Responses to the Reviewer

Sea ice cover in Isfjorden and Hornsund 2000-2014 by using remote sensing
Muckenhuber et al.

Dear Referee #1,

Thank you very much for helping us improving our paper. We agree that the significance of the
paper would increase if we could include ocean and atmosphere data. However, this work is still in
progress and we decided to publish the sea ice cover time series earlier in order to make the time
series open for other research groups. The AWAKE-2 team will have a workshop late this autumn to
compare time series from the air-cryosphere-sea system where we hope we will be able to see the
larger picture through interaction studies that you seek.

Answers (in Bold) to specific comments:

4045, L9: Note that part of the Fram Strait is in fact covered with ice, so I would be careful about
this statement.

We agree and have done the following change to the sentence: 'It is a strong contribution to
Svalbard’s relatively warm climate and makes eastern Fram Strait contain the northernmost
ice-free ocean, also during winter (Onarheim et al., 2014).’

Section 2, Data: It would be good to state what it is you actually measure from the remote sensing
data set. It is stated that “sea ice conditions” are studied, would be better to state something like
spatial ice extent and ice type.

Thanks, agree. We have done the following changes: 'Investigating sea ice conditions, like
spatial extent and ice type, via satellite ... '

Section 2, Error estimate: Again, here it would be better to state what specifically the error relates to
such as spatial ice extent and ice type.

Agree, the following changes has been made: 'Since the time series is based on manual
interpretation, defining an exact error value for spatial sea ice extent is not possible.'

4050, L13: Should read “unmistakably”
Thanks, done.

4050, L25: Should read “parameters”
Thanks, done.

4052, L14: The correlation is between the DFI parameter for the short and total season?
Yes, thanks. '"High correlation coefficients (R) between the total and short season DFI time
series for both ..."'

Thanks again for your comments. We are looking forward to your reply!
Best regards,
Stefan Muckenhuber



Dear Referee #2,
Thank you very much for helping us improving our paper.

The response is structured in the following order: comments from Referees, author's response, and
‘author's changes in manuscript’

General Comments:

(1) The manuscript mainly focuses on presenting the dataset, without presenting an analysis of
reasons for observed fluctuations in ice cover. I feel the paper could be more effective if the authors
include observations of sea surface temperature, average wind speed, or other observations that can
provide some insight into the observed changes in the fjords.

Agree, including sea surface temperature (SST), air temperature and ocean data will improve
the paper and will put the sea ice time series into a better framework. We included remote
sensing winter SST data for Isfjorden (the provided resolution was too low for Hornsund), in-
situ winter air temperature from weather stations in Isfjorden and Hornsund and heat
content values derived from 560 CTD profiles taken during autumn in Isforden and
Hornsund.

Add to Section 'Data’' at (4048, L18): 'To validate and discuss the remote sensing sea ice
observations, in-situ air, ocean and remote sensing sea surface temperature (SST) data are
considered. Monthly SST values are provided by ESA for the time period 1993-2010 with a grid
spacing of 25km x 25km (http://catalogue.ceda.ac.uk/uuid/l1dc189bbf94209b48ed446c0e9al78af,
doi:10.1002/gdj3.20). This dataset is used to calculate winter SST for Isfjorden, representing the
mean January-April at 78.25N, 14.75E. Moreover, 285 CTD (conductivity, temperature and
depth) profiles taken between 2000-2014 at the Isfjorden mouth area (78.08- 78.16N, 13.5-14.3E)
and 107 CTD profiles taken between 2009-2014 inside Hornsund have been used to calculate the
mean heat content of the 25-100m depth water column for each year during autumn (July-
September). The 25-100m depth range was chosen in order to avoid the shallow atmospheric
heated surface layer and rather concentrate on the layers that represent fjord circulation of
either Atlantic Water (AW) or Arctic Water (ArW). The CTD data was extracted from the UNIS
Hydrographic Database (UNIS HD) where the CTD profiles used in this study are mainly
collected by UNIS with additional profiles from the Norwegian Marine Data Centre (NMDC).
UNIS Air temperature measurements from weather stations in Isfjorden (Svalbard airport,
78.25N, 15.50E) and Hornsund (77.00N, 15.54E) are provided by the Norwegian meteorological
institute (eklima.met.no) for the entire observation period.’

Add new subsection 'Ocean and atmospheric data’' into Section Results (4052, L5):

'In Figure 8, the DFI values for Isfjorden are compared with winter sea surface temperature
(8ST), ocean heat content during autumn and winter atmospheric temperatures, represented by
negative degree days. Fast ice coverage generally correlates well with winter SST and air
temperature. The SST time series deviate somewhat in 2003,2004 and 2006 compared to the
observed DFI values, and fast ice coverage in 2011 is relatively low considering the relatively low
air temperatures. Low DFI values between 2006 and 2008 are reflected in the ocean heat content
time series and a general increase of autumn ocean heat content is observed between 2010 and
2014 when the DFI values decrease.

The DFI values for Hornsund are shown together with autumn ocean heat content and winter
atmospheric temperatures in Figure 9. Except for 2001 and 2010, relatively low/high fast ice
cover occurs during winters with relatively high/low air temperatures. The water masses found


http://catalogue.ceda.ac.uk/uuid/1dc189bbf94209b48ed446c0e9a078af

inside the fjord during autumn show a distinct higher heat content in 2013 and 2014 compared
to 2009-2011."

Add Figure 8 and 9 showing DFI values compared to SST, air temperature and ocean heat
content.

(2) The discussion section sometimes draws conclusions relating observed sea ice changes to
changes in ocean circulation that are not necessarily supported by the data presented. Including
ocean and atmospheric data in the analysis would help to better place the results in context of the
discussed literature.

We agree that we have drawn conclusions on the connection to different drivers and the
interannual variability of the observed sea ice change without presenting the data for the
drivers. But our conclusions are based on already published papers presenting oceanic and
atmospheric time series and explaining the changes in these drivers. All these papers are
referenced in our manuscript. In our manuscript we have finally managed to construct a sea
ice time series that can be further used to understand important air-sea-ice interaction
processes and we have tried to make the connections to known results from published papers
and taken it a step further now that we have a time series on sea ice.

Moreover, there exist no simple answer to the changing sea ice cover and the connection to
atmospheric and oceanic driving forces, and it is not possible to show this clearly with only a
couple new of time series. Our manuscript cannot give the full explanation, but we will use the
sea ice time series in more thorough interaction papers with our project partners and other
that are interested. But using atmospheric data, SST and CTD autumn time series, together
with already published papers, it should be possible to increase the scope of the paper.

(3) The authors do not discuss the impact of mixing and matching different products in the analysis.
In particular, what is the impact of different resolutions on the results? It seems that a lower
resolution product might give different estimates of sea ice cover. For example, an entire 500m grid
box from MODIS could be classified as 100% ice-covered when an analysis of ASTER data could
reveal that it is perhaps 60% covered by ice. The authors should attempt to quantify the impact of
these effects and include a discussion of this in the methods section.

To get a better impression of how the information from SAR and visible imagery is combined,
we will include the utilised MERIS image from 6™ April 2015 into Figure 2. The impact of
using visible images beside SAR is the improvement of the result quality via validation.

See e.g.

(4050, L4) 'In case VIS/NIR images are available for the same date, they are used for
validation and interpretation support of the SAR images.'

(4047, L6) 'Since the interpretation of sea ice conditions from SAR images can be ambiguous,
high and medium resolution visual/near infrared (VIS/NIR) images provide valuable
additional information during polar day.'

Here a short description how the utilised range of resolutions influences the results:

In our study, the areas covered by 'fast ice', 'drift ice' and 'open water' are not varying
randomly from pixel to pixel, but are usually divided by defined edges. Using different
resolutions should not affect the classification of a certain region but only the accuracy of the
edge position in the order of one pixel. Hence, a relative error estimate can be given, by
multiplying the edge length with the pixel size and dividing the result by the fjord area.
Assuming an edge of 20 and 7km, which is about the fjord width of Isfjorden and Hornsund,
and a resolution range of 15 (Landsat, ASTER) to 500m (MODIS), the resulting error range is



0.01-0.4% for Isfjorden and 0.03-1% for Hornsund.

