

16.

of surface types”.
e Switched to “fractional area of surface types’ as requested.

P. 4741, Line 22: Change “changing albedo and surface type coverage’s impact on” to
“impact of changing albedo and surface type coverage on”

e Changed the sentence to ‘impact of changing albedo and surface type coverage on’
as requested.

P. 4744, Line 24: Change “were” to “was”.
e Changed to singular form as requested.
P. 4745, Line 10: “information” can be removed.
e Removed unnecessary word as requested.

P. 4745, Line 26: Fig. 3a is referred to here, but atop measurements are not provided in Fig.
3a. Please revise.

e Revised to say that a,,, measurements are not shown, as requested.
P. 4745, Line 4: Should the reference be to Fig. 3a rather than 3b?
e The reference is to Fig. 3b. Fig. 3a refers only to SZA dependence. The reference to the
hysteresis in ai,, measurements is misplaced and will be removed from the sentence.
This statement was intended to highlight that only the Base Met Station CC was
presented in Fig. 3b, and relate it back to the hysteresis observed in the albedo
observations collected at the Top Met Station. This will be clarified in the
manuscript.
P. 4748, Line 4: Change “data is” to “data are”.
e Changed to ‘data are’ as requested.
P. 4748, Line 26: Remove “to” from “>to”.
e Removed ‘to’ as requested.
P. 4749, Line 15: Change “aASD spatial range” to “The spatial range of aASD”.
e Changed the sentence to ‘the spatial range of aasp’ as requested.
P. 4749, Line 25: Change “by” to “for”.
e Replaced ‘by’ with “for’ as requested.
P. 4750, Line 6: Change “temporal variability show a general agreement” to “there is a general
agreement with regards to temporal variability” or something similar.
e Switched the sentence to say that ‘there is general agreement with regards to temporal
variability” as requested.
P. 4750, Line 9: Change “within 10 m” to “withina 10 m”
e Added in ‘a’ as requested.
16. P. 4752, Line 11: Change “GrlS’s” to “GrlS”
e Changed to singular form as requested.
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4/[ Formatted: Subtitle

Abstract

Surface albedo is a key variable controlling solar radiation absorbed at the Greenland log+— | Formatted: Normal

Sheet (GrlS) surface, and thus, meltwater production. Recent decline in surface albedo over

the GrIS has been linked to enhanced snow grain metamorphic rates, earlier snowmelt, and

amplified ice-albedo feedback from atmospheric warming. However, the importance of
distinct surface types on ablation zenearea albedo and meltwater production is still relatively
unknown;-and-excluded-in-surface-mass-balance-models. In this study, we analyze albedo and
ablation rates using in situ and remotely-sensed data. Observations include: 1) a new high-
quality in situ spectral albedo dataset collected with an Analytical Spectral Devices (ASD)

spectroradiometer measuring at 325-1075 nm, along a 1.25 km transect during three days in

June 2013; 2) broadband albedo at two automatic weather stations; and 3) daily MODerate
Resolution Imaging Spectroradiometer (MODIS) albedo (MOD10AL) between 31 May ane—
30 August: 2012 and 2013. We find that seasonal ablation zenearea albedos in 2013 have a
bimodal distribution, with snow and ice facies characterizing the two alternate-states—Fhis

from a distribution dominated by high to low albedos corresponds to an observed melt rate

percent difference increase of 51.6%-during-peak-melt-seasen5% (between 10 — 14 July and
20 — 24 July, 2013). Furthermere;-In contrast, melt rate variability caused by albedo changes

from pentad-to-pentad before and after this shift was much lower, and varied between ~10-
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30% in the melting season. In 2012, a more complex multimodal distribution emerges,

reflecting a transition from light to dark-dominated surface, as well as sensitivity to the so

called ‘dark band’ region in southwest Greenland. In addition to a darkening surface from ice

crystal growth, our findings demonstrate that seasonal changes in GrlS ablation zenearea
albedo-arenot e usivvehs a3 funection—of-a-darkenina—surface om—ice Jstal-arowth—by
rather are controlled by changes in the fractional coverage of snow, bare ice, and impurity-
rich surface types. As—Thus, seasonal variability in ablation area albedo appears to be

requlated primarily as a function of bare ice expansion at the expense of snow, surface

meltwater ponding, and melting of outcropped ice layers enriched with mineral materials,

enabling dust and impurities to accumulate. As climate change continues to-warm,—regional
chimate-medels-sheuld-censiderin the Arctic region, understanding the seasonal evolution of

ice sheet surface types in Greenland’s ablation zenearea is critical to improve projections of

mass loss contributions to sea level rise.

1 Introduction

Surface albedo, defined as the bihemispherical reflectance integrated across the visible and

near-infrared wavelengths (Schaepman-Strub et al., 2006), is a key variable controlling
Greenland Ice Sheet (GrlS) surface melting—is—defined-as-theratio-ofreflected-to-incident
solarradiation-upon-a-given-surface(Schaepman-Strub-etal-2006).. During the melt season,

surface albedo modulates absorbed solar radiation at the ice surface, and consequently, the

surface energy and mass balance of the ice sheet (Cuffey and Paterson, 2010). Over the last

decade, an observed decline in albedo has been linked to less summer snow cover, expansion

of bare ice area, and enhanced snow grain metamorphic rates from atmospheric warming,-and
amplified by the melt-albedo feedback (Box et al., 2012; Stroeve et al., 2013; Tedesco et al.,

2011). This positive feedback entaHs—snowgrain—growth—owing—te—meltinvolves increased

melting, and exposure of bare ice, impurities and meltwater ponding, reducing surface albedo,
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thereby increasing solar radiation absorption, and thus, accelerating melt further (Box et al.,
2012; Tedesco et al., 2011).

The GrlIS surface has a wide range of surface types with different albedos, including
snow, ice, dust and sediment-covered-icerich impurities, cryoconite holes, melt-_ponds, and
streams. Yet, the importance of these surface types on ablation zenearea albedo, and thus,
meltwater production over the melt season is still relatively unresolved—unguantified—and
exeluded—in—surface—mass—balance—(SMB)—medels (Rennermalm et al.,, 2013).
UnderstandingCurrent state-of-the-art surface mass balance (SMB) models, such as Modéle
Atmosphérique Régionale (MAR) v3.2 and Regional Atmospheric Climate MOdel

(RACMO2), consider some variability in surface types by including the presence of

meltwater ponding, snow, black carbon concentrations on snow, and bare ice surfaces to

characterize seasonal variations in ablation area albedo (Alexander et al., 2014; Van Angelen
et al., 2012). Furthermore, RACMO?2 is capable of utilizing realistic MODIS background
albedo data (Van Angelen et al., 2012), thereby representing the impact of surface types

spatially aggregated to the MODIS resolution. However, few studies have utilized these

modeling tools to understand how the distribution of surface types erare changing ablation

zonearea albedo (e.g., Alexander et al. 2014). This is increasingly important due to enhanced

surface melt —2067-20612—associated with anomalously warm atmospheric circulation
patterns in 2007-2012 that may become more frequent in the future (Hall et al., 2013; Nghiem
et al., 2012; Tedesco et al., 2013)-as-weH-as). Additionally, some studies suggest that a new
control of ice sheet albedo is the deposition and accumulation of light-absorbing impurities

advected from snow-free areas and forest fires outside of Greenland (Dumont et al., 2014;
Keegan et al., 2014).

