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Key Points:

 Sea ice-ocean stress feedback causes an upwelling anomaly because ocean accel-
erates more than ice during wind-driven Beaufort Gyre spin-up

e The feedback significantly limits freshwater accumulation in the Beaufort Gyre

« Weaker sea ice accelerates more strongly in response to anticyclonic winds and
geostrophic currents, leading to more freshwater accumulation
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Abstract

Based on satellite observations it has been hypothesized that the stress coupling be-
tween sea ice and ocean limits freshwater accumulation in the Beaufort Gyre (BG)
through a negative feedback. For the first time this hypothesis is tested using global
sea ice-ocean model simulations in this paper. The model results reveal the opera-
tion of the sea ice-ocean stress feedbacks regulating the gyre. We find that the stress
feedback significantly limits liquid freshwater accumulation when an anticyclonic wind
anomaly spins up the BG. The stress feedback becomes weaker when sea ice becomes
weaker and accelerates more strongly in response to the spin-up of the anticyclonic
geostrophic ocean currents under the wind forcing anomaly. Our study suggests that,
with weaker sea ice in a warmer climate, the BG can store more freshwater due to
stronger responses of sea ice to anticyclonic winds, and the accompanying weakening
of the stress feedback can further increase the potential of freshwater accumulation.

1 Introduction

The Beaufort Gyre (BG) is the largest freshwater reservoir of the Arctic Ocean.
Because of the potential impact of the Arctic freshwater on the large scale ocean
circulation and climate [Aagaard et all [1985], understanding the freshwater dynamics
of the BG region has drawn much attention in the scientific community for decades
[see the review by |Proshutinsky et all [2015].

Freshwater accumulation in the BG is driven by the anticyclonic wind associated
with the high atmospheric pressure over the BG region. Hence, variations of BG
liquid freshwater content (FWC) are correlated with the changes in the atmospheric
circulation regimes |Proshutinsky et all 2002, 2009]. The accumulation of freshwater
by the wind-driven Ekman convergence and downwelling is counteracted by mesoscale
eddy transport, and the balance of these two effects acts to maintain the level of

freshwater storage in the gyre [Davis et al., |2014; |Lique et al., [2015; |Manucharyan

land Spalll, 2016} |Yang et al, [2016]. Changes in freshwater sources and in freshwater
circulation pathways modulated by wind forcing are also able to change the FWC in

the Canadian Basin and BG [Krishfield et al., 2014; | Morison et al., [2012; |Yamamoto-

[Kawai et all 2009].

The FWC in the BG has increased dramatically during the last two decades [Giles |

let all|2012;|Proshutinsky et al.,|2015}; |Rabe et all|2014};|Zhang et all[2016], with eddy
activity enhanced |Zhao et all 2016]. It has been suggested that the rapid Arctic
sea ice decline contributed to about half of the freshwater accumulated in the BG by
supplying both ice meltwater and freshwater of other origins to the BG
. Spatial redistribution of meteoric water towards the western Arctic can explain
a large part of the FWC increase in the Canada Basin |Alkire et all|2017].

Recent satellite observations of sea surface height (SSH) indicate that the anticy-
clonic geostrophic currents became stronger with the accumulation of freshwater in the
BG [|Armitage et all[2016] 2017]. In the meantime faster sea ice drift is also observed
[Spreen et al.2011;|Petty et al.,2016]. However, sea ice drift did not speed up as much
as the ocean did, in particular in winter months |[Dewey et al.,[2018; | Meneghello et al.,
. The sea ice-ocean stress is a function of the relative velocity between the sea ice
and ocean. Based on observations and analysis of model output, a sea ice-ocean stress
negative feedback for BG freshwater accumulation was conjectured: A strong increase
in the anticyclonic ocean velocity and the smaller changes in sea ice velocity may
together result in a reduction in the BG region downwelling (an upwelling anomaly)
and possibly a net upwelling during winter, which may act to constrain freshwater
accumulation [Dewey et all, 2018, |Meneghello et all, 2018} |Zhong et al., 2018]. This
feedback is dubbed the ‘ice-ocean governor’ in an accompanying paper by Meneghello
et al. (submitted).




