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Abstract14

Glaciers and ice caps of the Russian Arctic are currently experiencing accelerating mass15

loss as a result of strong atmospheric and oceanic warming in the Barents and Kara Sea16

(BKS) region. Since 2010, this loss has been driven by both increased surface ablation,17

and dramatic shifts in ice dynamics at individual drainage basins across the entire Eurasian18

High Arctic. Here, we provide a high-resolution spatial and temporal overview of ice surface19

elevation change and mass imbalance across both Novaya Zemlya and Severnaya Zemlya20

using CryoSat-2 interferometric swath altimetry from 2010 to 2018. We find a total mass21

imbalance of -300 kg m−2 a−1, marked by a strong east-to-west gradient, with higher rates22

of loss over Novaya Zemlya (9.7±0.5 Gt a−1 at 431±22 kg m−2 a−1) in the west compared to23

Severnaya Zemlya (1.7± 0.1 Gt a−1 at 97± 8 kg m−2 a−1) in the east. Correlation between24

time series of surface elevation change and climate forcing reveals a quasi-linear relation-25

ship between coupled ocean-atmospheric forcing and glacier change over Novaya Zemlya, in26

agreement with similar findings from east Greenland. We further discern the likely role of27

ocean warming as the key factor driving dynamic ice loss in Severnaya Zemlya, owing to28

increasingly warm Atlantic Waters circulating along the Eurasian continental margin. We29

conclude that simple, linear relationships between environmental forcing and glacier change30

may be sufficiently accurate to parametrise ice loss in regions where synchronous, coupled31

ocean-atmosphere forcing prevails.32

1 Introduction33

The Russian Arctic archipelagos of Novaya Zemlya and Severnaya Zemlya are sur-34

rounded by the Eurasian Arctic Shelf Seas, which, together with the adjacent Eurasian Basin35

of the Arctic Ocean form a contiguous region, currently subject to intense atmospheric and36

oceanic warming compared to global and Arctic-wide trends. The Barents Sea has been de-37

scribed recently as an Arctic warming “hotspot” Lind2018ArcticImport, with temperature38

anomalies of 7 ◦C in January 2016 relative to 1981-2010 means (Overland et al., 2017), and39

ocean heat content in the upper 100 m increasing at 39± 9 MJ m−2 a−1 during 2010-201640

(Lind et al., 2018). Amplification of polar warming relative to the lower latitudes is driven41

by enhanced heat transfer between the ocean and the atmosphere in response to rapid sea42

ice decline (Barton et al., 2018; Serreze & Barry, 2011). In the Eurasian Arctic, enhanced43

meridional heat flux and vertical mixing are sustained by anomalous inflow of warm Atlantic44

Ocean Water (Årthun et al., 2012), shifting atmospheric storm tracks and winds (Stuecker45

et al., 2018), and by a range of climate dynamic feedbacks and radiative processes (Goosse et46

al., 2018; Serreze et al., 2009) that are progressively expanding north and eastwards across47

the Barents and Kara Seas (BKS) (Figure 1). This north-eastward expansion of Atlantic48

climate into the Eurasian High Arctic (Hwang et al., 2011), or ‘Atlantification’, affects in49

turn ocean stratification and ventilation (Barton et al., 2018; Polyakov et al., 2017), sea ice50

processes (Stroeve et al., 2018; Årthun et al., 2012), and glacier dynamics and mass balance51

(Moholdt, Wouters, & Gardner, 2012).52

Consistent with these trends, glaciers and ice caps of the BKS have received increasing53

attention, with observations revealing an acceleration in both ice loss and ice velocities54

at the glacier fronts during the past two decades (Cirac̀ı et al., 2018; Strozzi, Paul, et55

al., 2017; Melkonian et al., 2016; Carr et al., 2017; Moholdt, Wouters, & Gardner, 2012).56

While the region’s mass imbalance is attributed primarily to surface processes (Moholdt,57

Wouters, & Gardner, 2012), a growing number of glacier catchments and ice cap margins58

are disintegrating rapidly, indicating the increased role of ice dynamics as a driver of total59

mass loss (Zheng et al., 2019; M. J. Willis et al., 2018, 2015). The mechanisms by which60

amplified warming and internal dynamic instabilities generate the diverse patterns of glacier61

responses observed across the Eurasian High Arctic, however, remain unclear (e.g. Sánchez-62

Gámez et al., 2019; Cirac̀ı et al., 2018; Carr et al., 2017). Understanding these mechanisms63

is essential for addressing current knowledge gaps to help improve the parametrisation of64
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processes occurring at the ice-ocean interface, and thus critical for achieving more robust65

global sea level projections.66

Figure 1. (a) Map of the Eurasian Arctic and schematic indicating the location of major

ocean currents, the eastward progressing ’Atlantification’ (Polyakov et al., 2017) and associated

regional climate feedbacks (black arrow), involving rising surface air temperatures (SAT), Atlantic

Water inflows (AWI), and receding sea ice concentrations (SIC). Prominent features discussed in

the text are the St. Anna Trough between Franz Josef Land (FJL) and Severnaya Zemlya (SZ),

and the continental slope between the shallow shelf seas and the Arctic Ocean Basins (source:

adapted from an illustration by Audun Igesund, Norwegian Polar Institute). (b) Ocean bathymetry

surrounding the Russian Arctic archipelagos of Novaya Zemlya (NZ) and Severnaya Zemlya (SZ)

(source: International Bathymetric Chart of the Arctic Ocean). Glacier outlines are shown as

grey shaded areas (source: Randolph Glacier Inventory 6.0). The climatic influence on land ice is

assessed within a set of control areas that are defined along both regions’ seacoasts: NZ Barents

(B1N -B4N ), NZ Kara (K1N -K3N ), SZ Kara (K1S-K2S) and SZ Laptev (L1S-L3S) coasts.

Here, we use high-resolution CryoSat-2 swath altimetry to produce estimates of volume67

and mass loss over the glaciers and ice caps of the Russian Arctic for the period 2010-68

2018, and compute time series of surface elevation change at 90-day time steps for single69

glaciers and ice cap basins. We use our results to investigate how interannual and decadal70

variability in ice thinning, contrasting spatial and temporal patterns of ice loss, and rapidly71

shifting ice flow regimes are related to trends in atmospheric warming, ocean forcing and sea-72
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ice concentrations across Novaya Zemlya and Severnaya Zemlya. In particular, we review73

decadal ice-climate linkages in the BKS beyond the 2010-2018 time frame and examine74

footprints of ‘Atlantification’ on Russian Arctic glacier mass balance and ice cap dynamic75

regimes since 2010.76

2 Data and methods77

We sample CryoSat-2 interferometric radar altimetry for eight glaciological years from78

October 2010 to September 2018 via swath processing (Gourmelen et al., 2018), and apply a79

plane-fit algorithm (Tepes et al., 2021; Foresta et al., 2016) to derive gridded rates of surface80

elevation change (dh) over the glaciers and ice caps of Novaya Zemlya and Severnaya Zemlya81

in the Russian Arctic. Swath processing enables the retrieval of 2 orders of magnitude more82

data from the radar echo waveforms compared to conventional Point-Of-Closest-Approach83

(POCA) sampling (Gourmelen et al., 2018). Furthermore, swath altimetry measures eleva-84

tions homogeneously across the entire glaciated area and tracks changes over both smooth85

and complex surface topography (Tepes et al., 2021; Gourmelen et al., 2018; Foresta et86

al., 2016). The input data for swath processing are multi-looked Synthetic Aperture Radar87

(SARIn) echos from CryoSat-2 (L1b product, baseline C), a reference digital elevation model88

(ArcticDEM, Porter et al., 2018) for phase unwrapping and noise filtering (Gourmelen et89

al., 2018), and glacier outlines from the Randolph Glacier Inventory (RGI 6.0) based on90

2000-2010 SPIRIT SPOT 5 and Landsat orthorectified imagery (RGI Consortium, 2017).91

We further partition dh according to basin and terminus type into marine- and land-92

terminating catchments, which represent respectively 62% and 38% of the total glaciated93

area for Novaya Zemlya, and 47% and 53% for Severnaya Zemlya (Figure 2). The parti-94

tioning is based on metadata from the RGI and on visual inspection of recent Landsat and95

Sentinel 2 optical imagery. For Novaya Zemlya, a comparison with a more recent glacier96

inventory by Rastner et al. (2017) yields only minor differences in the partitioning, with97

the updated glacier delineations revealing a slightly increased (1%) ratio of marine-to-land-98

terminating basin area compared to RGI 6.0.99

The dense elevation field allows gridding with a resolution of 500 m by 500 m to ensure100

sufficient spatial detail while maximising the number of observations in each resolution cell.101

Swath measurements are sampled over > 97% of the total glaciated area of Novaya Zemlya102

and Severnaya Zemlya. After removing outliers, we obtain a ratio of measured-to-total103

glaciated area equal to 93% and 80% of Novaya Zemlya’s marine- and land-terminating104

basins, and 97% and 86% of Severnaya Zemlya’s marine- and land-terminating basins, re-105

spectively. Across the entire measurement period, spurious samples are distributed evenly106

across elevation bands, with a few exceptions, such as Novaya Zemlya’s mountain glaciers107

south of Severny Ice Cap (Figure 2b), and a limited number of basins draining ice over ex-108

treme surface slopes, where the signal-to-noise ratio is compromised at the sub-basin scale.109

