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Dear all,

This paper aims to combine field and satellite reflectance measurements
with laboratory analyses of ice and cryoconite samples in order to map
various impurities over a Swiss glacier. This is a worthy research aim,
and the authors have undoubtedly produced a valuable dataset that will be
relevant for future method development in impurity mapping. The paper is
generally clearly written, its purpose is well articulated and the subject
matter is appropriate for The Cryosphere. Ultimately, I would be pleased
to see a version of this paper published. There are, however, some issues
that the authors ought to address prior to publication.

Dear Reviewer #2,

Thank you for the positive evaluation of the manuscript. We have carefully
considered each of the Reviewer’s comments and suggestions. The Reviewer
will find below the responses to the general and specific comments.

General comments:

1. More details are required regarding the measurement protocol used to
obtain spectral reflectance. What was the viewing angle? How was the fibre
optic levelled? What was the footprint size of each measurement? Were the
sample surfaces flat? The maximum clean ice visible reflectance in Fig.2
exceeded 1.3 - does this indicate that an oblique viewing angle or sloping
surface caused the measurement to be near the forward scattering peak? How
does the measurement angle compare with that of the Hyperion satellite?.

1. We acquired spectral measurements of the glacier surface from nadir
using a bare fiber optic with an angular field of view of 25°. The fiber
optic was held using a fiber holder equipped with a level to ensure that
the glacier surface was always measured from nadir. Measurements were
collected at a distance of 80 cm from the ground corresponding to a
footprint diameter of 35 cm. We tried to select flat areas for the
reflectance measurements, but nevertheless the surface of the glacier was
quite rugged, so possible uncertainties related to the forward scattering
of snow may be present 1in the data. Reflectance higher than 1 1in the
visible wavelengths is often found in the literature, and can be a symptom
of this issue (Painter & Dozier 2004, Schaepman-Strub et al. 2006). The
look angle of the Hyperion tile (EOIH1930282015219110K5 SG1 01) was 23°,
this could further explain some differences between field and satellite
observations.



This information was added in Section 2.2, now it reads (pg3 1n33):

“A bare optical fiber with a field of view of 25° was used to collect data
from nadir with respect to the surface. The fiber optic was held by a fiber
holder equipped with a level. The fiber holder was always kept at a distance
of 80 cm from the ground corresponding to a footprint diameter of 35 cm.
As a measure of the ASD reflectance measurements uncertainty, we calculated
the coefficient of variation averaged on the VIS-NIR wavelengths. In our
study, the coefficient of variation spans from 1 to 10%.”

The information on the Hyperion look angle was added in Section 2.4 (pgh
1lnl2) :

“The look angle of Hyperion was 23° during the acquisition”

The discussion regarding the reflectance was added in Section 4, now it
reads (pg9 1Inl7):

“From field spectroscopy, we were able to characterize different glacier
components in the ablation zone only, while satellite data allowed to have
an overview on the reflectance spatial variability at catchment scale. We
tried to select flat areas for the reflectance measurements. However, the
surface of the glacier was quite rugged, so possible uncertainties related
to the forward scattering of snow may be present in the data. Reflectance
higher than 1 in the visible wavelengths is often found in the literature
(Painter and Dozier, 2004; Schaepman-Strub et al., 2006), and can be a
symptom of this issue.”
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2. I have some questions regarding the Snow Darkening Index (SDI). This
measure is a ratio of blue and green reflectance values where more positive
SDI is interpreted as high impurity load and vice versa. However, wet
cryoconite has a near-flat spectrum across the blue and green wavelengths
and will therefore have a low or negative SDI despite being very dark. In
this case, the SDI cannot reliably distinguish between very clean and very
dirty snow/ice. This is illustrated in Fig 2. Similarly, in Figure 2B the
SDI would be lower for the wet cryoconite than the dry cryoconite despite
it being much darker. Wouldn’t the index also change as the snow or ice
grains evolve, even when impurity loading remains constant simply because
grain evolution preferentially alters reflectance in red-NIR wavelengths?



3. I also wonder about the use of SDI as a measure of mineral dust loading,
compared to total impurities measured using Iimp? Mineral dusts, organic
carbon, 1living algae, black carbon and mineral dusts all depress
reflectance in the visible wavelengths and would all have similar effects
on the SDI. Perhaps I have misunderstood, but it seems that SDI and Iimp
are only arbitrarily different metrics. Presumably the different
wavelengths lead to the metric having different sensitivities, but is there
a meaningful difference in what they represent physically?

We addressed point 2 and 3 together since they are both related to the
sensitivity of SDI and the other indices to LAIs and snow grain size.

SDI was developed to link the concentration of mineral dust (MD) with the
spectral reflectance of snow. This index was specifically built to exploit
the wavelength-dependent effect of MD on snow reflectance (see Di Mauro et
al. 2015). In the context of this paper, the interesting information
brought by SDI is related to the resurfacing of Saharan dust layers in the
accumulation zone of the glacier. In the ablation zone, the presence of
different materials (fine debris, cryoconite sediment etc.) makes the
interpretation of the spatial distribution of the index quite difficult.
We discussed these aspects in Section 4 (pgll 1InZ2).

