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Abstract Wwe present a unique time series of continuous glacier frontal ablation rates with weekly
resolution over 15 years estimated from seismic calving observations at Kronebreen, Svalbard. Using

linear statistical models, we calibrate the seismic record with 7 years of satellite-derived frontal ablation
measurements. The two basic input parameters required for our models are the cumulative duration of
individual seismic calving events and the incompleteness of the seismic record to correct for the effect of
seismic background noise. Frontal ablation follows the seasonal glacier speedup, peaking 1-2 months after
the melt season maximum. Short-lived peaks are associated with melt and rain events. Cumulative frontal
ablation of Kronebreen between 2001 and 2015 is about 4.0 km? (3.7 Gt), with the greatest annual loss
(0.45 km3) between 2013 and 2014 at the onset of the recent accelerated retreat of the glacier. Our approach
provides a potential method for monitoring tidewater glaciers worldwide that have sufficiently close seismic
instrumentation.

1. Introduction

Dynamic ice loss through glacier calving contributes significantly to eustatic sea level rise in a warming cli-
mate [Vaughan et al., 2013; Gardner et al., 2013; Huss and Hock, 2015]. To better understand controls on calving
processes and to further improve models that predict glacier mass changes through time, high temporal res-
olution in situ observations of calving are required [Benn et al., 2007; Vieli and Nick, 2011]. Such observations
of calving include human observation, time-lapse imagery, and ground-based radar surveillance [e.g., O'Neel
et al., 2003; Chapuis et al., 2010]. However, these records are of limited time span. Repeat satellite imagery
allows measurement of glacier velocity and changes in terminus position. Provided ice thickness is known at
the glacier front, these data can be used to estimate the total ice volume flux at the terminus [Mansell et al.,
2012; Schellenberger et al., 2015], i.e., frontal ablation as defined by Cogley et al. [2011]. However, temporal res-
olution is limited to weeks, months or years, which is too low to capture the fine scale processes and feedbacks
occurring at the ocean-glacier-atmosphere boundaries. Alternatively, passive seismic glacier monitoring is
able to capture calving [Qamar, 1988; Ekstrém et al., 2003; Amundson et al., 2008; Richardson et al., 2010; O'Neel
etal, 2010; Walter et al., 2012; K6hler et al., 2012; Bartholomaus et al., 2012; Kbhler et al., 2015; Podolskiy and
Walter, 2016], with the potential to provide high temporal resolution and long, continuous records being less
affected by meteorological conditions and season (i.e., clouds and Arctic winter).

Seismic instruments capture calving indirectly through ground shaking recorded at a wide range of distances.
Background seismic noise and attenuation of seismic wave amplitudes hinder detection of small and dis-
tant calving events. Therefore, simultaneous direct calving observations are required for calibration, i.e., to
relate seismic signal properties and ice volumes of individual calving events [Qamar, 1988; O'Neel et al., 2007b;
Bartholomaus et al., 2012] and to assess the record completeness. A first calibrated model to estimate ice loss
from seismic data has recently been published for the Yahtse glacier, Alaska [Bartholomaus et al., 2015].

We pursue a novel approach to estimate frontal ablation from passive seismic records by developing and
calibrating a statistical model with ablation rates from satellite data of varying resolution from weeks to
months. Hence, no observed ice volumes of individual calving events are required, and subaerial and sub-
aqueous frontal melting is accounted for. Our study focuses on Kronebreen, a tidewater glacier on the Arctic
archipelago of Svalbard (74-81°N, 10-35°E, Figure 1).
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Figure 1. (a) Map of Svalbard with Kronebreen (white line) and area shown in Figure 1b (white dashed box). Red and light blue lines and ellipse illustrate the
empirical classification method to detect Kronebreen calving events using seismic data from the permanent Kings Bay seismic station (KBS) and the permanent
small-aperture Spitsbergen seismic array (SPITS) (white triangles). Directional information is obtained from seismic signal polarization on KBS (light blue) and
frequency-wave number analysis on SPITS (red), and distance proportional information from traveltime difference between SPITS and KBS (sketched by red
ellipse). (b) Relocation of Kronebreen events detected at KBS/SPITS (Catalog 2) between May and August 2013 with local, temporary arrays SGLA and SGLB,
showing the reliability of calving detections.