Such glacier basin areas characterised by steep and complex surface terrain, for example110

Basin BC on Academy of Sciences Ice Cap (Figure 2), are generally located at low eleva-111

tion where much of the thinning occurs, suggesting that our derived volume changes my be112

slightly underestimated. However, in view of the high satellite coverage achieved overall,113

and relatively little disparity in the sampling density across elevation bands (Supporting114

Information, Figure S14), this underestimation is likely small.115

We estimate dh over unsampled areas and where spurious samples were removed, as well116

as volume change and mass balance for the bulk of all land- and marine-terminating glacier117

and ice cap basins of the two archipelagos according to the methodology applied in Tepes et118

al. (2021). For more complete information on CryoSat-2 altimetry, swath processing, data119

validation, mass balance and error budgets, please refer to Tepes et al. (2021), Gourmelen120

et al. (2018), Foresta et al. (2018), and Foresta et al. (2016).121
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We further use the swath elevation fields to derive time series of dh with 90-day time122

intervals at sub-regional scale, and for a number of individual catchments. To compute123

the time series, we apply the method described in Gray et al. (2015). Elevation change124

rates between time interval tn and the subsequent time interval tn+1 are calculated as the125

average difference between swath samples in tn and those in tn+1 located at a maximum126

distance of 400 m from each measurement in tn. This is slightly more than CryoSat’s ∼127

380 m along-track sampling resolution (Gray et al., 2015). An external reference elevation128

model (ArcticDEM) is used to correct for existing spatial gradients between measurements129

in tn and tn+1. To add robustness to the time series, elevation changes between two given130

time periods are calculated multiple times using all possible permutations of time interval131

pairings across the measurement period (2010-2018) (Supporting Information, Figure S15).132

Changes in elevation can result from variations in the radar backscatter depth due133

to changing surface conditions, such as variations in the snowpack density, temperature,134

water content, and surface roughness (Nilsson et al., 2015; Lacroix et al., 2008). It is135

not expected that seasonal changes in the scattering horizon affect longer-term elevation136

trends significantly (McMillan et al., 2016), although sporadic artefacts resulting from long137

or intense periods of surface melt can, for example, introduce errors in the measurement138

record occasionally (Nilsson et al., 2015). In the absence of validation data from the Russian139

Arctic, we rely on close inspection of dh time series across basins to identify potential biases140

associated with spatio-temporal differences in penetration of the radar signal at the glacier141

surface (Foresta et al., 2016). We have not noticed any unexpected and sudden jumps in142

the time series that would indicate widespread changes in the volume scattering horizons at143

the regional scale, and our time series in Novaya Zemlya compare well with those derived144

from the Gravity Recovery And Climate Experiment (GRACE) for the period 2010-2016 by145

Cirac̀ı et al. (2018).146

To investigate potential causal mechanisms driving the observed spatio-temporal vari-147

ability in Arctic glacier and ice cap mass loss, anomalies and trends in sea surface (SST),148

subsurface ocean (SOT), and air surface temperatures (T2m), as well as changes in sea ice149

concentrations (SIC) are jointly examined over the CryoSat-2 period (2010-2018), with a150

particular focus on the spatial distribution of the climate anomalies across the Barents and151

Kara Sea region. Longer-term trends are also considered to account for possible delays in152

glacier response to environmental forcing. We use 1/4◦ monthly mean T2m and SST atmo-153

spheric ERA5 reanalyses (Hersbach et al., 2019) from the European Centre for Medium-154

Range Weather Forecasts (ECMWF) covering the period from 1979 to 2018, and global155

1/12◦ monthly mean SIC, potential temperature θ, and salinity S from the global ocean156

eddy-resolving reanalysis GLORYS12v1 (Fernandez & Lellouche, 2018), available from 1993157

to 2018. We define depth (z) - dependent subsurface ocean thermal forcing (SOTF) as the158

difference between in situ potential temperature (θ) and in situ freezing temperature (θf )159

(Slater et al., 2019), with a linear expression for the freezing point (Jenkins, 2011):160

SOTF (z) = θ(z)− θf (z) = θ(z)− [λ1S(z) + λ2 + λ3z] (1)

where λ1 = −5.73× 10−2 ◦C is the seawater freezing point slope, λ2 = 8.32× 10−2 ◦C161

is the seawater freezing point offset, λ3 = 7.61 × 10−4 ◦C m−1 is the depth dependence of162

the freezing point, and S(z) is salinity as a function of depth. Ocean forcing is calculated163

for three of the fifty depth ranges available in GLORYS12v1, namely: z1 = 0.5 - 55 m b.s.l.164

(SOTF1), z2 = 55 - 110 m b.s.l. (SOTF2), and z3 = 110 - 155 m b.s.l. (SOTF3). This165

choice is based on visual inspection of ocean bathymetry immediately offshore of the glacier166

and ice cap termini, using data from the International Bathymetric Chart of the Arctic167

Ocean (IBCAO) (Jakobsson et al., 2020), and assuming that ice thickness at glacier termini168

largely falls within the chosen depth ranges (Carr et al., 2014; Moholdt, Heid, et al., 2012).169

Nonetheless, it must be emphasised, that marginal ice thicknesses of marine-terminating170

glaciers are poorly constrained in the Russian Arctic (Sharov, 2010).171
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To achieve a more appropriate comparison between the climate forcings and the 90-172

day segmented time series of surface elevation change, monthly means from the reanalysis173

datasets are converted into seasonal means, with seasons defined as follows: ’spring’, March-174

May (MAM); ’summer’, June-August (JJA); ’fall’, September-November (SON); and ’win-175

ter’, December-February (DJF). Seasonal anomalies, presented in the form of time series176

are calculated by subtracting, from the seasonal forcings at any given time and location,177

the long-term mean calculated for each individual season over a baseline period, which is178

1979-2018 for ERA5, and 1993-2018 for GLORYS12v1. Both baselines correspond to the179

entire time spans covered by the two climate reanalyses. We also provide a spatio-temporal180

overview of annual climate anomalies in the form of trends over the Russian Arctic from181

2003 to 2018, a period identified in the time series as one of accelerated warming. Anomaly182

trends are calculated as the slope of a linear polynomial fit (MATLAB polyfit) through183

the individual forcing anomalies and are derived across the native grids of the reanalysis184

products over the entire BKS region.185

3 Results186

3.1 Spatial patterns of surface elevation change187

Land ice extending over Novaya Zemlya and Severnaya Zemlya covers a total of 38,135188

km2, representing 75% of the total Russian Arctic’s glaciated area and an estimated 87%189

of its volume (Radić & Hock, 2010). This equates to 27.9 ± 7.2 mm potential sea level190

change representing 19% of the entire Arctic glaciers and ice caps and 9% of the global191

total, including glaciers and ice caps peripheral to the Greenland and Antarctic Ice Sheets192

(Farinotti et al., 2019). Both archipelagos are surrounded by the shallow Arctic Ocean193

coastal shelf, the Barents Sea being the deepest with an average depth of 230 m (Oziel et194

al., 2016). The two islands forming Novaya Zemlya separate the Barents and Kara Seas,195

while Severnaya Zemlya forms a natural boundary between the Kara and Laptev Seas, with196

the continental slope to the east (Figure 1).197

Ice loss in Severnaya Zemlya is dominated by a small number of marine-terminating198

basins while thinning in Novaya Zemlya prevails over almost the entire extent of the glaciated199

area (Figure 2). Tidewater glaciers drain ice from large parts of Novaya Zemlya’s ice cap200

on Severny Island along both the Barents and Kara coasts, where their termini end in201

relatively shallow fjords or embayments (Figures 1 and 2). Thinning rates across these202

basins are highest below 200 m a.s.l. where they reach up to 4 m a−1 locally. On average203

thinning is 50-60% greater along the Barents coast compared to the Kara coast. Slight204

thickening (< 1 m a−1) is limited to the northernmost basins of the ice cap (B1N a-c), with205

Bunge glacier (B1N b) accumulating ice above the equilibrium line and along the central206

flow line to lower elevations (Figure 2a). Thinning across the land-terminating ice masses207

of Novaya Zemlya is less pronounced compared to their marine-terminating counterparts,208

although there is a notable north-south gradient with higher rates of thinning in the south209

compared to the north suggesting latitudinal control on surface mass balance (Figure 2b).210

Nearly half of the total glaciated area of Severnaya Zemlya is marine-terminating (Fig-211

ure 2c), 58% of which is found within the Academy of Sciences Ice Cap in the north of212

the archipelago. The remaining marine-terminating basins face east along the Laptev coast213

with the exception of one basin (Basin V) draining the western margin of Vavilov Ice Cap214

(Figure 2c). Pronounced thinning is observed in six marine-terminating catchments (B, BC,215

