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ABSTRACT. We present a practically simple methodology for tracking glacier7

surge onset and evolution using interferometric Synthetic Aperture Radar (In-8

SAR) coherence. Detecting surges early and monitoring their build-up is in-9

teresting for a multitude of scientic and safety-related aspects. We show10

that InSAR coherence maps allow the detection of surge-related instability on11

Svalbard many years before being detectable by, for instance, feature tracking12

or crevasse detection. Furthermore, we present derived data for two types of13

surges; down- and up-glacier propagating, with interestingly consistent surge14

propagation and post-surge relaxation rates. The method works well on Sval-15

bard glaciers, and the data and core principle suggest a global applicability.16

1 INTRODUCTION17

Glacier surges are sudden temporary glacier speed-ups, sometimes by one or many orders of magnitudes.18

Related factors such as substantial mass transfer, change in surface morphology and the time-scale of19

months to decades are also often included in the denition. The occurrence of this behaviour is concentrated20

in clusters globally (Sevestre and Benn, 2015; Kääb and others, 2023) with Svalbard being one of these21

signicant clusters. They pose local safety hazards by damming lakes that subsequently outburst (Post and22

Mayo, 1971; Bazai and others, 2021), or for travel across glaciers, and reveal problems in our understanding23

of general glacier dynamics due to our inability to properly predict them beforehand. In situ studies of24

glaciers on the brink of surging yield invaluable information (e.g. Clarke, 1976; Bouchayer and others,25
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Fig. 1. Photographs compared to coherence maps in the same year. a Down-glacier propagating surge of Val-
låkrabreen, showing a surge bulge with splaying crevasses and a less pronounced forebulge ahead of it (photograph
credit: Leonard Magerl). The red line shows the approximate location of the low-coherence boundary from earlier
that year (shown in b, together with the photo location); roughly coincident with the forebulge. c Up-glacier propa-
gating surge of Arnesenbreen (photograph credit: Erik S. Mannerfelt), showing the lower surge boundary in red and
the upper low-coherence boundary in green (c.f. panel d). We presume that the discrepancy between the green line
in c and the region of substantial crevassing is due to coherence being sensitive to smaller disturbances than what
can be seen in a winter photograph. The largest surge extent (so far) is shown in yellow outlines for panels b) and
d). The dates of the coherence maps represent the latter dates of the acquisition pairs. Areas outside the largest
surge extents have reduced contrast to enhance visibility.

2024), but the lack of indications before surges means they are generally not known before it is too late to26

study their evolution in entirety. Here, we present a new method for detecting glacier surges years before27

they become detectable by established methods, and demonstrate it on glaciers on Svalbard, presenting28

statistics on the rates of surge evolution throughout the archipelago.29

Previous methods of surge detection involve identifying sudden changes in geometry, texture or surface30

velocity of a glacier, and we summarize selected studies in the following overview. We focus our background31

contextualisation on detection methods over mechanisms; for an in-depth review on Svalbard surges, we re-32

fer the reader to Harcourt and others (2025). Elevation change maps reveal large mass displacement events33

that can be associated with surge-like instabilities (e.g. Sund and others, 2009; Paul and others, 2022). If34

the surface velocity is high enough, i.e. when a surge has accelerated suciently, it can be autonomously35

detected using feature tracking (surface velocity) time series (Koch and others, 2023). Unstable ow such36
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as surging can also be detected by geometrical changes in medial moraines (Herreid and Truer, 2016).37

The detection of drastic increases in crevassing is nally a robust method of identifying an ongoing surge38

through subtracting SAR backscatter intensity images over time (Kääb and others, 2023). While all of39

these methods work well on their own, they mostly function when the glacier is either fully surging or has40

already terminated; characterising the build-up is much more dicult. High-accuracy elevation data can41

technically be used over long time periods to reveal unstable mass redistribution associated with future42

surging (Sund and others, 2009). Acquiring these elevation data at high accuracy and temporal frequency43

requires thorough processing and error assessment, however (c.f. Hugonnet and others, 2022), and nding44

an easier and less resource-intensive method would clearly be advantageous.45

Repeated Synthetic Aperture Radar (SAR) acquisitions of terrain can be used to assess changes in46

signal phase, aected by terrain motion, and changes in reective characteristics. Interferometric SAR47