69

70

71

72

73

74

75

76

v

78

79

80

81

82

89

90

91

92

93

[

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

In this study we explore the existence of the sea ice-ocean stress feedback and
quantify its effect on freshwater accumulation in the BG by using numerical simu-
lations. For the first time, the impact of the stress feedback on the BG FWC is
explicitly derived from dedicated sensitivity experiments using a global model with
realistic ocean and sea ice configurations.

2 Model Description

We use the Finite Element Sea Ice-Ocean Model [FESOM, |Wang et all [2014]
in this work. FESOM is a multi-resolution ocean general circulation model based on
an unstructured-mesh method [Danilov et al., [2004; | Wang et al., [2008]. We apply a
global setup with nominal 1° horizontal resolution in most parts of the ocean and 24
km north of 45°N. The resolution is also refined along the coast and in the equatorial
band. In the vertical 47 z-levels are used with 10 m resolution in the upper 100 m
depth. This mesh has been used in previous model intercomparison studies on the
Arctic Ocean liquid and solid freshwater budget and content |Wang et al., [2016alb].

The ocean is initialized with temperature and salinity from the Polar Science
Center Hydrographic Climatology v.3 |Steele et all [2001] and zero velocity, and sea
ice is initialized with a field obtained from a previous simulation. A control simulation
forced by the repeating normal year atmospheric data set |Large and Yeager}, |2009]
is carried out for 60 years. Branching out from the 30th year of the control run,
one sensitivity simulation (named as BGplus) is made following the protocol of BG
wind anomaly experiments described by [Marshall et al| [2017]. A constant-in-time
anticyclonic wind anomaly centered over the BG is added to the wind forcing (Fig.
la), and the model is run for 30 years.

The daily mean SSH (7contror) is saved from the control run. We carried out
another sensitivity simulation, which is the same as BGplus except that we replace
the geostrophic velocity with that in the control run for the calculation of the stress
between sea ice and ocean. That is, the ocean surface velocity used in the stress calcula-
tion during the model simulation is modified to ul5Y = woce — g/ fOy (Neontrot — Minstant)
and v2%Y = voee + 9/ fOx (Neontrol — Ninstant), Where Ninstant is the SSH simulated at
the current model time step, ¢ is the gravity acceleration and f the Coriolis parame-
ter. By modifying the calculation of the stress we intentionally eliminate the feedback
of the sea ice-ocean coupling through geostrophic currents. This simulation is called
BGplus/noGeo hereafter. We repeated the control run with the stress calculation
modified as described above and found that the model result is indistinguishable from
the control run, which indicates that the daily output of SSH from the control run is
enough for our purpose to investigate the effect of the stress feedback.

The simulations described above are referred to as the reference experiment.
Another three experiments are conducted to assess robustness of the stress feedback
to varying wind anomaly strength and two model parameters (called wind/2, GM3, and
P/2, respectively), while examing the full model parameter space is beyond the scope
of this paper. In experiment wind/2, we reduce the magnitude of the anticyclonic wind
anomaly to half of that used in the reference experiment. This experiment allows to
investigate the stress feedback in the case of smaller wind perturbation. The eddy GM
diffusivity |Gent and McWilliams, [1990] is 500 m? /s in the reference experiment. This
is broadly in accord with the value inferred from observations presented in|Meneghello
et al|[2017]. The GM diffusivity is increased to 1500 m?/s in experiment GM3. This
experiment will demonstrate the response of the stress feedback to the strength of
eddy activities. Experiment P/2 is intended to explore the sensitivity to the sea ice
strength parameter P*. We reduce P* from 27500 N/m? (the value suggested by
Hibler and Walsh| [1982]) in the reference experiment to 13750 N/m? in experiment
P/2. Sea ice strength is proportional to P = P*hexp[—C(1 — a)], where h is sea
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Figure 1. (a) The wind anomaly used in the sensitivity simulations of the reference experi-
ment. The associated sea level pressure (SLP) anomaly is shown in the supporting information
Fig. S1. The defined Beaufort Gyre (BG) region is indicated by the black box. (b) The anomaly
of the BG liquid freshwater content (FWC) in BGplus and BGplus/noGeo referenced to the con-
trol run. (c¢) The anomaly of BG Ekman pumping referenced to the control run. Annual means

are shown together with monthly means. The results are for the ‘reference’ experiments.
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ice thickness, C' = 20, and a is sea ice concentration. Therefore, this experiment
resembles a condition when sea ice is weaker. Although we change the sea ice strength
by reducing P* in this experiment, it can also provide implication on the response of
the stress feedback to sea ice weakening (smaller P) induced by reduction in sea ice
concentration or thickness in a warmer climate.