We want to publish the time series attached to the paper. The time series includes the satellite
sensor, that delivered the most useful image, for each date. From that, the resulting resolution
error can be estimated for each data point. However, wrong interpretation of 'drift ice' versus
'open water' on the SAR image during polar night is the biggest error source. Unfortunately
this error cannot be quantified, but only estimated. See Section 'Error estimate'.

We have included an improved error discussion into Subsection 'Error estimates'. See
response to general comment S.

(4) The shift from 2005 to 2006 from relatively high to relatively low ice cover occurs just as the
shift from visible data to SAR data occurs. It seems possible that such a shift could influence the
time series, but this has not been discussed. The possible impact of the inclusion of SAR data
should be analysed and discussed.

There is no shift from visible data to SAR data in 2005, but SAR was rather included as
additional data source. Visible data from the same sensors (MODIS, Aster and Landsat) are
available and utilized for the entire period. This shall proof general continuity of the time
series. See (4050, L.13): 'Continuity of the time series is expected, since MODIS, Aster and
Landsat data are available and considered for the entire time series.'

The shift from 2005 to 2006 is also supported by independent in-situ and remote sensing
temperature measurements. Namely, atmosphere and sea surface temperatures as shown in
the newly added Figures 8 and 9.

But we agree, that the impact of the inclusion of SAR data should be analysed and discussed
in more detail. Including SAR imagery during polar day has following impacts on the time
series:

i) SAR provides useful data during cloud cover, which leads to an increased temporal
resolution compared to visible data. Visible images are not able to capture sudden sea ice
condition changes, if the fjord is covered by clouds during these events. However, between
2000-2005 complete cloud cover usually did not exceed a few days. The formation and melting
of sea ice takes place over time scales of days, but sea ice advection from or into the fjord and
break up of fast ice can happen within a few hours. These sudden changes are captured in the
time series between 2000-2005 on the first succeeding day with little or no cloud cover.

ii) SAR provides high spatial resolution data for the Svalbard area every 1-2 days. Only a few
high resolution VIS images are available per season, depending on weather conditions and
acquisition times of Landsat and ASTER. Medium resolution images from MODIS and
MERIS are available for every day.

Hence, including SAR imagery as additional data source does not affect a shift in the time
series, but increases the accuracy due to higher temporal and spatial resolution.

Add to Section 'Discussion and Outlook' in (4053, L22): 'Continuity of the presented sea ice
time series is expected, since VIS/NIR images from the same sensor are considered for the entire
observation period. Including SAR as additional data source for the time period 2005-2014
provides useful data during cloud cover, which leads to an increased temporal resolution
compared to the period prior 2005, which is solely based on visible data. Visible images are not
able to capture sudden sea ice condition changes, if the fjord is covered by clouds. However,



complete cloud cover usually did not exceed a few days. The formation and melting of sea ice
takes place over time scales of days, but sea ice advection from or into the fjord and break up of
fast ice can happen within a few hours. These sudden changes are captured in the time series
prior 2005 on the first succeeding day with little or no cloud cover.’

(5) Errors are discussed in the data section, but not discussed anywhere else in the paper. The
influence of errors on interpretation of results should be mentioned in the results and/or discussion
sections. Errors should be quantified where possible.

We agree, that a more thorough discussion of the error sources is helpful for the absolute
error estimation. In the following, error sources are discussed and quantified (if possible):

i) The main error source is wrong interpretation of 'drift ice' versus 'open water' during polar
night, when no visible images are available for validation. Using the change/movement of the
surface coverage on consecutive SAR images of the same region, makes it possible to identify
'fast ice' with negligible doubt. However, rough 'open water' can be ambiguous with 'drift ice',
since both classes are characterized on a SAR image by high backscatter values. This error is
hard to quantify, but can make up to 10% and in some cases even more.

ii) Different resolutions (see answer to comment number 3) can cause an error in the order of
0.01-0.4% for Isfjorden and 0.03-1% for Hornsund.

iii) Insufficient geographic information of the satellite image can lead to a slightly stretched
satellite image compared to the fjord polygon in the order of a few pixel. This can lead to an
additional error in the same order of magnitude as the discussed resolution error in ii), but
only a small fraction of the satellite images are affected by that.

iv) Changing coastline due to the observed glacier retreat has a negligible effect on larger
fjords like Isfjorden, but can change the total area of smaller fjords like Hornsund in the
order of 0.5% per year. Blaszczyk et al. (2013) quantified the total glacier retreat area at the
marine margin in Hornsund to be 18.8 km2 between 2001 and 2010 (equal to 5.8% of the
fjord area measured in 2013). The utilized Hornsund coastline was created using a Landsat
image from 2013, meaning that the coastline represents the fjord area very well during the
later years, but overestimates the total fjord area during the first few years in the order of up
to 5%. The glacier covered area inside the coastline polygon, was not classified separately but
added to the surface coverage at the glacier front. This might lead to a slight overestimation of
the surface type next to the glacier front, which is most likely 'Fast ice' during winter. The
resulting error is negligible for the second half of the time series and in the order of 0-1% for
the first half.

Using the error discussion in Subsection 'Error estimates', error estimation for individual
days can be derived from the time series, since the time series includes the satellite sensor, that
delivered the most useful image, for each date. Using the resolution of the sensor, type of
image (SAR or visible), place (Isfjorden or Hornsund) and time of acquisition (close to 2013
means lower coastline error for Hornsund), type of surface coverage, the error can be
estimated considering i-iv).

The influence of errors on the monthly averaged fast ice cover and days of fast ice (DFI)
values is not addressed in Section 'Results’, since these numbers are expected to have a very
high accuracy resulting from the error propagation from a single day (error in the order of
1%) to a time period of several months.



Change Subsection 'Error estimates' to:

'Since the time series is based on manual interpretation, defining an exact error value for spatial
sea ice extent is not possible. Nevertheless, possible error sources can be evaluated and an error
estimate from the analysing sea ice expert can be given.

The biggest error source is wrong interpretation of ambiguous SAR images during polar night,
when no visible images are available for validation. As mentioned above, 'Fast ice' is easy to
identify, whereas the separation of 'Drift ice' and 'Open water' is sometimes inconclusive. This
error for 'Drift ice' and 'Open water' is hard to quantify, but can make up to 10% and in some
cases even more.

The different resolutions of the utilized satellite images results in different error estimates. In our
study, the areas covered by 'Fast ice', 'Drift ice' and 'Open water' are not varying randomly from
pixel to pixel, but are usually divided by defined edges. Using different resolutions should not
affect the classification of a certain region but only the accuracy of the edge position in the order
of one pixel. Hence, a relative error estimate can be given by multiplying the edge length with the
pixel size and dividing the result by the fjord area. Assuming an edge of 20 and 7km, which is
about the fjord width of Isfjorden and Hornsund, and a resolution range of 15 (Landsat,
ASTER) to 500m (MODIS), the resulting error range is 0.01-0.4% for Isfjorden and 0.03-1% for
Hornsund.

Insufficient geographic information of the satellite image can lead to a slightly stretched satellite
image compared to the fjord polygon in the order of a few pixel. This can lead to an additional
error in the same order of magnitude as the discussed resolution error in, but only a small
number of the satellite images are affected by that.

The observed glacier retreat has a negligible effect on larger fjords like Isfjorden, but can
change the total area of smaller fjords like Hornsund in the order of 0.5% per year. Blaszczyk et
al. (2013) quantified the total glacier retreat area at the marine margin in Hornsund to be 18.8
km?2 between 2001 and 2010 (equal to 5.8% of the fjord area measured in 2013). The utilized
Hornsund coastline was created using a Landsat image from 2013, meaning that the coastline
represents the fjord area very well during the later years, but overestimates the total fjord area
during the first few years in the order of up to 5%. The glacier covered area inside the coastline
polygon, was not classified separately but added to the surface coverage at the glacier front. This
might lead to a slight overestimation of the surface type next to the glacier front, which is most
likely 'Fast ice' during winter. The resulting error is negligible for the second half of the time
series and in the order of 0-1% for the first half.

