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The importance of considering ocean surface currents in ice-ocean stress calculation
in the North Atlantic Ocean and Arctic sea ice is investigated for the first time using
a global coupled ocean-sea ice model. Considering ocean surface currents in ice-
ocean stress calculation weakens the ocean surface stress and Ekman pumping by
about 7.7 and 15% over the North Atlantic Ocean, respectively. It also significantly
reduces the mechanical energy input to ageostrophic and geostrophic currents, and
weakens the mean and eddy kinetic energy by reducing the energy conversion rates of
baroclinic and barotropic pathways. Furthermore, the strength of the Atlantic Meridional
Overturning Circulation (AMOC), the Nordic Seas MOC, and the North Atlantic subpolar
gyre are found to be reduced considerably (by 14.3, 31.0, and 18.1%, respectively).
The weakened AMOC leads to a 0.12 PW reduction in maximum northward ocean heat
transport, resulting in a reduced surface heat loss and lower sea surface temperature
over the North Atlantic Ocean. This reduction also leads to a shrink in sea ice extent
and an attenuation of sea ice thickness. These findings highlight the importance of
properly considering both the geostrophic and ageostrophic components of ocean
surface currents in ice-ocean stress calculation on ocean circulation and climate studies.

Keywords: ice-ocean stress, sea ice extent, Ekman pumping, Atlantic meridional overturning circulation,
Labrador Sea, Nordic Seas, eddy kinetic energy, MITgcm-ECCO2

INTRODUCTION

Sea ice variability influences both the buoyancy and momentum fluxes between the atmosphere
and the ocean. The momentum flux between the atmosphere, sea ice, and the underlying ocean in
the high-latitude ocean plays a pivotal role in the global climate system by influencing the volume
and extent of sea ice, deep water formation, polynyas, and global sea level (Holland and Kwok,
2012; Hosking et al., 2013; Wang et al., 2014, 2019; Abernathey et al., 2016; Haumann et al., 2016;
Naveira Garabato et al., 2016; Doddridge and Marshall, 2017; Turner et al., 2017; Jenkins et al., 2018;
Schlosser et al., 2018; Stossel et al., 2018; Campbell et al., 2019). Ice cover also regulates freshwater
and heat exchange between the atmosphere, sea ice, and the ocean (Vage et al., 2018), which then
influences the mixed layer depth (MLD), especially in regions of deep convection (Ronski and
Budéus, 2005; Latarius and Quadfasel, 2010; Brakstad et al., 2019; Ma et al., 2020). Moreover, the
continuous decrease in Arctic sea ice since 1980 has exposed the high-latitude ocean to anomalous
air-sea heat flux, and increased the inflow of freshwater and mechanical energy input to the Nordic
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Seas and the subpolar North Atlantic Ocean. These have
resulted in positive buoyancy anomalies that affect water mass
transformation and the strength of the Atlantic meridional
overturning circulation (AMOC) (Yang et al., 2016; Sévellec et al.,
2017; Vége et al., 2018).

Recent studies have found that sea ice variability can
significantly influence the momentum transfer from the
atmosphere to the ocean by modulating the ice-ocean stress
(Meneghello et al., 2017, 2018a,b; Dewey et al., 2018; Zhong et al.,
2018). In general, the ocean surface stress T is a combination of
air-ocean (tpp) and ice-ocean (tjp) stresses, and is estimated
based on the quadratic drag law:

t=(1-0a) a0 +aTo (1)

where

- uo) (2)

TAO = pucao |ua - uul (ua

110 = pwCio lthi — to| (Ui — 1) (3)

and «a is the sea ice concentration (SIC); pa:1.25kg/m3 and
pw=1028kg /m* are the air and seawater densities; Czo= 0.00125
and Cj,= 0.0055 are the drag coeflicients between air-ocean and
ice-ocean (Tsamados et al., 2014; Meneghello et al., 2018a); ug,
U, and u; are the 10-m wind velocity, ocean surface currents, and
sea ice drift, respectively. Recently, some studies have anticipated
that ocean surface currents can be neglected in the ice-ocean
stress calculation over the Arctic Ocean and subpolar Southern
Ocean (Stossel et al., 1990; Yang, 2006, 2009; Pellichero et al.,
2017; Dotto et al., 2018; Naveira Garabato et al., 2019), partly due
to the limited spatiotemporal coverage and the resolution of the
observations. Hence, Egs 2, 3 can be approximated as follows:

A0 = PaCuao tal g, (4)

o = pwCio luil u;. (5)

Although ocean surface currents have been considered in ice-
ocean stress calculation in some previous studies (Gordon, 1978;
Hibler, 1979; Hibler and Ackley, 1983; Chu, 1986; Goosse and
Fichefet, 1999), the effects of considering ocean surface currents
in ice-ocean stress (t0) calculation have still not been adequately
taken into account in recent studies (Stossel et al., 1990; Yang,
2006, 2009; Pellichero et al., 2017; Dotto et al., 2018; Naveira
Garabato et al, 2019). In contrast, the effects of including
ocean surface currents in air-ocean stress (tap) calculation
on sea surface fluxes and general ocean circulation have been
systematically studied, and significant reductions in mechanical
energy input, AMOC, and strength of the horizontal gyre
circulation were found (Dawe and Thompson, 2006; Duhaut and
Straub, 2006; Zhai and Greatbatch, 2007; Hughes and Wilson,
2008; Eden and Dietze, 2009; Scott and Xu, 2009; Zhai et al,,
2012; Munday and Zhai, 2015; Xu et al., 2016; Wu et al., 2017b).
Meanwhile, the sea surface temperature (SST) simulations are
visibly improved when considering ocean surface currents in heat
flux calculation (Luo et al., 2005; Deng et al., 2009; Zhao et al,,
2011; Song, 2020).

