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Abstract

Changes in the global temperature balance havesgrtwrhave a major impact on the
cryosphere and therefore retreating glaciers agesyimbol of the warming climate.
Long-term measurements of geophysical parametessider the insight into the
dynamics of those processes over many years. Heexplore the possibility of using
data recorded by permanent seismological statmmsanitor glacial seismic activity.
Our study focuses on year-to-year changes in seitynmof the Hansbreen glacier
(southern Spitsbergen). We have processed 7-yegredontinuous seismological data
recorded by a broadband station located in the fjdrHornsund, obtaining seismicity
distribution between 2008 and 2014. To distinguistween glacier- and non-glacier-
origin events with the data from only one seisntatisn in the area, we developed a
new fuzzy logic algorithm based on the seismic &igrequency and the energy flow
analysis. Our research has revealed that the nuofbdetected glacier-origin events
over the last two years has doubled. We also obdethat the annual events
distribution correlates well with the temperaturgd gorecipitation data. In order to
further support our observations, we have analysgear-long seismological data
recorded by a broadband station located in Ny-Aldsgwestern Spitsbergen).
Distribution of glacier-origin tremors detectedtive vicinity of the Kronebreen glacier
shows a steady increase from year to year, howewetras significant as for the

Hornsund dataset.
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1 Introduction

Glaciers are dynamic systems in constant motiorirTimovement itself, changes of strain
regime, cracks and crevasses opening, calvingambasal friction release energy, which can
excite detectable seismic signals in a broad freguerange (from seismic to seismo-
acoustic). Therefore, glaciers’ seismicity was ®ddthrough many years with growing

interest.

Pioneering studies in the 60s and 70s characteliseguakes parameters and related
seismicity to the ice movement and internal icesstrchanges (Lewandowska and Teisseyre,
1964; Neave and Savage, 1970; Cichowicz 1983).i@plwas studied as another type of
glacier-generated signals (Qamar, 1988; Amundsah,e2008). Later on, a temporal seismic
and acoustic calving monitoring with use of recesviocated in close proximity of calving
fronts was introduced (O'Neel et al., 2007; Riclsard et al., 2010; Gtowacki et al., 2015).
Those studies revealed a diversity of calving-eslagignals characteristics depending on the
type of calving event. Authors agree that it isgilole to determine calving rate on the basis
of the recorded seismic events and to obtain inédion about waveform parameters of those
events. Finally, ice-vibrations were identified @sother type of glaciers’ seismic activity,
likely caused by large-scale ice dynamic proce¢&swski and Teisseyre, 1991; Gorski,
2004). The characteristics of the signals generbhtette-vibrations vary between different

glaciers mainly because of the glaciers’ size.

The amount of seismic events generated by glaésehanging greatly during the year,

having its peak during late summer (Ekstrom et24106; Bartholomaus et al., 2015). Those
seasonal changes can be studied by the dedicataldsieismic networks targeting detection
and location of the glacier-induced seismicity (&kgubova, 2015), however, due to their
temporary deployment, those networks cannot capbmg:term changes. On the other hand,
there is a wealth of the seismological data avkildtom the stations located in the polar
regions, recording continuous data streams ovearsy&ome of those stations are located in
the proximity of glaciers, hence making the detactdf the glacier-induced seismic events
feasible (Kohler, 2015). However, in order to usis tata in the context of studying glacial

dynamics, new processing workflows need to be d@esl and implemented, because
standard seismological approaches are set up fothantype of events with different

characteristics (teleseismic or regional earthgsipke
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In this paper we develop an algorithm for automsgiismic event detection and classification
based on parameters that are easy to derive frengcahtinuous seismological records. Our
results show long-term glacier-related seismicvitgtin the vicinity of both Hansbreen and
Kronebreen glaciers in Spitsbergen. We present anwvariations, as well as significant
increase in number of detected events between 202814.

