Response to review by reviewer #1

We thank the reviewer for a constructive review, allowing us to improve our manuscript. Most of the
reviewer’s requests have been met. Below follow our answers and comments, highlighted in blue
after each of the reviewer’s comments. Blue page (P) and line(L) numbers refer to the manuscript
published in TCD and red numbers refers to the marked-up revised document.
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The manuscript is dedicated to the melt pond fraction estimation from X band of po-
larimetric SAR. This sensor is not dependent on cloud cover or presence of daylight, which
is an advantage over radiometers like MODIS and MERIS. Currently, melt ponds are poorly
represented in the climate models, and the melt pond research is therefore an important
topic which fits well into the scope of the journal. The paper is well written and the text
extensively referenced. However, the manuscript still has some potential for improvement
in the points listed below.

1)The study is limited to the drifting first year ice and to the X band only; in the Introduction, the
authors give a very extensive literature review which reveals a massive amount of work already
published regarding SAR X and C bands for melt ponds on many ice types for many locations, among
which the landfast FYl and MYI. What is the motivation for this additional study for drifting ice and X
band? Drifting FYl is a widespread ice type indeed, but it features a variety of subclasses which calls
for a robust method. What is the advantage of X band over other SAR bands for this challenging task?

As the reviewer highlights, many studies have already been exploring melt pond fraction retrieval
from SAR. However, a majority of these studies are single polarimetric studies, mostly reaching vague
results when it comes to melt pond fraction estimation from SAR. Only a few studies have
investigated the multi polarimetric SAR signature of melt ponds. Among these, only one study (Han
et. al 2016) has explored X-band opportunities. Han et al. (2016) focuses on one single satellite scene
with known melt pond fractions, the study is performed on MYI, and very important factors like SAR
incidence angle, noise floor and wind speed are not discussed. Hence, we believe there is need for
more studies polarimetric X-band SAR signatures of melt ponds. To make this clearer in our
manuscript, the following changes have been made:

e The following paragraph was added (Introduction, P3L90, P3L93): “In summary, the main
achievements on fyp retrieval with SAR come from dual polarimetric C-band studies on land-
fast FYI. The potential of fup retrieval with polarimetric X-band SAR has only been explored in
one single study by Han et al. (2016), focusing on MYI. Hence, there is a need for more
studies on the influence of fyp on polarimetric X-band SAR imagery. As MYl and land-fast FYI
have been the main focus in previous studies, there is also a need to expand to other sea ice
types. Drifting FYl is becoming more prominent in the Arctic with the recent shift to a
thinner, more seasonal, and more mobile sea ice cover (Perovich et al., 2015), and the
polarimetric SAR signature of fyp in drifting FYI needs more attention.”

e He following sentence was added (Introduction, P3L69, P3L71-72): “... underestimation of
fme. All in all, retrieval of fup from single polarimetric SAR has proven to be difficult.”

TerraSAR-X offers higher resolution than Radarsat-2, which is expected to be an advantage, due to
the small size of melt ponds. X-band is also offering sensitivity to smaller surface roughnesses than C-
band, which will could potentially affect the polarimetric signature beneficially. In general, it is also



important to study the effect of melt pond fractions in all operational SAR frequencies, both because
they can supplement each other, and because melt pond signatures will appear differently at
different wavelengths. Knowledge of melt ponds polarimetric signatures is also important for
classification of sea ice in X-band scenes. To highlight these points, the following changes have been
introduced in the manuscript:

e The following sentence was added (Introduction, P3L93, P4L104-107): “TerraSAR-X offers
very high resolution multi-polarimetric data, with a strong sensitivity to micro-scale surface
roughness due to the high frequency. Both the high resolution and sensitivity to surface
roughness can be advantages in fyp investigations.”

e The following sentence was added (Discussion, P15L478, P18L580-581): “This is also an
important result, implying useful knowledge for instance in classification of summer sea ice
based on X-band imagery.”

2)The study is dedicated to the comparison of helicopter-borne imagery to the dual polarisation X
band SAR data. Overall, 4 SAR scenes have been taken, to which the helicopter data were possibly
accurately collocated. Nevertheless, the comparison data shows considerable scatter, the Spearman
correlation was used instead of Pearson (could you please justify this), and the noise equivalent was
subtracted. The authors are struggling to collect all the available signal which is over the noise floor
and compare it to the airborne data. However, even with this cumbersome approach, the correlation
coefficients of the developed empirical relationships are R"2=0.15 and 0.21, which is a very weak to
weak correlation for Spearman. The authors state the surface deformation as a reason for the scatter
and claim the correlation "significant" and enough to give a starting point to MPF evaluation, but the
reviewer fails to see how it could work. Under these circumstances, the quality of the developed
method when applied to a variety of different X-SAR images of drifting ice (even with known wind
speed) is very hard to estimate, even when the one smoothes out or grids the retrieved pond
fractions to coarser resolutions.

This point addresses several parts of the manuscript, and the reply is divided into 8 individual
bulletpoints (a)-h)) found below.

a) Spearman’s correlation coefficient was used instead of Pearson’s correlation coefficient as it
allows for non-linear relationships, broadening the range of detectable correlations. It is also less
sensitive to outliers, which can be a problem in SAR scenes due to speckle. We have now clarified this
in the manuscript:

e The following sentence was extended (Method, P9L287, P12L330-332): “A negative sign
indicates an inverse relationship. Spearman's correlation coefficient assumes a monotonic
relationship. It is used instead of Pearson's linear correlation coefficient, to allow for non-
linear correlations. It is also less sensitive to outliers than Pearson's correlation coefficient.”

We would like to note that Spearman’s correlation in this study was used as a simple metric to
identify SAR features potentially useful for further fyp reconstruction. In the latter procedure,
however, an ordinary linear regression technique was used (see point d)). We consider that in the
future studies when a sufficient information on the SAR fup signature for a broad range of controlling
factors have been accumulated, an application of more sophisticated multivariate techniques will be
required to elaborate the model(s) robust enough for operational products. This is reflected in the
manuscript:

e The following sentence was added (Discussion, P12L365, P16L508-511) “These correlations
are not strong enough for the results to be used directly in operational models. However,
with improved methods and more satellite data added, our results imply a future potential in
retrieving fue from X-band SAR.”



b) “Significant” or “statistical significant” are used several times in the manuscript, referring to
correlations that are significant within a 95% confidence interval. This is clearly stated in the Results-
section in the version of the manuscript published in TCD (Results, P11L351, P12L375).

c) We see that working with the signal both with and without NESZ-subtraction can be confusing for
the reader. We have therefor decided to use the NESZ-subtracted signal in the manuscript, and only
include values without NESZ subtraction in parentheses in Table 4. This imply the following changes:

e The following sentences were rephrased (Method, P8L230, P9L270): “All scenes were
converted to ground range and radiometrically calibrated to ¢°. The noise equivalent o°
(NESZ) was then subtracted.”

e The following sentences were rephrased (Results, P11L326-334, P12L374-385): “Values
significant within a 95% confidence interval are highlighted in bold, and values in
parentheses show results before NESZ subtraction of the signal. In scene T3, Ryy/un shows the
strongest correlation to fuwpe. In addition, the mean of a; is significantly correlated to fue. None
of the other investigated SAR features are significantly correlated to fwp in scene T3. In scene
T4, the mean values of 6%, 6%y and Ryyun are significantly correlated to fuvp, the strongest
correlation is found for, c®v. Some of the standard deviation values are also correlated to
fme. Without NESZ subtraction in the calibration, however, almost all features are correlated
to fme. The large difference before and after NESZ subtraction indicates that the signal is close
to, or reaching the noise floor.”

e The following sentence was rewritten (Discussion, P15L477, P18L579-581): In addition to
Rw/nn, five other dual-polarimetric SAR features were included in our study, after NESZ
subtraction most of these showed no statistical significant relationship to fue in our data set.

e The figure caption of Table 5 was updated: “Spearman’s correlation coefficient (r) between
fme retrieved from the helicopter images at the investigated floe, and mean and standard
deviation of the polarimetric SAR features from the corresponding area in T3 and T4. Bold
indicate significant values within a 95 % confidence interval, and values in parentheses are
retrieved before NESZ subtraction in the calibration process.”

e Figures and Table 6 were updated, now presenting results after NESZ subtraction.

d) The correlation coefficients of R"2=0.15 and 0.21 represent the least square regression fits of Egs.

16 and 17 and Figs. 4 and 7, and are presented in addition to Spearman’s correlation coefficient

(corresponding values of -0.53 an 0.45). To clarify this in the manuscript, the regression fit

correlations are renamed Ry (changed in Results, P12L362, P13L398, P13L421, P15L477), while

Spearman’s correlation coefficient is kept as r. For clarification, the following change was introduced:

e The following sentence was changed (Abstract, P1L7, P1L7): Co-polarisation ratio was found

to be the most promising SAR feature for melt pond fraction estimation at intermediate wind
speeds (6.2 m/s), with a Spearman's correlation coefficient of 0.46.”

e) Due to the reviewer’s comments, we revised the regression fits, and managed to improve Eq. 17
by not log-transforming %y, returning a new correlation coefficient of Ri?=0.26 (previously 0.15).

e Eq. 18 was changed in the text (Results, P13L397, P15L474): “fup(c®w)=-52.83 0%y +1.89”

e The following sentences were updated (Results, P13L398, P15L475): “Note c%y is not in dB.
Again, the goodness of fit of the regression is reflecting large sample variation, with Rs?=0.26
and RMSE=0.0039.

e Figures 7, 8 and 9 were updated according to the new regression fit equation.

f) We agree with the reviewer that these correlation values are weak, and not yet suitable as a basis
for operational models. It is however worth noting that the operational method used for extraction
of fup from MODIS has R%:; values ranging between 0.28 and 0.45, not too far from our values of 0.21
and 0.26. We also emphasize that we do not intend to develop an operational model based on a



single SAR scene. To differentiate this we have changed the wording “model” to “regression”,
“regression fit”, or “estimation” in the manuscript. This modification is implemented several places
in the manuscript. Hence, with improved co-location (see point g) below) and more satellite data, X-
band SAR can potentially be used for fup estimation. The following changes have been made in the
manuscript to stress these points:

The following sentences were added (Results, P12L363, P13L422): “This implies a weak
correlation, corresponding well to Spearman’s correlation of 0.45.”

The following sentence was added (Discussion, P13L417, P16L506-512): “The results of this
study show that fup influences the signature of several X-band polarimetric features. The
strongest correlations were found for Ryyun and c®y, where linear regression fits gave R%;
values of 0.21 and 0.26, respectively. These correlations are not strong enough for the results
to be used directly in operational models. However, with improved methods and more
satellite data added, our results imply a future potential in retrieving fmp from X-band SAR.
For comparison, the method developed for retrieval of fyp from MODIS has R%; values
ranging from 0.28 to 0.45 (Rosel et al. 2012).”

The following paragraph was rephrased (Results, P11L247-351, P13L398-403): “The melt
ponds affect the polarimetric signatures in scene T3 and T4 differently (Table 4 and Fig. 4 and
5), mainly due to different wind conditions, but also due to different incidence angles and
noise floors. In the following, we look closer into the feature displaying the strongest
correlation to fup in each of the scenes, Ryy/un in T3 and c%y in T4.”

The following sentence was rephrased (Results, P12L360, P15L471-474): “As for the
intermediate wind case, a robust least square linear fit was applied to the data to describe
the relationship between %y and fyp.

g) From the reviewers comment, we find that the large scatter observed in the scatter plots,
reflected in weak correlations values should be discussed in more detail in the manuscript.
Deformation (and volume scattering in the sea ice) may contribute to the low correlation values, but
another source is probably equally important. Substantial efforts were made in co-locating the
helicopter photos and the floe’s position. As stated in the Method-section we estimate a possible
areal offset between the helicopter images and the compared corresponding SAR pixels of up to 27%.
Even a small positional offset of a few percentages would introduce random noise in the regression,
lowering the correlation values. Viewed against this background, we find it acceptable to explore the
effect of the regression fit on the floe and the full scenes in the data set, even if the Re:? values are
low. The following changes have been implemented in the manuscript:

The following sentence was added (Results, P12L363, P13L423-425): “However, the co-
location between the helicopter images and the sea ice floe contain some uncertainty (a
maximum areal offset of 27%) possibly introducing a random error to the regression,
resulting in an artificially low Rei2.”

The following paragraph was added (Discussion P15L490, P18L605-614): “The correlations
found in our study are not very strong. The weak to moderate correlations might suggest a
limited sensitivity to fwp in X-band SAR imagery, but they could also reflect limitations in the
data set. The co-location between the helicopter images and the SAR imagery is estimated to
have a possible offset of at most 27% potentially introducing a large random error into our
investigation, lowering the correlation values. A larger degree of smoothing than the area
covered by the helicopter images allows for might also be needed to improve the results. The
absolute radiometric accuracy of TSX scenes could also influence the results of our study, but
this influence is expected to be very small compared to other uncertainties. All the above-
mentioned issues should be addressed in future studies.”

