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Abstract

Franz Josef Land (FJL) in the Russian Arctic, is one of the fastest-warming

regions in the Arctic but the glaciers there have not contributed significantly to

sea level in the past. We analyze ice surface elevation data derived from satellite

stereo imagery (WorldView and SPOT), radar altimetry (CryoSat-2), and a

digitized 1953 cartographic map to calculate elevation change rates (dhdt ). Mass

loss from FJL has doubled between 2011-2015 compared to 1953-2011/2015,

increasing from a rate of −2.18±0.72 Gt yr-1 to −4.43±0.78 Gt yr-1. This new

rate between 2011-2015 also indicates the accelerated ice loss from the value

during 2003-2009 from multiple studies using ICESat and GRACE. Despite the

fact that glacier to glacier thinning rates are highly variable, we observe glacier

thinning rates of up to 10 meters per year, and in general we find a trend of

increased thinning from the NE towards the SW. Glacier retreat is widespread

and has led to the creation of at least one new island. Historically, ice wastage

from FJL is thought to have been relatively small, but accelerating ice loss may

be the new normal for this archipelago in a warming Arctic.
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1. Introduction

Arctic air temperatures have increased at double the average global rate over

the past few decades (e.g., Serreze & Francis, 2006; Pithan & Mauritsen, 2014).

This has led to a corresponding loss of Arctic sea ice and warming of the ocean

(Screen & Simmonds, 2010). Land ice in the Arctic is thought to be vulnerable5

to atmospheric warming and marine-terminating glaciers are affected by changes

in ocean temperatures. Arctic air temperatures have increased unevenly (e.g.,

Walsh, 2009; Cohen et al., 2014) with warming in the Russian Arctic outpac-

ing rates everywhere else except northern Alaska, particularly in winter (DJF)

(Walsh, 2009). Although the Russian Arctic accounts for about 14% (51,80010

km2) of Arctic land ice (e.g., Radić et al., 2014), this region only contributed

8% of the entire Arctic land ice mass loss (−11± 4 Gt yr-1) between 2003-2009

(Moholdt et al., 2012; Gardner et al., 2013). Numerical model simulations sug-

gest that the glaciers and ice caps of the Russian Arctic islands may contribute

20-30 mm to global sea level rise by 2100 (Radić et al., 2014). Glaciers in the15

western hemisphere portion of the Arctic, including Greenland, the Canadian

Arctic and Alaska, had higher ice loss rates than the Russian Arctic between

2003-2010 (e.g., Jacob et al., 2012; Gardner et al., 2013).

Ice mass changes across the Russian Arctic are spatially variable. Novaya

Zemlya has the largest glacierized area (42.9% of the Russian Arctic ice) with20

an ice mass change rate of −340± 50 kg m-2 yr-1 between 2004-2009 (Moholdt

et al., 2012), −320± 50 kg m-2 yr-1 between 2011 and 2014 (Sun et al., 2017),

and −300 ± 60 kg m-2 yr-1 between 2012 and 2014 (Melkonian et al., 2016);

Severnaya Zemlya in the east (32.4% of the Russian Arctic ice) has a lower

rate of −78 ± 48 kg m-2 yr-1 between 2003 and 2009 (Moholdt et al., 2012).25

Franz Josef Land (abbreviated as FJL), the northernmost archipelago in the
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Russian Arctic (Figure 1), consists of around 200 islands between 79 − 82◦N,

and has a total surface area of 16,135 km2 (Barr, 1995), roughly the same as the

U.S. state of Hawaii. It is generally classified as a polar desert with an average

annual precipitation of 228 mm w.e. (Moholdt et al., 2012; Sharov, 2010), a30

mean annual air temperature of −12.4◦C, and summer air temperatures that

hover around 0◦C (Barr, 1995). Regional climate variation at each island is

unknown due to a lack of weather stations. Land ice covered over 85% of

the archipelago in 1957-59, equivalent to 13,735 km2 (Grosswald et al., 1973);

however, ice cover was recorded as 12,700 km2 (24.7% of the Russian Arctic35

ice) in 2000-2010 by Moholdt et al. (2012). In contrast to the shrinkage of ice

cover, past measurements suggest that FJL has been close to neutral in ice mass

budget over the past decades. The mass budget derived from GRACE data was

0 ± 2 Gt yr-1 (0 ± 160 kg m-2 yr-1) between 2003-2010 (Jacob et al., 2012)

and −0.8± 1.3 Gt yr-1 (−63± 102 kg m-2 yr-1) between 2004-2012 (Matsuo &40

Heki, 2013). The ICESat analysis by Moholdt et al. (2012) gives a slightly more

negative value of −0.9± 0.7 Gt yr-1 (−71± 55 kg m-2 yr-1) between 2004-2009,

but the rate of loss is much lower than its nearest neighbors, Novaya Zemlya

and Svalbard; the latter has an ice mass change rate of −130 ± 60 kg m-2 yr-1

between 2003-2009 (Gardner et al., 2013).45

To better understand mass loss from the glaciers and ice caps of FJL and

the change of mass loss rate since 2010, we produce a high-resolution map of

ice elevation changes across the archipelago. We highlight similar variability to

Sharov (2008) who found that elevation changes at adjacent glaciers could be

very different. We produce our digital elevation models (DEMs) from along-50

track stereo optical satellite imagery collected as a time series, and resolve the

details of FJL mass loss on a glacier-by-glacier basis across the entire region over

60 years. Our WorldView-derived DEMs are 2-m posting and have reduced

errors on steep and rugged terrains compared to lower resolution techniques.

This new method features comprehensive measurements on ice elevation, thus55

is more capable of detecting changes in a small region, e.g. ice loss rate varia-

tions between two adjacent glaciers. We additionally stack DEMs derived from
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SPOT-5, CryoSat-2, and cartographic data with our DEMs in order to examine

and extend the time series of elevation changes.

Figure 1: The coverage map of WorldView-derived DEMs over glacierized areas of Franz

Josef Land (FJL), with names of islands (bold) and ice caps mentioned in this paper. Off-ice

area is highlighted in brown. 18,447 ICESat points (red + green) are used for coregistering

WorldView DEMs, and only 10,398 points (green) are used for the cartographic DEM. 185

ground control points (blue diamonds) are also used in georeferencing the cartographic DEM.

The data coverage of 2007 SPOT-5 DEM is outlined by the blue polygon. The outline of

1953 cartographic DEM is not shown since it covers the whole area of FJL. The inset map

shows the location of FJL and other islands in the Eurasian Arctic (NZ: Novaya Zemlya; SVZ:

Severnaya Zemlya). The figure also serves as a reference map of the location of Figure 2, 3,

4, and 5.
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2. Data60

2.1. Elevations from WorldView Satellite Series

DEMs from multiple sources are compared in this study. The ArcticDEM

(https://www.pgc.umn.edu/data/arcticdem/) is used as our primary data

source. This is an initiative to provide open access 2-m DEMs across the en-

tire Arctic (e.g., Noh & Howat, 2015). The DEMs were created from Digital-65

Globe’s WorldView-1, WorldView-2, and WorldView-3 optical stereo imagery

using the software Surface Extraction with TIN-based Search-space Minimiza-

tion (SETSM), and the details are described in Noh & Howat (2015). In the

second release in late 2016, 564 strips were available for FJL. In this study, we

use only 385 strips for which an “ICESat transformation vector” is provided70

within the metadata. We use the transformation vector to correct the DEMs

with the best fit ICESat measurements (see section 3.1). All the DEMs were

acquired between 2011 and 2015, with coverage shown in Figure 1.

In addition to ArcticDEM, we use other DEMs derived from WorldView

imagery but not included in ArcticDEM. These additional DEMs are generated75

by NASA’s Ames Stereo Pipeline (ASP) tool suite, which is suitable for many

datasets including WorldView (e.g. (Moratto et al., 2010; Shean et al., 2016)).

