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Abstract
Deep convection in polar oceans plays a critical role in the variability of global climate. In this study, we investigate potential impacts of atmosphere–sea ice–ocean interaction on deep convection in the Southern Ocean (SO) of a climate system
model (CSM) by changing sea ice–ocean stress. Sea ice–ocean stress plays a vital role in the horizontal momentum exchange
between sea ice and the ocean, and can be parameterized as a function of the turning angle between sea ice and ocean velocity. Observations have shown that the turning angle is closely linked to the sea-ice intrinsic properties, including speed and
roughness, and it varies spatially. However, a fixed turning angle, i.e., zero turning angle, is prescribed in most of the stateof-the-art CSMs. Thus, sensitivities of SO deep convection to zero and non-zero turning angles are discussed in this study.
We show that the use of a non-zero turning angle weakens open–ocean deep convection and intensifies continental shelf
slope convection. Our analyses reveal that a non-zero turning angle first induces offshore movement of sea ice transporting
to the open SO, which leads to sea ice decrease in the SO coastal region and increase in the open SO. In the SO coastal
region, the enhanced sea-ice divergence intensifies the formation of denser surface water descending along continental shelf
by enhanced salt flux and reduced freshwater flux, combined with enhanced Ekman pumping and weakened stratification,
contributing to the occurrence and intensification of continental shelf slope convection. On the other hand, the increased
sea ice in the open SO weakens the westerlies, enhances sea-level pressure, and increases freshwater flux, whilst oceanic
cyclonic circulation slows down, sea surface temperature and sea surface salinity decrease in the open SO response to the
atmospheric changes. Thus, weakened cyclonic circulation, along with enhanced freshwater flux, reduced deep–ocean heat
content, and increased stability of sea water, dampens the open–ocean deep convection in the SO, which in turn cools the sea
surface temperature, increases sea-level pressure, and finally increases sea-ice concentration, providing a positive feedback.
In the CSM, the use of a non-zero turning angle has the capability to reduce the SO warm bias. These results highlight the
importance of an accurate representation of sea ice–ocean coupling processes in a CSM.
Keywords The southern ocean · Sea ice–ocean stress · Turning angle · Open–ocean deep convection · Sea-ice divergence ·
Freshwater flux · Atmosphere–sea ice–ocean interaction
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Deep convection is an important ocean process, which transports warm water from deep ocean to surface. Two types
of deep convection usually occur in the polar region during winter (e.g., Killworth 1983). The first type appears at
the continental shelf where the cold water sinks along the
slope (referred to as “continental shelf slope convection”).
Because of the brine rejection caused by the formation of
sea ice and the offshore katabatic wind, the dense salty water
formed on the shelf descends along the slope and entrains
the warm deep water upward. The other type of convection is called open–ocean deep convection. It is observed in
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the Labrador and Greenland seas, Mediterranean Sea, and
Weddell Sea (Killworth 1983; Marshall and Schott 1999).
Open–ocean deep convection commonly occurs in regions
of a cyclonic current system with a preconditional surface
cooling in the early winter.
Previous studies showed that open–ocean deep convection causes significant changes in the properties of sea water.
Through associated physical processes including the thermobaric effect, open–ocean deep convection causes changes
in seawater temperature and salinity, and hence the density
(Akitomo 1999a, b). Furthermore, the water exchange
between cold surface water and warm deep water in the
convective region enhances the heat loss to the atmosphere,
which may strengthen the Atlantic Meridional Overturning
Circulation (AMOC; Delworth et al. 1993; Dong and Sutton
2001; Danabasoglu 2008; Frankignoul et al. 2009; Msadek
and Frankignoul 2009; Jackson and Vellinga 2012; Roberts
et al. 2013).
Different from the frequent occurrence of open–ocean
deep convection in the northern North Atlantic, there is a
rare but natural occurrence of the open–ocean deep convection in the Southern Ocean (SO). Only one large open–ocean
deep convection event was observed in the Weddell Sea,
which happened in 1974–1976 (Gordon and Comiso 1987).
Gordon (1978, 1982) found that the warm deep water in
the Weddell Sea in the convective years was much colder
than that in 1973. The process influenced the formation of
other water masses in the Weddell Sea, such as deep and
bottom waters (Fahrbach et al. 1995), and thus the Antarctic Bottom Water (AABW) (Orsi et al. 1999). On the other
hand, the results from the Coupled Model Intercomparsion
Project phase 5 (CMIP5) showed that some models have
open–ocean deep convection but others lack such convection
under pre-industrial conditions (de Lavergne et al. 2014).
The open–ocean deep convection in the CMIP5 models has
diverse frequency variation, as its timescale ranges from
decadal, multidecadal to centennial (Martin et al. 2013).
Once the open–ocean deep convection occurs, the local
water properties are significantly modified. With the results
of CMIP5 models, Heuzé et al. (2013) assessed the formation processes of dense water, and concluded that the models
with deep convection in the Weddell and Ross seas have
realistic bottom-water properties. With CMIP5 models and a
coupled atmosphere–ocean–chemistry–climate model (Morgenstern et al. 2014), Behrens et al. (2016) found that strong
deep convective activities reduce sea-ice cover, weaken subpolar gyres, and enhance Drake Passage transport.
What is responsible for the formation of open–ocean deep
convection in the SO? Owing to the weak stratification (Gordon and Huber 1990), open–ocean deep convection has been
thought to be induced by (1) brine rejection, i.e., the seaice freezing (Martinson 1991), (2) the interaction between
currents and the Maud Rise Seamount (Holland 2001),

