We are grateful to the referees for their posigvaluation of our work and particularly for
the detailed comments. We made corrections in thauscript according to the referees’
minor comments. In the following we give more detailed answers heit questions. The

revised version of the manuscript will be submittgden we will have the answers of the
reviewers.

Anonymous Referee #1:

This manuscript details a model simulating shoreveadiative transfer for melt ponds
on the surface of Arctic sea ice. The paper isigrest to TC readership and describes
a model that appears sound and well tested. Tigaidaye is a bit awkward in places
(see minor comments below), but | do think it isgmlly readable.

Thank you. As for our English, we did our best guadticularly mindfully considered your
minor comments and made appropriate correctioribartext. For the final version we will
have an additional round of correction by our ratspeaking coauthors. Besides, there will
be English copy-editing by the editorial staffla final stage.

My only major comment on the presentation is thatl line 16 states that three
independent parameters are required for this mpadeld depth, ice substrate thickness,
and ice transport scattering coefficient. | agfide results presented in Table 2 show
the first two parameters. What is assumed abouthiihg one? There is no information
discussed in the manuscript that would suggest wddaes were inferred for

the ice transport scattering coefficient. Aimosiodlthe comparisons between model
and observation show remarkable fidelity. It seemsemarkable, that | wonder what
range of transport scattering coefficients are yaad whether there is some vertical
variability allowed in the ice layer beneath thengowater for that coefficient? If |
understand correctly, the model is inferring aneggbtdepthr so an assumption must

be made about the inherent optical propertiesderoto retrieve the physical depth of
the ice? What is that assumption?

You are absolutely right that just the optical deptather than the geometrical one,
determines the reflectance. They are related by @33 We consider all three parameters,
H, andg; , as independent ones. We vary all of them indégethy when fitting spectra and
don’t make any additional assumptions abqu{Except vertical variability). Of course, we
don’t have enough information to retrieve the \oaitiprofile ofo; , SO we assume that we
retrieve some constant effective value for a lay€hus, all these three values are retrieved
for every spectrum. In Table 2 we show only twdh@m just for comparison with the situ
measured values afandH. This information will also be added to the manisciHowever,
nobody measuresg , so we don’t show its values. But we added tiwereed values oé; for

the light and dark portions of the SHEBA pond (#ee last paragraph of Sec. 4.3), where
they are important for calculation of the scattgrmoefficient by bubbles.

Minor comments:
p.1line 9, 19: “large part” and “large fractionteanot very specific



We omit general references and put: “up to 60% aitiyear ice according to Maykut et al.
(1992) and up to 80% on landfast ice accordingaongleben (1971).”

p.1 line 24: “nowadays” colloquial
Changed: “in light of the environmental changeseobsd recently”
p.2 line 5 -6: “Makshtas and Podgorny give a forarfor pond spectral albedo at direct
incidence only; they do not consider the angulsiriiution of the reflected light.” This
sentence is a bit confusing. | understand that M&@ a formula for pond albedo
only for direct incidence, but | don’t see why thaliates at all to an angularly-resolved
description of the reflected field.
We changed the phrase to:
“Besides, the question of the angular distributainlight reflected by a melt pond is still
open.”
p.2 line 15: “banner of the ice grains presencekesano sense
Changed to “evidence of the ice grains presence”
p. 2 line 16: “common deficient information” makes sense

Changed to “when the incident angle is unknown”

p.4 line 1: define ‘AW’
p.5 line 3: define ‘WI’

Definitions are added in p.3, 1.27.

p.6 line 6: please supply a reference for the defm of ‘transport scattering
coefficient’

We added the references Davison, 1958 and Chahktiesd 960
p. 6 linel0: does ‘very elongated’ phase functiam‘very forward peaked’ phase
function? | don’t believe ‘very elongated’ is comnipunderstood. | think the authors
are attempting to convey the idea that a smallgttesing coefficient and lower |g| can
be used to describe the apparent optical propertiasnedium with large scattering
coefficient and/or high |g|.

Yes, you are absolutely right. Corrected.
p. 6 line 22: mirabilites and hydrohalites. . . wsldo be mirabilite crystals and

hydrohalite
crystals

Corrected.

p.6 line 26-28: If the highly scattering surfacgdaisn’t being considered here, then



what is being considered?
We tried to specify a little: “We do not considaréa the highly scattering surface layer that is
formed on top of sea ice during the water drainageess and is commonly referred to as
‘white ice’.” Hope it’s clearer.

p.6 line 28: Statement that air bubbles in seareemostly spherical needs a reference.
We added Gavrilo and Gaitskhoki, 1970; Mobley et#98; Light, 2010.

p.7 line 3: is exponent +1.24 or -1.247

Corrected to —1.24.

p.8 line 20: sloppy notation, with the ‘t’ usedaasubscript on the left hand side of the
eqguation and as a superscript on the right hare] bist both mean the same thing.

We hope this notation will not confuse our readéfser all, these sub- and superscripts are
not the tensor indices where their position is@pal.

p. 11 line 11: ‘extra-terrestrial solar irradiantéhink is more commonly called ‘top-of-
atmosphere irradiance’?

Both terms are widely used. As for our experietice,term ‘top-of-the-atmosphere’ is more
frequent for the Earth reflected radiance, whildra-terrestrial’ for solar light.
egn 49: it is confusing that both A and alpha aeduor albedo
We replaced: by A”“®
p. 13 line 9 — 10: melt ponds forming during 2 Au§ Oct cruise? Seems unlikely.
These are the dates of the cruise. We added: “Hieponds were observed in August.”
p. 13 line 11-14: The description here lacks detatsume the fiber optic probe
coupled to the ASD is used to view light reflecbgdthe Spectralon plate, but this isn’'t
adequately described. The phrase “served as adiffdoesn’t completely describe

how the Spectralon plate was employed.

We added: “A sensor measures the light signal seghdy a fiber optical probe, which
collects light reflected by a 10x10 &@pectralonwhite plate.”

p. 13 line 31: what does ‘open’ mean here? Nokoa3
Yes. We put an explanation in the beginning of 8ekt. “The melt ponds were observed in
August, being both open (with no ice skim) and &éoover (with a skim of ice), sometimes

snow covered.”

p. 14 line 31: the spectral albedo was taken edatsys?



Yes. We put: “The spectra were taken every foursddyring this period. The spectra
processing results are shown in Figs. 12 and 13.”

Fig 5 The angle of incidence is stated in the teut,needs to also be stated in the
figure caption.

Done.

Fig 6 Where did these spectral curves come fron€?elheeds to be some data
attribution.

These spectral curves are modeled for the typiakies. We put a phrase “Typical spectral
albedo of melt ponds, snow, and white ice, caleddor the following parameters:

Fig 7 caption should include information (from fetttat these all had 2-3 cm layer of
ice on top.

Done.

Fig 7 1 am surprised at how high the albedo isat lvavelengths! Could this be due to
the frozen surface? If so, then that would conttthie statement p.13 line 21. | would
expect the peak albedo at blue wavelengths foomafr melt ponds to be somewhere
in the range 0.1 to 0.5, at most.

Actually, we cannot be sure that high albedo vatiesot come from the frozen surface. If an
ice skim contains a lot of air bubbles, it can @ase the reflectance, but in this case it
becomes indistinguishable from the ice substrateh8 optical thickness retrieved is the total
thickness (skim + substrate). As we wrote, our rhalbes not consider such cases. The
statement p.13 line 21 only states that a layetrafsparent ice does not change pond
reflection. On the other hand, there is no restmciof 0.5 for open pond albedo. To be
objective, we put the phrase in p.13, line 30: “Bi@edo values are extraordinarily high. This
could be related with the fact that the ponds ayeein over with a 2-3 cm layer of ice on top.”

Would be useful to show all the panels in eachtelus
(Figs 7, 8, 9 each a cluster) on the same vef(athbédo) scale.

The plots are quite small, we think it's better whke drawings take all the scale.

Also, captions for Figs 7, 8, 9, 10, 11 need totamninformation about the general
locations of each series.

We put in the text about the Polarstern cruise:e“Btations, where ponds were observed,
were located from 84°3N, 31°7E to 82°54N, 129°4F&. more information about the cruise,
see Boetius et al. (2012) and Istomina et al. (2016

For Barrow and SHEBA the locations are given: Clnillemd Beaufort seas.

Fig 8 If these ponds were heterogeneous, then Xaet docation of the albedo
measurement matters! Can this location be shown?



The exact point of the measurement can be sedreiptiotograph, where a person is taking
observation from the light portion of the pond. biéinately, there is no photo for the dark
one.

Fig 12 Caption says ‘on June 3’, but | believe ialy?

Of course, July. Thank you.

Anonymous Referee #2:

The manuscript describes a new numerical modedhltulate the spectral reflectance of
melt ponds on Arctic sea ice, mostly determinedtrge independent variables. The
authors find good agreement between simulated ds&reed spectra from in-situ
measurements during three different field campaighss allows them to derive water
depth, under pond ice thickness and transport icosits for each of the ponds. Given
the ongoing changes of the Arctic sea ice coveratds/ longer melt periods and
increasing melt pond fractions, the manuscript diess a timely topic, which is well
suited for publications in The Cryosphere. Over BBuggest publication after minor
revisions, which mostly comprise some additionacdssion and sharpening of the
main conclusions.

Thank you.

General comments:

- It is not clear to me what the NEW elements o thodel are, compared to existing
models and theoretical approaches. It seems that retations and assumptions are
taken from existing studies. Since this is a mostigthodological manuscript, the

following aspects need to become obvious:

o0 What are the additional and new insights intoatack transfer of melt ponds?

Actually, we don’t know any existing models or thetical approaches that relate the pond
reflectance to its physical characteristics. Thekwaf Makshtas and Podgorny relates the
pond albedo to the albedo of its bottom only. Im swork we show how to obtain the
spectrum of the pond bottom albedo through theatai transfer characteristics of under-
pond sea ice. To do so we use the approachesppedeby the authors for light scattering by
non-spherical particles within the WKB approximati¢Malinka, 2015) and for radiative
transfer within the two-stream approximation (Zegeal, 1991). We show which particular
parameters determine the pond bottom albedo. Thasameters are really the transport
scattering coefficient and ice thickness. Besides,pay particular attention to two more
points: the bi-directional reflectance, which is gfeat importance for remote sensing
techniques when processing satellite data, andtthespheric correction af situ measured
data, which is hardly made by anyone iforsitu measurements. As far as we’re concerned,
we think that all these points are stated in thethuction. Also, according to your advice, we
added these points to the Abstract.



o0 How can or should this model be used in futuhe (butlook at the very end is
rather unspecific and too general)?

o What kind of scientific merit do the authors estpdrom this and following
studies (applications of the model).

Of course, we cannot predict all possible meritst 8me applications are obvious: such a
model is absolutely necessary for satellite datagssing in remote sensing of Arctic ice.
Particularly, this model has served as a basithimMPD (Melt Pond Detector) algorithm for
melt pond fraction and sea ice albedo retrievahfMERIS data (Zege et al., 2015).

- The authors conclude that only three independaemtameters are needed to
characterize melt ponds and thus to retrieve amoagpite optical characterization
from them. They do discuss and show results of peth and substrate thickness,
but | am missing an analysis and more discussioth @etails on the transport
coefficient. In that respect, the role of the threain parameters should be discussed
in the discussion and be concluded at the endeofrthnuscript. How do they impact
the model (not only in equations) and what serigjtdo we expect and receive?

We consider all three parametezg, andos; , as independent ones. All these three values are
retrieved for every spectrum. In Table 2 we sholy éwo of them just for comparison with
thein situmeasured values afandH. Nobody measures , so we don’t show its values.
Additionally, we can add that the transport scattgcoefficient is mostly variable due to air
bubbles in sea ice. We appended the section deditatthe dual pond measured in SHEBA
expedition with the transport coefficient values floe light and dark parts, which gives the
idea of the effect of the transport coefficienttba pond albedo.

- The comparison with in-situ observations showfed#dnces of under-pond ice
thickness and water depth of 50% and some eveifisanily higher. | do not follow
the argumentation that this is satisfactory, intipalar since there is very little
discussion about this (see comments below). | densihese differences as more
significant than the discussion reveals. In paldicwith respect to the under-pond
(substrate) thickness, which should be the mosbitapt parameter to determine pond
albedo.

Actually, the most important parameter that detagsithe pond albedo is the transport
optical thickness of under-pond igehat is a product of the transport scattering ficeht ot
and ice thicknessl: ; = g H . Partially this explains the retrieval errayis retrieved with
much higher accuracy, however there is no way topare it with a measured value. There
could be also other different sources of errorstFithe under-pond ice might not be flat,
especially its lower boundary. In this case theicaptretrieval gives some average value,
while thein situ measurement gives a random value taken in sontieydar point. From this
point of view the measurement makes a mistakeerdttan the retrieval. The second source
can be the presence of some impurities that affeetabsorption spectrum. Additional
absorption can affect the retrieval of the scaitgrcoefficient and, consequently, bf.
Besides, there could be other sources of uncagdajrike finite pond size, presence of snow
in the receiver FOV, clouds in the sky etc. In viefathat, the RMS error of 37% seems to us
more than reasonable, especially given the fadt ttien microwave sounding methods fail
absolutely in ice thickness retrieval, when iceasered with a thin water layer.



Note: | am puzzled about the term “substrate”. Wbtyunder-pond ice thickness?

Thank you for the prompt. As we already mentiornvee ,are not native English speakers. We
have changed this term.

