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Abstract: The relative contribution of atmospheric forcing, oceanic preconditioning, and sea ice to
Labrador Sea Deep Convection (LSDC) is investigated by conducting three ensemble experiments
using a global coupled sea ice-ocean model for the first time. Simulated results show that the
atmospheric activities dominate the interannual and decadal variability, accounting for 70% of LSDC.
Oceanic preconditioning is more significant in the shallow LSDC years that the water column is
stable, accounting for 21%, especially in the central Labrador Sea and Irminger Sea. Moreover, the
sea ice contribution is negligible over the whole Labrador Sea, while its contribution is significant
in the sea ice-covered slope regions, accounting for 20%. The increasingly importance of sea ice on
LSDC and the water mass transformation will be found in the North Atlantic Ocean, if the Arctic sea
ice declines continuously. Additionally, there is a 10 Sv increase (85%) in atmospheric forcing to the
subpolar gyre in the North Atlantic Ocean, while oceanic preconditioning contributes a 7 Sv decrease
(12%). These findings highlight the importance of summer oceanic preconditioning to LSDC and the
subpolar gyre, and therefore it should be appropriately accounted for in future studies.

Keywords: air-ice-ocean interaction; deep convection; Labrador sea; subpolar gyre; MITgem-ECCO2;
North Atlantic Ocean

1. Introduction

The Labrador Sea is a pivotal region of open-ocean deep convection and deep water
formation, connecting atmospheric forcing and deep ocean directly [1]. In winter, air-
sea fluxes extract heat from the Labrador Sea intensively, resulting in the formation of
Labrador Sea Water (LSW). LSW formation varies depending on multiple factors, including
atmospheric activities, oceanic preconditioning, brine rejection caused by sea ice formation,
and the inflow of freshwater from Greenland and the Nordic Seas [1-3]. A part of this
water mass spreads equatorward as a component of North Atlantic Deep Water (NADW).
It is generally considered to play an essential role in the variability of Atlantic meridional
overturning circulation (AMOC), associated northward heat transport, and the global
carbon cycle on decadal and longer time scales [4-8].

In the North Atlantic Ocean, North Atlantic Oscillation (NAO) is the leading mode
of atmospheric forcing [9]. It modulates the westerlies in the subpolar North Atlantic and
significantly influences LSW formation and Labrador Sea Deep Convection (LSDC) [10].
During a positive NAO phase, the enhanced westerlies, accompanied by a more signif-
icant number of high-frequency (<1 month) atmospheric activities and a shift of storm
tracks [11], extract more oceanic heat from the Labrador Sea than that during a negative
NAO phase, and thus prompt deep convection under favorable oceanic precondition-
ing [1,12]. The high-frequency atmospheric forcing (for example, storms, polar low and
synoptic weather system) can also lead to significant variations in air-sea fluxes, LSW
formation and LSDC [2,12-18]. However, the relationship between NAO and LSDC is not
simply linear. For example, the enhanced deep convection in winter 2007/2008 (during a
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positive NAO phase) was influenced by complicated factors, including storms, freshwater
fluxes, and the distribution of the ice pack [19]. In addition, the magnitude of air-sea fluxes
in the Labrador Sea depends on the locations of the large-scale atmospheric circulation
anomalies of the western North Atlantic, the Icelandic Low, and the spatial distribution of
pack ice [18,20-22].

