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Figure S1. Liquid volumetric freshwater content (FWC, 103 km3 ) anomalies in the (a) Arctic Ocean, (b) Arctic Basin (Amerasian Basin
(AB) plus Eurasian Basin (EB)), (c) AB and (d) EB. The model results are shown with pink curves and observations are shown with blue
dots. Observational data in (a) and (b,c,d) are described in Polyakov et al. (2013) and Rabe et al. (2014), respectively. The observational error
bars are shown in (b)(c)(d).
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Figure S2. (a) Arctic annual mean sea ice volume from the control run and the Pan-Arctic Ice Ocean Modeling and Assimilation System
(PIOMAS) result (Schweiger et al., 2011). (b) Arctic September sea ice extent from the control run and the National Snow and Ice Data
Center (NSIDC) satellite observation (Fetterer et al., 2017). The anomalies are relative to the respective mean values, and the mean values
are shown in the legends.
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Figure S3. Anomaly of liquid freshwater content (FWC, m) relative to the control run in the sixth year (2015) of the wind-perturbation
simulations: (a) negative phase of Arctic Oscillation (AO) forcing, (b) positive phase of AO forcing, (c) negative phase of Dipole Anomaly
(DA) forcing, (d) positive phase of DA forcing, (e) positive phase of Beaufort High (BH) forcing, and (f) negative phase of BH forcing. The
gray contour lines indicate the 500-, 2000- and 3500-m isobaths.
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Figure S4. Anomaly of sea surface height (SSH, patch color) and surface geostrophic current (arrows) relative to the control run in the sixth
year (2015) of the wind-perturbation simulations: (a) negative phase of Arctic Oscillation (AO) forcing, (b) positive phase of AO forcing, (c)
negative phase of Dipole Anomaly (DA) forcing, (d) positive phase of DA forcing, (e) positive phase of Beaufort High (BH) forcing, and (f)
negative phase of BH forcing. The gray contour lines indicate the 500-, 2000- and 3500-m isobaths.
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Figure S5. (a)-(f) September sea ice concentration anomaly in the last year (2019) of the sensitivity simulations in which wind perturbations
were switched off: Experiments with an initial ocean spun up with (a) negative phase of Arctic Oscillation (AO) forcing, (b) positive phase
of AO forcing, (c) negative phase of Dipole Anomaly (DA) forcing, (d) positive phase of DA forcing, (e) positive phase of Beaufort High
(BH) forcing, and (f) negative phase of BH forcing. The anomaly is referenced to the control run. The September sea ice concentration in
this year (left), the standard deviation (STD) of September sea ice concentration on the interannual time scale in the 2010s (middle), and the
STD of pentadal mean in the period 1980-2019 (right) from the control run are shown on top of the figure for reference. The locations of
sea ice edge (15% sea ice concentration) are indicated with green lines for the control run and violet lines for the sensitivity runs. The black
contour lines indicate the 500-, 2000- and 3500-m isobaths.
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Figure S6. (a) Anomaly of March sea ice thickness averaged over the four model years in the experiment with an initial ocean spun up with the
negative phase of Arctic Oscillation (AO) perturbation. (b) The same as (a), but for September sea ice thickness. (c) The difference between
(a) and (b) (September minus March). (d) Anomaly of the change in sea ice thickness from March to September due to thermodynamics
in the experiment with an initial ocean spun up with the negative phase of AO perturbation. The anomalies are relative to the control run.
(e)(f)(g)(h) The same as (a)(b)(c)(d), but for the experiment with an initial ocean spun up with the negative phase of Dipole Anomaly (DA)
perturbation. (i)(j)(k)(l) The same as (a)(b)(c)(d), but for the experiment with an initial ocean spun up with the positive phase of Beaufort High
(BH) perturbation. The black contour lines indicate the 500-, 2000- and 3500-m isobaths. This figure indicates that the seasonal variations of
sea ice thickness anomalies are mainly due to the direct effect of sea ice dynamics, although sea ice thermodynamics have some contribution.
Note that the anomalies in sea ice thermodynamics are associated with the anomalies in sea ice drift, thus having a dynamics origin.
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Figure S7. (a) Anomaly of the change in sea ice thickness from January to September in 2016 due to sea ice thermodynamics in the
experiment with an initial ocean spun up with the negative phase of Arctic Oscillation (AO) perturbation and with the sea surface height
(SSH) gradient term in the momentum equation taken from the control run. The anomalies are referenced to the control run. (b) The same as
(a), but for the experiment with an initial ocean spun up with the negative phase of Dipole Anomaly (DA) perturbation; (c) The same as (a),
but for the experiment with initial ocean spun up with the positive phase of Beaufort High (BH) perturbation. The black contour lines indicate
the 500-, 2000- and 3500-m isobaths. Comparing this figure with Figure 10d-f in the main text reveals that the SSH gradient term in the sea
ice momentum equation can significantly influence sea ice thermodynamics through influencing sea ice drift. Therefore, the anomalies of sea
ice thermodynamics have a dynamics origin.