Specific comments:

Abstract: The abstract may be significantly imprvey adding more results and a
statement that explicitly names the additional fierad further applications of the
model:

- Pagel/Linel5 (P1/L15): ... are examined: Whatesrdsult of the examination?

We added: “We find that atmospheric correctionasassary even fon situ measurements.
Thus, an atmospheric correction procedure has b&ethin the model verification”

- P1/L16: several => three field campaigns

Changed

- P1/L17: “good performance” this is rather relatigood in what measure?

How can we measure the adequacy of a model or @ytheThis is rather quality, than
guantity measure.

- Why are the three main parameters not mentionethe abstract? How do they
perform?

We added some details into the Abstract. Now theyreentioned.

- What does this model stand out for and what & (ttkely) future benefit of this
study/model?

The model is needed to get and study a quantitata&tionship between the physical
characteristics of a melt pond and its reflectarides quantitative characterization will be
helpful in retrieving melt pond fraction from spaaed thereby quantifying the atmosphere—
sea ice—ocean heat fluxes relevant for climatearebe

Introduction

- Recent studies by different groups show the Bmireg fraction and importance of
melt ponds. Also shifts in melt onset and melt seaduration are observed and
discussed in various ways. | am missing this aspeitte introduction, while this would

add to the motivation of this study and model depsient.

We added these facts into the Introduction, togetlih the reference ‘Markus et al., 2009'.
- In addition, there are various approaches torpaterize melt ponds in circulation

models of various complexities. This should alsonmduded and could even link to the
role of light transmittance into and through sea {the remaining after reflection).



This could also well link the introduction to thandl part of the conclusions (see
comments below)

We added the phrase about light transmittancegt@tinclusion

- P2/L4: Include also “water” properties.

If we understand correctly, this comment referhsentence “This solution has required the
detailed consideration of the inherent optical prtips of sea ice, which forms the pond

bottom.” If so, we don’t think it is worth includin‘water properties’, because this would

mean ‘sea water’ IOPs, which is a very elaboratethlpm that is very separate from ‘sea ice’
IOPs.

Model descriptions
- This section is most detailed. It could be imma\by distinguishing better between
existing models and theories and highlighting neégas and findings.

It is stated in the Introduction: “Subsection 2regents the derivation of the formulas for
pond reflectance, given by Makshtas and Podgor®@q)l expanded to various incident
conditions.” All other findings throughout the macupt are original. We do not see how to
distinguish better.

- The role of the resulting three main parametboaikl be highlighted.

These parameters determine the pond spectral tagflee The coincidence of measured and
modeled spectra allows us to state that on mom@npeters can improve the model and make
it closer to reality (unless we see real differemtespectra, which we attribute to some
sediments). (we added this to conclusion, alsobst®v).

Additionally, we added the explanation to the eh&ec. 2.4:

“So, in the absence of pollutants just three patarealetermine the pond spectral reflectance:
namely, the transport scattering coefficientand geometric thicknesd of the under-pond
ice and water layer depth. This statement is confirmed by the coincidenceneésured and
modeled spectra demonstrated below.”

- It would add value to the manuscript if the moemade available for other users.
How is the model implemented? How (numerically)tiyoare the simulations?

The model is very simple in the implementation, swese it is entirely based on analytical
formulas. The only numerical cost is the calculatad functionsfi, andf, (integrals in EQ.
(14) and (22)). However, these functions can beutatled once for given set of wavelengths
and then used as a look-up-table to speed up tialagion. As for the rest, all the formulas
are given in the manuscript and can be used stfarglardly.

We added this aspect to the end of Sec.2.1 artGdonclusion.

Model verification
- P13/L16-19: The realization of the validation aranparison should be described in
more detail.



To find the best fit solution we use the multidimemal Newton-Raphson method with the
singular value decomposition of the pseudo-invensatrix. We really think that the
discussion of the method lies far beyond the papepe, but the method name is added to the
manuscript. Adding computational details will matkee understanding of the work only
harder. Also we are sure that the particular metbfoskearching solution doesn’t matter for
model verification. It is enough that we find suchlues of the three pond parameters that
give the best fit of spectra in the sense the leqsares.

0o How did the authors derive that these are theethmain parameters. What
other parameters were analyzed?

See above our answer about the role of these fanr@gneters. Additionally we can note that
refractive indices and absorption spectra of iad\&@ater were not analyzed, because they are
fixed, and sediment concentration was not analybedause we have no information about
polluting substances. So, no more parameters caanbbzed from the point of view of
albedo spectrum. Another question is that the parsscattering coefficient consists of the
contributions of air bubbles and brine inclusionsd athus is determined by their
concentrations. Their relationships are considerettail in Sec. 2.2c and 4.3.

o What about the transport coefficients? How wetleyt studied/discussed?
0 How are the thicknesses retrieved?

All three parameters are retrieved in the same erarfirhey comprise a 3d-vector, which is
varied to provide the best fit of spectra. We aditiésiphrase to Sec. 4.1.

- It is a disadvantage that most ponds were nat ppads as it is assumed in the model
development. | do see the constrains through thengdata set, but this weakens the
verification and needs more consideration. Whyhexe e.g. no thin surface ice in the
model?

For the same reason we are also not quite satisfitbdthe dataset, but that's what we have.
We made computations for the model with frozen aaef Adding a thin ice layer on top
changes almost nothing in the results however migkesulas much more tremendous, so we
decided not to include them into the manuscripts verloaded model was formulated in
our internal report. At first, we planned to attadkls report to the manuscript as a supplement,
however the editorial refused it. And we agree wiiem, because it gives too little new
information.

- P14/L14: Add the year (2008) into the main text.
Added.

- Section 4.4 should be the main discussion ofcthraparisons. This is too short and
somewhat superficial.

o0 Where do these rather large differences of 50¥hecdrom? | do see various
reasons in e.g. pond depth distributions, non-plangerfaces, footprint of
sensors compared to pond properties. But this needbe discussed in more
detail.

o What precision may/can be expected in such m@dels



0 What determines the uncertainties? Which of theerg assumptions might not
be ideal, but what would it mean to adapt this?isltmost likely not realistic
within this study, but some additional discussionould be useful and
interesting for further studies.

Throughout the manuscript, making the derivations,stated the assumptions we use in the
model. Surely, every assumption is some approxanatr idealization and any of them can
limit applicability and accuracy of results. Howevéhe perfect fit of the measured and
modeled spectra is a proof that these assumptiens rgasonable.

- With respect to those differences: As discussenburities are mostly low in the
ponds,

so the result is mostly based on scattering (nebgtion). In this case, the retrieved
spectral shape may be expected to be in good agréemhile amplitude is the main
aspect of evaluation. But if then the simulatededénces are still around 50% for the
under-ice thickness this is somewhat surprisingié | agree that the RMSE match is
quite good if not excellent, but may be not becanfsthe right thicknesses, but other
parameters in the model. This should be discussed.m

We think this question is answered in the sect@eneral commentgthe 4" question). (Also
note that the mean error for ice thickness is 316650%).

Conclusions
- Given that ponds may be described by the threanpeters: How would future
applications look like? What is the main benefunfr this conclusion? (P16/L16)

It is just a scientific statement. Actually, redugithe number of key physical parameters
down to three is indeed the main benefit.

- P16/L27: This raises the question: How much efriodel has been used before and
what is new (see above)?

This model was almost fully used in the MPD aldontdescribed in Zege et al., 2015, but a
detailed description hasn’t been published untivn®he new modification is that the two-

stream approximation is used now instead of thétiad transfer asymptotic formulas for

weak absorption. This allows widening the scopthefapplicability to significant absorption,

what is important in the red and near IR range. $keond one is that the scientific

justification is given for the sea-ice IOPs andnsmguently, to the role of the transport
scattering coefficient.

- P16/L30: “can be useful”: This is somewhat vagdew can it realistically be used?

For example, for a better understanding of the iAr@nergy budget the quantitative
characterization of melt pond reflection is need&least, it is needed for satellite retrieval
of melt pond fraction.

- The last lines of the manuscript are not convigcito me. How would these
improvements be implemented? What are the nexicapipins or which part of these
results is most promising. This needs a more thgitlyudiscussion and a more specific
outlook.



The most promising is the relationship betweenpitngsical and optical parameters of a melt
pond. We think this relationship is needed to sfuedy., the process of ice melting, which is
highly determined by its radiative budget.

- The conclusions section misses a conclusion erutftertainties and deviations from
the field measurements (Section 4.4). At the same, tl suggest to highlight that the
validation was done against quite a suite of fieldasurements and variable pond
conditions. This is a valuable aspect and couldstbessed more. Many studies limit
their validation to a single data set (e.g. onklfexperiment).

We think that most of the facts are performed ia thain text. We added the names of
expeditions once again to the conclusion.

Table 1

- | think that this is not needed.
The purpose of the table is clarifying for the reradwhich parameters are variable (and,

consequently, are varied in the retrieval) and Wiaice fixed in the model.

Table 2
- The pond code names seem to be an internal cadithgalmost no use for other
studies. Using station names and dates as idestitieat link to field reports,
Polarstern station numbers, and Pangaea datas setggested.

We put the station number in the case of Polarsrpedition.
- | suggest to re-arrange the columns and groupievetd/measured/difference
(absolute, and %) for each: ice thickness and wdgpth. This eases evaluation of the
performance.

Done.

- RMSD values could be given in units of e.g. 10d3ave space and ease reading

Done.
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Abstract. Meli ponds occupy a large part of the Arctic sea ice in surmmer and affect strongly the sadiative budget of the
atmosphere-ice-pcean system. [n this study the melt pond reflectance is considered in the framework of the radiative transfer
theory. The melt pond is modeled as a plane-parallel layer of pure water upon a layer of sea ice (pond botiom). The
reflection is considered as comprising of Fresnel reflection by the water surface and multiple reflections between the pond
surface and i1s botiom, which is assumed 1o be Lambertian. Analytical formulas are put forward to calculate the bidirectiosal
reflectance factor (BRF) and the albedo at different incident angles. The effects of the incident conditions and the
atmosphere state are examined. The optical model developed is verified with data from & 5w measurements made during
aeveral field campaigns performed on landfast and pack ice in the Arctic. The comparison to field specira demonstrates good
performance of the developed model for the variety of melt pond types observed in the Arctic.

1 Introduetion

Melt ponds occupy a large fraction of the Arctic sea ice surface in summer (Barry, 1996; Perovich et al., 20009; Nicolaus et
al_, 2000; Polashenski et al., 2002). They reduce the ice albedo significantly and, therefore, increase the flux of absorbed sun
light energy and speed up the process of melting, thus amplifying the positive ice-albedo feedback effect (Curry et al., 1995,
Eicken et al., 2004; Pirazzini, 2008: Schretder et al., 2004). Including light reflection by melt ponds into climate models is an
impaortant task (Flocoe et al., 2000; Floceo et al, 2002; Hunke et al., 2013; Lipkes et al., 2013), particularly in times of the
strong environmental changes we see nowadays (Serreze et al., 2000; Dethloff et al., 2006; Perovich et al., 2008; Pistone et
al, 20104). A physical model of the reflective propenies of melt ponds is needed for understanding the physics of sea ice, as
will as for the cormect interpretation of the resulis of remote sensing and field measurements {Herzfield et al., 2006; Tschudi
et al, 2008; Ribsel et al., 2002; Warren, 2013; Zege et al.| 2005)

Melt ponds on summer sea ice are also the most variable albedo-affecting factor: they can change from light blue ponds,
when just formed, to dark mature ones {Perovich, 1996; Barry, 1996; Sankelo et al, 2000; Polashenski et al., 20012).
Although there are quite a bot of measurements of melt pond speciral albedo (e.g., Perovich, 1994; Morassutti and Ledrew,
1996; Perovich et al., 2002, 2009), an adequate physical and optical model of melt pond reflection s still absent. Makshtas
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Abstract. Melt ponds occupy a large pant of the Arctic sea ice in surmmer and strongly effect the radiative budget of the
atmosphere-ice-ocean system. In this sdy, the melt pond reflectance is considered in the framework of radiative transfer
theory. The melt pond is modeled as a plane-parallel layer of pure water upon a layer of sea ice (the pond botiom). We
consider pond reflection as comprising of Fresnel reflection by the water surface and muliple reflections between the pond
surface and its bottom, which is assumed to be Lambertian. In order to give a deseription of how to find the pond bottom
albedo, we investigate the inherent optical properties of sea ice. Using the WEKB (Wentzel-Kramers-Brillouin) approximation
approach to light scatiering by non-spherical pariicles (bring inclusions) and Mie solution for spherical paricles (air
bubbles), we conclude that the transport scattering coefficient in sea ice is a spectrally independent value. Then, within the
rwo-stream approximation of the radiative transfer theory, we show that the under-pond fce spectral albedo is determined by
two independent scalar values: the transport scattering coefficient and ice layer thickness. Given the pond depth and bottom
albedo values, the bidireetional reflectance factor (BRF) of a pond can be calculated with analytical formulas. The effects of
the incident conditions and the atmosphere state are examined. It is clearly shown that atmospheric comection is necessary
even for fn site measurements. The atmospheric comection procedure has been used in the model verification shown. The
opiical model developed is verified with data from i sée measuremenis made during three field campaigns performed on
landfast and pack ice in the Aretic. The comparison to feld specira demonsirates good performance of the model developed

herein for the variety of melt pond types observed in the Arctic.