We generate 65 DEMs with a 3-m resolution for the period 2011-15 to provide

more complete coverage in the study area.

2.2. Elevations from Cartographic Data, SPOT-5, and CryoSat-280

To compare WorldView DEMs with older elevation data, we use elevations

from a digitized cartographic map and a SPOT-5 DEM. The Russian carto-

graphic map was sourced from aerial photographs acquired in 1953. It was pre-

pared and released online by de Ferranti (2014) with a spatial resolution of 90

m. The SPOT-5 archive GES 08-016 contains DEMs for the southeastern part85

of FJL, derived from stereo imagery (available at https://theia-landsat.

cnes.fr). We use the dataset VILCSEK LAND ICE CAP V2 DEM from the

archive. The DEM elevations are derived from imagery acquired on September

18, 2007, and are posted with a spatial resolution of 40 m.
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We also analyze elevation changes from the CryoSat-2 L1b SARIn mode90

data in order to provided an independent assessment of the elevation change in

addition to WorldView DEMs. The elevations were measured between June 1,

2011 and October 1, 2015, which is similar to the total time span of WorldView

DEMs.

2.3. Coastlines and Glacier Outlines95

We use the GSHHG 2.3.6 database (http://www.soest.hawaii.edu/wessel/

gshhg/) for reference coastlines (Wessel & Smith, 1996). The contour of zero

elevation from the cartographic DEM is used as the 1953 coastline. Glacier out-

lines in the 2000s are from the Randolph Glacier Inventory (RGI) version 3.0

(Pfeffer et al., 2014). Note that the glacier outlines for FJL have not changed in100

later versions, that is, they are identical to the latest RGI version 6.0 (released

in July 28, 2017). Therefore, we create more recent and precise coastlines and

glacier outlines between 2011-2015 using Landsat 8 images and ArcticDEM el-

evations and slopes. The new coastlines and glacier outlines help to recognize

whether a negative ice elevation change is due to ice-surface thinning or the re-105

treat of a marine-terminating glacier margin, and will be provided in the future

to RGI or other established databases (e.g., Rastner et al., 2017).

2.4. Temporal Sea-Ice Concentration and Sea Surface Temperature

We use the COBE-SST2 data products (http://www.esrl.noaa.gov/psd/)

for temporal sea-ice concentration (SIC) and sea surface temperature (SST)110

(Hirahara et al., 2014). The products are both released as a 1-degree grid with

monthly means from January 1850 to December 2015. We calculate the time

series of SIC and SST at FJL by averaging all pixels from 45◦E to 65◦E and

from 80◦N to 81◦N (that is, 42 pixels). We average periods from JJA as summer

records and from DJF as winter records. These datasets help provide insight115

into possible causes of any observed changes in FJL.
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3. Methods

3.1. Coregistering and Filtering WorldView DEMs

We coregister all WorldView DEMs with ICESat returns over bedrock. 385

WorldView DEMs are from ArcticDEM dataset, each with an unique ICESat120

transformation vector. We simply add the transformation vector to the extent

(x and y component) and the elevations (z component) of each DEM strip. For

65 ASP-derived WorldView DEMs, we used a modified approach from Willis

et al. (2012) and Melkonian et al. (2016), which is described below.

The ICESat data are from release 531 of the Level-1B (GLA06) product125

(Zwally et al., 2014). The plane-filtered elevation product was processed and

provided by Geir Moholdt, see Moholdt et al. (2012) and Moholdt et al. (2010b)

for more details. The returns from off-ice areas are clipped using coastline data

and ice outlines (both described in section 2.3), and are validated using Landsat

and WorldView optical imagery. A total of 18,447 ICESat points are available130

for coregistering the DEMs (Figure 1), which is done using the Iterative Closest

Point (ICP) routine (Beyer et al., 2014) that is implemented by the ASP (e.g.,

Melkonian, 2014). We use the “pc align” tool in the ASP to generate an ICESat-

coregistered point cloud from each DEM, and then use the “point2dem” tool in

the ASP to translate the point cloud into GeoTIFF format. Each coregistered135

DEM in GeoTIFF format is checked with other coregistered DEMs covering

the same area, for an erroneous ramp effect that can result from insufficient

ICESat coverage. For DEMs with ramps we redo coregistration using other

coregistered WorldView DEMs that cover the same off-ice areas as the target

DEM. Table S1 lists all WorldView DEMs, the DEM dates, and the method140

used for coregistration.

To remove spurious elevations and improve the quality of the data, we apply

a median filter using a window radius of 4 pixels to all the coregistered DEMs

before any further analysis.
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3.2. Assessing DEM Vertical Uncertainties145

We individually assess each DEM for vertical uncertainty. Our approach,

adapted from Carabajal & Harding (2005) and Willis et al. (2015), is to find

the difference between the DEM and the ICESat elevations, and calculate the

standard deviation after clipping outliers (> 3 median absolute deviation away

from the mean value, Figure S6). The standard deviation between ICESat150

and DEM elevations over the ice-free area is assigned as the DEM uncertainty.

Since this value represents an error propagated from the linear combination of

ICESat and DEM measurements, we adopt it as a conservative estimate because

it should be larger than only the DEM intrinsic uncertainty itself.

The median uncertainty of ArcticDEM and other WorldView-derived DEMs155

are ±0.89 m and ±0.74 m respectively. We arbitrarily select DEMs with an

absolute value of uncertainty < 3 m and a mean offset from ICESat data < 2

m. This yields a collection of 432 WorldView DEMs, which have uncertainty

between ±0.17 and ±2.9 m (listed in Table S1).

As a comparison, the vertical precision of ICESat data is better than 0.05160

m under optimal conditions (Fricker et al., 2005), ∼0.15 m in gently sloping

topography (Zwally et al., 2002; Shuman et al., 2006), and within 1 m on steeper

terrains in the Russian Arctic (Moholdt et al., 2010b, 2012). Uplift rates due to

glacial isostatic adjustment are expected to be an average of 1.1 mm yr-1 in Franz

Josef Land (Forman et al., 2004), and thus are within the DEM uncertainties.165

We use DEMs from all seasons, and so seasonal snowfall is included in both the

ice surface and bedrock elevations. The effect of seasonal snow is expected to

be less than 1 m (Willis et al., 2015) in this polar desert but it could be larger

in areas with steeper slopes that have higher errors (e.g., Moholdt et al., 2012).

3.3. Elevation Change Rate during WorldView Time Span (2011-2015)170

All the WorldView DEMs are warped into a common 15-m grid in polar

stereographic coordinate system (EPSG:3413) using bilinear interpolation be-

fore any comparison. Since WorldView DEMs are densely distributed over FJL
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between 2011 and 2015 (Figure 1), we sort these DEMs by time, stack the el-

evations, and apply weighted linear regression on the time series of elevations175

(e.g. Melkonian et al., 2013; Wang & Kääb, 2015; Durkin et al., 2017). The dh
dt

(i.e. the slope of linear regression) and its uncertainty (i.e. the error estimate

of the slope) is calculated on a cell-by-cell basis.

The dh
dt from weighted linear regression of the WorldView DEMs is further

processed for noise removal and data improvement, including smoothing and180

void-filling. The dh
dt map is firstly smoothed by the same median filter from

filtering WorldView DEMs. Then we fill all the no-data holes which occupy less

than 300 pixels using bilinear interpolation. Figure 2a and c show the compari-

son before and after these processes. For the corresponding uncertainty map, we

don’t smooth these values but still fill voids. To get the most conservative esti-185

mate, the uncertainty of all the pixels in a hole is determined by the maximum

uncertainty of all the surrounding pixels, as shown in Figure 2b and d.