C, D, K and V), with mean surface lowering from 2 to 30 m across these basins over the216

entire measurement period, and reaching up to 100 m locally in basin V within a single217

year (M. J. Willis et al., 2018). As a result of their recent dynamic behavior, these basins218

have all been classified as ice streams in the literature (Zheng et al., 2019; Sánchez-Gámez219

et al., 2019; M. J. Willis et al., 2015). The remaining marine-terminating ice cap basins220

on Severnaya Zemlya have not exhibited dramatic recent changes in ice dynamics, instead221

revealing extensive areas close to balance or thickening in response to long-term net accu-222
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Figure 2. Mean 2010-2018 dh over glaciers and ice caps in Novaya Zemlya (NZ) (a, b) and

Severnaya Zemlya (SZ) (c, d), and corresponding mass budgets (table). Data is partitioned into

marine-terminating (MT) (a, c) and land-terminating (LT) basins (b, d). Letters in (a) denote

single MT basins, numbered in alphabetical order, with ’a’ being the northernmost basin in each

control area. The corresponding names of these individual basins are: Petersena (B1N a), Bunge

(B1N b), Vera (B1N c), Inostrantseva (B1N d), Vize (B2N a), Brounova (B2N b), Voyekova (B2N

c), Maka (B2N d), Vel’kena (B2N e), Rykachëva (B2N f), Chayeva (B2N g), Shokal’skogo (B2N h),

Borzova (B3N a), Chernishëva (B3N b), Taisiya (B3N c), Krayniy (B3N d), Vil’kitskogo N (B3N

e), Vil’kitskogo S (B3N f), Nordenskjold (B4N a), Glazov (B4N b), Nizkiy (B4N c), Roze (K1N a),

Sredniy (K1N b), Rozhdestvenskogo (K1N c), Vershinskogo (K1N d), Moshniy (K2N a), Kropotkina

(K2N b), Shury and Vylki (K2N c), Polisadova (K3N a), Oga (K3N b). The nomenclature of the

individual basins in SZ (c) is as in Dowdeswell et al. (2002) and Sánchez-Gámez et al. (2019).

Names of single ice caps are given in panels (b) and (d). SKL designates the Semyonov-Tyan-

Shansky, Kropotkin and Leningradsky glacier complex on Bolshevik Island (SZ). The thick dashed

line in panels (a) and (b) indicates the location of the southern fringe of the contiguous Severny

Island Ice Cap, NZ.
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mulation (Moholdt, Heid, et al., 2012). Thinning at these glaciers is confined to narrow223

sections along the ice cap margins below 200 m a.s.l., at rates < 1 m a−1, a pattern that is224

repeated across all of Severnaya Zemlya’s land-terminating ice cap basins.225

3.2 Time series of surface elevation change226

Owing to the high-density of CryoSat-2 swath elevations, we are able to produce, for227

the first time in the Russian Arctic, statistically robust time series of surface elevation228

change for individual catchments using 90-day time steps (Data and methods; Supporting229

Information, Figure S16). We compute individual time series for the sum of all marine- and230

land-terminating basins located within each of the twelve control domains (B1N - B4N , K1N231

- K3N , K1S-K2S and L1S-L3S) defined in Figure 1 (Figure 3). Because tidewater glaciers232

are likely to exhibit a more variable response to forcing owing to the additional complexities233

of ice-ocean interactions and varying boundary conditions (Cowton et al., 2018), we also234

compute time series for each individual tidewater glacier basin in Novaya Zemlya’s seven235

control areas. We exclude only basins previously identified as surge type, Anuchina, B2N and236

Serp i Molot, K3N , (Carr et al., 2017; Grant et al., 2009), and two smaller basins (< 150 km2)237

that have very few measurements thereby reducing the robustness of their time series, which238

are Pavlova (B1N ) and Krivosheina Glaciers (B3N ). For Severnaya Zemlya, we generate time239

series over basins that dominate total mass loss, namely basins B, BC, C and D on Academy240

of Sciences Ice Cap, basin V on Vavilov Ice Cap, and basin K on Karpinsky Ice Cap. We241

also compute time series for basin A, which was previously identified as dynamically active242

(Moholdt, Heid, et al., 2012).243

We observe consistent temporal patterns of change along the Barents Sea coast of244

Novaya Zemlya, with a gradual shift towards more negative thinning trends from north to245

south (Figure 3). Surface elevation change for the sum of all basins within B1N has remained246

relatively stable during the measurement period (+0.1± 0.1 m a−1), although single outlet247

glaciers display contrasting behaviour, from slight thickening in the northern areas (Bunge248

Glacier, B1N b and Vera Glacier, B1N c) to thinning of Inostrantseva Glacier (B1N d) further249

south (Figures 2 and 3). Ice within B2N thinned on average 0.4 ± 0.1 m a−1, although250

differences in trends between individual basins reach one order of magnitude, ranging from251

−0.1 ± 0.1 m a−1 (Vize Glacier, B2N a) to −1.2 ± 0.1 m a−1 (Shokal’skogo Glacier, B1N252

h) over the study period. This likely reflects differences in dynamic flow characteristics253

influenced by surface slope, basin hypsometry, or variable boundary conditions such as fjord254

depth and shape (Carr et al., 2017). In comparison, the southernmost control areas of the255

Barents (B3N and B4N ) and the Kara coasts (K2N and K3N ) exhibit more consistent trends256

across basins, with smaller differences in long-term thinning rates between single catchments,257

and similar seasonal patterns of change (Figure 3). The region that experienced the largest258

losses is B4N (−0.6 ± 0.1 m a−1), with surface lowering locally exceeding 4 m on average259

since 2010. Mean rates of thinning along the Kara coast were −0.3± 0.0 m a−1 in K1N and260

−0.4± 0.0 m a−1 in K2N and K3N .261

The slowdown in retreat rate, or in some cases advance, of tidewater glacier termini262

during the period 2013-2015, documented by Carr et al. (2017) and Cirac̀ı et al. (2018), is263

reflected in our dh time series, and is particularly visible along the Barents coast, with more264

pronounced thickening of up to 2 m in the northern areas (B1N ) compared to the south265

(B4N ) during the winter of 2014-2015 (Figure 3).266

The temporal pattern of ice mass change over Severnaya Zemlya is characterised by267

two distinctive modes of imbalance. The first mode is represented by spatially widespread,268

uniform, and slow mass gains, which are evidenced by 0.1±0.1 m a−1 mean surface elevation269

increase across all land-terminating basins as well as at all marine-terminating catchments270

not affected by dynamic thinning (Figure 3). This mass gain reflects an ongoing long-term271

net positive trend in surface mass balance across the archipelago (Dowdeswell et al., 2002;272

Moholdt, Heid, et al., 2012) and contrasts with a second state of imbalance characterized by273
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Figure 3. Time series of cumulative surface elevation change (dh) over the twelve control areas

(B1N–B4N , K1N -K3N , K1S-K2S , L1S-L3S) defined in Figure 1: total glaciated area of marine- and

land-terminating (black) and single basins (marine-terminating only, coloured). For Novaya Zemlya,

’a’ is the northernmost basin in each control area, other basins are numbered in alphabetical order

moving southwards (see Figure 2a). For Severnaya Zemlya, the nomenclature of all Academy of

Sciences Ice Cap basins (see Figure 2c) is based on Moholdt, Heid, et al. (2012) and Sánchez-Gámez

et al. (2019). Y-axis: 3 m per vertical unit scale applies to all figure parts.

the confined and rapid offshore advection of ice from the six maritime basins B, BC, C, D,274

K and V identified in the previous section. Basins B, C and D on Academy of Sciences Ice275

Cap have been subject to multidecadal dynamic thinning (Dowdeswell et al., 2002), with276

mean annual thinning rates from 2010 to 2018 of 0.3± 0.1 m a−1 in basin B, and 0.9± 0.0277

m a−1 in basins C and D. Basin BC accelerated at the end of the 2000s (Sánchez-Gámez278

et al., 2019), with average thinning rates identical to those observed in the neighbouring279

basin B (0.3 ± 0.1 m a−1), although Sánchez-Gámez et al. (2019) report thinning rates up280

to 1.21±0.24 m a−1 between 2012/13 and 2016. We note that our derived rates of loss from281

basin BC are likely underestimated due to poor coverage by CryoSat-2 over this particular282

basin at low (< 200 m a.s.l.) elevations (Supporting Information, Figure S14). The dramatic283

losses in region K2S are the result of changes in Basin V on Vavilov Ice Cap, which started284

to accelerate and thin dramatically after 2015. Two outlet glaciers in basin K (L2S) also285

accelerated after the breakup of the Matusevich Ice Shelf in 2012 (M. J. Willis et al., 2015),286

but corresponding losses are largely compensated by thickening elsewhere in L2S (Figure287

2c).288
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3.3 Mass balance289

We convert rates of surface elevation change to volume change using glacier area from290

RGI 6.0 and derive mass budgets assuming no spatial or temporal changes in ice density291