Furthermore, the important implications of considering
ocean surface currents in ice-ocean stress (tio) calculation on
freshwater content, depth, and strength of the Beaufort Gyre
have been more recently recognized (Kwok and Morison, 2017;
Meneghello et al., 2017, 2018a,b; Dewey et al., 2018; Zhong et al,,
2018; Wang et al., 2019). For example, Meneghello et al. (2018a)
found that the interaction between ocean surface currents and
sea ice, referred to as the “ice-ocean stress governor, is the
fundamental mechanism that modulates the freshwater content,
depth, and strength of the Beaufort Gyre. A significant decrease
in Ekman pumping by more than 15 m/year is found over
Beaufort Gyre when considering the ocean surface currents
in the ice-ocean stress calculation during winter (Meneghello
et al., 2018b). This reduction in Ekman pumping decreases the
freshwater content by about 25% (Wang et al., 2019). Recently,
Zhong et al. (2018) found that the temporal variability and spatial
pattern of Ekman pumping in the western Arctic Ocean can be
realistically represented when geostrophic currents are included
in the calculation of ice-ocean stress. When geostrophic currents
are neglected, it leads to a 52% overestimation of the Ekman
pumping velocity within the Beaufort Gyre during 2003-2014
(Zhong et al., 2018).

Currently, previous studies regarding the impact of including
ocean surface currents in ice-ocean stress calculation have
focused on the reduction of ice-ocean stress and Ekman pumping
over the Arctic Ocean (Martin et al., 2014; Tsamados et al.,
2014; Meneghello et al., 2018a; Zhong et al., 2018). However, the
effects of considering ocean surface currents in ice-ocean stress
calculation on sea surface fluxes, momentum transfer from wind
to sea ice, and the underlying ocean, subpolar gyres, MLD, and
MOC:s in the Nordic Seas and the North Atlantic Ocean have not
been adequately studied. In addition, previous studies often relied
on coarse numerical models (Gordon, 1978; Hibler, 1979; Hibler
and Ackley, 1983; Chu, 1986; Goosse and Fichefet, 1999) and
short-term sparse observations (Kim et al., 2017). Hence, these
previous studies are unable to address the long-term (such as,
decadal) effects on the Nordic Seas and the North Atlantic Ocean.

The rest of this paper is organized as follows. The model
and experiments are briefly described in the “Numerical Model
and Experiments” section. The “Results” section describes and
discusses the impact of including ocean surface currents in ice-
ocean stress calculation on sea surface fluxes and their effects on
the ocean energetics, subpolar gyres, sea ice, MLD, and MOCs.
Finally, the “Conclusion and Discussion” section 4 provides a
summary and discussion.

NUMERICAL MODEL AND
EXPERIMENTS

The numerical model used here is the MIT general circulation
model in the Estimating the Circulation and Climate of the
Ocean, Phase II state estimate configuration (MITgem-ECCO?2).
The MITgem-ECCO?2 is a global coupled ocean-sea ice model
(Marshall et al., 1997a,b; Menemenlis et al., 2008). The MITgem
sea ice model simulates a viscous-plastic rheology, and the ice
drift is given by solving the ice momentum equations using
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a line-successive-over-relaxation dynamic model (Losch et al,
2010). To avoid polar singularities, this model uses a cube-sphere
grid configuration to produce an even grid spacing (Adcroft et al.,
2004). The global horizontal grid spacing is about 18 km (1/6°
in latitude), which is eddy permitting in the low and middle
latitude regions but not in the high latitude regions; 50 vertical
levels are used, with the interval varying from 10 m in the
upper ocean to 450 m near the bottom ocean. The model was
forced by the Japanese 55-year Reanalysis (JRA-55) dataset, which
includes 10-m wind velocity, 2-m humidity, 2-m air temperature,
precipitation, and 6-h downward long and short wave radiations
(Kobayashi et al., 2015). This coupled model has been run from
1979 to 2018 without assimilating the observations, and this
simulation is being defined as the CONTROL experiment.

A sensitivity experiment (NONE) has been conducted in order
to isolate the effects of considering ocean surface currents in ice-
ocean stress calculation in the North Atlantic Ocean and the
Nordic Seas. In NONE, the ocean surface currents were excluded
from the ice-ocean stress calculation, i.e., Eq. 5 is used to calculate
110 when calculating the ocean surface stress (). Again, the only
difference between CONTROL and NONE is that CONTROL
uses Eq. 3, and NONE uses Eq. 5 to calculate the ice-ocean stress
felt by the surface ocean. These two simulations are initiated with
the same climatology of JRA-55 and were integrated from 1979 to
2018. The outputs for the last decade (2009-2018) were analyzed.
There were only little differences in the results when using the
outputs of the last 5 years (not shown). Monthly mean outputs
for ocean temperature and salinity, 5-day mean outputs for ocean
currents, and daily outputs for sea ice variables were analyzed.