The local off-ice (i.e., bedrock) dh
dt is used for bias checking in the dh

dt map.

At Eva-Liv Island, the average local off-ice WorldView dh
dt is 0.94 m yr-1 with

an uncertainty of 0.11 m yr-1 (Figure S8); an estimate that deviates from zero190

elevation change. Thus, We subtract 0.94 m yr-1 from the WorldView dh
dt and

add 0.11 m yr-1 to the uncertainty of WorldView dh
dt at Eva-Liv region for

correcting the off-ice bias.

Note that if there are equal or less than three elevation records available at

a single pixel, we don’t apply weighted linear regression because any unreliable195

elevation would contribute a large error on the fitting slope, i.e. dh
dt . Instead, we

simply calculate dh
dt by subtracting the earliest reliable elevation from the latest

reliable elevation, and then dividing by the time between these two records.

Please see section 3.4 for how we verify the elevations and prepare mosaicked

DEMs in the full extent of FJL from WorldView DEMs.200
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Figure 2: Steps in post-processing the 2011-15 WorldView dh
dt

map that is from weighted

linear regression. (a) The regional details of the raw dh
dt

map in Figure S8 (location shown

in Figure 1). Pixels with no-data values are shown in gray. (b) The uncertainties of the raw

dh
dt

map. Color codes represent values from different DEM sets used in the weighted linear

regression. (c) Smoothed and void-filled dh
dt

map which is identical to Figure 7, and (d) the

corresponding void-filled uncertainty map. The voids are filled using bilinear interpolation for

the dh
dt

map and using the maximum uncertainty of the adjacent pixels for the uncertainty

map. See section 3.8 for further details on how the bulk uncertainty is calculated. The grid

spacing for all the products is 15 m.
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3.4. Collecting the Earliest and the Latest Reliable Elevations from WorldView

DEMs

We collect measurements from WorldView DEMs that reflect the earliest

reliable elevations during the WorldView time span (2011-2015), in order to

compare with the 1953 cartographic data and the 2007 SPOT-5 DEM on a cell-205

by-cell basis. To begin with, we sort all DEMs by date, then create a blank

DEM with a resolution of 15 m and an extent that covers the entire study

region. Starting from the earliest scene, we read each WorldView-derived DEM

and warp it into the same grid spacing and extent of the blank DEM. The

linear interpolation is used for resampling because it best approaches the flat210

ice surface. The pixel values of the resampled DEM are thus used to fill in the

blank DEM except for no-data pixels. Once a pixel in the blank DEM is filled,

it does not change its value unless it fails on the check of quality control, which

is described in the next paragraph. That is, as we read more DEMs, the blank

DEM will be gradually filled, and every pixel represents the earliest available215

WorldView elevation.

To ensure that the WorldView elevation entered in the blank DEM is correct,

we adopt an approach called “Elevation Verification from Multiple DEMs”,

abbreviated as EVMD to be applied when a pixel in the blank DEM is filled. A

pixel can only pass the EVMD if there are 2 or more source DEMs that agree220

with each other, with a maximum arbitrary difference of 10 m. The arbitrary

threshold is selected since this is roughly the maximum ice thinning change rate

we observed using weighted linear regression from all WorldView DEMs. When

a pixel in the blank DEM is filled with the earliest elevation and we find the

second DEM that covers the same pixel, we read the pixel value from the second225

DEM and compare it with the earliest elevation. If the difference is less than 10

m, then the pixel passes the EVMD and we keep the earliest elevation record.

Otherwise, it fails the verification, with the first elevation temporarily being

kept. When the pixel value from the third DEM is loaded, we compare it with

previous values (the first and the second measurements). Whichever has the230

difference less than 10 m from the third measurement will pass the EVMD and
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replaces the pixel value in the blank DEM. If it fails again, one more elevation

from another DEM is needed for further verification, and we repeat the process

until it passes the EVMD or there are no more DEMs available. Once a pixel

passes the EVMD, it is considered complete, and the value won’t be changed.235

Finally, the associated date and uncertainty at this pixel from the source DEM

are separately recorded in a raster file with an identical extent and grid spacing.

Figure 3a and 3b show how EVMD can effectively remove most DEM artifacts

in a mosaicked product.

We use this approach to make two separate DEMs for the earliest and the240

latest WorldView elevations. To make the latest WorldView elevation product,

we simply reverse the sorting order. 97.9% of the pixels in both final DEM

products are filled with elevations after going through all 432 WorldView DEMs,

and 94.4% of all the pixels pass the EVMD. In Figure 3e, colored codes are used

to indicate whether the pixel passes the EVMD or not.245

The mosaicked DEMs are further processed in order to remove the spurious

dh
dt results due to the noise in the elevation data (e.g. clouds and shadowed area)

and the lack of multiple DEMs. We manually mask out spurious elevations (i.e.

changing sharply from neighboring pixels) that occupy more than 4-by-4 pixels

(some examples outlined as green in Figure 4). The output rasters are then250

processed by a median filter using a window radius of 4 pixels for small-sized

noise removal (Figure 4b). The final DEM products are thus used for comparing

with other datasets and completing the WorldView dh
dt map where there are

insufficient measurements for weighted linear regression at an individual pixel.

The complete steps of processing the WorldView DEMs are also shown in Figure255

S3.
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Figure 3: Quality improvement when mosaicking WorldView-derived DEMs. (a) Mosaicking

without the EVMD (Elevation Verification from Multiple DEMs). (b) Mosaicking with the

EVMD. (c) After manually removing large-sized elevation outliers. (d) After applying the

median filter. (e) The color codes represent different exit status of the EVMD. Processing

details are available in section 3.4 and Figure S3. Black lines indicate the ice outline from

RGI (in 2006). Brown and blue lines are the off-ice and ice coastline in 2011-15 respectively,

mapped using WorldView DEMs and Landsat imagery. The location of this figure is shown

in Figure 1.
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Figure 4: Noise reduction of the dh
dt

map between 1953 (cartographic) and 2011/15 (World-

View). (a) Before outlier removal and median filter. (b) After outlier removal and median

filter. The areas indicated by arrows are recognized as outliers and manually removed. Black

lines indicate the ice outline from RGI (in 2006) and the hatched areas are off-ice regions.

Brown and blue lines are the off-ice and ice coastline in 2012/13 respectively, mapped using

WorldView DEMs and Landsat imagery. Black dashed line indicates the coastline in 1953,

mapped using the cartographic DEM. The location of this figure is shown in Figure 1.
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3.5. Coregistering the 1953 Cartographic DEM

We coregister the 1953 cartographic DEM to the ICESat reference frame

to compare with recent WorldView DEMs and the 2007 SPOT-5 DEM using

the procedure of Willis et al. (2015). First, the DEM is converted from the260

EGM96 geoid to the WGS84 ellipsoid, as this is within 50 cm of the ICESat

ellipsoid. The converted cartographic DEM has some discrepancies with the

ICESat elevations. For example, 1,142 out of all 18,447 ICESat elevations differ

by over 40 m from the cartographic DEM. This can result in “contamination”

of the DEM transformation vector as we try to align the cartographic DEM265

including these outliers to the ICESat elevations. We therefore need to refine

the 18,447 ICESat points and select those that can be paired with reliable

elevations in the cartographic DEM.

The cartographic DEM is firstly coregistered to all all 18,447 ICESat ele-

vations using ASP, which is described in section 3.1. Then the difference be-270

tween the coregistered DEM and ICESat elevations are calculated in QGIS.

We remove ICESat elevations that differ from the DEM values by more than

2 standard deviations, and use the remaining points to coregister the original

cartographic DEM again. The standard deviation of the difference between the

re-coregistered DEM and the culled set of ICESat elevations thus decreases be-275

cause the control points that do not match cartographic elevation are removed.