(InSAR), the process of describing these phase changes, is commonly used in cryospheric sciences, e.g for48

ground subsidence (Rouyet and others, 2021), glacier velocity (Eldhuset and others, 2003) and classication49

of debris-covered glaciers (Thomas and others, 2023). While normal InSAR workows generally involve50

heavy processing to obtain displacement products, a simpler and useful by-product is the normalized cross-51

correlation of two single-look complex (SLC) SAR scenes, usually denoted as coherence. InSAR coherence52

varies in the range of 0 (no phase correlation between two acquisitions) to 1 (the phase between acquisitions53

is identical), and is normally used for quality assessment of the co-registration (Eldhuset and others, 2003),54

masking out low-coherence areas within phase unwrapping, and terrain classication (Shi and others, 2019),55

including mapping of debris-covered parts of glaciers that are dicult to delineate using optical methods56

(Atwood and others, 2010; Frey and others, 2012). Coherence is normally lost either if terrain displacement57

or its gradients (acceleration, shear, rotation, etc.) become too large, or if terrain reective characteristics58

change, for example during a rainfall event or during ice- or snowmelt (Weydahl, 2001). Thus, in intervals59

featuring stable cold weather, the presence or absence of signicant glacier motion, motion gradients, and60

deformation can be assessed visually or computationally using InSAR coherence maps. For applications61

of InSAR coherence in glacier surging specically, it has previously been used for masking or quality62

assessing InSAR-derived velocity or topographic products (Strozzi and others, 2002), for the indication of63

slow surface velocities nearing stagnation (Pritchard and others, 2003), and for a general explanation of64

the loss of data beyond a threshold of velocity (Strozzi and others, 2002; Murray and others, 2003a). In65

contrast to these previous studies, we consider the loss of coherence as the primary signal in our method,66
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Fig. 2. Examples of coherence changes during the progression of two surges. Top (a–d): Terminus-initiated surge
of Stonebreen. Note the onset of stagnation in 2024 (d) shown by the terminus regaining coherence. Bottom (e–h):
Surge bulge propagation of Paulabreen. The dates for the latter SAR acquisition in the coherence maps are b: 21
January, c: 3 March, d: 22 March, f : 29 March, g: 1 April, and h: 23 March. The yellow outlines in all panels
represent the maximum attained extent of the surges so far, and the blue lines represent the concomitant front
positions. Basemap hillshade from 2010 of panels a and e courtesy of the Norwegian Polar Institute (2014). Areas
outside the largest surge extents have reduced contrast to enhance visibility.

instead of it acting as an explanatory dataset to contextualize where another product fails.67

At least a third, and likely much more, of all glaciers on Svalbard have a recent past of surging (Sevestre68

and Benn, 2015; Farnsworth and others, 2016), meaning many currently non-surging glaciers can be de-69

scribed as being in quiescence. Quiescent glacier surface velocities are usually low, measuring 5–18 m a−170

on Svalbard (Nuttall and others, 1997; Sund and Eiken, 2004; Sund and others, 2014). Surges dramatically71

elevate this speed to several or tens of metres per day; an order-of-magnitude increase that is well-suited for72

detection. Two types of surge propagation directions have been shown as prevalent on Svalbard (Figure 1);73

down-glacier propagating, characterised by a surface bulge (e.g. Murray and others, 1998), or up-glacier74

propagating, i.e. in a terminus initiated surge (Sevestre and others, 2018). In Alaska, synchronous up- and75

down-glacier propagation of a surge that initiates in the central body has been shown (Altena and others,76

2019), a mechanism that seems rare on Svalbard (Monacobreen; Murray and others, 2003b). We therefore77

focus our present method demonstration on one-directional surge propagation, but our approach could be78

adapted to synchronous up- and down-glacier propagation in the future. Improved monitoring of surge79
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propagation would contribute to better characterising and understanding of the (potentially dierent) types80

of surge evolution and its direction with respect to the direction of glacier ow.81