RESULTS

Air-Sea Fluxes

Figure 1A presents the time-mean (2009-2018) ocean surface
stress in CONTROL, which is characterized by large values
in the western boundary region of the Labrador Sea (45°N-
65°N, 30°W-45°W), the Greenland Sea (65°N-80°N, 45°W-
0°), and the North Atlantic Ocean (50°N-65°N, 45°W-0°);
small values in the central region of the Nordic Seas (65°N-
80°N, 45°W-15°E). Its pattern is similar to results from
the previous numerical simulations (Martin et al.,, 2014; Wu
et al, 2016). When the ocean surface currents are excluded
from the ice-ocean stress calculation, an increase of time-
mean ocean surface stress occurs in regions covered by sea
ice, especially in the Baffin Bay, the western boundary areas
of the Nordic Seas, and the Labrador Sea (Figure 1B). In
the ice-free region, the non-zero values are induced by the
different ocean surface currents, which are used to calculate
the air-sea stress (Figure 1B). This increase in ocean surface
stress is more pronounced during the winter (not shown).
Quantitatively, the magnitude of the time-mean ocean surface
stress averaged over the whole (sea ice-covered) region is
about 7.7% (18%) weaker in CONTROL than that in NONE
(Table 1). Additionally, a reduction of 11 and 15% in ocean
surface stress was also found in the Labrador Sea and the

Nordic Seas, respectively. The significant increase in the time-
mean ocean surface stress indicates that sea ice drift is indeed
generally orientated in directions similar to the ocean surface
currents (Figure 1B).

As shown in Figure 1D, the spatial pattern of Ekman pumping
is characterized by large values in the Nordic Seas, the Irminger
Sea, and the Labrador Sea, especially in the region around the
western boundary of the Greenland Sea (Figure 1D). Ekman
pumping was calculated using k- V x (%), where k is the unit

vector in the vertical direction, t is the ocean surface stress, f
is the Coriolis parameter, and p is the seawater density. The
increase in the time-mean ocean surface stress also leads to a
widespread enhancement in the magnitude of Ekman pumping in
NONE, most noticeable in the Baffin Bay, the Labrador Sea, and
the western boundary region of the Greenland Sea (Figure 1E).
For example, the strength of the time-mean Ekman pumping
averaged over the Nordic Seas is about 19% stronger in NONE
than that in CONTROL; moreover, an increase of about 17% is
also found in the Labrador Sea (Figure 1E).

Due to the scarcity of observations, the ocean surface
currents were often replaced by surface geostrophic currents
in previous studies when calculating ice-ocean stress (Yang,
2006, 2009; Zhong et al., 2018). Here, the different effects
of including total ocean surface currents (ageostrophic and
geostrophic components) or only including geostrophic currents
on ice-ocean stress and Ekman pumping have also been
examined (Figures 1C,F). Reducing the surface currents to
their geostrophic component significantly impacts ice-ocean
stress, especially in the Nordic Seas and the Labrador Sea
(Figures 1B,C). The pattern and magnitude of ice-ocean stress
calculated by the geostrophic component differ from that
calculated by the total ocean surface currents, especially in the
Labrador Sea, the Irminger Sea, and the Baffin Bay where the
difference virtually disappears (Figures 1B,C). Similar results are
also found in the Ekman pumping (Figures 1E,F). These above
results indicate that the ageostrophic currents play an important
role in the calculation of ice-ocean stress and Ekman pumping.
When calculating the ice-ocean stress, the ageostrophic current
should be properly considered in further studies rather than only
the geostrophic current as done in previous studies (Yang, 2006,
2009; Zhong et al., 2018).

Figure 2 shows the time-mean net surface freshwater flux
(the sum of evaporation, precipitation, runoff, and sea ice
freezing/melting), net heat flux (the sum of sensible heat flux,
latent heat flux, long-wave radiation, and short-wave radiation),
SST, and sea surface salinity (SSS) averaged over the last decade
in CONTROL and their differences between CONTROL and
NONE. The overall patterns of time-mean surface freshwater
and heat fluxes are very similar in both experiments, with
an extensive heat loss in the North Atlantic and a significant
freshwater input in the western boundary regions of the
Greenland Sea and the Labrador Sea, seasonally covered by the
sea ice (Figures 2A,D). In sea ice-covered regions, there is a
significant enhancement in surface heat loss and freshwater input
when ocean surface currents are excluded from ice-ocean stress
calculation (Figures 2B,E). Heat loss (freshwater input) averaged
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FIGURE 1 | The time-mean ocean surface stress (N m~2) in (A) CONTROL and the annual mean difference (B) between CONTROL and NONE (NONE minus
CONTROL). (C) The annual mean difference in ocean surface stress with and without geostrophic currents in the ice-ocean stress calculation using the outputs from
the CONTROL simulation (ocean surface stress without geostrophic currents minus that with geostrophic currents). Panels (D-F) is the same as in panels (A-C), but
for Ekman pumping (m year~ ). The sea ice-covered regions are labeled in panel (B) by the black lines of 15% SIC in CONTROL averaged over the last decade.