We iterate the process of refining ICESat elevation and re-coregistration until

the standard deviation does not significantly decrease.

The standard deviation is 23.5 m in the first round, and decreases into 4-5

m after the 12th round. We arbitrarily stop at the 20th round with a standard280

deviation of 4.3 m, using a total 10,398 ICESat points (Figure 1). The DEM

uncertainty is thus re-calculated using all 18,447 ICESat elevations, which yields

an uncertainty of 10.5 m. Due to its large horizontal uncertainties (e.g. Figure

5), the coregistered 1953 DEM is further georeferenced by 185 additional ground

control points, which are set at rock features such as cliff tops or nunataks285

observed in both the cartographic DEM and WorldView DEMs (Figure 1). The

uncertainty of the georeferenced cartographic DEM decreases into 9.2 m. The
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complete steps of processing the Cartographic DEM are in Figure S4.

Figure 5: dh
dt

map of a small region of FJL (location shown in Figure 1) between the coreg-

istered but pre-georeferenced 1953 cartographic DEM and the earliest WorldView elevations

from 2011/15. The interleaved positive and negative dh
dt

changes are due to the horizontal

errors of the cartographic DEM. The dh
dt

map of the same region but between the properly

georeferenced cartographic DEM and the earliest WorldView elevations can be found in Figure

7. Brown and black outlines indicate the 1953 coastlines and RGI glacier outlines respectively,

and hatched areas indicate major off-ice regions.
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3.6. Masking and Coregistering the 2007 SPOT-5 DEM

The first task of processing the 2007 SPOT-5 DEM is to mask out clouds290

and other spurious elevations for a better coregistration. We mask the DEM

using the following several steps, using the SAGA tools within QGIS:

1. Apply a Laplace of Gaussian (LoG) filter to the DEM to generate the

mask file, and flip all negative values in the mask file to positive. The

LoG filter (named as “Laplacian filter” in the SAGA toolkit) is a standard295

algorithm for edge detection (Jähne, 2005, Ch. 12). The standard kernel

of the Laplace operator is used:

L =


0 −1 0

−1 4 −1

0 −1 0

 (1)

A pixel classified as an edge (that is, with its value changing sharply from

adjacent pixel values) is regarded as a bad pixel to be masked. After

applying the LoG filter and flipping all negative values, the edge thus300

contains high pixel values in the mask file.

2. Apply a median filter using a window radius of 4 pixels to the mask file.

Clouds make small-scale anomalies relative to the topography (Figure 6a).

Therefore, a great concentration of edges is expected and clouds transform

to a bright (high pixel value) region in the LoG-filtered image. We apply305

the median filter to remove high frequency noise and connect the densely

distributed edges into a single region representing cloud coverage. The

window radius at 4 pixels is used as we want to remove noise spanning

only a few pixels.

3. Select pixels with LoG-filtered values > 8 and convert the mask file into310

a binary raster. The threshold value is determined by comparing the

filtered image and the associated orthoimage since the rough extent of

cloud coverage can be seen in the latter. All the pixels whose value is

larger than the threshold value (which is 8 for the SPOT-5 DEM) are

selected as cloud-covered regions.315
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4. Apply morphological filters on the binary mask file to fine tune the mask

region (Jähne, 2005, Ch. 18). The optimal combination of filters and win-

dow size is hard to determine and often varies case by case (e.g., Ismail

& Jaafar, 2013). Thus, we manually test different combinations and de-

termine the best one by comparing the filtered mask region to noisy area320

in the raw DEM. In the best combination, four morphological filters are

applied in the following sequence: dilation radius of 10 pixels; erosion

radius of 13 pixels; dilation radius of 16 pixels; and erosion radius of 8

pixels. The first dilation and erosion combination closes small holes in the

mask and removes small-sized erroneous selections. The second dilation325

and erosion pair expands the mask for being more conservative but keeps

large holes in the mask since they are large enough to be considered as

true elevations.

5. Apply the binary mask to the original DEM.

Next, we convert the masked DEM from geoid to ellipsoidal heights (WGS84),330

and then we coregister it using 2,561 ICESat elevations which are inside the ex-

tent of the SPOT-5 DEM. The filtered DEM after these steps is shown in Figure

6b, with the spurious regions masked. The corresponding dh
dt map (using DEM

differencing, see section 3.7 for details) between it and the earliest collection

of WorldView elevations is shown in Figure 6c. As seen from the dh
dt map, the335

DEM heights at some places are doubtful and result in unrealistic dh
dt values

(e.g. deep-blue areas in Figure 6c).

To further mask out the suspicious elevations (most likely due to clouds

or featureless surfaces), we set up thresholds based on the elevations from the

1953 cartographic DEM and the earliest WorldView elevations. (Durkin et al.,340

2017). We assume that the year of earliest WorldView elevations is averaged

to be 2013, and calculate the estimated elevation in 2007 assuming a steady dh
dt

between 1953 and 2013 on a cell-by-cell basis:

h2007 = h1953 +
2007− 1953

2013− 1953
(h2013 − h1953) = h1953 + 0.9(h2013 − h1953) (2)
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where h1953 is the cartographic DEM elevation, h2013 is the earliest WorldView

elevation. Any elevation that deviates by more than h2007
+8
−4 m is discarded.345

The masked DEM and the corresponding dh
dt map are shown in Figure 6d and

6e respectively, which masks out the major blue outliers in Figure 6c. The

vertical uncertainty of the final SPOT-5 DEM is ±1.9 m, assessed using the same

approach for WorldView DEMs (section 3.2). The complete steps of processing

the SPOT-5 DEM are also outlined in Figure S5.350
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Figure 6: (a) Raw SPOT-5 DEM from September 18, 2007. The location of the DEM is shown

in Figure 1. (b) The masked SPOT-5 DEM processed by a filter which is specifically designed

for the removal of disrupted elevations due to cloud coverage. The DEM is coregistered with

ICESat elevations. The details of the filter are available in section 3.6 and Figure S5. (c)

dh
dt

map using DEM differencing, between the SPOT-5 DEM and the earliest collection of

WorldView elevations. Artifacts with high dh
dt

values are scattered the ice caps. (d) The

further masking of SPOT-5 DEM using time-dependent height thresholds. The details are

also available in section 3.6. (e) The corresponding dh
dt

map between the final SPOT-5 DEM

product and the earliest collection of WorldView elevations.
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3.7. Elevation Change Rate between 1953 and 2011/15

To compare with the WorldView data, the 1953 cartographic DEM and the

2007 SPOT-5 DEM are warped into a 15-m grid, using bilinear interpolation.

Because the limited temporal coverage does not permit weighted linear regres-

sion, we simply calculate dh
dt using DEM differencing, which is to subtract a355

DEM elevation from another on a cell-by-cell basis, followed by division by the

time span between the two elevation records. We apply DEM differencing be-

tween 1953 and 2007 (the cartographic DEM to the SPOT-5 DEM), between

1953 and 2011/15 (the cartographic DEM to the earliest collection of WorldView

elevations), and between 2007 and 2011/15 (the SPOT-5 DEM to the earliest360

collection of WorldView elevations).

3.8. Ice Mass Budget

Once the dh
dt maps are calculated, we integrate over the glacierized region

to obtain the estimated annual ice volume and mass change. Each pixel in

the dh
dt map has the estimate of elevation change and the uncertainty calculated365

from DEM differencing or weighted linear regression. To find the bulk annual ice

volume change (dVdt ), we simply sum up the product of dhdt and ground-projected

pixel coverage (a, that is, the square of spatial resolution) through all pixels over

a specific region:

dV

dt
=
∑
i

a
(dh
dt

)
i

(3)

a is 225 m for all our dh
dt products since the grid spacing is 15 m. For the370

period between 1953 and 2011/15, the region is defined by the coastlines in 1953

because of the lack of ice boundary at that time. For the period in 2011-15, the

ice boundary from RGI in 2001-2006 is used.