More recently, a gyre-scale deep convection was found in the subpolar North Atlantic
Ocean driven by exceptional heat loss during winter 2014/2015 [23]. However, the late
winter mixed layer depth (MLD) is shallower in the Irminger Sea (1400 m) than that
in the Labrador Sea (1800 m) and south of Cape Farewell (1700 m), even though there
is considerable winter heat loss in these regions [23]. A similar phenomenon, where
MLD deepening stopped at 800-1000 m, was found in the Labrador Sea during winter
2007 /2008 while the amount of heat loss was similar to that in winter 2014 /2015 [23-25].
The subsequent question is why the exceptional heat loss did not deepen MLD in the
subpolar North Atlantic Ocean. To address this question, the role of oceanic preconditioning
(thermal and stratified state of the sea water) of water column and sea ice should be
adequately considered. So far, only a limited number of studies have investigated the
contribution of oceanic preconditioning to the convection event [1,26-28]. For example,
Alverson (1995) studied the doming effect of oceanic stratification on deep convection.
They found out that stratification with more sharply domed isopycnals produces deeper
convective mixing. Straneo and Kawase (1999) investigated the relative contribution of
domed isopycnals and localized buoyancy forcing to a subsequent convective event in the
preconditioned ocean. They found almost equal importance of oceanic preconditioning
and the buoyancy forcing to the convection events. Recently, Brakstad et al., (2019) found
that the deeper convection in the Greenland Sea during winter was primarily the result of
reduced water-column stability induced by increased near-surface salinity.

Meanwhile, ice cover can insulate heat loss from the ocean to the atmosphere, and
then affects MLD [29]. For example, Vage et al., (2018) found that the re-ventilation of water
mass is possibly caused by sea ice retreat toward Greenland when the water mass transits
to the western Iceland Sea during winter; rigorous heat loss from the ocean offshore of the
sea ice edge subsequently triggers deep convection [29]. Another effect of sea ice on MLD
is brine rejection by sea ice formation to the near-surface salinity [28,30,31]. Moreover, the
ongoing decline of Arctic sea ice extent increases freshwater inflow. It exposes the ocean to
anomalous surface heat flux, resulting in positive buoyancy anomalies which can affect
LSDC and AMOC [3,29,32]. For example, Yang et al., (2016) found that changes in LSW can
be directly linked to recent freshening in the vicinity of the Greenland Sea and suggested
a possible link to AMOC. Sévellec et al., (2017) investigated the sensitivity of AMOC
to buoyancy flux perturbation over the Arctic Ocean. They found that flux anomalies
over the subpolar North Atlantic have the most immense impact on AMOC on decadal
time scales. In contrast, on multidecadal time scales, flux anomalies in the Arctic become
more critical. However, a systematic study on the relative contribution of atmospheric
forcing, oceanic preconditioning, and sea ice to LSDC is still lacking. Additionally, the
subpolar North Atlantic (SPNA), which is characterized by the North Atlantic subpolar
gyre, is a region where AMOC is actively developed and shaped though mixing and water
mass transformation. The dynamics of the subpolar gyre are a result of strong buoyancy
gradients, intense surface buoyancy and wind forcings, and exchange of waters with the
Nordic Seas through overflows. Understanding these complex dynamics is essential to
better understanding the mechanisms that drive the variability of AMOC. Changes in
SPNA heat content and surface temperature are significant for many climate and weather
phenomena, and biochemical processes [33,34].

Hence, three ensemble experiments are conducted to study the relative contribution
of atmospheric forcing, oceanic precondition, and sea ice to LSDC by using the coupled
global ocean—sea ice model. This paper is organized as follows. It begins in Section 2 with
a brief description of the model setup and experimental design. The relative contribution
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to LSDC and its impacts are described quantitatively in Section 3. It closes with concluding
remarks of our results in Section 4.

2. Model and Experimental Design

The MITgem-ECCO2, which is the state estimate configuration Estimating the Circu-
lation and Climate of the Ocean, phase 2, high-resolution global-ocean and sea-ice data
synthesis, has been used to investigate the above questions [35,36]. To avoid the polar
singularities, it employs a cube—sphere grid configuration to produce a relatively even grid
size [37]. The model has a mean horizontal grid size of approximately 18 km (i.e., eddy
permitting). There are 50 unevenly spaced vertical levels. Its vertical thickness increases
from 10 m near the surface to 450 m at the ocean bottom. In addition, the ocean model
is coupled with a sea ice model [38]; this coupled model is run with optimized control
parameters by the Green Function approach [39]. We refer readers to Menemenlis et al.,
(2008) and Wu et al., (2016, 2020) for more details about the configuration of the ECCO2
state estimate [12,13,33,34].