LargeThe large-scale decline in albedo has been greatest in southwest Greenland (-
0.04 to -0.16 per decade trend in June and August, respectively; Stroeve et al., 2013). This is
related to stronger warming trends (2-4 °C in some regions; Hanna et al., 2014), early melt
onset, a lack of wintertime accumulation (van den Broeke et al., 2008), expansion of bare ice



© 00 N o o~ W N P

[EY
o

11
12
13
14
15
16
17
18
19

20
21
22
23
24
25
26
27
28

area (Tedesco et al., 2011), high concentration of impurities (cryoconite, dust, and soot),

melting of outcropped ice layers enriched with mineral content (Wientjes and Oerlemans,

2010; Wientjes et al., 2011), and enhanced meltwater production and runoff (e.g., Mernild et
al., 2012). Seasonal changes in the distribution of different surface types in southwest
Greenland’s ablation zenearea have considerable influence on the spatiotemporal variability
of surface albedo (Chandler et al., 2014; Knap and Oerlemanns, 1996; Konzelmann and
Braithwaite, 1995). During the melt season, surface albedo decreases as cryoconite hole
coverage increases (Chandler et al., 2014), melt ponds and supraglacial rivers form efficient
drainage networks (Lampkin and VanderBerg, 2013; Kang and Smith, 2013; Smith et al., i
review,—2014).2015), crevasses and other types of roughness begin to form, and impurities
accumulate from exposure of the underlying ice surface (Wientjes and Oerlemans, 2010).

Albedo in western Greenland’s ablation zenearea averages around ~0.41 for the duration of
the melt season (Wientjes et al., 2011), but can vary between > 0.80 for fresh snow, to 0.30-
0.60 for bare ice (Cuffey and Patterson, 2010), and ~0.10 for cryoconite surfaces (Bgggild et
al., 2010; Chandler et al., 2014; Knap and Oerlemans, 1996). Furthermore, negative albedo

trends since 2000 (Box et al., 2012)-are-tinked-to-a-darkening-of-the-ice-surface-from-increased

ab—2010Chandler—etal;—2014- Wientjes—and-Oerlemans—20140)—2012) are linked to an

expansion of areas of ablation relative to accumulation facies.

Changes in surface albedo are typically characterized from the MODerate Resolution
Imaging Spectroradiometer (MODIS) and the Advanced Very High Resolution Radiometer
(AVHRR) satellite sensors (e.g., Chandler et al., 2014; Stroeve et al., 2013; Wang et al., 2012;
Wright et al., 2014) or modeled with regional climate models (RCMs) such as Regional
Atmospheric Climate Model (RACMO2; Van Meijgaard et al., 2008) and Modéle
Atmosphérique Régional (MAR; Fettweis, 2007). Remotely-sensed and modeled albedo has
been validated with ground measurements from dispersed Greenland Climate Network
Automatic Weather Stations (GC-Net AWS; Knap and Oerlemans, 1996; Steffen and Box,
2001). These comparisons reveal that satellite products provide reasonable albedo estimates

5
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(Box et al., 2012; Stroeve et al., 2005, 2006, 2013), butalthough discrepancies between
different MODIS albedo products have been identified (Alexander et al., 2014). Despite this,
RCM surface albedos remain physically-unrealisticrepresented in relatively simplistic terms,
particularly in regions that frequently experience prolonged bare ice regionsexposure like
southwest Greenland (Fettweis et al, 2011; Fitzgerald et al., 2012; Rae et al., 2012; Van

Angelen et al., 2012). This is attributed to its—relativelysmooth—terraina lack of surface
roughness in the RCMs (Ettema et al., 2010), and peerrelatively simplistic bare ice and

impurity albedo schemes (Alexander et al., 2014), resulting in large inter-model differences in

runoff (42% variance; Vernon et al., 2013}).), despite the existence of spatially distributed ice

albedo schemes and inclusion of black carbon contaminants on snow surfaces (Van Angelen
et al., 2012). Recent greundsurface albedo observations and snow model simulations of

impurity-rich surfaces have been linked to enhanced ice sheet melt (Chandler et al., 2014;

Dumont et al., 2014; Keegan et al., suggest2014), suggesting that incorporating seasonal

changes in the albedo distribution of distinct surface types wouldmight improve accuracy of

modeled meltwater runoff (Chandler-etal;—2014:

and GrlS sea level rise contributions{Rennermatm-etal—2043).. These findings point to the
importance of a detailed assessment of high spectral, spatial, and temporal resolution albedo

data to quantify how different surface types control ablation zerearea albedo, and therefore,

melt.

Here—weln this study, we report the results of an assessment of ablation area albedo

along the southwestern GrlIS for the 2012 and 2013 melt seasons. We use 1) a new high-

guality in situ spectral albedo dataset collected with an Analytical Spectral Devices (ASD)

spectroradiometer measuring at 325-1075 nm, along a 1.25 km transect during three days in

June 2013; 2) in situ broadband albedo at two automatic weather stations; and 3) daily
MODerate Resolution Imaging Spectroradiometer (MODIS) albedo (MOD10A1) product
(Hall et al., 2012) between 31 May — 30 August 2012 and 2013 to investigate how ice sheet
surface types influence surface albedo and melting-by-analyzing-a-new-in-situ-surface-albede
dataset, MODIS-albede—andablation rates; and 4) summer seasonal changes in surface type

6
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coverage reported in literature. HighFirst, we describe the collection of high-quality in situ

spectral albedo ground, automatic weather station broadband albedo, and ablation stake
measurements were-collected three-times-during the-early 2013 meltingmelt season along a

fixed transect in the GrIS ablation zonre—Only—afew studies—have—coHected—similar

measuremen n—cen and-northea eenland (oo Bgoaild et 3 010 \Wright e

nhcoeh-che 3 —ahd-area. From

the MODIS daily albedo {(MOB10AL)-data—Albedesfordistinctsurface-types-were-identified

r-the-in-situ-datasetand-were-combined-with-surface-type’s, we estimate seasonal changes in
the albedo distributions by using fractional area of surface types from a nearby site (1030 m
a.s.l.; reported by Chandler et al., 2014)to—estimate—seasonal—changes—in—the—albede
distribution—2014). These distributions were compared with seasonal changes in computed
albedo distributions derived from MODB10ALFinally—the-in situ albedo and ablation stake
data. Thirdly, the impact of changing albedo and surface type eeverage’s-Hnpact-coverage on

surface melt in—southwest-Greenland’s—ablation—zene—was quantified and compared with

transect ablation stake measurements—installed—along—the—transect—\Viewed—coHectivehy.

Finally, we compare these albede-measurementsprovide-a-detailed-first-assessment-ofresults
with 2012 MODI10A1 data to better understand the overall frequency distribution,

spatiotemporal variability, and ablation rates associated with dominant surface types in

southwest Greenland’s ablation zene—Fe-the-authors™ knowledge,-the-presentarea. This study

is the first high spatial, temporal, and spectral resolution albedo dataset collected in the

southwestern GrlS ablation zonearea.

2 Study site description

The study site is located on the southwestern GrlS approximately 30 km northeast of
Kangerlussuaq, Greenland (Fig. 1). Albedo measurements were collected along a 1.25 km
transect situated between ~510 to 590 m a.s.l., well within the ablation zenearea for this

7
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region (mean equilibrium line altitude of 1553 m a.s.l.; van de Wal et al., 2012). Two
meteorological stations, referred to as Base and Top Met Stations, were installed near the
transect end points by Site E and A, respectively (Fig. 1) to derive independent measurements
of in situ broadband albedo (300-1100 nm), hereafter owase and ouep. In addition, ablation

stakes were installed at five sites along the albedo transect and by the Base Met Station to

measure ice surface ablation rates. Ice sheet surface types examined included white ice,
shallow supraglacial streams, and dirty ice, where dirty ice was qualitatively distinguished
from white ice based on visible surface sediments. Visual assessment in the study area

revealed that snow had melted before mid-June and no snowfall events occurred between 8-

26 June 2013. A few small melt ponds (< 1 km?) were observed in the study area, but likely
not in sufficient quantity to explain discrepancies between in situ and MODIS albedo-derived
estimates.

3 Methods

3.1 Field spectroscopy measurements

High spatial (~10 m posting), temporal (1-2 days), and spectral (1 nm) resolution spectral
albedo measurements, hereafter oasp, were measured at 325-1075 nm using an ASD
Fieldspec HandHeld 2 Spectroradiometer (PANalytical, formerly ASD Inc.), fitted with a
Remote Cosine Receptor (RCR) foreoptic. The ASD was mounted on a tripod at 0.4 m
distance, and with no foreoptic attached;_ (i.e., bare fiber), had a 25° field-of-view,

corresponding to a spot size of ~4:10.18 m diameter on the surface.