In each experiment we carry out a 60 year control run, a 30 year BGplus run
and a 30 year BGplus/noGeo run. In total 11 simulations are conducted and analyzed
(the control run of reference and wind/2 is the same).

3 Results
3.1 Reference experiment

In the control run of the reference experiment, the liquid FWC (calculated using
a reference salinity of 34.8 and integrated from surface to the depth of the reference
salinity) in the BG is in an equilibrium state during the last 30 years (Fig. S2a).
The seasonal oscillation in the FWC is due to the seasonal variation of both freshwa-
ter availability and Ekman pumping. After adding the anticyclonic wind anomaly, the
FWC increases with time in the BGplus simulation ( Fig. S2a and Fig. 1b). The infla-
tion rate of the FWC starts to saturate with time, as expected from the counteracting
effects of eddies. When the sea ice-ocean stress feedback is eliminated (the simulation
BGplus/noGeo), the increase of the FWC induced by the imposed wind anomaly is
larger. The negative stress feedback reduces the accumulation of freshwater by about
25% at the end of the simulations (Fig. 1b).

The accumulation of liquid freshwater in the BG under the anticyclonic wind
anomaly is consistent with the enhanced Ekman downwelling (Fig. S2b and Fig. 1c).
The stress feedback reduces the Ekman downwelling, and thus the freshwater accumu-
lation (Fig. 1b,c). The most pronounced changes in the Ekman pumping take place
during the first 2-3 years of the simulation BGplus (Fig. 1c). To better illustrate
the seasonal variability and temporal evolution of the Ekman pumping, we show the
monthly mean difference between the sensitivity runs and the control run over three
different periods in Fig. 2a-c. In the first year, the impact of the anticyclonic wind
anomaly on Ekman pumping is very similar in the two sensitivity runs: The Ekman
downwelling is enhanced in all the seasons, although the impact is much smaller in win-
ter when the BG is almost fully covered by sea ice (Fig. 2a and Fig. 2g). The Ekman
downwelling changes only marginally with time in simulation BGplus/noGeo, while a
significant reduction in the Ekman downwelling takes place from November to the fol-
lowing June in simulation BGplus (Fig. 2b,c). In fact, during some winter months, the
anticyclonic wind anomaly even leads to a positive Ekman pumping anomaly (that is,
reducing the Ekman downwelling) after a few years into the simulation BGplus (Fig.
lc and Fig. 2b,c). As a consequence of this seasonality, the difference of the Ekman
pumping between the two sensitivity runs shows a clear annual cycle (Fig. 2d).

The stress between the sea ice and ocean is determined by their relative veloc-
ity. The differences between the two sensitivity runs in sea ice speed (Fig. 2e) and
ocean surface speed (the one used in the calculation of the stress, Fig. 2f) reveal
that the seasonal variation of the Ekman pumping difference is mainly due to sea
ice speed differences. Indeed, when the sea ice-ocean stress feedback is eliminated in
BGplus/noGeo, both the sea ice speed and ocean surface speed (the one used in the
calculation of the stress) do not show significant changes during the 30 years simu-
lation (Fig. S3,4). On the contrary, in simulation BGplus, the ocean surface speed
increases in all the seasons following the increase of the liquid FWC and SSH with
time, while the sea ice speed increases much less significantly in months when sea ice
concentration is high (close to be 100%). The latter is because the sea ice internal



136

137

138

139

140

141

142

Ekman Pumping [m/year] Ekman Pumping [m/year]

Sea ice speed [cm/s]

(a) Ekman Pumping anomaly., first year

(b) Ekman Pumping anomaly, 6-15 year mean

[ BGplus-control [l BGplus/noGeo-control

Ekman Pumping [m/year]

