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Figure S1. T2m (ERA5) seasonal anomaly trends over the baseline period 2003-2018.

Figure S2. SIC (GLORYS) seasonal anomaly trends over the baseline period 2003-2018.
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Figure S3. SST (ERA5) seasonal anomaly trends over the baseline period 2003-2018.

Figure S4. Mean (0.5 55 m b.s.l.) SOTF1 (GLORYS) seasonal anomaly trends over the baseline

period 2003-2018.
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Figure S5. Mean (55 110 m b.s.l.) SOTF2 seasonal anomaly trends over the baseline period

2003-2018.

Figure S6. Mean (110 155 m b.s.l.) SOTF3 seasonal anomaly trends over the baseline period

2003-2018.
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Eurasian region. The 36 year trend for the maximum transport is [upwelling (downwelling)] 1.51 (–1.44) Sv/
decade for the entire Arctic Basin, 0.65 (–0.65) Sv/decade for the Canadian region, and 0.83 (–0.82) Sv/
decade for the Eurasian region. The trend shows that the up/downwelling have intensified at the same rate
in the Canadian and Eurasian regions individually, i.e., each has intensified but they are balanced such that
there is no net change. The Eurasian region has, however, intensified more than the Canadian region, i.e.,
0.83 Sv/decade versus 0.68 Sv/decade.

The 36 year trend for the minimum transport is [upwelling (downwelling)] 0.55 (–0.62) Sv/decade for
the entire Arctic Basin, 0.22 (–0.19) Sv/decade for the Canadian region, and 0.33 (–0.43) Sv/decade for
the Eurasian region. The linear fit of the month of minimum transport also shows that the Eurasian
region has intensified more than the Canadian region. The up/downwelling are well correlated in each
region itself, i.e., total Arctic Basin up/downwelling correlation is r 5 20.95, Eurasian region is
r 5 20.93, and Canadian region is r 5 20.94. The Canadian and Eurasian regions up/downwelling are
strongly correlated with the total Arctic Basin, i.e., Canadian region upwelling versus total Arctic Basin
upwelling is r 5 0.78 and Eurasian region upwelling versus total Arctic Basin upwelling is r 5 0.85. The
Eurasian and Canadian regions, however, are not well correlated with each other (Table 2), which is
reflected in the EOF1 mode (Figure 9a), suggesting that each basin has independent Ekman
circulations.

4.3. Seasonal Variations
The monthly mean of the vertical Ekman transport in the period 2010–2014 is about twice that of the peri-
od 1979–1989 (Figure 12). In the period 1979–1989, the transport peaks in September. Seasonally, the Cana-
dian region accounts for more vertical transport than the Eurasian region in summer to fall, and less in
winter to early spring (Figure 12a). In the period 2010–2014, the transport peaks in October. Seasonally, the
Canadian region accounts for more vertical transport in late spring to early fall, and the Eurasian region
accounts for more vertical transport in late fall to mid-spring (Figure 12b). The Eurasian region has become
more active in spring over the study periods as the vertical Ekman transport has increased in recent
decades.
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Figure 8. Map of the linear trends in vertical Ekman velocity for the period 1979–2014 with significance level p! 0.05.
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drag coefficients. Since this is an active research topic, others might suggest different drag coefficient or
more sophisticated model [Park and Stewart, 2016]. Second, we assume a uniform Ekman layer depth, DE5
20 m which likely is a source of bias. A test using different values of DE yielded similar results because the
ice velocity is usually considerably larger than the Ekman velocity. Third, our iterative scheme, where in
~uocean5~uEkman, assumes that Ekman transport is larger than geostrophic transport in the surface layer.
Though we showed the comparison with methods that incorporated the PHC 3.0 geostrophic current are
similar (Figure 2). Timmermans et al. [2014] also suggest that the patterns and magnitudes of Ekman pump-
ing should remain the same using the method without incorporated geostrophic current. Other study sug-
gests the geostrophic current in the Canada Basin has intensified in recent years [McPhee, 2013]. Thus, our
results (like those of Yang [2009]) are questionable in regions of strong geostrophic currents such as Fram
Strait and the southern limb of the Beaufort Gyre, which does not include the non-Ekman contributions to
the surface current. We focus on the deeper Arctic Basin and surrounding seas to minimize the effects of
geostrophic currents (Figure 1).