The daily value error estimate based on consideration of the mentioned sources and personal
appraisal of the analysing sea ice expert is in the order of 1% for 'Fast ice' and between 1% up to
10% for 'Drift ice’ and 'Open water' depending on the availability of VIS/NIR images for
validation. The error propagation from a single day to a time period of several months leads to a
very high accuracy for all given monthly averaged fast ice cover and days of fast ice (DFI)
values.'

Specific Comments

1. Title: I think a clearer title would be 'Sea ice cover in the Isfjorden and Hornsund Fjords,
Svalbard (2000-2014) from remote sensing data' or perhaps, 'A new sea ice cover record for the
Isfjorden and Horsund fjords (2000-2014) from remote sensing data'

Agree, title will be changed to 'Sea ice cover in the Isfjorden and Hornsund, Svalbard (2000-



2014) from remote sensing data'.

2. P. 4044, Line 6: Change  open 'water' ’ to * 'open water' * here and throughout the manuscript.
Agree, open 'water' will be changed to 'open water’ throughout the manuscript.

3. P. 4044, Line 8: Briefly define 'fast ice'

Agree, include '(sea ice attached to the coastline)' into 4044, L6 after 'Fast ice'.

4. P. 4044, Line 15: Change 'concept' to 'index'. I don’t think 'days of fast ice coverage' is an
appropriate name for this index. (See later comments).

Agree, 'concept' will be changed to 'index'.

Agree, 'days of fast ice coverage' will be changed to 'days of fast ice’ (DFI) throughout the
manuscript. DFI is an index and not a 'coverage' value, since it refers to a relative and not
absolute coverage value.

5. P. 4045, Line 1: Change 'the fjords' to 'two fjords'
Agree, 'the fjords' will be changes to 'two fjords'’

6. P. 4045, Lines 1-2: It would be helpful if the authors could add a map of the study region,
showing the locations of the two glaciers.

Agree, a map showing the study area including ocean currents will be added.

7. P. 4045, Lines 23-26: After 2490 km2' add '(as defined from 2013 Landsat 8 images)' and remove
'(areas defined with ArcGIS and Landsat 8 images from 2013)' on lines 25-26.

Agree, will be changed to '(as defined from 2013 Landsat 8 images)' after '2490 km2'.

8. P. 4046, Lines 1-4: Suggest revising the sentence to: 'Previous studies have investigated sea ice
conditions in Hornsund during the winter seasons of 2005 through 2011 (...

Agree, will be changed to 'Previous studies have investigated sea ice conditions in Hornsund
during the winter seasons of 2005 through 2011 ..."

9. P. 4046, Lines 4-7: Do these two sentences refer to all of the cited studies or just some of them?
Please clarify in the text.

Agree, that should be clarified. All studies include atmosphere temperature, sea surface
temperature (SST), in-situ sea ice measurements and mean monthly sea ice concentration at
the approach to Hornsund Fjord.

The 2 sentences in (4046, L 1-6) will be changed to:

'Previous studies have investigated sea ice conditions in Hornsund during the winter seasons of
2005 through 2011 and the results have been published in Styszyn ska and Kowalczyk (2007),
Styszyn’ska and Rozwadowska (2008), Szjyszyn’ska (2009) and Kruszewski (2010, 2011, 2012).
These studies compare in-situ observations from the Polish Polar Station in Isbjernhamna, a bay
at the northern entrance of Hornsund, with atmospheric and oceanic measurements and mean
monthly sea ice concentration at the approach to Hornsund.'



10. P. 4046, Line 12: Is the 'main hypothesis' the main hypothesis of AWAKE-2? Please clarify.

Yes, this is the main hypothesis of AWAKE-2.
The sentence will be changed to: 'The main hypothesis of AWAKE-2 is that ..."

11. P. 4046, Line 25: Change 'index' to 'index, the days of fast ice (DFI) index,’
Agree, will be changed to 'index, the days of fast ice (DFI) index,’.
12. P. 4047, Lines 16-23: Please specify the resolution of the radar products.

The resolution of the utilised (radar) data is given in Table 1. A reference to the Table 1 is
given in (4047, L14). The sentence in (4047, L.21) will be changed to:

'The collected SAR data represent a time series from 2005 until 2014 with a temporal resolution
of around 1-2 images per day and a spatial resolution between 50-150 m.’

13. P. 4047, Line 24 — P. 4048, Line 5: Please provide more specifics about the products used,
including the names of the individual products, and references and/or links for each of the products,
and their resolution.

The resolution and data source (i.e. link, if possible) is given in Table 1. The resolution
information (together with the sensor name) specifies the product name/type.

14. P. 4048, Line 16,18: What is meant by 'ice situation'? Please replace with something specific.

Agree, a more specific term shall be used. 'Ice situation' will be changed to 'sea ice
concentration’ in (4048, L. 16,18).

15. P. 4048, Line 19: This section should be moved to occur within or following the methods
section for better flow of the text.

Agree, the Subsection 'Error estimate' will be moved to (and included into) the end of the
Section 'Method'.

16. P. 4049, Lines 4-5: Are the changes in area on the order of 1 percent, 10 percent, 1-10 percent?
Please provide a number.

Agree, the area change of Hornsund for the considered time period should be specified:

The 2 sentences in (4049, 1.3-6) will be changed to: 'The glacier retreat has a negligible effect
on larger fjords like Isfjorden, but can change the total area of smaller fjords like Hornsund in
the order of 0.5 percent per year. Blaszczyk et al. (2013) quantified the total glacier retreat area
at the marine margin in Hornsund to be 18.8km2 between 2001 and 2010 (equal to 5.8% of the
fjord area measured in 2013)."

Add to References: 'Blaszczyk, M., Jania, J. A., Kolondra, L.: Fluctuations of tidewater glaciers
in Hornsund Fjord (South- ern Svalbard) since the beginning of the 20th century, Polish Polar
Research, 34, 4, 327-352, doi:10.2478/popore-2013-0024, 2013."

See answer on 'General Comments 5' for a more detailed error discussion.

17. P. 4050, Line 1: Please provide further description as to how the sea ice expert distinguishes



between fast ice, drift ice, and open water.
Agree, add description how the different classes can be distinguished on the satellite images:

'Both "Fast ice' and 'drift ice' appear white on the visible image and are characterized by high
backscatter values on the SAR image. 'Open water' appears dark blue on the visible image and
has low/high SAR backscatter values during low/high wind speeds. 'Fast ice' is attached to the
coastline and does not change its position on consecutive SAR images. This makes it easy to
identify 'fast ice', but the difference between 'drift ice' and 'open water' can be ambiguous
during high wind speeds, if only SAR data is available.'

18. P. 4050, Lines 5-6: It would be interesting to see how different products may be used to produce
a single estimate.

See 'General Comments 3': To get a better impression of how the information from SAR and
visible imagery is combined, we will include the utilised MERIS image from 6™ April 2015
into Figure 2. Figure 2 caption will be changed to:

'Radarsat-2 (a,b) and MERIS (c) images of Isfjorden taken on 6~April 2011. Radarsat-2 images
are shown in ArcGIS with adjusted Symbology (a) before and (b) after analysis by a sea ice
expert.’

19. P. 4053, Lines 22-25: Suggest changing 'more sea ice' to 'relatively high sea ice cover', and 'less
sea ice cover' to 'relatively low sea ice cover'.

Agree, will be changed to 'relatively high sea ice cover' and 'relatively low sea ice cover'.

20. P. 4054, Lines 12-15: The time series does not show the influence of the forcing event on
thermodynamics, it only shows changes in sea ice cover. Rather the sea ice time series and previous
work seems to suggest that the change in circulation has an influence on the sea ice cover. Also, the
forcing that occurs on a 'timescale of weeks' is not discussed in the previous sentence. Please
discuss the forcing event.