The following sentence was rewritten (Conclusion, P16L515, P19L640-645): “Challenges in
co-location of airborne observations and SAR imagery limited coordinated use of existing



data in our study and introduced uncertainties in our results, possibly causing artificially low
correlation values.”

h) We agree that the quality of the method when applied to the full satellite scenes can be hard to
evaluate. To improve this, we have included the figures suggested in the reviewers point 3). We have
also moderated the way we present and discuss our results in the Abstract, Discussion and
Conclusion sections. Hence, the following changes are introduced:

e The following sentence was moderated (Abstract, P1L18, P1L20) “Despite this, our findings
suggest new possibilities in melt pond fraction estimation from SAR, opening for expanded
monitoring of melt ponds during melt season.”

e The following paragraph was moderated (Discussion, P13L417-419, P16L506-607): “The
results of this study show that fupe influences the signature of several X-band polarimetric
features.”

e The following sentence was moderated (Discussion, P14L435, P16L532-534): "In our study
we found a significant correlation between Ryyun and fue at an incidence angle of 29° (T3),
demonstrating that fme has an impact on polarimetric X-band SAR signatures also at lower
incidence angles.”

e The following sentence was added (Discussion, P14L444, P17L.542-543): "However, the
different acquisition geometry observed in Fig. 1 could also play a role.”

e The following sentence was rewritten (Discussion, P15L468, 17L568-569):”A larger window
size reduces the amount of speckle in the SAR scenes, which possibly explains the
improvement.”

e The following sentence was rewritten (Discussion, P15L475, P17L574-576)“The large sample
variability observed in Fig.4 might therefore be negligible, as long as the Ryv/nu-based
regression fit produces a good estimate of the mean fvp for a larger area.”

e The following sentence was moderated (Conclusion, P15L495, P19L618-620): “In this study
we demonstrate statistically significant relations between fue and several polarimetric SAR
features on drifting FYl in X-band, based on helicopter-borne images of the sea ice surface
combined with four dual polarimetric SAR scenes.”

e The following sentences were moderated (Conclusion, P16L497, P19L621-625): “The study
reveals a prospective potential for fyp estimation from X-band SAR, but also stresses the
importance of including wind speed and incidence angle in a future robust fup retrieval
algorithm. Such an algorithm could supplement optical methods, and be used as a tool in
climate applications, both as input in climate models and in studies of melt pond evolution
mechanisms.”

e The following paragraph was moderated (Conclusion, P16L505-512, P19L627-636): “The
theoretical range of suitable wind speeds (<5 m/s) and sea ice surface roughnesses (spms<1.4
mm) for fyp extraction based on Ryy/un are slightly more limited in X-band than in C-band but
our results show that fup also influences the X-band SAR signature when these criteria are
partly exceeded. The high noise floor of TerraSAR-X also restricted use of scenes with
incidence angles above 40°, while an incidence angle of 29° gave better results. At very low
wind speeds (0.6 m/s), the backscatter signal from the melt ponds became too low for fup
retrieval based on polarimetric features. In that case, o%y was found suitable for fyp
estimation. In the future, use of X-band scenes can possibly increase the total amount of SAR
data accessible for fyp retrieval, despite their limitations compared to C-band scenes.”

e The following sentence was added (Conclusion, P16L525, P20L651-653): “For development of
a robust operational method, future studies should aim to include a larger number of
satellite scenes acquired during various sea ice conditions, melt pond evolution stages, wind
speeds and incidence angles.”



a) The authors compare MPF distributions from airborne and retrieved from SAR data. To evaluate
the quality of the results even better, it would be good to show also the spatial situation: the
MPF retrieved from SAR plotted on a lat-lon map and the airborne reference data overplotted on
the same map using same colorscale. Upon checking spatial features or spatial uniformity, the
reader can make sure that the retrieved MPFs are not random numbers, but really correspond to
the field situation.

We appreciate the suggestion of a spatial plot. We have now included spatial MPF figures in the
manuscript. The following text and Figures are introduced to the manuscript:

The following paragraph was added (Results, P12L382, P13L445-455): “Zooming in to the
southern part of the area covered by the helicopter survey on the floe in T3, Fig. 6 (new)
displays fue estimated from Eqg. 17 with the observed fup from the helicopter images overlaid.
Two different pixels smoothing windows are shown (21 x21 and 51 x 51). Note that the
center pixel underlying each helicopter image frame would give the most representative
value for comparison to the observed fup, as pixels closer to the frame contain a larger
amount of information from outside the frame. The middle panel displays the mean
estimated fup value for each frame together with the observed fup values along the track.
The maps confirm some overlap between the estimated and observed fup, but also illustrates
that there is room for improvement. The estimation with a 51 x51 pixel smoothing window
appears less variegated than the 21 x 21 estimation, and the range of the estimated fyp
values also corresponds better to those observed from the helicopter images in the 51 x51
estimation.”

The following paragraph was added (Results, P13L410, P15L488-497): “Figure 10 (new) shows
fme estimated from Eq. 18 with the observed fue from the helicopter images overlaid for two
different pixels smoothing windows (21 x 21 and 51 x 51). Note that the center pixel
underlying each helicopter image frame would give the most representative value for
comparison to the observed fyp. To illustrate this, the middle panel shows the mean
estimated fup value for each frame together with the observed fup values along the track. In
general, a good overlap between the estimated and observed fup can be seen, even though
some scatter exists. As in Fig. 6 the estimation with a 51 x 51 pixel smoothing window
appears less variegated than the 21 x 21 estimation, and the range of the estimated fyp
values also corresponds better to those observed from the helicopter images in the 51 x 51
estimation than to those in the 21 x 21 estimation.”
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Figure caption: “Figure 6. Melt pond fraction (fwp) estimated from Ryyun, with the observed fyp from
the helicopter images overlaid as colored frames. The area displayed is outlined with a frame in Fig.
5. The estimation is performed with 21 x21 (left) and 51 x51 (right) pixels windows. Note that the
center pixel underlying each helicopter image frame would give the most representative value for
comparison to the observed fup, as pixels closer to the frame contain a larger amount of information

from outside the frame. The middle panel displays the mean estimated fvp value for each frame
together with the observed value.”
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Figure caption: “Figure 10. Melt pond fraction (fwe) estimated from oy, with the observed fyp from
the helicopter images overlaid as colored frames. The area displayed is outlined with a frame in Fig.
8. The estimation is performed with 21x21 (left) and 51 x 51 (right) pixels windows. Note that the
center pixel underlying each helicopter image frame would give the most representative value for



comparison to the observed fup as pixels closer to the frame contain a larger amount of information
from outside the frame. The middle panel displays the mean estimated fup value for each frame
together with the observed value.”

The authors come to the conclusion that the dual polarimetric SAR data in X band can be used for
melt pond estimate given the appropriate wind speed, incidence angle, surface deformation ranges
and also upon extensive smoothing or even taking the mean value over the whole scene.

The impact and importance of such a product is not sufficient for advancing our under-standing on
melt pond processes and can only serve as complementary data for other studies. Currently, the
manuscript serves more as a fundamental study on the SAR features in X band and more displays
limitations than advantages of the data.

We agree that the manuscript can be seen as a fundamental study on polarimetric SAR features in X-
band, and their relation to melt pond fraction, testing a potential method for melt pond fraction
retrieval. Producing an operational product for estimation of melt pond fraction from (X-band) SAR
will take more than one single study. To advance in this process, it is very important to focus on
possible limitations like surface roughness ranges and wind speed, and optimum SAR parameters like
incidence angle and smoothing window size (stated in Conclusion, P15L522-529, P19649-654). This
allows for more precise and to the point studies in the future. Hence, we think our study presents
important results for future development of melt pond fraction retrieval from X-band SAR.

| recommend to support the shown MPF results with possibly more SAR scenes and definitely show
the spatial MPF maps to confirm the quality of the pond retrieval, or refocus the manuscript on
signatures of various ice/pond types in X band without the actual MPF retrieval.

SAR-scenes with corresponding ground truth are very rare, being generally a result of coordinated
campaigns, and in this data set, we are limited to the presented scenes. As detailed above, we have
included the requested MPF maps (new Figs 6 and 10), allowing the reader to confirm the quality of
the presented method.

Technical
- Please add the error bar of the empirical fit in Eq. (16) and (17) on the corresponding figures, this
helps to estimate the quality of the MPF retrieval.

95% confidence intervals were added in Figure 4 and 7.

- please add the correlation coefficient values into the abstract and into figure captions where you
present the empirical fits.

Correlation coefficient values were added into the figure captions of Figure 4 and 7, and into the
abstract:
e The following sentence was rephrased (Abstract P1L10, P1L9-13): "To further investigate
these relations, regression fits were made both for the intermediate (R%: =0.21) and low (R%;
=0.26) wind case, and the fits were tested on the satellite scenes in the study.”

- | suggest to merge the subsection 4.1 Sea ice conditions into the subsection 3.1 Study region.
Current section 4.1 logically fits better to 3.1.

The subsections have been merged, and are now united in subsection 3.1 renamed “Study region and
sea ice conditions”.



Response to review by reviewer #2

We thank the reviewer for constructive criticism, allowing us to improve our manuscript. A majority
of the reviewer’s requests have been met. Below follow our answers and comments, highlighted in
blue after each of the reviewer’s comments. Blue page (P) and line (L) numbers refers to the
manuscript published in TCD and red numbers refers to the marked-up revised version.

General comments

The authors have studied melt pond fraction (MPF) estimation using TerraSAR-X dual-polarization
SAR imagery acquired over drift ice north of Svalbard, and presented empirical models for MPF
estimation in two different wind speed conditions (low speed and intermediate speed).

In the Introduction Section authors give good overview on importance of melt ponds on the Arctic
sea ice heat budget and in the Arctic climate system, and on previous studies on melt pond fraction
estimation with optical and SAR imagery. The number of previous SAR studies on melt pond
detection and fraction estimation is quite large, and so far a generic method for the estimation has
not been presented/developed. There has been some success for the melt pond fraction (MPF)
estimation over smooth landfast ice using C-band co-polarization ratio (HH and VV pol SAR images
needed) or HH-pol backscattering coefficient (o). For MPF estimation over drift ice only few studies
has been conducted. At least it seems that MPF estimation over drift ice with C-band single pol
imagery is not possible. Over drift ice sea ice deformation features like ice ridges and make MPF
estimation in theory much more difficult than over smooth landfast ice. Other frequencies than C-
band have been used only in few case studies. Likely (to my opinion) accurate MPF estimation is only
possible with high resolution (<5-10 m) SAR imagery. So far time series of MPF maps over the Arctic
have been produced only with optical imagery (MODIS, MERIS). These charts are limited by accuracy
of automatic cloud masking and persistent cloud cover during the Arctic summer. Accurate MPF
charts from SAR imagery would supplement greatly the MPF charts from optical imagery.

Section 2 discusses nicely about melt pond signatures in SAR imagery, but it could also include
overview of observed MPF behavior during melt ponding season (ponding, drainage etc.), see e.g. D.
G. Barber, J. J. Yackel, and J. M. Hanesiak, “Sea ice, RADARSAT-1 and arctic climate processes: A
review and update,” Can. J. Remote Sens., vol. 27, no. 1, pp. 51-61, 2001.

We appreciate this suggestion, and have included a brief comment on this in the manuscript.

e The following sentences were added (Melt ponds in SAR imagery, P4L113, P4L127-130): The
coverage of melt ponds varies during the melt season, starting out with a high fractional
cover, and reducing as the ponds drain. At the end of the melt season, the melt ponds
refreeze. This evolution is mirrored by a seasonal variation in the sea ice SAR signature
(Barber et. al 2001).”

Dual-polarization TerraSAR-X imagery acquired over drift ice for MPF estimation have been
previously studied by Kim et al. (2013) and Han et al. (2016). Kim et al. (2013) used only one TSX
image acquired in Aug 2011 over East Siberian Sea, but they have large amount of co-incident
airborne very fine resolution X-band (single pol) images. Comparison MPF data was from airborne
photography. Han et al. (2016) used the same datasets and also one additional TSX image acquired in
July 2011 over the Chukchi Sea. Kim et al. (2013) estimated MPF with “We first delineate the ice and
melt pond features using image processing software (ENVIA EX), based on the combination of
multiscale segmentation and aggregation methods.”; not discussed in more details, but Han et al.
(2016) studied various polarimetric parameters and their textural features in MPF estimation by
machine learning approaches.