13

and (3) precipitation–evaporation flux (Gordon et al. 2007;
Galbraith et al. 2011). Using a global ocean–sea ice model,
Hirabara et al. (2012) showed that the anomalously warm
deep water, saline surface layer, and cyclonic wind stress
over the deep convective region in early winter can trigger
a winter–persisting open–ocean deep convection. They also
pointed out that the formation of open–ocean deep convection in the Weddell Sea is related to surface air temperature.
Other coupled sea ice–ocean model results showed that the
cyclonic Weddell gyre is intensified with the strengthening
of westerlies, which further raises the warm deep water to
the surface (Cheon et al. 2014, 2015, 2018) because of the
doming of isopycnals (Robertson et al. 2002). Hence, the
formation of open–ocean deep convection is closely linked
to the open–ocean polynyas, suggesting the important role of
sea-ice dynamics in the SO (e.g., Gordon 1982; Wang et al.
2017; Cheon et al. 2018).
Based on previous studies, the mechanisms related to the
formation of open–ocean deep convection can be grouped
into two types (e.g., Smith et al. 1990; Morales Maqueda
et al. 2004): mechanical forcing and convective forcing
(Williams et al. 2007). The mechanical forcing is associated with sea-ice divergence, whereas oceanic heat flux is
the main cause of the convective forcing. In addition, the
wind-driven sea-ice motion plays a vital role in ocean ventilation in the SO (e.g., Saenko et al. 2002). The sea-ice
divergence induced by wind forcing, i.e., offshore katabatic
winds, excites northward sea-ice freshwater transport to the
open ocean, modulating the local coupled climate system
(Born et al. 2010; Haumann et al. 2016).
In this work, we hypothesize that the sea ice–ocean stress
influences the properties of open–ocean deep convection.
Sea ice acts as a medium isolating the upper ocean from
the cold air in polar regions and exerts a profound impact
on the atmosphere–ocean interaction. There is a stress at
the sea ice–ocean interface, which represents the momentum exchange in a thin ocean layer (Fig. 1a). Thus, the total
stress exerted on the ocean in a coupled climate model can
be formulated as follows,
)
(
𝛕 = 1 − Fice 𝝉 AO + Fice 𝝉 IO ,
(1)
where 𝝉 AO is the stress imposed by the wind on the ice-free
ocean, 𝝉 IO is the kinematic sea ice-ocean stress, and Fice is
sea-ice concentration. It has been known that variation of
𝝉 AO can significantly influence the deep convection in the SO
via open–ocean polynyas (Cheon et al. 2014, 2015, 2018;
Wang et al. 2017). However, the total stress imparted on the
ice-covered ocean is modulated by the variations of 𝝉 AO and
𝝉 IO in the climate system model (CSM).
Will changes in sea ice–ocean stress influence the properties of open–ocean deep convection in the SO? If it does,
how does the sea ice–ocean stress affect the SO open–ocean
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Fig. 1  a Interface between sea ice and ocean. Schematic diagrams
showing force balance of an ice pack in (b) the Northern Hemisphere
and (c) Southern Hemisphere, respectively. urel = ui − uo is the relative velocity of sea ice with respect to ocean. 𝝉 AI , 𝝉 OI , and 𝝉 IO are the
air-sea ice, ocean-sea ice, and sea ice-ocean stresses, respectively

deep convection? These questions are addressed in this study.
Particular attention is paid to the parameterization of the sea
ice-ocean stress. In ocean models, the kinematic sea ice-ocean
stress is parameterized in the following form (e.g., Zika et al.
2013):
)
(
𝝉 IO = 𝜌w cw ui − uo ||ui − uo ||e±i𝛽 ,
(2)
where 𝜌w is seawater density, cw is the drag coefficient,
ui − uo is the relative velocity between sea-ice velocity ui
and seawater velocity uo , and 𝛽 the turning angle between
the relative velocity ui − uo and the sea ice-ocean stress 𝝉 IO,
ranging from 0º to 23º (Hunke 2010; Uotila et al. 2012).
Observations have shown that ocean currents deflect to the
right of sea-ice drift in the Arctic Ocean (Hunkins 1966)
(Fig. 1b), whereas they deflect to the left in the Antarctic Ocean (Defant 1961) (Fig. 1c) due to the Ekman drift.
In addition, uncertainties exist in the parameterization of
sea ice–ocean stress. It should be noted that cw and 𝛽 are,

respectively, taken as constant values in most coupled atmosphere–sea ice–ocean models, say, setting cw and 𝛽 to 0.0055
and 0º, respectively (e.g., Hunke and Lispscomb 2010; Hurrell et al., 2013). However, McPhee (1980) suggested setting
𝛽 to 23º relative to the geostrophic ocean current. Given
the hydraulic roughness, moreover, McPhee (2012) argued
that both cw and 𝛽 are functions of sea-ice speed. On the
other hand, it is claimed that a turning angle is not necessary if the Ekman spiral, which is activated in the Ekman
layer and decays by an e-folding over a depth as the current
vector rotates to the left (right) in the Southern (Northern)
hemisphere, can be resolved in the top ocean model layers
(Hunke 2010). Additionally, the Ekman depth is related to
the vertical turbulent
√viscosity vE and Coriolis parameter f ,
and is estimated by 2vE ∕�f � . Note that vE usually takes the
value of 1 0–4–10–2 m2 s−1 in most ocean general circulation
models (OGCMs) and CSMs. Thus, the Ekman depth has
the value of O(1)–O(10) m south of 60ºS. Moreover, Chu
(2015) theoretically addressed that the e-folding depth of
the Ekman layer is no deeper than 5 m in the high latitudes
(see his Fig. 15 for detail). However, the first layer of most
CSMs is placed at the depth of O(10) m (Park et al. 2009; Ge
et al. 2017; Cao et al. 2018), which cannot well resolve the
Ekman spiral. Thus, it is necessary to take a non-zero turning angle into consideration for the CSMs that have coarse
vertical resolution in the ocean component, especially in the
top ocean, including the coupled model used in this study.
We will discuss whether and how the variation of 𝛽 exerts
the influence on the SO open–ocean deep convection in this
study, by using a coupled atmosphere–ocean–land–sea ice
model. A brief description of the coupled model and the
corresponding experimental design are described in Sect. 2.
In Sect. 3, the observed climatologies of sea surface temperature (SST), sea surface salinity (SSS), and surface ocean
currents averaged in the austral winter (June–July–August,
or JJA) are briefly discussed. Sensitivity of SO deep convection to the turning angle 𝛽 is illustrated in Sect. 4; associated
changes in the ocean, sea ice, and atmosphere response to
the atmosphere–sea ice–ocean interaction are discussed in
Sect. 5. We then show the corresponding mechanism and
physical processes controlling the response of SO deep convection to the turning angle in Sect. 6. Summary and discussion are presented in Sect. 7.