(ρice = 850± 60 kg m−3 = constant) following Huss (2013). We calculate mass balance re-292

gionally, according to basin type (marine- or land-terminating) and subdivided into glaciers293

and ice caps located within the single control areas defined in Figure 1. We note that, in294

the case of Severnaya Zemlya, volume changes are close to zero and occur mainly via ice295

discharge and therefore, ice densities may be closer to 900 kg m−3 in this region. Other296

studies from across the region, and highlighted here for comparison, use an ice density of 900297

kg m−3 (e.g. Sánchez-Gámez et al., 2019), and 917 kg m−3 (Cirac̀ı et al., 2018), implying298

that the volume-to-mass conversion applied by these authors yields a slightly higher mass299

imbalance (i.e. more negative) compared to our study.300

From 2010 to 2018, Novaya Zemlya lost ice at an average rate of 9.7 ± 0.5 Gt a−1
301

(Table 1), or 8.5 ± 0.4 Gt a−1 from 2010 to 2017 (Tepes et al., 2021). Our estimate is302

similar to the 2012-2013/14 rate (−8.5 Gt a−1) obtained by Melkonian et al. (2016) using303

stereo-pair WorldView imagery and an ice density of 900 kg m−3. Applying conventional304

POCA waveform sampling, Cirac̀ı et al. (2018) used CryoSat-2 altimetry to estimate that,305

from 2010 to 2016, Novaya Zemlya had lost 13.3±5 Gt a−1 of ice at 900 kg m−3, or 12.3±5306

Gt a−1 assuming a mean ice density of 850 kg m−3, which matches our finding within307

uncertainties. Marine-terminating basins on the Barents coast account for 39% of Novaya308

Zemlya’s total loss (3.8 ± 0.3 Gt a−1) and sustain the highest local area-specific loss rate309

across the archipelago, with rates below 500 m a.s.l. up to 1439 ± 32 kg m−2 a−1, and a310

mean rate across catchments of 523±37 kg m−2 a−1. These mean rates of loss are 72% and311

59% higher than those observed within the same elevation band on land-terminating basins312

along the Barents and Kara coasts, respectively (Table 1). Losses from land-terminating313

basins along the Barents coast represent 24% (2.3± 0.1 Gt a−1 at 492± 22 kg m−2 a−1) of314

total loss, followed by the Kara coasts marine- and land-terminating basins which exhibit315

losses of 22% (2.1 ± 0.2 Gt a−1 at 329 ± 23 kg m−2 a−1) and 10% (1.0 ± 0.1 Gt a−1 at316

324±17 kg m−2 a−1), respectively. The remaining 5% of losses (0.5±0.1 Gt a−1 at 560±99317

kg m−2 a−1) come from the mountain glaciers south of Severny Ice Cap (Table 1).318

Overall, our results reveal a latitudinal gradient in area-specific mass balance across319

Novaya Zemlya’s ice cap, which is clearest above 500 m a.s.l and applies to both marine-320

and land-terminating basins along both coasts. Area-specific losses generally increase south-321

wards, although below 500 m a.s.l. the gradient is less evident, likely due to the complexities322

of ice-ocean interactions, which lead to more diverse responses across tidewater glacier basins323

(Table 1). There is also a clear longitudinal mass loss gradient between the east and west324

coasts of Novaya Zemlya, with glaciers along the Barents coast deflating on average 59%325

(for marine-terminating basins) and 52% (for land-terminating basins) more intensively per326

unit area compared to the Kara coast (Table 1).327

The 2010-2018 mass imbalance of Severnaya Zemlya was dominated by the acceleration328

of ice flow from basin V in region K2S in 2015-2016 (M. J. Willis et al., 2018). During329

2010-2018, the basin lost on average 2901± 254 kg m−2 annually (Table 1). This estimate330

includes large areas situated along the southern and eastern margins of the catchment where331

surface elevation remained stable during our CryoSat-2 monitoring period. We also confirm332

significant losses from four ice streams draining the Academy of Sciences Ice Cap (Sánchez-333

Gámez et al., 2019), in particular basins C and D, which dominate the overall loss rate of334

576 ± 40 kg m−2 a−1 within control domain L1S . Ice discharge from these two basins was335

estimated by Sánchez-Gámez et al. (2019) at 1.13 ± 0.09 Gt a−1 for the period 11/2016-336

11/2017 using an ice density of 900± 17 kg m−3, the equivalent of 1.07 kg m−2 with an ice337

density of 850 kg m−3. This compares well with our longer-term 2010-2018 mean of 1.0±0.1338

Gt a−1 for the marine-terminating segment of domain L1S (Table 1), which in addition to339

the ice streams C and D also incorporates two relatively small southwestern basins that are340

close to balance (Figure 2c).341
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Table 1. Glacier and ice cap mass balance and area for regional and sub-regional aggregates of

land- (LT) and marine-terminating (MT) basins across Novaya Zemlya (NZ) and Severnaya Zemlya

(SZ). Mountain glaciers (*) refer to those located south of Severny Island Ice Cap (Figure 2b).

Total MT LT Total MT LT
NZ 22128 13714 8414 -9.7 ± 0.5 -5.9 ± 0.4 -3.8 ± 0.2 -431 ± 22 -425 ± 30 -441 ± 31

> 500m a.s.l. 11094 7727 3367 -2.1 ± 0.4 -1.1 ± 0.3 -1.0 ± 0.1 -197 ± 15 -156 ± 20 -272 ± 22
< 500m a.s.l. 10124 5987 4137 -7.6 ± 0.1 -4.8 ± 0.1 -2.8 ± 0.0 -699 ± 18 -843 ± 23 -543 ± 24

Barents Coast 11836 7263 4573 -6.1 ± 0.3 -3.8 ± 0.3 -2.3 ± 0.1 -511 ± 24 -523 ± 37 -492 ± 22

> 500m a.s.l. 5665 3966 1698 -1.2 ± 0.3 -0.7 ± 0.3 -0.5 ± 0.1 -223 ± 20 -194 ± 10 -287 ± 24
< 500m a.s.l. 6171 3297 2875 -4.9 ± 0.1 -3.1 ± 0.1 -1.8 ± 0.0 -788 ± 25 -978 ± 58 -567 ± 30

B1N 2568 1530 1037 -0.6 ± 0.1 -0.4 ± 0.1 -0.2 ± 0.0 -241 ± 20 -268 ± 33 -203 ± 10

> 500m a.s.l. 1138 705 433 -0.0 ± 0.0 -0.0 ± 0.0 -0.0 ± 0.0 -53 ± 20 -57 ± 28 -46 ± 7
< 500m a.s.l. 1430 825 604 -0.6 ± 0.0 -0.4 ± 0.0 -0.2 ± 0.0 -434 ± 17 -533 ± 22 -298± 5

B2N 2155 1641 514 -1.3 ± 0.1 -1.0 ± 0.1 -0.3 ± 0.0 -575 ± 38 -603 ± 49 -486 ± 39

> 500m a.s.l. 1289 974 316 -0.2 ± 0.1 -0.1 ± 0.1 -0.1 ± 0.0 -147 ± 12 -134 ± 25 -190 ± 21
< 500m a.s.l. 866 667 198 -1.1 ± 0.0 -0.9 ± 0.0 -0.2 ± 0.0 -1305 ± 39 -1439 ± 32 -857 ± 33

B3N 4202 3172 1030 -2.2 ± 0.1 -1.7 ± 0.1 -0.5 ± 0.0 -523 ± 30 -533 ± 38 -495 ± 39

> 500m a.s.l. 2435 1924 511 -0.5 ± 0.1 -0.4 ± 0.2 -0.1 ± 0.0 -205 ± 6 -208 ± 12 -196 ± 7
< 500m a.s.l. 1767 1248 519 -1.7 ± 0.0 -1.3 ± 0.0 -0.4 ± 0.0 -939 ± 32 -1026 ± 28 -732 ± 78

B4N 2911 920 1992 -2.0 ± 0.1 -0.7 ± 0.1 -1.3 ± 0.1 -673 ± 37 -739 ± 65 -643 ± 45

> 500m a.s.l. 802 363 439 -0.5 ± 0.1 -0.2 ± 0.1 -0.3 ± 0.1 -631 ± 24 -523 ± 18 -547 ± 41
< 500m a.s.l. 2109 556 1553 -1.5 ± 0.0 -0.5 ± 0.0 -1.0 ± 0.0 -648 ± 33 -863 ± 58 -752 ± 39

Kara Coast 9382 6451 2931 -3.1 ± 0.2 -2.1 ± 0.2 -1.0 ± 0.1 -327 ± 17 -329 ± 23 -324 ± 17

> 500m a.s.l. 5429 3761 1668 -0.7 ± 0.2 -0.4 ± 0.1 -0.3 ± 0.1 -138 ± 14 -117 ± 14 -186 ± 12
< 500m a.s.l. 3953 2690 1263 -2.4 ± 0.0 -1.7 ± 0.0 -0.7 ± 0.0 -600 ± 11 -681 ± 18 -427 ± 13