The authors have used here four TSX dual-polarized StripMap images acquired during ICE2012
campaign in north of Svalbard. Comparison MPF data was from helicopter-borne optical imagery. In
addition, surface roughness data was calculated from stereo camera imagery, and weather data was
measured by R/V Lance at the ICE2012 campaign site. They have studied MPF estimation with
different polarimetric parameters calculated from the dual-pol TSX imagery, as was done also by Han
et al. (2016). The main questions now are: 1) Does this study give new scientific results/information
compared to Kim et al. (2013) and Han et al. (2016)? 2) In what ways it is different to them, data
and/or methods?

My answers: Study area is different (Chukchi Sea vs. Svalbard) which could have influence on the
results if sea ice conditions (FYI vs. MYl) where different; authors should discuss this in the paper.
Wind speed is taken into account here unlike in Kim et al. (2013) and Han et al. (2016). Wind speed
has large effect on the backscattering from melt ponds (not frozen). Somewhat more SAR images
have used, four here compared to two in Han et al. (2016), making the results here more reliable.
The developed MPF algorithms are linear functions between MPF and one polarimetric parameter. |
favor this kind of simple approach as the results can be related easily to theoretical backscattering
models. Han et al. (2016) utilized machine learning approaches where relations between polarimetric
parameters (and scattering theory) and an estimated parameter may not be very clear. However, |
think that the paper in its current form gives quite little new information/findings compared to
previous studies on the MPF estimation with SAR.

We appreciate the papers by Kim et al. (2013) and Han et al. (2016), which as our study focus on melt
ponds and SAR. Kim et al. (2013) focuses on airborne SAR and barely discuss satellite imaging and is
hence very different from our study. Han et al. (2016) presents a machine learning approach for melt
pond fraction retrieval from X-band SAR based on two satellite SAR scenes, one that has
corresponding information about actual melt pond fraction.

As the reviewer has commented on, there are several differences between the study of Han et al.
(2016) and our study. Han et al. (2016) focuses on MYI, and explicit request more studies on other
sea ice types in their conclusion. Our manuscript focuses on level FYI, which has different microwave
signature than MYI, as commented on in Han et al. (2016). The effect of sea ice surface roughness,
satellite noise floor, wind speed, and incidence angle are not discussed in Han et al. (2016), but wind
speed and incidence angle are suggested to be investigated in future studies. These are important
factors in understanding the melt pond signature of X-band SAR and are therefore included in our
study, adding essential information. Only one scene with corresponding melt pond information was
employed by Han et al. (2016. Increasing the number of scenes, as done in our manuscript, is of large
importance to improve the understanding of melt ponds signature in SAR imagery.

While Han et al. (2016) focuses on combining several polarimetric signatures in machine learning
algorithms for melt pond retrieval, our manuscript concentrates about the individual polarimetric
features, and the influence of melt ponds on these. This could form a basis for more advanced
methods later on, guiding which features to use under specific wind speed conditions and incidence
angles. Melt ponds and sea ice are treated as different classes in the study of Han et al. (2016). Our
study on the other hand, focuses on the signature of mixtures of melt ponds and sea ice.

When it comes to the results, different polarimetric features are found sensitive to melt pond
fraction in Han et al. (2016) and our study. While co-polarisation ratio and HH intensity were the
most promising features in our study, co-pol phase difference, alpha angle, and HH intensity were
found to be the most important ones in Han et al (2016). This could be due to e.g. difference in wind
conditions, which there is little information about in the study by Han et al. (2016).



In summary, we find that Han et. al (2016) and our study does not present much overlapping
information and findings, hence our study are complementary. The sea ice types, methods and
results are different, and our study includes several factors (more scenes, wind speed, incidence
angle, surface roughness etc.) not considered in Han et al. (2016). To evolve in the understanding of
melt ponds signatures and impact on X-band SAR, and SAR in general, a variety of studies is
necessary, and we believe our study contributes with enough new insight, and is worthy of
publication.

To clarify the differences in the study of Han et al. (2016) and our study for the readers of our
manuscript, the following changes have been applied:

e The following sentences were rephrased (Introduction, P3L82, P3L85-91): “Han et al. (2016)
combined multiple polarimetric SAR features in MPF estimation by machine learning
methods, employing the co-polarisation channels of the MYI X-band SAR scene explored in
Kim et al. (2013). An additional scene was also included in the study, though without melt
pond information. The study showed promising results, but the authors claim that more
scenes with various sea ice types and incidence angles are needed to develop a general
propose MPF model. Lack of wind information is also limiting the relevance of the study.”

e The following paragraph was added (Discussion, P15L490, P181L592-604): “The findings in our
study deviate from the findings of Han et al. (2016) where ¢°u4, < p, and, oz were found to
be the most prominent polarimetric features in separating melt ponds, sea ice and open
water in high resolution X-band SAR imagery. Differences in sea ice type, sea ice surface
roughness, wind conditions, and SAR incidence angle could possibly explain why different
polarimetric features are sensitive to MPF in the two studies. The methods of the two studies
are also slightly different, as Han et al. (2016) classify each pixel into melt pond, sea ice or
open water, while our study focuses on mixtures of melt ponds and sea ice. Exact wind
information lacks in Han et al. (2016) but the wind speed is expected to be low. This could
explain why o4 contributes strongly in MPF estimation, and is then in accordance to our
findings. The diverging results in the two studies emphasize the need of investigating melt
ponds impact on SAR imagery under different conditions and for a variety of sea ice types. It
also stresses the importance of supplementary measurements of parameters like wind speed
and sea ice surface roughness.”

The statistical reliability of the developed empirical MPF estimation models seems quite low, r2 was
at best only 0.21 and RMSE is high.

We agree that the R? values for the regression fits are low. For our comment on this, see point 2f) in
the reply to Reviewer #1.

The value of the paper could be improved by following changes and additions:

The empirical models for the MPF estimation were developed using datasets over a large ice floe.
Why were not all co-incident SAR imagery vs. airborne photography used? How results would change
if they were?

As this study was performed on drifting sea ice, co-location between SAR scenes and helicopter data
is very challenging. This is also commented on in the conclusion of the manuscript. Most of the
airborne photos were not possible to be co-located with the satellite observations exact enough to
meet our demands of a high quality study. However, for the investigated floe, we managed to do a
reliable co-location, and the floe was also the only floe appearing in two of the scenes. We therefore
chose to focus on this specific floe in our investigations to secure the quality of the study.

Both wind speed and SAR incidence angle have large effect on the MPF estimation. Wind speed is
now taken into account by MPF models for two different wind conditions. | suggest you developed



MPF models which include incidence angle or compensate o incidence angle variation before MPF
estimation. The study should include more variable wind speed conditions, but in the current dataset
these are not present

We agree that it is desirable to study the melt pond signature under as many wind speed situations
as possible to make a robust melt pond estimation. Our data set consists of four scenes, and it is
therefore not possible to make such a robust model from this small dataset. However, our study
highlights the importance of wind speed, and can serve as a starting point for future studies. This is
already commented on in the conclusion of the manuscript.

Incidence angle correction has been introduced to the manuscript, to improve the understanding of
Fig. 9. The following changes have been made in the manuscript:

e The following sentences were added (Method, P10L295, P11L340-346): ” Incidence angle
correction was applied to the scenes for a better comparison, employing the following
equation (Kellndorfer et al., 1998)

0°corr= 0° (5in 6/ sin Bref)
where o° is the original backscatter coefficient, 8 is the center incidence angle of the scene
to be corrected, and B.¢f is the reference incidence angle of scene T4. The correction was only
applied in the low-wind case, as it canceled in the intermediate wind case due to the use of a
co-polarisation ratio.”

e The following reference was added: Kellndorfer, J., L.E., P., M.C., 715 D., and Ulaby, F. T.:
Toward consistent regional-to-global-scale vegetation characterization using orbital SAR
systems, IEEE Transactions on Geoscience and Remote Sensing, 36, 1396-1411,
doi:10.1109/36.718844, 1998.

e The following sentence was rewritten (Results, P13L413, P15L501-502): “Incidence angle
correction according to Eq. 16 is applied to the figure, accounting for 6°yw decrease with
incidence angle.”

e The following sentence was rewritten (Discussion, P14L449, P17L548-550): "The
underestimation of FMP in scenes T1-T3 is likely related to higher wind speeds at the time of
acquisition.”

You could study effect of sea ice type in the MPF estimation, e.g. by first segmenting the SAR images
to level ice and deformed ice categories (with the help aerial photography if possible). In best case
we could have also sea ice type taken into account in the MPF estimation. You have also surface
roughness data which could be utilized here.

We agree that the effect of surface roughness could be better presented in the manuscript. We have
now introduced two classes of sea ice in the scatter plots (Fig. 4 and 7), representing totally level ice
and partly deformed sea ice. The classification is based on visual interpretation of the helicopter
images. The following changes have been introduced in the text in relation with the classification:

e The following sentences were added (Results, P11L355, P13L408-411): Grey dots correspond
to areas with some degree of sea ice deformation, while blue dots correspond to areas with
completely level ice. Deformation information is extracted from visual inspection of the
helicopter images.”

e The following sentence was rewritten (Results, P12L358, P13L414-416): “A majority of the
lowest Ryy/nn values are appearing in partly deformed areas. Areas with some degree of
deformation also represent the lowest fyp.”

e The following sentence was added (Results, P13L395, P15L470-471): “Grey dots correspond
to partly deformed areas, while blue dots represent level ice.”



Show MPF maps from some SAR images and discuss spatial variation present, does it make sense?
You have four SAR images, how does estimated MPF behave temporally? Now Table 5 shows MPF
averages over the full scenes, but these are not much discussed in the text, and temporal variation
does not seem right (36.2->45.7->31.2->53.3).

Spatial MPF maps have been introduced to the manuscript. See comments to point 3) in the reply to
Reviewer#1.

During the campaign, the MPF was stable with a mean of 33.2%. The variation seen in Table 5 is due
to differences in wind speed conditions and incidence angle. This is thoroughly commented on and
discussed in the last paragraph of section 4.1 (New 3.1) and in the third paragraph in section 5
(Discussion).

Can you compare your estimates with those from optical imagery? See
http://icdc.zmaw.de/1/daten/cryosphere/arctic-meltponds.html

The suggested data set lasts until 2011, and can therefore not be used in our study. We agree that it
would be interesting to compare our data to optical data, and investigated this opportunity early in
the manuscript process. However, there were cloudy conditions during the campaign, and optical
data were therefore not accessible. This underlines the advantage of a possible melt pond fraction
estimation from SAR.

The study would benefit greatly from a larger SAR dataset. Are there any co-incident TSX vs. in-situ /
airborne data from NICE2015 campaign you could use? You really need more wind speed conditions
for the MPF estimation development. Even including more TSX images without corresponding
comparison data is possible, you could study spatial and temporal trends. In addition, any fine
resolution C-band images available? Comparison between C- and X-band would be nice addition.

We agree that one should aim to use as many SAR scenes as possible in a study like this. But this has
to be balanced by the actual access to scenes with high quality information about melt pond fraction
and sea ice conditions retrieved from in situ measurements and helicopter photos. Such data sets are
very rare, and it is therefore important to publish results from existing data sets, even if they as in
our case have a limited number of scenes.

The N-ICE-2015 campaign was finished in mid-June 2015, before the onset of intense surface melt,
and data from this campaign is therefore not appropriate for our study. C-band scenes were planned
collected during the campaign, but acquisition priorities hampered collection of such scenes. We
have also attended other campaigns with intention of increasing the data amount. The lack of
success with these efforts emphasizes the value of the presented data set.

In general, the paper is well written and structured, and easy to read and understand. The data
processing and analysis methods are scientifically sound and discussed in needed detail. | am afraid
in the current form the paper gives quite few new scientific findings compared to previous studies.

We appreciate that the reviewer likes our manuscript. The novelty of this study is already discussed
above. We find that our study brings in new and different findings compared to the only other
existing study on the topic (Han et al. 2016), and we believe it is worthy of publication.

From Conclusions: “Future studies should aim to include a larger number of satellite scenes acquired
during various sea ice conditions, melt pond evolution stages, wind speeds and incidence angles. The
effect and limitations of sea ice surface roughness and dependency on filtering size and scale should

also be further investigated.”


http://icdc.zmaw.de/1/daten/cryosphere/arctic-meltponds.html

You should consider taking some of these topics to this paper!

Wind speed, incidence angle, surface roughness, and filtering size are all discussed in our manuscript.
This sentence simply states that more data is needed to make a robust algorithm for melt pond
fraction retrieval in X-band. To make this absolutely clear, we have rewritten the sentence:

e The following sentences were rewritten (Conclusion, P16L525, P19L651-654): “For
development of a robust operational method, future studies should aim to include a larger
number of satellite scenes acquired with various sea ice conditions, melt pond evolution
stages, wind speeds, and incidence angles. The effect and limitations of sea ice surface
roughness and dependency on filtering size and scale should also be further investigated.”