First, we introduce the datasets used in this pdpgen, we describe our detection procedure
and classification algorithm based on fuzzy logimally, we analyse monthly and year-to-
year glacier-induced seismicity distribution togmtlwith the meteorological data for both

stations.
2 Data

We use continuous seismic records from the seiggicalbbroadband station called HSPB,
located in the Hornsund fjord near the Polish P&tation in southern Spitsbergen, as our
primary dataset. The HSPB station belongs to thkshPdeismological Network (PL)

operated by the Institute of Geophysics, Polishdeoay of Sciences. In 2007, within the
International Polar Year activities, the stationswgpgraded with the help of the NORSAR
organization and the broadband (STS-2) seismomvedsr installed. It enabled analysis of

distant (teleseismic) earthquakes (Wilde-Piérkal e2009).

The HSPB station is located in the proximity of thensbreen glacier (Fig. 1). The distance
to the terminus is about 3 km. Hansbreen is a pelytal tidewater glacier. It has a surface of
56 knt and is 16 km long. Its frontal cliff is about k& wide and 30 m high above the sea
level (Btaszczyk et al., 2009, Grabiec et al., 2012

The second dataset comes from the broadband statied KBS (IU network), located in the
Kings Bay, Ny-Alesund, western Spitsbergen (Fig.ThHe station is operated by NORSAR

and also equipped with the same broadband seisreo($XS-2).

There are a few major glaciers in the area (Kroeefr Kongsvegen, Kongsbreen) and a
number of minor ones. The distance to the combitemhninus of Kronebreen and
Kongsvegen is about 13 km. The Kronebreen’s surifa@d5 ni (Trusel et al., 2010) and it

significantly contributes to the overall area afdbglacier system.

Both datasets are freely available online, e.g. ouph the IRIS DMC
(http://ds.iris.edu/ds/nodes/dmc/). In case of H®&PB station, we used the data recorded

between 2008 and 2014, available in the online Britatabase (http://www.orfeus-eu.org/).

3
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Due to the lack of data in last quarter of 2009segduby maintenance works, we used the last

quarter of 2007 instead.

In case of the KBS station we processed the datilable between 2010 and 2014. The
analysed period differs from the HSPB station, thuéhe lack of the continuous raw data in

the online IRIS database.
3 Data processing

Our data treatment scheme is aimed at automatigorazfessing of large continuous data
volumes in the context of detecting and classifygigcier-induced seismic events. The
sequence of processing procedures and its paranvetee chosen in the way to produce an
autonomous processing sequence, easy to impleroenanfy dataset. Each dataset was
processed with strictly the same procedures anahpeters in order to provide results which

would not be biased by data processing.

3.1 Basic event detection workflow

We start our data processing workflow with eventediéon algorithm. All the data was
bandpass-filtered with cut-off frequencies 1 andHk5 Such cut-off frequencies were chosen
to remove low-frequency microseisms, generatedd®aio waves, and high-frequency noise.
For the filtered data, in a moving window, we céhted the ratio of the short term average to
the long term average of the signal (STA/LTA). Théme events’ duration times were
calculated for all three components of the recordeth (i.e. vertical and two horizontal
components of the ground motions) based on the ala@d cumulated energy density (NED)
function. The NED function was computed after satting a noise function (NF) from the

signal (Eq. 1).

NED() = 3 (x()| - NF(n) @

n=0
The noise function (NF) is a linear function, whifits cumulated noise calculated in time
window where no event occurred. In order to prdgisiescribe the noise level, which can
vary from day to day, the noise function was calted for each daily record separately. The
time needed for NED to arise from value of 0.19185 was considered as event's duration

time.
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Each detected event was saved as 50-second loagséries consisting of the three channels

equivalent to the recorded three-component waveform

Subsequently, events which fulfilled any of theethelimination conditions were discarded as

obviously false detections. These conditions werobows:
1. Duration longer than 25 s: to discard strong tectearthquakes

2. No variability in the frequency spectra (differenbetween mean and maximum
amplitudes for the whole detection lower than 10#4he mean value): to discard

detections caused by temporal noise increase.

3. Less than 10 s difference between two consecuttections: to avoid detecting the

same event multiple times.