Spectral albedos were measured along the transect starting at Site E and ending at Site
A on 16, 17, 19, 21, 24, and 25 June, 2013 between 1000 and 1800 local time (1200 — 2000

GMT). As—will-be-shown—in—section—3.4,—afterrigorous—quality—control—only—transe

control (see Appendix A), only transect observations made on the 16, 19, and 25 June were

8
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from-the-dataset- Broadband aasp Were calculated by averaging albedo over its entire spectral
range at each site along the transect. These measurements were compared with MOD10A1

and meteorological station data, as described in section 3.3.

3.2 Continuous broadband albedo measurements at meteorological stations

CompiterCare 20100 tram 826 June Two AWSS,

installed at each end of the transect to independently measure broadband (300-1100 nm)

the Top and Base Met Stations, were

albedo from 8-26 June 2013, hereafter opase and ouop. See Appendix A for details on surface

installation conditions and tilt uncertainty estimates. This analysis suggests that o, Were

compromised by surface roughness effects, and thus, apase alone is used for most analyses.
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Daily average broadband albedo was computed using shortwave flux measured at

SZAs < 70° (Stroeve et al., 2005) to minimize the cosine response error inherent to the
pyranometers (uncertainty increases by + 5% for SZAs > 70°; Onset Computer Corp., 2010).
Expected accuracy of opase and ougp is = 10% based on the intrinsic accuracy and cosine
response error of the pyranometers. Additional sources of error not quantified here include:

meteorological-station-tHt-{e.g—van-den-Broeke-et-al—2004); tower shadowing; and surface

roughness effects on measured surface albedo- (e.g., Lhermitte et al., 2014).

3.3 MODIS albedo data

Daily MODIS broadband albedo (300-3000 nm) was acquired from the MOD10A1 product
(Version 005) from NASA’s Terra satellite (Hall et al., 2006; Klein and Stroeve, 2002). High-
quality flagged MOD10AL1 albedo data (periods of high SZA and cloudiness were excluded;
Schaaf et al., 2011) from 31 May to 30 August 2012 and 2013 (when SZAs are minimized;
e.g., Box et al., 2012) were used in two analyses. First, MOD10A1 albedo cerresponding-to

thefor pixels overlapping with our transect site (Fig. 1), hereafter omop pixel 1 2N AMOD pisel 2,

were compared with observations as described #-seetion-3-3:-below. Second, distributions of
MOD10A1 albedo were examined at fourthree spatial extents as described in section 3.65.

. Formatted: Not Superscript/ Subscript
Broadband omop pixel 1 @and cmop pixel 2 Were compared With casp—6tsasg and cuop: [ persere P

Altheugh-the-three-albede-produetsp,s. Direct comparison of oasp, Opase, and awop_absolute
values are ealeulated-over-not possible due to different wavelength ranges, and retomop_is

expected to mateh-1:4-they-shouldhave lower values than the other two datasets. However,

relative_comparisons of spatial and temporal patterns are reasonable, because the owmop_is

10
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dominated by the ASD visible and near-infrared (i.e., 325-1075 nm) wavelengths. In a

standard Top-of-Atmosphere solar irradiance reference spectrum, the 325-1075 nm range

comprises 80.52% of the total irradiance in the 300-3000 nm range. The dominance of

reflectance in the ASD visible and near-infrared wavelengths in determining broadband

albedo means that aymoep can be used qualitatively to provide simiar—resutsspatiotemporal

context. High-quality broadband (325-1075 nm) aasp data within pixels 1 and 2, hereafter
oasD pixel 1 aNd aLasp pixel 2, Were averaged together to indirectly validate ouvop pixel 1 aNd ovop
pixel 2 data, and to facilitate comparison between in situ and remotely-sensed observations.

While absolute values will differ between the datasets, and issues of MODIS pixel

separability may exist due to off-nadir footprint effects (Dozier et al., 2008), the difference

shouldn’t change spatial and temporal patterns.
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3.53.4 Ablation and albedo at dominant surface types

Surface melting between 8 — 26 June was estimated using ablation stakes installed at the Base
Met Station, hereafter Myase, and at five sites across the albedo transect, hereafter Mgiakexy,

where X denotes Sites A-E, and Y denotes surface type - white ice (W), dirty ice (D), or
shallow 5-10 cm deep streams (S) (Fig. 1). Bamboo poles were used as stakes (Hubbard and
Glasser, 2005), and ablation rates were recorded every 1-3 days by measuring the distance

between the bamboo pole top and ice sheet surface at cm-scale resolution.

aasp_spectra were made within 30 m of ablation stakes to identify representative surface

type albedos. With the exception of Site D, all sites were relatively homogenous. At Site D,

the two surface types could be classified into distinct groupings: clean and dirty ice. Albedos

13
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of whiteclean ice at Sites A-B;and--C, and E, hereafter aasp aw, 0asp_ew, @Ré-oasp cw, and
aasp ew, Were estimated by averaging visible—(400-700—nm)broadband oasp Observations
made within 2030 m of stakes for each transect date. At SitesSite D—and-E, albedos of
whiteclean and dirty ice, hereafter oasp pwi—etasp_po—etaspew.—_and aasp eppp, Were
estimated from the bimedal-distributienhistograms of aasp Observations made within 2630 m

of stakes for each transect date._ At the My, Stake, no albedo observations were made.

Instead, aasp pp_iS assumed to be representative of albedo at the Base Met Station, hereafter

OMET base. Stream albedo, hereafter osyeam, Was determined from occasional oasp

measurements at various shallow surface streams between 13-25 June. Cryoconite hole

albedo, hereafter oo, Was parameterized using published values ef BeggHd-etal—(2010).
(from Bggaild et al., 2010) of broadband albedo averaged together for damp cryoconite

material and cryoconite basin surface types under clear-sky and overcast conditions.

3.63.5 Melt season albedo distributions

Two types of melt season albedo distributions were constructed: 1) computed distributions
based on broadband aasp for distinct surfaces and fractional surface coverage area from
Chandler et al. (2014); and 2) observed MODIS-derived distributions.

The computed distributions were constructed by assuming that the albedo distribution

for each distinct surface is represented by a normal distribution N(x,s), with ¥ = as5p

representing surface type and standard deviation, s, fixed-te-0-:09-different for each surface
type. Four distributions were constructed: whiteclean ice N(0.6856, 0.8907), dirty ice
N(0.2319, 0.8905), shallow streams N(0.2623, 0.09), and cryoconite holes N(0.10, 0.8905).
Relative surface coverage of these four dominant surface types was derived at five distinct
time periods (1 June, 19 June, 18 July, 28 July, and 5 August) over the 2012 melt season from
Chandler et al. (2014; see Fig. 6a-q) to represent transient ice surface conditions, classified

here as “early summer ice”, “dirty ice exposure”, “melt”, “darkening ice”, and “late summer

14



11

13
14
15

16

17

18
19
20
21
22
23
24
25
26

| ice”, respectively-_(Table 3). A composite distribution for each distinct time step was
calculated as the weighted mean of surface type distributions, where the weights were
| determined by their relative surface coverage area. Since Chandler et al. (2014) data isare
from 2012, results were not directly comparable with 2013 MOD10A1 data, but should

capture melt season evolution.

To validatecompare with the computed distributions, high-quality 2012 and 2013
MOD10A1 data were used to construct observed albedo distributions at feurthree spatial
scales{(20x20—extents (50x50, 100x100, and 150x150 pixel extents; Fig. 1). The spatial
resolution of the original MOD10AL data is 463 m;_at nadir (exact resolution varies with
overpass time), corresponding to study areas of 9:3,-23.2, 46.3, and 69.5 km? for the fourthree

spatial extents, respectively. Using a kernel smoothing density estimator, the average

probability density distribution was computed at 0.01 albedo bin widths (range from 0.05 to
1). The seasonal average albedo distribution was calculated at the feurthree spatial
scalesextents, and five-day average albedo distributions and spatial averages were calculated
for the 100x100 pixel scale-_for 2012 and 2013 MOD10A1 data.