We demonstrate the usefulness InSAR coherence maps on Svalbard for tracking down- or up-glacier82

propagating surges by mapping out zones of low coherence (disturbed ow) and measuring temporal changes83

in their extent. Our resultant patterns show that the technique opens new doors to ways of quantifying84

surging, and allows for rough empirical predictions of the timing of surge acceleration. While our study85

focuses on Svalbard only, the data and techniques can be used for global assessments of surge propagation86

rates and patterns in regions with similarly low quiescent baseline ow.87

2 DATA AND METHODS88

We obtain processed Sentinel-1 inSAR coherence maps from the Alaska Satellite Facility (ASF) Vertex89

tool (https://search.asf.alaska.edu). We order the processing of every 12-day acquisition pair since90

the beginning of the Sentinel-1 record on Svalbard (January 2015) in the winter months of 1 November91

to 30 April. We choose this interval as spring or summer melt strongly reduces the phase coherence over92

entire glaciers and renders the data unusable for our purposes. Qualitative assessments of 6-day returns93

using the Sentinel-1A and -B satellites revealed much cleaner coherence maps, but we stayed consistent94

with 12-day baselines as the 6-day availability period lasted only a subset of the study period (Oct. 201695

to Dec. 2021) due to the failure of Sentinel-1B. A total of 797 scenes were successfully processed, with96

some failures due to co-registration errors not converging below a threshold (dened in the ASF pipeline).97

Most 12-day pairs show very low coherence throughout the scene due to weather eects (Weydahl, 2001).98

We sift through the entire catalogue manually for each glacier, and extract at least one suitable coherence99

map per year. For each good scene, we manually delineate any encountered low-coherence front with100

an upper and/or lower boundary line. A detailed investigation of the inuence and the spatio-temporal101

variations of factors that contribute to coherence loss at the surge fronts (in particular likely motion102

magnitude, motion gradients, surface deformation, and surface changes by crevasse formation) is out of103

scope for this brief method demonstration. However, comparison of our coherence-derived surge fronts to104

in situ photographs (Figure 1) and DEM dierences between occasional individual ArcticDEM products105

shows that our coherence-derived surge fronts coincide with topographic bulges, thus indicating a change106

in glacier mass transport and dynamics. To obtain terminus positions, we download Sentinel-1 backscatter107

intensity and Sentinel-2 L1C true colour scenes for manual terminus delineation. We assess length and108
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Fig. 3. Boxplot comparison of the fraction of low coherence and terminus uctuation rate at up-glacier propagating
(terminus initiated) surges. This was used to derive the 40% threshold as a common starting point for these surges;
the 40–50% bin is the rst and only bin where the rst quartile (the lower box boundary) is above 0 m d−1.

length change along a manually drawn glacier centreline, measuring the glacier terminus, and the lower and109

upper low-coherence fronts. We measure lengths of parallel lines within a ±200 m buer of the centreline110

to obtain a spread and to reduce uncertainty in the exact placement of the centreline. The chosen buer111

width of ±200 m is open to discussion, but not critical for this method demonstration study. The process112

of our methodology up until this point is summarised in Figure 4.113

In order to derive further statistics of the mapped surges, we divide them in three stages (if observed);114

pre-surge, surge, and post-surge, based on our available data. The surge onset date is dened dierently115

for down- and up-glacier propagating surges. For down-glacier propagating surges, we simply assign the116

latter date of the coherence pair when the low-coherence front (surge bulge) reaches the terminus. Because117

of the sparse temporal resolution of usable coherence maps (most often one or two per year), we cannot118

precisely extract the date of surge onset from this dataset. Therefore, we use the rst sign of a frontal119

advance in supplementing Sentinel-1 or -2 images (if there is an advance) after a coherence map date as a120

more precise onset date. For up-glacier propagating surges, we choose a low-coherence expanse threshold121

whereafter the glacier typically starts to advance. As tidewater glaciers often naturally advance in winter122

due to cold waters and sea ice lowering the calving rate (Li and others, 2025), we could not use a simple123

advance rate threshold. We observe that all mapped up-glacier-propagated surging glaciers advanced,124

regardless of season, when 40% or more of the glacier had lost coherence (Figure 3). Thus, we use this125

40% coverage threshold to dene the start of an up-glacier propagating surge. An exception is made at126

the glacier Etonbreen as it is part of an ice cap and therefore has an undened upper bound. Instead,127

we used the date when the glacier rst advanced without the help of a sea-ice buer (November 2023).128
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Fig. 4. Conceptual diagram of the acquisition and processing of the data. The data examples are from Paulabreen
(Figure 2e–h) and showcases the delineation of the lower low-coherence boundary (red) and terminus positions (blue)
for its plot in Figure 5e (see that caption for a further explanation of the plot). For up-glacier propagating low-
coherence fronts, there is an additional step (green lines, e.g. in Figure 1) to delineate the upper boundary. The
latter date in the acquisition pair for the exemplied coherence map ("Manual scene selection" box) is 1 April 2020,
and the SAR backscatter image ("Glacier front tracing" box) date is 24 December 2024.