Such a detection procedure resulted in the totalusatnof 8876 detections between 2008 and
2014 for HSPB station (Fig. 2). However, exceptcgrtriggered events, this dataset
contained also tectonic earthquakes and false titisc triggered by, e.g. human activity
near the Polish Polar Station, which were too cempio be excluded by the above
elimination conditions. Therefore, to distinguishtween non-glacier- and glacier-induced
seismic events, we developed a fuzzy logic algoritiihe algorithm was based on four input

parameters calculated for each registered event:

1. The ratio of difference between mean and maximulaegof smoothed amplitude in
the frequency band 1-5 Hz to the correspondingedifice in 6-10 Hz band.

2. The ratio of difference between mean and maximulmegaof smoothed amplitude in
the frequency band 1-5 Hz to the correspondingifice in 11-15 Hz band.

3. The number of times when the smoothed amplitudeedsits mean value

4. The total time of smoothed amplitude exceedingiiémn value for longer than 5 s.

3.2 Fuzzy logic event classification

The essence of fuzzy logic is to use logical vadeisbranging between 0 and 1, instead of
using standard Boolean (two-valued) algebra. Hetheefuzzy approach determines to what
degree conditions are fulfilled instead of retugniyes-or-no answers. As a result one gets
membership functions which say to what degree eagject, characterised by chosen

variables, belongs to each of the predefined greitisunsharp boundaries (Zadeh, 1965).



The Cryosphere Discuss., doi:10.5194/tc-2015-229, 2016

Manuscript under review for journal The Cryosphere The Cryosphere
Published: 18 January 2016 Discussions
(© Author(s) 2016. CC-BY 3.0 License.

a b W N -

(o]

10

11
12

13

14
15
16
17

18
19
20
21
22
23
24
25

26
27
28

29
30

The four previously described parameters were usednput data to the fuzzy logic

algorithm, which classified all detections into fa@roups. Classification criteria were chosen
based on event analysis, to remove false detediiothenaximize a match for earthquakes and
ice-vibration groups. Events which were not cleadgognized as earthquakes, ice-vibrations

or noise were collectively marked as “not identifie
We used the following event classes with their eeige characteristics:

1. Tectonic earthquake — strong and steady energy, flduwich, after exceeding mean

value once, remains above it for at least 15 sexond

2. False detection — strong and short energy burstsegling mean value more than at

least 7 times in a 50-second-long record.

3. Ice-vibration — signals with dominant frequency thdn— 5 Hz, lasting from a few to
over a dozen of seconds.

4. Not identified — signals not matching any of thartteristics described above.

The fuzzy logic algorithm starts with the evaluatibow input parameters, individually for
each of the events, satisfy the criteria by whislene classes are characterized. Then it
chooses the event class which is suited best byatameters. The graphical representation of

this idea with an exemplary event classificatioprssented in Fig. 3.

The outcome of fuzzy logic distribution for the HBRata is presented in Fig. 4. The majority
of events were categorised as "not identified”. ldwer, the temporal distribution of the
events devided into groups (Fig. 5) shows, that’tia¢ identified” group tends to follow
strictly the year-long glacier seismic activity fgah (Jania et al., 1985; Ekstrom et al., 2006;
Bartholomaus et al., 2015). It suggests that mb#tese events are actually glacier-induced,
but their waveforms differ from waveforms of lowe§uency ice-vibrations. Further in this
study we treat them as glacier-induced. Henceregimaining two groups of events, “tectonic”

and “false”, are not glacier-induced and are exetufilom further anylysis.

In case of the data from the HSPB station, theyflagic classification algorithm resulted in
7020 detections considered as glacier-induced &3@ Hetections in the tectonic or false

groups.

In order to further test our classification algonit, we applied the same workflow to the data
from the KBS station recorded between 2010 and 28dduiring 17711 detections. Then the
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same fuzzy logic classification procedure was edron, resulting in 2798 events classified

as tectonic or false and 14913 events classifieglaaser-induced.