100

-100

100

-100

100
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over the sea ice-covered region in Figure 2B decreases by 54.4%
(75%) from —79 W m~2 (8 x 104 kg m~2 s~!) in NONE to
—36 Wm=2 (2 x 107* kg m~2 s7!) in CONTROL (Table 1).
However, the heat loss (freshwater input) in the North Atlantic
Ocean in CONTROL decreased by 12.1% (54.5%) compared with
thatin NONE (Table 1). The differences in surface freshwater and
heat fluxes between CONTROL and NONE are closely linked to
their differences in SST and SSS (Figures 2C,F). The significant
heat flux differences in the North Atlantic are in opposition to
the SST differences, which demonstrates that changes in SST

lead to changes in surface heat flux as well (Figures 2B,C). The
following will show that the SST differences between CONTROL
and NONE in the North Atlantic Ocean are mainly associated
with differences in the strength of northward heat transport.
As shown in Figure 2F, the SSS increases significantly over the
sea ice-covered regions as a result of the stronger upwelling in
NONE than that in CONTROL (Figures 1B,E), even with more
freshwater entering into the ocean (Figure 2E). The freshwater
flux induced by the sea ice melting\freezing is almost the same
as the net freshwater flux (not shown). This confirms that more
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TABLE 1 | Diagnostics in CONTROL and NONE averaged over the North Atlantic
Ocean and the sea ice-covered region (values in the bracket).

CONTROL NONE (NONE-CONTROL)/

NONE

ocean surface stress (N 0.048 0.052 7.7% (18%)

m~2) (0.041) (0.050)

Heat flux (W m~2) —29(-36)  —33(-79) 12.1% (54.4%)

Freshwater flux 0.1(2) 0.22 (8) 54.5% (75%)

(1074 kgm=2s71)

SST (°C) 3.9(2.1) 4.1(2.4) 4.9% (12.5%)

SSS (PSU) 32.4 (31.8) 32.2 (32.1) —0.6% (0.9%)

Integrated P (TW) 0.25 (0.08) 0.41 (0.19) 39.0% (57.9%)

Integrated MKE (EJ) 0.2 (0.05) 0.3 (0.07) 33.3% (28.6%)

Integrated EKE (PJ) 24 (4.5) 14 (8) —71.4% (43.8%)

Integrated 20 (1.2 12 (2.6) —66.7% (53.8%)

(EAPE—EKE) (GW)

Integrated (MKE— EKE) 1.9(2.1) 1.1(2.3 —72.7% (8.7%)

GwW)

North Atlantic MLD (m) 132 193 31.6%

North Atlantic subpolar 37.1 45.3 18.1%

gyre (Sv)

Nordic Seas Gyre (Sv) 13.2 161 12.6%

AMOC (Sv) 18 21 14.3%

MOC in Nordic Sea (Sv) 2.9 4.2 31.0%

Northward heat 0.93 1.05 11.4%

transport (PW)

The percentage differences between CONTROL and NONE are also given.

freshwater input in NONE comes from increased SST-induced
sea ice melting than that in CONTROL. However, a slight
decrease in SSS is also found in North Atlantic Ocean, which
is caused by the spread of freshwater in NONE (Figures 2E,F
and Table 1).

Mechanical Energy Input and Kinetic
Energy

Figure 3A shows the time-mean distributions of the mechanical
energy input to the time-mean currents by the time-mean ocean
surface stress (P). It is calculated using P = T - &, where the over
bar denotes a 10-year mean, T is the ocean surface stress, and u
is the ocean surface currents. The spatial patterns of P in both
experiments are similar to those in previous studies (von Storch
etal., 2012; Wu et al,, 2017b), with most of the mechanical energy
input concentrated in the central North Atlantic Ocean and the
western boundary regions of the Greenland Sea, Labrador Sea,
and Irminger Sea (Figure 3A). In NONE, the increase in P is
significant, especially in the western boundary regions of the
Irminger Sea, Labrador Sea, and Greenland Sea (Figure 3B). This
increase is much more pronounced in wintertime (not shown).
Figure 3C shows the distribution of mechanical energy input to
time-varying ocean velocity by time-varying ocean surface stress
(P' =1 -v) in CONTROL, which is an energy source of eddy
kinetic energy (EKE) and characterized by large values in the
Denmark Strait, the North Atlantic Ocean, and the Labrador Sea.
Similarly, the difference in P’ between CONTROL and NONE is

most significant in the western boundary regions of the Irminger
Sea, the Labrador Sea, and the Greenland Sea, where there are the
seasonally sea ice-covered regions (Figure 3D).