1 Intreducton

Melt ponds oceupy a large fraction of the Arctic sea jce surface in summer: up to 0% on multivear ice acconding to Mayku

et al. (19492) and up to B0% on landfast ice according to Langleben (1971) with more fypical values between 20% and 40%

{Polashenski et al., 2012; Rasel et al, 2002; Istomina 20050} They reduce the ice albedo significantly and, therefore,

increase the flux of absorbed sunlight energy and speed up the process of melting, thus amplifying the positive ice-albedo

feedback effect (Curry et al., 1995; Eicken et al., 2004; Pirazzini, 2008, Schroder et al., 20014 Including light reflection by

mielt ponds into climate models is an important task (Flocco et al., 2000; Flocco et al., 20012; Hunke et al., 2013; Lipkes et
1
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and Podgorny (19496) gave the analytical formula expressing the pond albedo in terms of the albedo of its boitom. However,
despite assening that bottorm albedo is the main factor that determines the albedoe of a pond as a whole, they did not address
how to caleulate it This essential gap exists up 1o pow. In this work we propose the simple solution for the pond bottom
apectral albedo. This solution has required the detailed consideration of the inherent optical propertics of sea ice, which
forms the pond bottomn. Beside, Makshtas and Podgormy (1996) give a formula for pond spectral albedo at direct incidence
only; they do mot consider the angular distribution of the reflected light. However, just the bi-directional reflectance is
measured by satellite optical sensors. Besides, processing of the reflectance measurement data, both satellite and ground-
based, requires the atmospheric correction, especially for polar regions. All these pointa are discussed in this work.

The paper is arranged as follows, Our model of melt pond reflectance is described in Sec. 2. Subsection 2.1 presents the
derivation of the formulas for pond reflectance, given by Makshias and Podgorny ( 1996), expanded 1o various incident
conditions, [nherent optical propertics (I0Ps) of sea ice are considered in subsection 2.2, Simple analytical solution for
bottom albedo in terms of the ice IOPs and its thickness is given in subsection 2.3, Subsection 2.4 gives a final brief outling
of the developed model. Accounting for the illumination conditions in processing and interprefation of the experimental
results are considered in Sec. 3. The atmospheric correction of experimental data is considered in subsection 3.1, A
poasibility to use the near [R reflectance as a banmer of the ice graing presence is discussed in subsection 3.2, Notes about
processing experimental data with common deficient information about incidence are given in subsection 3.3, Then, Sec. 4
presents the verification of the developed mode]l with the three datasets of fa-sire measurements (Polarstern-2012, Barmow-
2008, and SHEBA-1998). The conclusion sums up the paper.

In this work we propose a simple optical model that enables the parameterization of the pond bottom albedo with a few
physical characteristics and thus determines the speciral reflective properties of the melt pond 28 a whole, including its

bidirectional reflectance.

1 Model deseription
11 Radiance reflected by a melt pond

The model of reflection by melt ponds given in Makshias and Podgomy {1996) uses the following assumptions:
1. the water layer is an infinite plane-parallel layer;
2. the melt water is pure, with neither absorbing contaminanis nor scatberers;
3. the Rayleigh scaftering in water is negligible compared to the water absorption; a ray inside the pond is attenuated
according to the exponential law;
4. the pond botiom reflects light by the Lambert law (the reflected radiance is independent of the direction).
The described model is illustrated in Fig. 1. In this subsection we repeat the derivation of Makshias and Podgory {1996},
expanding it to various illumination and observation conditions.
Let £ be the incident spectral irradiance. Then the light intensity (radiance) at the upper pond boundary is:

2

o

25

al., 2003}, particularly in light of the environmental changes observed recently. These mclude observations that the melt
onset is shifiing earlier, and the whole melt season is getting longer {Serreze et al., 20, Dethboff et al., 2006; Perovich et
al., 2008; Markus et al., 20{%; Pistone et al., 2014). As the prevailing sea ice type changes from MY to FYT in the recent
decades {Comiso, 2002; Maslanik et al, 2011; Maslanik et al., 2007), the topography of the sea ice evelves from rough
(MY} to uniform, flatter surface (FYT)L As the relief of the sea ice is closely connected to the MPF (Polashenski et al.,
20112), the average maximum MPF is expecied 1o increase as well. A physical model of the reflective properiies of melt
ponds is needed for understanding the physics of sea ice, as well as for the comect interpretation of the results of remaote
sensing and field measurements {Herzfeld et al., 2006; Tschudi et al., 2008; Rbsel et al., 2012; Warren, 2013; Fege et al.,
2005

Melt ponds on summer sea ice have a wide variety of observed albedo. They can change from light blue ponds, when just
formed, to dark mature ones late in melt, meaning that the character of the ponds is important in addition 1o their coverage
(Perovich, 1904; Barry, 1994; Micolaus et al.. 20110; Sankelo et al., 200(; Polashenski et al., 2012). Although there are quite
a lot of measurements of melt pond spectral albedo (e.g., Perovich, 1994; Morassuiti and Ledrew, 19%6; Perovich et al.,
2002, 20097, an adequate physical and optical model of melt pond reflection is still absent. Makshias and Podgomy (| 9%96)
gave the analytical formula expressing the pond albedo in terms of the albedo of its bettom. However, despite asserting that
bottom albedo is the main factor that determines the albedo of a pond as 8 whele, they did not addeess how fo caleulate it
This essential gap exists up to now. In this work we propose a simple solution for determining the pond bottom spectral
albedo. This solution has required the detailed consideration of the inherent optical properties of sea ice, which forms the
pond bottom. In addition, the question of the angular distribution of light reflected by a melt pond is still open. The angular
distribution is highly important for understanding Arctic energy balance because only the bi-directional reflectance is
measured by satellite opiical sensors and it is necessary to model the bi-directional reflectance distribution function (BRDF)
o determine surface albedo from satcllite data. Additionally, the processi

satellite and ground-based, requires atmospheric correction, eapecially for polar regions. All these points are discussed in this

of the refl measurement data, both
work.

The paper is arranged as follows. First, our model of melt pond reflectance is deseribed in Section 2. Subsection 2.1 presents
the derivation of the formulas for pond reflectance, given by Makshias and Podgomy {1996), expanded to varous incident
conditions. Inherent optical properties (I0Ps) of sea ice are considered in subsection 2.2, A simple analytical selution for
bottom albedo in terms of the ice 10Ps and its thickness is given in subsection 2.3, Subsection 2.4 gives a final summary of
the model developed. Section 3 discusses how illumination conditions are aceounted for in processing and how the
experimental results are imterpreted. The atmospherie comection of experimental data is considered in subsection 3.1. A
poasibility to use the near [R reflectance as an evidence of the ice grains presence is discussed in subsection 3.2, Notes about
processing experimental data when the incident angle is unknown are given in subsection 3.3, Then, Section 4 presents the
verification of the developed model with the three datasets of fu-sfte measurernents {Polarstern-20012, Bamow-2008, and

SHEBA-1998). The conclusion sums up the paper.
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o =g — pe )£ [3}]
where #(x) is the Dirac 5-function, g =ecosé { i =cosd, ), # is the observation zenith angle | #, i3 the solar zenith
angle), @ is the observation azimuth {counted from the solar principal plane).

The intensity of light reflected from the swrface is:

I =R} = ) S(@E 2
where R"'[,un] is the Fresnel reflectance for incidence angle #, .
When the eay of intensity £, at incident angle &, is refracted by the pond boundary, the angle of refraction & is given by

Snell’s law:

i = a.rcﬁil:[%sin 6:,],

{3
WL l e — 14 o
" fa
and the intensity of light just under the boundary is given by the law of conservation of basic radiance:
I =T ()’ 4)

where T () is the Fresnel transmittance for incidence angle &, .
The light field inside the pond can be divided into the up- and down-welling fluxes. The up-welling flux is the light reflected
by the pond bottom. The intensity of the down-welling light inside the pend I consists of the direct light intensity J"',"
(direct solar light, refracted by the pond surface) and the diffuse light intensity /™ (the light that was subjected in
reflections between the botiom W1 and the surface AW )

e 5)
The direct light flus, incident to the pond botton, is:

£z
By =T"{w)Ep, fxp[— - ] 18}
73

where £, is the extinction coefficient of water, squal to the sum of the water absorption (@, ) and scattering (T, )
coefficients:
=@, e, ™

We use the data of Segelstein {1981} for the water absomption and the power law for the spectral scattering coefficient:

r:_{).}:a'u{%J I )

where A is the wavelength and &, = 1L.7=10" ", A = 350nm (Kopelevich, 1983).

"

2%

In this work we propose a simple optical model that enables the parameterization of the pond botiom albedo with a few
physical characteristics and thus determines the spectral reflective properties of the melt pond as a whole, including its
bidirectional reflectance.

1 Model description
21 Radiance reflected by a melt pond

The model of reflection by melt ponds given in Makshtas and Podgomy (1996) uses the following assumptions:
1. the water layer is an infinite plane-parallel layer;
2. the melt water is pure, with neither absorbing contaminants nor scatbeners;
3. the Rayleigh scattering in water is negligible compared to the water absorption; a ray inside the pond is aftenuated
asccording to the exponential law;
4. the pond botiom reflects light by the Lambert law (the reflected radiance is independent of the direction)).
The mexdel described is illustrated in Fig. 1. In this subsection we repeat the derivation of Makshiag and Podgorny {1996),
expanding it o various illumination and observation conditions.
Let £ be the incident spectral irradiance. Then the light imtensity (radiance) at the upper pond boundary is:

Iy =gy W @)E i
where &ix) is the Dirac §-function, gr=cosé | gy =cosd ), # is the observation zenith angle { &, is the solar zenith
angle), ¢ is the ebservation azimuth {(counted from the solar principal plane).

The intensity of light reflected from the surface is:
A = B ) — WO E 12)
where B () is the Fresnel reflectance for incidence angle &), .

When the ray of intensity §, at incident angle &, is refracted by the pond boundary, the angle of refraction & is given by
Snell’s law:

= B.'I'd:ﬁil![%!{in ED}.

13}
1 = -
e & o T
Hy = o H
and the intensity of light just under the boundary is given by the law of conservation of basic radiance:
It =T (e, @)

where T (4,1 is the Fresnel wransmittance for incidence angle &, .
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The intensity of up-welling light just below the AW interface is:
- . iy £z
I =17 (p ,Z}f‘.‘(p[—;_‘l_
o

After the internal reflection the intensity of the down-welling Light just below the AW interface is:

" 0= Rl T (4, 0) = Rl nfz"'{,u',:}un[ .

where B is the intemal reflection coefficient.

The intensity of the down-welling diffuse light at the pond boetiom is
W W wopel 5w -‘-',2.
K" 2y =R " W7 (e J:lﬂl'[-??J.
T

As the bottom is Lambertian, the intensity of the up-welling light just above the bottom is independent of direction:
et =10
The boundary conditions at the pond bottom are:
w2 AE

where A, is the botbom albedo and
[ ® X Ly W
(0 =2[R, (4" )exp 2 fudu”
o

From Eq. {13} we have:
ot AF
His=—r .
v a(l-A4, 1 (£,2])
Putting together Egs. (4)-{15), we get for the intensity of light §* that goes out from the pond:

T il T e N S S
e ATz, ) [ Fa _]'

oo
The total intengity of light reflected by the melt pond is:

E_ A N " En T imrr A, -
=148 = & (- podbtg)E+ o T b ( 52 &, ]

an” (I- A fuls2)) moa
The bidirectionsal reflectance factor {BRF) by definition is equal 1o:

_=

HE
Hence the BRF of a melt pond is:

(9

{10y

{11y

(12)

(13)

(14)

(15}

{15}

(17

{18}

o

The light field inside the pond can be divided into the up- and down-welling fluxes. The up-welling flux is the light reflected
by the pond bottem. The intensity of the down-welling light inside the poad /** consists of the direct light intensity };‘
{direct solar light, refracted by the pond surface) and the diffuse light intensity .f," (the light that was subjected o
reflections berween the water-ice (W) and air-water { AW) interfaces):

P L™ Lol 15)
The direct light flux, incident to the pond bottom, is:

Er=r"{u)E m_i], §
IEn [#: o

where £ is the extinction coefficient of water, equal to the sum of the water absorption (@, ) and scattering { )
coefficients:
E=a,+a,. L

W use the data of Segelstein (1981) for the water absorption and the power law for the spectral scattering coefficient:
41
a.a)=a, [%] ; i

where A is the wavelength and &, =1.7=10 "o " A =550mm (Kopelevich, 1983).
The intensity of up-welling light just below the AW interface is:

: . A
I = .z!cxp[—"_-_':_ 19)
T

After the internal reflection, the intensity of the down-welling light just below the AW imerface is:

£ 0y = R T 0 = R .z}cxu[—;—,’] : (10}
%, * J
where &, is the internal reflection coefficient.
The intensity of the down-welling diffuse light at the pond botiom is
s
o wy ot £,X
Lt =R W .zmp[ —27]- an
-
As the bottom is Lambertian, the intensity of the up-welling light just above the bottom is independent of direction:
=8z (12)
The boundary conditions at the pond bottom ane:
al N2y =2 A e W+ AF {13}
where A, is the bottom albedo and
4
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R=%R’{mﬁw—mé{@}+ T, [_E X

; : ol (s
wR-AfeD) T\ m )

The first term describes the sun glint from the AW surface; the second one describes the light, multiply reflected between the
pond bottom W and the surface AW

The albedo at direct incidence A2, ) (the black-sky albedo)

i Zr
Al =;Ijﬂ{p}}.rdy=f§9_ 20}
“aa

is found by means of integrating Eq. (19):

Tl ie,2)4 £
A:ml=ﬂ’t;ﬁ.]+$cxn[— | 21)
(1= Ay ful,2)) )
where
: i [ x})
futa=2[r" tp]mp[—T luda (22)
1 M)
The albedo at diffuse incidence 47 (the white-sky albede)
1
A7 =2 At e b 23)
a
is found by integrating Eq. (21)
AT gy Joel €204, i {24)
W (1= 4, £z,
where R™ is the Fresnel reflectance for the diffuse incidence.
Functions f, (x) and f_ (x} are related by the equation:
S 2 =0 (2E,(20) — (1) (25
where E (x) is the integral exponential function of the third power:
E‘,ix}:?idr_ (26)
1 :J

However, the relationship (23] is not very useful in numerical calculations, becawse these functions are evaluated at different

argument valwes (x and 2e).