The surge termination is dened the same for both types of surges; when the terminus regains coherence129

and thus shows a near or total stagnation at the front. We want to highlight that the exact denition of130

when a surge starts and ends, where it does so, and which indicators are used to dene them are all up to131

discussion; we rather see our dates as common "milestone" events along the continuum of surge behaviour.132

Finally, we test the predictive capability of down-glacier surge progression by tting a linear model to133

estimate when it will reach the front (Table 1). If the surge has already started within the study period,134

we remove a year’s worth of data from before the actual surge onset, to simulate a forecast. We t a linear135

trend to three of the most recent low coherence boundary measurements (as seen in Figure 5) and solve for136

the date when its length equals the most recent terminus length. We often observe an acceleration right137

before the surge onset, and therefore consider this prediction a latest expected surge date rather than an138

exact one. We observe that the predictions indeed always occur after the true onset, ranging in dierences139

from four months at best to nine years at worst.140
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3 RESULTS141

As demonstration of the potential application of our method, we present statistics from 18 glaciers on142

Svalbard, including those with recently terminated surges, ongoing surges, or those in the build-up phase.143

Out of these, 12 initiated after down-glacier propagation of the low-coherence zone and 6 after up-glacier144

propagation. We focus on aggregate statistics here; individual glacier information is found in Table 1.145

Unless otherwise specied, the presented numbers show the median±standard deviation. We nd that146

down-glacier propagating surges generally lead to signicantly faster terminus advance rates (9.2±6.1147

m d−1) compared to the up-glacier propagating counterparts (0.5±0.4 m d−1). However, the low-coherence148

front propagation generally shows an opposite tendency, with up-glacier propagation rates of 4.2±1.8 m d−1149

and down-glacier propagation rates of 2.6±2.3 m d−1. We qualitatively note an accelerating tendency of150

both up- and down-glacier propagation rates near the beginning of the phase when the terminus advances151

(Figure 5). There is only a weak correlation between low-coherence front propagation rates and subsequent152

advance rates in our data, showing Pearson correlation coecients of 0.2 and -0.3 for down- and up-glacier153

propagating surges, respectively. In other words, there seems to be no simple way to predict the magnitude154

of a surge before it accelerates from these data alone.155

The most consistent measured rate is the gradual return to coherence after a surge. Figure 2d demon-156

strates the ongoing stagnation of the recent Stonebreen surge, shown by regained high coherence at the157

terminus. All stagnating glaciers in this study show the same pattern of starting at the terminus and grad-158

ually continuing up-glacier. This occurs at a rate of 12.2±4.0 m d−1, with little to no variability between159

down- and up-glacier propagated surges.160

4 DISCUSSION161

The InSAR coherence loss patterns over time that we exploit in this method test appear to have a close162

connection to small changes in ice dynamics that subsequently develop into surges. The promising potential163

of this approach is, however, complicated by the fact that most resultant coherence maps (in the maritime164

Svalbard climate) are dominated by widespread meteorological coherence losses over the scenes, often165

hiding the sought out signal of changes in ice dynamics. Where available, 6-day interferograms show much166

higher coherence on Svalbard than the 12-day counterparts that we use here, and the recent successful167

replacement of the non-functional Sentinel-1B with Sentinel-1C opens the doors for a continuation of this168
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Fig. 5. Digitised low-coherence (surge) front progressions for surges on Svalbard. a: Overview map showing all
glaciers (blue) and the location of the presented glaciers (orange plus letters). Glacier front outlines are from Nuth
and others (2013). b: Low-coherence front progression that indicates a potential future advance. c–l: Down-glacier
(bulge) propagating surge examples. m–r: Up-glacier (terminus initiated) propagating surge examples. The y-axis
represents the total distance along the centreline from the top of the glacier. High-coherence parts of the glacier are
shaded light blue, low-coherence parts are shaded grey, front positions are shown in blue, the lower boundary of the
low-coherence front in red, and the upper boundary in green. Points (with 25th to 75th percentile spreads) represent
measured values, and the parts in between are interpolated. For reference, c is lake-terminating, h, i (before reaching
the sea in 2022) and k) are land-terminating, and the rest are tidewater glaciers.