The spatial integrated value of P(P') decreases by 39.0%
(41.7%) from 0.41 TW (1 TW = 102 W; 0.24 TW) in NONE
to 0.25 TW (0.14 TW) in CONTROL. Considering the ocean
surface currents in the ice-ocean stress calculation results in a
decrease in P (P’) by 0.16 TW (0.1 TW), of which 0.1 TW
(0.07 TW) is due to a decrease in T- iy (T - u’ug), and only

0.06 TW (0.03 TW) is due to a decrease in T - i, (' - ué), where
the prime denotes the derivation from the 10-year mean; 4o and
ug are the ageostrophic and geostrophic components of the ocean
surface currents, respectively.

The effects of considering ocean surface currents in the ice-
ocean stress calculation on the EKE and mean kinetic energy
(MKE) are also investigated. The EKE and MKE are defined as
EKE = 0.5 (/ + ') and MKE = 0.5 - (#* + ¥*)’ where u and v
are the zonal and meridional ocean currents, respectively. Similar
to the previous studies (Eden and Boning, 2002; Rieck et al.,
2019), the distributions of the time-mean MKE and EKE are
characterized by large values along the boundary currents over
the Irminger Sea, the Labrador Sea, the Greenland Sea, and in the
vicinity of the North Atlantic Current branches (Figures 4A,C).
When ocean surface currents are excluded from the ice-ocean
stress calculation, there is a resultant increase in the surface MKE
over the North Atlantic Ocean, most notably in the western
boundary regions of the Labrador Sea, the Irminger Sea, and
the Greenland Sea (Figure 4B). There is an EKE increase in the
western boundary region of the Greenland Sea and the Baffin Bay
where there are seasonally sea ice-covered regions (Figure 4D). It
will be shown later that this EKE increase is due to the combined
effect of the energy conversion from eddy available potential
energy (EAPE) and MKE to EKE, which is induced by a stronger
mechanical energy input (Figures 1B,E, 3B,D). However, the
significant reduction of EKE is found in NONE across the North
Atlantic Ocean and Nordic Seas (Figure 4D), which is due to
the stable water column induced by more freshwater input in
NONE than that in CONTROL, as previously shown (Zhong
et al, 2018). Quantitatively, integrated MKE over the entire
region decreases by about 33.3% from 0.3 EJ (1 EJ = 10'8 7) in
NONE to 0.2 EJ in CONTROL (Table 1). Spatially integrated
over sea ice-covered regions, EKE in CONTROL and NONE
are 4.5 PJ (1 PJ = 10" J) and 8 PJ, respectively, representing a
43.8% reduction from CONTROL (NONE minus CONTROL)
(Figure 4D). Although the magnitude of the MKE and EKE
reduction weakens with depth, the reduction percentage of the
area-averaged MKE and EKE remains roughly 10 and 25% deeper
than 300 m (not shown).

The energy budget of EKE and MKE has also been calculated
to explain the change in kinetic energy when considering the
ocean surface currents in the ice-ocean stress calculation. The
formulas used to calculate the energy conversion between EKE
and MKE are the same as those used in Wu et al. (2017a).
Figure 5A presents the distribution of vertically integrated energy
conversion from EAPE to EKE through the baroclinic pathway.
The energy is converted from EAPE to EKE (positive value) in
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450 ) 00

FIGURE 2 | The time-mean net heat flux (W m~2) in (A) CONTROL, and the annual mean differences of net heat flux (B) and SST (°C) (C) between CONTROL and
NONE (NONE minus CONTROL). Panels (D-F) is the same as in panels (A-C), but for freshwater flux (10~* kg m~2 s~ 1) and SSS (PSU), respectively. The sea
ice-covered regions are labeled in panel (B) by the black lines of 15% SIC in CONTROL averaged over the last decade. Negative values in panel (A) indicate the heat
loss from the ocean. Moreover, negative values in panel (D) indicate that the ocean loses freshwater.

the North Atlantic Ocean, the Labrador Sea, and the Nordic
Seas (Figure 5A), which is similar to the previous studies (Eden
and Boning, 2002; von Storch et al., 2012; Rieck et al., 2019).
In NONE, a strengthened Ekman pumping leads to a more
titled isopycnal that contains more available potential energy
(APE) in the western boundary regions of the Nordic Seas
and the Baffin Bay, which is released through the baroclinic
pathway (Figure 5B). However, there is a reduction in the energy
conversion from EAPE to EKE in the broad North Atlantic
Ocean and the Labrador Sea (Figure 5B). Enhanced sea ice
melting results in more freshwater input to the Labrador Sea

and the North Atlantic Ocean in NONE than in CONTROL
(Figures 2E,F), so stratification is much more stable there.
Spatially integrated, the energy conversion from EAPE to EKE
is 20 GW (1 GW = 10° TW) in CONTROL, while it decreases to
12 GW in NONE, representing a 66.7% reduction.

In addition, the EKE can also obtain energy directly from
the MKE through the barotropic pathway. Figure 5C gives
the vertically integrated distribution of energy conversion from
MKE to EKE, with a large energy conversion rate from MKE
to EKE (positive values) in the Labrador Sea, especially in
the west Greenland current region, which is similar to the
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-0.02 -0.02

FIGURE 3 | The time-mean mechanical energy input to the ocean by the time-mean ocean surface stress (W m~2) in (A) CONTROL, and the (B) difference between
CONTROL and NONE (NONE minus CONTROL). Panels (C,D) is the same as in panels (A,B), but for time-varying mechanical energy input to the ocean by the
time-varying ocean surface stress (W m~2) and their difference.