We conducted a simulation for 1979-2017 (CTRL) with realistic atmospheric forcing
derived from the Japanese 55-year reanalysis dataset [40]. Atmospheric forcing includes
6-hourly net short-wave and long-wave radiation, 2-m specific humidity, precipitation,
10-m wind velocity, and 2-m air temperature. The outputs from CTRL are used as the
sea ice conditions and oceanic preconditions in the following ensemble experiments. As
shown in the previous studies [41,42], LSDC reached a relatively low record in winter
2009/2010; and it reached a deep record in winter 2016,/2017. It will be shown later that
the water column in September 2009 is much more stable and that in 2016 is sharper than
the climate oceanic state in September. Hence, the constant oceanic preconditioning in
September 2009 is chosen in EXP-OP and EXP-SI, and two specific winters (2009/2010 and
2016/2017) were chosen to investigate the relative contribution of atmospheric forcing,
oceanic preconditioning, and sea ice condition to LSDC. Three ensemble experiments with
a respective 37 members in each experiment were conducted, in which atmospheric forcing
(EXP-AT), oceanic preconditioning (EXP-OP), or sea ice forcing (EXP-SI) was switched to a
fixed year at the beginning of each ensemble member (Table 1). Each ensemble member
was integrated from September of one year to March of the following year, which is forced
with data from a different single year and sea ice dataset details can be found in Table 1.

Table 1. Summary of numerical experiments.

Experiments Atmosl.)heric Ocee.u}ic . Sea Ice
Forcing Preconditioning
CTRL 1979-2017
1 September 1979-31 March 1980
EXP-AT September 2009 1 September 2009-31 March 2010
1 September 2016-31 March 2017
September 1979
EXP-OP 1 September 2016-31 March 2017 1 September 2016-31 March 2017
September 2016
1 September 1979-31 March 1980
EXP-SI 1 September 2009-31 March 2010 September 2009 :

1 September 2016-31 March 2017

Specifically, the first member of EXP-AT (1 September 1979-31 March 1980) is driven
by atmospheric forcing from 1 September of 1979 to 31 March of 1980. The monthly
oceanic preconditioning in September 2009 of CTRL is used, and the sea ice condition is
prescribed by the sea ice from 1 September 2009 to 31 March 2010 at the daily frequency.
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All the members in EXP-AT use the same oceanic preconditioning on September 2009 and
sea ice forcing except using different levels of atmospheric forcing (Table 1). In the next
ensemble experiments, the first member in EXP-OP (September 1979) is conducted by the
monthly oceanic initial conditions on September 1979, and atmospheric forcing and sea
ice condition from 1 September of 2016 to 1 March of 2017 (Table 1). All the ensemble
members in EXP-OP use the same atmospheric forcing and sea ice condition except using
different oceanic preconditioning. Similarly, the members in EXP-SI are conducted by
the same atmospheric forcing (1 September 2009-31 March 2010) and monthly oceanic
preconditioning (September 2009), but using different sea ice forcing (Table 1). In sum,
the difference between the ensemble mean of EXP-AT and the results of winter 2009/2010
in CTRL is the contribution from atmospheric forcing to LSDC. Similarly, the difference
between the ensembles mean of EXP-OP and winter 2016/2017 in CTRL, and the difference
between the ensembles mean of EXP-SI and winter 2009/2010 in CTRL are defined as the
contributions from oceanic preconditioning and the sea ice condition to LSDC, respectively.