[ BGplus-control [l BGplus/noGeo-control

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month
4 _(¢) Ekman Pumping anomaly, 16-30 year mean ¢ (d) Ekman Pumping diff., BGplus-BGplus/noGeo
5 [ BGplus-control ll BGplus/noGeo-control 5L |
5
[
e
E
o
c
a
E
=
o
c
©
E
X
[im} I 1st year
-1} mmyear 6-15 mean 1
year 16-30 mean

1 2 3 4 5 6 7 8 9 10 11 12

1 2 3 4 5 6 7 8 9 10 11 12

Month Month
25 (e) Ice speed diff., BGplus-BGplus/noGeo 55 (f) Surface speed diff., BGplus-BGplus/noGeo
I 1st year I 1st year
[ 6-15 years mean [ 6-15 years mean
27 16-30 years mean 27 16-30 years mean

Speed [cm/s]

o5 - . . . . . . . | o5l . . . . . . . . . .
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month
100 (g) Sea ice concentration 3 (h) Sea ige thickpesg
g 90 €
s | Eosl
2 | 1)
»é 80 o ol
T 70t £
) control = control
2 ol ——BGplus £ 1.5 ——BGplus
=} —— BGplus/noGeo = —— BGplus/noGeo
o 50 S S S SO S S e S O S
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month
Figure 2. The anomaly of the Ekman pumping averaged over the Beaufort Gyre (BG) ref-

ereced to the control run: (a) in the first year, (b) averaged from year 6 to year 15, (c) averaged
from year 16 to 30. (d) The difference of the BG Ekman pumping between BGplus/noGeo and
BGplus. (e) The difference of the BG sea ice speed between BGplus/noGeo and BGplus. (f) The

same as (e) but for the ocean surface speed. In (f) the ocean speed is the one used in the calcula-

tion of ice-ocean stress. (g) Mean BG sea ice corbentration averaged from year 16 to 30. (h) The

same as (g) but for sea ice thickness. The results are for the ‘reference’ experiment.



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

stress, which strongly depends on the sea ice concentration, is the predominant factor
controlling the sea ice momentum balance in this case. Therefore, our results suggest
that the sea ice-ocean stress feedback is more effective when sea ice concentration is
very high (cf. Fig. 2d and Fig. 2g).

Although the wind anomaly and eliminating the stress feedback tend to reduce
the mean sea ice concentration in the BG only in summer months (Fig. 2g), they
reduce the sea ice thickness in all the seasons dynamically, including winter (Fig.
2h). Thinner sea ice implies smaller internal stress and higher mobility. The sea ice
thickness in the BG evolves with time (Fig. S5), but changes in sea ice speed between
different periods in the BGplus/noGeo simulation are very small in the months when
sea ice concentration is high and the stress feedback plays an important role (Fig.
S3). This means that the imbedded second feedback loop through changing sea ice
thickness does not play a vital role in our simulations.

3.2 Sensitivity experiments
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Figure 3. The difference of the Ekman pumping over the Beaufort Gyre (BG) between BG-
plus and the control run: (a) the time series of the annual mean and (b) the seasonal cycle aver-
aged from year 16 to 30. (c)(d) The same as (a)(b) but for the difference between BGplus/noGeo
and control. (e)(f) The same as (a)(b) but for the difference between BGplus and BGplus/noGeo.
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Similar to the reference experiment, the imposed anticyclonic wind anomaly en-
hances Ekman downwelling in the BGplus setups of all other sensitivity experiments
(Fig. 3a). Moreover, all the sensitivity experiments show that the Ekman downwelling
weakens during the first few years, when the liquid FWC increases rapidly (cf. Fig.
3a and Fig. 4a). In simulations with the sea ice-ocean stress feedback eliminated
(BGplus/noGeo), the Ekman downwelling does not show rapid initial weakening (Fig.
3c), and it is stronger than in their BGplus counterparts (Fig. 3e). The wind anomaly
enhances the Ekman downwelling the most significantly in summer (Fig. 3b,d), while
the effect of the sea ice-ocean stress feedback on the Ekman pumping is the strongest
in winter (Fig. 3f).

When the magnitude of the wind anomaly is reduced (experiment wind/2), the
strength of the Ekman downwelling anomaly is reduced in all the months (Fig. 3d).
However, when the stress feedback is included, the Ekman downwelling anomalies in
the winter months do not change much between the two experiments (Fig. 3b). This is
because a stronger wind anomaly in the reference experiment leads to more freshwater
accumulation (Fig. 4a), and thus a stronger impact on the Ekman pumping from the
stress feedback (Fig. 3f).