3.6 ldentification of snowfall events

To identify possible snowfall events in our study area and MODIS spatial extents, hourly

precipitation _and air temperature _measurements collected by a meteorological station,

hereafter 660 Met Station, installed near the ice sheet edge at the proglacial and ice sheet

margin interface (Fig. 1), was examined. Near surface air temperature measurements from the

shorter Base Met Stations time series (available from 8 — 26 June 2013) were also examined

to estimate temperature differences between the proglacial and ice surfaces. To validate that

solid precipitation fell, NASA’s WorldViewer was utilized to browse daily MODIS

reflectance imagery (bands 7-2-1 and 3-6-7) to identify textural and brightness changes

related to precipitation events.
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3.7 Computation of relative melt rates

RelativeTo _examine seasonal changes in MODIS albedo, and estimate the importance of

distinct surface types, relative surface melt rates were computed using the net shortwave solar

radiation equation—(assuming-net-longwaveradiationterms—are—neghigible)—using, observed

values of incoming solar radiation from the Base Met Station on 16, 19, and 25 June, and

wvisiblebroadband albedo values for computed and observed distribution methods. Net solar

radiation (Eg) varies as a function of incoming solar radiation (E%) and albedo (a;), where

units of energy are represented as w m?2
Er = Es(1—ay) @

Melt rate, defined as the heat needed to melt snow/ice when near-surface temperatures are >0

°C, was computed in units of m s™ (Cuffey and Patterson, 2010):

M= (Eg*AO)(Ls*py) @

where At is the time interval (s); L, is latent heat of fusion (3.34 x 10° J kg™); and p,, is

density of water (1000 kg m™). Since the meteorological station datasets lack surface energy

balance terms (i.e., net longwave radiation, sensible and latent heat fluxes) required to

compute the entire energy budget, calculating absolute melt rates was not possible. Instead,
the percent difference in estimated melt rates was computed for each distribution relative to
the early melt season ablation rates (mean of 3.504.40*107 m s™ for “early summer ice”
computed distribution; mean of 2.3270*10" m s for 31 May — 4 June observed MODIS
distribution).

16
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4 Results

4.1 Spatiotemporal patterns in ablation zerearea albedo

Spatial variability of broadband aasp along the transect follows a consistent pattern on all
three dates, averaging low values (0.5550 * 0.6604) the first ~300 m, followed by increased
albedo, reaching a plateau of 0.7464 + 0.8907 at ~600 m, and remaining nearly constant with
the exception of a dip to 0.4844 + 0.02 at ~900 m (Fig. 5a2a). While individualdiscrete aasp
sites—exhibit-high-day-to-day—variabitity{Fig—5aobservations often differ from the nearest

observation made at another transect time due to slight day-to-day changes in sample location

(Fig. 2a), data averaged in 50 m bins covary spatially along the transect gradient (Fig. 5b)-

etasp2b). The spatial range-variability of broadband aasp_is considerable and varies between a /[ Formatted: Not Superscript/ Subscript

minimum of 0.4542514 (19 June) and a maximum of 0.8675 (16 June; Table 2}—etasc-arte-etiop

variability in aasp over short distances is indicative of the heterogeneous surface that
characterizes the field site and surrounding ablation zerearea, not necessarily captured in opase

ahe-engp-0bservations.

Temporal variability in daily average owase follows a non-linear decline from 8-26 June

2013 starting at 0.49 and ending at 0.34 (Fig. 3). and-eep-follows-anuneven-dechinefrom-8-26
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An increase in apase Of 0.11 between June 12 and 16 might be related to tilt errors, which

influenced what part of the increasingly heterogeneous surface the instruments were

monitoring. Indeed, the net lowering of apase by 0.15 between 8-26 June is confirmed and

observed from June to mid-August for owmop pixel 1 8Nd_0MOD Pixel 2. OMOD Pixel 1. 8N OMOD Pixel 2

drop from values slightly above 0.5 in June to 0.24 and 0.37, respectively, around mid-

August. In between these dates, sudden increases in albedo could be caused by occasional

snowfall events, where the difference in tundra and ice sheet near surface air temperatures is
~3 °C (Fig. 4). A brief snowfall event on 28-29 June (Fig. 4) raissd MOD10A1 albedos from
0.31 to 0.53 between 27 June and 30 June, respectively. July MOD10A1 albedos exhibited

some temporal variability, but were generally lower at the end than the start of the month. It is

unclear if they were triggered by snowfall events. While precipitation events occurred several

times on the tundra in July, it is unknown if these events extended to the ice sheet and if

temperatures were sufficiently cold to trigger snow rather than rain (Fig. 4). August

MOD10A1 albedo increased from early to late in the month with a snowfall event on ~18

August, triggering large increases in albedo to values above 0.75. High-quality daily average

broadband aasp pixel 1 and aasD pixel 2 data don’t exhibit the slight increase in opase at the end of

June (0.04 from 22-26 June), which may be reflected by differences in footprint sizes, less

temporal aasp_sampling frequency, and opas tilt errors. Instead, oasp pixel 1 and 0asD pixel 2 data

exhibit a steady decline over the month of June, while owop pixel 1 and owvoD pixel 2 data remain

relatively constant over the same time period. Absolute magnitudes among the three ground-

and satellite-derived albedo products diverge due to sensor, wavelength range and spatial

resolution differences. However, all products have higher albedo values in the first than the

last observation in the month of June, prior to the 28-29 June snowfall event.

Albedos of dirty and whiteclean ice surfaces are distinctly different for each ablation
stake site (Table 4)-
distributions—ef-visible—etasp—2). Broadband aasp_spectra made within 3630 m radius—of

18
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meastrements=5). Only Site D had both dirty and clean ice surfaces. Manual inspection of

19




individual spectra at Site D confirm that samples with aasp < 0.4 are qualitatively similar to

typical spectra for wet or debris rich ice as shown in Pope and Reese (2014), and distinctly

different from aasp above 0.4 (Fig. 5).

</{Formatted: Indent: First line: 0"

4.2 Melt season albedo distributions

4.24.2.1 2013 computed vs. observed distributions +——{ Formatted: Heading 3
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Computed albedo frequencies using typical albedo values for four distinct surface types

(Table 3) and changing area fractions of these surfaces identified at a nearby site by Chandler
et al. (2014) reveal a bimodal distribution as the melt season progresses (Fig. 96). The relative

strength of the first and secondary modes change as the fractional area of darker surfaces
expands from “dirty ice exposure” to “melt” distributions and onwards. At the start of the
melt season, the abundance of lighter surfaces coincides with a higher probability of high

visiblebroadband aasp values. Here, snow and clean ice surfaces dominate and gradually

degrade, exposing the impurity-rich surface underneath. As darker surfaces progressively

populate the ablation zenearea with the onset of the melt season, computed albedo
distributions predict a concomitant higher probability of lower albedo. Thus, there is an
apparent dichotomy between darker and lighter surfaces ‘competing’ to control the overall
albedo distribution of the ablation zenearea. A transition towards a left-skewed-distribution is
fikelybiased towards lower albedo values is due to darker surfaces shifting the overall
distribution-te-lewer-albede-values, and is confirmed by high-quality wisiblebroadband a.asp
distributions (Fig. 167). Relative melt rates increase sharply (by 41:8+-225.7%) from “dirty

ice exposure” to “melt”, coinciding with a strengthening of the second, lower mode in the

computed albedo distribution (Fig. £1)-8). Once the secondary mode is established, a smaller

increase in melt rates occurred as the mode strengthens between “melt” to “darkening ice”

and finally to “late summer ice” (6.7% and 9.1%, respectively).
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Observed MOD10AL1 albedo distributions at feurthree spatial extents (Fig. £29) reveal
that the eemputed-bimodal distribution-abevedistributions (cf. Fig. 9)-is6) are manifested in
reality- at the 100x100 MODIS pixel (px) extent (i.e. 46.3 km?). While the spatial extent of

the MOD10A1 sample influences the seasonal average albedo distribution, two distinct
surface types - dark and light surfaces - dominate the seasonal signal (Fig. 129). At the
smallest spatial seale-(20x20extent (50x50 px — i.e., 9-323.2 km?), lower albedos from darker
surfaces of the lower ablation zenearea control the density distribution, while at the largest
spatial sealeextent (150x150 px — i.e., 69.5 km?), the probability distribution is primarily
influenced by higher albedos from lighter surfaces (e.g., snow) of the upper ablation area. The

central tendencies of each mode are ~0.46 and ~0.72, which is much larger than in the

computed distributions (~0.18 and ~0.56; cf.+Fig. zene-6). [ Formatted: Comment Reference