3. Results and Discussion
3.1. The Simulated Deep Convection in the Labrador Sea

To evaluate the realism of the simulated LSDC, Figure 1 presents the distributions
of March-mean MLD in CTRL experiment (Figure 1A) and EN4 (Figure 1B) which is the
global quality controlled ocean temperature and salinity profiles and monthly objective
analyses within the 800-m isobath in the Labrador Sea averaged over 1979-2017. MLD is
defined as the depth at which the potential density is 0.03 kg m ™~ larger than that at the
surface [13,43,44]. This density difference is larger than that used in Courtois et al. (2017),
which may in part leads to deep MLD in our results (Figure 1) [45]. The simulated MLDs
in ECCO2 and EN4 are characterized by large MLD in the central Labrador Sea (within the
2000-m isobath) and Irminger Sea (Figure 1), similar to the previous investigations [12,17,44].
It is noted that MLD in ECCO2 is deeper than that in EN4, due to lower surface salinity
in EN4 than that in ECCO2 [44]. Meanwhile, 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 [12,44,46-49]. Quantitatively, the
time-mean MLDs averaged over the Labrador Sea (within the 800-m isobath) are 2750 m
and 2340 m in ECCO2 and EN4, respectively, representing a 17.5% deeper MLD in ECCO2
than that in EN4. Overall, ECCO2 can represent the pattern of deep convection in the North
Atlantic Ocean well, except the deeper MLD than that in the EN4.

Additionally, the model realistically reproduces the LSW properties compared to
the EN4 analysis [50] and observational data along the AR7W section [51] averaged at
the LSW depth (200-2000 m). Figure 2 shows good qualitative agreement between the
observed and modeled LSDCs. Specifically, it shifts from a deep convection phase in the
early-to-mid 1990s to a shallower intermediate phase during the late 1990s and mid-2000s,
followed by the resumed deep convection in 2008 and the observed continued deepening
of LSDC in winter 2012-2016 (Figure 2a,e) [42]. The 200-2000 m averaged temperature,
salinity, and density time series over the central Labrador Sea region and along the AR7W
section are presented in Figure 2b—d,f-h. The temperature, salinity, and density time series
show significant multidecadal oscillations with an increase from 1979 to mid-1990s and
a decrease (increase) in salinity and density (temperature) from mid-1990 to 2010s [41];
and, with an increase (decrease) in temperature and salinity (density) along the AR7W
section (Figure 2f-h). In particular, density (temperature) increases (decreases) from 2012
to 2017 are consistent with the observational results [42]. These agreements indicate that
the hind cast simulations in ECCO2 can indeed be used to explore the relative contribution
of atmospheric forcing, oceanic preconditioning and sea ice on LSDC.
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Figure 1. The spatial distributions of March-mean MLD (m) in ECCO2 (A) and EN4 (B) averaged
over 1979-2017. The AR7W section is labelled by the black dotted line. The geographical and sea
names are also labeled in (A).

Figure 3 gives the simulated temperature and salinity profiles during September in
CTRL, and the climatic September averaged within the central Labrador Sea over 1979-2017,
which are strikingly similar to those of EN4 in magnitude, shape, and depth. The temper-
ature and salinity profile slopes of 2009 are lower than the profile slope of climate. This
reflects that the water column in September 2009 is much more stable than the time-mean
oceanic state in September. As the finding in Figure 2a,e that the simulated and observed
MLD in March 2010 reached a significantly low value, hence, oceanic preconditioning in
September 2009 is selected to study the role played by atmospheric forcing in LSDC of the
subsequent year. The temperature and salinity profiles in September 2016 are also given in
Figure 3 which is much sharper than the other years, indicating a weaker stratification of
water column.
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Figure 2. (Left column) Time series of EN4 (red lines) and ECCO2 (black lines) (a) MLD, (b) tempera-
ture, (c) salinity, and (d) density averaged over the central Labrador Sea region (within the 2000—m
isobath) at the LSW depth between 200 and 2000 m. Values in (d) and (h) minus 23. (Right column,
(e-h)) As in the left column, but for the data collected along the AR7W section. Note that the modeled
LSW is slightly denser than observed induced by the slightly higher modeled salinity. The LSW is
defined as Stramma et al., (2004) [52] that is bound by the isopycnals 0® = [27.68, 27.80] kg m3.
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Figure 3. Simulated profiles of temperature (A) and salinity (B) in September of 2009 (red), 2016