4 Results

4.1 HSPB dataset

Our results clearly illustrate changes in the loexgpn Hansbreen glacier seismic activity.
Figure 6a shows the periodicity of glacier-inducedents occurrence and year-to-year
relation. The monthly distribution follows the samattern each year. During winter and
spring it stays at base-level activity, then, ieimsifies from June to November, having its
peak in August and September. We have found thisrse true for all analysed years except
2011. That year, the typical events distributiors whghtly blurred and the amount of events

in July and August, as compared to June and Septesignificantly decreased.

The monthly detection distribution summed over dnalysed period (2008-14) is shown in
Fig. 6b along the mean temperature and summedpite@n curves. We observe a one
month delay between the temperature and eventsitqmaks. This delay can be interpreted
as the time needed by such an enormous ice mastroa reaction to the temperature
growth. The correlation coefficient (Pearson’s)wmetn monthly event distribution and mean
month temperature equals 0.79, while the one catlediwith a one-month lag equals 0.85. If
we consider Positive Degree Day (PDD) measure, ltaim an even higher correlation

coefficient (0.95) with similar one-month lag. lase of the summed precipitation data, we

obtained the correlation coefficient of 0.82 (with time lag observed).

Figure 6¢ presents the total number of glacier-teduevents every year since 2008. It shows
mean temperature and summed precipitation each lgtonly in the period between June
and November, which is the most important periodeirms of glacier activity. We notice
almost a double increase in the amount of even2®I8 as compared to previous years. It is
accompanied by the noticeably steady growth of nfean temperature in warm months
(June-November) of 1.5°C in the analysed 7 yearsoghe Although the correlation
coefficients for monthly distribution were very higthey severely decreased for year-to-year
data. The coefficient for the mean temperature edmsmd to 0.56, while coefficients for

summed precipitation and PDD index decreased naafly
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4.2 KBS dataset

In case of the KBS dataset, despite the two-yeantashtime span, we detected over two times
more glacier-induced tremors as compared with tf&PBl dataset. Figure 7a presents
distribution of those events. We observe a steadsease of number of the events from year

to year.

Similarly to HSPB dataset, monthly distributiongdécier events near Ny-Alesund correlates
well with Positive Degree Day index and summed ipittion (Fig. 7b), reaching the
correlation coefficient of 0.96 (with one month Jagnd 0.91 (no lag), respectively. The
correlation coefficients for year-to-year event tidmition with mean temperature and
precipitation in warm months also decrease to Ga81lmean temperature and to 0.39 for
precipitation (Fig. 7c). However, contrary to theorHsund dataset, we observe higher
correlation coefficients for whole year mean tenapare (0.88) and for whole year summed
precipitation (0.91).

5 Discussion

There is a significant disproportion between the fwesented multiyear distributions of the
glacial seismicity in the two different regions 8pitsbergen. Results from the Kings Bay
region affiliated with large Kronebreen glacier tgys, regardless of the shorter time span,
show nearly doubled detections number as compaitidtive Hornsund dataset. Reasons for
such disproportion can be explained in terms of ynfattors contributing to the total
detection number. First of all, there is a muclgdarsurface of glaciers surrounding the KBS
station. Also, the background noise level, whicleduines the smallest events possible to
detect, is different between the two locations. BWA/LTA trigger was adjusted for the
more noisy HSPB dataset, implying that small evdmsn KBS are more likely to be
detected because of their bigger signal-to-noigm®.r&urthermore, the dynamics of the
glaciers themselves can differ, e.g. the widthhef Kronebreen terminus is two times wider
than Hansbreen’s, implying a higher calving rateatidition, 5 km from its terminus, the
Kronebreen interacts with the Kongsvegen glacieugél et al., 2010) generating seismic
events at the interaction zone (Koubova, 2015).

The observed delay of the peak seismic activityh wéispect to the temperature and the PDD

supports Lackman et al. (2015) inferences tha fat the air, but the sea temperature at the

terminus that has the key impact on the calving.r&onsequently, the difference in the

overall seismic activity between the analysed liooat partially caused by different calving
8
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rates can be linked to the differences in the glageographical exposure to sea circulation.
The ocean temperature on the western Spitsbergest can vary significantly, depending on
the actual range of the West Spitsbergen Curreadd¥dwski et al., 2009).