Finally, Yackel and Barber (2000) speculated that MPF may be more closely related to the albedo
than to melt pond fraction due to the fact that albedo results from the integration of all surface types
(snow, saturated snow, melt ponds) which contribute to the measured MPF. What's the authors’
view on this; would it be better to investigate the relationship between SAR data and albedo than
SAR and melt pond fraction? Please, discuss this in Introduction Section.

This question might have a typing error, and we find it slightly unclear. We interpret the question to
ask whether estimated melt pond fraction should be compared to albedo instead of observed melt
pond fraction. Albedo refers to the average reflection of waves in the visible range of the microwave
spectrum. As SAR uses microwaves to evaluate the sea ice surface, we find it more credible to utilize
differences in the microwave signature between melt ponds and sea ice, or methods that employ
statistical features describing fractional mixtures of surfaces.

In our study, albedo is not measured, and would have to be estimated by upscaling from melt pond
fraction measurements and in situ measured albedo values of different surface types. This method
would inevitably introduce additional uncertainty to the results (see f.ex. Divine et al., 2015 for
estimates made for the study area), and is therefore not advisable for our data set. The relationship
between albedo and polarimetric features will therefore not be discussed in detail in our manuscript.

Specific comments

l.Introduction

page 3, lines 90-92: terms ‘dual polarimetric’ and ‘dual-polarisation’ used, confusing...I think it should
be ‘dual-polarisation’ for SAR imagery with two polarizations.

We agree in this, and have changed the term:
e The following sentence was rewritten (Introduction, P3L90-92, P4L101-103): “The objective
of this study is to investigate the potential of melt pond fraction retrieval from level drifting
FYI with dual-polarisation X-band satellite SAR. A data set consisting of four high resolution
dual-polarisation TerraSAR-X satellite scenes...”

2. Melt ponds in SAR imagery

p. 4, |. 118: “Observed surface roughness increases with increasing frequency, making X-band more
sensitive to small-scale surface roughness than C-band.”

| think surface roughness is physical property of a surface, and its effect on backscattering depends
on radar wavelength.

We agree that this sentence was unprecise, and have rewritten it:
e The following sentence was rewritten, (Melt ponds in SAR imagery, P4L118, P5L135-137): “X-
band is more sensitive to small-scale surface roughness than C-band, as the effect of surface
roughness depends on radar wavelength.”



I. 124: “Six of these features are included in our study and are described in the following subsection.”
In Table 4 there are eight features.
This is correct, and we have corrected the sentence:
e The following sentence was rewritten (Melt ponds in SAR imagery, P4L124, P5L142): “Eight of
these features...”

3.2 Data set
Give absolute calibration accuracy and equivalent number of looks (ENL) (i.e. effect of radar fading)
in TSX images. Do they have any significant effect on your data analysis results?

The absolute radiometric calibration accuracy is 0.6 dB. This parameter is an image-wide measure
and includes temporal drift. Hence, it probably varies more from near-range to far-range thanin a
local region. As we focus on small regions in our main analysis, this accuracy will probably not play a
significant role. However, for development of a future operational algorithm across many images, the
calibration accuracy might be of importance. We therefore include the accuracy in our manuscript,
and note that it should be further explored in future studies. The following changes were introduced
in the manuscript:
e The following sentence was added (Method, P8L231, P9L272): “The absolute radiometric
calibration accuracy of TSX is 0.6 dB (Airbus Defense and Space, 2013).”
e The following sentence was added (Discussion, P15L490, P18L611-614) “The absolute
radiometric accuracy of TSX scenes could also influence the results of our study, but this
influence is expected to be very small compared to other uncertainties.”

ENL is a far more complicated issue, and we do not see how including this would strengthen the
manuscript. We are not statistically modelling the speckle distributions, and only look at the mean
values after smoothing. ENL does have some bearing on the degree of variation, but this is directly
evident form our observations without the complication of trying to interpret the effect of ENL. Also,
radar texture, or non-Gaussianity, which is observed to be high for TSX imagery, is a far more
influential factor. All simple ENL measures are Gaussian-based estimates, which do not correctly
capture the texture aspect, and could lead to incorrect interpretation. Based on these reflections, we
have decided not to include ENL in the manuscript.

4.1 Sea ice conditions
Was there any nighttime re-freezing on sea ice and melt pond surfaces which could have influenced
backscattering signatures in T1 TSX image acquired at 06:52 UTC on 28 July?

Nighttime refreezing was not observed during the campaign, and is therefore unlikely to have
influenced any of the SAR signatures. This is now clarified in the manuscript:
e The following sentences were changed/added (Method, P10L314, P8L256-257): “Air
temperatures were varied little between -1 to 1.5C. Combined with the oceanic heat flux, the
ice was therefore in continuous melt even at nighttime.”

4.3 Intermediate-wind case

p. 12, 1. 358: “From visual inspection of the helicopter images, some of the lowest RVV/HH values
origin from slightly deformed areas with a surface roughness possibly exceeding the Bragg criterion.”
Please discuss how this sea ice condition leads to low RVV/HH.

We agree that this should be better described. We have therefore expanded the sentence with a
possible explanation of the low values.



The following sentence was rewritten (Results, P12L358, P13L411-414): “The partly negative
values of RVV/HH imply that 6%y > 6%x. This might be a result of multiple scattering events
in the sea ice volume or sea ice surface, possibly connected with sea ice deformation.”

The following sentence was rewritten (Discussion, P14L460, P17L559-560): “Multiple
scattering events in the sea ice surface and sea ice volume may also have contributed to the
large sample variations observed in Figs. 4 and 8.
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Abstract. In this paper we investigate the potential of melt pond fraction retrieval from X-band po-
larimetric synthetic aperture radar (SAR) on drifting first-year sea ice. Melt pond fractions retrieved
from a helicopter-borne camera system were compared to polarimetric features extracted from four
dual polarimetric X-band SAR scenes, revealing significant relationships. The correlations were
strongly dependent on wind speed and SAR incidence angle. Co-polarisation ratio was found to be
the most promising SAR feature for melt pond fraction estimation at intermediate wind speeds (6.2
m/s), with a Spearman’s correlation coefficient of 0.46. At low wind speeds (0.6 m/s), this relation
disappeared due to low backscatter from the melt ponds, and backscatter VV-polarisation intensity

had the strongest relationship to melt pond fraction with a correlation coefficient of —0.53. From

S S : - s-To further investigate these relations, regression fits were
made both for the intermediate (R2., = 0.21) and low (R2., = 0.26) wind case, and the fits were

tested on the satellite scenes in the study. The regression fits gave good estimates of mean melt pond
fraction for the full satellite scenes, deviating with less than 4% from the airborne retrieved melt

pond fractions in the investigated area. A smoothing window of 51 x 51 pixels gave the best repro-
duction of the width of the melt pond fraction distribution. A considerable part of the backscatter
signal was below the noise floor at SAR incidence angles above ~ 40°, restricting the information
gain from polarimetric features above this threshold. Compared to previous studies in C-band, limi-
tations concerning wind speed and noise floor set stricter constraints on melt pond fraction retrieval
in X-band. Despite this, our findings demonstrate-suggest new possibilities in melt pond fraction es-
timation from SAR, opening for expanded monitoring of melt ponds during melt season. In the next
step, melt pond estimation from SAR may supplement surveillance from optical satellites, providing

melt pond information to climate applications during cloudy conditions.
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1 Introduction

Melt ponds form from snow and ice melt water on the Arctic sea ice during spring and summer, and
can cover up to 50 — 60% of the sea ice surface (Perovich, [2002; [Eicken et al., 20045 [Inoue et al.,
2008 [Perovich et al., |2009; |Polashenski et al [2012). Their presence affects the heat budget of the
sea ice by decreasing the surface albedo, which increases the solar absorption in the ice volume and
the transmission of solar energy to the ocean (Eicken et al.,|2004; Ehn et al.,|2011}; Nicolaus et al.|
2012; |Perovich and Polashenski, [2012). The transmission is generally larger for first-year ice (FYI)
than for multiyear ice (MYI) due to FYT’s lower sea ice thickness. (Light et al., 2008 [Nicolaus et al.|
2012; [Hudson et al., [2013)). FYT also often experiences higher melt pond fractions (fy;p) than MYI
(Fetterer and Untersteiner, |1998}; Nicolaus et al., 2012). The increased absorption induced by melt
ponds accelerates the decay of sea ice, and the intensified warming of the ocean possibly delays the
ice growth in the autumn (Flocco et al., 2012} [Holland et al., |2012; [Hudson et al.| |2013}; |Schroder
et al.|[2014} Flocco et al.L[2015)). Formation and evolution of melt ponds are poorly represented in sea
ice models, potentially contributing to an underestimation of the observed sea ice extent reduction
in model projections (Flocco et al., 2012} Holland et al.| [2012; |[Flocco et al.l 2015). An increased
number of observations of melt pond fraction (fy;p) for different sea ice types at regional scale is
needed to improve the understanding of the role of melt ponds in the Arctic climate system. Satellite
imagery offers good opportunities for such large scale monitoring of melt ponds.

Several algorithms have been developed for retrieval of melt pond fraction from optical satellites,
measuring the spectral reflectance from open water, sea ice and melt ponds. The algorithms apply
to different multispectral sensors; the enhanced thematic mapper plus (ETM+) on board Landsat 7
(Markus et al., 2003; Rosel and Kaleschke, 2011), moderate-resolution imaging spectroradiometer
(MODIS) on board Aqua and Terra (Tschudi et al., 2008} [Rosel et al., |2012; Rosel and Kaleschke|
2012), and medium resolution imaging spectrometer (MERIS) on board Envisat (Zege et al.l 2015}
Istomina et al.l [2015). Commonly, the retrieval algorithms are vulnerable to correction for atmo-
spheric constituents and influences of the viewing angles and the solar geometry. They also require
cloud-free conditions, limiting their applicability in the Arctic due to the persistent cloud cover
present during summer. Satellite microwave radiometers and scatterometers can on the other hand
penetrate clouds, but their resolution is in general too coarse for automated melt pond monitoring
(Comiso and Kwok, [1996; [Howell et al., [2006).

Satellite synthetic aperture radar (SAR) offers independence of cloud cover, atmospheric con-
stituents, and daylight, combined with high spatial resolution. Several studies have focused on fy;p
retrieval from single polarisation SAR, transmitting and receiving either vertical (VV) or horizontal
(HH) polarised waves. Jeftries et al.| (1997) developed a model for f,;p retrieval over MYI floes
in the Beaufort sea from ERS-1 SAR satellite images, but lack of wind consideration limit the va-
lidity of the model. Wind speed was found to be a key parameter when [Yackel and Barberi (2000)

demonstrated a significant relation between f; p and HH intensity on land-fast FYI within the Cana-
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dian Arctic Archipelago using SAR satellite scenes from Radarsat-1. The relationship was strong at
intermediate wind speeds, but lacking at low wind speeds. [Mékynen et al.| (2014) compared fa;p
retrieved from MODIS and from a large amount of ENVISAT ASAR satellite scenes. The study
area covered both FYI and MYI north of the Fram Strait. The study concluded that fj;p estima-
tion was not possible based on the investigated data set. The above-mentioned studies all focus on
C-band frequency ( 5.4 GHz) SAR. Kern et al.| (2010) investigated the use of supplementary fre-
quencies for fysp retrieval on MYT in the Arctic Ocean, and showed promising results in combining
C, Ku (17.2 GHz) and X ( 9.6 GHz) band data from a helicopter-borne scatterometer. Estimation of
farp in X-band satellite SAR was further explored by Kim et al.| (2013), investigating melt ponds
in a TerraSAR-X scene acquired over MYT in the Chukchi Sea. Only large melt ponds were found
possible-to-deteet-detectable in the study, leading to an underestimation of fy;p. All in all, retrieval
of fyp from single polarimetric SAR has proven to be difficult.