(blue) and climatic September (black) averaged over 1979-2016 within the 2000 m isobaths in CTRL.
The simulated profiles of temperature and salinity in other years (grey dotted lines) are also given.
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3.2. Relative Contributions of Atmospheric Forcing, Oceanic Preconditioning, and Sea Ice

Figure 4 presents the March-mean distributions of LSDC from CTRL and three ensem-
ble simulations; and the differences between CTRL and three ensembles are also presented.
Figure 4a shows the pattern of March-mean LSDC in 2017 which is characterized by deep
MLD in the central Labrador Sea and the Irminger Sea. It is different from the pattern
of March-mean LSDC in 2010 that the large MLD concentrates in the marginal regions
along the Greenland (Figure 4b). Additionally, the March -mean and the ensemble mean
distributions of LSDC in EXP-AT (Figure 4c) and EXP-OP (Figure 4d) are similar in that
significant MLD is located in the central Labrador Sea and the Irminger Sea, except that
there are deeper MLD in EXP-AT than that in EXP-OP over the central Labrador Sea and
Irminger Sea. Meanwhile, Figure 4e gives the distribution of March-mean LSDC in EXP-SI
which is similar to that in 2010 (Figure 4b) that large MLD concentrates in the slope regions
along Greenland. As shown in the previous studies [3,29,32], the ensemble mean results of
EXP-SI reflect the importance of sea ice in the slope region along Greenland.
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Figure 4. The distributions of March MLD of 2017 (a) and 2010 (b) in CTRL; and the ensemble mean
of the March MLD in EXP—AT (c), EXP—OP (d), and EXP—SI (e); and the differences between the
CTRL and ensemble mean experiments: ¢ minus b (f), d minus a (g), and e minus b (h).

Figure 4f presents the difference of March-mean LSDC between the ensemble results
of EXP-AT and that of 2010 in CTRL. It presents the contribution of atmospheric forcing
to LSDC which is characterized by a more than 1500-m positive difference in the central
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Labrador Sea and Irminger Sea and a more than 500-m negative difference in the marginal
regions along the Greenland. Figure 4f shows that atmospheric forcing can almost repro-
duce deep convection in the central Labrador Sea and Irminger Sea, amounting to more
than 1500 m from the beginning of the ocean heat loss in September. The negative values
locate in the slope regions of the Labrador Sea and the Greenland Sea, which reflects the
sea ice contribution to MLD there (Figure 4f), as in the previous investigations [3,29,32].
Figure 4g presents the spatial distributions of March LSDC difference between EXP-OP
(Figure 4d) and that of 2017 (Figure 4a) which is characterized by negative values in the
central Labrador Sea and the Irminger Sea, and positive values in the northeast Labrador
Sea and the Nordic Sea. It indicates that the contribution of ocean preconditioning to LSDC
is significant in the south of Greenland and Irminger Sea, amounting to more than 1000 m.
This difference of LSDC is mainly induced by the stronger ocean stratification used in the
ensemble experiment than that in September 2016. The influence of atmospheric forcing on
LSDC is more extensive that dominating LSDC variability (Figure 4f), while the influence
of oceanic preconditioning concentrates in the central Labrador Sea (Figure 4g). Figure 4h
presents the difference between March-mean and ensemble-mean MLD in EXP-SI and
March MLD of 2010 in CTRL. It indicates the sea ice contribution to LSDC which is more
than 400 m in the marginal regions along the Greenland. The sea ice can isolate the heat
lost in the winter season, and reduced sea ice extent and lower sea ice concentration in 2010
than that in CTRL causes deeper MLD there (Figure 4h).