The bimodal distribution identified in the observed 100x100 px MODIS albedo
distribution in 2013 (Fig. 9) is the result of snow and ice surfaces characterizing the two

peaks, as each mode centers around typical values of snow and clean ice, respectively. As

such, the observed MODIS bimodal distribution is associated with a transition from ice to

snow, rather than a change from clean to dirty ice, which caused the two modes in the

computed distribution (Fig. 6). Indeed, analysis of 2013 meteorological observations reveal

that short term snowfall events that fell on top of the underlying ice can result in variations in
ablation area albedo (Fig. 3 and 10). In 2013, the bimodal distribution at the 100x100 px

spatial extent is likely the result of snow deposition or redistribution of blowing snow on top
of the ice surface (Fig. 9 and 10).

MOD10A1 albedo at the 100x100 px (i.e., 46.3 km?) spatial scaleextent transitions (Formatted: Comment Reference

from a high-unimodal distribution with high albedo values at the start of the melt season (31

May — 4 June), to a bimodal-like distribution with intermediate albedo values at mid-melt

season (20 — 24 June), and shifts abruptly to a new, lew-unimodal distribution with low

albedo values at peak melt season (30 July — 3 August; Fig. £3)—10). By assuming an

unchanged radiation budget, the relative impact of albedo distribution changes on melt rates
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was quantified. The abrupt shift from a lighter- (high albedo) to darker-dominated (low
albedo) surface corresponds to an observed melt rate percent difference increase of 51.65%
between 10 — 14 July and 20 — 24 July pentad average albedo distributions (Fig. +4—14).
Before and after this shift, melt rates changed much less from pentad-to-pentad, ranging

between ~10-30%, with the exception of the dramatic drop of 103.3% when the melt season

ends in late August.

The bimodality seen in the 30 June — 4 July pentad (Fig. 10) coincides to a brief period

of higher MODIS albedo values (0.6 — 0.7), indicative of snow. Identification of a snowfall

event on 28-29 June 2013 (Fig. 4), confirms the source of the bimodal distribution observed

in the 30 June — 4 July pentad (Fig. 10), corresponding to a brief “jump” in the probability

density distribution to higher albedos.

4.2.2 Differences between 2012 vs. 2013 observed albedo distributions

While the 2013 MODIS albedo bimodal distribution shown in Fig. 9 and 10 are a result of

snow and ice albedo, analysis of MODIS 2012 data reveal a more complex, multi-modal

albedo distribution (Fig 15). These distributions cannot be explained by the presence or

absence of snow and ice alone. The 2012 MODIS is characterized by generally lower albedo,

with six_out of nine pentad albedo distributions ranging mostly between 0.2 and 0.5,

compared to three out of nine pentad albedo distributions in 2013 (cf. Fig. 10 and 11). These

low albedos are confirmed by the average seasonal MODIS 2012 albedo distributions, where

a higher probability of albedos are centered on ~0.35, compared to two peaks at ~0.45 and
~0.7, in 2013 at the 100x100 px spatial extent (cf. Fig 12 and 16). The higher probability of

these very low albedos observed in 2012 are likely due to dust, sediment, and impurity-rich

ice in the so-called ‘dark-band’ region (Wientjes and Oerlemans, 2010). The identification

of this dark zone feature is presented in section 4.2.3.
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4.2.3 2012 vs. 2013 spatial maps

The presence of the dark band region is confirmed by the diagonal band of very low albedo (<
~0.35) in the 2012 MODIS seasonal average at the 100x100 px extent (Fig. 12). However, the

presence of the dark band region is not visible in 2013, where albedo gradually increases from

west to east (Fig. 13). The lack of the dark zone feature in 2013 is likely due to snow covering

the dark band for most of the season. Overall, 2012 exhibits substantially lower ablation area
albedos (Fig. 11), while 2013 reveals higher ablation area albedos in the MODIS spatial

averages (Fig. 10). The large inter- and intra-annual variability in MODIS ablation area

albedo may be indicative of the large spatial variability in surface types that characterize the

lower elevations of the ablation area. Alternatively, a larger distribution in cryoconite hole

coverage may have also contributed to low albedos (~0.25) observed in the 2012 MODIS

seasonal averages (Fig. 15).

4.3 Relative melt rates

Observed ablation rates, derived from stake readings, are typically higher for dark surfaces

(dirty ice and streams) than light surfaces (clean ice; Fig. 16). Clean ice surfaces have higher

broadband aasp_Vvalues (mean of 0.57), corresponding to lower average ablation rates

(5.38*10" m s™). In contrast, dirty ice and stream surfaces have lower mean broadband oasp

values (0.24), corresponding to higher average ablation rates (6.75*10” m s). The observed

mean difference between light and dark surface ablation rates is 1.37*107 m s. Melt rate

calculations (Eqgn. 1 and 2) resulted in a lower average ablation rate for clean ice surfaces
(4.24*107 m s™) and a higher average ablation rate for dark ice surfaces (7.56*107 m s?),
corresponding to a mean difference of 3.33*107 m s Differences between observed and

calculated melt rates could be due ablation stake measurement errors and simplification of
calculations (e.g., no consideration of longwave radiation or turbulent heat fluxes).

23



N

© 00 N oo o1 &~ W

10
11
12
13
14

15

16

17
18

19
20
21
22
23
24
25
26

Regardless, in both cases relative melt rates between light and dark surfaces are considerably

different, and thus useful for investigating seasonal melt rate changes as described next.

The spread in observed clean ice broadband albedo values results in greater variability

in_observed ablation rate estimates (Fig. 16). In contrast, minimal broadband albedo

variability is observed for dirty ice and stream surfaces. As such, grouping these two ice
surface types into a ‘darker surface’ type classification is justified. Few dirty ice albedo

measurements were sampled as compared to clean ice surfaces. Differences in ablation rates
for stream surfaces are due to a lack of albedo data. While ablation rates were measured at

several ablation stake stream sites, only occasional aasp_measurements were collected over

these surfaces. Considerable spread in ablation rates for stream observations could be

explained by varying stream depth (Legleiter et al., 2014). The depth of these ice streams

determines the attenuation and scattering of radiant energy, thereby influencing the observed
albedo measurements. Sensible heat flux from the stream water, not accounted for in radiative

estimates, may also be a mechanism for increased melting.

</{ Formatted: Tab stops: 1.42", Left

5 Discussion

5.1 GrS's-The importance of surface types on observed and computed

ablation zenearea albedo

GrlS ablation area albedos are strongly influenced by the presence or absence of impurity-rich

debris on its surface. WhiteClean ice and dust-covered, dirty ice have distinctly different

albedos, resulting in a left-skewed albedo distribution at themid- and end of June—This

remotely-sensed albedo distributions, revealing that a bimedalmultimodal distribution
develops seasonally—with-two-alternate-states.. A modest melt or snowfall event can trigger a

sudden switch from a high to low albedo mode;—resulting—in—augmented or vice versa
24
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drastically changing ablation rates. These findings suggest that a shift in dominant surface

type from whitesnow to bare ice, and clean ice to impurity-rich iee-surfaces is an important

driver in abruptly increasing seasonal ice sheet melt rates.