Dual and quad polarimetric SAR transmit and receive both vertical and horizontal waves, result-
ing in four possible channel combinations (HH, HV, VH and VV), and give information about the
polarisation properties of the backscatter in addition to single channel intensity variations. The chan-
nels can be combined into polarimetric SAR features, e.g. channel ratios, reducing the dependency
of sensor geometry. Based on C-band scatterometer measurements, Scharien et al.|(2012)) suggested
co-polarisation ratio (Ry v, g i) to give an unambiguous estimation of fp at large incidence angles
for land-fast FYT in the Canadian Arctic Archipelago and the Beaufort Sea. The topic was further
investigated (Scharien et al., 2014b), and expanded to Radarsat-2 satellite scenes in Scharien et al.
(2014a)), demonstrating a strong potential of f;p estimation from C-band dual polarimetric space-
borne SAR. Both studies were performed in the central Canadian Arctic Archipelago. The findings
were partly confirmed by [Fors et al.|(2015), who also suggest a relationship between fj;p and the
statistical SAR feature relative kurtosis (RK) utilizing Radarsat-2 on iceberg-fast FYI and MYT in
the Fram Strait. Han et al.| (2016) combined multiple polarimetric SAR features for-in fy/p esti-
mation by machine learning methods, employing the co-polarisation channels of the MYI X-band
SAR scene explored in Kim et al.[(2013). An additional scene was also included in the study, though
without melt pond information. The study showed promising results, but more—seenes;—abroader

ange-of melt-pond-fractions; and-inchusion-of-wind-information-the authors claim that more scenes
with various sea ice types and incidence angles are needed to eonfirm-the-findings-develop a general
propose fi p model. Lack of wind information is also limiting the relevance of the study.

In summary, the main achievements on fy/p retrieval with SAR come from dual polarimetric
C-band studies on land-fast FYI i i i

attention-has-been-paid-to-drifting FY -aniee-type-. The potential of [, p retrieval with polarimetric

Hence, there is a need for more studies on the influence of fy;p on polarimetric X-band SAR
imagery. As MYI and land-fast FYI have been the main focus in previous studies, there is also a
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need to expand to other sea ice types. Drifting FYI is becoming more prominent in the Arctic with
the recent shift to a thinner, more seasonal, and more mobile sea ice cover (Perovich et al., 2015,

and the polarimetric SAR signature of fj;p in drifting FYI needs more attention.

The objective of this study is to investigate the potential of melt pond fraction retrieval from level
drifting FYI with duat-petartmetric-dual-polarisation X-band satellite SAR. A data set consisting
of four high resolution dual-polarisation TerraSAR-X satellite scenes, combined with melt pond

fraction retrieved from a helicopter-borne camera system forms the basis of the study. TerraSAR-X

offers very high resolution multi-polarimetric data, with a strong sensitivity to micro-scale surface
roughness due to the high frequency. Both the high resolution and sensitivity to surface roughness
can be advantages in investigations. The data were collected north of Svalbard in summer 2012.

We explore the correlation between fj; p and different polarimetric SAR features extracted from the
HH and VV channels. Based on the results, we suggest two simple empirical medels-regression
fits for fyrp estimation adjusted to an intermediate and a low-wind speed case. The influence and
limitations related to wind conditions, incidence angle, noise floor, scale and surface roughness are

discussed in light of the results.

2 Melt ponds in SAR imagery

The signature of melt ponds in SAR imagery depends on both melt pond properties and radar pa-
rameters. Wind at the sea ice surface changes the surface roughness of the melt ponds, and hence
their SAR backscatter signature and contrast to the surrounding sea ice. The influence of wind is
dependent on fetch length, depth of the ponds, orientation of the ponds and the topography of the
surrounding sea ice (Scharien et al.| 2012, |2014b). During very calm conditions, the SAR signal
of melt ponds is mainly specular. This occurs at wind speeds of 2 — 3 m/s in 10 m height (Ujp) in
C-band, in agreement with findings for ocean surfaces (~ 2.0 m/s at 0°C’) (Donelan and Pierson|
1987} |Scharien et al., [2012, 2014b). A similar threshold in X-band equals ~ 2.8 m/s (Donelan and
Piersonl [1987). Refrozen ponds suppress the wind wave surface roughness induced on open ponds,
and yield a signature closer to newly formed sea ice (Yackel et al., 2007; |Scharien et al., |2014b, a)).
The size distribution of melt ponds also affects their SAR signature. Ponds smaller than the SAR
resolution return a signal mixed with sea ice and possibly leads, while very large melt ponds could

fill a resolution cell. Choice of SAR resolution and speckle smoothing window size could hence

affect the SAR fj,p signature. The coverage of melt ponds varies during the melt season, startin
out with a high fractional cover, and reducing as the ponds drains. At the end of the melt season, the

melt ponds refreezes. This evolution is mirrored by a seasonal variation in the sea ice SAR signature
(Barber et al., 2001).

The SAR signature of melt ponds changes with incidence angle of the satellite. Scharien et al.

(2012) found a larger decrease in C-band SAR intensity (¢”) with increasing incidence angle for
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melt ponds than for sea ice. In contrast to sea ice, 0%, decreased more than o, for melt ponds.
The most suitable incidence angle ranges for fj,p retrieval is method dependent. SAR frequency

also influences the melt pond signature (Kern et al., [2010).

with-inereasing-frequency,—making-X-band is more sensitive to small-scale surface roughness than
C-band, as the effect of surface roughness depends on radar wavelength. In addition, the sea ice

volume penetration depth decreases with increasing frequency, leading to less volume scattering

from sea ice at higher frequencies.

Several dual-polarimetric SAR features have been suggested for fy;p retrieval from SAR, uti-
lizing different expected relations to physical properties of sea ice and melt ponds (Scharien et al.|
2012, 2014a; [Fors et al.,2015;|Han et al., 2016). Six-Eight of these features are included in our study

and are described in the following subsection.
2.1 Polarimetric SAR features

For a fully polarimetric SAR system, which transmits and receives both horizontally (H) and verti-

cally (V) polarised waves, the scattering matrix can be written as

S S S joan |G JOVH
S — HH VH| _ |SHle |Svmle 7 (1)

Suv  Svv |SEv 797V |Syyeiovy

where | -| and ¢,, denote the amplitude and the phase of the measured complex scattering coef-
ficients, respectively (Lee and Pottier, 2009). Assuming reciprocity (Sgyv = Sy i), the Pauli basis

scattering vector, k, can be extracted from S as
P (St +Svv Suw—Svv 28 T 2)
= NG HH +tovv HH —OVV HV| >

where T denotes the transpose operator (Lee and Pottier, [2009). In our study, we are only utilizing

the co-polarisation channels (HH and VV), and so the scattering vector reduceds to

1 1
k= NG {SHH +Svv Som— va} . 3

The sample coherency matrix, T, is defined as the mean Hermitian outer product of the Pauli basis

scattering vector:

Zkuk:‘*, )

where k; is the single-look complex vector corresponding to pixel ¢, L is the number of scattering
vectors in a local neighborhood, and * denotes the complex conjugate (Lee and Pottier}, 2009). Sim-

ilarly, in the dual-polarisation case, the Lexicographic basis scattering vector, s, can be written as

s= [SHH SVV]T‘ )
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Based on s, the sample covariance matrix, C, is defined as

1
— *T
C=— Elsisi , (6)

where s; is the single look complex vector corresponding to pixel ¢ (Lee and Pottier, 2009).
The SAR intensity () is retrieved from a single polarisation channel, defined by the amplitudes

of the complex scattering coefficients,
ovy = (|Svv|*) and oty = (Surl?), ©)

were (-) denotes an ensemble average. The relation between these basic features and f;p have been
investigated in several studies (Jeffries et al.,|1997;|Yackel and Barber, 2000; Makynen et al.| 2014;
Kern et al.} 2010; [Kim et al. |2013). However, carrying information from one single polarisation
channel only, makes them less robust than polarimetric features that hold information from several
channels.

Co-polarisation ratio (Ry v, x) has so far been the most promising SAR feature for fy;p ex-
traction in C-band (Scharien et al.l [2014al). It is defined as the ratio between the intensities of the

co-polarisation complex scattering coefficients

2
Ryy/nu = <<||§IZ;||2>> ®
For smooth surfaces within the Bragg scatter validity region, Ry-v, 5 depends only on the surface
complex permittivity and local incidence angle, and is independent of surface roughness (Hajnsek
et al., |2003). Both freshwater and saline melt ponds have considerably higher complex permittivity
than sea ice, and RVV/ g g has therefore been suggested for f;p retrieval (Scharien et al.| 2012
2014bl ja). The Bragg criterion is fulfilled for ks, ¢ < 0.3, where k is the wavenumber and s 5, ¢ is
the root mean square height of the sea ice surface, describing its surface roughness. This corresponds
t0 Spug < 2.8 mm in C-band, and sp;,;¢ < 1.4 mm in X-band. The sea ice surface roughness was
found to high to fill the criterion in studies north of Spitsbergen and in the Fram Strait (Beckers et al.|
2015}, [Fors et al., |2016b), while |Scharien et al.| (2014b) found land-fast ice in the central Canadian
Arctic Archipelago to fulfill the criterion at C-band, and partly at X-band. In the same study, melt
ponds filled the criterion at wind speeds below 6.4 m/s in C-band, corresponding to ~ 5.5 m/s in
X-band (Scharien et al,, 2014b). When the Bragg criterion is exceeded, RVV/ g decreases with
increasing surface roughness. Ry v,y increases with incidence angle, and [Scharien et al.| (2012)
found incidence angles above 35° to be most appropriate for fy,p retrieval based on Ry v,y in
C-band.

Relative kurtosis (RK) is a statistical measure of non-Gaussianity, which describes the shape of
the distribution of scattering coefficients in SAR scenes. It has previously been used for sea ice

segmentation (Moen et al., 2013} [Fors et al.,|2016a). It is defined as Mardia’s multivariate kurtosis
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of a sample, divided by the expected multivariate kurtosis of a complex normal distribution

L

where d is the number of polarimetric channels (Mardial |1970; |Doulgeris and Eltoft, 2010). It has
a potential in fsp retrieval as it is sensitive to mixtures of surfaces. At C-band, RK was found
significantly correlated to fj; p over iceberg-fast sea ice in the Fram Strait (Fors et al., 2015).
Entropy (H) is a part of the H/A /& polarimetric decomposition, based on the eigenvectors and
eigenvalues of T', describing SAR scattering mechanisms. H is a measure of the randomness of the

scattering processes, and is defined as

d
— pilogp;, (10)
i=1

where p; is the relative magnitude of each eigenvalue

i
Pi= =g (1)
Zk:l Ak

and )\; is the §*" eigenvalue of T' (A\; > A2) (Cloude and Pottier;, (1997). Only the co-polarisation
channels (HH and VV) are included in our study (d = 2), and a dual polarisation version of the
entropy, denoted H’, is therefore used (Cloude, [2007; |Skrunes et al., 2014). H' = 0 indicates a
single dominant scattering mechanism, while H' = 1 indicates a depolarized signal. In the case of
dual polarisation, H’ and anisotropy represent the same information as they both only depends on
A1 and A9, and anisotropy is therefore not included in our study.

The alpha angle of the largest eigenvalue («)) describes the type of the dominating scattering

mechanism. It is expressed as

o) = cos™? it}

(12)
|v1

where 1 is the first element of the largest eigenvector, and |v1] is the norm of the first eigenvector
(Lee and Pottier, 2009). The feature can be written as a function of RVV/ g for slightly rough
surfaces, and will then increase with increasing complex permittivity (van Zyl and Kim, [2011).

Co-polarisation correlation magnitude (|p|) is defined as

SHHS$V>
v (SuSii) (S Sov)

and describes the degree of correlation between the co-polarisation channels (Drinkwater et al.|

lp| = (13)

1992). A perfect correlation returns unity, while depolarisation of the signal will reduce the mag-
nitude. Complex surfaces, multiple scattering surface layers and/or presence of system noise could

depolarize the signal (Drinkwater et al.,|{1992).
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Phase difference (£p) is expressed as (Drinkwater et al.,[1992)

Zp=2({SunSiy)). (14)

As the relative phase of the co-polarisation waves is changed in every scattering event, the mean and

standard deviation of Zp are related to the scattering history (Eom and Boerner} 1991} Drinkwater|
let al.,|1992). Han et al.| (2016) found H, o,
at X-band.

pl, and Zp to give useful information for fy, p retrieval

3 Methods
3.1 Study region and sea ice conditions

The ICE2012 campaign took place on drifting FYTI north of Svalbard, in the southwestern Nansen
Basin (Fig. [I), where the research vessel R/V Lance was moored up to an ice floe for eight days.
The sea ice cover in the area is generally dominated by first- or second-year ice with only moderate
amounts of deformation (Renner et al] [2013). While large seasonal variability exists in the area,
summer ice thickness has been fairly stable since 2007. However, Renner et al.| (2013) found further

indicators for a trend towards younger sea ice in the region. Little deformation and dominance of
young ice leads to relatively low sea ice surface roughness, with a root mean square height of around
or less than 0.1 m in the region (Beckers et al,[2015). Substantial snow cover can accumulate during

spring, however, during the summer season, the snow melts completely contributing to extensive

melt pond formation.