The relative contribution of the three mentioned factors to LSDC is talked about in
Figure 5. The percentage of contribution is defined as the difference of LSDC (averaged
over the 800 m-isobaths) between each ensemble member and the selected year in CTRL
divided by the corresponding value of the selected year in CTRL. The contribution of
atmospheric forcing to LSDC is shown in Figure 5A which is from a relatively larger phase
in the early-to-mid 1990s to a smaller phase during the late 1990s and mid-2000s, followed
by the continuous larger contribution to the mid-2010s. This regime shift is similar to LSW
thickness and the winter mean NAO index generally, since the correlation coefficient is
0.62 (0.53) between atmospheric forcing contribution and LSW thickness (winter mean
NAO index), and 0.78 between LSW thickness and winter mean NAO index (Figure 5A).
As in previous findings [12,17,18,23], LSDC is mainly induced by atmospheric forcing,
accounting for more than 70% averaged from 1979 to 2015 (Figure 5A).

Figure 5B presents the contribution of oceanic preconditioning in September to the
subsequent March LSDC in each ensemble member from 1979 to 2016. The MLD and
oceanic preconditioning contribution presents an opposite trend generally. These results
reveal significant variability over time from the maximum 41% contribution in 1999 to
the minimum 3% contribution in 2016. On average, the percentage of the contribution of
September oceanic preconditioning to March LSDC is 21%. The oceanic preconditioning
contribution is significantly larger from the mid-1990s to the early 2000s, induced by the
relatively stronger stratification and shallower MLD in that period (Figure 5B). Unlike
the significant contribution of atmospheric forcing and oceanic preconditioning, sea ice
condition is not a main forcing mechanism for the convective activity in the whole Labrador
Sea, making a 4% contribution to LSDC (Figure 5C), on average, which is similar to the
findings in Greenland Sea [28,53]. Additionally, the contribution of sea ice on MLD in the
sea-ice-covered regions is shown in Figure 5C, indicating approximately 20% contribution
to MLD there, and this contribution is more visible during the period of mid-1990s to 2017.
It indicates that the role of sea ice will become more and more important to LSDC in North
Atlantic Ocean as the Arctic sea ice declines continuously.
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Figure 5. The relative contributions (%; magenta lines) of atmospheric forcing (A), oceanic precondi-
tioning (B), and sea ice (C) to deep convection in the Labrador Sea. The red and black lines in (A) are
LSW thickness (m) in the CTRL and the NAO index, respectively. The black line in (B) is the mixed
layer depth (m). Additionally, the red line in (C) is the sea ice area that used in the ensemble members
of EXP-SI; the solid black line in (C) is the sea ice contribution to deep convection in the Labrador Sea
calculated over the whole region. The curve corresponds to the Y-axis of the same color.