2 Model description, experimental design,
and method
2.1 Models
The model employed here is the third generation of the
Nanjing University of Information Science and Technology Earth System Model (NESM3.0) (Cao et al.
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2018). NESM3.0 consists of the atmospheric component
ECHAM6.3.02 (Stevens et al. 2013), which includes the
land model JSBACH (Raddatz et al. 2007), the ocean component NEMO3.4 (Madec 2012), and the sea-ice component
CICE4.1 (Hunke and Lipscomb 2010). Component models
are coupled by the Ocean–Atmosphere-Sea-Ice-Soil Model
Coupling Toolkit (OASIS-MCT3.0) (Valcke and Coquart
2015). The low-resolution (LR) version of NESM3.0 is used
in this study. The horizontal resolution of the atmosphere
and land models is T31, which is about 3.75º in both directions; and the atmosphere model has 31 levels in the vertical
direction, extending from the surface to 1.0 hPa. The ocean
component is ORCA2, which has a resolution of approximately 2º × 2º with refinement in the tropical region; it has
31 layers in the vertical direction with the first layer placed
at 5 m and 10 layers in the upper 100 m with 10-m interval, which does not well resolve the Ekman spiral in the
top ocean. The sea-ice component has a resolution of about
1/2º × 1º in the meridional and zonal directions.

2.2 Experimental design
To investigate the influence of the turning angle 𝛽 on SO
deep convection, two values of 0º and 20º are selected.
Experiments with these two values are named ANG00 and
ANG20, respectively; the former is referred to as the control.
Note that other non-zero turning angles, i.e., 5º, 10º, and 15º,
are also tested, and they showed similar qualitative results
as those of 𝛽 = 20◦ (Fig. S1). Starting from the same initial
conditions, both runs are integrated for 1000 years under
the pre-industrial conditions, and the last 300 years are used
for analysis. Monthly mean outputs are used for both ocean
and sea ice. The time interval of atmosphere output is set
to 6 h. Thus, the monthly mean outputs of atmosphere are
calculated based on the 6-h data.
To further explore how the non-zero turning angle influences the atmosphere–sea ice–ocean interaction, three sensitivity experiments are added, which can answer the following questions: (1) how does the sea-ice distribution respond
to change in turning angle? (2) how does the atmosphere
react to the change in sea-ice pattern? and (3) how does the
ocean respond to atmospheric changes? To address question
(1), sensitivity experiment ANG20_WND00 is conducted,
which has the same settings as ANG20 except that the surface wind stresses from ANG00 are used to drive the ocean
and sea ice at each time step of the integration. Note that
we only substitute the surface wind stresses in the ocean
and sea-ice components in ANG20_WND00. The changed
surface wind stresses do not directly interfere with any process in the atmosphere, whereas the feedbacks resulting
from changes in ocean and sea-ice states can interact with
associated atmospheric processes. To address question (2),
sensitivity experiment ANG00_ICE20 is implemented based
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on ANG00, but the sea-ice state, including sea-ice concentration and albedo, is obtained from ANG20 used as the
boundary conditions of atmosphere during the integration.
To address question (3), a mirrored sensitivity experiment
ANG00_WND20 is implemented based on ANG00, but
the surface wind stresses obtained from ANG20 is used for
the ocean and sea-ice models. ANG20_WND00, ANG00_
ICE20, and ANG00_WND20 start from the model year 700
of ANG20, ANG00, and ANG00, respectively, and are integrated for 300 years each.

2.3 Methods
Some basic measures based on mixed layer depth (MLD)
are defined here to evaluate the deep convection, including open–ocean deep convection and continental shelf slope
convection. CMIP5 recommends using the density criterion
of 0.125 kg m−3 to estimate the MLD, which is the difference of potential density relative to the surface density. However, the SO is weakly stratified, so CMIP5′s method will
yield large MLD in winter. Hence, the MLD in this study
is defined by using a density criterion of 0.01 kg/m3 (e.g.,
Reintges et al. 2017). Following previous studies, we define
September MLD as the maximum MLD (e.g., de Lavergne
et al. 2014). Note that other criteria, such as 0.03 kg/m3
used in de Lavergne et al. (2014), to calculate the MLD
have been tested in our study, and these results showed no
significant difference. Following de Lavergne et al. (2014),
an open–ocean convective event occurs when the September
MLD exceeds 2000 m. A convection year is identified when
the convection area exceeds the threshold of 250,000 km2,
which is the observed value in the 1970s for the polynya area
in the Weddell Sea (Gordon and Comiso 1987). Furthermore, similar to the definition of Reintges et al. (2017), the
main convection region of each experiment coincides with
the area where the September MLD exceeds 2000 m and
accounts for at least 5% of the 300-year data. Note that there
is a high correlation between the convection area and mixed
layer volume (MLV), which is calculated by integrating the
water column with the MLD exceeding 2000 m horizontally
in the convection area (e.g., Behrens et al. 2016; Reintges
et al. 2017). The convection area is used to measure the
strength of open–ocean deep convection in this study.
The sea-ice freshwater transport, 𝐟 (m2 s−1), is calculated
following Haumann et al. (2016):