During the ICE2012 campaign, regular sea ice thickness and melt pond surveys were performed
on the ice and from helicopter. Modal ice thickness in the region was less than in previous years
with 0.7 to 0.9 m (Divine et al1 2015). The very close drift ice was fairly level with less than 10%
deformed ice. Sea ice surface roughness retrieved from the floe by R/V Lance is given in Table
The surface roughness values are expected to be representative for the whole study region. as the sea
ice in the area was found to be very uniform (Hudson et al}, 2013 Divine et al.t 2015). The values
also agree well with values derived from laser altimeter observations by Beckers etal|(2015).

At the time of the campaign, all snow had melted and extensive networks of melt ponds led to an.
average fyyp of 26% of the sea ice area (Divine etall2015). The melt ponds were mostly whithin
15 to 30 cm deep, however, extensive melt led to some ponds having melted through the ice slab.
The water in the pond networks was therefore mostly saline.

Hudson et al.| (2013) report an average thinning of the sea ice next to R/V Lance of over 17 cm
between 28 July and 2 August which to a large degree can be explained by absorption of atmospheric
and oceanic heat by the ice. Air temperatures were varied little between —1to 1.5°C'. Combined with
the oceanic heat flux, the ice was therefore in continuous melt even at nighttime. Meteorological
conditions were dominated by heavy cloud cover with only short spells of incomplete or thin cloud
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cover. Ice cores were taken every other day between 27 July and 2 August with an additional core
on 28 July for chemical analysis. They confirm the presence of a consistent 4 to 5 cm thick surface
scattering layer of white, granular, deteriorated ice. Temperature profiles through the ice were fairly.
stable with vertical variations between near 0°C’ at the surface to —1 to —1.3°C at the bottom.

and increasing to 3 to 4 psu near the bottom, in agreement with the advanced stage of melt of the ice
cover.

3.2 Data set

In situ and helicopter-borne measurements from ICE2012 are combined with four high-resolution
TerraSAR-X (TS-X) satellite scenes. The satellite scenes are StripMap mode acqusitions, with a HH-
VV channel combination (see Table[T|and Fig.[T). The scene labeled T1 was acquired in descending
orbit, while T2-T4 were acquired in ascending orbits. All scenes were converted to ground range and

radiometrically calibrated to ¢°. The eatib

the-noise equivalent 0 (NESZ) —was then subtracted. The absolute radiometric calibration accurac

helicopter-borne data, the scenes were geocoded with ESA’s Sentinel-1 toolbox, SNAP (European
Space Agency,|2016). All analysis were, however, performed in SLC range and azimuth coordinates.
Open water areas were not included in our study. For each satellite scene, these areas were masked
out with a simple binary mask. The mask was created by filtering the scenes with a 13 x 13 pixels
averaging sliding window, and manually setting a lower sea ice threshold value on 0¥, in each
scene (-18 dB,-17 dB,-16 dB and -18 dB, for T1-T4 respectively). Regions with less than 750 pixels
(~ 5000 m?) were merged into the surrounding region (open water or sea ice) to smooth the mask.

A stereocamera system (ICE stereocamera system) was mounted in a single enclosure outside the
helicopter during ICE2012 (Divine et al., 2016, in review). The system consisted of two cameras
(Canon 5D Mark II), combined with GPS/INS (Novatel) and a laser altimeter. f»;p was retrieved
from downward-looking images captured by one of the cameras during five helicopter surveys per-
formed between 31 July and 2 August 2012 (see Table 2] and Fig. [T). The footprint of the images
was about 60 x 40 m for a typical flight altitude of about 35 m, and the images were not overlapping.
A full description of the method is given in Divine et al.|(2015). In our study, fy;p was calculated
from the processed images without sea water fraction (~ 5700 images), to better match the sea ice
mask. This excluded melt pond fractions from the ice edges and small floes, resulting in a slightly
higher fj;p than that obtained in|Divine et al.[(2015).

The ICE stereocamera system was also used to investigate sea ice surface topography at the floe
where R/V Lance was anchored. For this purpose, the cameras shot sequentially with a frequency of
1 Hz to ensure sufficient overlap between subsequent images during the flights. Using photogram-

metric technique, the sequences of overlapping images were used to construct a digital terrain model
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(DTM) of the sea ice surface. DTMs were generated for five selected segments of the ICE12 ice floe
with a spatial resolution of 2 cm. Surface roughness, in form of root mean square height of the sea
ice surface (sp,,4), was estimated from the DTMs using random sampling to account for spatial
auto-correlation. Only grid nodes above the water level were used. The accuracy of the retrieved
Srms were £4 cm according to in sifu measurements from two test areas. A full description of the
method is given in Divine et al.| (2016, in review).

An automatic weather station located at the floe where R/V Lance was moored during ICE2012
measured wind speed and air temperature 2 m above the sea ice surface(Hudson et al.| [2013)). Wind
speed (Us) was measured with a three-dimensional ultrasonic anemometer (Campbell Scientific Inc.,
CSAT3), and air temperature was measured with a temperature probe (Vaisala, HMP155) in an
unventilated radiation shield. Tab. [I] presents air temperature and 10 minutes averaged wind speed at

the time of the satellite acquisitions.
3.3 Design of study

An easy recognizable sea ice floe present in two of the investigated satellite scenes (T3 and T4) is
the main focus of our study (see Fig. E]) The floe had a diameter of ~ 3.6 km, and a collection of
43 images was captured across the floe during the 2"¢ helicopter flight on 2 August 2012 (see Tab.
[2). The time offset between the flight and acquision of T4 was ~ 40 minutes. The position of the
helicopter images had to be corrected for sea ice drift to retrieve co-location between the images
and the floe captured in T4. As a first step, the image center coordinates were shifted according to
drift information from GPS tracks of R/V Lance, positioned ~ 25 km south of the floe at the time
of acquisition. Second, the track was manually adjusted by fitting the helicopter images with ground
features, such as ice edges and areas with open water. Co-location of the helicopter images and the
floe in T3 was based on the one of T4. The maximum error of the co-location was estimated to
be 7 m lengthwise and crosswise the flight direction, resulting in a maximum possible areal offset
of 27% between the satellite scene and each helicopter image. After co-location, mean and standard
deviation of the polarimetric SAR features were calculated for the pixels underlying each of the
helicopter images.

The statistical dependence between the extracted SAR features and the corresponding fy/p re-
trieved from each of the 43 helicopter images was evaluated with the non-parametric Spearman’s
rank correlation coefficient (r). For a sample size of n images, r is defined as

6> d?
_ ( 15
n(n?—-1)’ 15)
where d; is the difference in paired rank number 7 (Corder and Foreman, 2009). Rank ties are as-
signed a rank equal to the average of their position in the ascending order of the values. The co-
efficient takes values between -1 and 1, where values of 1 correspond to full correlation, while 0

corresponds to no correlation. A negative sign indicates an inverse relationship. Fhe-ealeulation-of+

10
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asswmes-of-Spearman’s correlation coefficient assumes a monotonic relationship;-and-is-. It is used

instead of Pearson’s linear correlation coefficient, to allow for non-linear correlations. It is also less

sensitive to outliers than Pearson’s linear-correlation coefficient.
Two empirical-models-regression fits were proposed from the correlation results, representing

an intermediate and a low-wind case. A least squares linear fit with bisquare weights was used to

construct the meodels-regression fits (Hoaglin et al.} [1983). The medels-regression fits were applied
to the full area of the floe in T3 and T4, and to the full area of the four satellite scenes included in the

study (T1-T4). The estimated f;p distributions were compared and evaluated towards the global
empirical fy;p distribution retrieved from the helicopter flights included in the study (see bottom

entries Tab. [2). Scale sensitivity was tested by using a range of different smoothing window sizes

(13 x 13 to 51 x 51 pixels) in the fj;p estimation. Incidence angle correction was applied to the
scenes for a better comparison, employing the following equation (Kellndorfer et al., [1998))

o o sin(9)
corr sin(Oper)’

ag

(16)

where ¢ is the original backscatter coefficient, 6 is the center incidence angle of the scene to be
corrected, and 6, ¢ is the reference incidence angle of scene T4. The correction was only applied in

the low-wind case, as it canceled in the intermediate wind case due to the use of a co-polarisation
ratio.

4 Results

4.1 Seaice conditions

11
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4.1 Correlation between polarimetric SAR features and fn;p

Correlation coefficients (r) between fj;p retrieved from the 43 helicopter images of the investi-
gated floe, and the mean and standard deviation of the polarimetric SAR features extracted from
the corresponding areas in scenes T3 and T4, are presented in Table ] Values significant within a
95% confidence interval are highlighted in bold, and values in parentheses show results after-before
NESZ subtraction of the signalwas-inctaded-in-the-eatibration. In scene T3, Ry v,y shows the
strongest correlation to f; pr-beth-with-and-witheut NESZ-subtraction. In addition, the mean of oy
is significantly correlated to f); pwhen-the NESZ-subtractionis-included-inthe-ealibration. None of
the other investigated SAR features are significantly correlated to fa;p in scene T3. In scene T4, the

mean values of

Ry, ny are significantly correlated to fas p—Fhe-, the strongest correlation is found between-for
oy vand-, Some of the standard deviation values are also correlated to_fas p. Hntrodueing-Without
NESZ subtraction in the calibration, however, reduces-the-number-of-correlations;indicating-almost
all features are correlated to . The large difference before and after NESZ subtraction indicates
that the signal is close to, or reaching the noise floor.

Figure[3|confirms the low signal-to-noise ratio in T4. We show the 10, 25, 50, 75 and 90 percentiles
of 09{ g (dB) and (T?/V (dB) retrieved for four different fj; p intervals on the floe present in scene T3
(top) and T4 (bottom), combined with the noise floor of the HH and VV channels. In T3, less than
10% of the signal is below the noise floor (~ —25 dB). Both 0% ;; and 0¥, are increasing with fap.
U?/v has the steepest increase, confirming an increase in Ry v JHH with fasp (Tab. E) In scene T4,
the backscatter signal is weaker and noise floor is higher than in scene T3 (~ —21 dB), both due to
the higher incidence angle of scene T4 (see Tab.[T). This brings as much as 25% of the signal below
the noise floor. The strength of the signal decreases with fy;p, implying specular reflection from the
melt ponds, supported by the low wind speed (0.6 m/s) at acquisition of scene T4 (see Tab.[T). The
difference between o, ;; and 0¥, is decreasing with fj/p, confirming an inverse relation between
Ryv/ppg and fypin T4 (Tab.EI). In scene T1 and T2, the noise floors are ~ 23 dB, leaving ~ 15%

of the signal below the noise floor.

12
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The melt ponds affect the polarimetric signatures in scene T3 and T4 differently (Table [4] and

Fig.[3), mainly due to different wind conditions, but also due to different incidence angles and noise

floors. Based-on-theseresults;two-empirieal-medels—for-In the following, we look closer into the

feature displaying the strongest correlation to fysp estimation-are-presented-in-thefolowing—One
modeHsretrievedfrom-the-intermediate-wind-case-seenin-eene-in each of the scenes, Ry, in

T3 . and one from the low-wind case seen-in scene and g?-,- in T4.
4.2 Intermediate-wind case

In the intermediate-wind case of scene T3, Ry v,z was found to be the SAR feature with the
strongest correlation to fj;p. Combining fasp retrieved from the 43 helicopter images covering
the investigated floe with Ryv, gy extracted from the corresponding areas in scene T3, we see an

increase in Ry v gy with fyp in Fig. H, as well as a large variability between the samples. Grey

dots correspond to arecas with some degree of sea ice deformation, while blue dots correspond to
areas with completely level ice. Deformation information is extracted from visual inspection of
the helicopter images. The partly negative values of Ry v,y imphes-imply that 0%, > o0

This might be a result of multiple scattering events in the sea ice volume or sea ice surface, possibly
connected with sea ice deformation. A majority of the lowest Ry v,y values erigin-from-stightly
deformed-areaswith a su e-roughness—possibly-exceeding-theBraggeriterionare_appearing in
partly deformed areas. Areas with some degree of deformation also represent the lowest fy; p. A ro-

bust least squares linear fit was-tsed-to-construct-an-empirical-model-from-the-displayed-relationsh

is applied to the scatter plot, displaying a relationship of:

fup(Ryyyaa) =049 Ryyygu(dB) + 0.30. )

The goodness of fit of the model-regression is reflecting large sample variation, with #2=02+
R, =0.21 and RMSE = 0.40 sti ides-a-starting poi stimation-of farp,
This implies a weak correlation, corresponding well to the Spearman’s correlation of 0.45 (Table ).
However, the co-location between the helicopter images and the sea ice floe contain some uncertainty_
(a maximum areal offset of 27%) possibly introducing a random error to the regression, resulting in

an artificially low R%,,.
Applying the medel-based-regression fit from on Eq. Elto the full floe in scene T3 results in the

modelregression fit probability density distributions (PDFs) presented in the top panel of Fig.El The
results are presented both for a 21 x 21 and a 51 x 51 pixels smoothing window. Empirical distribu-
tions of fysp retrieved from the 43 images covering the floe (floe) and from images in all included
flights (global), are also included in the figure. Statistics of the distributions are given in Tables[2]and
[5] The empirical global distribution has a slightly higher mean than the empirical floe distribution.