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Figure S8. (a)-(f) Anomaly of sea ice drift (blue) and ocean surface geostrophic current (red) when wind perturbations were kept. Experiments with (a) negative phase of Arctic Oscillation (AO) forcing, (b) positive phase of AO forcing, (c) negative phase of Dipole Anomaly
(DA) forcing, (d) positive phase of DA forcing, (e) positive phase of Beaufort High (BH) forcing, and (f) negative phase of BH forcing. The
anomalies are averaged over 2016-2019 and referenced to the control run. The mean sea ice drift in this period (left), the standard deviation
(STD) of sea ice drift speed on the interannual time scale in the 2010s (middle), and the STD of the pentadal mean in the period 1980-2019
(right) from the control run are shown on top of the figure for reference. The gray contour lines indicate the 500-, 2000- and 3500-m isobaths.
This figure shows the impacts of wind perturbations when they are present. It is to be compared with Figure 6 in the main paper that shows
the impacts from the ocean’s memory.
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Figure S9. (a)-(f) Anomaly of sea ice thickness when wind perturbations were kept. Experiments with (a) negative phase of Arctic Oscillation
(AO) forcing, (b) positive phase of AO forcing, (c) negative phase of Dipole Anomaly (DA) forcing, (d) positive phase of DA forcing, (e)
positive phase of Beaufort High (BH) forcing, and (f) negative phase of BH forcing. The anomalies are averaged over 2016-2019 and
referenced to the control run result. The mean sea ice thickness in this period (left), the standard deviation (STD) of sea ice thickness on
the interannual time scale in the 2010s (middle), and the STD of the pentadal mean in the period 1980-2019 (right) from the control run are
shown on top of the figure for reference. The black contour lines indicate the 500-, 2000- and 3500-m isobaths. This figure shows the impacts
of wind perturbations when they are present. It is to be compared with Figure 7 in the main paper that shows the impacts from the ocean’s
memory.
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Figure S10. (a)-(f) September sea ice concentration anomaly in 2016 in the wind-perturbation simulations: Experiments with an initial ocean
spun up with (a) negative phase of Arctic Oscillation (AO) forcing, (b) positive phase of AO forcing, (c) negative phase of Dipole Anomaly
(DA) forcing, (d) positive phase of DA forcing, (e) positive phase of Beaufort High (BH) forcing, and (f) negative phase of BH forcing. The
anomaly is referenced to the control run. The September sea ice concentration in this year (left), the standard deviation (STD) of September
sea ice concentration on the interannual time scale in the 2010s (middle), and the STD of pentadal mean in the period 1980-2019 (right) from
the control run are shown on top of the figure for reference. The locations of sea ice edge (15% sea ice concentration) are indicated with
green lines for the control run and violet lines for the sensitivity runs. The black contour lines indicate the 500-, 2000- and 3500-m isobaths.
This figure shows the impacts of wind perturbations when they are present. It is to be compared with Figure 8 in the main paper that shows
the impacts from the ocean’s memory.
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Figure S11. Monthly root-mean-square (RMS) difference of (a) sea ice drift, (b) thickness and (c) concentration between runs with wind
perturbations and the control run. The RMS difference is calculated where sea ice concentration is larger than 20% in both simulations that
are compared. This figure shows the impacts of wind perturbations when they are present. It is to be compared with Figure 9 in the main
paper that shows the impacts from the ocean’s memory.
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Figure S12. (a)-(f) Anomaly of sea ice deformation rate when wind perturbations were kept. Experiments with (a) negative phase of Arctic
Oscillation (AO) forcing, (b) positive phase of AO forcing, (c) negative phase of Dipole Anomaly (DA) forcing, (d) positive phase of DA
forcing, (e) positive phase of Beaufort High (BH) forcing, and (f) negative phase of BH forcing. The anomalies are averaged over 2016-2019
and referenced to the control run result, which is shown on top of the figure. This figure shows the impacts of wind perturbations when they
are present. It is to be compared with Figure 13 in the main paper which shows the impacts from the ocean’s memory.
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Figure S13. Anomaly of Fram Strait sea ice volume export in the sensitivity runs with wind perturbations switched off (blue) and in cases
when the wind perturbations are kept (red). The anomalies are relative to the control run and averaged over 2016-2019. Positive values
indicate larger export.
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