On Svalbard 68% of the glacier area drains through over 170 tidewater glacier marine fronts [Nuth et al., 2013].
In northwest Svalbard, close to the Ny Alesund research base, (Figure 1) lies Kronebreen, a large (~400 km?2)
continuously fast-flowing tidewater glacier with an average annual frontal velocity of 1-3 m/d [Voigt, 1966;
Kadb et al., 2005; Schellenberger et al., 2015]. The total glacier mass loss between 1966 and 2007 amounts to
about 8 km3 WE, of which frontal ablation accounts for 6.7 km3 WE [Nuth et al., 2012]. The glacier front position
had been stable since 1990 but recently entered a phase of retreat, ~1 km from January 2013. Two permanent
seismic broadband stations record calving at Kronebreen: the Kings Bay seismic station (KBS) in Ny Alesund
at about 15 km distance and the small-aperture Spitsbergen seismic array (SPITS) close to Longyearbyen at
about 115 km distance from the glacier front.

2. Data

2.1. Seismic Calving Record

Analysis of regional seismicity on Svalbard reveals a high number of seismic signals related to glacier dynamic
activity across the archipelago [K6hler et al., 2015]. Most events result from calving at tidewater glaciers and
are characterized by narrowband signals with spectral peaks between 1 and 8 Hz, similar to those observed in
Alaska and Greenland [O’Neel and Pfeffer, 2007a; Amundson et al., 2008; Richardson et al., 2010; Bartholomaus
etal., 2012]. These events are characterized by mostly emergent signal onsets, ambiguous phase arrivals, and
high waveform variability when recorded close to the source. This is a result of the complex seismic source
related to iceberg-sea surface interactions such as underwater iceberg deceleration and air cavity collapse
after the iceberg impact in the water [Bartholomaus et al., 2012].

We use continuous seismic data of KBS and SPITS recorded between 2001 and 2015 (Figure 1a) to automat-
ically detect calving events at Kronebreen. The calving signal properties described above and the sparse
character of the regional seismic network prevents a precise, deterministic location of most events. We there-
fore adapt the empirical detection method introduced in Kéhler et al. [2015]. A short-term/long-term trigger
algorithm (STA/LTA) in the calving frequency band (1-8 Hz) is applied at KBS. For each detection the average
or effective polarization direction of the seismic signal at KBS is estimated [Flinn, 1965] and used to determine
the direction toward the event source [Asming and Fedorov, 2015]. Using the SPITS array, additional event
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features are computed through frequency-wavenumber (FK) analysis [Ohrnberger et al., 2004], i.e., wave prop-
agation direction and P-S travel time difference. Subsequently, a naive Bayes classifier [Bishop, 2006; Asming
etal, 2015]is applied to all event features to select events most likely originating at Kronebreen. We describe
the detector and how the classifier is trained using data of a temporary local seismic network in the supporting
information (Text S2/S3).

To estimate frontal ablation at Kronebreen, we compile two seismic calving event catalogs: (1) Catalog 1: clas-
sified using polarization feature (KBS) and (2) Catalog 2: classified using polarization (KBS) and FK features
(SPITS). Catalog 1 is more complete than Catalog 2 since KBS is closer to Kronebreen. However, since only
a single station is used, the record is more prone to misclassifications from other tidewater glaciers or from
nonglacier events with similar signal features. Catalog 2 includes only events large enough to be recorded
at SPITS, but by using two stations the source location is much better constrained (Figure 1a). For each seis-
mic event, we determine the duration, the maximum envelope amplitude, and the sum of signal envelope
amplitudes over the duration of the event (duration amplitude).

Event misclassifications and variations in the seismic background noise affect the quality and complete-
ness of the seismic calving record. Weak seismic signals related to small pieces of ice or submarine calving
[Bartholomaus et al., 2012; Kéhler et al., 2015] are missed by the STA/LTA detector as background noise
increases, and polarization/array analysis results may be biased due to noisy data. To show that our seismic
catalogs are indeed robust and reliable records of calving seismicity at Kronebreen, we use a local seismic
data set recorded between May and August 2013 less than 1 km from the terminus of Kronebreen (two geo-
phone arrays, Text S1). More precise event locations obtained with the local data clearly outline the terminus
(Figure 1b) [Koubova, 2015]. Furthermore, temporal variability is highly correlated between Catalogs 1, 2, and
an independent record of calving events detected on the local arrays (Catalog 3 and Figure S2 and Text S4).
Moreover, seismic background noise must be considered because it is partially anticorrelated with the seismic
event rate (Figure S2 and Text S4).