Thanks for pointing this out for us. We have tried to make it clearer by introducing new
figures (Figure 8, 9) and text. Change (4054, L9-15) to:

Ongoing hydrographic measurement programs and construction of longer time series (Pavlov et
al., 2013) show that fjord systems along west Spitsbergen went from an Arctic state to a more
Atlantic water state after winter 2006 (Cottier et al., 2007). In Figure 8, times series for the
winter SST in Isfjorden and the autumn heat content (25m-100m depth) at the mouth of
Isfjorden show that both the SST and heat content increased in the period 2006-2008. Atlantic
water circulated the WSS and Isfjorden during this period (Cottier et al., 2007; Nilsen et a.,
2015) and the surface water seldom reached the freezing point temperature (Figure 8). Hence,
the effect of forcing event on the time scale of weeks (Cottier et al., 2007), and a corresponding
advection of AW, can have an influence on the fjord thermodynamics and local sea ice condition
on a yearly time-scale. The fjord-shelf system went towards a more Arctic state during the
Sfollowing years, but in 2012, similar forcing events as for 2006 (Nilsen et al., 2015) made the AW
dominate the fjords again and the heat content in Figure 8 show an increasing trend after 2011.
Calculated negative degree-days form atmospheric temperature data closely follows the variation
in DFI (Figure 8) and can also explain the low DFI values in some years. But care must be
taken since a reduced sea ice cover and warmer ocean will increase the atmospheric
temperature.

21. P. 4055, Lines 2-5: Again, without any ocean data, I don’t think it is possible to draw the



conclusions from Figs. 2 and 3 that sea ice-cover is less influenced by AW intrusion. Also, I am not
sure I really see variations on shorter timescales at Hornsund. It is difficult to draw that conclusion
from the limited length of the timeseries.

Thank you for addressing this issue. We have moderated the statement. Based on unpublished
data that will hopefully become available soon, we feel that our statements are still valid.
(4055, L1-5) have been changed to:

The mechanisms described for Isfjorden could apply for Hornsund, but being a smaller fjord, the
resident time for different water masses will be smaller and variations on shorter time scales can
be expected. Comparing the time series in Figure 8 and 9, we see that the interannual variability
in sea ice cover in Hornsund, compared to the sea ice cover in Isfjorden, is less influenced by
intrusion of AW residing on the shelf. The sea ice cover in Hornsund seem to revert to a
“normal” state after a year with known AW intrusion, while Isfjorden is influenced by the AW for
several years after such events (Nilsen et al., 2008; Nilsen et al., 2015).

22. P. 4055, Line 9: It is not clear what supports the statement that Hornsund can be used as such an
indicator.

We hope that the answers given in 21.-22. have helped clarifying the statement and
argumentation.

23. P. 4055, Line 12: What does 'will be' refer to? Is this part of the AWAKE-2 project?

Yes, this will be carried out in the framework of the AWAKE-2 project. The sentence will be
changed to: "..will be utilized within AWAKE-2..."

24. P. 4056, Line 9: "Warm water as a major’ ... ?
Will be changed to: '"Another indication of warm water as a major driver is...'
25. Figures 2 and 3: I suggest changing the legend to read 'DFI (short season)' from 'DFI' for clarity.

Agree, will be changed to 'DFI (short season)’

Technical Corrections:

1. P. 4044, line 18: Change 'end of sea ice' to 'end of the sea ice'.

Agree. Will be changed.

2. P. 4044, Line 24: Change 'with Greenland Sea' to 'with the Greenland Sea'.
Agree. Will be changed.

3. P. 4045, Line 8: Change 'It is a strong contribution' to "The WSC contributes strongly’
Agree. Will be changed.

4. 4045, Line 18: Remove comma after 'This means'

Agree. Will be changed.

5. 4045, Line 29: Change 'considering' to 'for'.

Agree. Will be changed.

6. 4046, Line 11: Add a comma after 'ice'.

Agree. Will be changed.

7.4047, Line 11: Change 'concerned.' to 'used.' or 'utilized.'

Agree. Will be changed.

8. 4047, Line 14: Change 'put' to 'placed'.

Agree. Will be changed.



9. 4047, Line 15: Change 'during sea ice is present' to 'when sea ice was present.'

Agree. Will be changed.

10. 4048, Line 19: Change 'estimate' to 'estimates'.

Agree. Will be changed.

11. 4049, Line 13: Change 'Method' to 'Methods'.

Agree. Will be changed.

12. 4049, Line 19: Suggest changing 'cut into pieces' to 'subdivided'.

Agree. Will be changed.

13. 4049, Line 27: Suggest changing "put on top of' to 'superimposed on'. Also change 'cut by' to
'divided by’

Agree. Will be changed.

14. P. 4050, Line 2: Change 'can be both' to 'can result from both'

Agree. Will be changed.

15. P. 4052, Line 22: Change 'express strong variations between different years.' to 'indicate strong
variations from year to year.'

Agree. Will be changed.

16. P. 4055, Line 16: Change 'growths' to 'growth'.

Agree. Will be changed.

17. P. 4055, Line 21: Change 'by using' to 'using'

Agree. Will be changed.

18. P. 4056, Line 16: Change 'systems' to 'system'’

Agree. Will be changed.

19. Figure 1, caption: change 'analysation of sea ice expert' to 'analysis by a sea ice expert'.
Agree. Will be changed.

20. Figures 2 and 3, caption: change 'sea ice expert' to 'a sea ice expert'.

Agree. Will be changed.

Thanks again for your comments. We are looking forward to your reply!

Best regards,
Stefan Muckenhuber
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Abstract

A satellite database including 16 555 satellite images and ice charts displaying the area of
Isfiorden, Hornsund and the Svalbard region has been established with focus on the time
period 2000—-2014. 3319 manual interpretations of sea ice conditions have been conducted,
resulting in two time series dividing the area of Isfjorden and Hornsund into “Fast ice” (sea
ice attached to the coastline), “Drift ice” and open—Water“Open water”. The maximum fast
ice coverage of Isfjorden is >40% in the periods 2000-2005 and 2009-2011 and stays
< 30% in 2006—2008 and 2012—2014. Fast ice cover in Hornsund reaches > 40 % in all
considered years, except for 2012 and 2014, where the maximum stays < 20 %. The mean
seasonal cycles of fast ice in Isfjorden and Hornsund show monthly averaged values of
less than 1% between July and November and maxima in March (Isfjorden, 35.7 %) and
April (Hornsund, 42.1 %) respectively. A significant reduction of the monthly averaged fast
ice coverage is found when comparing the time periods 2000—2005 and 2006—2014. The
seasonal maximum decreases from 57.5 to 23.2 % in Isfjorden and from 52.6 to 35.2% in
Hornsund. A new eonceptindex, called “days of fast icecoverage” (DFI), is introduced for
quantification of the interannual variation of fast ice cover, allowing for comparison between
different fjords and winter seasons. Considering the time period from 1 March until end of
the sea ice season, the mean DFI values for 2000-2014 are 33.1 + 18.2 DFI (Isfjorden)
and 42.9 +18.2 DFI (Hornsund). A distinct shift to lower DFI values is observed in 2006.
Calculating a mean before and after 2006 yields a decrease from 50 to 22 DFI for Isfjorden
and from 56 to 34 DFI for Hornsund.

1 Introduction

Svalbard is an Arctic archipelago located between 76—-81° N and 10-34° E. It is surrounded
by the Arctic Ocean in the north, with the Greenland Sea and Fram Strait to the west and
the Barents Sea to the east. Spitsbergen is the largest island in the archipelago and the
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study area of this work includes the-two fjords along the west coast of Spitsbergen (Figure
1).