𝐟 = Cfw chui ,

(3)

where c, h, and ui are sea-ice concentration, thickness, and
drift velocity, respectively. Cfw is the factor measuring the
conversion of sea-ice volume flux to the freshwater equivalent (Ohshima et al. 2014) and has the following form:
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Cfw =

(
/ )
𝜌ice 1 − Sice S
sw

𝜌fw

,

(4)

where Sice, Ssw , 𝜌ice, and 𝜌fw , respectively, are sea-ice salinity (6 g kg−1), the reference seawater salinity (34.7 g kg−1),
sea-ice density (925 kg m −3), and freshwater density
(1000 kg m−3).

2.4 Validation of the model stability
Figure 2 shows the time series of global mean SST, SSS,
and the energy budget at the top of atmosphere (TOA). The
global mean SSTs averaged over the 300-year period in
ANG00 and ANG20 are 17.63 ºC and 17.48 ºC, respectively

(Fig. 2a). The trends of global-mean SST in ANG00 and
ANG20 are 0.03 and 0.04 ºC per century (ºC/100 year),
respectively. In ANG00 and ANG20, the global mean SSS
values are 34.66 and 34.65 psu, respectively; and the trends
of global mean SSS are 0.01 and 0.04 psu/100 year, respectively. Moreover, the TOA energy budgets in ANG00 and
ANG20 are 0.996 and 0.992 W/m2, respectively; and the
corresponding trends are − 0.018 and − 0.02 W/m2/100 year,
respectively. The insignificant trends in SST, SSS, and TOA
energy budget demonstrate that both ANG00 and ANG20
have reached steady states, and their results are adequate for
our analyses.

3 Observed climatology of SST, SSS,
and surface currents
Figure 3 shows the JJA-mean SST, SSS, and surface currents, which are derived from the ORAS4 (Balmaseda et al.
2013). ORAS4 is a reanalysis product, and taken as “observations” in this study. The ORAS4 data used in this study
cover the period from 1958 to 2010, and the horizontal resolution is 1° × 1°. As illustrated by the dashed line (− 1.8 °C,
referred to as the threshold of the freezing of sea ice, the
Antarctic Ocean is generally covered by sea ice in winter
(Fig. 3a). Apart from cold water, fresh surface water is also
found at high latitudes of the SO, except in the Weddell
Sea (Fig. 3b). In the Weddell Sea, the water is more saline
than the surrounding water, probably caused by the brine
rejection during sea-ice freezing. Regarding the currents, a
cyclonic circulation, which is one of the preconditions for
the formation of open–ocean deep convection, is found in
the Weddell Sea (Fig. 3c). It should be pointed out that the
ORAS4 missed the observed open–ocean deep convection
that occurred in the winter season from 1974 to 1976 (figure
not shown). Despite of that, the above-mentioned properties
of ORAS4 data can be used as reference for explaining why
our model results show different behaviors of open–ocean
deep convection in the SO.

4 Southern Ocean deep convection
response to changes in sea ice–ocean
stress

Fig. 2  Time series of global mean a sea surface temperature (ºC), b
sea surface salinity (psu), and c top-of-atmosphere energy budget (W/
m2)

MLD is usually taken as a proxy to represent the activity
of deep convection (e.g., de Lavergne et al. 2014; Reintges
et al. 2017). Figure 4 depicts the standard deviation of MLD
and frequency of deep-convective events in September,
which reflect the variability and strength of deep convection. Note that the frequency of deep-convective events is
calculated as the ratio of number of convective years to the
total model years. Regions with a larger standard deviation
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more intermittently in ANG20, induced by the changes in
ocean currents and atmospheric forcing. On the other hand,
no open–ocean deep convection and continental shelf slope
convection occur in the Ross Sea in the above-mentioned
experiments, which is different from the results of some
CMIP5 models, such as ACCESS1.0, ACCESS1.3, GFDLCM3, GISS-E2-R, MIROC5, and MPI-ESM-MR (e.g., de
Lavergne et al. 2014; Reintges et al. 2017).
To further explore the changes in deep convection, we
estimate the frequency of deep-convective events at each
model grid point. Compared to ANG00, ANG20 has a
lower frequent occurrence of open–ocean deep convection
but a higher frequent occurrence of continental shelf slope
convection (Fig. 4c, d). Furthermore, the main convection
region for each 𝛽 is plotted (marked by the thin black isolines in Fig. 4c, d). The main convection region is defined
as the area where the frequency of deep-convective events
is higher than 0.05. Evidently, ANG00 has a larger main
convection region in the Atlantic sector of the SO. In contrast, ANG20 has a larger convective area but weaker and
less frequent open–ocean deep convection in the western
part of the Indian sector of the SO. In this study, we only
focus on deep convection that occurs in the South Atlantic
sector (SAS; denoted by the black box in Fig. 4c, d) so as
to make the analysis and discussion more concise. It should
be pointed out that there are no significant changes in MLD
between ANG00 and ANG20 in the North Atlantic.