Different quantities to indicate variations in the seismic noise level are computed: the daily averaged envelope
amplitude at KBS (N,) and SPITS (N,) in the frequency band 2-10 Hz (STA/LTA triggered events are removed),
and an evaluation of the incompleteness of the seismic catalog through the ratio between large and small
events:

N; = (log(n(M > 0.8)) — log(n(M < 0.8)) +2)", M

where n(M>0.8) and n(M < 0.8) are the number of events above and below the seismic magnitude threshold
of M = 0.8 per time interval. A higher noise level will result in fewer detections below M = 0.8 and, thus, in a
larger N; indicating a less complete catalog. Using Nj is plausible because calving volumes and seismic event
magnitudes at Kronebreen both follow power law distributions (Figure S3) [Chapuis and Tetzlaff, 2014; Astrém
etal., 2014]. However, magnitude-range-dependent deviations from the power law distribution may exist for
seismic calving events [Bartholomaus et al., 2015]. For more details on magnitude determination, magnitude
frequency distribution, and N; we refer to the supporting information (Texts S3 and S4) [Ogata and Katsura,
1993; Woessner and Wiemer, 2005].

2.2. Frontal Ablation Rates

Seismic calving observables are calibrated with satellite remote sensing observations. We estimate
2007-2013 Kronebreen frontal ablation rates (A) from FORMOSAT-2 satellite optical imagery (2 m resolution)
at 2-5 week intervals during the Arctic summer (timing dependent on cloud-free days) and once over the
Arctic winter. Images were orthorectified using ground control points extracted manually on a September
2007 SPOT-5 orthoimage and digital elevation model [Korona et al., 2009]. Standard image matching tech-
niques using Cosi-CORR [Leprince et al., 2007] were applied to sequential imagery to derive velocity fields of the
glacier tongue. The velocity was integrated across a flux gate at the front of Kronebreen and combined with
the map of the bedrock topography (J. Kohler, unpublished data, 2015) to generate ice flux through the gate
(Ug). Block flow that is assumed as internal deformation is inferred as less than 5% of the total speed higher up
on the glacier [Bahr, 2015]. Glacier front positions were manually digitized from the imagery and volumetric
changes of the terminus (d//dt) were summed with ice flux through the gate to generate frontal ablation rates:

A = U, +di/dt. )

In this formulation, ice discharge out of the system is positive such that +d//dt indicates retreat and —d//dt
advance of the terminus.
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Figure 2. (a and b) Seismically observed calving (black) and estimated frontal ablation rates (A) from satellite data (red) and seismic observations (blue, dashed
line is +2 standard deviations) at Kronebreen for Catalog 1. “Seismic length” is cumulative duration of all calving signals per day in seconds. Light blue colors
show the weekly estimated ablation rates for the entire period. Line thickness represents model uncertainty (two times prediction standard deviation). Light gray
areas indicate seismic data gaps. (c) Comparison of A estimated from seismic data (Catalogs 1 and 2) with cumulative temperatures at positive degree days
(PDDs) until October, rain, dynamic (Ug) and front position components (d//dt) of the satellite-derived A. (d and e) Close-ups of Figure 2c. (f) Exponential decay
functions fit to the decrease of A in autumn and winter.
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3. Transferring Seismic Observations to Frontal Ablation Rates