"

=2|;z_,, wyeup| 2% |, 14
fx) i (e ]cxnl #k].u o (14}

From Eq. {13) we hawe:
‘{6::0-
x(1-4,1,t,2))
Putting together Eqs. (4)-(15) . we get for the intensity of light I that goes out from the pond:

= (15)

ae ERTGUT ()4 [ 82 &2
T - Ate.n) “P{ A ] -
The total intensity of light reflected by the melt pond is:
Eg, T (0T (444 [ Bk s]
FF=If4If=R" — g WFPNE + b | — it £t | i
L, M e — i, VL) E S ) it T [Lki]
The bidirectional reflectance factor {BRF) by definition is equal to:
=l
R= .UJ'-'. {18}
Hence the BRF of a melt pond is:
x o7 i )4, [ Bz .e_r:]
R==—Fr" = 41— 0D gyl e e | 19
i (o 131 1 = g M g0} ¥ (- AfiE2) ol o (19}

The first term deseribes the sun specular reflection from the AW surface; the second one describes the light, multiply
reflected between the pond bottom W1 and the surface AW,

The albedo at direct incidence A4} (the black-sky albedo)

I 2r i
Atp)=— [ [ Rphped i (20}
taw
is found by means of integrating Eq. (19):
. : .
A= R gy T UMD —’—] (21

w{1-A, 5 (£,2]) (R

whene
1 I ¥
f = :j T"[;.r]cxpL -'__\I,um ) (22}
' H
The albedo at diffuse incidence 4" (the white-sky albedo)
1
A” =2 At o (23)
L

5
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2.2 Inherent optical properties of substrate jee

The main factor in Eqs. (19), {21}, and {24) that determines the melt pond reflection is its bottem albede A, . In order to
caleulate it wi should first consider the inherent optical properties (10Ps) of subsirate ice that forms the pond bottom.
The IOPs of a medium used in the radiative transfer theory are the spectral scattering o(A) and absorption @A)
cocflicients and the scattering phase function pi&). In the following consideration, as in other numerous radiative transfer
theory applications, the fransport scatiering coefficient «F, is used:

o, =ail-g), 27

where g is the average cosine of the scattering angle &:

g£= {cnsﬁ}:%]ﬂtﬂ]m&smﬂdﬁ. {28)
a

The transport coefficient is wseful in calculating the reflection and tramsmission by a scatiering laver with very elongated
phase function, particularly if one is interested in the layer albedo, rather than the angular structure {BRF) of the reflected
light (Fege etal., 1991).

Main factors that determine optical properties of sea fee are its microphysical structure and values of complex refractive
indices of its constituents; the dispersion of complex refractive indices determines the spectral properiies of sea ice

As the volume concentration of air bubbles in sea ice is small — only up to 5% even in the extremely bubbly ice (Gavrilo
amd Gaitskhoki, 1970} — and the complex refractive index of brine iz very close to that of ice (see Buiteveld et al., 1994;
Warren and Brandt, 2008; and Sec. 2.2h), we take the absorption coefficient of sea ke equal to that of solid ice. Impurities —
sediment and ofganic pigments from sea water — could change sbsomption coefficients, particularly at shorter wavelengths.
Al this stage we neglect their effect, keeping in mind that their absorption spectra can be easily added, if necessary.

The seattering takes place at inhormogeneities in sea ice and is mainly cawsed by air bubbles and brine inclusions {Mobley et
al., 1998, Light, 2000). Another source of scattering could be salt crystals, but they precipitate at low temperatures amd ane
not oheerved in summer ice, where melt ponds are formed: mirabilites (Na S0, 10H;0) begin 1o precipitate at —8'C and
hydrohalites (NaCl 2Hy0) at about —23°C (Light et al., 2003}

al Ay Bucbbies

The upper layer of sea ice (20-30 em) contents usually significant amount of air bubbles (Gavrilo and Gaitskhoki, 1970
Mobley et al, 1998}, with volume conceniration, which can reach values of 5% and decreases with depih. (We do not
consider here the highly scastering surface layer that forms in the melting process and is commonly referred to as “white
ice”). Air bubbles in sea ice are mostly spherical. Light (2010} gives the following size distribution for bubbles in the first
year ice!

o

is found by integrating Eq. (24):

W Jalal4

AL ED)

where ™ is the Fresnel reflectance for the diffuse incidence.

(24}

Functions f (x) and _ (x} are related by the equation:
Fael25) = 1" (2E5(2x) - filx)} 125}

where E,(X) is the integral exponential function of the third power:
@ g
E,(x)= _!:—,d:. (26}

However, the relationship (25} is not very useful in numerical calculations, because these functions are evaluated at different
argument values (x and 2x). The way to speed up simulations i to calculate these functions once for a given set of
wavelengths and then to use a look-up-table. All the other formulas given in the manuscript are completely analytical and
can be used siraightforward.

2.2 Inherent optical properties of under-pond jce

The main factor in Eqs. (19), (21) and (24) that determines the meli pond reflection is its bottom albede A, . In order to
caleulate it we should first consider the inherent optical properties (10Ps) of under-pond ice that forms the pond bottom.
The 10Ps of a medium used in the radiative transfer theory are the spectral scattering o (4) ad absosption «(4)

coefficients and the scattering phase function pi(@) . [n the following consideration, as in other radiative tranafer theory
applications (see, e.g., Davison, |958; Chandrasekhar, 1960}, the transport scattering coefficient o, is used:
o, =all-g}, (27)

where g is the average cosine of the scattering angle & @

x:fcnsﬁ‘}:%ip{ﬁjcos&sin&f&, (28}
a

The wansport coefficient is useful in caleulating the reflection and transmission by a scatering layer with a very forward
peaked phase function, particularly if one is interested in the layer albedo, rather tham the angular stucture (BRF) of the
reflected light (Zege et al, 1991).

Main factors that determine optical properties of sea bee are its microphysical structure and values of complex refractive

indices of its constituents; the dispersion of complex refractive indices determines the speciral properties of sea ice.
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Gavrilo and Gaitskhoki (19700 report the presence of much larger bubbles in the bubbly ice (from 001 to 2 mm with the
exponent 1.24].

However, since air bubbles in ice are optically hard (the refractive index of air differs strongly from that of ice) and do not
absorh light, scattering by bubbles of this size range is described by the laws of geometrical optics. Thus, the scattering
characteristics do not depend on the bubble size (unless considering the strictly forward and backward directions), the shape
of the size distributien is also insignificant. Particularly, the scanering efficiency ()., in this limit equals 2 and the phase
function cam be easily caloulated with the Mic formulas for any type of size distribution, ¢.g.. for the one given in Eq. (29).
The refractive index of air (relative to kce) in the interval 0.35-0.95 pon changes from 0.735 1o 0.768 with average value of

0763 within this interval. The corresponding average cosine g |, obtained with the Mie caleulations, takes values from 0.851
o (865 with the mean value of (.860, and therefore the spectral variability does not exceed 2%.

I Brine inclusions

The riain features of brine inclusions are the following: they are optically soft, i.e., their refractive index n, (brine relative

o ice) is close to unity; their size is large {comparing to the wavelength), amd their shape is strongly irregular. Implying these
features we can apply the approximation for irregularly shaped particles developed by Malinka (20135) to describe scattering
propertics of brine inclusions.
The size of bring inclusions, which can be of the order of several millimeters, is so much larger than the wavelength of
visible light that their optical properties can be considered in the limit of infinitely large particles, despite their refractive
index R, is close to unity:

-1l {30
In this limit the size distribution is also insignificant and the scattering efficiency ) is independent of the wavelength:

g_=2. 131)
The scattering phase function of opiically soft particles can be approximated according to Malinka (2015) by:

2 3
SY 0 a2)
{l+1x‘{l—,r.r}]

where g=cos# and x is the optical particle size (dimensionless), which for large particles squals:

_n+l U
Tl B o 33

In view of Eqgs. {30) and (31}, we can write:

o

24

As the volume concentration of air bubbles in sea ice is small — only up fo =5% even in the extremely bubbly ice (Gavrilo
and Gaitskholi, 1970} — and the complex refractive index of brine is very close to that of ice (see Buiteveld et al., 1994;
Warren and Brandi, 2008; and Sec. 2.2b), we take the absorption coefficient of sea ice equal o that of solid ice. Impurities —
sediment and organic pigments from sea waier — could change absorption coefficients, particularly at shorter wavelengths.
At this siage we neglect their effeci, keeping in mind that their absorpiion specira can be added, if necessary.

The scattering takes place at inhomogeneities in sea ice and is mainly caused by air bubbles and brine inclusions {(Mobley et
al., 1998; Light, 2010). Another source of scartering could be salt crystals, but they precipitate at low temperatures and are
not observed in summer ice, where melt ponds are formed: precipitation temperatures for mirabilite (Na:S0; 10H0) and
hydrohalite (WaCl 2H201) erystals are —8°C and —23°C, respectively (Light et al, 2003).

aj Afr hubhles

The upper layer of sea fee (20-30 em) usually containg a significant amount of air bubbles {Gavrilo and Gaitskhoki, 1970;
Muobley et al, 1998), with volume concentration which can reach values of 3%, and which decreases with depth. {We do not
consider here the highly scanering surface layer that is formed on top of sea ice during the water drainage process and is
commonly referred to as “white ke’ or the ‘surface scattering layer'). Air bubbles in sea ice are mostly spherical (Gavrilo
and Gaitskhoki, 1970; Mobley et al., 1998; Light, 200107, Light (200109 gives the following size distribution for bubbles in
first-year sea ice:

NiF = ¢, Adpm s s 0w (29}
Cravrilo and Giaitskhoki (19700 repert the presence of much larger bubbles in the bubbly ice (from 0.1 to 2 mm with the
exponent —1.24)
However, since air bubbles in ice are optically hard {the refractive index of air differs strongly from that of ice) and do no
absorh light. scattering by bubbles of this size range is described by the laws of geometrical optics. Thus, the scattering
characteristics do not depend on the bubble size (unless considering the swictly forward and backward directions), and the
shape of the size distribution is also insignificant. Particularly, the scatiering efficiency @, in this case equals 2 and the
phase function can be easily caleulated with the Mie formulas for any type of size distribution, e.g., for the one given in
Eq. (29).
The refractive index of air (relative to ice) in the interval 0035-095 pm changes from (.755 o 0.768 with average value of

0.763 within this interval. The coresponding average cosine g of the scattering angle, obtained with the Mie calculations,

takes valwes from 0.R3 1 to (U865 with the mean value of 0.860, and therefore the spectral variability does not exceed 2%,

B Brine dncluiions

The meain features of brine inclusions are the following: they are optically seft, ie., their refractive index », (beine relative
o ice) is close to unity: their size is large (comparing to the wavelength); and their shape is strongly irregular (here we only

7
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X= 34
u, -1 )
The average cosine g of the phase function {32) is:
P—
gl (35)

Figure 2 demonsirates the spectral dependence of the refractive index of water relative to ice. We used the data by Warren
and Brande (2008) for ice. The refractive index of water is taken from Hale and Querry (1973), Segelstein (1981, Daimon
and Masumura (2007, and Kedenburg et al. (2002) for distilled water, formula of Quan and Fry (1995} for brine of zero
salinity at temperature 0°C, and formula of Frisvad (2009), which is based mainly on Quan and Fry (1995 and the
measurements by Maykut and Light (1995), for brine with equilibrium salinity at temperaures -2°C —4"C, and —6"C
The carlier data (Hale and Querry, 1973 and Segelstein, 1981) clearly demonstrates the spectral dependences, their
dispersions being opposite. In contrast, the newer data do not demonstrate such dependence: sccording to the more modern
data the refractive index (relative to ice) of water, including brine, is almost spectrally neutral. This question is important
when describing the light scatiering by brine inclusions in ice, becawse the transport scattering coefficient is determined
mainly by the value (n, 1) (see Egs. {27) and (34)-(35)). Finally, according to the newer data we will accept that the
relative refractive index of brine, and therefore the transport scattering coefficient of brine inclusions, is spectrally neutral.
E.g., n=1.024 for temperature —2"C and, according 1o Eqs. (34)-(35). & =0998. Note that the value of g in this model is
significantly greater than that used in many other studies, e.g., in Mobley et al., {1998} or Light ot al., { 19498).

el lkerenr opticel properiies of fsea ice
Light scattering properties of sea ice are a combination of those of brine inclusions and air bubbles. The total and transpon
scattering coefficients are the sum of the respective values:

=6, +17,,

L)
a,=0,+a. -

We denote the values related to brine inclusions with the subscript & and io air bubbles with the subseripia . The phase
function and the average cosine are the lingar combination of the respective values:

P8 =22 p, (8)+ 22 p, ),
B e B a en
l—g=t{l-g)+2(l-g)=—"
a a a
Omce ¢, and g, are known (eg. at —2'C g =086 g =058 the resuling g depends enly on the proportion of

fractions @ and b

o

1%

consider inclusions filled with brine and not drained brine pockets/channels that contain air). Under these assumplions we
can apply the approximation for iregularly shaped particles developed by Malinka (2015) to describe scattering properties of
brine inclusions.
The zize of brine inclusions, which can be on the order of several millimeters, is so much larger than the wavelength of
vigible light that their optical properties can be considered in the limit of infinitely large particles, despite their refractive
index 5, is close to unity:

n, -1l (30}
At this limit the size distribution is also insignificant and the scattering efficiency Q,, is independent of the wavelength:

il isindy [ETN]
The scattering phase function of eptically soft particles can be approximated according to Malinka (200 5) by:
261+ %)
(i+2e0-m)

where u=cosd and ¥ is the optical particle size {dimensionless), which for large particles equals:
. ) J& 33
n-1Y B

1
x= s (34)

plo= 32)

In view of Eqs. (30) and (31}, we can write:

The average cosine g of the phase function (32) is:

|y o B2l (35}

Figure 2 demonstrates the spectral dependence of the refractive index of water relative to fee. We used the data by Wamen
and Brandt (2008) for ee. The refractive index of water is taken from Hale and Cruerry { 1973), Segelstein (1981), Daimon
and Masumura {2007}, and Kedenburg et al. {20012} for distilled water, from the formula of Quan and Fry {1995) for brine of
zero salinity | i.e., fresh water, at temperature 0°C, and from the formula of Frisvad (2009), which is based mainly on Quan
and Fry (1995} and the measurements by Maykut and Light (1993), for brine with equilibrium salinity at temperatures -2°C
L 4", and -6"C . The earlier data (Hale and Cueerey, 1973 and Segelstein, 1981) clearly demonsirates the speciral
dependences, their dispersions being opposite. In contrast, the newer data do not demonstrate such dependence: aceording to
the more modem data the refractive index {relative o ice) of water, including brine, is almost spectrally neutral. This
question s important when describing the light seattering by brine inclusions in fce, because the transpont scatbering

coefficient is determined mainly by the value [er—l}’:scr: Eqa (271 and (34) -35)). Finally, according to the newer data we
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Gienerally, the HOPs of sea bee depend on its microstructure. In view of the fact that both bubble and brine inclusion size is

much larger than the wavelength, the scattering coefficient equals:
o, =y f=ah), 138y
where p is the specific cross-sectional area of inclusions {(air or brinc):

W
w,:{s_}fﬁﬁﬁ. {34}

Here subscript § shows the fraction number, {S'}r is the average cross-sectional arca of j-inclusions, B their effective

radius, N, and f-\:. are their numeric and volume concentration, respectively.

The phase function (and consequently its average cosine § b can be characterzed by the ratio of volume concentration air-to-
beine O /O, iF their effective radii are determined. E.g., for bubbles size distribution (29}, the effective radius is
R =4255um . Light (2010) gives the value of 110 " for i, . the specific cross-sectional area of brine inclusions, for a
sample of typical first year ice at —15°C, which can grow up 10 400 n when warming. The estimate, made by Light (20100
for the brine volume concentration in the same sample, gives the values from 1.2% to 1.9%. This allows us to estimate the
effective radiug of brine inclusions as &, = [0

However, as the morphology of sea ice can vary drastically with place and time, the mose convenient way to characterize the
ratbe of air and brine fractions is o use the ratio of their ranspon coefficients .:rjl."a; . This ratio is related to the ratio of
volume concentrationg as:

o l-g

= a
'
Ty I_R}

&= {40}

52|
¥

Figure 3 presents the phase function of mixiures with different air-to-brine fractions ratio.
We conclude that the phase function {and consequently g ) of sea ice is spectrally neutral in the visible and near IR range. In

virue of Eq. (38), the scattering coefficient & i3 also spectrally meutral. Consequently, the transport scattering coefficient

o, is also spectrally neutral and can serve as a scalar parameter that characterizes scattering in sea ice.

13 Bottom albedo

1f both the absorption and transport scattering coefficients are known, the albedo of a laver can be caleulated within the twio-
atream approximation, which is widely used for practical caleulationg:

_ 1—exp{—2#t) a1
f’b“‘nm: l }

"

will accept that the relative refractive index of brine, and therefore the transpont scattening coefficient of brine inclusions, is
spectrally neutral. E.g., n=1.024 for temperature —2'C and, according io Egs.{34)- (35), g =0.09% . Node that the value of
¢ in this model is significantly greater than that used in many other studies, ez, in Mobley et al., (1998) or Light et al,
{1998),

e} fikerens opticel properties of sea tee

Light scatiering properties of sea ice are a combination of those of brine inclusions and air bubbles. The total and transport
scattering coefficients are the sum of the respective values:
T=, 4, as
O, =+
We denote the values related to brine inclusions with the subscript & and fo air bubbles with the subscript a . The phase
function and the average cosine are the linear combination of the respective values:
PO) =22 p 81+ 22 p (6,
(37}
I—g="tp—g+ Tn-g )=
& o a
Onece g, and g, are known (eg, at —2°C g =086 g =099 the resulting g depends only on the propostion of
fractions @ and b .
Crenerally, the [OPs of sea ice depend on its microstructure. In view of the fact that both bubble and brine inclusion size is
much larger than the wavelength, the scanering coefficient equals:

a =2y, (f=a,h, {38}

where w is the specific cross-sectional area of inclusions (air or brine):
SN }C‘ 39)
V.—{ _}r _.—W- 1
Here subscript j shows the fraction number, {T} is the average cross-sectional arca of j -inclusions, B their effective

radius, A, and C: are their numeric and volume concentration, respectively.

The phase function {and consequently its average cosine g ) can be characterized by the ratio of volume concentration air-to-
beine F fC) . if their effective radii are determined. E.g., for the bubble size distribution (29), the effective radius is
R, =42 55um _ Light (2010) gives the value of 110 m™' for g, , the specific cross-sectional area of brine inclusions, for a

sample of typical first year ice at ~15°C, this value can grow up to 400 m ' whea the ice warms. The estimate, made by Light
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where 4, is the albedo of the semi-infinite layer with the same optical characteristics, p is the asympiotic atternation

cocfficient, and ¢ is the layer optical thickness. The version of the two-stream approximation developed by Zege et al.

(1991 ) expresses these charscteristics as follows:

.#:IH—M.

3 &
i B 1) 42
¥ da +a Hy-+2) 12
r=1er, +ux, W4
with - 143)

Aex,
where @, is the ice absorption coefficient; M is the ice laver thickness.

The two-streaim approximation in the version given in Zege et al. (1991) has a wide range of applicabilivty and can be uaed
bath for strongly and weakly abgorbing media, for optically thin and thick layers. Hence, this approtimation can be applied
o all the variety of melt poids: from young ponds, which are light blse and have comparatively optically thick jce substrate,
o matuge dark ones, where substrates are optically thin.

14 Model outline

Thus, in the assumption of a Lambertian bottom and plane parallel geometry, which assumes the absence of strong wind, i.e.,
calm pond surfice, the spectral reflection of pods is determined by two values: water layer depth = and the albedo of the
pond bottom A, . The latter, in turn, depends on the transport scatiering coefficient of subsirate ice &, and ils geometric
thickness M [or, respectively, the transport optical thickness o £ ). Note that enly value @ in Egs. {41)-(43) has a speciral
behavior, while the others — & and H - are acalars.

The cutlined model of a melt pond is shown in short in Table 1.

3 Iumination conditions
31 Atmospheric correction

Correct processing of the reflection measurement resulis requires the comeet modeling of the illumination conditions. This is
especially important for measurements in the Aretic, because of the lew sun and the bright surface. When the sky is overcast,
the incident light is close to diffuse, even if the solar disk is visually observed (Malinka et al., 2016k} In this case the
mieasured albedo is the white-sky one. However, when the sky is clear and the sun is near the horizon, the direct solar flux is
comparable to the diffuse flux from the sky, so the measured (blue-gky) albedo value is a mixture of those at direct (black-
aky) and diffuse (white-sky) incidence. The black-sky albedo increases when the sun is approaching the horzen, so the

10

o

(200100 for the brine volume concentration in the same sample, gives the values from 1.2% o 1.9%. This allows us o
estimate the effective radius of brine inclusions as B, = 100um .

However, as the morpholegy of sea ice can vary drastically with place and time, the more convenient way o characterize the
ratio of air and brine fractions is to use the ratio of their transport coefficients o /e . This ratio is related o the ratio of
volume concentrations as:

a, -5, & C:
@ g RC

Figure 3 presents the phase function of mixtures with different air-to-brine fractions ratio.

(40}

We conclude that the phase function {and consequently g | of sea ice is specirally newtral in the visible and near IR range. In
virue of Eq. (38), the scattering coefficient & is also spectrally neutral. Consequenily, the transpori scattering coefficient

T, iz also specirally neutral and can serve as a scalar parameter that characterizes scattering in sea ice.

13  Bottom albedo
If boith the absorption and transport scattering coefficients are known, the albedo of a layer can be caleulated within the two-
stream approximation, which is widely used for practical ealeulations:

1-expi-2yr)
A= B 41
B A expi—277) an
where A, is the albedo of the semi-infinite layer with the same optical characteristics, p is the asymptotic attenuation

coefficient, and r is the laver optical thickness. The version of the two-stream approximation developed by Zege et al

{19491 expresses these characteristics as follows:
Ay =l+r=Jr{e+2),
./
=2 s t{r+2), 42
¥ 4r=.+ﬂ."|‘ ) 142)

r={a +a i,
with r= xi (43}
3,

where @ is the ice absorption cocfficient; 5 is the kee layer thickness,

The pwo-streaim approximation in the version given in Zege et al. (1991) has a wide range of applicability and can be used
bath for strongly and weakly absorbing media, for optically thin and thick layers. Hence, this approximation can be applied
o all the variety of mel ponds: from voung ponds, which are light blue and have comparatively optically thick under-pond

ice, o mature dark ones, where under-pond ice is mechanically and opiically thin.
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difference between the white- and black-sky albedos is most essential at obligue incidence (see Fig. 4). The problem of the
cormect interpretation of the measured blue-sky albedo is considered in detail in Malinka et al. (2006b)} for a homogeneous
surface. However, the albede of a melt pond can differ significantly from that of the surrounding background, e.z., white ice
of snow. Some estimation for this case is given below.

Let B, A(g) and A" be, as before, the BRF, black-sky, and white-sky albedo of a melt pond, respectively. Let the

surrourding background be Lambenian with albedo r . Then the brightivess of the incident radiance can be estimated as
(Malinka et al., 201 6b):

E+ =;‘nt-£"|}$+r..=-unj+

Lh
ru

E
Tl ) |2
-rr, L} - (44)

where (2,0 and £,{4) are the direct and diffuse aimesphere ransmittances, & = m(p— g, )8(p—, ) g, s the identity
operator ( S{x) is the Dirac delta-function), T ) =80 )+8,(2,) is the atmosphere transmittance at direct incidence, and
¥, is the atmosphere bihemispherical reflectance st incidence from bebow. £, is the extea-terrestrial solar ireadiance.

Zo, the light flux incident 1o a melt pond is:

po Tl g (45)

I-rr

The radiance of light reflected by pond follows from Eq. (44):

Bf=ER{p.p.,-sumr.:.cr.1+dcm[u{m+ i rm,a]]ﬁ

l-rn F 4
. (46)
| T
| {fa{n,;au.m—Amnr.,{mum%]i:‘".
Therefore the reflected flux is:
T
R =[{,¢;,¢5;_A”]:u{g,}+,4” %]E.ﬂ_ {4n
e
For the measured value of the blse-sky albedo @ it follows:
B e s L (48)
£ Tig)
The equation for the blue-sky albedo can be writien as a linear combination of the black and white-sky albedos:
o = wed{ g )+ (1 — ™| (49)

with the proportion of direct radiance w !

w= %{I—gr,!- (500
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24 Model outline

Thus, in the assumption of a Lambertian bottom and plane parallel geometry, which applies in the absence of strong wind,
i.e., calm pond surface, the spectral reflection of ponds is determined by two values: water layer depth z and the albedo of
the pond bottom A4, . The latter, in twrn, depends on the transport scattering coefficient of under-pond ice & and is
geometric thickness & (or, respectively, the transport optical ﬂlir:krn:gga'JH 1. Mote that only value & in Eqs.(41) - (43)
has a spectral behavior, while the others — &, and - are scalars.

S0, in the absence of pollutants just three parameters determine the pond spectral seflectance: namely, the transpor
scattering coefficient @, and geometric thickness A of the under-pond ice and water layer depth z . This statement is

confirmed by the coincidence of measured and modeled spectra demonstrated below. The outlined model of & melt pond is
shown in short in Table 1.