0.02

-0.02
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FIGURE 4 | The distributions of (A) time-mean ocean surface MKE (m? s~2) and the (B) difference between CONTROL and NONE (NONE minus CONTROL).
Panels (C,D) is the same as in panels (A,B), but for the time-mean ocean surface EKE (m? s~2) and their difference.
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FIGURE 5 | The distributions of (A) vertically integrated energy conversion rate from EAPE to EKE (10~ W m~2) and the (B) difference between CONTROL and
NONE (NONE minus CONTROL). Panels (C,D) is the same as in panels (A,B), but for the energy conversion rate from MKE to EKE (10~ W m~2) and their

difference.
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previous studies (Eden and Boning, 2002; von Storch et al., 2012;
Wu et al., 2016, 2017b; Rieck et al., 2019). When ocean surface
currents are excluded from the ice-ocean stress calculation, the
shear instability between sea ice drift and ocean surface velocity
is strengthened in the sea ice-covered regions, such as in the
western boundary regions of the Nordic Seas, the Irminger Sea,
and the Labrador Sea (Figure 5D). Integrated over the North
Atlantic Ocean (sea ice-covered region), the energy conversion
from MKE to EKE is 1.9 GW (2.1 GW) in CONTROL, while it
decreases to 1.1 GW (2.3 GW) in NONE, accounting for a 72.7%
(—8.7%) decrease.

Sea Ice

The changed air-sea fluxes and SST induced by the increased
ice-ocean stress in NONE can be fed back to the overlying sea
ice. As shown in Figure 6A, the SIC decreases extensively in
NONE, especially in the western boundary regions of the Baffin
Bay, the Labrador Sea, the Irminger Sea, and the Greenland Sea
(Figure 6A). Quantitatively, the annual mean SICs in CONTROL
and NONE are 33 and 22%, respectively, representing a 33.3%
decrease with respect to CONTROL; the winter mean values are
47 and 22%, respectively, representing a 53.2% decrease with
respect to CONTROL. In NONE, the sea ice extent (SIE) also
expands dramatically, as shown by the labeled lines of 15% SIC in
Figure 6, especially in the Nordic Seas (Figures 6A,B). Similarly,
the sea ice thickness (SIT) also decreases significantly as large

as 0.2 m in the western boundary regions of the Nordic Seas
(Figure 6C); this decrease is much larger in the wintertime,
amounting to 0.5 m (Figure 6D). Besides, there is a time-mean
reduction of 27.6% (0.76 m in CONTROL and 0.55 m in NONE)
and 29.6% (0.81 m in CONTROL and 0.57 m in NONE) of
SIT from CONTROL to NONE throughout the whole year and
wintertime, respectively (Figures 6C,D).

Figures 7A,B show the monthly mean total sea ice volume
(SIV) and SIE in both simulations over the Arctic Ocean (regions
where the SIC is equal to or greater than 15%). The SIE is
much larger in NONE than in CONTROL. Quantitatively, the
time-mean SIE in September decreases from 5.5 x 10 km? in
NONE to 4.5 x 10° km? in CONTROL over the Arctic Ocean.
As analyzed above, the significant increase in SIE is attributed to
increased sea ice transport caused by greater ice-ocean stress in
NONE. However, the total monthly SIV over the Arctic Ocean
decreases entirely in NONE (Figure 7B). For example, the SIV
in September decreases from 1.9 x 10* km?® in CONTROL to
1.8 x 10* km? in NONE. The reduction in SIV is caused by a
much thinner SIT in NONE than in CONTROL (Figures 6C,D).
As shown above, the changes in SIE and SIV are the combined
effect of increased ice-ocean stress and higher SST.

The mean kinetic energy (SIMKE) and eddy kinetic
energy (SIEKE) of sea ice over the Arctic Ocean are also
presented in both simulations (Figures 7C,D). The SIMKE
and SIEKE are defined as SIMKE =0.5- (ﬁf + 17,2) and

Frontiers in Marine Science | www.frontiersin.org

April 2021 | Volume 8 | Article 628892


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Wu et al. Impacts of Changed Ice-Ocean Stress

0.2

0.2

FIGURE 6 | The distributions of annual mean SIC difference (A) and the wintertime-mean SIC difference (B) between CONTROL and NONE (NONE minus
CONTROL). Panels (C,D) is the same as in panels (A,B) but for the SIT (m) and their difference. The labeled lines are 15% SIC in CONTROL (black) and NONE (red)

averaged over the last decade, respectively.
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FIGURE 7 | The monthly simulated Arctic (A) SIE (km?), (B) SIV (kmS3), (C) SIMKE (m~2 s~2), and (D) SIEKE (m~2 s~2) of Arctic sea ice in CONTROL (black) and
NONE (red).
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SIEKE; = 0.5 (4} +v}), where u; and v; are the zonal
and meridional sea ice velocity, respectively. In NONE, the
movement of the sea ice becomes more active than that in
CONTROL, and both SIMKE and SIEKE increase visibly. For
example, the time-mean and area-mean SIMKE decreases from
0.0047 m~% s~ in NONE to 0.0039 m~? s~% in CONTROL
(Figure 7C); besides, SIEKE also decreases greatly from 0.01 m~2
s~2 in NONE to 0.007 m~2 s~2 in CONTROL (Figure 7D).