method using 6-day coherence instead. Despite the limitations from meteorological coherence loss and169

availability of certain temporal baselines, the largely uninterrupted Sentinel-1 InSAR coherence time series170

that we exploit represent an impressively consistent and robust data set to track surge evolution in its171

early phases.172

The identied and described surges in this study display a perhaps surprising similarity in rates and173

patterns of propagation, advance and subsequent stagnation. Most down-glacier propagating surges have174

a well-dened boundary between low and high coherence, with only a few edge cases where shear margins175

(stripes of low coherence) are seen instead (Figure 2). But the similarities should not instil overcondence176

in the method, as we abandoned the characterisation of the recent surges of Monacobreen (Banerjee and177

others, 2022) and Tunabreen (Vallot and others, 2019); both glaciers are fast-owing even during quiescence,178

featuring low glacier-wide coherence, and surge propagation monitoring is therefore not possible with our179

method alone. The current implementation of our method is also based on the assumption that a surge180

always eventually leads to an advance. This is not a necessity; the majority of High Mountain Asia surges181
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Fig. 6. Early surge bulge detection at Kongsvegen, observed visually through changes in InSAR coherence maps.
The 5x5 km grid cells show that little progression is observed, but shear margins along the bulge show a progressive
reduction in coherence. The yellow outlines in all panels represent the maximum extent of the glacier throughout
the study period (2016-), and the blue lines represent the concomitant front positions. The dates for the latter SAR
acquisition in the coherence maps are a: 10 April, b: 19 March, c: 3 April, and d: 23 March. Areas outside the
largest surge extents have reduced contrast to enhance visibility.
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never reach the terminus (Guillet and others, 2022), and locally conned (also termed incomplete or partial)182

surges have indeed been described as an occasional occurrence on Svalbard as well (Murray and others,183

1998; Sund and others, 2009). While we found no clear indication of a surge that subsided before aecting184

the front over our ten-year study period, we acknowledge the need of an expansion of the surge classication185

scheme for future implementations.186

An outstanding question in this work is how the initial formation of a down-glacier propagating insta-187

Table 1. Statistics of the studied down-glacier (↓; bulge) and up-glacier (↑; terminus-initiated) propagating low-
coherence fronts. For down-glacier propagating fronts, a linear extrapolation of the surge date from one year prior,
shown as "latest surge date". The instability (low-coherence front) propagation rate follows the direction of the surge
(up- or down-glacier). The terminus advance rate during the surge, and the post-surge low-coherence front retreat
rate (relaxation rate) is presented. The surge advance rate is measured only within one year of the surge starting.
Dates are reported in monthly precision to reect the approximate precision of our measurement.

Glacier
Surge

kind

Instability

propagation

rate (m d−1)

Latest

surge

date

Surge

start

Surge

advance

rate (m d−1)

Surge

termination

Post-surge

relaxation

rate (m d−1)