Furthermore, the Ekman pumping anomaly induced by the wind anomaly does
not change when the eddy diffusivity is changed, provided that the sea ice-ocean stress
feedback is eliminated (experiment GM3, Fig. 3c,d). In contrast, with the stress
feedback active, the Ekman downwelling is stronger with a higher eddy diffusivity in
the months when the BG is nearly fully covered by sea ice (Fig. 3b). This is because a
higher eddy diffusivity leads to a lower FWC in the BG (Fig. 4a), and thus a weaker
constraint on the Ekman downwelling from the stress feedback in the months when it
plays a role (Fig. 3f).

The experiment P/2 represents a case of weaker sea ice. With the same anti-
cyclonic wind anomaly, weaker sea ice leads to stronger Ekman downwelling in the
months when sea ice concentration is close to 100% (Fig. 3b). This results in stronger
freshwater accumulation (Fig. 4a). However, the effect of the sea ice-ocean stress
feedback on Ekman pumping is weaker than in the reference experiment (Fig. 3e,f).
With weaker sea ice, the ocean geostrophic velocity enhances the sea ice velocity more
significantly, especially in cold seasons (Fig. S6), leading to a smaller change in the
relative velocity between the sea ice and ocean, thus a weaker impact of the stress
feedback on Ekman pumping.

As a consequence of modifying the Ekman pumping, the stress feedback acts to
limit the freshwater accumulation in the BG in all the experiments (Fig. 4c). However,
the impacts on the BG liquid FWC are not just determined by the changes in Ekman
pumping (cf. Fig. 4c and Fig. 3f). For example, at the end of the simulations,
the FWC anomaly induced by the stress feedback is the smallest in experiment P/2,
although the induced anomaly in the Ekman pumping is not. This can be partly
explained by the fact that the total BG FWC is the highest in this experiment (Fig.
S7), which implies steeper isopycnal slope and thus a stronger counteracting effect of
eddies.

The anticyclonic wind anomaly increases the Ekman downwelling and freshwater
accumulation in the BG (Fig. S8a and Fig. S9a). The stress feedback reduces the
Ekman downwelling in the western BG and tends to enhance it along the southern
and eastern coast of the Beaufort Sea (Fig. S8b,c). Note that the Ekman transport
anomaly induced by eliminating the stress feedback is also directed towards the western
BG (Fig. S10a,b). Consequently the FWC anomaly induced by the stress feedback is
centered at the western boundary of the BG (Fig. S9c). Under the anticyclonic wind
anomaly, the center of the gyre circulation moves towards the northwest along with the
increase of FWC (Fig. S11), which is consistent with the observed movement of the BG
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Figure 4. (a) The difference of the liquid freshwater content (FWC) in the Beaufort Gyre
(BG) region between BGplus and control. (b) The same as (a) but for the difference between
BGplus/noGeo and control. (c) The same as (a) but for the difference between BGplus and
BGplus/noGeo.
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centroid location accompanying the BG FWC increase in recent years |Armitage et all
2017]. Our simulations indicate that the stress feedback tends to retard the change
of the centroid location. A similar finding about the impact of the stress feedback on
freshwater spatial distribution is evident from the other experiments (Fig. S8,9,10).

4 Discussions and conclusions

This study explicitly illustrated the sea ice-ocean stress feedback and quantified
its effect by using global model simulations. When an anticyclonic wind forcing is
enforced over the Beaufort Gyre (BG) in our simulations, freshwater is accumulated,
leading to increases in sea surface height (SSH) and thus in anticyclonic geostrophic
velocity in the gyre. At the same time sea ice also accelerates. However, due to the
large internal stress of sea ice in months when its concentration is close to 100%, its
speed-up is relatively small. This results in an Ekman upwelling anomaly in the BG,
which significantly limits freshwater accumulation. Our study supports the notion of
the existence of sea ice-ocean stress feedback, which has been postulated based on
observations [Dewey et all 2018; |Meneghello et all 2018} |Zhong et al.,|2018].