3. Results

3.1. Annual Cycle
Time series of the basin-wide averages of wind speed, stresses, ice concentration, and horizontal Ekman
velocity are partitioned into four periods: 1979–1989, 1990–1999, 2000–2009, and 2010–2014. The wind
speed and wind stress (equation (2)) are lowest in summer (July–September) and highest in fall (October–
December) to winter (January–March), with a transition period in spring (April–June). This pattern is stable
over the four periods, in agreement with results reported by Yang [2009] and Martin et al. [2014]. The varia-
tion of wind speed and stress from the later periods is within 62 standard deviations of the first period
1979–1989. The month of lowest wind speed (!2 m s21) and wind stress (!0.03 N m22) is July. The months
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Figure 1. Map of annual mean vertical Ekman velocity (calculated using equation (6)) averaged over the period 1979–2014. The green line
marks the boundary of Artic Basin in this study. The red box indicates the study region of Yang [2009].
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Figure S7. Arctic Ocean mean annual (1979-2014) vertical Ekman transport (left) and linear

trends in vertical Ekman velocity (1979-2014) with significance level p ≤ 0.05 (right). Source:

Figures 1 and 8 in Ma et al. (2017). Note: the red box located over the Beaufort Sea (left panel)

is only relevant to Ma et al.’s study.

Figure S8. Maps of annual mean vertical Ekman velocity for (a) 1979-1989), (b) (1990-1999),

(c) (2000-2009), (2010-2014). Source: Figure 6 in Ma et al. (2017).
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Figure S9. Cross-correlation analysis (xcorr) to identify a potential mean time lag between

dh and different environmental forcings: example of SOTF1 cross-correlated with dh over Novaya

Zemlya’s control areas B2N - B4N (a-c) and a histogram accounting for all the statistically strongest

cross-correlations between dh and forcings T2m, SIC, SST and SOTF1−3 within the seven control

areas of Novaya Zemlya (d). The xcorr function (MATLAB) returns the cross-correlation of two

discrete time sequences, with each unit in the time sequence equating to 90 days. It measures the

similarity between each time-dependent forcing F(t) and shifted (lagged) copies of dh as a function

of the lag. Cross-correlations in the first and second graphic quandrants (Q1 & Q2) represent inverse

relationships between F and dh (e.g. thickening in response to rising temperatures). Similarly, cross-

correlations in the second and third quadrants (Q2 & Q3) represent inverted time lags, implying

that the climate response is preceding the forcing. Assuming that no other forcing, such as for

example post-surge activity, is significantly influencing dh, all cross-correlations in quadrants Q1-

Q3 therefore describe cases of physical aberrancy and thus need to be discarded. The histogram

in (d) therefore only accounts for cross-correlation maxima occurring within the fourth quadrant

(Q4) in each of the plots. The median time lag in the histogram is 6 seasons or 1.5 years.
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Figure S10. Linear regressions of dh and ocean forcings for areas B1N and B2N along Novaya

Zemlyas Barents coast using the original, non-stationary time series (red dots), and detrended time

series (blue dots). Weaker correlations between dh and T2m and SIC, and for the rest of the control

areas are not shown.
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Figure S11. Linear regressions of dh and ocean forcings for areas B3N and B4N along Novaya

Zemlyas Barents coast using the original, non-stationary time series (red dots), and detrended time

series (blue dots). Weaker correlations between dh and T2m and SIC, and for the rest of the control

areas are not shown.
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Figure S12. Arctic Oscillation (AO) Index for the months of November to March (NOAA).

The Arctic Oscillation (AO) is defined as the leading empirical orthogonal function of8

the wintertime sea level pressure field (Thompson & Wallace, 1998). It is the dominant9

pattern of atmospheric interannual and decadal variability in the Arctic, while the North10

Atlantic Oscillation (NAO), a regional manifestation of AO, is the main mode of circulation11

variability in the North Atlantic (Ding et al., 2014). To capture Arctic-wide correlations12

between climate variability and changes in the mass balance of glaciers and ice caps, the AO13

is a relevant index as it captures hemispheric in addition to regional (i.e. North Atlantic for14

the NAO index) variability in the atmospheric circulation (Rigor et al., 2002; Thompson &15

Wallace, 1998). AO/NAO indices are correlated with changes in SST, T2m, SIC, cyclonic16

activity and associated winds and precipitation patterns in the North Atlantic and the Arctic17