The potential weakness of our method is the lackhef events’ epicentral (i.e. spatial)
locations, which are hardly possible to obtain gsnsingle station. Without this knowledge
we cannot affiliate tremors with any particularaé. Consequently, we affiliate them with

the station area, i.e. with the largest ice massa®unding the station.

The computed duration time of each event is shdintan its true duration time, which is the
consequence of the method we used. However, thé@mgder is used mostly as a reference
parameter to compare various events, not to deterthie factual event duration. Events of
the durations exceeding 25 s were excluded frombibginning of the data processing
procedure, which was intended to eliminate noisjed®ns. Very long and very low-

frequency (< 1 Hz) tremors were not analysed is $tiidy.

The fuzzy logic system was designed using charatiterevents recorded by the HSPB
station. Its main task was to separate tectonicnaigly signals from the glacier-induced ones,
provided that the false detections (e.g. causetithyan activity), tectonic earthquakes and

the glacier origin tremors are the only sourcesai$mic signals.

The robustness of the algorithm is satisfactorpekds about one day to process a few-year-
long continuous data on a PC computer. However, pla@metrization of the grouping
conditions for the fuzzy logic algorithm can difffar various datasets because of different
factors such as: noise level, distance to the gsurca glacier, human activity, and others. It
requires a preliminary study on a sample datacsatijust the parameters for a given location.
The smallest variability of parameters is expedtedhe “earthquakes” category, because

earthquakes have similar signal characteristicsyauere.

The standalone grouping algorithm might also bed usemulti-station glacio-seismological
research to produce preliminary event origin cfasgion, which can significantly decrease

the number of non-glacier-induced signals in furtralysis.
6 Conclusions

In this study we used continuous seismological datarded by the two broadband stations:
HSPB in southern Spitsbergen and KBS in westertsiBgigen to analyse glacial seismic

activity near the Hansbreen and Kronebreen glacife designed a special detection

9
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workflow together with an event classification aifom. The grouping algorithm operates
using fuzzy logic and distributes detections amdogr groups: ice-vibrations, tectonic

earthquakes, noise and not identified events.

We detected and classified over seven thousandie#ermmughout a 7-year-long time span
(2008-2014) in the HSPB station region and oveesten thousands throughout 5-year-long
time span (2010-2014) for the KBS dataset.

The main conclusion of this study is that over negears the glacier-related seismicity in the
analysed regions of Spitsbergen increased significaFor last two years (2013-14) the
number of the glacier-origin events for the HSPBadat was doubled. For the KBS dataset
we have observed a steady increase of number ofefrem year to year.

The monthly events distribution summed over analyperiod correlates well with the
seasonal temperature variations. The highest etioal coefficients (0.95 and 0.96) were
observed between the glacier seismic activity drel Rositive Degree Day (PDD) index
delayed by one month for both datasets. Correlatmefficients with the mean temperature
and summed precipitation were also very high. Aryeayear distributions reveal much

weaker correlations or no correlations.

Our results indicate the promise of using long-tesaismological observations from the
permanent polar seismic stations located in prayirno glaciers to study their associated
seismic activity. With the help of the event deitmttand grouping algorithm the number of
the glacier-generated tremors can be assessed,nghdé@mporal changes and long-term

trends in glaciers’ dynamics.
7 Acknowledgements

The HSPB seismological station is operated by tistitute of Geophysics, Polish Academy
of Sciences, in cooperation with NORSAR researamdation. It was installed within the
framework of an IPY project, mainly financed by tResearch Council of Norway (contract
no. 176069/S30), and is part of Polish Seismolddieswork. The KBS seismological station
belongs to the Norwegian Seismological Network @dnaintained by the University of
Bergen. We would like to thank Tomasz Wawrzyniall #me Hornsund Polish Polar Station
staff for establishing and maintaining the Horns@IdACIO-TOPOCLIM database used in
this investigation. We would also like to acknowgedhe Norwegian Meteorological Institute

for establishing and maintaining the free accesather and climate data eKlima service used

10



The Cryosphere Discuss., doi:10.5194/tc-2015-229, 2016

Manuscript under review for journal The Cryosphere The Cryosphere
Published: 18 January 2016 Discussions
(© Author(s) 2016. CC-BY 3.0 License.