The first quality-controlled in situ ablation zenearea albedo dataset collected along a
1.25 km transect during three days in June 2013 is presented. Albedo data collected during in
situ transect dates resemble an early summer ice surface classified in Chandler et al. (2014)
and Knap and Oerlemans (1996; Fig. 6). Here, remaining snow cover and superimposed ice
gradually melts, revealing underlying impurities and last-ablation-seasen’s-cryoconite holes.
Visual assessment and continuous monitoring in the field revealed that the ice surface along
the transect was snow-free from 8-26 June 2013. This period corresponds to an-unsteadya

non-linear decrease in albedo (Fig. 6)-primarily—due—to—fluctuations—in—divrnal-shortwave
fluxes,—which—is—responsible—for3). Accumulation of exposed below-surface impurities

(Wientjes and Oerlemans, 2010), the gradual erosion of snow patches in local depressions on

the ice surface (van den Broeke et al., 2011), as well as the activation and development of an
efficient-surface—meltwaterroutingthe hydrologic system; and-increase—in cryoconite hole
coverage (Chandler et al., 2014)}—Acecumulation—of—exposed—below-surface—impurities
{Wientjes—and—Oerlemans,—2010)—mitigates) may mitigate the rate of change in ablation

zonearea albedo. Turbulent sensible heat fluxes from adjacent pro-glacial areas may-function

asprovide an alternativeadditional explanation for the non-linear decline in ground albedo
measurements, serving to limit the melt-albedo feedback’s influence (van den Broeke et al.,
2011).

distribution—(Fig—10)—Under the assumptions that distinct surface types follow a normal
distribution, a bimodal probability distribution preferentially develops as ablation zenearea

albedo decreases rapidly over the melt season due to development of an efficient meltwater

drainage system, increase in cryoconite hole coverage, and accumulation of debris-rich

25



sediments (Fig. 6). An increase in debris-rich and stream surfaces over the melting season

(Fig. 9)-6) is likely responsible for the enhanced frequency of low albedo values identified in

the observed aasp distribution from 16-25 June (Fig. 7). However, the observed changes at

transect sites appear to be more gradual than for the MODIS data (Fig. 10 and 15). This may

be due to a lack of snow cover influencing the local albedo distribution and a lower temporal

sampling frequency. The lack of a pronounced secondary mode with lower albedo values in

the observed left-skewed distributions (Fig. 7) compared to the modeled bimodal distribution

(Fig. 6) may be related to different melt season conditions (2012 vs. 2013), and corresponding

© 0O N oo o B~ WwON P

range of surface types captured along the transect, which undersamples dark surfaces (e.qg.,

[y
o

dirty ice and stream surfaces; Fig. 5). While, Chandler et al. (2014) surface types cover a

11 | wider range of surface types, and thus, albedos.

Formatted: Indent: First line: 0.49"

12 Compared to reality, the computed distribution (Fig. 6) probably overemphasizes each‘/[

13 | mode and does not account for darkening due to ice crystal growth over the melting season.

14 | The observed albedo distributions reveal abrupt and variable shifts in the seasonal albedo
15 | distribution (Fig. 4310 and 11). At certain spatial sealesextents, these albedo distributions
16 | transition from a high- to low-dominated mode (Fig. £29), enabling enhanced melt rates (Fig.
17 | 348 and 14). Alexander et al. (2014) also observed bimodal albedo distributions for
18 | Greenland’s ablation zenearea by analyzing MAR and MODIS products between 2000-2013.
19 | In—contrast-tothis—study,—Alexander et. al. (2014) attributes the dominant modes to the
20 | presence of snow and ice (and firn). This is in agreement with the analysis of the 2013

21 | conditions, but disagrees with 2012 conditions. This discrepancy could be due to the larger

22 | study area in-Alexanderet-al{(2014)-which-may-ineludethat includes areas unaffected by dust

23 | from deposition and outcropped ice layers:, and a thirteen-year averaging period suppressing
24 | outlier years like 2012 used in Alexander et al. (2014).

25 The bimodal albedo distribution and shift from a higher to a lower albedo mode

26 | centering at values below 0.4 (Fig. 96, 10, and 4311) indicate that a switch in dominant

27  surface type (i.e., from light to dark) during the melt season, and not solely grain size
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metamorphism, as—suggested—in-—Beox—etak—{(2012)-andTedesco—etal—{2011)-are largely

responsible for lowering albedo in snow-free ablation zene-atbedeareas. Furthermore, results

from the MODIS data (Fig. 10 and 11) suggest that a transition from a light- to dark-

dominated surface is abrupt rather than gradual-, likely associated with the addition and

removal of snow. The transition is more gradual in the left-skewed observed (Fig. 7) and

computed albedo distributions (Fig. 6), likely reflecting changes in impurity content and
different time stamps. Consistent with Chandler et al. (2014), the initial drop in MODIS

ablation zenearea albedo is likely due to the transition from dry to wet, and patchy snow
surfaces—while-suceessive. Successive lowering of albedo after snow melt is predominantly

due to an increase #nice crystal size and possibly also by expansion of darker surface area

coverage (e.g., cryoconite holes, accumulation of impurities, and stream organization)~where
the-darker—lower-albedo-surface-mode-dominates:) and melting of dust-enriched ice layers.

These distributions correspond to percent differences (e.q., 51.5% between 10 — 14 July and

20 — 24 July pentads) in melt rate estimates that are substantial over the melt season (Fig. 18

and 14), and highlight the importance of considering the albedo of ablation zenearea surface

types. The higher melt rates associated with darker surfaces (Fig. 16) may lead to lighter

surfaces becoming topographically prominent. In theory, this should enhance sensible heat

transfer to the lighter surfaces, increasing their ablation. Future studies should consider

guantifying the effects of surface roughness on ablation area albedo (e.g., Warren et al., 1998;

Zhuravleva and Kokhanovsky, 2011), and the possibility of enhanced ablation of light

surfaces following upon adjacent, dark surface ablation.

PlausibleRecent studies have proposed scenarios of future atmospheric warming,

where excess deposition of light-absorbing impurities (Dumont et al., 2014) and black carbon

from increased forest fire frequency or incomplete fuel combustion (Keegan et al., 2014), will

accumulation of impurities, contributing to amplified surface melting—and—thus—enrhanced
mass-toss—Fhese. If these findings turn out to be true, these effects will likely be exacerbated

in southwest Greenland’s ablation zenearea, where continued negative albedo trends (Stroeve
27
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et al., 2013), and increasingly warmer average summer temperatures (Keegan et al., 2014), in
conjunction with bare ice, light-absorbing impurities, and cryoconite holes, are expected to

dominate.

5.2 Insights from 2012 and 2013 melt seasons’ albedo distributions

The spatial distribution of snow cover and background bare ice albedo is important for
understanding temporal changes in 2012 and 2013 MODIS albedo distributions (Fig. 12 and

13). Compared to 2013, snow melt in 2012 was more pronounced and reached higher

elevations (Tedesco et al., 2014), allowing the dark band feature to be exposed, resulting in a

lower seasonal albedo mode (Fig. 15).

The large albedo distribution changes from one MODIS pentad to another in 2012

(Fig. 11) is likely due to variability in meltwater ponding on the ice surface, and perhaps

deposition of wind-blown dust from tundra regions, and not necessarily increases in melted-

out debris from internal ice layers at such short timescales. However, exposure of dust and

sediment-rich ice surfaces probably caused the high probability of considerably low 2012

MODIS albedo values relative to 2013. This is expected since it was identified as an extreme

melt year with early onset snow melt (e.q., Nghiem et al., 2012; Tedesco et al., 2013; Fig. 11
and 15), while 2013 was a normal melt-year in the 1979-2013 context (Tedesco et al., 2014).

Given the coarse resolution of the MODIS pixel, it is likely that it averages out finer scale

details of distinct surface types (e.q., dirty ice and cryoconite hole surfaces) along the ice

sheet edge. It is hypothesized that higher spatial resolution satellite imagery may be able to

capture such regions closer to the ice sheet margin. We postulate that the area of these regions

may grow in size over the melting season as demonstrated on local scales by Chandler et al.

(2014) in situ observations.