5 Resultant atmosphere–sea ice–ocean
interaction due to changes in sea
ice‑ocean stress

Fig. 3  JJA-mean a sea surface temperature (SST; °C), b sea surface
salinity (SSS; psu), and c surface ocean currents (cm/s) derived from
ORAS4. The dashed white contour in (a) denotes the − 1.8 °C isoline. “RS”, “DP”, and “WS” in (b) denote the Ross Sea, Drake Passage, and Weddell Sea, respectively

of MLD, in general, have a larger climatological MLD (figure not shown). As shown in Fig. 4a, if turning angle is zero,
large MLD variability is found mainly in the open ocean of
the South Atlantic from 40°W to 40°E. A relatively large
variability of MLD is also found in the open ocean at the
western part of the Indian sector of the SO (Fig. 4a). In
the presence of the turning angle in ANG20, smaller MLD
standard deviations are found in the open ocean (Fig. 4b),
implying that the variability of open–ocean deep convection is weakened. Opposite to the open ocean, the coastal
region in ANG20 shows enhanced variability of MLD,
suggesting that continental shelf slope convection occurs
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Changes in deep convection suggest that ocean state, as well
as sea-ice state, has altered, whilst atmospheric state also
changes because of the feedback effects of ocean and sea
ice. Thus, the resultant atmosphere–sea ice–ocean interaction response to change in turning angle is discussed in this
section.

5.1 Ocean response
Figure 5 depicts the JJA-mean SST and SSS, and the corresponding differences between ANG00 and ANG20. Note
that the model results differ from those of the ORAS4, especially in the Atlantic and Indian sectors of the SO. Compared
to the ORAS4, both ANG00 and ANG20 show warmer SST
and higher SSS, especially in the eastern part of the Weddell
Sea, suggesting that the deep-convection behaviors in the
model are different from those of the ORAS4 (Figs. 3, 5).
The dashed white contour (− 1.8 °C) in Fig. 5a, b suggests
ANG00 and ANG20 have different spatial patterns of SST
in the SO. The difference in SST, which is mainly found at
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Fig. 4  Standard deviation (left panels; m) and frequency (right panels) of September mean mixed layer depth (m) simulated from (a, c) ANG00
and (b, d) ANG20. The black box (50°W–45°E, 55°–75°S) in (c) and (d) denotes the study area used in this study

the offshore side in the SO, centers around 60°S with colder
water spanning from 30°W to 150°W and warmer water
extending from 150°W to 60°W in ANG20 (Fig. 5c). A large
area with decreased SST exists in the South Atlantic Ocean.
Different from the SST in the open ocean, increased SST
is seen along the Antarctic coast of the Atlantic and Indian
sectors (Fig. 5c), including the southern and southeastern
part of the Weddell Sea. Similar to the SST, the SSS is also
different between ANG00 and ANG20 (Fig. 5d, e). Saltier
water is found at both sides of the Drake Passage in ANG20,
compared to ANG00 (Fig. 5f). On the other hand, fresher
water is found in the regions of colder SST. Accompanying
the positive SST difference, a positive SSS difference exists
in the coastal region from 60°W to 180°. The dissimilarity
in SST and SSS patterns between ANG00 and ANG20 may
imply the disparate occurrence of open–ocean deep convection in the SO.
The distribution of mean surface ocean currents (at 5-m
depth) in JJA is presented in Fig. 6. When turning angle is
zero (Fig. 6a), a cyclonic gyre appears in the SAS, which
is the precondition of the occurrence of open–ocean deep
convection (Marshall and Schott 1999). The cyclonic ocean

currents in ANG20 are weaker (Fig. 6b), compared to those
in ANG00. As a result, the westward Antarctic coastal currents in the South Atlantic and southern Indian Ocean sectors are weaker (Fig. 6c). Note that compared to ORAS4
(Fig. 3c), ANG00 and ANG20 show better organized
cyclonic circulation in the SAS. This is consistent with the
differences of SST and SSS in the SAS between the model
results and ORAS4 data, that is, ANG00 and ANG20 simulate warmer and saltier surface water in the Weddell Sea.

5.2 Sea‑ice response
How does the seasonal cycle of the sea-ice state respond to
the change in turning angle? Fig. 7 shows the seasonal variations of sea-ice extent and volume in the Antarctic Ocean.
Both model simulations capture the seasonal evolutions of
sea-ice extent and sea-ice volume with the minimum and
maximum sea-ice extent and volume occurring, respectively,
in February–March (FM; the late austral summer and early
fall) and September–October–November (SON; the austral spring). It is obvious that ANG20 has larger sea-ice
extent than ANG00 during the entire year with the largest
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Fig. 5  JJA-mean SST (left panels; °C) and SSS (right panels; psu) simulated in (a, d) ANG00, and (b, e) ANG20. c, f Denote the difference
(ANG20 minus ANG00). The dashed white contours in (a) and (b) denote the − 1.8 °C isoline

discrepancy during SON (Fig. 7a). Regarding the sea-ice
volume (Fig. 7b), ANG20 has less sea-ice volume in FM
but larger sea-ice volume in SON. The enhanced sea-ice
extent and volume in the austral winter are dominated by
their increases in the SAS.
Figure 8 depicts the JJA mean during convective years
and the corresponding differences in sea-ice drift, concentration, and thickness between ANG00 and ANG20. In comparison with ANG00, ANG20 has a larger domain covered
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by sea ice in the SAS (shown by shading in Fig. 8a, b). Correspondingly, the sea-ice drift differs between ANG00 and
ANG20 (shown by vectors in Fig. 8a, b). Along the coastal
region, ANG20 has weaker sea-ice drift transporting less
sea ice to the western Weddell Sea compared to ANG00
(Fig. 8c). Instead, ANG20 transports more sea ice northward
to the open SAS, which contributes to the accumulation of
sea ice over the open ocean (Fig. 8c). Similar to the distribution of sea-ice concentration (Fig. 8d–f), ANG20 has thinner
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Fig. 7  Seasonal variations of a sea-ice extent (106 km2) and b sea-ice
volume (1013 m3)

Fig. 6  Same as Fig. 5, except for surface ocean currents (cm/s).
The shading in (c) represents the difference of ocean current speeds
between ANG20 and ANG00 (ANG20 − ANG00)

sea ice in the western Weddell Sea and along the coastal
region in the SAS. Note that the sea ice accumulates in the
open ocean, which can survive through the next austral summer (the December–January–February season) (Fig. S2).