Although SDI ad I;w share a common band (at 550-580 nm), they emphasize
different aspects of the impact of LAIs on snow and ice reflectance. For
example, Black Carbon (BC) and Organic Carbon (OC) depress the reflectance
of snow in a more homogeneous way, and their effect is negligible in the
NIR and SWIR wavelengths. Instead, MD strongly decreases the reflectance
at wavelengths shorter than 500 nm. We acknowledge that SDI may change
also in response to grain growth (see Fig. 8 of Di Mauro et al. 2015).
However, the effect of SGS is evident in the NIR range while changes 1in
the grain size can only slightly affect the visible wavelengths involved
in the SDI computation.

In the "“Data and Methods”, we added Section 2.5 "“Radiative transfer
modelling” to explain the different sensitivity of SDI, I,y and oyrs to
grain size and LAI concentrations:

“In order to assess the sensitivity of the SDI, I, and ayrs to snow grain
size (SGS), BC and MD concentrations, we ran a set of simulations using
the Snow, Ice, and Aerosol Radiation (SNICAR) model (Flanner et al. 2007).
The model allows to simulate the snow hemispherical albedo spectra between
300 and 5000 nm with a resolution of 10 nm. The main variables included in
the model are: snow grain size (um), snow density (Kg/m’), snowpack
thickness (m), surface spectral distribution, solar zenith angle (degrees),
MD and BC concentration (respectively in ppm and ppb). We simulated snow
reflectance varying the SGS from 100 to 600um, the (uncoated) BC
concentration from 0 to 1200ppb and the MD concentration from 0 to 300ppm
(diameter 5.0-10.0 um). Then we calculated the three 1indices and
represented them as a function of MD/BC concentrations and SGS in a contour
matrix plot.”



In the “Results”, we added Section "“3.1.3 Sensitivity of narrow- and
broad-band indices to SGS and LAI concentrations” describing the results
of the SNICAR simulations:

“In Figure 8, we present the contour plots obtained from the SNICAR
simulations. Plots refer to the sensitivity of narrow- and broad-band
indices to MD variations (upper panels) and to BC variations (lower
panels). Iy 1s insensitive to SGS for both MD and BC variations. For low
concentrations of BC/MD, also SDI is almost insensitive to SGS, but for
high concentrations, a nonlinearity emerges. Qyrs results the most sensitive
index to SGS. I, and ayrs are similarly affected by variations in MD and
BC, while SDI is more sensitive to MD than BC.
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Figure 8 Comparison between SDI, Iinp and Oyrs obtained from SNICAR simulations. The indexes
are represented as contour plots as a function of the concentration of Mineral Dust (MD,
upper panels) and Black Carbon (BC, lower panels). MD concentrations are in ppm, BC
concentrations are in ppb.

In the manuscript, we added some discussion on this aspect in Section 4
(pgl0 1nZ21):

“From the results of the SNICAR simulations presented in Section 3.1.3 we
can assess that I;n is a solid indicator of LAIs concentration. SDI instead
is more related to the radiative impact of LAIs on snow, since it 1s also
influenced by the increase of SGS. However, during summer season
characterized by wet snow with large SGS, SDI 1is almost insensitive to
changes in SGS, while its sensitivity to medium/low MD concentration is
maximum. Furthermore, since SDI is a broad band RGB index, it can be easily
estimated from digital RGB cameras both fixed (e.g. Webcam) and mounted on
Unmanned Aerial Vehicles.

Although SDI and I, share a common band (at 550-580nm), they emphasize
different aspects of the impact of LAIs on snow and ice reflectance. I



is similarly affected by variations in MD/BC, while SDI is more sensitive
to MD variations, in particular for large SGS.”

We added also a comment on the influence of sun geometry on SDI and I
spatial variability (pgl0O 1n29):

“In comparing SDI and I;n, maps, 1t should be noted also that both indices
are varying with the sun geometry, which is varying on the glacier due to
local topography. For example, Dumont et al. (2014) computed I;n, from MODIS
diffuse albedo to analyse LAIs distribution over the Greenland Ice Sheet.”
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4. Reflectance across (most of) the visible wavelengths was integrated to
provide albedo. However, integrating only the visible wavelengths omits a
significant fraction of the total solar radiation that is crucial for the
surface energy balance with the effect of exaggerating the albedo lowering
effect of impurities. Albedo is also hemispheric. Since ice is strongly
forward scattering, large errors can result from assuming nadir reflectance
can be integrated over the entire hemisphere without anisotropy correction.
Was this accounted for in the analysis? If so, how? If not, the albedo
discussion needs to be removed or heavily caveated.

Thank you for this comment. In this paper, we were interested in estimating
visible albedo (ayrs) for studying the impact of impurities and cryoconite
on snow and ice reflectance. ayrs was computed according to the wavelength
limits used in Liang et al. (2001), where ays 1s estimated from reflectance
in visible wavelengths (0.4 - 0.7 pm).