We apply and calibrate generalized linear models (GLMs) [McCullagh and Nelder, 1989] to transfer the accu-
mulated seismic calving event catalogs to the lower temporal resolution satellite frontal ablation rates. GLMs
have been used previously to relate seismic signal attributes of individual calving events to ice volumes
[Bartholomaus et al., 2015]. In a GLM, the linear combination of predictor variables and the response vari-
able (frontal ablation rate A) is related through a link function. Here the predictor variables are the previously
defined noise indicators N; (j = 1, 2, 3) and the following seismic calving rate variables S; determined for time
periods of length t: S; = (event counts/t), S, = (sum of maximum event amplitudes/t), S; = (sum of event
duration amplitudes/t), S, = (sum of event durations/t). GLMs support different distribution models for the
response variable. Since negative calving flux is not physically possible, frontal ablation rate errors are not nor-
mally distributed with a constant variance [Bartholomaus et al., 2015]. We find the gamma distribution and
the identity link function to be most suitable for our models. Our final GLMs have the form:

A=c 5N +¢ N+ ¢, 3)

where ¢, ; , are the time-invariant model coefficients. The interaction between variables (S; - N;) accounts for
the fact that the fraction of unobserved seismic calving does not remain constant during periods with stable
noise, when calving activity increases. Models without the noise and interaction terms are also evaluated.

Satellite-derived ablation rates contain variable time resolutions from 11 days to 9 months and are given
in units of km3 a=" (red curves in Figure 2). Seismic rates S; are obtained by summing over all seismic calv-
ing observations (event counts, amplitudes, or durations) in the corresponding time period and normalizing
by the length in years. For a robust fit we require the deviance of each GLM to be lower than the null
deviance (see Text S5 and Table S2). In addition, mean root-mean-square (RMS) errors are evaluated through
a cross-validation test. Models including the interaction term (N; - S,) and seismic event duration (S,) perform
best (Figure S5a, highlighted in Table S2). For Catalogs 1 and 2, N; is preferred in the interaction term (c;).
In ¢,, N; is found best for Catalog 1 and N, for Catalog 2. Figure 2 or S4 shows that the estimated ablation
rates (blue) fit the observations (red) within the prediction error. The best model fit is achieved for Catalog 1
with lowest RMS error and a deviance of 4.4 (null deviance is 25.4). Analysis of observed and modeled abla-
tion rates for more tested GLMs (Figure S6) confirms the importance of including seismic noise indicators and,
especially in case of Catalog 1, shows the need for the interaction term. Both steps reduce the misfit consider-
ably as higher noise results in less detected events and shorter seismic durations [Bartholomaus et al., 2015].
However, variability in N5 does not dominate the variability of the A time series (Figure S7a).

The best GLM for each catalog is used to estimate A with weekly resolution for the entire seismic data set
(light blue in Figures 2 and S4). Good correspondence exists between the estimated rates of Catalogs 1 and 2
in different time periods (black symbols in Figures S5b-S5d). The spread is comparable within and outside
the calibration period (2007-2013). The prediction error (defined in Text S5) averaged over all weekly data
points is of the order of +0.1 km?3 a~', i.e., about 10% of A observed during summer. Schellenberger et al. [2015]
independently estimated the total frontal ablation at Kronebreen from SAR velocity data between May 2012
and May 2013 as 0.22-0.27 Gt a~'. This value is within the errors of our estimate of 0.30+0.06 Gt a~' (sum of
weekly estimates over same time period, ice density 0.917 g cm™3).

4. Discussion

4.1. Reliability of the Model

We reproduced 7 years of satellite-derived frontal ablation rates consistently using seismic events recorded
on a single station located 15 km away and on a seismic array more than 100 km away from the glacier.
Hence, monitoring glacier frontal ablation is feasible using seismic stations located up to near-regional dis-
tances (100-300 km). Seismic instruments are only sensitive to dynamic ice mass loss, i.e., calving. Thus, this
reproduction of satellite-derived frontal ablation suggests a stable relative contribution of subaerial and sub-
aqueous frontal melting on average. However, our prediction error may represent variability of this ratio on
shorter time scales.

The seismic detector was trained and validated by utilizing four months of data from a temporary seismic net-
work in 2013. We assume that the character of seismic signals and their detectability do not change through
time, apart from variations due to changing noise level. This assumption is likely valid since the position of
the calving front had been stable until 2013. Since the retreat onset at Kronebreen, the increasing distance to
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Table 1. Total Annual Frontal Ablation A (km3) Obtained From Summation of Weekly Modeled Ablation Rates A Over
Two Time Periods: Each Glacier Mass Balance Year Starting in September (1) and Calendar Year (2) for Catalogs 1 (Cat1)
and 2 (Cat2)?