K1N 2499 2224 275 -0.6 ± 0.0 -0.6 ± 0.0 -0.0 ± 0.0 -248 ± 16 -270 ± 18 -73 ± 9

> 500m a.s.l. 1224 1100 125 -0.0 ± 0.0 -0.0 ± 0.0 -0.0 ± 0.0 -49 ± 8 -55 ± 9 -14 ± 2
< 500m a.s.l. 1275 1124 150 -0.6 ± 0.0 -0.6 ± 0.0 -0.0 ± 0.0 -533 ± 16 -578 ± 18 -199 ± 12

K2N 4729 3344 1385 -1.6 ± 0.1 -1.2 ± 0.1 -0.4 ± 0.0 -336 ± 20 -359 ± 27 -282 ± 22

> 500m a.s.l. 2994 2168 826 -0.4 ± 0.1 -0.3 ± 0.1 -0.1 ± 0.0 -117 ± 6 -120 ± 8 -109 ± 9
< 500m a.s.l. 1736 1177 559 -1.2 ± 0.0 -0.9 ± 0.0 -0.3 ± 0.0 -703 ± 39 -807 ± 21 -483 ± 48

K3N 2154 883 1271 -0.9 ± 0.1 -0.3 ± 0.0 -0.6 ± 0.0 -399 ± 23 -362 ± 34 -425 ± 31

> 500m a.s.l. 1211 494 718 -0.3 ± 0.1 -0.1 ± 0.1 -0.2 ± 0.1 -281 ± 13 -243 ± 16 -307 ± 22
< 500m a.s.l. 942 389 553 -0.6 ± 0.0 -0.2 ± 0.0 -0.4 ± 0.0 -509 ± 35 -617 ± 41 -434 ± 25

Mt. glaciers* 910 - 910 -0.5 ± 0.1 - -0.5 ± 0.1 -560 ± 99 - -560 ± 99

> 500m a.s.l. 324 - 324 -0.2 ± 0.1 - -0.2 ± 0.1 -419 ± 76 - -419 ± 76
< 500m a.s.l. 586 - 586 -0.3 ± 0.0 - -0.3 ± 0.0 -598 ± 102 - -598 ± 102

Total MT LT Total MT LT
SZ 15957 7592 8365 -1.7 ± 0.1 -1.9 ± 0.1 +0.2 ± 0.0 -97 ± 8 -234 ± 17 +27 ± 2

Kara Coast 5203 2992 2211 -0.8 ± 0.1 -0.9 ± 0.1 +0.1 ± 0.0 -158 ± 18 -331 ± 30 +77 ± 5

K1S 2952 2637 315 +0.1 ± 0.0 +0.1 ± 0.0 +0.0 ± 0.0 +24 ± 3 +15 ± 4 +95 ± 0

K2S 2251 355 1896 -0.9 ± 0.1 -1.0 ± 0.1 +0.1 ± 0.0 -395 ± 40 -2901 ± 254 +74 ± 5

Laptev Coast 10754 4600 6154 -0.9 ± 0.1 -1.0 ± 0.1 +0.1 ± 0.0 -77 ± 7 -204 ± 15 +18 ± 2

L1S 2979 1735 1244 -0.9 ± 0.1 -1.0 ± 0.1 +0.1 ± 0.0 -302 ± 24 -576 ± 40 +80 ± 8

L2S 3460 1756 1704 -0.1 ± 0.0 -0.1 ± 0.0 -0.0 ± 0.0 -9 ± 3 -34 ± 6 -2 ± 0

L3S 4315 1109 3206 +0.1 ± 0.0 +0.1 ± 0.0 +0.0 ± 0.0 +23 ± 2 +108 ± 9  +6 ± 0

Area [km2] Mass budget [Gt a-1] Mass budget [kg m-2 a-1]

Area [km2] Mass budget [Gt a-1] Mass budget [kg m-2 a-1]

3.4 Climatic trends in the BKS region342

Glaciers and ice caps of the Eurasian High Arctic have been exposed to multidecadal343

atmospheric and oceanic warming, and associated high rates of sea ice decline, with increased344

intensity in the western compared to the eastern parts of the region (Dowdeswell et al., 2002;345
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Moholdt, Wouters, & Gardner, 2012). This exposure has triggered extensive acceleration of346

ice loss (Strozzi, Paul, et al., 2017) and induced widespread thermal and dynamic regime347

shifts across the entire BKS (Nuth et al., 2019; M. J. Willis et al., 2018; Dunse et al., 2015).348

Amidst this fast-changing environment, identifying the main controls on glacier change has349

proven challenging (Sánchez-Gámez et al., 2019; Cirac̀ı et al., 2018; Carr et al., 2017). Here,350

we investigate regional and synoptic climate variability, in an attempt to identify potential351

forcing mechanisms and their inter-annual to decadal impact on glacier and ice cap mass352

loss across the Russian Arctic.353

For the BKS region as a whole, and for each of the control domains defined earlier354

for Novaya Zemlya and Severnaya Zemlya, we analyse changes in air surface temperature355

(T2m), sea surface temperature (SST), subsurface ocean thermal forcing (SOTF), and sea ice356

concentrations (SIC) over the satellite period (1970s-2010s), with variable temporal coverage357

depending on data availability for each parameter (Figures 4 and 5).358

Figure 4. (a) T2m (ERA5) and (b) SIC (GLORYS) annual anomaly trends over the base-

line period 2003-2018; (c) T2m seasonal anomalies relative to 1979-2018 means; (d) SIC seasonal

anomalies relative to 1993-2018 means. The reference periods used for the time series in (c) and (d)

correspond to the maximum temporal coverage of the ERA5 (T2m) and GLORYS (SIC) reanalysis

products, respectively. Dashed lines are derived from segmented best-fit analysis over the entire set

of aggregates using a single break point.

To capture possible control mechanisms at the ice-ocean interface, we calculate mean359

SOTF1−3 as the ocean potential temperature expressed relative to the in situ freezing point360

(Data and methods; Slater et al., 2019) at three different depth levels (SOTF1, 0-55 m;361
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Figure 5. (a) SST (ERA5) and (b) SOTF2 (GLORYS) annual anomaly trends over the baseline

period 2003-2018; (c) SST seasonal anomalies with reference to 1979-2018 means; (d) SOTF2

seasonal anomalies with reference to 1993-2018 means. The reference periods used for the time

series in (c) and (d) correspond to the maximum temporal coverage of the ERA5 (SST) and

GLORYS (SOTF) reanalysis products, respectively. SOTF2 is the mean ocean thermal forcing

computed between 55 m and 110 m below sea level. Dashed lines are derived from segmented

best-fit analysis over the entire set of aggregates using a single break point.

SOTF2, 55-110 m; SOTF3, 110-155 m). Because the various forcings can influence glacier362

dynamics and surface mass balance over different time scales, we consider ice-climate in-363

teractions over multidecadal timescales at seasonal (90-day) resolution. Seasonal climate364

anomalies are calculated with reference to the entire measurement period that corresponds365

to each climate variable, and annual anomaly trends are with reference to a 15-year (2003-366

2018) baseline, which coincides with ice surface altimetry from both ICESat and CryoSat-2367

(Figures 4 and 5). Ice dynamic changes and climatic variability occurring at time scales368

< 90 days, such as the frequency of passage of cyclones for example, may conceal long-term369

trends that affect mass budgets over the study period. Such trends, if they do exist, are not370

captured in our analysis.371

Time series of T2m, SST, SOTF and SIC seasonal forcing anomalies reveal trends372

disrupted by a discernible climatic shift that started in the early-to-mid 2000s, with positive373

temperature- and negative SIC anomalies largely prevailing in all seasons after this change374

(Figures 4c,d and 5c,d). Segmented regression of the time series suggests a shift towards375

accelerated warming starting in the western parts of the BKS, with highest rates of increase376
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in T2m and SST (0.1 ◦C a−1) along the Novaya Zemlya Barents coast after 2005 and 2003377

respectively (Figures 4c and 5c upper left panels), and locally > 0.3 ◦C a−1 (Figures 4a and378

5a). By the time of the first CryoSat-2 measurements in 2010, all forcings, including SOTF379

and SIC, reveal accelerating trends compared to the pre-CryoSat-2 period, with maximum380

rates of change (> 0.1 ◦C a−1) occurring in the areas B1N -B4N (Figures 4c,d and 5c,d, all381

panels).382

Maps of anomaly trends between 2003-2018 provide a spatial overview of climate warm-383

ing amplification in the Eurasian High Arctic (Figures 4a,b and 5a,b), from the early 2000s,384

when acceleration in glacier frontal retreat began in Novaya Zemlya (Carr et al., 2017), and385

throughout the CryoSat-2 period. The T2m map (Figure 4a) reveals extensive and intense386

regional surface warming, from west of Franz Josef Land to Severnaya Zemlya, and from387

the central Barents Sea to the continental shelf break north of Franz Josef Land. Maximum388

T2m (> 0.3 ◦C a−1) and SIC (< −1% a−1) anomalies within this hotspot are concentrated389

in the northeast Barents Sea, and extend into a relatively well-defined area north of No-390

vaya Zemlya, coinciding with the location of the St. Anna Trough between Franz Josef391