Due to the few samples of the floe distribution, we consider the global distribution more appropriate

13
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for comparison with the medeled-regression fit distributions. Employing the medel-regression fit
with a 21 x 21 pixels smoothing window, equaling the areal size of the helicopter images, results in
a mean close to the global empirical. The medeled-regression distribution is however too wide com-
pared to the empirical ones, reflecting the large sample variation seen in Fig. [l Speckle (noise like
interference between scatterers within a resolution cell) in the SAR image might explain the wider
distribution. Increasing the smoothing window size reduces speckle, and a better correspondence
between the width of the medeled-regression and empirical distributions is achieved by employing a
51 x 51 pixels window. The bottom panel of Fig. [5|displays f,p estimated for the floe in T3 based
on eq[T7 with a 51 x 51 pixels window. Open water is masked out. The estimation shows a highly
spatially variable fj;p, with few homogenous areas. Areas of deformed sea ice displayed with bright
colors in Fig. [2] cannot be recognized, even if these areas are expected to have a lower melt pond
fraction. A tdati

Zooming in to the southern part of the area covered by the helicopter survey on the floe in T3, Fig.

displays estimated from Eq. [I'/] with the observed from the helicopter images overlaid.
Two different pixels smoothing windows are shown (21 x 21 and 51 x 51). Note that the center pixel
the observed fyy p, as pixels closer to the frame contain a larger amount of information from outside

the frame. The middle panel displays the mean estimated value for each frame together with

the observed values along the track. The maps confirm some overlap between the estimated

and observed f;p, but also illustrates that there is room for improvement. The estimation with a

51 x 51 pixel smoothing window appears less variegated than the 21 x 21 estimation, and the range
of the estimated fy,p values also corresponds better to those observed from the helicopter images in

Applying the intermediate-wind-medelregression fit from Eg. [I7 with a 51 x 51 pixel window
to the four full SAR scenes included in our study reveals a high correlation between the modeled
regression fit distribution and the empirical global fy;p distribution for T3 (see Fig. [7| and Tables
|Z| and E[) On the full scene scale, the modelregression fit manages to reproduce both the mean and
the standard deviation of the global distribution representative for the area. Scene T1 and T2 are
acquired at ~ 8° higher incidence angle than scene T3, and fysp is slightly overestimated in these
scenes. From Fig.[7] the overestimation is lower for scene T1 than for T2, possibly reflecting the low
wind speed at acquisition of T1 (Tab ). The least consistency between model-and-the regression fit
distribution and the empirical distribution is, as expected, found for scene T4, confirming the results

shown in Table @] and Fig.[3]
4.3 Low-wind case

In the low-wind case of scene T4, 0¥, was found to have the strongest correlation to f;p among

the investigated SAR features. Combining fj; p retrieved from the 43 helicopter images covering the
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floe with 0¥, extracted from the corresponding areas in T4, we see a decrease in oy, with fa/p
in Fig.[8] A large variability between the samples can be observed. Grey dots correspond to partly
deformed areas, while blue dots represent level ice. As for the intermediate wind case, an-empirical
model-was-constructed-using-a robust least square linear fit te-was applied to the data to describe the
relationship +between oy, and frp:

faup(o9y) =—0.32—52.83- 00, (dB) — 4.6441.89. (18)
Vv L2l vv ARARK

WMAgam the goodness of fit of the medel—reﬁeets—fhe«lﬂgh—%ﬂp}e%&bih%y

pem{—feﬁesfﬂﬂaﬂeﬁef—ﬁmsre ression is reflecting large sample variation, with R2., = 0.26 and
RMSE = 0.0039.

Medeled-Estimated fy;p PDFs based on egEq. |E|for the full floe in scene T4 are presented in the
top panel of Fig. 9 together with empirical distributions from the floe and from all flights included
in the study. The meodeled-regression fit distributions give a good reproduction of the empirical
mean (see Tables2Jand[5). As in the intermediate-wind case, a smoothing window of 51 x 51 pixels
results in a distribution width closer to the empirical than a 21 x 21 pixels window. The o¥.,,-based
estimation of fj;p with a 51 x 51 smoothing window for the full floe in scene T4 result in a large
spatial variability in fasp (see bottom panel of Fig.[9). In contrast to the fy/p estimation based on
Ryv )y for the floe in scene T3 (Fig. , the fow-wind-medel-estimation based on g¥,, partly

manages to produce lower melt pond fraction in areas with deformed sea ice.

Investigating-thelow-wind-modelFigure [10l shows estimated from Eq. [[8] with the observed
Lu e from the helicopter images overlaid for two different pixels smoothing windows (21 x 21 and
51 x 51). Note that the center pixel underlying each helicopter image frame would give the most
representative value for comparison to the observed fyp. To illustrate this, the middle panel shows

the mean estimated value for each frame together with the observed f,;p values along the
track. In general, a good overlap between the estimated and observed can be seen, even though
some scatter exists. As in Fig. [0l the estimation with a 51 X 51 pixel smoothing window appears less
variegated than the 21 x 21 estimation, and the range of the estimated values also corresponds
better to those observed from the helicopter images in the 51 x 51 estimation than to those in the 21

Investigating the regression fit’s capacity of estimating f/p in the 4 full satellite scenes included
in the study reveals that it is only applicable to give a good estimate in scene T4 (see Fig.[IT]and Table

|2| and E[)). In the three other scenes, it underestimates fj;p, and also introduces negative fractions.

s-Incidence angle correction accordin
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5 Discussion

The results of this study show that retrieval-of-f);p influences the signature of several X-band

polarimetric features. The strongest correlations were found for Ryy, s and oy, where linear
regression fits gave R%;, values of 0.21 and 0.26, respectively. These correlations are not strong,
enough for the results to be used directly in operational models. However, with improved methods
and more satellite data added, our results imply a future potential in retrieving fysp from X-band
SARis-pessible; but-as-, For comparison, the method developed for retrieval of fy e from MODIS

has R%,, values ranging from 0.28 to 0.45 (Rosel et al,2012). As in C-band, parameters like wind

speed, incidence angle, surface roughness, and SAR scale and resolution will affect the interpretation
of the polarimetric melt pond signature of an-a X-band SAR scene. In the following, these factors
will be discussed based on the results.

Accurate information about wind speed at the time of scene acquisition is crucial in fj;p re-
trieval from SAR. In scene T3, the intermediate wind speed at acquisition (Us = 6.2 m/s) allowed
for backscatter from the melt ponds, making use of Ry v,y for fasp estimation possible. Scharien
et al.| (2014b) finds that the Bragg criterion is exceeded for melt ponds at wind speeds above
U1o =~ 5 m/s in X-band, reducing the expected correlation between Ry v,/ and farp above this
wind speed. This indicates that even better results could be achieved at lower wind speeds, but it also
leaves a very narrow wind speed interval for melt pond retrieval with X-band SAR. Scene T4 rep-
resents a low wind speed situation (Uz = 0.6 m/s), and our results indicate specular reflection from
the melt ponds in this case, disrupting the use of polarimetric SAR features for melt pond estimation
as the melt pond signal is too weak. This is in agreement with findings in [Scharien et al.| (2012
2014b). However, the lack of backscatter from the melt pond surfaces compared to the sea ice could
potentially be used for f;p retrieval utilizing o°. This is confirmed by Han et al|(2016), suggesting
o to be a key feature in fj;p estimation for MYT in X-band during calm winds. On the other hand,
our results deviate from findings in C-band, where no correlation was found between 0%, ;; and fasp
at low wind speeds by |Yackel and Barber| (2000).

Medium to high incidence angles (> 35°) have been found most suitable for Ry, rr-based

retrieval of fj;p in C-band (Scharien et al., 2012} [2014b). In our study we found a significant corre-
lation between Ry v JHH and fysp at an incidence angle of 29° (T3), indicating-that-demonstrating
that fy,p has an impact on polarimetric X-band SAR signatures also at lower incidence anglesmight

. Scene T1 and T2 are acquired at higher incidence
angles (36.9° and 37.9°) than T3. In these two scenes, farp is overestimated by the Ry v,y p-
based modelregression fit developed for scene T3. This is consistent with Scharien et al.| (2014b),
showing an increase in Ryv,py with increasing incidence angle for melt ponds in C-band. In the
same study, vy for bare ice was not found to increase with incidence angle. The difference in
modeled-estimated fysp between scene T1 and T2 is most likely related to the low wind speed in

T1, which is below the expected wind speed limit for fysp estimation based on Ry v,y in both
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C and X-band (Scharien et al., 2012, [2014b). However, the different acquisition geometry observed
in Fig.[[lcould also play a role. At an incidence angle of 44°, a considerable part of the backscatter

signal was below the noise floor in our study. The low signal-to-noise ratio of TerraSAR-X limits
Jap retrieval based on Ryv/ g at high incidence angles, leaving the suitable range of incidence
angles smaller than for Radarsat -2 (Scharien et al.| 2014a). The accuracy of fj;p estimation based
on oy, is also strongly dependent on incidence angle, as 0, in general decreases with increasing

incidence angle for sea ice. The underestimation of f;p in scenes T1-T3 ean-partly-be-explained
bylower-ineidence-angles;but-the-is likely related to higher wind speeds at acquisition—of-these
%aw&hke}yﬂﬁeﬁfwaﬁg%&%mﬂﬁe&eﬁfmrbﬁedmﬁ%wn&gfw

The Brag criterion (ks < 0.3) is exceeded when sp,,¢ > 1.4 mm in X-band. The surface rough-
ness estimations performed during the ICE2012 campaign indicates that the sea ice in the study
region exceeds this criterion, introducing a roughness dependency of Ryv, . This is in agreement
with previous findings in the study region (Beckers et al.l 2015)), but deviates from findings reported
by Scharien et al.[|(2014b)), where fast ice at the Central Canadian Archipelago partly filled the crite-
rion in X-band. From the helicopter images, some of the very low Ry v/ values observed at the
investigated floe in scene T3 were from slightly deformed areas, possibly explaining the negative
ratios. However, no general trend in low Ry v,y values in deformed areas was found in our study.
Sea-ee-deformation-may-also-Multiple scattering events in the sea ice surface and sea ice volume
may also have contributed to the large sample variations observed in FigFigs. E| and@ Detailed sur-
face roughness measurements combined with f; p observations are needed to further investigate the
influence of sea ice surface roughness on fy;p based on Ry v/ g

The smoothing window size used for direct comparison between f;p retrieved from the heli-
copter images and the polarimetric SAR features was appointed by the areal coverage of the heli-
copter images in our study. However, a 40 x 60 m window (corresponding to 21 x 21 pixels) might not
be the ideal scale of investigation. Advancing the empirical-models-regression fits suggested in our
study to the full floe or full scenes with a larger window (51 x 51 pixels) gave better reproductions of
the width of the f);p distribution retrieved from the helicopter images. A larger window size reduces
the amount of speckle in the SAR scenes, which prebably-possibly explains the improvement. Even
larger window sizes were used in [Scharien et al.| (2014al), estimating fa;p based on Ryy gy ina
7.5 x 7.5 km grid from C-band Radarsat-2. Opposite to this,Han et al.[|(2016) found a 15 x 15 pixels
window to give the best estimate of mean fj;p based on a combination of several SAR features in
a TerraSAR-X scene. In climate applications, fy;p estimation from a full scene is more applicable
than estimation from small areas within the scene. The large sample variability observed in Fig. [
might therefore be negligible, as long as the Ry v/ r-based modelregression fit produces a good
fult-seene-estimate of the mean fy;p for a larger area. A wider study of the influence of scale on

SAR fsp retrieval is needed in the future.
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In addition to Ry v, g, five other dual-polarimetric SAR features were included in our study—,

after NESZ subtraction most of these showed no statistical significant relationship to in our

data set. This is also an important result, implying useful knowledge for instance in classification of
summer sea ice based on X-band imagery. The statistical feature RK showed a promising relation

to fasp in C-band on fast ice in the Fram Strait [2015), but no relation was found in
our investigation. Lack of the HV-channel, or less dominant height difference between ponds and
sea ice could both possibly explain the absence of correlation. H' and «} were found significantly
correlated with f,;p in scene T4 and T3, respectively. In scene T4, the correlation to H' disappeared
when NESZ subtraction was included in the calibration. This indicates that the correlation only

reflected the low signal-to-noise ratio of the scene, as has previously been described in oil/water

discrimination (Minchew et al., 2012). In scene T3, the correlation between fysp and o is likely a

result of the expected relation between oy and Ry v/ g5 (van Zyl and Kim, [2011). The correlations

found between fj;p and mean and standard deviations of |p| and Zp in scene T4 are, as for H’,
most likely related to the low wind speed and low signal—to-noise ratio of the scene. {ph-

s Zp and o
were found WMWWWM@W%%W
MWM&WMWKM@&X -band SAR seene-investigated by

n-imagery. Differences in sea ice type, sea ice
surface roughness, wind conditions and SAR incidence angle could possibly explain why different
olarimetric features are sensitive to fasp in the two studies. The methods of the two studies are

strongly in fysp_estimation, and is then in accordance to our findings. The diverging results in
the two_ studies emphasize the need of investigating melt ponds impact on SAR imagery under
different conditions and for a variety of sea ice types. It also stresses the importance of supplementary
measurements of parameters like wind speed and sea ice surface roughness.