When calculating the error of dV
dt , we need to know how independent each

dh
dt measurement is (e.g., Melkonian, 2014). In this paper we assume that the375

measurements from the same DEM set are mutually dependent (i.e. they share

a common error because they are calculated from the same DEM set), and the
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measurements from different DEM sets can be treated independently. Figure

2d shows the void-filled uncertainty map and the color codes represent different

uncertainty values, which also indicates the source DEM set. Once we group380

the uncertainties as outlined in black, the bulk uncertainty of dV
dt is calculated

by

σ dV
dt

=

√∑
i

(∑
j

a
(
σ dh

dt

)
ij

)2
(4)

where i and j refer to the index of each error group and each pixel in the same

error group respectively.

The annual ice mass change dM
dt is thus converted from the dV

dt using an ice385

density ρ of 850 kg m -3 and an uncertainty σρ of 60 kg m -3 (Huss, 2013), an

estimate for most cases since there is no local firn pack data. The uncertainty

of dM
dt is calculated assuming independent variables:

σ dM
dt

=
dM

dt

√(σ dV
dt

dV
dt

)2
+
(σρ
ρ

)2
(5)

All the uncertainties reported in this paper, e.g. dh
dt , dV

dt , and annual ice

mass change, are at 95% confidence level (2 standard errors).390

3.9. Processing CryoSat-2 dh
dt

We apply swath processing to the interferometric mode of CryoSat-2 data to

generate surface elevation (Gourmelen et al., 2017a), rates of elevation change

at 500 m resolution and a mass balance estimate (Foresta et al., 2016). dh
dt is

calculated using a plane-fit approach on a 500m grid posting; for each pixel, we395

model elevation using a linear relationship in space and time:

z(x, y, t) = c0x+ c1y +
dh

dt
t+ c2 (6)

where x, y and t are easting, northing, and time, respectively. The time-

dependent coefficient retrieved from the model fit is the linear rate of surface

elevation change for each given pixel. Each observation is assigned a weight
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according to the power returned for each pixel, as in Gourmelen et al. (2017b).400

We iteratively fit the model to the data using 3σ clipping until there are no

more outliers. The formal uncertainty on each pixel’s rate of elevation change

is extracted from the model covariance matrix P :

P = cov(p) = G−1cov(z)[G−1]T (7)

where z are the input elevations, p is the vector of coefficients [c0 c1 c2] of

the model parameters and G = [x y t 1] is the model matrix. We simplify the405

data covariance matrix cov(z) to a variance matrix whose diagonal values are

the squared elevation differences between the observed and modeled estimates

(z−z′)2. The square root of the diagonal elements of P represents the standard

deviations of the model parameters p.

To better compare CryoSat-2 dh
dt with WorldView dh

dt , the CryoSat-2 dh
dt map410

is masked by a series of criteria for noise removal:

1. The absolute value of dh
dt is equal or larger than 20 m yr-1.

2. The uncertainty of dh
dt is equal or larger than 2 m yr-1.

3. 8 adjacent pixels (N) are used in this step. The pixel is masked if any of

the following statements is true:415

• There is no or only one valid (not No-Data) value in the adjacent

pixels.

• |dhdt −mean(N)| ≤ T1σN

• max(N)−min(N) ≤ T2

where T1 and T2 are determined by grid search. This and the next step420

are modified from Fahnestock et al. (2016).

4. Mask out all pixels with only equal or less than 2 valid adjacent pixels.

We perform a grid search to find the optimal T1 and T2 given the trade-off

between how well the remaining pixels match the WorldView dh
dt and how many

pixels are left.425
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4. Results

4.1. Elevation Changes and Ice Mass Loss Between 1953 and 2011/15

DEM differencing between the cartographic DEM and the earliest World-

View elevations (i.e., 1953 to 2011/15) (Figure 7a and 8a) shows that about

62.7% of the ice surface area at FJL has thinned whereas 37.3% has thickened.430

We note that this calculation includes both ice-free and ice-covered land areas

because of the lack of a precise land-terminating glacier boundary in 1953. The

data covers 98.29% of the land area indicated by the 1953 coastline. The bulk

ice volume change rate is calculated by assuming the average dh
dt over the entire

land area, yielding −2.57± 0.77 km3 yr-1. The ice mass change rate is then cal-435

culated from the volume loss and shows a negative value of −2.18±0.72 Gt yr-1.

This value corresponds to a mean ice mass balance of −180± 59 mm w.e. yr-1

using the ice outline in 2001-2006 from RGI as the total glacierized area. Note

that this is an overestimated value since the glacierized area has been shrinking

since 1953. 15 marine-terminating glaciers with dh
dt rates as high as -2 to -4 m440

yr-1 dominate the ice mass budget.

Most thickening occurs at ice caps that include no fast-flowing outlet glaciers

indicated by topography and surface morphology. A prominent example is the

Windy Ice Cap (Figure 7a, and Moholdt et al., 2012), the biggest and eastern-

most ice cap in FJL, with a thickening rate around 1 m yr-1.445

Marine-terminating glacier fronts have commonly retreated 1-3 km across

the archipelago, observed as a red “rind” of the ice outline in Figure 12. In the

neighboring archipelagos of Svalbard, Novaya Zemlya and Severnaya Zemlya

(e.g., Dowdeswell & Williams, 1997; Grant et al., 2009), the rapid advance and

slow subsequent retreat of surging tidewater glacier termini provide a complica-450

tion to climate-forced retreat. However, there is no clear evidence of past glacier

surging in FJL (Dowdeswell & Williams, 1997; Dowdeswell et al., 2010).
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Figure 7: (a) dh
dt

at Franz Josef Land, between 1953 (cartographic DEM) and 2011/15 (earliest

WorldView elevations). (b) dh
dt

map during 2011-2015, from WorldView DEMs. Dashed

outlines indicate the coastline in 1953 and black outlines are ice boundaries from Randolph

Glacier Inventory version 3.0 (Pfeffer et al., 2014) in 2001-2006. Ice-free land surface is shown

by hatching region, and no-data pixels are shown in gray. The black boxes in (b) show the

extent of Figures 12, 13, 14, and S9. The sample location of 8 time series shown in Figure 11

are also marked in this figure, labeled a to h.
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Figure 8: (a) The uncertainty (1-sigma) of dh
dt

between 1953 (cartographic DEM) and 2011/15

(earliest WorldView elevations), derived from the off-ice vertical error of both datasets, fol-

lowing the rules of error propagation. (b) The uncertainty (1-sigma) of dh
dt

during 2011-2015,

using WorldView DEMs. Note the different scale used in each color ramp.
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4.2. Elevation Changes and Ice Mass Loss Between 2011 and 2015

The WorldView dh
dt (2011-2015) combines DEM differencing with the regres-

sion model and covers 91.9% of the RGI glacierized area of FJL. 75.1% of the ice455

caps and glaciers were thinning (Figure 7b and 8b) between 2011 and 2015; the

area of thinning has expanded by about 12% compared to the area of thinning

observed over the last 60 years. The average dh
dt rate is −0.429± 0.044 m yr-1,

which, multiplied by the glacierized area, provides a loss rate of −5.21 ± 0.54

km3 yr-1. This corresponds to a mean ice mass balance of −364± 64 mm w.e.460

yr-1, or an ice mass change rate of −4.43± 0.78 Gt yr-1.