Land and Severnaya Zemlya (Figure 1). This is a region where, in addition to high rates392

of surface warming and sea ice decline, SOTF anomalies are particularly high compared393

to zonal means throughout the upper 150 m b.s.l. and across all seasons (Figure 5b and394

Supporting Information, Figures S4-S6). SOTF anomalies > 0.1 ◦C a−1 are also present395

along the southern periphery of the Eurasian Basin of the Arctic Ocean, suggesting the396

presence of Atlantic Water entering the Arctic via the Fram Strait, and propagating along397

the continental slope in the form of a geostrophic current (Figures 1 and 5b and Lien et al.,398

2013). Steep, positive SST anomaly trends can be observed in the central, southern and399

eastern parts of the Barents Sea (Figure 5a), where weak ocean stratification and strong400

vertical mixing are dominant features (Barton et al., 2018; Oziel et al., 2016). This is further401

reflected in similar subsurface ocean warming signatures, with steep SOTF anomaly trends402

in the same regions (Figure 5b). High rates of change in SST are restricted in the north by403

the polar front, a narrow oceanic convergence zone, where warm and saline Atlantic Water404

entering the southern Barents Sea meets fresher and colder Arctic Ocean Water (Oziel et al.,405

2016). The east and northward migration of the polar front, forced by “impinging Atlantifi-406

cation” (Polyakov et al., 2017), has led to sea ice decline, weakened ocean stratification, and407

increased vertical heat flux through the water column (Barton et al., 2018; Årthun et al.,408

2012), and between the Arctic seas and the overlying atmosphere (Serreze & Barry, 2011).409

We infer that this eastward progression of Atlantic climate has also increasingly affected410

tidewater glacier dynamics and land ice loss in the BKS region.411

It is clear that precipitation patterns, and changes in snowfall in particular, are key412

factors determining variations in glacier and ice cap thickness (Opel et al., 2009; Colgan413

& Sharp, 2008). However, due to data scarcity and large biases from gauge undercatch in414

precipitation records (Moholdt, Wouters, & Gardner, 2012; Dee et al., 2011), we do not415

analyse variability in snowfall despite its potential impact on mass balance. For example,416

precipitation anomalies for the period 2004-2009 with reference to 1980-2009, averaged over417

three different reanalysis datasets across the Russian Arctic, are associated with large uncer-418

tainties (Moholdt, Wouters, & Gardner, 2012). Precipitation in Novaya Zemlya is influenced419

primarily by the position and intensity of North Atlantic storm tracks, in association with420

large-scale atmospheric circulation patterns and global teleconnections (Bjørk et al., 2018;421

Cirac̀ı et al., 2018; Ding et al., 2014; Bader et al., 2011). Climatic conditions are much422

colder and drier in Severnaya Zemlya, a region best described as a polar desert (M. J. Willis423

et al., 2018), although precipitation rates are increasing currently in this region due to424

receding sea ice, and hence increased availability of atmospheric moisture over the Kara425

Sea (Sánchez-Gámez et al., 2019, Supporting Information, and references within). In both426

Novaya Zemlya and Severnaya Zemlya, periods of observed positive anomalies of snowfall427

are offset at the regional scale by concomitant increases in surface melt due to 1) rising428

surface air temperatures and 2) enhanced atmospheric transport and deposition of sea salt429
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on glacier ice (Opel et al., 2013), although the extent of these compensating factors varies430

between individual ice caps and coastal regions (Cirac̀ı et al., 2018; Zhao et al., 2014).431

4 Discussion432

4.1 Novaya Zemlya’s ice mass response to atmospheric and oceanic warming433

Our CryoSat-2 measurements confirm previous findings by Cirac̀ı et al. (2018), Carr434

et al. (2017), and Melkonian et al. (2016), suggesting that Novaya Zemlya’s mass loss is435

greatest from marine-terminating basins located along the Barents coast (Table 1). These436

and other studies such as Wouters et al. (2019) and Moholdt, Wouters, and Gardner (2012)437

have made a range of inferences linking observations of glacier change to external forcing.438

Carr et al. (2017), for example, found a correlation between SST, SIC and accelerated439

glacier retreat across Novaya Zemlya from 2000 to 2012. Here, we expand these analyses440

and include subsurface ocean temperature data to elucidate differences in response patterns441

over Novaya Zemlya’s ice masses.442

Climate reanalyses reveal a clear difference in SIC, SST and SOTF anomaly trends443

between the Barents and Kara coasts since the early 2000s. Between 2003 and 2018, SST444

and SOTF1−3 increased on average by 0.1−0.3 ◦C a−1 along the Barents coast, while ocean445

temperatures remained relatively stable along the Kara coast (Figure 5a,b and Supporting446

Information, Figures S4-S6). During the same time period, sea ice concentration decreased447

at rates > 3% a−1 off the Barents coast, compared to just 1% a−1 along the Kara coast (Fig-448

ures 4b,d). We also note that SIC and SST warming anomaly trends along the Barents coast449

are steepest during MAM and JJA, respectively (Supporting Information, Figures S2-S3).450

Along the main paths of Atlantic Water inflow, SOTF anomalies appear large at all depths,451

and rates of subsurface warming > 0.1 ◦C a−1 are pervasive in all seasons in the eastern452

Barents Sea, the St. Anna Trough, and along the continental margin, with slightly stronger453

ocean warming in the upper 110 m layer during SON and DJF (Supporting Information,454

Figures S4-S5). This sustained ocean forcing is consistent with the high frontal velocities455

reported for Barents coast marine-terminating outlet glaciers in all seasons (Melkonian et456

al., 2016). At the same time, T2m anomaly trends are > 0.4 ◦C a−1 during winter (DJF)457

around the central and northern part of Severny Ice Cap, with also a significant warming458

trend of 0.3–0.4 ◦C a−1 in the Barents coastal region during spring (MAM) (Supporting459

Information, Figure S1). Collectively, these forcing patterns suggest that high surface melt460

rates in spring and summer coincide with strong ocean forcing at the calving front, forming461

a concomitant driver of rapid dynamic thinning along the western margins of Severny Ice462

Cap in Novaya Zemlya. Furthermore, evidence suggests persistent, decadal upwelling of463

relatively warm subsurface ocean water through vertical Ekman transport around Novaya464

Zemlya (Ma et al., 2017), in particular in the eastern Barents Sea, with the potential to465

enhance glacier calving and submarine melting (Supporting Information, Figure S7, left466

panel). Based on these observations, we infer that, in addition to ubiquitous net surface467

losses, ocean forcing is a key parameter that explains 1) the 59% difference in mass loss from468

west-coast- compared to east-coast-facing tidewater glaciers, and 2) the 72% and 59% higher469

rates of loss from tidewater glaciers on the Barents- and the Kara Sea coasts, respectively,470

compared to adjacent land-terminating glaciers (Cirac̀ı et al., 2018; Melkonian et al., 2016)471

(Table 1).472

4.2 Atlantic Ocean fingerprints on Severnaya Zemlya’s dynamic imbalance473

The highly heterogenous response of Severnaya Zemlya’s glaciers and ice caps to ex-474

ternal forcing (Figures 2 and 3) suggests either a more varied and complex set of control475

mechanisms on glacier change compared to Novaya Zemlya, or a more dramatic dynamic476

response to the same set of forcings. While ice streams B, C and D in the Academy of477

Sciences Ice Cap (Figure 2) are known to have continuously drawn down ice for multiple478

decades (Moholdt, Heid, et al., 2012), and without any signs of associated surge-type ac-479
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tivity (Dowdeswell & Williams, 1997), three further catchments have dynamically activated480

across the archipelago during the 2010s. These are basin BC on Academy of Sciences Ice481

Cap (Sánchez-Gámez et al., 2019), basin K on Karpinsky Ice Cap (M. J. Willis et al., 2015)482

and basin V on Vavilov Ice Cap (M. J. Willis et al., 2018). To explain the increasing number483

of dynamic instabilities and formation of ice streams across the Eurasian Arctic, including484

Svalbard, a number of recent studies have argued for the role of ocean-driven ablation at the485

calving front, which can trigger instabilities that propagate inland rapidly (Strozzi, Kääb,486

& Schellenberger, 2017; McMillan et al., 2014). Another commonly postulated driver of487

ice velocity variations is through the supply of summer surface melt to the glacier bed,488

which temporarily increases water pressure thereby initiating rapid ice-flow by partially re-489

leasing underlying resistive stresses (Nuth et al., 2019; Dunse et al., 2015). In Severnaya490

Zemlya, the dynamically thinning and relatively fast-flowing (> 200 m a−1) ice-streams491

exhibit monthly ice flow variability not only during the summer months, but also in winter492