5.3 Atmospheric response
Changes in the ocean and sea ice states will cause variation
of the atmosphere above. Because the ice packs accumulate
in the open ocean and are not melted by the oceanic heat
flux, there is a significant increase of sea-ice cover in the
eastern SAS in ANG20 (Fig. 8c). The accumulated ice pack
prevents sea water from being exposed to the atmosphere

and alters the local atmosphere temperature, such as the
2-m air temperature is increased over the western SAS and
coastal region and is decreased over the open ocean in the
eastern SAS in ANG20 (figure not shown).
Previous studies showed that freshwater can exert a considerable influence on the occurrence of open–ocean deep
convection (Gordon et al. 2007; Galbraith et al. 2011). As
shown by Fig. 9a, b, ANG00 and ANG20 have different
spatial distributions of P-E in the SAS during convective
years. As discussed in Sect. 4.1, there is a large main convection area with stronger and more frequent open–ocean deep
convection in ANG00 (Fig. 4a, c). Associated with these
properties, a smaller amount of freshwater flux is released
into the open ocean in ANG00 compared to ANG20, whilst
ANG20 has less freshwater along the coastal region in the
SAS (Fig. 9c). Less freshwater along the coastal region
accompanied by stronger evaporation (figure not shown)
tends to cause the surface water to be denser and to descend
along the continental shelf, which contributes to the continental shelf slope convection (Martinson et al. 1981). On
the other hand, more freshwater in the open SAS is assumed
to play a vital role in weakening open–ocean deep convection in ANG20 (e.g., de Lavergne et al. 2014). The physical processes responsible for changes in the continental
shelf slope convection and open–ocean deep convection are
further discussed in the following section. In addition, the
minimum sea-level pressure (SLP) overlays the area of deep
convection in the SAS during convective years (Fig. 9d, e).
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Fig. 8  JJA-mean sea-ice drift (vector; cm/s) and sea-ice concentration (shading) (left panels) and sea-ice thickness (m; right panels) averaged
over convective years in (a, d) ANG00 and (b, e) ANG20; and (c, f) difference between ANG00 and ANG20

ANG00 has stronger westerly in the open ocean of the SAS,
whereas ANG20 has higher SLP there. The enhanced westerly forcing potentially induces more frequent occurrence of
open–ocean deep convection in ANG00 (e.g., Cheon et al.
2014, 2015, 2018). The rising SLP of ANG20 with the cooling atmosphere weakens the cyclonic circulation (shown by
vectors in Fig. 9f). The anticyclonic wind anomaly dampens,
which slows down the cyclonic gyre in the SAS (Fig. 5c),
and weakens the open–ocean deep convection in ANG20.
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6 Understanding the response of Southern
Ocean deep convection to sea ice–ocean
stress
6.1 Continental shelf slope convection
Continental shelf slope convection is known to be closely
linked to the formation of dense water that reaches the ocean
bottom by descending along continental slope (Killworth
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Fig. 9  Same as Fig. 8, except for (left panels) freshwater flux (P–E; mm/day) and (right panels) surface wind stress (vector; Pa) and sea-level
pressure (shading; hPa)

1983). In addition, the formation of dense water is associated with the increased salinity induced by the brine rejection and reduced freshwater flux. Although coarse horizontal
resolution is used in our model, the offshore katabatic winds
are simulated in the southwestern Weddell Sea (Fig. 9d, e).
Moreover, the enhanced cyclonic wind forcing is found
in the southwestern Weddell Sea in ANG20, compared to
ANG00 (Fig. 9f), indicating the coastal polynyas are prone
to occur in ANG20 (Morales Maqueda et al. 2004; Williams

et al. 2007; Cappelletti et al. 2010; Rusciano et al. 2013).
Note that the coarse ocean-model resolution used in this
study is not sufficient to represent the continental slope
topography. Thus, the physical processes discussed here are
for a heuristic view. Figure 10 shows the JJA-mean net salt
flux, which consists of the two parts attributed to the melting and freezing of sea ice, released from the sea ice to the
ocean during convective years. Compared to ANG00, a large
area with a salt flux from sea ice to ocean is found in the
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negative in ANG00 and ANG20 (Fig. 10a, b), indicating the
increased salinity along the coastal region found in ANG20
(Fig. 4f) is dominated the freshwater flux (Fig. 9c).
Figure 11a shows the difference in bottom potential density between ANG00 and ANG20 during convective years.
We can see that the bottom water with a larger potential density is found in ANG20 compared to ANG00. Furthermore,
the largest difference of potential density is found along
the coastal region, implying that the denser water masses
are formed along the coastal region in ANG20, where they
descend along the continental slope. Thus, the enhanced
continental shelf slope convection in ANG20 is due to the
formation of denser water descending along the continental
slope, which is attributed to the enhanced salt flux from the
sea ice to the ocean and the freshwater flux from the atmosphere to the ocean. Figure 11b shows stronger Ekman pumping along the coastal region in the SAS in ANG20, implying
that more warm deep water is upwelled to the surface to melt
the sea ice. Moreover, descending denser surface water and
enhanced Ekman pumping lead to a weakened stratification
along the coastal region in the SAS in ANG20 compared to
ANG00 (Fig. 11c).