As an independent assessment of the WorldView dh
dt , we compare dh

dt from

CryoSat-2 altimeter elevations between 2011-2015. The CryoSat-2 dh
dt map (Fig-

ure 9a) covers 76% of the RGI glacierized area, with an extensive coverage of

the interior and of the rapidly thinning margins of the ice caps. It has a larger465

spatial resolution of 500 m but reveals similarity with WorldView dh
dt in the

locations of some fast-thinning glaciers and the large-scale spatial pattern of

ice mass loss (see section 5.3). Given the dynamic nature of some of the ob-

served change the relationship between surface elevation change and topography

is complex. Hence we do not apply an elevation-based regionalization method470

(Foresta et al., 2016) but simply scale our measured volume change by the ratio

between the total glacierized area and the area covered by our measurements.

The ice budget derived from CryoSat-2 is −321±57 mm w.e. yr-1 or −3.9±0.7

Gt yr-1. This is in agreement with the WorldView estimate within errors. Re-

maining differences between the two estimates may be related to the difference475

in spatial and temporal sampling between CryoSat-2 and WorldView.
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Figure 9: CryoSat-2 dh
dt

between June 1, 2011 to October 1, 2015, clipped with the RGI glacier

outline. (a) The raw dh
dt

map. (b) The masked and Gaussian-filtered dh
dt

with T1 of 2.2 and

T2 of 3.2 (Figure 10).
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4.3. Comparison between WorldView and CryoSat-2 dh
dt

The correlation coefficient between pre-masked CryoSat-2 dh
dt map (Figure

9a) and WorldView dh
dt map (Figure 7b, warped into the same spatial resolution

as well) is 0.082 calculated from 24,634 overlapped pixels over glacierized area.480

When both masking thresholds T1 and T2 decrease, the correlation coefficient

between masked points and the WorldView dh
dt increases, and the fitted slope is

closer to 1 (that is, CryoSat dh
dt is closer to WorldView dh

dt ), while less pixels re-

main (Figure S7). Figure 9b shows an example where T1 and T2 are 2.2 and 3.2

respectively, and a Gaussian filter with a standard deviation of 3 and a radius485

of 5 pixels was applied for better smoothing. In the selected example, the cor-

relation coefficient between masked CryoSat-2 dh
dt and WorldView dh

dt increases

to 0.35 using 19,640 overlapped pixels (79.7% of total overlapped pixels). The

increased correlation and the cell-by-cell density scatter plots between CryoSat-

2 dh
dt and WorldView dh

dt (Figure 10) both indicate that our methodology has490

successfully masked CryoSat dh
dt . Thus, a similar pattern of elevation changes

across FJL (Figure 9b) can be recognized from both datasets. Note that the

vertical trend in Figure 10b suggests that WorldView dh
dt may have other errors,

for example, due to insufficient elevations for regression (See section 5.3).
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Figure 10: Density scatter plot between WorldView and CryoSat dh
dt

using Gaussian kernels

for the the estimate of the probability density function. (a) The raw, unmasked CryoSat dh
dt

.

(b) The masked CryoSat dh
dt

using T1 = 2.2 and T2 = 3.2. Note the difference of scale in

both panels, and that the raw CryoSat dh
dt

is highly variable relative to WorldView dh
dt

. The

dashed line indicates the 1:1 ratio of WorldView and CryoSat data.
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5. Discussion495

5.1. The Acceleration of Ice Loss During 1953-2015

Macheret et al. (1999) reported that the ice volume loss at FJL between

1953 and 1993 was 41.9 km3 using the same cartographic source in 1953 and

airborne radio-echo sounding in 1994; that is, ice mass change rate is -0.89 Gt

yr-1 using our assumed ice density. It is concluded by Sharov (2010) that the500

rate of ice loss on FJL derived from ERS-1/2 differential interferometry, ICESat

and cartographic elevations has increased by 20% between the 1950s and the

2000s. Since our estimated mass loss between 1953 and 2011-2013 is higher

than the estimates between 1953-1994 or 1953-2000s, it is likely that the rate of

ice loss has further increased in the 2000s, resulting in a more negative annual505

balance than the average over the past 60 years. During the 2000s, Moholdt

et al. (2012) obtained an ice budget of −0.9 ± 0.7 Gt yr-1 using ICESat in

2004-2009; several studies also use GRACE for the estimate of ice budget, e.g.

Moholdt et al. (2012) (0.7± 3.5 Gt yr-1 in 2004-2009; 0.1± 3.4 Gt yr-1 in 2003-

2010), Matsuo & Heki (2013) (−0.8 ± 1.3 Gt yr-1 in 2004-2012; −3.5 ± 1.9 Gt510

yr-1 in 2004-2008), Root et al. (2015) (−1.9 ± 0.6 Gt yr-1 in 2003-2013), and

Jacob et al. (2012) (0± 2 Gt yr-1 in 2003-2010).

One complication to the interpretation that the mass loss is increasing with

time is that mass loss between 2004-2009 from ICESat is several times lower

than the 60 year average; that is, −0.9 ± 0.7 Gt yr-1 (from Moholdt et al.515

(2012)) compared to −2.18 ± 0.72 Gt yr-1. A possible reason responsible for

the difference may come from the spatial sampling of ICESat. The distance

between two parallel ICESat tracks is typically 5-15 km, and thus ICESat may

not capture the thinning signal from small-sized glaciers; for example, the most

rapidly thinning glacier at Salm Island in 2013-14 is only 4 km wide and 10 km520

long. Thus, ICESat returns cannot resolve the thinning signal well (see Moholdt

et al. (2012) or Figure S1), and underestimates the actual changes of ice mass,

especially when dh
dt is fitted to elevations with a third-order polynomial as used

by Moholdt et al. (2010b, 2012). To test this hypothesis, we use dh
dt values from
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our results but only select those at ICESat track locations. Then we fit dh
dt to525

elevations using a third-order polynomial, the same method used to calculate

ice mass loss in Moholdt et al. (2012) and Moholdt et al. (2010b). The test

result shows that the incomplete sampling by ICESat underestimates the mass

loss across the archipelago by about 10%, which is enough of an effect for our

mass loss estimate to overlap with the ICESat result within error. The details530

of the test are available in Supplementary Text S1.

The ice loss rate from WorldView DEMs between 2011 and 2015 doubles

the long-term rate between 1953 and 2011/2015, and is more negative than

any studies that use ICESat or GRACE. This suggests that FJL is losing ice

more rapidly compared to previous decades. Although spatially variable, fast-535

thinning glaciers are spread widely across FJL (Figure 11c-h) and the maximum

ice thinning has reached -10 m yr-1 at a few outlet glaciers (e.g. Figure 11e,

at Wilczek Land). Glaciers that thinned the most rapidly between 1953 and

2011/2015 are still thinning, but many more glaciers have started to thin re-

cently and the fastest thinning rates occurring at present manifest at these540

newly thinning glaciers. In southeastern FJL, where ice velocity data are avail-

able from Strozzi et al. (2017), fast-thinning glaciers correspond to regions with

increased glacier frontal speed between 1998 and 2016, derived from JERS-1

and Sentinel-1 SAR data respectively. This suggests that terminus dynamics

may play a major role in controlling glacier thinning (e.g., Moholdt et al., 2010a;545

Dowdeswell et al., 2008), in addition to simple changes in surface mass balance.
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Figure 11: Examples of glacier elevation change from the WorldView linear regression (2011-

2015). The location for each time series is labeled in Figure 7. Note that at Vostock-4 Ice

Cap in Eva-Liv Island (subpanel a), dh
dt

is corrected by the average off-ice value. In addition,

the changes in subpanel c (Foggy Ice Cap in Prince George Land) show that ice has retreated

and the elevation reached sea level (14 m above the ellipsoid) between 2013 and 2014.
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5.2. Case Study: Salm Island