(Oziel et al., 2016; Thompson & Wallace, 1998). Negative AO/NAO indices are associated18

with high sea-ice concentrations, low surface temperatures, and increased vertical heat fluxes19

in winter in the Barents- (Oziel et al., 2016) and the Kara (Rigor et al., 2002) Seas. The20

Atlantic Multi-Decadal Oscillation (AMO) referred to by Carr et al. (2017), is a mode of21

natural climate variability based on SST anomalies in the North Atlantic. There is in general22

a strong correlation between the AMO and AO/NAO indices at multi-decadal timescales,23

with a lag of several years (Grossmann & Klotzbach, 2009).24

According to Ding et al. (2014), inter-annual variability in surface temperatures over25

north-eastern Canada and Greenland are largely modulated by changes in the NAO index,26

while warming in the BKS region is strongly correlated with sea-ice reduction (Serreze et al.,27

2009). Correlations between NAO and ice mass changes in the Russian Arctic, particularly28

Novaya Zemlya, have also been found (Cirac̀ı et al., 2018; Carr et al., 2017; Zeeberg &29

Forman, 2001). Zeeberg and Forman (2001), for example, associate positive mass balance30

over Novaya Zemlya with high rates of winter precipitation and positive summer surface31

temperature anomalies during prolonged periods of positive NAO, with T2m responding to32

NAO phases with a time lag of 3-5 years. Oziel et al. (2016) discuss how AMO, AO and NAO33

control the variability of Atlantic Water inflow into the Barents Sea. According to these and34

other authors (Yashayaev & Seidov, 2015), Atlantic Water transport into the Arctic follows35

a multidecadal (1947-2013) warming trend, superimposed on successive (ocean) warming36

and cooling cycles. These cycles of relatively high and low rates of heat advection correlate37

with periods of relatively low and high NAO values, respectively, with a response time of38

the warm water flux to NAO phases of 4-5 years (Oziel et al., 2016; Yashayaev & Seidov,39

2015). These pulses of thermal energy transport into the Arctic Ocean and their correlation40

with the NAO may be a viable explanation for the oscillatory patterns of climate forcing41

observed in the western BKS and described in Figure 5.42
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Figure S13. Time series of mean seasonal T2m, SIC, SST and SOTF2 by region and control

domain from 2010-2018.
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Figure S14. CryoSat-2 coverage in each 100 m elevation band. Adenoised is the measured area

after removing outliers and ADEM is the glaciated area extracted from a reference digital elevation

model (ArcticDEM). Assuming a mean equilibrium line altitude of 500 m a.s.l. (Sánchez-Gámez

et al., 2019; Melkonian et al., 2016), and after removing outliers, the ratio of measured-to-total

glaciated area is 81% below and 92% above the equilibrium line in Novaya Zemlya, and 92% and

98% below and above the equilibrium line, respectively, in Severnaya Zemlya.

Figure S15. Time series of surface elevation change over Vil’kitskogo southern (VS) glacier

basin in Novaya Zemlya: permutations of individual time interval pairings (coloured) and median

time series of elevation change (black, bold) (Data and methods; Gray et al. (2015)). Vil’kitskogo

southern glacier basin is a tidewater glacier with an area of 250 km2 (RGI 6.0). Its location within

control area B3N on Severny Island Ice Cap (gray) is indicated in red in the map insert.
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Figure S16. CryoSat-2 swath coverage at basin scale over 90-day time intervals. (a) Academy

of Sciences Ice Cap in Severnaya Zemlya with individual ice cap basins and ICESat tracks from 2003

to 2009 (Moholdt et al., 2012); (b) CryoSat-2 number of swath measurements sampled over Basin

D in each 90-day time interval between October 2010 and September 2018; (c) spatial distribution

of measurement swaths sampled over Basin D during 04-06/2014 (blue) and 07-09/2017 (red); (d)

CryoSat-2 2010-2018 mean surface elevation changes at 500 x 500m pixel resolution. The number

of measurements retrieved in each 90-day time interval over Basin D is of the order of 105, which

represents a range of 150-400 elevation samples per km2 per time step. The spatial distribution of

the swaths shown in (c) is for the 90-day interval with the highest (blue), and the 90-day interval

with the lowest (red) number of measurements across the study period.
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