The bimodal distribution observed in the 2013 MODIS data (Fig. 6) appears to be

governed by the relative extent of clean ice and snow surfaces. This aligns with findings from
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current SMB _models, as the majority of variability in the overall Greenland ablation area

albedo is driven by the deposition, change, and removal of snow (Alexander et al., 2014; VVan
Angelen et al., 2012). However, 2012 MODIS albedo distributions cannot be explained by

transitions from snow to ice and vice versa. Instead, the 2012 MODIS albedo distributions

likely reflect abrupt shifts in ablation area albedo from the exposure of impurities on the ice

surface in the so-called “dark-band” region as well as ice crystal growth and expansion of

dirty ice areas, even with the presence of a few snowfall events. As such, dust and impurities

on Greenland’s ice sheet surface can influence surface albedo in the ablation area. The current

state of SMB models are capable of simulating albedo as a function of meltwater ponding

(Alexander et al., 2014) and impurities from atmospheric dust deposition on snow (Van

Angelen et al., 2012). The models might be improved by incorporating the melting out of dust

and sediments in outcropped ice layers, found in the dark band region.

6 Conclusions

A first high-quality in situ spectral albedo dataset collected along a fixed transect is presented
for southwest Greenland’s ablation zenrearea. Previous studies have attributed an increase in
melt season duration, less snowfall accumulation, enhanced snow grain metamorphism rates
and ice-albedo feedback as primary mechanisms for lowering ablation zere-albede:-hewever;

these-area albedo. Here, we demonstrate an additional control on albedo in the ablation area,

namely the distribution of distinct surface types such as snow, clean ice, impurity-rich ice,

melt ponds and streams, and also examine their modulation on surface ablation. The spatial

extent of each of these surface types result in a multi-modal albedo distributions in the
ablation area. Analysis of MODIS data suggest that a bimedalmulti-modal distribution and

consequentially, an—abrupta shift from light to dark-dominated surfaces, and sensitivity to
melting of outcropped ice layers, characterize seasonal changes in Greenland’s ablation

zonearea, and therefore, melt rates. Fhis-research-provides-a-new-understanding-of-ablation
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1 Continued atmospheric warming coinciding with a darkening ice surface will alterthe

’ . .

3

4

5

6

7 | andrunofffrom-the-southwestern-GriS-ablation—zene-increase the ice sheet surface meltwater

8 | production and runoff. Here, we show the importance of the distribution of dirty ice surfaces,

9 | which are likely the result of accumulation of impurities melted out from internal ice layers
10 | rather than contemporary deposition of atmospherically transported dust. Future research

11 | should investigate the importance of surface accumulation of impurities and if its surface area

12 | can _change to significantly influence GrlS albedo and surface ablation. Finer spatial

13 | resolution satellite imagery is needed to adequately characterize the high spatial variability in

14 | surface types and their corresponding albedo in the ablation area of the GrlS. Analysis of

15 | spatio-temporal variability in albedo using higher spatial resolution imagery may be needed to

16 | adequately characterize surface types, particularly for dust and sediment-rich surfaces, to

17 | improve our understanding of ablation area albedos’ contribution to GrlS mass loss.
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SZA and CC listed for Base Met Station only. Brd is used to abbreviate

1 | Fable2. Descriptive statistics for high-quality albedo transects.
2 | broadband.
Min Max Mean
Transectl Start VisBrd VisBrd VisBrd Daily Average  Daily Average Min Max Mean
Date Time End Time  OlasD QLASD OLASD Olpase Oltop SZA(®) SZA(® SZA(® MinCC MaxCC MeanCC
027426  0.85975
16-Jun 10:32:33  11:53:57 0 4 0.606550  0.404 0.636 45615 50.454  47.828 0.135 0.176 0.157
0.24814 0.76%73
19-Jun 10:39:30  11:35:59 1 0 0.546532  0.316 0.541 46.449  49.925  48.093 0.045 0.084 0.065
0.45321 0.85567
25-Jun 10:20:29 11:11:00 O 0 0.698490  0.333 0.525 47.963 51.525  49.677 0.119 0.138 0.125
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Table 3—Summary-statisticsfor-high-quality-2. Average proadband and-visible-ecaspretrievals %
Formatted: Font color: Black

brcbopseednioresorodos oo tes
Fransect  Broadband{(325—1075-nm)-easp Visible{400-—-700-nm)—uasp
Date - I -
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TFable-4-—-Average-visible-aasp within a 2630 m radius of ablation stake sites and classified by

surface type.

Ablation aasp Site ::EHGQI Dark
stake sites | average surfaces surfaces
siea | 27904 .

Site B 8'699% : :

siec | 9T .

Site D 2'4995 8'6525 0.274243
Site E 0555  0635-  0.232-
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Table 3. Seasonal evolution (%) of four surface types at five distinct time steps approximated
from Chandler et al. (2014).

Time steps | Classified names | Clean ice Dirtyice Streams Cryoconite holes
1 June Early summer ice | 100 0 0 0

19 June Dirty ice exposure | 90 3 1 6

18 July Melt 60 20 1 19

28 July Darkening ice 50 30 3 17

5 August | Late summer ice | 40 40 6 14

42



g B~ W NP

67°915'N

June 18
June 17
June 19
“June 21
June 24
June 25

e o ¢ 0 o O

Ly
- o
ol

.. Transect Site

| soxs0

67°8'45"N

© 680 Met Station

o

'%J '_I. '_i’.-( 2 i

@ Meteorological Station -
A -

W

(LAY

67°90'N

G7°915"N

Figure 1. 23 June 2013 WorldView-2 true color image (bands 5, 3, and 2 RGB) of the study
site with elevation contours (m), MODIS pixel extents; (yellow boxes), and location of the six
albedo transects, ablation stake, and meteorological station sites. Location of four MODIS

spatial extent regions overlaid on a 31 May 2013 MOD10AL1 image (black box inset).
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1 | Figure-5-High-quality wisiblebroadband aasp observations on 16, 19 and 25 June (a), and
2 | wisiblebroadband oasp averaged in 50 m bins (b) along the length of the transect starting near
3 Site E (0 m) and ending near Site A (1200 m).
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Figure 11. MODIS 100x100 px spatial extent pentad average albedo distributions for the 2012

melt season. Note, the 20-24 June pentad (yellow stippled line) is most likely erroneous due

to an outlier in the MODIS data on 21-22 June 2012.
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ice, known as the “dark band”, extends through our study area (< ~0.35, shown in cyan blue
and blue colors).
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Figure 13. MODIS 2013 seasonal average for the 100x100 px spatial extent. Overall higher
MODIS albedo values are observed in 2013, without a “dark band” region surface expression.
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Figure 15. MODIS 2012 seasonal average albedo probability density distributions at three

spatial extents. The MODIS 2012 seasonal average albedo probabilities for the 100x100 px
and 150x150 px reveal a high probability of low albedo values (0.2 — 0.3). This is likely

influenced by the expansion of the “dark band” region in these spatial extents.

62



I I I QO Cleanice
9r @ @ Dirty ice
e @ Stream
)
g8 1
iy
o
Zre '
% @)
= (¢]
c 6f © .
.0 O
@©
0 @)
o)
<C 5t o 4
@]
4 L 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7
Broadband o ASD
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7 Appendix A

7.1 Field spectroscopy measurements

At the start of each transect, the ASD was calibrated to current hemispherical atmospheric
conditions by orienting the RCR skyward, along a nadir-viewing angle. Subseguent

measurements were taken with the ASD rotated 180° to view the ice surface. Under changing

sky conditions, the instrument was recalibrated. Each transect consisted of ~100 sample

locations, roughly 10 m apart. Despite changing ice conditions rapidly deteriorating
temporary location markers, global positioning system (GPS) locations reveal that sample

sites in consecutive transects were gathered in close proximity (Fig. 1). While samples were

not taken from exactly the same sites preventing a point-by-point comparison, the transect

sample distribution and smoothed spatial patterns can be analyzed for change over time.

Sample sites along the transect were selected based on distance. If a spectrum site intersected
with a stream, melt pond, or cryoconite hole, the nearest ice surface was sampled instead. To

capture spectral albedo of different ice surface types, separate measurements of streams, dirty
ice, and white ice were collected. At each sample location, five consecutive spectra consisting

of 10 dark currents per scan and 10 white reference measurements were recorded and

averaged.