(Sánchez-Gámez et al., 2019; M. J. Willis et al., 2018; Strozzi, Paul, et al., 2017; M. J. Willis493

et al., 2015), with no significant correlation between summer surface temperatures and ice494

dynamics (Sánchez-Gámez et al., 2019). This suggests that active supply of supraglacial495

meltwater to the glacier bed is not likely to play a leading role in the variability of ice flow in496

this region (M. J. Willis et al., 2018). Although intrinsic, catchment-specific processes trig-497

gering dynamic imbalances need to be considered (Sánchez-Gámez et al., 2019; M. J. Willis498

et al., 2018), it is striking that all ice stream formations and glacier accelerations in Sever-499

naya Zemlya are marine-terminating. We examine therefore the possibility of ocean forcing500

as a potential overarching driver that may at least partially explain both summer and winter501

velocity variations, as well as Severnaya Zemlya’s global dynamic mass imbalance.502

A net decrease in Atlantic influence over Severnaya Zemlya compared to Novaya Zemlya503

is evident in the less pronounced T2m and SIC anomaly trends, on average < 0.1◦C a−1 and504

< 1%, respectively between 2003 and 2018, and hence a less dramatic shift towards more505

rapid warming in the 2000s (Figure 4a-d). Furthermore, ocean warming around Severnaya506

Zemlya is delayed with respect to warming in the Barents Sea, with steeper trends emerging507

only in the 2010s, in particular along the Laptev coast (Figure 5c,d). The most prominent508

climatic signal in the vicinity of the archipelago, however, is the persistent positive SOTF509

anomaly warming trend along the Eurasian continental slope, which affects locally the L1S-510

L3S domains in all seasons (Figure 5b, Supporting Information, Figures S4-S6). This feature511

is characterised by ocean temperature anomalies up to 0.2 ◦C a−1, and as noted previously,512

is an expression of the eastward flowing Fram Strait branch of Atlantic Water (Figure 1),513

a geostrophic current adjacent to the continental margin between the Laptev Sea and the514

Eurasian Basin (Zhurbas & Kuzmina, 2020). It was previously shown that ocean strati-515

fication in the Eurasian Basin has weakened over recent decades (Polyakov et al., 2010),516

which facilitates upward heat transfer across ocean layers and to the surface (Polyakov et517

al., 2017). Furthermore, rates of upwelling along the east coast of Severnaya Zemlya have518

increased over the past four decades as a result of enhanced Ekman pumping in the Laptev519

Sea (Supporting Information, Figures S7-S8; Ma et al., 2017). We therefore infer, in line520

with observations elsewhere (Nick et al., 2013) that this long-term, enhanced oceanic heat521

supply represents a potential control on glacier dynamics in the region. A sustained upward522

movement of relatively warm subsurface water, assisted by coastal surface currents and523

tides, may result in these warm waters reaching the fronts of some of Severnaya Zemlya’s524

glaciers and ice caps, in particular the eastern and southern basins of the Academy of Sci-525

ences Ice Cap, and the east-facing marine-terminating segments of Rusanov, Karpinsky and526

University Ice Caps (Figure 1). Taking into account that the bed topography beneath the527

Academy of Sciences Ice Cap’s ice streams is characterized by deep troughs 100 m - 300 m528

below sea level (Dowdeswell et al., 2002), it is likely that ocean water with temperatures529

above freezing not only impacts rates of submarine melting at the glacier front, but also530

flows into ocean cavities beneath the floating tongues which tend to form at marine ice cap531

margins (Straneo & Heimbach, 2013). This is the case for example in the frontal area of532

basin K (Issledovateley Glacier) on Karpinsky Ice Cap, and basins C and D on Academy of533

Sciences Ice Cap (Williams & Dowdeswell, 2001). In recent decades, floating conditions for534
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the latter two basins have been restricted to relatively small areas (p. comm. F. Navarro),535

and the tongues appear to have been stable over decadal time spans (Moholdt, Heid, et536

al., 2012). However, the presence of floating tongues ensures that ocean-induced melting537

near the grounding line could perpetuate or initiate dynamic instability through reducing538

resistive stress forces (Slater et al., 2016), and/or possibly weakening subglacial sediment539

layers (Sánchez-Gámez et al., 2019; I. C. Willis, 1995).540

4.3 Coupled versus decoupled climatic forcing541

To further examine the sensitivity of the Russian Arctic’s glacier response to climatic542

change, we perform a quantitative assessment of the relationship between CryoSat-2 90-day543

surface elevation change, dh, and seasonal forcing anomalies between 2003 and 2018, with a544

particular focus on the established west-east forcing gradient between Novaya Zemlya and545

Severnaya Zemlya. We first calculate cross-correlations between dh and T2m, SIC, SST and546

SOTF1−3 using sequential 90-day shifts along the time axis to identify the length of any547

delay, based on statistics, between the observed changes in elevation and the underlying548

forcings in each of the twelve control areas defined in Figure 1 (Supporting Information,549

Figure S9). The best fit is obtained with an average time lag between all forcings and550

regions of 1.5-year (6 × 90 days), indicating an equivalent delay in response to forcing. To551

the best of our knowledge, no previous estimates have been made regarding glacier response552

times in the Russian Arctic, but our result is consistent with the recent dynamic response553

(slow-down) to ocean cooling at Jakobshavn Isbrae glacier in west Greenland (Khazendar554

et al., 2019).555

After taking into account the 1.5-year delay in response, we perform a regression analysis556

between dh and each of the forcings using both original and detrended time series for557

comparison. The latter are calculated by subtracting the linear forcing trends over the558

full length of the dataset to avoid establishing spurious relationships between the non-559

stationary dynamic processes involved (Slater et al., 2019; Hanna et al., 2013; Santer et560

al., 2000). These analyses reveal a significant link (p < 0.01) between ocean forcing and dh561

along Novaya Zemlya’s Barents coast, with maximum values of R2 ranging between 0.23 and562

0.63, and between 0.19 and 0.41 when using detrended time series (Supporting Information,563

Figures S10-S11). Correlations between dh and T2m and SIC are generally weaker, which564

may be explained in part by high seasonal variability in these forcings, with a tendency to565

increase the magnitude of short-term noise in the long-term trends (Cowton et al., 2018)566

(Figures 4 and 5), and leading to a more dispersed delay window of ice mass response to these567

forcings compared to ocean forcing across regions. Furthermore, the statistical significance568

of the correlations between dh and all climate forcings decreases from west to east across569

the BKS, with p-values > 0.01 over Severnaya Zemlya, where a consistent delay in response570

is not evidenced, as a result of large shifts in mass balance, strong discrepancies in response571

between land- and marine-terminating basins (Figure 3), and different climate dynamics572

with respect to Novaya Zemlya.573

Because the observed trends in glacier mass imbalance are caused by interannual and574

decadal climate variability, we investigate the ice-climate relationships at timescales of the575

order of the average response delay, and perform regression analysis again with a 1.5-year576

moving average filter applied to both dh and forcings, and with all variables normalised577

over their respective minimum/maximum range within each control area (Figure 6). The578

smoothed forcing patterns highlight a general warming trend on which are superimposed579

4-5-year cycles during which T2m, SIC, SST and SOTF1−3 anomalies oscillate in phase over580

Novaya Zemlya (Figure 6, B1N -B4N and K1N -K3N ), and increasingly out of phase when581

moving eastward (areas K1S-K2S and L1S-L3S). This overarching oscillating pattern is pos-582

sibly associated with leading modes of large-scale climate variability such as the Arctic- and583

the North Atlantic Oscillation (AO/NAO) (Cirac̀ı et al., 2018). Over Novaya Zemlya, the584

smoothed and normalised forcing anomalies are in phase with the corresponding time-lagged585

dh responses in all domains, with higher dh rates prevailing over the southern- compared586
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Figure 6. Forcing anomalies and dh time series over marine-terminating basins plotted for each

of the twelve control areas: Novaya Zemlya’s Barents- (left) and Kara coasts (middle-left), and

Severnaya Zemlya’s Kara- (middle-right) and Laptev coasts (right). To average out short-term

climatic fluctuations, dh and all forcing anomalies are represented by their 1.5-year moving mean.

For an improved visual interpretation of the results, dh and SIC are shown inverted over the time

axis (i.e. positive dh and SIC represent thinning and reduction, respectively). Rates of elevation

change are displayed both with (’dh’) and without applying the 1.5-year response delay to forcing

(’dh shifted’). Anomalies are expressed over their long-term means and normalized over their

respective minimum/ maximum range.

to the northern areas due to corresponding meridional air- and sea-surface temperature587

gradients (Supporting Information, Figure S13).588

Regressions performed on each of the smoothed time series confirm significant corre-589

lations between dh and all of the forcings in the areas along the Barents coast of Novaya590

Zemlya (Figure 7), with R2 values varying between 0.25 and 0.83 depending on the forc-591

ing. We report these correlations with a high level of confidence (p < 0.005), although we592

note that the fits and their statistical significance are possibly enhanced by the low-pass593

filtering of the time series. The level of significance of the correlations decreases in the594

areas K1N -K3N along the Kara coast of Novaya Zemlya (Figure 7), where only SOTF1−3595

exhibits a significant relationship to ice thinning (Figure 6). Over Severnaya Zemlya, the596

correspondence between different forcings and thinning rates is less clear and more variable597

between regions (Figures 6 and 7). Nevertheless, ice loss in this region is most consistently598

and significantly correlated with SOTF2, in particular in the regions K2S , L1S and L2S ,599

where dynamic thinning has been most intensive over the study period (Figure 7).600
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Figure 7. R2 statistics as a measure of linear fit between environmental forcing and surface

elevation change dh. Significant correlation (p < 0.005) is found between dh and all forcings (T2m,

SST, SOTF1−3, SIC) within the areas B1N -B4N . For the remaining control domains in Novaya

Zemlya and Severnaya Zemlya the results are only shown for p < 0.05.