With the 2007 SPOT-5 DEM available in southeastern FJL, the ice-cap

drainage basins at Salm Island (Figure 12) provide examples of accelerating

thinning. The average dh
dt at this island between 1953 and 2007 is −0.097±0.348550

m yr-1. While this average thinning is not significant due to a large uncertainty,

the major thinning glacier located in the northern part of the island where

thinning peaks at up to −1.26± 0.35 m yr-1 suggests the existence of thinning

glaciers. Between 2007-2013, the average dh
dt is −0.263 ± 0.626 m yr-1, which

is 2.7 times higher than the previous 54-year average. Although the average555

ice thinning rate is still within its uncertainty, the fastest thinning region, now

shifted from the northern part of the island to the eastern side, had a doubled

maximum thinning rate at −2.60 ± 0.85 m yr-1. Between 2013 and 2014, the

average dh
dt on Salm Island increased in magnitude to −1.034 ± 0.077 m yr-1,

which is 3.9 times higher than the 2007-2013 average rate.560

It is clear that the glacier on the east side of Salm Island (Glacier No. 3 in

Sharov (2008)) has experienced accelerating thinning. The dh
dt value at the

sample pixel in Figure 12 (time series shown in Figure 11d) changed from

−0.389 ± 0.348 m yr-1 (1953-2007) to −1.58 ± 0.71 m yr-1 (2007-2013), and

further increased into −3.91± 0.96 m yr-1 (2013-2014), making this glacier the565

fastest-thinning glacier on Salm Island and the 6th fastest thinning glacier in

FJL during the WorldView time span.
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Figure 12: dh
dt

map of Salm Island. (a) 1953-2007 (cartographic map to SPOT-5); (b) 2007-

2013 (SPOT-5 to WorldView); (c) 2013-2014 (WorldView). Upper panels shows surface el-

evation changes; lower panels shows where elevation changes are caused by retreat or ad-

vance. The average dh
dt

for the whole island, including both types of elevation changes, is

−0.097±0.348, −0.263±0.626, and −1.034±0.077 m yr-1 for the three time periods. Ice cap

drainage basins are drawn by black lines, and hatching indicates ice-free areas. Small open

circle on the most rapidly thinning ice is the sample location of the time series in Figure 11d.
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5.3. Spatial Patterns of Ice Mass Changes

To determine if a spatial pattern in thinning is a true signal or an error

from DEM artifacts, we can simply compare it to the glacier topography. For570

example, the glacier #5 at Wilczek Land (Figure 13) exhibits some thickening

(blue) areas that are not correlated to either topography or glacier outlines,

thus they are interpreted as patterns most likely related to DEM artifacts. On

the other hand, thinning patterns at glacier #2, #10, and #13 are confined by

glacier side walls or by a low-slope area, suggesting that the thinning may be575

related to glacier dynamics. We examine all the rapidly thinning glaciers based

on this criterion and rule out suspicious areas when analyzing the thinning trend

across FJL.

A trend towards increasing glacier and ice cap thinning from the northeast to

the southwest across FJL is apparent in our results in both time spans (Figure580

7), consistent with the findings of Sharov (2010) and Moholdt et al. (2012). Most

rapidly thinning glaciers are located in the south and west. Nearly all outlet

glaciers have thinned at 1-5 m yr-1 in the western segment of Prince George

Land (Peary Ice Cap) between 2011 and 2015, while the Vostock-4 Ice Cap and

Windy Ice Cap at the eastern side of FJL show a neutral rate around 0 m yr-1585

(Figure 11a-b). Windy Ice Cap is particularly intriguing as it had widespread

thickening of 0-1 m yr-1 with an error estimate around 0.31 yr-1 between 1953

and 2011/15, and a similar value also observed between 1953-2008 and 2004-

2009 (Sharov, 2010; Moholdt et al., 2012); however, ice balance changed to a

neutral rate (i.e. insignificant thickening) between 2011 and 2015 (Figure 7590

11b). Windy Ice Cap thus becomes the largest ice cap that shows a possible

recent sign change from thickening to thinning on FJL. Continued observations

are required to determine if such a transition to thinning is permanent or if this

is a short lived event.

Consistent with previous work (e.g., Sharov, 2010; Moholdt et al., 2012), we595

find that adjacent glaciers on FJL can have radically different behavior. For

example, a sample pixel at a thinning glacier in eastern Wilczek Land, labeled

4e in Figure 7, with the time series in Figure 11e, and as glacier #2 in Figure
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13, has accelerated from neutral −0.03±0.31 m yr-1 (1953-2012) to −9.99±0.25

m yr-1 (2012-2015). This is the most rapidly thinning glacier observed between600

2012 and 2015. The adjacent Renown Glacier immediately to the south (glacier

#1 in Figure S18), with a larger catchment, was thinning at a maximum rate

of -2.5 m yr-1 in 1953-2010; however, the maximum thinning rate at the same

place reduced to around -1 m yr-1 in 2011-2015. That adjacent glaciers behave

so differently suggests the presence of slow collapse events and the increased605

velocity of ice flow controlled by ice dynamics (e.g., Rinne et al., 2011).
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Figure 13: Detailed dh
dt

map at Tyndall Ice Cap, Wilczek Land, in 2011-15. Each ice catchment

basin outlined by black lines is labeled from 1 to 24 respectively. Brown and blue lines are the

off-ice and ice coastline in 2011-15 respectively, mapped using WorldView DEMs and Landsat

imagery. Pink areas are glacier outlets that have a relatively low slope to the surrounding ice.

The coastlines in 1953 are shown as black dashed lines, and off-ice land surface is shown as

hatched region. The location of this figure is shown in Figure 7.
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5.4. Changes of ice outline and glacier termini

The glacierized area of Franz Josef Land has reduced by over 200 km2 since

1953 (Macheret et al., 1999; Helm, 2007; Sharov, 2010), and the ice margin re-

treat is ongoing, as recognized using Landsat imagery from 2017. Rapid ice re-610

treat in FJL occurs primarily at marine-terminating ice cap boundaries, whereas

land-terminating ice caps shrink at much slower rates (negligible in the time span

of 2011-2015). This suggests that ocean warming and/or the reduction of sea ice

concentration (SIC) likely exert an important control on the glacier dynamics

of the archipelago (e.g., Carr et al., 2017).615

Figure 11c shows a typical retreat of a marine ice margin revealed by the

elevation time series. The glacier is located within a coastal bay on the south-

eastern side of Prince George Land (Figure 1 and 7). The ice retreat occurs at

the marine front with a low surface gradient which is proposed by Dowdeswell

et al. (1994) as a possible ice shelf. In 2012, the ice surface was 13-m above620

sea level (27 m above the ellipsoid). Between April 2013 and April 2014 the ice

calved away. The glacier’s marine terminus retreated 200-500 m between 2012

and 2015, roughly equal to about 30% of the proposed ice-shelf area. The aver-

age dh
dt between 2012 and 2015 was −4.36±0.10 m yr-1, but this value is clearly

an under-estimate of the rapid dh
dt changes that all occurred between April 2013625

and 2014. This illustrates that rapid changes in dh
dt at the marine termini of

FJL ice caps are recording margin retreat by calving when elevations approach

sea level.

In addition, retreat of marine-terminating glaciers is observed regardless of

elevation changes in ice cap interiors; for example, the margin of the Vostock-630

4 Ice Cap has retreated around 150 m within 3 years (2012-2015) but dh
dt is

stable in its interior (Figure 11a 14). However, this is the exception rather than

the rule. At the terminus of most rapid-thinning glaciers, including those with

suspected floating ice shelves, ice front retreat is occurring at the fastest rates

observed across FJL. The terminus of Renown Glacier, Wilczek Land, with a635

possible ice-shelf margin (Dowdeswell et al., 1994, 2010; Dowdeswell, 2017), has

retreated at a speed of 325 m yr-1 between 2012 and 2014. Dowdeswell et al.
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(2010) reported that the same margin has retreated at around 90 m yr-1 within

45 years. It is thus likely that the retreat of the marine ice boundary in many

places has also accelerated over past decades. A similar trend has also been640

reported elsewhere in the Atlantic Arctic (Carr et al., 2017).