Penckbreen ↓ 6.9 – Apr. 2016 4.7 Feb. 2021 8.1

MorŽnevbreen ↓ 4.2 – Aug. 2016 9.3 Dec. 2019 12.4

Liestølbreen ↓ 2.8 Sep. 2023 Jun. 2020 12.2 – –

Scheelebreen ↓ 6.6 Apr. 2030 Oct. 2021 9.2 – –

Vallåkrabreen ↓ 1.1 Jul. 2025 Apr. 2023 2.6 – –

Deltabreen ↓ 1.2 Sep. 2025 Mar. 2024 3.8 – –

Nordsysselbreen ↓ 3.0 Oct. 2024 Jun. 2024 9.4 – –

Sefströmbreen ↓ 1.5 Dec. 2028 Jul. 2024 16.5 – –

Paulabreen ↓ 5.4 Feb. 2026 Aug. 2024 20.7 – –

Doktorbreen ↓ 2.5 Nov. 2026 Dec. 2024 2.5 – –

Edvardbreen ↓ 1.1 Aug. 2031 – – – –

Kongsvegen ↓ 0.2 Sep. 2051 – – – –

Stonebreen ↑ 5.0 – Jan. 2015 0.3 Mar. 2023 6.4

Osbornebreen ↑ 5.2 – Jun. 2016 0.7 Apr. 2022 17.5

Arnesenbreen ↑ 5.2 – Jan. 2017 0.9 Feb. 2021 13.7

Kvalbreen ↑ 2.1 – Dec. 2017 0.2 Feb. 2024 12.0

Borebreen ↑ 3.5 – Jan. 2022 0.3 – –

Etonbreen ↑ 0.8 – Nov. 2023 1.3 – –
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bility looks like. In other words, how far back in time can we detect a future down-glacier propagating188

surge? We only have vague indications of initial bulge formation; low-coherence lines associated with shear189

margins gradually lose coherence and subsequently start progressing down-glacier. This is exemplied at190

the surge of Paulabreen in Figure 2, where the 2016 scene displays only partial loss of coherence in the191

surge front, while the latter scenes show a total loss. This type of proto-bulge can be seen in other examples192

throughout Svalbard (Figure 6), and might represent the earliest detectable stage of unstable ow through193

this method. While interpretations turn vague too far back in time, we still see that many surges can be194

seen up to (and maybe longer than) eight years before they reach the front. Thus, mapping the progression195

of low-coherence zones on glaciers can be used as an early warning system for many surges.196

We do not mean to convey that all cases of lost coherence mean that a surge is about to happen.197

Persistent low-coherence zones that could be misclassied as surge bulges are found all over Svalbard,198

and are most easily explained through uneven variations in subglacial topography leading to local high199

ow gradients and thus a reduction in coherence. In addition, all tidewater glaciers seem to feature a200

low-coherence zone near their termini, explainable by a steepening and acceleration leading to large defor-201

mation and crevassing near their calving bays (Murray and others, 2003a). What dierentiates a potential202

surge from both of these cases in the coherence is the temporal progression; an expanding disturbance203

or an accelerating large terminal low-coherence zone indicates a state change in the glacier’s local ow204

characteristics. Therefore, we are condent that all our presented examples represent actual surges, but205

we may have missed smaller instability progressions that got lost between all other more natural zones of206

low to no coherence.207

5 CONCLUSION208

Here, we present InSAR coherence maps as a new tool to track glacier surge evolution from its buildup209

phase to stagnation. While the method is only proven to work on glaciers with low baseline quiescent210

velocities, the ones we study show clear similarities in surge evolution rates. There is a strong case for211

future automation of the tool to detect surge-like glacier ow instabilities, as the ones mapped in this study212

are clearly visible in the coherence data with the naked eye. We could infer glacier surges many years (in one213

case up to eight) before they reached the front, supporting the potential use of the method for safety-related214

or scientic forecasting of surge-like behaviour. We believe that the method can provide new insights into215

the physics and evolution of glacier surges, for instance regarding the spatio-temporal patterns of initial216
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ice-ow change. For example, our (limited) study for Svalbard suggests that the instability propagation217

during the build-up phase has no direct correlation with the magnitude of a later surge, meaning the218

physics that drive them might be dierent. As another potentially important result, we want to highlight219

that the instability propagation that eventually led to surging started many years before accelerating and220

advancing. This has implications for studies that investigate connections between meteorological or climatic221

conditions and glacier surging, as a substantial time delay between build-up conditions and the subsequent222

surge might have to be considered. We thus suggest the use of this simple method as a complement to223

the existing suite of methods for detecting, mapping, classifying and tracking surges and other surge-like224

glacier ow instabilities.225

DATA AVAILABILITY226

The source code for InSAR post-processing and gures are found at https://github.com/erikmannerfelt/227

IncoherentSurges. Sentinel-1 InSAR products like coherence maps can be requested for free within a228

quota (as of February 2025) at https://search.asf.alaska.edu. Before the potential acceptance and229

publication of this manuscript, an associated Zenodo publication will be made and linked here with sup-230

porting output data.231
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