Time Period 1 A Cat1 A Gap Cat1 Time Period 2 A Cat1 A Gap Cat1

(Sep-Aug) A Cat2 A Gap Cat2 Calibration (Jan-Dec) A Cat2 A Gap Cat2 Calibration

2001/2002 0.24 + 0.06 0.02 - 2001 0.25 + 0.06 0.04 -
0.25 +0.07 0.03 0.27 + 0.07 0.04

2002/2003 0.13+0.03 0.10 - 2002 0.15 + 0.04 0.10 -
0.14 £ 0.05 0.11 0.16 + 0.05 0.11

2003/2004 0.122 +0.027 0.016 - 2003 0.15 +0.04 0.03 =
0.17 +0.07 0.03 0.18 + 0.05 0.04

2004/2005 0.10 + 0.04 0.10 - 2004 0.068 + 0.016 0.084 -
0.15+0.09 0.11 0.11 +0.06 0.10

2005/2006 0.25 +0.07 0 - 2005 0.14 + 0.04 0.02 -
0.25+0.08 (0] 0.20 +0.09 0.02

2006/2007 0.27 +0.06 (0] - 2006 0.30 +0.07 0 -
0.28 +0.08 0 0.32 +0.09 0

2007/2008 0.29 +0.06 0 0.19 2007 0.30 + 0.06 0 -
0.21 +0.06 0.03 0.27 +0.06 0.02

2008/2009 0.23 +0.05 0 0.20 2008 0.29 +0.06 0 0.20
0.25+0.07 0.01 0.21 +0.06 0.02

2009/2010 0.20 + 0.04 0.02 0.18 2009 0.21 +0.05 0.01 0.21
0.22 +0.06 0.01 0.26 + 0.07 0.01

2010/2011 0.17 £ 0.04 0.01 0.19 2010 0.16 + 0.04 0.01 0.15
0.16 + 0.05 0.01 0.16 +0.05 0.01

2011/2012 0.29 + 0.06 0 0.24 2011 0.21 +0.05 0.01 0.20
0.31 £ 0.07 0 0.20 + 0.06 0.01

2012/2013 0.33 +0.07 0 0.31 2012 0.33 +0.07 0 0.26
0.36 + 0.09 0 0.36 + 0.09 0

2013/2014 0.43 + 0.09 0 - 2013 0.36 + 0.07 0 0.37
0.46 +0.13 0 0.39+0.10 0

2014/2015 0.36 + 0.08 0 - 2014 0.45+0.10 0 -
0.37 +0.11 0 0.48 +0.14 0

2015/2016 - - - 2015 0.23 + 0.06 0.07 -

- - 0.22 + 0.07 0.08

3Gap: correction for seismic data gaps assuming weekly A equivalent to the average A in the corresponding month
over all years. Calibration: A obtained from satellite measurements. Error estimates are double standard error (~95%
confidence interval). Mean annual A over all years in Cat1/Cat2 is 0.27/0.28 km? and in calibration period 0.27/0.27 km3.

KBS may have decreased detectability of weaker events which may require recalibration of our model in the
future using newer satellite data.

The seismic record includes misclassifications (in particular Catalog 1) due to the lack of a dense seismic net-
work. Here we benefit from Kronebreen being the most dominant source of seismicity in the vicinity of KBS.
While a stable or even a slightly varying number of misclassifications does not seem to strongly affect the
estimated ablation rates, deviations might exist from events mistaken for Kronebreen calving. For example,
in 2007/2008 the total volume obtained from Catalog 1 is 0.1 km3 larger than the satellite-derived value
(0.19 km?3), while Catalog 2 shows good agreement (Table 1 and Figures 2a and S4). Hence, temporal variability
of Catalogs 1 and 2 should be interpreted jointly.