Water masses along the west side of Spitsbergen are strongly influenced by the West
Spitsbergen Current (WSC), that is steered along the slope between the West Spitsber-
gen Shelf and the deep ocean, the coastal current (CC) on the shelf, and freshwater input
from glacier and river runoff along the coastline (Figure[1). The WSC transports warm and
salty Atlantic Water (AW) northward, representing the major oceanic heat and salt source
for the Arctic Ocean. Htis-a-strongcontribution-The WSC contributes strongly to Svalbard’s
relat|vely warm climate and makes F@m%f%aﬂh&%ﬁhem&ms%pemﬁﬁeﬂﬂym

A SIS A S Prw- - 2 -

The fjords along western Spitsbergen are usuaIIy separated from the WSC by the colder
and fresher water masses of the northward flowing CC. This, in combination with low tem-
peratures and fresh water input from glacier and river runoff, makes seasonal sea ice growth
inside the fjords possible. But AW from the WSC can reach the upper shelf and eventually
flood into the fjords (Nilsen et al., 2008, [2012). These warm water intrusions have a strong
effect on the seasonal sea ice cover inside the fjords. The fjord-shelf exchange is controlled
by the density difference between the fjord water masses and the AW, which is determined
by the sea ice and brine production during winter (Nilsen et al.,2008). This means ;-that the
sea ice cover inside the fjords is not only a result of advected or advecting water masses,
but can alter the fjord water significantly and influence the exchange with the shelf.

The aim of this study is to investigate sea ice conditions between 2000—-2014 in two rep-
resentative fjords along the west coast of Spitsbergen, where ocean and atmosphere data
are available for further analysis. The two considered fjords are Isfjorden, the largest fjord

of Spitsbergen with its 2490 km? (as defined from 2013 Landsat 8 images), and Hornsund,
a smaller fiord (320 km?) located in southern Spitsbergen{areas-defined-with-AreGlS-and
Landsat-8-images-from2013). Both fjords reveal a seasonal sea ice coverage with strong

variations between different years. Information about sea ice coverage in Isfjorden has
been collected between 1974 until 2008 in Granfjorden (Zhuravskiy et al., |2012), which
is a small sub fjord at the southern entrance of Isfjorden, but no data eonsidering-for the

3
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entire fjord area has been published so far. Sea-Previous studies have investigated sea ice
conditions in Hornsund were-nvestigated-during the winter seasons of 2005 te-through 2011

(Styszyhska-and KowalezyK {2007 {Styszyfiskaand Rezwadowska, {2008} {Styszyfska, {2009

tn-sitt—and the results have been published in [Styszynska and Kowalczyk (2007) ,
Kruszewski (2010, [2011,[2012) . These studies compare in-situ_observations from the
Polish Polar Station in Isbjgrnhamna, a -bay at the northern entrance of Hornsund, were
compared—with atmospheric and oceanic measurements and mean monthly sea ice

concentration at the approach to Hornsund. The survey concentrates on regional ice
conditions near Isbjornhamna and no time series for the entire fjord is given.

The data for this article was collected and interpreted within the framework of the Polish-
Norwegian AWAKE-2 project. The aim of AWAKE-2 is to understand the interactions be-
tween the main components of the climate system in the Svalbard area: ocean, atmosphere
and ice, to identify mechanisms of interannual climate variability and long-term trends. The
main hypothesis of AWAKE-2 is that the AW inflows over the Svalbard shelf and into the
fjords have become more frequent during the last decades and this results in new regimes
and changes in atmosphere, ocean, sea ice and glaciers in Svalbard. Being a link between
land and ocean, Arctic fjords are highly vulnerable to warming and are expected to ex-
hibit the earliest environmental changes resulting from anthropogenic impacts on climate.
Sea ice cover is a key parameter for monitoring climate variability and trends, since it cap-
tures the variability of both ocean and atmosphere conditions. Due to the major role sea
ice cover plays in air—sea interactions, knowledge about the ice cover is crucial for a better
understanding of the Arctic fjord system.

The paper is organised as follows: Sect. [2| explains the collected satellite images and
gives an error estimate for the established sea ice cover time series. A method for manual
interpretation of satellite data to describe sea ice conditions in a fjord is introduced in Sect.

as well as a new index, the days of fast ice (DFI) index, for quantifying fast ice coverage in
a fjord. The sea ice cover time series for Isfiorden and Hornsund, the resulting DFI values

%411%;([

Todeg u

IodeJ UOISSNoSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]



and the dates for onset of freezing are presented in Sect. |4] The discussion can be found
in Sect. B

2 Data

Investigating sea ice conditions, like spatial extent and ice type, via satellite remote sensing
in comparable small areas like Isfjorden and Hornsund requires a spatial resolution of a few
100 m or lower. Daily images throughout the year with this resolution are only produced by
Synthetic Aperture Radar (SAR), which is an active microwave sensor capable of pene-
trating cloud cover and taking images during polar night. Since the interpretation of sea ice
conditions from SAR images can be ambiguous, high and medium resolution visual/near in-
frared (VIS/NIR) images provide valuable additional information during polar day. They can
also be utilised, if SAR images are not available. However, good temporal coverage with
VIS/NIR sensors is only achieved with a resolution above 250 m. Hence, lower accuracy is
expected if only VIS/NIR images are eoncernedutilized.

A satellite database including 6571 SAR images, 9123 VIS/NIR images and 861 ice
charts displaying the area of Isfijorden and Hornsund has been established (see Table [1).
Focus was put-placed on the time period 2000 until 2014 and the part of the season during
sea-iee-is-when sea ice was present in the fjords.

NERSC maintains a large satellite database including several thousand Level 1 SAR
images from ASAR (Advanced Synthetic Aperture Radar on ENVISAT) and Radarsat-2.
To select the images which are recorded at the considered region and time period, the
NERSC MAIRES online service (http://web.nersc.no/project/maires/sadweb.py) has been
used. 4326 ASAR and 2245 Radarsat-2 sub images covering Isfjorden and Hornsund re-
spectively have then been created and stored in GeoTIFF format. The collected SAR data
represent a time series from 2005 until 2014 with a temporal resolution of around 1-2 im-
ages per day and a spatial resolution between 50-150 m.

Medium resolution VIS/NIR images from MERIS (Medium Resolution Imaging Spectrom-
eter on ENVISAT) and MODIS (Moderate Resolution Imaging Spectroradiometer on Terra

5
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and Aqua) covering the Svalbard region have been downloaded from websites hosted by
NASA (National Aeronautics and Space Administration). MODIS images can be ordered
pre-processed, which allows to download all available images of the considered area and
time period. A total of 8501 MODIS images represents a temporal resolution of up to several
images per day for the period 2000 until 2014. The relevant MERIS images had to be cho-
sen prior to downloading via online quicklooks to select images with cloud free conditions.
About 10 MERIS images per year have been chosen and added to the database.

High resolution VIS/NIR images have a distinct lower spatial and temporal coverage, but
when available, view the ice conditions with an unmistakable clarity. 335 images from Land-
sat 1-8 and 161 from ASTER (Advanced Spaceborne Thermal Emission and Reflection
Radiometer on Terra) have been chosen for downloading via quicklooks provided by USGS
(United States Geological Survey) and the Japan Space System.

In addition to the satellite images, 861 ice charts from the Norwegian Meteorological
Institute (met.no) have been added to the database. These ice charts are based on the
same satellite images that are used for this paper. The resolution of the met.no ice charts is
too low to give sufficient accurate estimates about daily ice conditions in fjords like Isfjorden
and Hornsund. Nevertheless, the met.no charts can serve as additional information about
the overall ieesituation-sea ice concentration outside the boundary of the high resolution
SAR image. Most of the stored ice charts depict ice conditions during polar night when no
visual images are available to get a quick overview of the large scale ice-situationsea ice
concentration.
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An-error-sourceimportant-To validate and discuss the remote sensing sea ice observations,

in-situ air, ocean and remote sensing sea surface temperature (SST) data are considered.
Monthl SST values are rowded b ESA for the tlme seﬂe&beifefe%e%—l&%h&lewef

W@%@M
representing_the mean_January-April_at 78.25°N, 14.75°E. Moreover, 285 CTD
(conductivity, temperature and depth) profiles taken between 2000-2014 at the Isfiorden
mouth area (78.08-78.16°N, 13.5-14.3°E) and 107 CTD_profiles taken between
2009-2014 inside Hornsund have been used to calculate the mean heat content of
the 25-100m_depth water column for each year during autumn (July—September). The
25-100m depth range was chosen in order to_avoid the shallow atmospheric heated
Atlantic Water (AW) or Arctic Water (ArW). The CTD data was extracted from the UNIS
Hydrographic Database (UNIS HD) where the CTD profiles used in this study are mainly
collected by UNIS with additional profiles from the Norwegian Marine Data Gentre (NMDC).
UNIS Air temperature measurements from weather stations in Isfiorden (Svalbard airport,
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78.25°N, 15.50°E) and Hornsund (77.00°N, 15.54°E) are provided by the Norwegian
meteorological institute (eklima.met.no) for the entire observation period.