Atlantic domain Arctic domain
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Coupled 
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Figure 8. Schematic illustrating heat fluxes in the BKS region. IHC is the integrated ocean heat

content, with horizontal arrows symbolising lateral ocean heat fluxes (HFz). Vertical heat fluxes

(HFv) across the water column and into the atmospheric boundary layer lead to synchronous, cou-

pled atmosphere-ocean forcing on land ice (Novaya Zemlya, Barents Sea coast). Higher sea ice

concentrations around Severnaya Zemlya decouple potential atmosphere-ocean interactions disso-

ciating their respective impact on land ice mass change. Schematic adapted from Årthun et al.

(2012).

We infer that changes in mass loss over Novaya Zemlya from 2010 to 2018 were mod-601

ulated by a coupled atmosphere (T2m) - ocean (SIC, SST, SOTF1−3) forcing mechanism,602

with all controls displaying a non-stationary oscillatory forcing pattern with a 4-5-year pe-603
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riodicity, and with decreasing strength from west to east between the two coasts. According604

to this supposition, the 2013 slowdown in frontal retreat rates reported by Carr et al. (2017)605

would have occurred in response to a slowdown in atmospheric and ocean warming between606

2011 and 2013 (Figure 6), followed by a dynamic response during the period 2014-2015.607

This inference is evidenced by thickness gains in Novaya Zemlya’s dh time series from 2014608

to 2015 (Figure 3). Similarly, we infer that the periods of accelerated ice loss between 2011609

and 2013 and after 2016 were in response to a preceding acceleration in warming during610

the periods 2009-2011 and 2014-2016, respectively. Hence, in this region, and particularly611

along the Barents coast, we argue that the Atlantic supply of oceanic heat controls frontal612

ablation via submarine melting and calving and drives the inland-propagating dynamic im-613

balance of tidewater glaciers, as revealed by intense thinning over large areas at low elevation614

across marine-terminating catchments (Figure 2a). At the same time, receding sea ice in615

the eastern and northern Barents Sea (Supporting Information, Figure S2) allows for heat616

fluxes to rise vertically through the water column and into the atmospheric boundary layer617

(Årthun et al., 2012). This increases both sea- and air surface temperatures locally, further618

enhancing sea-ice loss and the already pervasive surface melt across Novaya Zemlya.619

Coupled atmosphere-ocean forcing is less prevalent in the eastern BKS, where a more620

pronounced ocean stratification (Polyakov et al., 2017) impedes the propagation of vertical621

heat fluxes, and higher sea ice concentrations inhibit the efficient ocean-to-atmosphere heat622

transfer (Figure 8). Upwelling of relatively warm subsurface water with Atlantic signature is623

nonetheless sustained by vertical Ekman transport along the continental slope, an occurrence624

that is likely to have an effect on submarine melting and calving of the east-facing glacier625

fronts of Severnaya Zemlya. Hence, atmospheric and oceanic forcings over the archipelago626

drove differing mass changes via contrasting behaviours reflecting decoupled environmental627

forcing (Figure 8). Under these conditions low annual mean air temperatures and precip-628

itation rates led to slight and almost ubiquitous mass gains distributed across the surface629

of the ice caps (Zhao et al., 2014; Moholdt, Heid, et al., 2012), but with ocean forcing con-630

tributing locally to sustained ice discharge and calving from a number of marine-terminating631

catchments, some of which have only been recently activated.632

Glacier fluctuations across the Arctic are known to respond to large-scale climate vari-633

ability such as the AO and the NAO (Wouters et al., 2019; Cirac̀ı et al., 2018; Carr et634

al., 2017; Moholdt, Wouters, & Gardner, 2012), with contrasting effects depending on the635

position and strength of the Arctic Circumpolar Vortex (Bjørk et al., 2018; Gardner &636

Sharp, 2006). Although AO/NAO patterns are not, per se, direct drivers of glacier dynam-637

ics or mass balance, they reflect the existence of coupled atmospheric and oceanic forcing638

mechanisms, modulated by AO/NAO variability on decadal time scales, and their regional639

impacts on land ice change (Lloyd et al., 2011) (Supporting Information).640

5 Summary and conclusions641

We used eight years of high-resolution CryoSat-2 interferometric altimetry to gener-642

ate maps of surface elevation change dh and derive mass balance from 2010 to 2018 over643

the glaciers and ice caps of Novaya Zemlya and Severnaya Zemlya in the Russian Arctic.644

The high-density swath elevation fields were used further to generate, for the first time,645

robust time series of dh at 90-day time steps over single tidewater glacier basins at regional646

scale. We analysed the time series in conjunction with climate data reanalyses to establish647

links between the Russian Arctic’s glaciers and ice caps mass imbalance and environmental648

forcings.649

We find that Novaya Zemlya continues to dominate sea level input in the BKS region,650

with total ice loss of 9.7± 0.5 Gt a−1 driven by similar area specific rates of loss from both651

land- (441±31 kg m−2 a−1) and marine-terminating glaciers (425±30 kg m−2 a−1). Along652

Novaya Zemlya’s Barents coast, both surface melt and ice dynamics form a strong coupled653

mechanism leading to enhanced tidewater glacier mass imbalance, due to dramatic thinning654
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in the lower tidewater terminus regions. Ice loss in Severnaya Zemlya is predominantly655

driven by six marine-terminating ice streams, whereas elsewhere in the archipelago, the ice656

at the basin scale is slightly thickening. Of the six ice streams, the acceleration of basin V657

on Vavilov ice cap in spring 2015 has led to the most significant shift in mass balance in the658

BKS region since 2010.659

Our results reveal a clear and significant link between amplified, coupled atmosphere-660

ocean forcing and ice thinning over Novaya Zemlya, with a 1.5-year delay in the response661

of the ice masses to the onset of forcing. This linear response is particularly strong along662

the Barents Sea coast, where ongoing Atlantification is driving the climate dynamics and663

the subsequent ice mass response. Calving rates in Severnaya Zemlya are also controlled664

by Atlantic Ocean heat transfer, in this instance along the Eurasian continental slope, and665

assisted by Ekman vertical transport enabling warmer waters to reach tidewater glacier666

termini. However, over Severnaya Zemlya, oceanic and atmospheric forcing are decoupled,667

the former sustaining or activating ice dynamics at individual marine-terminating basins,668

and the latter sustaining a positive surface mass balance over the entire archipelago.669

A linear relationship between ice loss and oceanic and atmospheric forcing has been670

demonstrated previously over parts of Greenland (Slater et al., 2020, 2019; Khazendar et671

al., 2019; Cowton et al., 2018). In the Eurasian High Arctic, a coupled atmosphere-ocean672

warming feedback is currently expanding eastwards in response to the northward shift of673

Atlantic climate (Polyakov et al., 2017), sea ice decline (Stroeve et al., 2018), and positive674

climate feedbacks (Goosse et al., 2018). Our detailed temporal and spatial observations of675

patterns of glacier thinning suggest that this progression is already significantly impacting676

glacier and ice cap stability in the eastern Russian Arctic, with the potential for future677

dynamic regime changes and enhanced mechanisms of ice loss.678

Despite the complexities of climate variability in the BKS sector and a range of dynamic679

responses specific to the Russian High Arctic, our study confirms that relatively simple,680

linear relationships are sufficient to describe regional ice-climate interactions and may be681

used to predict future ice loss in regions where coupled ocean-atmosphere forcing prevails.682

These relationships provide considerable potential for improving global sea level predictions683

through the incorporation of parametrisations in coupled ice-atmosphere-ocean modelling684

work (Slater et al., 2020).685
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Årthun, M., Eldevik, T., Smedsrud, L. H., Skagseth, , & Ingvaldsen, R. B. (2012). Quantify-719

ing the Influence of Atlantic Heat on Barents Sea Ice Variability and Retreat. Journal720

of Climate, 25 (13), 4736–4743. doi: 10.1175/jcli-d-11-00466.1721

Bader, J., Mesquita, M. D. S., Hodges, K. I., Keenlyside, N., Østerhus, S., & Miles, M.722

(2011). A review on Northern Hemisphere sea-ice , storminess and the North Atlantic723

Oscillation : Observations and projected changes. Atmospheric Research, 101 (4),724

809–834. doi: 10.1016/j.atmosres.2011.04.007725

Barton, B. I., Lenn, Y.-D., & Lique, C. (2018). Observed atlantification of the Barents Sea726

causes the Polar Front to limit the expansion of winter sea ice. Journal of Physical727

Oceanography , 48 (8), 1849–1866. doi: 10.1175/jpo-d-18-0003.1728
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