Apparent outliers were identified using the Spectral Analysis and Management System

software (SAMS) to identify outliers. Outliers were defined as physically unrealistic spectral

albedo values (> 1.0) and raw spectra that were significantly different to the other spectra

across the entire spectral range (visible and near-infrared wavelengths) taken for the same

sample. For 16 June, 20 spectra were deemed outliers (total spectra collected = 555); 19 June,

17 spectra were deemed outliers (total spectra collected = 560); and 25 June, 12 spectra were

deemed outliers (total spectra collected = 480). The outliers for these transect dates comprise

less than 4% of all spectra collected, and thus, likely had an insignificant impact on the final

albedo calculations. On 17 June, spectra with unrealistic > 1.0 values were collected, as will

be shown in section 7.2 that all data from this day were considered low-quality and removed

from the dataset.
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7.2 Quality-control of axspdata
To ensure a high-quality aasp dataset, an impact assessment of variable cloud conditions (i.e.

irreqular lighting due to transient clouds) and high SZAs during late afternoon albedo transect

collections was made. Key et al. (2001) reported a 4-6% increase in albedo, on average, under
cloudy conditions. Albedo readings have also been reported as unreliable at SZAs beyond
70°, due to an increase in diffuse radiation reaching the ice surface (Schaaf et al., 2011;
Stroeve et al., 2005; Stroeve et al., 2013; Wang et al., 2012).

As a proxy for cloud cover, relative cloud cover, hereafter CC, was calculated every

second as the ratio of modeled clear-sky and observed incoming solar radiation similar to Box
1997). ‘Clear-sky’ incoming shortwave fluxes at the surface were calculated with a solar

radiance model (Igbal, 1988). Model inputs of water vapor content, surface pressure, aerosol

optical depth at 380 and 500 nm, and area optical thickness were estimated from the
Kangerlussuag AEROsol Robotic NETwork (AERONET) station (Holben et al., 2001). SZA

was also modeled with the solar radiance model using latitude, longitude, time of day, and

day of year at the Base Met Station. oasp collected under high CC variability and SZAs

approaching extreme angles were subsequently removed. Filtering aasp data under these

criteria ensured the production of a high-quality dataset necessary for subsequent analysis.

Cloud cover and radiative conditions varied among transects (Fig. Al). The majority

of aasp_measurements were made at small SZAs (~1030-1200 local time), except on 21 and

24 June, when observations were made in late afternoon (1530-1630 and 1640-1750 local

time, respectively). Incoming solar radiation fluxes exhibited considerable range of diurnal

variability (average 662 + 83 W m™). Outgoing solar radiation displayed similar range of

variability at lower magnitudes (average 239 + 18 W m) during transect dates. Derived CC

reveals daily range of variability in cloud conditions roughly consistent with incoming solar

radiation observations, yet on average, remained low (~0.13) indicating that the majority of

the transect times were collected during nearly cloud-free conditions. During transect times,

half-hourly apase changed linearly with SZA, yet remained fairly stable (Fig. A2a). Above 80°

SZA, half hourly onase Variability increased, confirming that 70° SZA was a suitable threshold
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for daily average albedo calculations. Installation tilt, heterogeneous and changing surface

conditions likely contributed locally to “unstable” ap.se_Observations at higher SZAs. A

hysteresis observed in oy, _Observations (data not shown) is attributed primarily to a low

installation height (0.5 m), but may also be partly due to changing surface conditions. These
effects can compromise the accurate representation of illumination and viewing geometries
resulting in reduced albedo estimates at high SZAs (Kuhn, 1974; Wang et al., 2012; Dumont
et al., 2012). As such, Top Met Station measurements, and awase at SZAs greater than 70°

were excluded for most analyses. Despite its limitations, oo, Were used for oasp comparison
described below.

High range of CC variability, instead of consistently high CC, was found to be

responsible for saturating oasp_readings on 17, 21, and 24 June (Fig. A2b). Continuous

recalibration of the ASD instrument on 17 and 24 June was inadequate to overcome variable

lighting conditions resulting in saturated aasp readings (> 1). During 21 June, aasp data did
not saturate despite variable sky conditions (0.01-0.52 CC range). Variable cloud conditions

on 17, 21, and 24 of June effectively increased the amount of downwelling longwave

radiation relative to shortwave radiation available at the surface, of which, the net effect
results in a larger portion of solar radiation available to be reflected by the ice surface
Grenfell and Perovich, 2004; Roman et al., 2010; Wang et al., 2012). This can translate to an

increase in spectral albedo estimates by ~0.06 over active melting ice surfaces (Grenfell and

Perovich, 2004).

By removing the majority of shortcomings and uncertainties identified in transect

radiative and surface conditions, a high-quality albedo dataset was produced. Optimal SZA,
CC, and radiative conditions were observed for 16, 19 and 25 June. aasp data collected on 17,

21, and 24 June were identified as low-quality based on their dependence on SZA, CC

variability, and issues with albedo saturation, and subseguently removed from further analysis
(Fig. A2). The first and last high-gquality aasp measurements closest to the AWSs were

compared and reveal that they agree reasonably well with oupase and oo data (Fig. A3). As

much as 62% of aasp_Vvariance is explained by oupase and ougp, and the linear regression model

slope between the two datasets is close to one (aasp = 0.26ouvet + 0.41, where owet IS Opase
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and ayop combined). The discrepancy is likely due to differences in exact sample locations and
instrumentation. Table 1 provides summary statistics related to high-quality aasp_ and transect

conditions.

7.3 Installation of meteorological stations

The Top Met Station was installed upon a homogenous clean ice surface, and the Base Met

Station was installed above a heterogeneous surface of mixed clean and dirty ice. Both

stations measured solar radiation fluxes every 0.5 h at 300-1100 nm, using S-LIB-M003

silicon pyranometers and a U30 data logger (Table 1A; + 5% or 10 W m™ precision; Onset

Computer Corp., 2010) from 8-26 June. Sensors were attached to a pole drilled into the ice at

1.5 m above the surface, and were kept relatively constant at this height, but occasionally
tilted off-level. After a period of heavy melting, the Top Met Station was re-drilled and

installed at 0.5 m height and remained at this height as melting seized. A very large hysteresis

in ouop_as a function of SZA suggests that the low installation height resulted in oyop_errors due

to a disproportionally large influence of surface roughness on its measurements. Despite not

having observed tilt information for the AWSs, we use a theoretical tilt (for Fig. A2b) in Van

den Broeke et al. (2004) to provide a reasonable uncertainty range. Assuming a tilt of 1° on 18

January at Kohnen station, Antarctica (75°S, 0°) is associated with ~15 W m offset in net

shortwave at noon local time. This is associated with an absolute error of 5% with a tilt of 1°.

Here, we assume double the uncertainty (x 10%).
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Figure Al. Radiative conditions during transect dates at the Base Met Station, including

incoming solar radiation (ISR, black line), outgoing solar radiation (OSR, green line; left y-

axis), modeled relative cloud cover (CC, blue stippled line; right y-axis), and solar zenith

angles (SZA, vellow line right axis). Red shaded regions show aasp data collection times.
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Figure A2. Half hourly broadband aese () measurements as a function of SZA. Symbols and

colors correspond to transect dates. Transect times correspond to the black line. A SZA

threshold at 70° is represented by the red stipple line. (b) Relative CC determined at opase S a

function of time during transect dates. Symbols and colors correspond to transect dates.
Transect times correspond to bold lines.
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and ay,,) Measurements fitted to a linear regression equation (R? = 0.67). The value of aasp

error is based on the standard deviation of individual a.asp Mmeasurements.
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1 | Table 1A. Meteorological station sites and associated variables.

| Site Latitude Longitude Elevation (m) Start Date End Date
| Base Met Station ~ 67.151629 50.027993 511.3 8-Jun 26-Jun
| Top Met Station 67.146857 50.001186 586.0 14-Jun 26-Jun
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