Even without the sea ice-ocean stress feedback, sea ice blocks the momentum
transfer from the atmosphere to the ocean in months when its internal stress is high.
Compared to the summer sea ice situation, winter sea ice weakens the response of
the Ekman pumping to the applied wind anomaly by about 8 m/yr (in our reference
experiment). With the stress feedback included, the winter response decreases by
about a further 4 m/yr, thus resulting in nearly zero Ekman pumping response to
the wind forcing during some winter months. This indicates that the stress feedback
accounts for approximately one third of the total blocking effect of sea ice in its winter
condition relative to its summer condition. Further experiments reveal that the ratio
depends on the experimental setups. For example, in the experiment with a reduced
ice strength parameter, although the change in Ekman pumping induced by the stress
feedback is weaker than in the reference experiment, it now accounts for about half of
the total blocking effect in winter. This is because the total blocking effect is smaller
with weaker sea ice.

By reducing Ekman downwelling the stress feedback significantly limits freshwa-
ter accumulation. This effect is found in all the model setups used in this study, while
the quantitative impact on the freshwater content (FWC) depends on the details of the
model configurations. For example, the accumulation of freshwater depends also on
the counteracting eddy transport, and thus the slope of isopycnals, that is, the FWC
state itself. In the experiment with lower sea ice strength, the total FWC in the BG
is higher. Therefore, the FWC anomaly induced by eliminating the stress feedback in
this experiment is much smaller than in the reference experiment although the Ekman
downwelling anomaly is only slightly smaller. The simulations also indicate that the
stress feedback slows down the change of the BG centroid location.

Weaker sea ice with smaller internal stress allows for an overall stronger response
of the Ekman pumping to the wind forcing anomaly. First, sea ice speeds up more
significantly in response to stronger anticyclonic winds. Second, the strength of the
stress feedback becomes weaker (that is, weaker sea ice speeds up more significantly
in response to enhanced ocean surface geostrophic currents). The two factors together
help to strengthen the response of Ekman downwelling to an anticyclonic wind regime,
implying that the BG has the potential to accumulate more freshwater in a warmer
climate. When the Arctic atmospheric wind regime changes in time, weaker sea ice
will result in larger magnitudes in the variation of BG FWC. The variation could be
further amplified by increasing availability of freshwater to the BG associated with, for
example, sea ice decline |Wang et al.l|2018] or enhanced river runoff and precipitation
|[Zhang et all [2013; |Haine et al., 2015, |Carmack et al.l |2016].
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Although the sea ice-ocean stress feedback significantly limits the accumulation
of freshwater in the BG in our simulations, it does not considerably reduce the time
scale for the gyre to reach an equilibrium state when an anticyclonic wind forcing
anomaly is imposed. In none of our simulations does the BG FWC reach an equilibrium
state after the wind forcing anomaly has been imposed for 30 years. Changing the
strength of the wind forcing anomaly and eddy diffusivity shows stronger impacts
on the time scale of the gyre spin-up than the stress feedback. By using a coarse
resolution model and parameterizing mesoscale eddies in this paper we are able to
study the stress feedback under realistic ocean and sea ice conditions with affordable
computing resources. However, the time scale of the gyre spin-up depends on the
realism of the eddy diffusivity |[Manucharyan and Spall,|2016]. Therefore, future work
is required to better quantify the impact of the stress feedback on the gyre spin-up
time scale by using eddy resolving Arctic Ocean models, which is still challenging.
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Supporting Information, Figure S1: The sea level pressure (SLP) anomaly used to derive the wind forcing anomaly
(shown in Fig. 1a). The SLP anomaly has a maximum value of 4 hPa at the center. The anomaly fields are taken
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Supporting Information, Figure S2: (a) Time series of the liquid freshwater content (FWC) in the Beaufort Gyre
(BG) region. (b) Time series of Ekman pumping in the BG region. Annual means are shown together with monthly
means. The results are for the ‘reference’ experiment.
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Supporting Information, Figure S3: The anomaly of the sea ice speed over the Beaufort Gyre (BG) refereced to the
control run: (a) in the first year, (b) averaged from year 6 to year 15, (c) averaged from year 16 to 30. The results
are for the ‘reference’ experiment.