Our model is developed using satellite observed ablation rates with a resolution varying from 2 weeks to
several months. Applying our model at daily resolution produces more inconsistencies between Catalogs 1
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and 2 compared to the stable results at weekly resolution (Figures S5b—-S5d), suggesting that the models are
only valid at resolutions of at least 7 days. Furthermore, weekly modeled rates tend to slightly overestimate
the cumulative total annual frontal ablation compared to the satellite data (Table 1). Although this bias is
within the model errors, it becomes more significant when summing frontal ablation over several years. Using
lower temporal resolution reduces the bias (Figure S7b), implying a more representative distribution of calving
event volumes over longer time periods. Reasons for this may include the underlying assumption that calving
event volumes are power law distributed, which requires a sufficient number of calving events for appropriate
sampling. Direct observations of individual calving events on shorter timescales (time-lapse camera images
and terrestrial radar) have to be incorporated to increase resolution down to daily or even hourly timescales
[Bartholomaus et al., 2015].

Our results confirm previous findings that the duration of seismic calving signals is a better predictor for ice
calving volumes than for example the maximum amplitude [Qamar, 1988; O’Neel et al., 2007b; Bartholomaus
et al., 2015]. Nevertheless, models using event counts without any signal properties produces similar low
misfits compared to the duration in the case of Catalog 2 (Table S2). Since this catalog only includes
the largest calving events, the scaling between events of different sizes seems to be less important here.
Most importantly, our findings strongly suggest that the variability of the seismic catalog completeness must
be incorporated into statistical models estimating frontal ablation to correct for the effect of seismic noise
level variability on observed seismic calving detection rates.

4.2. Time Series of Frontal Ablation at Kronebreen

Kronebreen frontal ablation varies significantly at annual, monthly, and weekly scales. Annually, the flux
ranges from 0.14 to 0.48 km3 a~' (Table 1), while at a weekly resolution, the flux can vary from 0.01 to
1.35 km3 a~' (Figure 2). The year 2010 featured an exceptionally low calving activity. Lower values in 2002
and 2004 are affected by longer seismic data gaps, and a correction term is provided in Table 1 assuming an
average monthly rate obtained from all years. Years with highest frontal ablation are 2001, 2006, 2007, and
all years from 2012 to 2015 (Figure 2) due to the current retreat of Kronebreen [Schellenberger et al., 2015].
We observe that N; tends to increase on average since 2012, correlating well with the retreat of Kronebreen.
This can be an effect of calving style (more large events) or of the increased distance to KBS (less small events
detected and catalog less complete).

Figure 2c shows the seismic derived frontal ablation with the two components of the satellite-derived frontal
ablation (Ug, and d//dt) as well as the sum of positive degree days (PDD) and rain. The calving season is char-
acterized by sharp increases in ice loss with slight delay following the melt season onset. This abrupt increase
corresponds with the increase in glacier velocities (Ug) due to melt water induced basal sliding [lken and
Bindschadler, 1986; Podrasky et al., 2012]. In most years, the glacier slightly advances first (—d//dt) since there
is limited calving, then retreat (+d//dt) often occurs a week or two after the increased velocities. The seismic
frontal ablation record often exhibit two peaks corresponding to d//dt and Ug,. Maximum calving activity is
observed in August and September at the tail end of the melt season, slightly delayed to the maximum of
PDDs in June/July (Figure 2c)[KGhler et al., 2015]. This delay may be related to the fjord temperature maxi-
mum [Jenkins, 2011; Bartholomaus et al., 2013; Luckman et al., 2015]. The calving season continues through
the autumn toward winter, approaching a minimum in February/March. This is not surprising given the rela-
tively warm fjord temperatures through the autumn [Luckman et al., 2015] and the lack of fast sea ice during
these years. Interestingly, the decrease in frontal ablation toward the winter exhibits a classic exponential
decay form (Figure 2f). The decay constant is largest for years when calving is largest at the end of summer
as frontal ablation rates thus have to drop further to reach winter conditions. We suspect that this consistent
decay nature of frontal ablation results from the evolution of the glacier basal hydrological system into a win-
ter mode with reduced velocities from limited meltwater production and with reduced subaqueous melting
due to fjord temperature decreases that occur at a relatively consistent time at the end of autumn each year.