3 MethodMethods

The downloaded Level 1 satellite data from ASAR, Radarsat-2, MODIS and MERIS were
processed with the open-source python toolbox “Nansat” (developed by NERSC) into geo-
TIFF and PNG Level 2 images, which can be displayed by ArcGIS and several other pro-
grams. Within ArcGIS, two polygons covering Isfjorden and Hornsund were created by using
a high resolution VIS/NIR image from Landsat 8 as reference. This polygon describes the
fjord area very accurately and can be eut-into-pieces-subdivided in order to evaluate the
sea ice coverage by area. Due to the large amount of considered days and images, the pro-
cessing chain needs to be fast and efficient. This is achieved by implementing most steps
into a python code working inside ArcGIS.

For the time period 2005-2014, both SAR and VIS/NIR images are available and the pro-
cessing chain for a specific date (leading to one data point in the time series) is as followed:
The SAR images of the considered day are loaded into ArcGIS and their symbology is ad-
justed to increase the visual difference between water and ice. Then the mentioned polygon
is put-en-top-of-superimposed on the images and eut-divided by a sea ice expert into the
regions “Fast ice”, “Drift ice” and epen—Water"Open water” (Fig. a,b). Both “Fast ice”
values on the SAR image. “Open water” appears dark blue on the visible image and has
the coastline and does not change its position on consecutive SAR images. This makes it
easy to identify “Fast ice”, but the difference between “Drift ice” and "Open water” can be

ambiguous during high wind speeds, if only SAR data is available. The origin of the sea ice,
which can be-result from both freezing inside the fjord or advection from the shelf, is not

considered during the manual interpretation. The area of each region is calculated in m?
using a built in function of ArcGIS and the results are saved in a text file. In case VIS/NIR im-
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ages are available for the same date, they are used for validation and interpretation support
of the SAR images —(Fig. 2 c).

Prior to 2005, no high quality SAR images could be accessed and the time series is
solely based on VIS/NIR images. During polar night it is therefore not possible to describe
the ice conditions. During polar day high accuracy is only achieved for days with high reso-
lution VIS/NIR images and lower accuracy is expected for the other days, due to the lower
resolution of MODIS and MERIS compared to SAR. The method yields still high reliability
for the analysed years before 2005, since water and ice can be separated unmistakable
unmistakably on visual images. Continuity of the time series is expected, since MODIS,
Aster and Landsat data is available and considered for the entire time series.

Days of fast ice eoverage(DFI)

To quantify sea ice coverage in a defined region (in our case Isfjorden and Hornsund), a new
coneeptindex called “Days of fast iceceverage” (DFI) is introduced. The index describes fast
ice conditions over a considered time period in a single value with unit days. Both temporal
and spatial extent of the fast ice is included. The DFI are calculated by building the sum
over the fast ice area of all considered days relative to the total area, i.e. in our case the
entire fjord area (Eq.[1).

fast ice area
DFI = - y
Z total area M
days

The DFI values allow a simple comparison between different regions and time periods and
with external parameterparameters like atmospheric or oceanic data.

Error estimates

Since the time series is based on manual interpretation, defining an exact error value for
spatial sea ice extent is not possible. Nevertheless, possible error sources can be evaluated

and an error estimate from the analysing sea ice expert can be given.
9
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The biggest error source is wrong interpretation of ambiguous SAR images during polar
night, when no visible images are available for validation. As mentioned above, “Fast ice”
is_easy to identify, whereas the separation of “Drift ice” and "Open water” is sometimes
inconclusive. This error for “Drift ice” and “Open water” is hard to quantify, but can make up
to 10 % and in some cases even more._

In our study, the areas covered by “Fast ice”, "Drift ice” and “Open water” are not varying
area. Assuming an edge of 20km and 7km, which is about the fiord width of Isfijorden
and Hornsund, and a resolution range of 15m (Landsat, ASTER) to 500 m (MODIS), the
resulting error range is 0.01-0.4 % for Isfjorden and 0.03-1 % for Hornsund..

can_change the total area of smaller fiords like Hornsund in the order of 0.5% per
year. Blaszczyk et al/ (2013) quantified the total glacier retreat area at the marine margin
in_Hornsund to be 18.8 km? between 2001 and 2010 (equal to 5.8 % of the fiord area
5 %. The glacier covered area along the coastline polygon, was not classified separately but
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for the first half.

between 1% up to 10 % for “Drift ice” and “Open water” depending on the availability of
VIS/NIR images for validation. The error propagation from a single day to a time period of
and days of fast ice (DFI) values.

4 Results

By utilising the created satellite database (Sect. [2) and applying the described method
(Sect. [B), two time series dividing the area of Isfjorden and Hornsund into “Fast ice”, “Drift
ice” and epen—Water"Open water” have been created (Figs. and . In total, 3319 manual
interpretations of sea ice conditions were conducted by a sea ice expert, leading to an
almost daily resolution between 2000 and 2014. Unclassified gaps occur in both time series
when SAR images were unavailable during the dark season (white gaps in Figs. [3and [4).

The daily surface coverage in Isfjorden between 2000 and 2014 is shown in Fig.[3] A max-
imum fast ice coverage of 40 % and higher is reached in the time periods 2000—2005 and
2009-2011. During the periods 2006—2008 and 2012—2014, the fast ice area stays always
below 30 %. Figure |4 displays the daily surface coverage in Hornsund for 2000 until 2014.
Maximum fast ice cover values above 40 % are reached in all years, except for 2012 and
2014, where the fast ice season is significantly shorter and the maximum stays below 20 %.
Late growth of fast ice is also observed in 2006, 2008 and 2013.

Monthly averaged fast ice cover, based on the time series shown in Figs. [3| and |4, are
shown in Figs. [ and [6] respectively. The monthly averaged values display the seasonal
cycle of fast ice growth and melt/break up in Isfjorden and Hornsund. Values for the dark
season (November—February) before 2006 are missing, since no high quality SAR images
were available for this period.
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Less than 1 % monthly averaged fast ice cover were observed in Isfjorden between July
and November (Fig. ). Considering the mean over the entire observation period 2000—
2014 (black line, Fig. [5), the highest value with 35.7 % is reached in March. Before 2005
(blue line, Fig. [B), the peak in March is 57.5%. The mean for 2006-2014 (red line, Fig.
shows the highest value with 23.2 % in April. Monthly averaged fast ice coverage in Horn-
sund is shown in Fig. [6] Less than 2% fast ice is observed between July and November.
April is the month with the highest fast ice coverage values: 42.1 % for the mean over all
considered years (black line, Fig. [6), 52.6 % for the period 2000-2005 (blue line, Fig. [6)
and 35.2 % for 2006—2014 (red line, Fig. [6). Comparing the time periods 2000-2005 and
2006—2014 yields a significant reduction of the monthly averaged fast ice coverage. The
seasonal maximum decreases by 60.2 and 33.1 % (relative to the value for 2000-2005) in
Isfiorden and Hornsund respectively.