Subpolar Gyres, Mixed Layer Depth, and

Meridional Overturning Circulation

Differences in the depth-integrated meridional volume transport
and the gyre circulations between NONE and CONTROL
are likely to be induced by the differences in the time-
mean Ekman pumping. Figure 8A presents the time-mean
barotropic stream function in CONTROL, which is similar to
previous studies, characterized by cyclonic gyres in the North
Atlantic Ocean and the Nordic Seas (Wu et al.,, 2016, 2017b).
Figure 8B shows that the strength of the simulated subpolar
gyre reduces almost everywhere when considering ocean surface
currents in the ice-ocean stress calculation. For example, the
strength of the time-mean subpolar gyre in the North Atlantic

50

-50

FIGURE 8 | The distributions of (A) time-mean barotropic stream function (Sv)
in CONTROL and their difference (B) between CONTROL and NONE (NONE
minus CONTROL).

Ocean decreases by about 18.1% from 45.3 Sv in NONE to
37.1 Sv in CONTROL, and that of the gyre in the Nordic
Seas reduces by about 12.6% from 15.1 Sv in NONE to
13.2 Svin CONTROL.

We now investigate the impacts of considering ocean surface
currents in ice-ocean stress calculation on MLD in the Nordic
Seas and North Atlantic Ocean. The MLD is defined similarly
to previous studies (Downes et al., 2009; Liu et al., 2017; Wu
et al., 2020) as the depth at which the potential density is
0.03 kg m~> larger than that at the surface. The time-mean
patterns of the MLD and the differences between NONE and
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FIGURE 9 | The distributions of (A) winter (January, February, and March)
time-mean MLD (m) in CONTROL and their differences (B) between
CONTROL and NONE averaged over the last decade, and their difference (C)
averaged over the winter season (NONE minus CONTROL).
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FIGURE 10 | The distributions of (A) time-mean AMOC (Sv) in CONTROL and their differences (B) between CONTROL and NONE (NONE minus CONTROL).

CONTROL are shown in Figures 9A-C. The simulated MLDs in
both experiments are represented by deep MLD in the Labrador
Sea and Nordic Seas (Figure 9A), which is similar to the
results from previous investigations (Kara and Rochford, 2003;
Holdsworth and Myers, 2015; Wu et al., 2016). It is noted that
the MLD is deeper than the observations, which is induced
by a higher surface salinity than that from the observations.
Additionally, the model resolution is relatively coarse, especially
at the subpolar latitudes, and thus likely underestimates the
role played by eddies in the restratification process after deep
convection events. Excluding ocean surface currents from the ice-
ocean stress calculation, the MLD increases considerably in the
Labrador Sea and the Nordic Seas (Figure 9B). This increase is
also more significant in wintertime (Figure 9C). For example,
the time-mean MLDs averaged in the Labrador Sea (Nordic
Seas) are 2,750 and 3,450 m (210 and 407 m) in CONTROL
and NONE, respectively, representing a 20.3% (48.4%) increase.
This difference amounts to 34 and 61% averaged over the
Labrador Sea and the Nordic Seas in wintertime (Figure 9C).
As shown in Figure 1E, in CONTROL, considering ocean
surface currents in the ice-ocean stress calculation reduces
the ocean surface stress and wind stress curl in the subpolar
North Atlantic. For example, Ekman pumping is about 12.1%
weaker in CONTROL than that in NONE with respect to
the average for the Labrador Sea. The reduced wind stress

curl weakens the strength of Ekman pumping and results in
less doming of the density surface and a weaker cyclonic
circulation over the Labrador Sea in CONTROL than that in
NONE (Figure 8B). This reduced effect of pre-conditioning
then makes it harder for sea surface heat loss to overcome
stratification and trigger deep-reaching convection in CONTROL
(Marshall and Schott, 1999).

The changes in the intensity of deep convection between
these two experiments in the Labrador Sea and the Nordic Seas
correlate with the differences in the strength of AMOC and
MOC in the Nordic Seas, as found in previous studies (Eden
and Willebrand, 2001; Zhai et al, 2011; Zhai and Johnson,
2014; Wu et al., 2016). The definition of MOC is similar to
that in Wu et al. (2016, 2020) by integrating the meridional
velocity across the ocean basin from the western boundary
(xw) to eastern boundary (xg), and from the ocean bottom at

z = —h upward: ¥(y,z,1) = [, f;‘i(();zz)) v(x, y, z, t)dxdz. The
maximum value of \ is defined as the strength of the MOC.
The structure of AMOC is familiar in both simulations, with
light water transports northward and dense water transports
southward (Figure 10A; Wunsch and Heimbach, 2013; Wu
et al., 2016). As shown in Figure 10B, when ocean surface
currents are excluded, the strength of the simulated AMOC
is coherently enhanced at all latitudes by as much as 3 Sv,
representing a 14.3% reduction (Table 1). Besides, Figure 11A
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FIGURE 11 | The distributions of (A) time-mean MOC (Sv) in the Nordic Seas in CONTROL and their differences (B) between CONTROL and NONE (NONE minus