The interannual variability of frontal ablation seems not related to the total annual sum of PDDs (Figures 2c
and S8), but rather to intense warm wet events that occur with sufficient time separation. For example,
Figure 2d shows the summer of 2008 with the initial summer speedup in mid-June that leads to the sharp
increase in calving followed by the common enhanced summer frontal ablation. In mid-September, a com-
bination of warmer temperatures and intense rain resulted in a 2 week period with calving that doubled the
average summer fluxes. This shows clearly that intense warm wet events affect the basal hydrological system
more than continuously warm fjord or air temperatures during summer (e.g., as in 2011) when the subglacial
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drainage system can evolve to discharge more water through time [e.g., Bartholomew et al., 2012]. During
winter months, frontal ablation can vary significantly, with 1-3 week long phases of moderate calving activ-
ity, often associated with warmer periods and larger rain events. For example, Figure 2e shows 2011 with the
common summer increase in frontal ablation rates, but with a small decay that reflects the warm wet autumn
with lots of rain events that delayed the reduction on calving flux. In February 2012, a rather intense warm rain
event caused a simultaneous small increase in the calving flux. These examples show the intricate relationship
between the calving flux and rain events, which is not consistent throughout our record. Not all rain events
caused an instantaneous increase in calving fluxes, similar to O'Neel et al. [2003]. Burgess et al. [2013] suggest
that winter velocities are dictated by conditions at the end of the previous summer or beginning of autumn.
In our record, winter frontal ablation is largest in 2001/2002, 2005/2006, 2008/2009, and 2011/2012, but does
not correlate with the sum of PDDs during the previous summer. These years experience warm autumn tem-
peratures with lots of rain events. For example, in late 2005, warm rain events continued through the winter,
allowing for a higher level of frontal ablation that continued through to the 2006 melt season (Figure S8).

The rather large annual and seasonal variability of our glacier frontal ablation rates expresses the complexity
of frontal ablation process affected and driven by meteorological and oceanic forces with shifting geometries
of the glacier tongue. Passive seismic records enhance the possibility to further understand these processes
in more detail with higher temporal resolutions. The large temporal variability shown through our records
of Kronebreen exemplifies the difficulty in using small time snapshots of glacier dynamics by repeat satellite
imagery to estimate annual or multiannual glacier flux [e.g., Rignot et al., 2008] and stresses rather the impor-
tance of continuous estimates of glacier frontal ablation [e.g., Schellenberger et al., 2015], a major potential of
our passive seismic method.

5. Conclusions

Long, continuous observations of glacier frontal ablation with high temporal resolution independent of vis-
ibility are difficult to obtain. They are, however, essential to better understand the evolution of tidewater
glaciers in relation to changing climate. We show for the first time the capability to produce continuous esti-
mates of frontal ablation from a glacier without in situ observations by combining the passive seismic record
with satellite-derived estimates. Using these calibration data, we estimated frontal ablation at Kronebreen
with weekly resolution for the past 15 years, including the dark Arctic winter seasons, when visual observa-
tion cannot be made. The total frontal ablation between 2001 and 2015 amounts to 3.7-4.2 km3, with the
highest annual rates between September 2013 and August 2014 with 0.33-0.48 km3a~" corresponding with
the heavy retreat of the glacier terminus, about 1 km until summer 2015. Our model performs best using
the cumulative duration of individual seismic calving events and an indicator for the seismic calving record
incompleteness that corrects for the effect of noise on seismic event detectability. The choice of this variable
is motivated by the power law distribution associated with the frequency size distribution of calving events.

The long, continuous, and high-resolution frontal ablation rates reveal a number of patterns at various time
scales. Calving tends to increase strongly during the characteristic summer speedup of the glacier. Calving
activity contains multiple short-lived peaks, usually associated with a nonconstant delay to heavier melt and
rain events. Moreover, peak calving activity occurs 1-2 months later than the peak melt season and often calv-
ing continues long into the autumn and early winter. Over our entire calving record, the decrease in calving
activity in late autumn shows a characteristic decay form that with more investigation may reveal relation-
ships with the state of the basal hydrological system at the end of the summer and/or fjord conditions. In
summary, this new high-resolution record of frontal ablation opens a treasure chest for better understanding
glacier dynamic feedback processes at the ice-ocean interface when further combined with additional records
such as glacier surface mass balance and fjord water temperatures. Future studies should aim to calibrate the
models at shorter timescales that can reveal diurnal, semidiurnal, or even hourly variations of calving.
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