4.1 Days of fast ice eoverage(DFI)

Utilising Eq. (T) and the time series shown in Figs.[3|and[4 DFI values have been calculated
for Isfjorden and Hornsund and the results are shown in Table [2] For each sea ice season,
two different time periods were considered. The “total season” refers to the entire sea ice
season, which lasts usually from November of the previous year until June, and the “short
season” lasts from 1 March until the end of the sea ice season. The “short season” can also
be calculated for years where only VIS/NIR images are available, whereas SAR images are
necessary for the “total season”.

High correlation coefficients (I?) between the total and short season DFI time series for
both Isfjorden (R = 0.89) and Hornsund (R = 0.94) suggest that the short season values
capture well the interannual variability of the entire season. Only the ice season 2011 shows
a higher difference in the short and total season DFI values (Table 2), due to very early fast
ice growth (Fig.[7) and a high fast ice peak before March.

The DFI mean values (total and short season, Table |2) for Isfjorden are around 10 DFI
lower than the mean values for Hornsund, which means around 25 % less fast ice coverage
in Isfjorden relative to the total area of each fjord. Similar high standard deviations for both
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fjords express-strong-variations-between-differentyearsindicate strong variations from year

1o year.
Both “short season” time series show a strong decrease in 2006. Isfjorden’s DFI val-

ues between 2000 and 2005 are all above the mean, whereas after 2006 only 2009 has
more than the average “days of fast icecoverage”. Calculating a mean before and after
2006 shows a drop from 50 to 22 DFI. The situation of Hornsund is similar, yet not so pro-
nounced. The mean value decreases from 56 to 34 DFI before and after 2006. Low values
are reached in 2006 and particularly in 2012 and 2014, where the fast ice coverage goes
down to almost 0 DFI.

4.2 Onset of freezing

The sea ice season in Isfjorden and Hornsund starts usually between late autumn and
beginning of winter. Figure [7| shows the days with first appearance of drift and fast ice, i.e.
the start of the sea ice season in Isfjorden and Hornsund. The year refers to the winter
season, which starts during the previous year. This means, that January in Fig. 7| refers to
the beginning of the respective year. The first sea ice of the season appears during polar
night and SAR images are necessary to define the date of the freezing onset. Since no
SAR images were available prior 2005, the time series in Fig. [/] starts with the sea ice
season 2006. Too few satellite images have been available to give an reliable estimate of
the freezing onset in Isfjorden 2007.

Drift ice starts to grow in Isfjorden in all examined years around the beginning of Novem-
ber. The appearance of fast ice in Isfjorden varies between mid November (2011), Decem-
ber and-(2009, 2010 and 2012) and beginning of January (2008, 2013 and 2014). The start
of the sea ice season in Hornsund underlays stronger variations. The first drift ice of the
season was found in November or December in all years except for the last two years, dur-
ing which an early start in October was observed. Fast ice starts to appear in Hornsund
between the end of November and mid March. Late fast ice formation was observed during
2006, 2008 and 2013.
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4.3 Ocean and atmospheric data

In Figure [8] the DFI values for Isfiorden are compared with winter sea surface temperature

and 2006 compared to the observed DFI values, and fast ice coverage in 2011 is relatively
low considering the relatively low air temperatures. Low DFI values between 2006 and 2008
heat content is observed between 2010 and 2014 when the DFI values decrease.

The DFI values for Hornsund are shown together with autumn ocean heat content and
winter atmospheric temperatures in Figure [9. Except for 2001 and 2010, relatively low/high
and 2014 compared to 2009-2011.

5 Discussion and outlook

Continuity of the presented sea ice time series is expected, since VIS/NIR images from the
same sensor are considered for the entire observation period. Including SAR as additional
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Isfjorden has two periods with mere-sea-icerelatively high sea ice cover (2000-2005 and
2009-2011, Fig. [3) and two periods with tess-relatively low sea ice cover (2006—2008 and
2012-2014, Fig.[3). All periods last 3 years or more, which suggests the involvement of an
oceanic mechanism since the atmospheric conditions underlay variations with shorter time
scales. However, wind forcing of the West Spitsbergen Shelf (WSS) on timescales from
days to months is shown to be one of the mechanisms of starting a shelf circulation of
warm AW towards the fjords (Cottier et al., 2007]; Nilsen et al., [2012). Cottier et al. (2007)
reported that during the Arctic winter of 2005/2006, periods of sustained along-shelf winds
generated upwelling and cross-shelf exchange that caused extensive flooding of the coastal
waters with warm Atlantic Water from the West Spitsbergen Current (WSC) (Cottier et al.,
2007). The winter temperature of the WSS reverted to that typical of fall, interrupting the
normal cycle of sea ice formation in the region, including both the shelf and the fjords along
the west coast of Spitsbergen.

Ongoing hydrographic measurement programs and construction of longer time series
(Pavlov et al., [2013) show that fjord systems along west Spitsbergen went from an Arctic
state to a -more Atlantic water state after winter 2006 —which-is—reflected-inour-sea-ice
time-series—Heneethe-sea-ice-time-series-in-Sect-Hl-show-that-the-(Cottier et al, [2007) .

In Figure times series for the winter SST in Isfiorden and the autumn heat content

(25-100m depth) at the mouth of Isfiorden show that both the SST and heat content
increased in the period 2006-2008. Atlantic water circulated the WSS and Isfjorden during
this period (Cottier et al., 2007;Nilsen et al., 2015) and the surface water seldom reached
the freezing point temperature (Figure [8). Hence, the effect of forcing event on the time

BAA-SAANAPD-S-D P -0 - -8

an influence on the fjord thermodynamics and local sea ice condition on a —yearly time-
scale. The fjord-shelf system went towards a more Arctic state during the following years,

the fijords again and the heat content in Figure 18] show an increasing trend after 2011.

Calculated negative degree-days form atmospheric temperature data closely follows the
variation in DFI (Figure [8) and can also explain the low DFI values in some years. But
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care must be taken since a reduced sea ice cover and warmer ocean will increase the
atmospheric temperature.

Another possible explanation for the perennial duration of both small and large fast ice
cover years in Isfjorden can be given by looking at the density difference between the
fjord water masses and the AW. In contrast to the external forcing mechanism suggested
above, this represents a local forcing mechanism through air—ice—ocean interaction. Nilsen
et al. showed that a high ice production during winter, results in a higher formation of dense
brine-enriched fjordwater and the local water masses in the fjord proper can end up be-
ing denser than the water masses residing on the shelf (Nilsen et al., [2012). This is a key
mechanism that enables AW to penetrate into Isfjorden in spring and the following summer
and autumn, and determines in which depth the warm AW will circulate in the water col-
umn. Considering Isfjorden as a coastal polynya with the opening area restricted by fast
ice cover, more sea ice is produced in winters with less fast ice coverage. Hence, low fast
ice coverage can cause AW intrusion in the following summer, which then can lead to low
fast ice coverage in the following winter if the intruding AW is circulating high in the water
column.

The mechanisms described for Isfjorden could apply for Hornsund, but being a -smaller
ford, the resident time for different water masses will be smaller and variations on shorter
time scales can be expected. Comparing the time series in Figs—{3l-and-EFigure [8 and
9 we see that the interannual variability in sea ice cover in Hornsund, compared to the
sea ice cover in Isfjorden, is less influenced by intrusion of AW residing on the shelf. The

sea ice cover in Hornsund seem to revert to a “normal” state after a year with known
AW intrusion, while Isfijorden is influenced by the AW for several years after such events

PP AP NANAPNAD-L NN 2 D

most extreme years of AW dominance on the WSS and strong external forcing mechanisms
(Nilsen et al., [2015), i.e. the winters of 2006, 2012 and 2014. Thus, Hornsund, being the
most southern fjord along the west coast of Spitsbergen, can serve as an indicator of AW
dominance for all fijords north of Hornsund along the west coast. Ocean and atmosphere
measurements from the Polish research station in Hornsund carried out by the ongoing
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Polish-Norwegian project AWAKE-2 (Arctic climate system study of ocean, sea ice and
glaciers interactions in Svalbard area) will be utilized within AWAKE-2 to explain the differ-
ence between average seasons and years with distinct less sea ice coverage, i.e. 2006,
2012 and 2014.