The correlations found in our study are not very strong. The weak to moderate correlations might
suggest a limited sensitivity to fa/p in thestudy-preventafurther comparison-to-our-results—X-band
SAR imagery, but they could also reflect limitations in the data set. The co-location between the
helicopter images and the SAR imagery is estimated to_have a possible offset of at most 27%.
potentially introducing a large random error into our investigation. lowering the correlation values.
A larger degree of smoothing than the area covered by the helicopter images allows for might also
be needed to improve the results. The absolute radiometric accuracy of TSX scenes could also
influence the results of our study, but this influence is expected to be very small compared to other

uncertainties. All the above-mentioned issues should be addressed in future studies.
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6 Conclusions

Melt ponds play an important role in the sea-ice-ocean energy budget, but the evolution of melt
pond fraction (fysp) through the melt season is poorly monitored. Satellite-borne polarimetric SAR
has shown promising results for fy;p retrieval in C-band, but few studies have investigated the
opportunities in X-band. In this study we demonstrate a-significant-relation-statistically significant
relations between fy;p and several polarimetric SAR features on drifting FYI in X-band, based
on helicopter-borne images of the sea ice surface combined with four dual polarimetric SAR scenes.
The study reveals a prospective potential for f;p estimation from X-band SAR, but also stresses the
importance of including wind speed and incidence angle in a prespeetive-future robust fsp retrieval
algorithm. In-thefuture;—frrp—retrievedfrom—2-band-SAR-Such an algorithm could supplement
optical methods, and be used as a tool in climate applications, both as input in climate models and
in studies of melt pond evolution mechanisms.

Ry v/ was found to be the most promising SAR feature for fysp estimation in our study, in
agreement with previous findings in C-band. The theoretical range of suitable wind speeds (< 5
m/s) and sea ice surface roughnesses (sg);g < 1.4 mm) for fj;p extraction based on Ry vy p are
slightly more limited in X-band than in C-band, but our results show that ene-eanuse vy
for-fr p estimation-even-if-also influences the X-band SAR signature when these criteria are partly
exceeded. The high noise floor of TerraSAR-X also restricted use of scenes with incidence angles
above ~ 40°, while an incidence angle of 29° gave good-better results. At very low wind speeds
(0.6 m/s), the backscatter signal from the melt ponds became too low for fj;p retrieval based on
Ryvrrerpolarimetric features. In that case, oy, was found suitable for fy;p estimation. Ad-in
aHIn the future, use of X-band scenes can possibly increase the total amount of SAR data accessible
for fasp retrieval, despite their limitations compared to C-band scenes.

An extended amount of in situ and airborne measurements together with satellite scenes are
needed to establish robust fj;p estimation algorithms for X-band SAR. Information about wind
speed is crucial for fj;p retrieval, and can be retrieved from existing meteorological models or au-
tonomous buoys measuring wind speed, where no ship or camp is present. Ce-leeation-Challenges
in_co-location of airborne observations and SAR imagery chalenged-limited coordinated use of

existing data in our study -

W%ﬁ%m%@ﬁ%ﬁ%&}%@%m

our results, possibly intreducing—too-causing artificially low correlation valuesand-a-targe RMSE
of-the-empirieal-medels. Better co-location, for instance through corner reflectors or GPS senders

located in the specific study area, should be aimed for in future studies. With a shift towards more

seasonal drifting FYT, it is important to include this sea ice type in the studies, despite difficulties in
comparing in situ and airborne measurements with satellite SAR scenes during drift.
Our study only investigates a few SAR scenes under similar sea ice conditions, and the ability of

the suggested modelsregression fits to predict changes in fjp is not included. This is an important
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aspect. Futare-For development of a robust operational method, future studies should aim to include a
larger number of satellite scenes acquired during-with various sea ice conditions, melt pond evolution
stages, wind speeds, and incidence angles. The effect and limitations of sea ice surface roughness

and dependency on filtering size and scale should also be further investigated.
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Table 1. Overview of the satellite scenes.

Date Time Scene Incidence Pixel spacing Wind speed  Air temperature
(UTC) ID angle (az. x ground range) (2 m.a.s.) (2 m.a.s.)

28 Jul 2012 06:52 T1 36.9° 24mx1.5m 1.6 m/s 0.1°C

29 Jul 2012 14:25 T2 37.9° 25mx1.5m 5.1 m/s 1.1°C

31Jul 2012 13:51 T3 29.4° 24mx19m 6.2 m/s —0.8°C

2 Aug 2012 14:51 T4 44.2° 3.0mx1.3m 0.6 m/s 0.8°C

Table 2. Overview of the images captured during the helicopter flights. Only images without open water fraction

are included in the study. The bottom entries show the global values derived from all five flights, and the local

values of the floe investigated in T3 and T4.

Date Time (UTC) No. of images Transect length Mean fasp  Std. farp
31 Jul 2012 7:36-8:10 848 67 km 30.1% 10.0%
1 Aug 2012 7:22-8:34 1364 139 km 31.1% 12.3%
1 Aug 2012 16:45-18:03 1383 154 km 34.8% 12.8%
2 Aug 2012 11:21-12:00 676 78 km 33.0% 13.7%
2 Aug 2012 14:43-16:04 1458 170 km 33.2% 11.4%
Global values - 5729 608 km 33.2% 11.4%
Floe values - 43 4 km 30.6% 11.1%

Table 3. Estimated sea ice surface roughness (sp;g) from five segments at the floe by R/V Lance. Values in

parenthesis displays standard deviations (std) of sg/g-

Segment Nr. Area srms (std(srars))
1 11000 m? 6.7 (0.3) cm
2 13530 m? 11.0 (10) cm
3 11670 m? 7.4 (0.6) cm
4 13820 m? 9.0 (0.4) cm
5 12380 m? 10.0 (0.4) cm
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Table 4. Spearman’s correlation coefficient (1) between firp retrieved from the helicopter images at the in-

vestigated floe, and mean and standard deviation of the polarimetric SAR features from the corresponding area

in T3 and T4. Bold indicate significant values within a 95% confidence interval, and values in parentheses are

retrived-after-tneluding retrieved before NESZ subtraction in the calibration process.

r (T3) r(T4)
SAR feature Mean Std. Mean Std.
oYy 0:650.04 (0.05) 6:09-0.10 (0.09) -0:32-0.33 (-0.33) -0:22-0.27 (-0.22)
o9y 0.21 (0.21) 0.09 (0.09) -0:53 ¢-0.54 (-0.53) -0:52 ¢-0.54 (-0.52)
Ryv/ou 0.46 €0.45 (0.46) -0:67-0.03 (-0.07) -0.31 (-0.31) -0-64-0.48 (-0.01)
H 0:21<0.11 (0.21) 6:-44-0.25 (0.14) 0:45€0.22 (0.45) 0:07-0.17 (0.07)
[e%1 0:260.40 (0.26) 6-47+0.00 (0.17) -0-48-0.24 (-0.18) 0:30<0.11 (0.30)
RK 0:63<0.07 (0.03) 6:04-0.07 (0.04) 0:04-¢-0.15 (0.04) 043-0.08 (0.13)
ol -022-0.13 (-0.22)  -6:66<0.04 (0.00) =0:40 (-0.17 3-0-06-((-0:44-0.40) -0.44(-0.06 )
Zp 0:04-0.14 (0.01) 6:23+0.10 (0.23) -0-+0--0.08 (-0.10) 0:55€0.12(0.55)
Table 5. Statistics of modeled fasp distributions.
fup(Ryv/mm) frup(oty)
Area Window size (pixels) Mean Std. Mean Std.
T3, floe 21 x 21 34.9% 25-44%-24.8% - -
T3, floe 51 x 51 35.0% HA%11.0% - -
T4, floe 21 x 21 - - 32:4%30.6%  23-6%26.0%_
T4, floe 51 x 51 - - 3+9%31.4%  150%-16.7%_
T1, full scene 51 x 51 362%36.5%  +2:6%12.3% —634%19.0% 23:9%29.9%
T2, full scene 51 x 51 457%A45.1%  136%13.3% —495%—1.6%  +9:0%27.8%
T3, full scene 51 x 51 31.2% H3%11.2% —326%19.7%  233%29.7%
T4, full scene 51 x 51 533%51.9%  +35%12.3% 28:2%36.3% +H40%15.7%
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Figure 1. Map of the study area north of Svalbard, showing the location of the satellite scenes and the track
of the helicopter flights. Blue dots mark the starting points of the flights. The red box in the inset map of the

northern hemisphere shows the geographical position of the area displayed.
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Figure 2. The floe investigated in scene T3 (left) and T4 (right). The black line marks the transect along which
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the helicopter image were taken.
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Figure 3. Signal-to-noise analysis of HH and VV channels for areas with different f,,, retrieved from the
investigated floe in scene T3 (top) and T4 (bottom). The triangles displays the median of o%py (dB) (upward
pointing) and o1, (downward pointing). The thin line represents the part of ¢° falling between the 10 and the
90 percentile, while the thick line represents the part of ¢ falling between the 25 and 75 percentile. Hence, the

lines indicate the distributions. All markers are offset from the middle position for clarity.
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Figure 4. Scatter plot displaying fasp retrieved from the 43 helicopter images covering the investigated floe in

T3, and mean Ry v, g g extracted from the corresponding areas. Grey dots represent areas with partly deformed

sea ice, wile blue dots represent areas of level ice. The trend line represents a robust bisquare weights least
squares linear fit of the data, and the dotted line represent the 95% confidence interval of the regression. %

equals 0.21.
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Figure 5. Top: Probability density distributions of fasp for the investigated floe in T3. Curves represent distri-
butions produced by the modelregression fit based on Ry v/ g g with 21 X 21 and 51 x 51 pixels windows, and
empirical distributions from all helicopter flights (global) and from the specific floe (floe). Bottom: Estimated
farp from the Ry v, i based modetregression with a 51 x 51 pixels window for investigated floe in T3. The

frame outlines the area displayed in Fig. [6l
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Figure 6. Melt pond fraction (furp) estimated from R , with the observed p from the helicopter

images overlaid as colored frames. The area displayed is outlined with a frame in Fig. [3l The estimation is

erformed with 21 x 21 (left) and 51 x 51 (right) pixels windows. Note that the center pixel underlying each

helicopter image frame would give the most representative value for comparison to the observed fas p, as pixels

closer to the frame contain a larger amount of information from outside the frame. The middle panel displays
the mean estimated value for each frame together with the observed value.
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Figure 7. Probability density distributions of fasp for the four investigated scenes (T1-T4). Curves represent
distributions produced from the Ry, based medelregression fit with a 51 x 51 pixels window, and the

empirical distribution retrieved from all five helicopter flights.
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Figure 8. Scatter plot displaying fasp retrieved from the 43 helicopter images covering the investigated floe
in T4, and mean 09+, extracted from the corresponding areas. Grey dots represent areas with partly deformed
sea ice, while blue dots represent areas of level ice. The trend line represents a robust bisquare weights least
squares linear fit of the data, and the dotted line represent the 95% confidence interval of the regression. 27,
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Figure 9. Top: Probability density distributions of fasp for the investigated floe in T4. Curves represent dis-
tributions produced by the medelregression fit based on o with 21 x 21 and 51 x 51 pixels windows, and
empirical distributions from all helicopter flights (global) and from the specific floe (floe). Bottom: Estimated

farp from the 0¥, based modetregression with a 51 x 51 pixels window for investigated floe in T4, The frame
outlines the area displayed in Fig. [10]
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Figure 10. Melt pond fraction (fu,p) estimated from sigmaly,, with the observed fu/p from the helicopter
The estimation is
helicopter image frame would give the most representative value for comparison to the observed fup, as pixels
closer to the frame contain a larger amount of information from outside the frame. The middle panel displays

images overlaid as colored frames. The area displayed is outlined with a frame in Fig.
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Figure 11. Probability density distributions of fasp for the four investigated scenes (T1-T4). Curves represent

distributions produced from the o3y, based modelregression with a 51 x 51 pixels window, and the empirical
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