Renown Glacier provides an example of how much ice mass loss can be con-

tributed from frontal retreat and from iceberg production. A simple calculation

shows that calving mass loss from here alone may be on the order of 0.2 Gt

yr-1 (8 km width × 0.1 km thickness (Sharov, 2010) × the summation of glacier645

retreat and glacier speed of 0.3 km yr-1 (Strozzi et al., 2017)). In our dh
dt mea-

surement, we recognize frontal retreat as part of a thinning pattern across the

archipelago (e.g. Figure 11c) and calculate the average dh
dt during a given time

period to estimate ice loss. However, since our dh
dt measurement does not take

ice mass that is below the water level into account, it therefore presents a con-650

servative estimate of total mass loss from FJL. The total volume change rate dV
dt

consists of the surface mass balance (e.g. surface melting, snow accumulation)

and the ice calving flux (Nuth et al., 2012). Our results cannot determine how

much both factors account for because we do not analyze the margin retreat and

ice velocity, but studies from marine-terminating ice caps in Severnaya Zemlya655

and eastern Svalbard show that ice calving flux represents 30−40% of the total

volume change rate (Dowdeswell et al., 2002, 2008).

Ice retreat has also resulted in the formation of a new island in the southeast

of Hall Island (Sharov & Nikolskiy, 2017; Pelto, 2018). In 2002 the new island

was still a peninsula with an area of 59.5 km2, connected to Hall Island by660

marine-terminating glaciers (Figure S9). Landsat 8 imagery shows that in the

summer of 2013, the glacier front at Hall Island disintegrated, leaving only a

narrow ice bridge connecting to the new island. In the summer of 2016, the ice

bridge broke, and the new island became separate from Hall Island. Imagery

from 2017 indicates that the ice front has not re-advanced. Such an island-665

forming process has been reported from the neighboring island of Spitsbergen

(Burton et al., 2016) and from around the coastal region of Greenland (e.g., van

As, 2011; Rudolf, 2007), and a new island was reported and recently confirmed
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in FJL due to the detachment of the tombolo (Barr, 2016) at Northbrook Island.

Nevertheless, this is the first time that a new island due to glacier retreat has670

been observed in the archipelago using remotely sensed data. It is expected that

further islands will emerge in FJL, as ice losses have reached an unprecedented

rate since measurements began.

Figure 14: The changes of glacier fronts at (a) Prince George Land and (b) Vostock-4 Ice Cap

in 2011-15, as dark rims indicated by dotted pattern and arrows, generally shows a low dh
dt

value at -6 to -10 m yr-1 and is independent of the parent ice cap’s current ice budget. The

red arrow points to an ice front at low surface gradient (bound by the purple line), where ice

has retreated more than other places shown in this figure. The blue arrow points to one of

a few places in FJL where ice front has slightly advanced in this time span. Black dashed

lines label the coastlines in 1953, mapped using the cartographic DEM. Ice-free land surface

is shown as striped region. The location of this figure is shown in Figure 7.
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5.5. A Potential Link to the Warming of the Arctic

The warming of the Arctic (e.g., Screen & Simmonds, 2010; Pithan & Mau-675

ritsen, 2014) is likely responsible for the increased ice loss in FJL since the

2000s. Since ice retreating and glacier thinning primarily took place at marine

terminating glaciers during the recent decades, we compare the SST and SIC

data to the changes of ice budget from 1953 to 2015 (Figure 15). Unfortunately,

SST and SIC data are released in one-degree grids, that makes the comparison680

with the spatial dh
dt patterns hard to achieve. Here we focus on the temporal

changes of both datasets, and use the average value across the FJL for temporal

comparison. The summer SST at FJL was bounded between ±0.7◦C between

1953 and 2005, but it started to increase from 0.5◦C in 2005 to 1.9◦C in 2010

(Hirahara et al., 2014). The time series of SIC also shows that, during 2000-685

2010, winter SIC decreased by about 10% and summer SIC decreased by about

50%. In the summer of 2009, sea ice was nearly absent around FJL for the first

time on record (Hirahara et al., 2014). These changes in the late 2000s suggest

that ice loss from FJL is probably driven by a combination of surface-melting

and runoff together with enhanced ablation of marine-terminating glacier fronts.690

Marine-terminating glaciers are susceptible to accelerating ice losses by iceberg

calving as the ocean warms (e.g., Carr et al., 2017).

The higher rate of ice loss during 2011-15 is also likely due to the effects

of warming ocean temperatures on marine-terminating glaciers. The summer

SSTs between 2011 and 2015, were all more than 0.8◦C (more than the maximum695

summer SST between 1953 and 2005) except for 2014 (0.5◦C) (Hirahara et al.,

2014). Summer SICs were also all below 45% (except for 2014 at 75%), in

contrast to the average of 69% between 1953-2010 (Hirahara et al., 2014). In

2016, summer SIC reached its record low at 29%, which may have lead to the

break up of the ice bridge in the southeast of Hall Island (see section 5.4). The700

following winter SIC in 2016/17 also dropped to 71% compared to a typical range

between 80 − 90% before 2011. Assuming continued warming of the Arctic, it

is possible that surface melt would increase over time; however, given that a

portion of ice loss was due to the dynamic change of the ice front, it is unclear
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if ice loss may continue to accelerate over the coming decades as we are not705

sure how long the glaciers at FJL can sustain a prolonged frontal retreat. For

example, a marine terminating ice cap may eventually terminate on land due

to the ice retreat, which can lead to a significant decrease of ice calving flux.
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Figure 15: The time series of SST (upper panel) and SIC (middle panel). The green line

shows the winter average and the blue line shows the summer average. The lower panel is

the change of the average dh
dt

between 1953 and 2015 from different studies. and approaches.

Horizontal bars indicate the time span of each estimate, and vertical bars are errors at 95%

confidence. Note that there is no error reported from Macheret et al. (1999).
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6. Conclusions

This study provides strong evidence from satellite-derived and cartographic710

DEMs that FJL had a negative ice mass balance between 1953 and 2011/15.

The ice mass loss rate between 2011 and 2015 was −4.43 ± 0.78 Gt yr-1 which

doubled the long term rate (−2.18 ± 0.72 Gt yr-1) between 1953 and 2011/15.

The absolute values for mass loss are a conservative measure of total mass loss

from FJL, since our approach does not include ice loss below the water surface715

due to ice calving. Based on the analysis of dh
dt from WorldView, CryoSat-2,

SPOT-5, as well as studies that focus on changes in the 2000s using ICESat and

GRACE, it is likely that the loss of ice mass has accelerated since late 2000s.

Elevation change rates across the archipelago are spatially variable, but more

glaciers are thinning at higher rates of up to 10 m yr-1 in this recent decade,720

compared to the 60-yr average. The change of the ice loss rate suggests that

anomalies of SST and SIC have possibly disrupted the previously almost neutral

glacier mass balance of FJL, yielding a more negative ice budget which more

closely resembles the neighboring archipelagos of Svalbard and Novaya Zemlya.

The focus of loss at marine terminating ice caps suggests that observed ocean725

temperature changes play an important role, similar to those archipelagos. A

SW-NE thinning-thickening pattern over FJL is mapped, likely linked to warmer

climate conditions in the southwest. Most marine terminating ice fronts have

been retreating for over 60 years, and glacier retreat generated a new island in

2016.730
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