3.3. Impacts of the Relative Contributions on the North Atlantic Subpolar Gyre

The North Atlantic subpolar gyre plays a fundamental role in the global ocean cir-
culation and the earth climate system [12]. It is also the key area where the warm and
salty Atlantic water reaches to the Nordic Seas. Additionally, it modulates the atmospheric
regimes (e.g., storm tracks) could be able to trigger climate variability by governing complex
processes within the coupled ocean—atmosphere—ice system of the North Atlantic [12,13,44].
Hence, the impacts of the relative contribution to LSDC on the North Atlantic subpolar gyre
have been studied here. Figure 6a,b presents the annual mean barotropic stream function
in ocean of 2010 and 2017 in CTRL, which is characterized by cyclonic gyres in the North
Atlantic Ocean and the Nordic Seas as that in the previous investigations [12,44,54]; and it
can deliver the freshwater induced by the sea ice melting to the Labrador Sea and North
Atlantic Ocean, and hence influence deep convection. Figure 6b shows that the strength of
the simulated subpolar gyre reduces almost everywhere induced by the weaker wind stress
curl in 2010 than that in 2017 (Figure 6a). For example, the strength of the subpolar gyre in
the North Atlantic Ocean decreases by approximately 20.5% from 42.3 Sv in 2017 to 35.1 Sv
in 2010. Similarly, the patterns of the ensemble mean subpolar gyres in EXP-AT (Figure 6c¢),
EXP-OP (Figure 6d), and EXP-SI (Figure 6e) are also the same as that in CTRL. It is shown
that atmospheric forcing dominates the variability of subpolar gyre over North Atlantic,
especially in the central Labrador Sea, amounting to an 10 Sv increase (negative values in
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Figure 6f). The response of the subpolar gyre to the contribution of oceanic preconditioning
is significant in the southeast of the North Atlantic Ocean, reaching a 7 Sv decrease (positive
values in Figure 6g). Additionally, Figure 6 shows the influences of the contributions of
atmospheric forcing, oceanic preconditioning, and sea ice to the North Atlantic subpolar
gyre. These results show the significant impact of atmospheric forcing on the subpolar
gyre amounting to 85% (Figure 6f), while oceanic preconditioning contributes 12% (7 Sv) to
the subpolar gyre (Figure 6g). Meanwhile, the sea ice contribution to the subpolar gyre is
negligible (Figure 6h).

(a) 2017 (e) Exp-SI
o 40 . 40
2\ 20 r 20
0 0
-20 ' -20
-40 -40

=

(b) 2010

Z
=

=
o

o

Figure 6. The same as in Figure 4, but for the barotropic stream function (Sv).

4. Conclusions

LSDC connects the upper and deeper ocean directly, and plays a pivotal role in the
air—sea ice—ocean interaction over the North Atlantic Ocean. In this study, the relative
importance of atmospheric forcing, oceanic preconditioning, and sea ice to LSDC is investi-
gated for the first time by using a global coupled ocean—sea ice model by conducting three
ensemble experiments. Through comparing the numerical results, we found that:
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e  The simulated results show that atmospheric activities dominate the interannual and
decadal variability. Its contribution accounts for more than 70% of LSDC, especially in
the broad central Labrador Sea and the Irminger Sea.

e  The influence of oceanic preconditioning is more significant in the shallow LSDC years
with strong oceean stratification, accounting for 21% on average. Moreover, the sea ice
contribution is negligible for the region as a whole, while its contribution is significant
in the sea ice-covered regions accounting for 20%.

e  The response of the North Atlantic subpolar gyre to the contribution of atmospheric
forcing is different from the response of oceanic preconditioning that atmospheric
forcing contributes an 85% increase in the North Atlantic subpolar gyre, while oceanic
preconditioning presents a 12% decrease.

e  The observed and simulated anomalous lower LSDCs in specific winters are a result
of the strong oceanic preconditioning which may induced by the delivered sea ice
melting water by the North Atlantic subpolar gyre.

Although LSDC is jointly affected by these three mentioned factors, the relationship
between these three factors is not simply linear, so when we diagnose the relative im-
portance of these three factors, the total value will be more than 100%. LSDC connects
atmospheric forcing and deep ocean directly, resulting in the formation of LSW, which
plays an important role in AMOC variability, meridional heat transport, and the global
carbon cycle, on decadal and longer time scales. Hence, the quantification of the relative
contribution of atmospheric activities, oceanic preconditioning, and the sea ice to LSDC
is important to the global ocean simulation. 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 high latitudes. It is too coarse in the North Atlantic Ocean to resolve the eddy
activities which are important in simulating deep convection. Additionally, the model used
here is just a coupled ocean-sea ice model. The response of atmospheric forcing to ocean
circulation is not included in the forcing. It needs to use a air-sea ice—ocean model to study
this topic again in the future. Atmospheric forcing used here is relatively too coarse (six
hourly mean, 1.125° x 1.125°) to resolve the high-frequency atmospheric activities which
have been found to be very important to ocean surface fluxes [12,13].
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