We are aware that albedo is also hemispheric, but hemispherical albedo 1is
difficult to determine from satellite sensors because measurements are
performed with fixed solar and viewing angles. Unfortunately, we did not
characterize the anisotropy of snow on the glacier, so we were not able to
perform a proper estimate of hemispherical albedo (see Naegeli et al.
2015), but we use a numerical integral of HCRF in visible wavelengths (0.4
- 0.7 pym), namely ayrs, as an approximation of snow albedo. The paper 1is
more focused on the impact of impurities on the spectral reflectance of
snow and 1ice on the Morteratsch glacier, we made this clear 1in the
Discussion section of the paper.

We point out these aspects in the methodology section of the new version
of the manuscript, that now reads (pg6 1n8):



“In this study, we did not characterize the anisotropy of snow on the
glacier, so we were not able to perform a proper estimate of hemispherical
albedo (see Naegeli et al. 2015), but we used ayrs computed as the numerical
integral of HCRF in visible wavelengths (0.4 - 0.7 pm) (Liang 2001), as an
approximation of snow albedo.”

References:

Liang, S. (2001). Narrowband to broadband conversions of land surface
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5. I also agree with Reviewer 1 that intrinsic albedo reducing processes
could influence the interpretation of the presented spectral data.

Thank you for this comment. We acknowledge that both internal and external
factors impact snow and ice spectral reflectance. In particular, internal
factors may play an important role in decreasing the reflectance of ice
and snow during long and hot summers at mid-latitudes. We added a brief
discussion on these aspects and we included the papers suggested by the
Reviewer #1 in the bibliography. This point is also addressed in the new
“"Data and Methods” and "“Results” sections based on SNICAR simulations.
Furthermore, we added the following sentences (pgl0 1n34):

“This decrease 1in albedo can be explained by both an increase of LAI
content and/or variations of the snow/ice grain properties. However, the
interpretation of the effects of such external and 1internal snow
characteristics on ayrs 1S not straightforward. For example, Liou et al.
(2014) showed that snow grain shape and impurity snow mixing sStructures
can significantly influence the effects of LAIs on snow albedo.
Furthermore, snow gralin packing also plays a critical role in affecting
albedo of both clean and dirty snow (He et al., 2017)”

6. The albedo/spectral reflectance of cryoconite on the laboratory is
likely to be very different to cryoconite in nature, especially when
contained within cryoconite holes. Not only are the hole floors and walls
made of ice with certain optical properties, the cryoconite material is
usually submerged beneath a layer of water. This introduces specular
reflection from the water surface, multiple reflections between hole walls
and hides the cryoconite from light arriving from off-nadir angles. For
cryoconite out of holes, its albedo influence will vary greatly depending
upon the optical properties of the ice beneath it and how wet it is. For
these reasons, care should be taken when inferring cryoconite’s enhanced
albedo-lowering effect relative to moraine sediment (page 10).



In this part of the paper we were interested in the optical properties of
the materials that constitute cryoconite sediments. This characterization
is fundamental for future developments of glacier modelling that take into
account the impact of these materials that have not been extensively
studied till now. Besides the large literature regarding the biological
constituents of cryoconite, 1little attention has been paid to the
geochemical and mineralogical properties of cryoconite (see Tedesco et al.
2012; Baccolo et al. 2017). Nevertheless, the bulk constituent of
cryoconite 1is often composed by inorganic materials that, coupled with
organic materials, trigger their development, and determine the radiative
impact on glacier ablation. Nevertheless, we remark that field spectroscopy
data acquired on the Morteratsch glacier were collected on surface
cryoconite, not cryoconite holes. Samples from cryoconite holes were
analysed only 1in laboratory with the ASD spectrometer and the Multi-
Wavelength Absorbance Analyzer (MWAA). We made this clear in the revised

paper.
In the "“Discussion” section, we added the following sentence (pg9 1n37):

“"However, it should be noted that wet cryoconite reflectance 1is expected
to vary as a function of the optical properties of the ice beneath and its
wetness, thus the effect of cryoconite presence on glacier albedo is not
easily predictable”

Regarding the comparison between cryoconite and moraine sediments, results
from ASD and MWAA analyses showed that the two materials show substantial
differences. In particular, the fact that cryoconite absorbs more radiation
with respect to moraine sediments 1implies that the organic material
contained in the cryoconite strongly alters its optical properties.
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Specific Comments

Page 3, line 29: In what window around midday? Did you use midday or solar
noon-?

We collected the measurements between 12.00 and 13.00 (local time). We
added this information in the revised paper (pg3 1n31).

Page 4, line 14: Shouldn’t they be normalised for mass, not concentration?



Yes, you are right. We normalised for the total mass. We modified the
sentence (pg4 1n25).

Page 6 line 29: These are also the wavelengths where both the incoming
solar irradiance and snow and ice albedo peak. Are you confident the
discrepancy does not lead to significant error?

During the field measurements, each spectral acquisition was the mean of
15 spectra. In this way, we are confident to minimize the source of errors
in the data. The discrepancy between ASD and Hyperion data in wavelengths
lower than 500nm can be probably due to the spatial averaging (30m) of
Hyperion, or to other issues discussed in pgl0O 1né6.

Best regards

Biagio Di Mauro & co-authors