6.2 Open–ocean deep convection

Fig. 10  Same as Fig. 8, except for the net salt flux (10–7 kg/m2/s)
from sea ice to ocean

southwestern Weddell Sea in ANG20 (Fig. 10a, b), which
is visible in the difference plot (Fig. 10c). Moreover, more
precipitation and stronger evaporation are found in ANG20
compared to ANG00, and the increase in evaporation is
larger than that in precipitation (figure not shown). Thus, the
negative freshwater flux is found in the southwestern Weddell Sea (Fig. 9c). The combined effects of salt and freshwater flux contribute to the salinity increase of salinity in the
southwestern Weddell Sea in ANG20 compared to ANG00.
Although the difference of salt flux is positive in the coastal
region in the southern SAS (Fig. 10c), the means state is
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The open–ocean deep convection located in the eastern SAS
is largely reduced in ANG20 compared to ANG00 (Fig. 4c,
d). Thus, a question arises, whether the incorporation of
non-zero turning angle is unfavorable for the occurrence of
open–ocean deep convection? As discussed in Sect. 4, the
weakened westerlies accompanying weakened cyclonic gyre
in the SAS, enhanced freshwater flux, and increased sea-ice
concentration in ANG20 play central roles in the reduction
of open–ocean deep convection (Gordon et al. 2007; Galbraith et al. 2011; Cheon et al. 2014, 2018; de Lavergne
et al. 2014). In addition, the variabilities of stability (Gordon and Huber 1990) and deep-ocean heat content (Cheon
et al. 2015) exert influences on the variation of open–ocean
deep convection. The difference of JJA-mean deep-ocean
heat content between ANG00 and ANG20 is shown in
Fig. 11d. Compared to the ANG00, a smaller ocean heat
content is found in the open ocean in ANG20, suggesting
that less oceanic heat flux is upwelled from the deep ocean
to the surface to melt sea ice. Weakened Ekman pumping
and enhanced stratification of sea water are found in the
open SAS in ANG20 compared to ANG00 (Fig. 11b, c),
which inhibits the overturning of water mass between the
deep ocean and the surface layer, and limits the warm deep
water to be upwelled to the surface layer.
Figure 12 shows time series of sea-ice concentration,
maximum zonal-mean wind stress, freshwater flux, and
deep-ocean heat content in terms of differences between
ANG00 and ANG20. To estimate the maximum zonal-mean

Author's personal copy
Impacts of atmosphere–sea ice–ocean interaction on Southern Ocean deep convection in a climate…

Fig. 11  Difference of JJA-mean a potential density at ocean bottom
(kg/m3), b Ekman pumping ( 10–5 m/s), c stratification ( 10–5/s), and d
deep-ocean heat content (1019 J) between ANG20 and ANG00. The

deep-ocean heat content is estimated below the depth of 1500 m. The
stratification is calculated by using buoyancy frequency and is averaged value over the upper 2000 m

wind stress, the zonal mean of zonal wind stress is calculated
over the longitudinal range 60ºW–60ºE; then the maxima
between 80ºS and 50ºS are derived. The other three time
series plotted in Fig. 12 are the mean values, which are areaaveraged over the open ocean (30ºW–30ºE, 65º–55ºS). As
shown in Fig. 12a, the increased sea-ice concentration is
generally associated with weakened zonal wind stress in
ANG20 compared to ANG00, which confirms the conclusion that intensified westerlies potentially excite enhanced
open–ocean deep convection (e.g., Cheon et al. 2018). An
opposite relationship is found between sea-ice concentration
and freshwater flux (Fig. 12b); that is, increased sea-ice concentration in ANG20 is generally associated with increased
freshwater flux. Compared to ANG00, on the other hand,
reduced deep-ocean heat content (Fig. 12c) and enhanced
stability of sea water (Fig. 12d) are found in ANG20,

indicating that both contribute to the variability of sea-ice
concentration, as well as the open–ocean deep convection
in the SAS.

6.3 Discussion
The westerlies in the SO significantly are known to modulate open–ocean deep convection (Cheon et al. 2014, 2015,
2018). Moreover, our discussion in Sect. 6.2 indicates that
weakened westerlies in ANG20 play a vital role in inhibiting the occurrence of open–ocean deep convection. In
addition, enhanced northward sea-ice drift is found in the
open ocean in ANG20 compared to ANG00 (Fig. 8c). In
terms of time series of area-averaged difference between
ANG20 and ANG00 over the open ocean, the correlation
between JJA-mean sea-ice concentration and MAM-mean

13

Author's personal copy
L. Ma et al.

Fig. 12  Time series of differences of sea-ice concentration and a
maximum zonal-mean wind stress, b freshwater flux, c deep-ocean
heat content, and d stratification between ANG20 and ANG00