shows the distribution of the MOC in the Nordic Seas, which
shows a similar structure in both simulations, with the light
water transports northward and the dense water transports
southward. In NONE, the strength of the simulated MOC in
Nordic Seas is coherently enhanced at all latitudes (Figure 11B).
The maximum MOC strength in Nordic Seas decreases by
about 31.0% from 4.2 Sv in NONE to 2.9 Sv in CONTROL.
One of the roles of the ocean in the climate system is the
transport of heat to high latitudes. The meridional heat transport
(MHT) can be adequately approximated (Warren, 1999; Zhang
et al., 2002; Msadek et al, 2013) by pCp fOL f_OHvT dz dx,
where C, is the specific heat capacity of seawater, T is the
potential temperature, H and L are the depth and width of
the ocean, respectively. In the Atlantic Ocean, the structures
of MHT in both simulations are similar to the observed
and simulated results (not shown, Ganachaud and Wunsch,
2003; Wu et al, 2016). For example, the maximum MHT
is found to be 0.93 PW (1 PW = 10> W) in CONTROL
at 25°N, which is comparable to the 1.07 £ 0.26 PW and
1.27 £ 0.15 PW estimated in the previous studies (Macdonald,
1998; Ganachaud and Wunsch, 2003). In comparison, the
maximum MHT increases to 1.05 PW in NONE, representing
a 13% enhancement. It is noted that the MHT in NONE is
closer to observations than that in CONTROL. It is likely caused
by the weaker AMOC in ECCO2 than that in observations

(Ganachaud and Wunsch, 2003), as the strength of AMOC
dominates the MHT in the Atlantic Ocean.

CONCLUSION AND DISCUSSION

In this study, we have investigated for the first time the
impact of considering ocean surface currents in the ice-
ocean stress calculation on the North Atlantic Ocean and
Arctic sea ice using a global coupled ocean-sea ice model
with approximately 18-km resolution. By comparing these
simulations with inclusion and exclusion of the ocean
surface currents in ice-ocean stress calculation, we find
that:

e Including ocean surface currents in the ice-ocean stress
calculation leads to a broad reduction in the magnitude
of the ocean surface stress and Ekman pumping over the
North Atlantic Ocean by about 7.7 and 15%, respectively.
Ageostrophic currents play an important role in the ice-
ocean stress and Ekman pumping calculations, indicating
that ageostrophic currents should be properly considered
in subsequent studies when calculating the ice-ocean stress.
In addition, a significant decrease in freshwater input is also
found in the sea ice-covered Labrador Sea and Nordic Seas
resulting from less sea ice melting.
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e Considering ocean surface currents in the ice-ocean stress
calculation reduces mechanical energy input to total
surface currents by about 0.26 TW (about 40% decrease),
and the mechanical energy input to surface ageostrophic
and geostrophic motions decreases by about 0.17 and
0.09 TW, respectively.

e Including ocean surface currents in the ice-ocean stress
considerably damps both EKE and MKE in the sea ice-
covered ocean, by about 43.8 and 28.6%, respectively. The
reduction in EKE is mainly induced by the baroclinic
pathway, especially in the Labrador Sea and the North
Atlantic. The reduction in MKE is mainly induced by the
barotropic pathway, especially in the boundary regions of
the Labrador Sea and the Nordic Seas.

e Including ocean surface currents in the ice-ocean stress
leads to an 18.1% decrease in the strength of the subpolar
gyre in the North Atlantic Ocean. It also weakens the
intensity of deep convection in the northern North Atlantic
Ocean and the Nordic Seas by about 20.3 and 48.4%.
Additionally, the strengths of AMOC and MOC in the
Nordic Seas decrease by about 14.3 and 31%, respectively.

e The weakening of the AMOC leads to a reduction in the
maximum northward ocean heat transport in the Atlantic
Ocean by 0.12 PW. This reduction results in lower SST and
reduced surface heat loss in the northern North Atlantic
Ocean and the Nordic Seas. The decrease in mechanical
energy input and SST leads to a shrink in the SIE and an
attenuation of the SIT.

It is worth noting that this study has several limitations. For
example, the model used here is only at the eddy-permitting
resolution in the low and middle latitudes. It is too coarse in the
North Atlantic and the Nordic Seas (Nurser and Bacon, 2014).
Therefore, the reduction in EKE induced by the relative ice-
ocean stress is likely to be underestimated, since the damping
effect is proportional to the magnitude of the surface kinetic
energy. Although the differences in the model results averaged
over different time periods are inconspicuous, our results
may depend quantitatively on the model. Therefore, results
from multiple models need to be compared for further study.
The atmospheric forcing used here is relatively coarse (six-
hourly mean, 1.125° x 1.125°). Many mesoscale and synoptic
atmospheric phenomena, which are important in the sea ice
drift and the ocean general circulation, are missed (Wu et al,
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