3 IHumination conditions
31 Atmospheric correction

Correct processing of the reflection measurement resulis requires the correct modeling of the illumination conditions. This is
especially important for measurements in the Arctic, because of the low sun and the bright surface. When the sky is overcast,
the incident light is close to diffuse, even if the solar disk is visually observed (Malinka et al, 2006h). In this case the
measured albedo is the white-sky one. However, when the sky is clear and the sun is near the horizon, the direct solar flux is
comparable to the diffuse flux from the sky, so the measured (blue-sky) albedo value is a mixture of those at direct (black-
skv} and diffuse (white-sky) incidence. The black-sky albedo increases when the sun is approaching the horizon, so the
difference between the white- and black-sky albedos is most essential at obligue incidence {see Fig. 4). The problem of the
correct interpretation of the measured blue-sky albede is considered in detail in Malinka et al. (2006b) for 8 homogeneous
surface. However, the albedo of a melt pond can differ significantly from that of the surrounding background, e.g., white ice

of anovw. Some estimation for this case is given below.

Let B A) and A" be, as before, the BRF, black-sky, and white-sky albedo of a melt pond, sespectively. Let the
surrounding background be Lambertian with albedo # . Then the brighiness of the incident radiance can be estimated as
(Malinka et al., 2016b):

B, =[¢,[p,}.&'+:.,w:,1+iﬂ#,}]E“‘”’ : (44)

I-r g =
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Factor (1—r) is responsible for multiple reflections between the atmosphere and surrounding background. where (g0 ) and r{gg) are the direct and diffuse atmosphere ransmittances, S=mdlu = pi ) (g — g, )/, s the identity
Albedo spectra of a light melt pond (a pond with high reflectance) at different illumination conditions are shown in Fig. 5. operator ( 5« ) is the Dirac delta-function), T )=10s) %104, ) is the atmosphere transmittance at direct incidence, and
The angle of incidence is B0° (the sun elevation is 10", The interval of albedo changes is limited by the values of white and ¥, is the atmesphere bihemispherical reflectance af incidence from below. E, is the exira-terrestrial solar irradiance.

black-sky ones. Also shown are the blue-sky albedos for clear sky and for sky with thin eirrus layer (with optical thickmsess of ol 1] T BA T a0 Ay LT

0.1). Both are considered with different surrounding backgrounds: perfectly black {7, =0 ) and white (7, =1 ). As seen from i . Tig,) B @)
3 = .
Fig 5, the effect of background is negligible, so the results of melt pond albedo measurements can be processed without isan
ptort knowledge of the albedo of surrounding backgreund. The radiance of light reflected by pond follows from Eq. (44):
Er E
o e B. =[R{#,m.¢‘u.m}+ d{#J[mnh e rcmﬂ%‘"
(46}
In contrast to the visible range. ice and water absorb a significant amount of light in the IR: a fow centimeter thick layer of =[["'“‘ )= AL )+ ALge) Tiia) :| Euy
Mgy e R

ice or water completely absorbs radiation in the infrared range. Thus the melt pond optical response in the IR is restricted o it ¥
the Fresnel reflection by the pond surface. In contrast, ice grains in white ice are of the order of millimeters in size (and even Therefore the reflected flux is:
smaller in snow). Due o this fact one can trace the appearance of the specific features of the behavior of the imagina i

B — : — _ — F =[{Am:—d”]r.,{m+f4”—”*"‘ i|E:J-E- )
of the ice refractive index & in the TR in the reflection spectra of white ice and snow. In particular, & Iag a bocal minimum I-un
at 1.1 pm, which provides a glight peak of reflection in the interval LO5-111 pm (Wiscombe and Warren, 1980). Figure 6 10 For the measured value of the blue-sky albedo AM™ it follows:
shows an example of the albedo spectral dependence for white ice, snow, and a melt pond. [t clearly demonstrates that for F {“U—Q]- A'”]f'uf#- M-k 5+ A"

Blar _ 7 _ 17 l
wawvelengths longer than 0.9 pm the melt pond reflection is restricted by the Fresnel reflection to a constant value, while 4 _E_ T} v G
anow and white ice demonstrate a local maximum at 1.1 pm. Thus, this slight peak can serve ag a criterion for determining it i e LT AL o S L e T e S(HaTE ST (0 TR S P dc T T ] T
a spectrum is taken entirely from an open pond or partially from seowfice surface. IF this peak is observed in a measured o waA(p, )4 (1= ) 4 (49)
apectrumy, it clearly indicates the presence of ice graing (of white ice o snow) in the receiver field of view.
with the proportion of direct radiance w :
33 Measurement gesmetry 15 w =_;'3"'”'J'u— b (500
() &

1o % OSSCEPAE Of (09 Del) ENN OS] o O SROR DON [ER GOSN NN DN S EEEGE 00N 2 e Factor (1—r# ) is responsible for multiple reflections between the atmosphere and surrounding background.
measurements were taken under clear sky conditions. Scattered clouds were not reported at all in the measurement series
Modeled albedo spectra of a light melt pond (a pond with high reflectance) at different illumination conditiens are shown in
comsidered, likely due to challenges collecting accurate albedo measurements in variable illumination. In the cases of ; L3 : oy : A
B . . . Fig. 5. The angle of incidence is B0 (the sun elevation is 1O7). The interval of albedo changes is limited by the values of
overcast sky, the measured albedo was interpreted as the white-sky one. In the clear sky cases, the Rayleigh atmosphere with

the Arctic Background aerosol (Tomasi et al, 2007) was assumed. In this case the incident angle was determined from the
pond reflection in the IR: at the imerval 1.25-1.3 pm (preferably) or 0.85-0.9 pm, if data at the former interval are not

white and black-sky enes. Also shown are the blue-sky albedos for clear sky and for sky with thin cirmus layer (with optical
20 thickness of 0.1). Both are considered with different surrounding backgrounds: perfectly black (s, =0 and white (1, =1).

As seen from Fig. 5, the effect of background is negligible fonly small difference between blue lines and dotted crossed

available. As the IR signal (both incident and reflected) is quite weak and hence some noise is always noticeable, we average
line), o the results of melt pond albedo measurements can be processed without a prissy knowledge of the albedo of the

the signal over one of the abovermentioned intervals. The pond reflectance in these IR intervals is completely determined by
surrounding background.
the Fresnel reflection of its upper boundary. Atmosphere scatiering in the IR is negligible (especially at 1.3 pm), so the

incident light is unidirectional. In this situation the incident angle can be easily calculated through the Fresnel formulas.
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4 Madel verifieation

Three different datasets with in-sita field measurements were used for the evaluation of the pond model. They are described

in the next subsections.

4.1 Polarstern-2012

The measurements of spectral albedo of the Arctic surfaces were carried out during the R Polargrern cruise ARK-
KEVINE (August 2 — October 8, 2012). Only in the second half of the eruise did the vessel leave the marginal ice zone and
enter the ice pack. The ice thickness varied from 0.5 o 3 meters with an average of 1-1_5 meter. The melt ponds observed
were both open and frozen over, sometimes snow covered. The data were collected during stationg, when the vessel was
parked at an ice floe for several days. This gave the possibility to obtain several-day data sequences of melting sea ice amd
forming melt ponds at the same location.

The ASD FieldspecPro 11 spectroradiometer used for these measurements has three different sensors that provide
measurements from 350 am o 2500 nm with the spectral resolution of 1O nm. A 10x10 cm® Speciralon white plate served
as a diffuser, which was held at about | meter above the surface and was directed first towards the measured surface and then
towards the sky. The ratio of these two measurements gives the bemispherical reflectance (albedo) of the surface. For some
cases the water depth and ice thickness within the pond were measured.

For the model verification we conssdered the melt pond albedo in the spectral inmerval 0.35 — 1.3 pm. The retrieval procedure
implics searching for the pond parameters values (see Table 1) that provide the best fit {in the sense of the least aquares) of
the measured and modeled spectra. For the cases where the pond depth and underlying ice thickness were known the
retricved pond parameters were compared to the measured ones.

Some ponds were fromen over, i.e., they had a layer of newly formed ice on top of their surface. It is evident that a layer of
transparent ice at the pond surface practically does not change pond reflection, so we consider the ponds with ice crust in the
same manner as open ones. However, if the upper ice layer is bubbly or smow covered, the pond reflectance can change
drastically: the pond gets brighter and may become indistinguishable from the surrounding ice in the visible range. These
anow-covered ponds would require other means for their characterization. We exclude such cases from the consideration.
Figurea 7-10 present photos of different ponds and their reflectance spectra, measured and simulated with the retrieved
parameters {denoted as ‘retrieved” in the legend).

Figure 7 shows the photos, modeled and measured spectra of light blue melt ponds with uniform bottom on thick first-year
ice under clear and clowdy skies, measured in the Central Arctic on 10082012, 10.08.2012 and 22082012, respectively. In
all cases the ponds are frozen over with a 2-3 cm layer of ice on top. Figure # shows three cases of frozen over bluz ponds
with heterogeneous bottom under overcast skies measured on 11,0812, 220812 and 22.08.12, respectively. One can see
darker pars in the ponds, which result from sea ice melting from the lower boundary. Figure 9 presents dark open melt
ponds on thinner first year ice under overcast skies, all measused on 26.08. 2012, The albedo of these ponds is much lower
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31 IR reflectance

In contrasi io the visible range, ice and water absorb a significant amount of light in the TR a few centimeter thick layver of
ice or water compleiely absorbs radiation in the infrared range. Thus the melt pond optical response in the IR is restricted o
the Fresnel reflection by the pond surface. In conirast, ice grains in white ice are of the order of millimeters in size (and even
amaller in snow). Due to this face, the appearance of specific features in the IR portion of the reflection spectra can be used
to diagnose the inclusion of unponded ice and snow. In particular, the imaginary part of the refractive index & has a local
minimum at 1.1 pm, which provides a slight peak of reflection in the interval 105-1.11 pm {Wiscombe and Warren, 1980).
Figure 6 shows an example of the modelled albedo's spectral dependence for white ice, snow, and a melt pond. It elearly
demonstrates that for wavelengths longer than 009 pm the melt pond refleetion is restricted by the Fresnel reflection to a
constant valuwe, while snow and white ice demonstrate a local maximum at 1.1 pm. Thus, this slight peak can serve as a
criterion for determining if a spectrum is taken entirely from an open pond or partially from snow/ice surface. If this peak is
abserved ina measured spectrum, it clearly indicates the presence of ice grains (of white §ee o snow) in the receiver field of
view.

33 Measurement geomeiry

In the description of the field data used in this study, most sky conditions were reported as overcast. Only a fow
measurements were taken under clear sky conditions. Scattered clouds were not reported at all in the measurement series
considered. In the cases of overcast sky, the measured albedo was interpreted as the white-sky one. In the clear sky cases, the
Rayleigh atmosphere with the Arctic Background aerosol { Tomasi et al, 2007) was assumed. In this case the solar incidence
angle was determined from the pond reflection in the IR: at the interval 1.25-1.3 pm (preferably) or 0.85-0.9 pm, if data at
the former interval are not available. As the IR signal {both incident and reflected) is quite weak and hence some noise is
always noticeable, we average the zignal over one of the abovementioned intervals. The pond reflectance in these IR
intervals is completely determined by the Fresnel reflection of its upper boundary. Atmosphere scattering in the IR is
negligible (especially at 1.3 pm), so the incident light is unidirectional. In this sitwation the solar incident angle can be
caleulated through the Fresnel equations.

4 Model veriflcation

Three different datasets with in-sit field measunements were used for the evaluation of the pond model. They are described
in the next subsections.

4.1 Polarstern-2012

Measurements of the spectral albedo of different sea-ice surfaces were carried out during the BV Polersiern emuise ARK-
KEVIVS (August 2 - October 3, 2012). Only in the second half of the cruise did the vessel leave the marginal ice zone and
13
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than that of the previows ones: from about 0.07 to 004 in the vizible and about 0.0% in the [R. Figure 10 presents the two
cases of light blue ponds both measured on 26.08.12 and a dark pond contaminated with algae aggregates measured on
21082012, all under overcast skies. Surprisingly, the specirum of the pond with algae is reproduced quite well. This is
because the contribution of the vellow algae spots fo a total reflection is proportional to their area, which is mot very large.
However, their effect can be clearly seen in the spectrum: the measured values are less than the modeled ones in the blue
range (0.3-0.5 pm) and greater in the yellow-green (0.5-0.6 pm).

Thi above ponds are quite different: from dark to very light blue in color, open and frozen over, clear and comaminated with
arganic matter. In spite of this, the mode] is able to reproduce the measured spectra in the visible region with high accuracy
in all studied cases. The root-mean-square difference (RMSD) between the measured and simulated spectra has the average
value of 001 for the whole considered spectrum and 0.007 for the visible range.

The retrieved and measured geometrical parameters of the ponds, as well as the RMSD between the measured and simulated
spectra, are presented in Table 2 and shown in Fig 14

4.2  Barrow-2008

Melt pond specira observed in Barmow were collected ss pant of the SIZOMET program observing pond formation
{Polashenski et al., 2012). Observations were collected at gites approxtimately 1 km offshore from Miksiurag on landfast iee
in the Chukichi sea, near TL366N, 156.542W on level first year ice. For this work, a total of 27 measured melt pond speciga
were used (no photographs were taken). All melt ponds were quite dark and polluted with sediments and their specira look
quite similar. Three of them are presented in Fig. 11. The albedo does not exceed the value of 0.3 in its maximum asd show
a discrepancy in the blue range, presumably due to the presence of mineral sediments. Because of this, the RMSD betwesn
the meagured and simulated spectra for the visible range (0001) is greater than that for the whole spectrum (0.009). The ice
thickness was not measured. The pond depths, measure and retrieved, as well as the RMED, are shown in Table 2 and
Fig. 14.