10

11
12

13
14

15
16

17
18
19

20
21

22
23

24
25
26

27
28

in this paper. Seismological records were downldddem free online databases of IRIS and
Orfeus. This work was partially supported withiatatory activities No 3841/E-41/S/2015 of
the Ministry of Science and Higher Education ofdpal.

8 References

Amundson J. M., Truffer M., Lithi M. P., Fahnestddk West M. and Motyka R. J.: Glacier,
fiord, and seismic response to recent large calwewents, Jakobshavn Isbree, Greenland,
Geophys. Res. Lett., 35, L22501, doi:10.1029/200885281, 2008.

Bartholomaus T. C., Larsen C. F., West M.E., O'NgelPettit E.C and Truffer M.: Tidal and
seasonal variations in calving flux observed witlsgive seismology, J. Geophys. Res. Earth
Surf., 120, do0i:10.1002/2015JF003641, 2015

Btaszczyk M., Jania J. and Hagen J.: Tidewaterigjigof Svalbard: Recent changes and
estimates of calving fluxes, Pol Polar Res 30&8):142, 2009

Cichowicz A.: Icequakes and glacier motion: The sldBlacier, Spitsbergen, Pure and
Applied Geophysics 121 633 (1), 27-38., 1983.

Ekstrom G., Nettles M. and Tsai V. C.: Seasonditg Increasing Frequency of Greenland
Glacial Earthquakes, Science Vol. 311 no. 5768LFp6-1758, 2006:

Glowacki O., Deane G.B., Moskalik M., Blondel P.H.egowski J. & Blaszczyk M.:
Underwater acoustic signatures of glacier calvingseophys. Res. Lett.,, doi
10.1002/2014GL062859, 2015.

Gorski M.: Predominant frequencies in the spectafiice-vibration events. Acta Geophysica
Polonica 52 (4), 657 457-464, 2004.

Gorski M. and Teisseyre R.: Seismic events in Hamds Spitsbergen, Pol Polar Res
12:345:352, 1991.

Grabiec M., Jania J., Puczko D., Kolondra L. andiBki T.: Surface and bed morphology of
Hansbreen, a tidewater glacier in Spitsbergen, FRtér Res vol. 33, no. 2, pp. 111-138,
2012.

Jania J. and Kolondra L.: Annual activity of Harlacier, Spitsbergen, as determined by

photogrammetry and micoro-tremors recording, Anac@ll vol. 8, 1986

11



The Cryosphere Discuss., doi:10.5194/tc-2015-229, 2016
Manuscript under review for journal The Cryosphere
Published: 18 January 2016

(© Author(s) 2016. CC-BY 3.0 License.

10

11

12
13

14
15
16

17
18

19
20
21

22
23
24
25

26
27
28

Kohler A., Nuth C., Schweitzer J., Wiedle C. andl@ins S. J.: Regional passive seismic
monitoring reveals dynamic glacier activity on Sp#rgen, Svalbard, Polar Res, 34, 26178,
2015

Koubova H.: Localization and analysis of calvingated seismicity at Kronebreen, Svalbard,

M.S. thesis, University of Oslo, Norway, 2015

Lewandowska H. and Teisseyre R. : Investigationthefice microtremors on Spitsbergen in
1962, Biul. Wnf. Komisji Wypraw Geof. PAN, 37: 1-5964.

Luckman A., Benn D. |, Cottier F., Bevan S., NilsE., and Inall M.: Calving rates at
tidewater glaciers vary strongly with ocean tempes Nature Communications 6:8566. doi:
10.1038/ncomms9566, 2015.

Map of Svalbard: http://toposvalbard.npolar.ncgt lEccess 30 November 2015.