(a) Surface speed anomaly, first year (b) Surface speed anomaly, 6-15 years mean

4 —, : 4
35 [ BGplus-control I BGplus/noGeo-control | 35 I BGplus-control I BGplus/noGeo-control |
3 1 3 1
@ 25+ 1w 25} .
o] o
® 1.5¢ 18 15¢ .
o [N
0 q| 1n qL ,
|II‘HI‘||‘I| Ll
Il L bkl |
05 I S N I 05 I S O S S R S
12 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month
4 (c) Surface speed anomaly, 16-30 years mean
35| [ BGplus-control i BGplus/noGeo-control |
3L ]
@ 25+ .
815 ]
(@3
w1t i
0-57 I I I 7
0 ki il I I I
-0.5 ‘ L

1 2 3 4 5 6 7 8 9 10 11 12

Month

Supporting Information, Figure S4: The anomaly of the ocean surface speed over the Beaufort Gyre (BG) refereced
to the control run: (a) in the first year, (b) averaged from year 6 to year 15, (c) averaged from year 16 to 30. Note
that the speed in BGplus/noGeo is the modified one that is used in the calculation of ocean-ice stress. The results
are for the ‘reference’ experiment.
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Supporting Information, Figure S5: The monthly time series of sea ice (a) concentration and (b) thickness in the
Beaufort Gyre region in the reference experiment.
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Supporting Information, Figure S6: (a) The difference of the Beaufort Gyre (BG) region sea ice speed between
BGplus/noGeo and BGplus. (b) The same as (a) but for the ocean surface speed. In (b) the speed is the one used
in the calculation of ice-ocean stress. Here we compare the P/2 experiment to the reference experiment.
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Supporting Information, Figure S7: Time series of Beaufort Gyre (BG) liquid freshwater content (FWC) in (a)
control, (b) BGplus and (c) BGplus/noGeo in different experiments. The annual means are shown together with
monthly means.
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Supporting Information, Figure S8: The difference of the Ekman pumping between (a) BGplus and control, (b)
BGplus/noGeo and control, (¢) BGplus and BGplus/noGeo (the former minus latter) averaged over the last 5 model
years for the ‘reference’ experiment. (d)(e)(f) The same as (a)(b)(c), but for the ‘wind/2’ experiment. (g)(h)(i)
The same as (a)(b)(c), but for the ‘GM3’ experiment. (j)(k)(1) The same as (a)(b)(c), but for the ‘P/2’ experiment.
The green contour lines indicate the 500 m, 2000 m and 3500 m isobaths. The black box indicates the Beaufort

Gyre region.
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Supporting Information, Figure S9: The difference of the liquid freshwater content (FWC, in m) between (a) BGplus
and control, (b) BGplus/noGeo and control, (¢) BGplus and BGplus/noGeo (the former minus latter) averaged
over the last 5 model years for the ‘reference’ experiments. (d)(e)(f) The same as (a)(b)(c), but for the ‘wind/2’
experiment. (g)(h)(i) The same as (a)(b)(c), but for the ‘GM3’ experiment. (j)(k)(1) The same as (a)(b)(c), but
for the ‘P/2’ experiment. Note that the color range in the rightmost column is different from that in the other two
columns. The green contour lines indicate the 500 m, 2000 m and 3500 m isobaths. The black box indicates the
Beaufort Gyre region.
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Supporting Information, Figure S10: (a) The difference of the ocean surface stress between BGplus/noGeo and
BGplus (the former minus latter). (b) The difference of the surface Ekman transport between BGplus/noGeo
and BGplus (the former minus latter). The results are averaged over the last 5 model years for the ‘reference’
experiment. (c)(d) The same as (a)(b), but for the ‘wind/2’ experiment. (e)(f) The same as (a)(b), but for the
‘GM3’ experiment. (g)(h) The same as (a)(b), but for the ‘P/2’ experiment. The gray contour lines indicate the
500 m, 2000 m and 3500m isobaths. The black box indicates the Beaufort Gyre region.
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Supporting Information, Figure S11: Liquid freshwater content (FWC, in m) in (a) control, (b) BGplus and (c)
BGplus/noGeo simulations of the reference experiment. The purpose of this figure is to show the changes in the
gyre center location, so color ranges are different between the figure panels to better visualize the gyre center. The
green contour lines indicate the 500 m, 2000 m and 3500 m isobaths. The black box indicates the Beaufort Gyre
region.
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