43 SHEBA-1998

SHEBA was a year-long drifi experiment conducied in the Beaufort Sea from October 997 — 1998 {Perovich et al., 1999;
Uttal et al., 2002). Extensive measurements of the properties and processes of the atmosphere-ice-0Cean system were made.
This inclsded observations of the spatial variability and temporal evolution of the spectral albedo of the ice cover (Perovich
et al., 2002).

Ome pond in this expedition was especially interesting, because its bottom had a segion that was much brighter than the
surrounding botiom. This region had sharp borders and rectangular comers (see the photo in Fig. 12 This likely was a
broken piece of bubbly nultiyear ice that was incorporated inte the ice cover. This picce of ice kad morne air bubbles than the
darker adjacent ice. This dual pond was observed during the entire period of its formation and developiment; the spectra were
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enter the ice pack. The ice thickness varied from 0.5 to 3 meters with an average of 1-1.5 meter. Melt ponds were observed
in August. The ponds wese both apen (with no skim ice) and frozen over (with a skim of ice), sometimes snow covered. The
data were collected during stations, when the vessel was parked at an ice floe for several days. This gave the possibility to
obiain several-day data sequences of meliing sea fce and evolving melt ponds at the same location. The stations, where
ponds were observed, were located from 84°3N, 31°7E to 82°54N, 129°47E. For more information about the cruise, see
Boetius ef al. (2012) and Istomina et al. (2016). The ASD FieldspecPro 111 spectroradiometer used for these measurements
has three different sensers that provide measurements from 350 nm to 2500 nm with the spectral resolution of 1.0 nm. A&
sensor measures the light signal supplied by a fiber optical probe, which collects light reflected by a 10x10 cm® Specrralon
white plate. The plate was held at about | meter above the surface and was directed fisst towards the measured surface and
then towards the sky. The ratio of these two measurements gives the hemispherical reflectance (albedo) of the surface. For
some cases the water depth and ice thickness within the pond were measured.

For the madel verification we considered the melt pond albedo in the speciral interval 0.35 — 1.3 pm. The retrieval procedure
implies searching for the pond parameter values shown in Table 1. These three parameters comprise a 3D-vector, which is
varied to provide the best fit (in the sense of the least squares) of the measured and madeled specira. For the cases where the
pond depth and underlying ice thickness were measured, the pond parameters retrieved were compared to the measured ones.
Some ponds were frozen over, L.e., they had a layer of newly formed ice on top of their surface. It is evident that a layer of
flat, transparent ice at the pond surface practically does not change pond reflection, so we consider the ponds with ice crust
in the same manner a8 open ones. However, if the upper kce layer is bubbly or snow covered, the pond reflectance can
change drasfically: the pond gets brighter and may become indisfinguishable from the surrounding iee in the visible range.
These “bright” or snow-covered ponds would require other means for their charscterization. We exclude such cases from
consideration.

Figures 7-10 present photes of different ponds and their reflectance spectra, measured and simulated with the retrieved
paramiters {densted as “retrieved” in the legend).

Figure 7 shows the photos, modeled and measured specira of light blue melt ponds which have a uniform bottom on thick
first-year ice under clear and cloudy skies, messured im the Central Arctic on 100082012, 10082012 and 22.08.2012,
respectively. The albedo values are extraoedinary high. This could be related to the fact that the ponds are frozen over with a
2-3 cm laver of ice, which is likely not perfictly transparent. Figure & shows three cases of frezen over blue ponds with
heterogeneous botiom under overcast skies measured on 110812, 22.08.12 and 22.08.12, respectively. One can see darker
parts in the ponds, which result from sea ice melting from the lower boundary or lower bubble content in regions of the pond
bottom. Figure @ presents dark open melt ponds on thinner firsst year ice under overcast skies, all measured on 26.08.2012.
The albedo of these ponds iz much lower than that of the previous ones: from about 0,07 o 014 in the visible and about 0.03
in the 1R Figure 10 presents two cases of light blue ponds, both measured on 2620812 and a dark pond contaminated with
algae agoregates measured on 21082002, all under overcast skies Surprisingly, the spectrum of the pond with algae is
peproduced quite well. This is because the contribution of the yellew algae spots to a tofal reflection is proportional toe their
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taken every four days. The most intensive formation process was observed from Fuly 17 through August 14, The specia
taken during this period were processed and the results are shown in Figs, 12 and 13.
Figure 12 shows the specira and the photos of the SHEBA dual pond. For the first five dates (July 17, 21, 25, 2% Awgust 2)
the retricval is excellent (for the visible range RMSD = 0.0038 for July 17 and has a maximal value of 00061 for July 29,
ape Table 2) and for the last three (August &, 10, |4) the reirieval is a little bit worse, but still quite good {for the visible
range RMSD = 0LD0ES for August & and 10). The reason for this difference is not obvious and we may assume that some
contaminant got into the pond these days. So, the regression analysis relies on the first five measurement dates.
Figure 13 presents the retrieved pond depth and ice thickness (for both pans independently) for these dates. The retrieved
pond depth at the light part is 7 cm greater and at the dark one is 13 cm greater than the average reported pond depith
{37 cm). Albedo of the light part (in the visible part of spectrum) is approximately twice greater than that of the dark part. In
general, this agrees with the different nature of their physical properties. The retrievied ice thickness in the light part is lower
by 34 cm in average than that of the dark par. The slope of the linear regression for the refrieved ice thickness gives the melt
rate of 1.9 coviday and 2.6 cm/day for the light and dark parts, respectively. Taking the average surface and bottom melt for
SHEBA ponded ice from |7 July to 14 Auguat gives an estimated surface ice melt of 35 cm and bottom melt of 28 cm for a
total of 63 cm, which gives a melt rate of 2.23 em/day (Perovich et al., 2003).
Suppose that the difference between the transpori scatiering coefficient o, for the light and dark poriion is due 10 air bubbles
only, then the scattering coefficient by air bubbles can be caleulated as:

o, = ™ —a™ | {51y

I-g,

Far the first five dates the average rewieved scattering coefficient by air bubbles is 33 m, the slope being much less than the
scatter. In the bubble saturated ice observed by Gavrilo and Gaitskhoki (1970) the air velume concentration was up to 5%
and the effective bubble radies was R, = 1.3 mm. If we suppose the same effective radius, the average air volume

concentration in the light ice will be € =2/3R a =2.8% , which is quite reasonable for bubbly ice.

44 Verificathon results

The retrieved and measured pond parameters {melt water depth and underlying ice thickness), as well as root mean sguare
difference (RMSD) between the measured and simulated albedo spectra, are given in Table 2. The RMSD is shown both for
the whole spectrum and for the visible range {4 <0.73umi ). The scatter plot of the retrieved pond parameters is shown in
Fig. 14. The refricval of the underlying see thickness is made with reasonable accurscy; the maximal emor is 55%, the
relative RMSD is 37% and ®° =056 _ The reirieval of the pond depth is more uncerain: its value can differ up to 2 times
from the measured one and RMSD = 63%. This is to be expected, because the pond water depth has much less effect on the
pond albedo than the underlving ice thickness. Mevertheless, the correlation for the entire datagset of the measured and
retrieved pond depth values is quite high { 5 =062 ) and 70% of the retrieved values are inside the 30%-error range. The
15
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area, which is not very lasge. However, their effect can be clearly seen in the specirum: the measured values are less than the
modeled ones in the blue range (0.3-005 jim) and greates in the yellow-green (0.5-0.6 pm).

The above ponds are quite diffesent from one another. They range from dark to very light blue in color, open and fromen
owver, clear and contaminated with organic matter. In spite of this, the model is able to reproduce the measured spectra in the
visible region with high accuracy in all siudied cases. The root-mean-square difference (RMSD) between the measured and
simulated specira has the average value of 0.01 for the whole considered spectrum from 0.35 to 1.3 pm and 0.007 for the
visible range up 1o 0.73 pm .

The retricved and measured geometrical parameters of the ponds, as well as the RMSI between the measured and simulated
spectra, are presented in Table 2 and shown in Fig. 14.

41  Barrow-I008

Melt pond specira were observed near Utgiagvik, Alaska USA (formerly Barrow) in 2008 as pant of the SIZONET program,
observing pond formation {Polashenski et al., 2002). Observations were collected at sites approximately | km offshore from
Niksiuraq in the Chukchi sea, near 71.366N, 1536.542W on level, landfast first year ice. For this work, & total of 27 measused
meli pond specira were used (no photographs were taken). All melt ponds were guite dark and pollwted with sediments and
their specira look quite similar. Three of them are presented in Fig. 11. The albedo does not exceed the value of 0.3 in its
maximum and show a discrepancy in the blue range, presumably due to the presence of mineral sediments. Because of this,
the RMSD between the measured and simulated specira for the visible range (0001) is greater than that for the whole
spectrum ((L009). The ice thickness was not measured. The pond depths, measure and retrieved, as well as the RMED, are
shown in Table 2 and Fig. 14

43 SHEBA-1998

SHEBA was a year-long drift experiment conducied in the Beaufort Sea from October 1997 o October 1998 {Perovich et al.,
1999; Uttal et al., 2002). Extensive measurements of the characteristics of sea ice were made. This included observations of
the spatial variability and temporal evolution of the spectral albedo of the ice cover (Perovich et al., 2002).

Ome pond in this expedition was especially interesting, because its bottom had a region that was much brighter than the
surrounding bottom. This region had sharp borders with rectangular corners (see the photo in Fig. 12). This likely was a
beoken piece of bubbly multivear ice that was incorporated into the ice cover. This piece of ice had more air bubbles than the
darker adjacent ice. This dual pond was observed during the entire period of its formation and development. The most
intensive pond formation process was observed from July 17 through Augusi 14, The specira were taken every four days
during thiz period. The spectra processing resulis are shown in Figs. 12 and 13.

Figure 12 shows the spectra and the photos of the SHEBA dual pond. For the fiest five dates (July 17, 21, 25, 29, Angust 2)
the retrieval is excellent (for the visible range RMSD = 000038 for July 17 and has a maximal valoe of (00061 for July 29,
see Table 2 and for the last theee (August 6, 10, 14) the retrieval is a little bit worse, but still quite good (for the visible
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abaerved scatter in the retrieval results might parily be explained by the specifics of the field measurementis of the water
depth and ice thickness in the mel pond: ice drillings or water depth measuremenis are performed at one single point of the
melt pond and do not necessarily represent the average ice thickness or water depth values which can be highly variable.

Summarizing the verification, we can say that the spectra retrieval in the visible range is good for all the considered cases.
Some difference is observed in the blue, when some colored organic matter or mineral sediments are present in the melt

water, amd in the IR, where the reflectance is too low and the signal is noisy.

5  Conclusion

This work presents the optical model of melt ponds on sea ice. Similar to Makshtas and Podgomy 1994) we assume a pond
1o be a plane-parallel layer of pure water on an ice substrate. We paid much attention to the pond bottom albedo as it is the
main factor that determines the pond reflectance. The albedo of the ice substrate is caleulated within the modified two-
stream approximation (Zege et al, 1991), which relates the layer albedo to the fransport scattering coefficient of the medium
and its thickness. The analysis of the spectral behavior of the characteristics of the sea ice constifuents (air bubbles and brine
inclusions) has shown that the average cosine of the scattering phase function, and therefore the ransport scattering
coefficient of sea ice, i spectrally neutral. Henee, the pond can be characterized by only three independent parameters that
determine its reflectance through the visible and near [R speciral range: the pond depth, the ice subsirate thickness, and the
ice transport scattering coefficient. The developed moedel proposes the simple analytical formulas 1o calculate the main
reflective characteristics of a melt pond: the bidirectional reflectance factor and the black and white-sky albedo. The
derivation of the analytical formulas becomes possible due o the assumption of the Lambent reflection by the pond bottom.
Although this assumption does not meet the reality in general, the model verification with the field measurements approves
its reasonableness, at least, concerning the spectral albedo. lis validity for the pond BRF requires further investigations.
Additional attention is paid to the correct account for the illumination conditions during the field measurements. 1t is shown
that multiple reflections of light between the stmosphere and surrounding background can be neglected, so the o prioe
knowledge of the background albedo is not necessary. However, the sky conditions (overcast or clear, presence of cirms or
seroso] load) should be specified to inerpret the pond albedo as the white, black, or Blue-sky ones. In the last case it is
highly desirable to know the spectrally resolved atmospheric optical thickness for the field measurements.