Neave K.G. and Savage J.C.: Icequakes on the Aghabglacier, Journal of Geophysical
Research 75 (8), 697 1351—1362, 1970.

O’'Neel S., Marshall H. P., McNamara D. E., and feielW. T.:. Seismic detection and
analysis of icequakes at Columbia Glacier, Alasa, Geophys. Res., 112, F03S23,
doi:10.1029/2006JF000595, 2007.

Qamar A.. Calving icebergs: a source of low-frequeseismic signals from Columbia
Glacier, Alaska, J. Geophys. Res., 93, 6615-66@i31@1029/JB093iB06p06615, 1988.

Richardson J. P., Waite G. P., FitzGerald K. Ad &ennington W. D.: Characteristics of
seismic and acoustic signals produced by calvirgring Glacier, Alaska, Geophys. Res.
Lett., 37, L03503, doi:10.1029/2009GL041113, 2010.

Trusel, L.D., Powell, R.D., Cumpston, R.M. and Biag-Grette, J.: Modern glacimarine
processes and potential future behaviour of Krosmtrand Kongsvegen polythermal
tidewater glaciers, Kongsforden, Svalbard. GeolaigBociety, London, Special Publications;
v. 344; p. 89-102 doi:10.1144/SP344.9, 2010.

Walczowski W., Piechura J., Goszczko I, and WieekoP.. Changes in Atlantic water
properties: an important factor in the Europeantiénmarine climate, ICES J Mar Sci, 69(5),
864-869. doi:10.1093/icesjms/fss068, 2012.

12



The Cryosphere Discuss., doi:10.5194/tc-2015-229, 2016

Manuscript under review for journal The Cryosphere The Cryosphere
Published: 18 January 2016

(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Wilde-Piérko M., Grad M., Wiejacz P. and SchweitderHSPB seismic broadband station in
2 Southern Spitsbergen: First results on crustalraadtle structure from receiver functions and
SKS splitting, Pol Polar Res vol. 30, no. 4, ppl-3816, 2009

Zadeh, L.A.: Fuzzy sets, Information and Contrab).\8, pp. 338-353, 1965.

13



The Cryosphere Discuss., doi:10.5194/tc-2015-229, 2016

Manuscript under review for journal The Cryosphere The Cryosphere
Published: 18 January 2016 Discussions
(© Author(s) 2016. CC-BY 3.0 License.

C

1
Kongsfjorden [ 10°E M6SE 20°E 253E
"ol i Svalbard
) ongsbreen
G
”";ﬁ".}r Ni’eﬁet‘]ellet Kronebreen ‘
," " ‘/ &
Dronmn
" nqm—-lan
* ) Hansbreen \
J‘iofieboger{d ‘
Ig’lnhamna';‘,, ' b
2 N : 4 km 100 km
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Figure 2. Monthly distribution of all detection©fn the HSPB station in years 2008-2014.
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algorithm. The rules characterizing event classesdisplayed in rows, the input parameters
in columns. Exemplary input parameters’ valuesia tied solid line. Yellow fields indicates
to what degree each partial condition is fulfilleg values of the exemplary input parameters.
Blue fields indicate to what degree input parametiidfil rules characterizing each event
class. The rule fulfilled the best constitutesrémult — in this case the event was classified as
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blue coloured bars are affiliated with the glacieigin events.
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Figure 6. Temporal distribution of glacier-induceyents from the HSPB station. a) one-
month step distribution; b) monthly distribution afl events summed over 2008-2014,
summed precipitation — black solid line, PDD — malid line; c) distribution of all events
between 2008-2014, summed precipitation in warmthso(VI-XI) — black solid line, mean

temperature in warm months( VI-XI) — red solid line
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Figure 7. Temporal distributions of the glacier-irgkd events from the KBS station. a) one-
month step distribution b) monthly distributionadifevents summed over 2010-2014, summed
precipitation — black solid line, PDD — red solithé; c) distribution of all events between
2010-2014 summed precipitation in warm months (NI-X black solid line, mean

temperature in warm months( VI-XI) — red solid line
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