Considering the start of the freezing season, i.e. the first appearance of drift or fast ice
in the two fjords, Isfjorden shows in general less variability and earlier ice growths-growth
(Fig. [7). A low correlation between the start of the freezing season for the two fjords is
observed, suggesting a stronger dependence on local conditions rather than a large-scale
ocean and/or atmosphere influence. Occurrence of drift ice always precedes fast ice, often
with a time lead of 1-2 months. However, care must be taken when defining the start of the
freezing in Arctic fjords by-using satellite images since the first appearance of drift ice will
not necessarily reflect that the surface layer of the fjord proper has reached the freezing
point temperature, but merely that some protected side fjord within the larger fjord system
have a fresher and colder surface layer that are able to produce sea ice for a limited period.
Hence, the true freezing season will start somewhere between the first detection of drift ice
and the establishment of fast ice in an Arctic fjord.

Recent observations of the ice cover to the north of Svalbard further demonstrate the
intimate link between the heat of the Atlantic water and the distribution of sea ice. Onarheim
et al. (2014) have shown that the sea ice area north of Svalbard has been decreasing for
all months since 1979 with the largest ice reduction occurring during the winter months
at a rate of 10 % per decade (Onarheim et al., 2014). This is in contrast to the observed
changes in more central parts of the Arctic Ocean, where largest ice decline is happening
during summer. However, the observed reduction is concurrent with a gradual warming of
0.3°C per decade warming of the AW along West Spitsbergen, and thus, the extra oceanic
heat has been the major driver of the sea ice loss, which is concurrent with our results
from both Isfjorden and Hornsund. Another indication of warm water as a major driver is the
delayed maximum fast ice area in Isfjorden (Fig. [5) from March to April for the 2000-2005
period to the 2006—2014 period, respectively. A warmer water column in late autumn can
cause delayed ice formation and consequently lower ice concentrations in early winter.
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In conclusion, the presented sea ice time series serve for a better understanding of in-
terannual variability in Arctic fjord system. Since a sea ice cover reflects the physical state
of the ocean and atmosphere, the present sea ice time series can be used to better un-
derstand air—ice—ocean interaction processes within each fjord systemssystem, but also in
various climate effect studies linked to e.g. glacier dynamics, ocean chemistry and marine
biology.
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Table 1. Satellite database: list including sensor, image type, spatial resolution (i.e. pixel size),

amount of collected images, covered time span (i.e. date of first and last image) and source.

sensor image type resolution # of images time span source

ASAR SAR 150 m 4326 21 Jul 2005-7 Apr 2012 NERSC database

ASTER VIS/NIR 15m 161 19 Aug 2000-12 Aug 2013  |http://gds.ersdac.jspacesystems.or.jp
Landsat 1-8 VIS/NIR 15m 335 25 Mar 1973-29 Jul 2014 http://earthexplorer.usgs.gov

MERIS VIS/NIR 300m 126 25 Jun 2003-7 Apr 2012 http://oceancolor.gsfc.nasa.gov
MODIS VIS/NIR 500 m 8501 25 Feb 2000-4 Aug 2014 http://ladsweb.nascom.nasa.gov
Radarsat 2 SAR 50m 2245 5 Apr2011-30 Jul 2014 NERSC database

met.no ice chart . 861 24 Oct 2005-27 Jun 2014  http://polarview.met.no
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Table 2. Calculated “days of fast iceceverage” (DFI) for Isfjorden and Hornsund between 2000 and
2014 for two different time periods. Total season refers to the entire sea ice season starting during
autumn of the previous year and short season refers to 1 March until the end of the ice season, i.e.
the time period when VIS/NIR images are available. A describes the difference between entire and
short season.

[DF1] Isfjorden Hornsund

year total season short season A total season short season A
2000 - 46.0 - 56.7

2001 - 33.8 - 54.3

2002 - 52.2 - 53.6

2003 - 43.1 - 53.5

2004 - 70.7 - 59.9

2005 - 55.4 - 56.0

2006 19.4 9.5 9.9 25.8 25.8 0
2007 19.3 141 52 51.1 40.1 11
2008 28.5 20.5 8 54.2 49.8 4.4
2009 61.6 49.8 11.8 71.4 51.4 20
2010 34.9 24.8 10.1 53.6 47.4 6.2
2011 68.7 32.2 36.5 76.1 44.9 31.2
2012 16.9 12.8 41 25 2.0 0.5
2013 22.7 19.0 3.7 49.9 47.0 2.9
2014 18.0 13.2 4.8 25 0.4 2.1

mean+SD 3224185 33.1+18.2 105+96 43.0+255 4291182 8.7+99
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A Svalbard branch
) X

Yerm*anch

Figure 1. Radarsat-2MODIS image of isfierden-Svalbard taken on 68 April 26+t+-as-shownin-AreGIS

with-adjusted-Symbology-(a) before-and-(b) afteranalysation-2009 including a schematic illustration
of sea-ice-expertthe ocean currents along western Spitzbergen. The two considered fjords Isfjorden
and Hornsund are marked with red polygons.
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Figure 2. Radarsat-2 (a,b) and MERIS (c) images of Isfiorden taken on 6 April 2011. Radarsat-2
images are shown in ArcGIS with adjusted Symbology (a) before and (b) after analysis by a sea ice
expert.
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Figure 3. Surface coverage of Isfijorden between 2000 and 2014 divided into “Fast ice”, “Drift ice”
and epen-“WaterOpen water” by a sea ice expert. Total area =2487.6 km? (defined with Landsat
image from 19 September 2013). White gaps occur when no satellite data was available. The red
dots display the “days of fast icecoverage-” (DFI) values of the short season as shown in Table
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Figure 4. Surface coverage of Hornsund between 2000 and 2014 divided into “Fast ice”, “Drift ice”
and epen—WaterOpen water” by a sea ice expert. Total area=2324.0 km? (defined with Landsat
image from 24 August 2013). White gaps occur when no satellite data was available. The red dots
display the “days of fast icecoverage-” (DFI) values of the short season as shown in Table@
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Figure 5. Monthly averaged fast ice coverage in Isfjorden shown for three time periods: 2000—-2014
(mean in black and standard deviation in grey) 2000—2005 (blue) and 2006—2014 (red).
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Figure 6. Monthly averaged fast ice coverage in Hornsund shown for three time periods: 2000—-2014
(mean in black and standard deviation in grey) 2000—2005 (blue) and 2006—2014 (red).
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Figure 7. Onset of sea ice cover in Isfiorden and Hornsund. The years refer to the sea ice season,
which starts during the previous year, meaning that January marks the beginning of the respective
year. The triangles and dots mark the days with first appearance of drift and fast ice, i.e. the start
of the sea ice season. Too few satellite images were available for Isfjorden in 2007 to give a reliable
estimate.
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Figure 8. Isfijorden’s (red) “Days of fast ice” (DFI) values of the short season, as shown in
Table [2l compared to (blue) winter sea surface temperature (SST), (black) autumn heat content

above -2°C of the 25-100 m depth water column and (green) winter negative degree days below
-2°C. Mean SST values for the period January - April have been caloulated for a 25 kmx 25km
WW‘MWWMWM
doi:10.1002/gdj3.20). Heat content values are calculated using mean temperature profiles of each

from temperature measurements at the Svalbard airport station (78.25°N, 15.50°E) provided b
eklima.met.no. Note the reversed SST and heat content axis.
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Figure 9. Hornsund’s (red) “Days of fast ice” (DFI) values of the short season, as shown in Table
compared to (black) autumn heat content above -2°C of the 25-100 m depth water column and

reen) winter negative degree days below -2°C. Heat content values are calculated using mean
temperature profiles of each autumn (July - September) derived from 107 CTD profiles taken
temperature measurements at the Hornsund station (77.00°N, 15.54°E) provided by eklima.met.no.
Note the reversed heat content axis.
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