The model presented was succesafully used in the algorithm for the sea ice albedo and melt pond fraction retrieval from the
MERIS data (Zege et al., 2015; Istomina et al, 201 5a; Istomina et al., 2015b) The model provides accurate description of
the melt pond reflective properties. It is robust and is able to reproduce a variety of melt pond types observed in the fiekd.
The presented model can be wseful in the problems of physics of sea ice and in monitoring the melt of the Arctic amd

Antarctic sea ice cover. Moreover, this makes it possible to improve the parameterization of the underlying surface in
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range RMSD = 00085 for Awgust 6 and 10). The reason for this difference is not obvious and we may assume that some
contaminant got into the pond those days. So, the regression analysis relies on the first five measurement dates.
Figure 13 presents the retrieved pond depth and ice thickness (for both paris independently) for these dates. The retrieved
pond depih at the light part of the pond is 7 cm greater than the average reporied pond depth (37 em) ) and 13 cm greater at
the dark part. Albedo of the light part (in the visible part of spectrum) is approximately twice greater than that of the dark
part. In general, this agrees with the different nature of the pond's physical propertics. The retrieved ice thickness in the light
part is bower by 34 cm in average than that of the dark part. The slope of the linear regression for the retrieved ice thickness
gives the melt rate of 1.9 em/day and 2.6 emdday for the light and dark parts, respectively. Taking the average surface and
bottom melt for SHEBA ponded ice from 17 July to 14 August gives an estimated surface ice melt of 35 cm and bottom melt
of 28 cm for a fotal of 63 cm, which gives a melt rate of 225 c'day (Perovich et al., 2003)
Suppose that the difference between the transport scattering eoefficient o, for the light and dark portion is due 1o air bubbles
only, then the scaitering coefficient by air bubbles can be estimated as:

Eiaga =
The retrieved values, averaged for the first five dates, are the following: the transport scattering coefficient for the light part
™ s 5.6 m, for the dark pant @™ = 1.0 m'. The slope of the regression line for these five dates is much less than the
values scatter. Using the value of 0.86 for g | we found that the average refrieved scattering coefficient by air bubbles o is
33w, In the bubble saturated ice observed by Gavrilo and Gaitskhoki {1970) the air volume concentration was up to 3%
and the effective bubble radiug was R, = L3Imm. If we suppose the same effective radiug, the average air volume
concentration in the light ice will be C,:.' = 2}3&,0; =2.8% , which is quite reasonable for bubbly kce.

44 Verifieation results

The retrievied and measured pond parameters (melt water depth and underlying ice thickness), as well as root mean square
difference (RMED) between the measured and simulated albedo spectra, are given in Table 2. The RMSIY is shown both for
the whaole spectrum and for the visible range (4 < 0.734m ). A scatter plot of the retrieved pond parameters is shown in Fig,
14. The retrieval of the underlying ice thickness is made with reasonable accursey; the maximal error is 33%, the relative
RMSD is 37% and & =0.56. The retrieval of the pend depth is more uncertain: its value can differ up to 2 times from the
measured one and RMED = £3%. This is 10 be expected, because the pond water deph has much less effect on the pond
albedo than the underlying ice thickness, Mevertheless, the correlation for the entire dataset of the measured and retrieved
pond depth values is quite high B =062 ) and T0% of the retrieved values are inside the 50%-error range. The observed

seatter in the retrieval results might partly be explained by the specifics of the field measurements of the water depth and ice
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variows atmospheric remote sensing retrievals over the Arctic summer sea ice (clouds, serosols, trace gases) and potentially

re-evaluaie the climatic feadbacks and radiative budget of the Arctic region ai a new aceuracy level.

6 Data avallability

The field data from the R Palarsfern cruise ARK XXVIVS are available at the PANGAEA data repostiory (lsiomina et al., 2006, 2017),
The fiekl data fom  the Bamow-2008 expedition are  awailable =t the Arctic Duta Center:  speciral  albedos -
bitps:arcticdata io'cataloe Wview'doi: 10 5065 DEMZRSTE, lne photos — hitps:Sascticdata io/catalog¥view'doi: L0, W65 DA TGP |

The field data from the SHEBA-1 998 expedition are available ina supplensent 1o this manuscripl.

Acknowledgements

The work was supported by the Institutional Streategy of the University of Bremen, funded by the German Exeellence
Initiative, and by the TR 172 “ArctiC Amplification: Climate Relevant Atmospherie and SurfaCe Processes, and Feedback
Muichanizsms (AC)3,” funded by the German Ressarch Foundation (DFG).

The authors are grafeful to the scientific party of the ARK XVIL3 cruise for making the specteal albedo measurements
poasible. Special thanks are expressed to M. Nicolaus for organizing the logistics and to the Sea loe Physics group on board

for assisting with the measurements.

Heferences

Barry, R. G.: The parameterization of surface albedo for sea see and its snow cover, Prog. Phys. Geog., 20 (1), 63-79, 1996,

Boetins, A. and ARK-XXVIL3 Shipboard Scientific Party: List of sea ice measurements during Polarstern cruise ARK-
XXVILE (leeAre), Alfred Wegener Institute, Helmholiz Center for Polar and Marine Research, Bremerhaven,
doiz 101594 PANGAEA 792734, 2012,

Boetius, 4. etal: Expornt of Algal Bioraszs from the Melting Aretic Sea lee, Science, 339, 6126, 1430-1432
doiz 10,1126/ cience. 1231 346, 201 3.

Buiteveld, H., Hakvoort, J. H., Donze, M.: The optical properties of pure water. In: Ceean Optics X110 Jaffe 1. ). {ed.) Proc.
SPIE 2258, 174-183, 1994, Curry, J. A., Schramm, J. L., and Ebert E_ E.: Sea-ice albedo climate feedback mechanizm,
1. Climate, §(2), 240-247, 1993,

Dethloff, K., Rinke, A., Benkel, A, Koltzow, M., Sokolova, E_, Kumar Saha, 8., Handorf, D., Dorn, W., Rockel, B., Storch,
H. von, Haugen, J. E., Reed, L. P, Roeckner, E., Christensen, J. H., and Stendel, M_: A dynamical link between the
Arctic and the global climate system, Geophys. Res. Lett., 33, LO3T03, doi: 10 10292005GLO25 245, 2006,

l.-n

L

thickness in the melt pond: ice drillings or water depth measurements are performed at one single point of the melt pond and
do ot necessarily represent the average ice thickness or water depth values, which can be highly variable.

Summarizing the verification, we can say that the specira retrieval in the visible range is good for all cases considered. Some
difference is observed in the klue, when colored organic matier or mineral sediments are present in the ice or melt water, and
in the IR, where the reflectance is too low and the signal is noisy.

5  Conclusion

This work presenis an opiical model of melt pond covered sea ice. We assume a pond to be a plane-parallel layer of melt
water on an under-pond ice layer. We paid particular attention 1o the pond bottom albedo as the main factor that detenmines
the pond reflectance. The albedo of the under-pond ice is caleulated within the moedified two-stream approximation | Zege et
al, 1991}, which relates the layer albedo to its thickness and to the transport scattering coefficient of a medium. The analysis
of the spectral behavior of the inherent optical propertics of sea ice, using the WKB approximation approach to light
scattering by non-spherical particles (brine inclusions) and Mie solution for spherical particles (air bubbles), has shown that
the average cosine of the scattering phase function, and therefore the transport scattering coefficient of sea ice, is spectrally
neutral. Hence, the pond can be charscterized by only three independent parameters that determine its reflectance through the
visible and near IR spectral range: the pond depth, the under-pond ice thickness, and the ice transpont scattering coefficient.
The model develeped proposes a simple analytical formula to calealate the main reflective characteristics of a melt pond: the
bidirectional reflectance factor and the black and white-sky albedo. The maodel is simple in its implementation, because it is
entirely based on analytical formulas, The dervation of the analytical formwulas becomes possible due to the assumption of
the Lambert reflection by the pond bottom. Although this commonly used assumpiion has no reliable experimental bagis, the
mindel venfication with a wide set of ficld measurements (SHEBA-1998, Barrow-2008, and Polarstern-2012) confirms that
this assumpiion is reasonable, at least, concerning the spectral albedo. [ts validity for the pond BRF requires furiher
investigations. Mevertheless, the coincidence of measured and modeled albedo specira allows us to state that more pond
parameters will not help improving the model and make it closer wo reality. We would atribute potentially appearing
differences between observed and modeled spectra 1o possible sediment.

Additional attention is paid to correctly accounting for the lllumination conditions during the feld measurements. It is shown
that multiple reflections of light between the atmosphere and surrounding background can be neglected, so the o priosd
knowledge of the background {sumounding ice) albedo is not necessary. However, the sky conditions {overcast or clear,
presence of cirrus or aerosol lead) should be specified to interpret the pond albedo as the white, black, or blue-sky ones. In
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Table 2. Measure and retrieved pond geometric parameters
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Figure L. Schematic image of light rays in a melt pond. [, is the intensity of the incident light, Igu is the angle of mcidence; f: 15 the
ntensity of light, reflected from the asr-water mberfyoe (AW [)7 s the miensity of light, refracted by the AW interface, 3," is the angle
of refraction; .fl'. is the intensity of the up-welling diffase light, & is the angle of mternal reflection; J|™ ix the mtensity of light after
mnternal reflection by the AW interface, 8% is the angle of mternal refledtion; J'Ir s the intensity of light that comes out of the melt pond
after refraction by the AW interface, & is the observation angle equal to the angle of refraction.
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Table 2. Measure and retrieved pond geometric parameters derived from the spectral range 0.35 to 1.3 pm (total).
1,05 T T T T T T BMSD values between measured and retrieved pond water depth are given for the complete speciral range and the
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Figure 3. Phase functions of the mixture of air bubbles amd brine inclusions at ~2°C with different Fraction ratie C: .-"f: . The matio af 4"
transpart scattering coefficiends d:_,".ﬂ‘; uml the average cosine g are also shown, The effective sizes are R,~42.55 pm, By=100 pm.
Wi
ice H
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Figure 1. Schematic image of light rays in 2 melt pomd .fu iz the inensity of the incident light, 6{, is the angle of incidence: J': is the
antensity of light, reflected from the atr-water imerfoce (AW); J'Q'L i% the imtensity of light, refracted by the AW interface, ) is the angle

5 of refraction; .I'I'. is the intensity of the up-welling diffuse light, & is the angle of internal reflection; fl"; s the intensity of light afier
mbernal reflection by the AW mberface, & ix the angle of intenal reflection; f.‘l is the intensity of light thal comes out of the melt pond
afber refraction by the AW interface, & is the abservation angle equal b the angle of nefraction.
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Figure & Black-sky albedo of a light melt pond ( 2= 17cm, &, = 32m', A =1.25m ) vs. the angle of incidence {dashed). The white-
sky albedo valwes are shawn in solul

27

1.08 . . .
O Hale & Querry, 1973
1S f ®  Segelalein, 1931 J
. Kederburg &l al, 2007
v Daimon & Masumera, 2012
104 Quar & Fry, 1985 1
——— Frisvad, 2000
E 1085 = . T=-8C i
W il e T=.4c = ]
Eiwsl — T=-Fc —
kS
E T=0C 50
10zf ¢ x s, 5= i
= A -
Bw dy ey AETEE e
o " o w ®
1015 o 4
10
0.3 04 05 0.8 o7 08 L] 1

Figure X Spectra of the relative refractive imdex “water-to-soe”: distilled water {symbols), fresh water at e [(axhes), and brine with

Wavelength {am}

equilibrium salinity af different temperatures [solids).

Ly




DiffPDF - C:/Users/heygster/Desktop/Meine Bibliothek/Projects/Sidarus-WP4/Melt_Ponds_Reflection_Malinka_etal2017_edited3.pdf mit

o8
o7
o8
0S5
=]
B
= e
<
na
— black sy
0.2 ‘while siey
blus sky, black bacaground
luw =y, white background
0.1 # bl sy + e, black background
== == blug sy + cirmus, whilo background
o
0.4 05 O.E oy a4 0g

Wavelernglh {j:m)
Figure % Specira of melt pomd albedos at various illuminatson conditions and background albedo.

28

piE)

Figure 3. Phase functions of the mixture of air bubbles and brine inclusions at —2°C with differem fimction mtio C".FC‘: . The matie af

transpart scatering coefficients «F) /¢F, and the average cosine g are also shown. The effective sizes are B, =42 55 pm, #=100 pm.

10°

1wt b

1w

w2t

1w

1Pt

— Ge13
Bei2
E—

o =)
1 0596
o 088
) 02 A
nge
a
=

[}

i A

ag

.!:P

100 120 140 18D 1ED




DiffPDF - C:/Users/heygster/Desktop/Meine Bibliothek/Projects/Sidarus-WP4/Melt_Ponds_Reflection_Malinka_etal2017_edited3.pdf mit

BT —

lighl mond

02 0.4 0.8 0.8
wavelergih {um)

Figure & Spectral albedo of melt ponds, sow, and white ice. Light pond: depth is 20cm, 7, =4m ; - Iranspart optical depth is 5; dark

3 pond- depth is 20cm, o, = 2m , eransport opeical depth is 1; white ice: the effective grain size is 2mm, optical depth is 12; snow- the
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Figure 7. Light frazen blue ponds 1]
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Figure 5. Mosleled spectra of melt pand albedos at various sky conditions and hackground albeds at sun elevatson 107,
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Figure 7. Light frozen (2-3 cm layer of ice) blue ponds.
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Figure 10, Fram beft ke right: the light blue pomd, a darker part of the blue pord, and the dark pond with yellow algae Figure B Froeen hlue ponds.
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Figure 11, Spectra of some melt pands from Serrawe- 2008 (left o nght) a blue melt pond, a bubbly blue melt pond, and a blue melt pond
with brown spots.
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Figure 10. From left o right: the light blue pond, a darker part of the blue pond, and the dark pomd with yellow algae.
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Figure 12, SHEBA dual pand: phatos and spectra, measured {dashed) at the light {blue) and dark {red) parts and simulated (solid), The
photographs are taken at the early and late melt season (on June 3 and Angust 5, respectively).
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depth ix shown with crosses. The dashed lines show the linear regression fior the first 5 dates.
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Figure 12, SHEBA duml pand: phatas and spectra, measured {dashed) at the Light iblee) and dark {red) pars and simulated (solid). The
photopraphs are taken at the early amd late melt s==en (on July 3 and August B, respectively).

a7




	tc-2017-150-author_response-version2.pdf (p.1-11)
	Compare.pdf (p.12-48)