(March–April–May-mean) maximal zonal-mean wind
stress is 0.28, whilst the correlation between JJA-mean
sea-ice concentration and JJA-mean maximal zonal-mean
wind stress is 0.15, indicating that change in the maximal
zonal-mean wind stress leads the change in sea-ice concentration. This is consistent with the conclusion of Cheon
et al. (2018), that is, an increase of maximal zonal-mean
wind precedes the occurrence of open–ocean deep convection. Is the enhanced northward sea-ice drift in ANG20
closely linked to the weakened westerlies? To verify this,
experiment ANG00_WND20 was conducted. In addition
to clarify how ocean responds to the change in surface
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wind stress, ANG00_WND20 can help us clarify the following. (1) Whether the surface wind stress obtained from
ANG20 alone can enhance the sea-ice divergence in the
open ocean. (2) If it can, whether the enhanced sea-ice
divergence can induce weakened open–ocean deep convection in the SAS.
Previous studies pointed out that the sea-ice divergence
plays a central role in modulating open–ocean deep convection through northward transport of sea-ice freshwater (e.g.,
Saenko et al. 2002; Born et al. 2010; Sigman et al. 2010;
Ferrari et al. 2014; Frölicher et al. 2015). Figure 13 depicts
the JJA-mean sea-ice concentration, drift, and freshwater
transport, which are averaged over the convective years,
in ANG00 and ANG00_WND20, and their differences.
By comparing the sea-ice drift and concentration between
ANG20 and ANG00_WND20, we can see major differences
in the western part and coastal region in the SAS (Figs. 8b,
13b), where larger sea-ice concentration exists. Thus, more
sea ice is found in the western part and coastal region in the
SAS in ANG00_WND20 compared to ANG00 (Fig. 13c).
Similar results are found in the open SAS between ANG20
and ANG00_WND20. Moreover, compared to ANG00,
ANG00_WND20 has enhanced northward sea-ice freshwater transport in the SAS, which is associated with the
intensified sea-ice divergence (Fig. 13d–f). Similar analyses
conducted in Sect. 5 indicate that the intensified northward
sea-ice freshwater transport in ANG00_WND20 dilutes and
cools the sea water in the open SAS compared to ANG00.
On the other hand, similar results for the changes in SLP
and freshwater flux are obtained. These results confirm that
it is the change in the surface wind forcing that enhances
the northward sea-ice freshwater transport in the SAS. As
a result, the intensified northward sea-ice freshwater transport further modulates the atmosphere–sea ice–ocean interaction in the coupled climate system, including changes in
the atmosphere, i.e., the SLP and freshwater flux (Fig. S3).
Changes in the open–ocean deep convection eventually
occur as the consequence of a series of physical processes
involving the atmosphere–sea ice–ocean interaction. Figure 14 shows the time series of the convective area (averaged in the domain of 30°W–45°E, 70°–55°S) in September.
Compared to ANG00, ANG00_WND20 displays distinguished multi-decadal variation of the open–ocean deep
convection. According to the criterion defined in Sect. 2,
the frequency of the open–ocean deep convection in ANG00
is about 1.0, indicating the convective event happens in each
austral winter. However, the frequency of the open–ocean
deep convection in ANG00_WND20 is dramatically
decreased, which is only 0.58. In addition, ANG00_WND20
has a smaller convective area of 4.3 × 105 km2, compared
to 9.7 × 105 km2 in ANG00. Thus, weakened open–ocean
deep convection in ANG00_WND20 implies that the winddriven sea-ice divergence potentially modulates and reduces
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Fig. 13  JJA-mean sea-ice drift (vector) and concentration (left panels) and sea-ice freshwater transport (vector) and its magnitude ( m2/s;
shading) (right panels) averaged over convective years of a, d ANG00

and b, e ANG00_WND20; and c, f difference between ANG00_
WND20 and ANG00

open–ocean deep convection in the SAS through the atmosphere–sea ice–ocean interaction.

experiments, referred to as ANG00 and ANG20 are conducted by setting the turning angle 𝛽 to 0° and 20°, respectively. Changes in turning angle significantly modify the
atmosphere–sea ice–ocean interaction in the SO, especially
in the SAS, generating warmer and saltier coastal sea water
and colder and fresher open–ocean sea water. The largest
decreases in SST and SSS appear in the east of the SAS and
the Ross Sea. In addition, using a non-zero turning angle
can weaken the open–ocean deep convection and enhances

7 Concluding remarks
The turning angle between sea-ice relative velocity
ui − uo and sea ice-ocean stress 𝝉 IO can modulate the iceocean stress in a coupled climate model. Two sensitivity
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Fig. 14  Time series of convective area (105 km2) of ANG00 (blue
curve) and ANG00_WND20 (red curve) in September

the continental shelf slope convection in terms of strength
and frequency.
The mechanism responsible for the changes in SO deep
convection is explored and summarized in a schematic
diagram (Fig. 15). A non-zero turning angle between the
Fig. 15  Schematic diagram
showing the atmosphere–sea
ice–ocean interaction processes
that control the response of
deep convection to variation of
sea ice-ocean stress

relative velocity and sea ice–ocean stress, acts as a trigger,
modifies atmosphere–sea ice–ocean interaction and leads
to differences of sea ice in the SAS. In contrast, the usage
of non-zero turning angle enhances the export of sea ice to
the open SO, causing an increase of sea-ice concentration
in the open ocean and a decrease near the coast (left panels in Fig. S4). Moreover, the northward sea-ice freshwater
transport is intensified (right panels in Fig. S4), which tends
to dilute and cool the sea water in the open SAS. Changes
in sea-ice state, including sea-ice concentration and sea-ice
albedo, lead to atmospheric changes. The increased sea-ice
cover and albedo in the open SO weakens the surface wind
stress and enhances the SLP (left panels in Fig. S5). In addition, the freshwater flux is intensified over the open SO,
and is decreased over the SO coastal region including the
southwestern corner of the Weddell Sea (right panels in Fig.
S5). In response to the changes in surface wind stress, the
cyclonic circulation is weakened and the SST is decreased in
the SO (Fig. S6). Moreover, decreased SST further cools the
surface air temperature and increases the SLP, and decreases
the surface wind stress. Thus, the model with non-zero turning angle finally reaches a new climate state after all the
feedback processes are adjusted.

Nonzero turning angle
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and
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In the coastal region of the SO, the resulting enhanced
salt flux from sea ice to the ocean reduced freshwater flux,
enhanced Ekman pumping, and weakened stratification
in the SAS coastal region, which enhance the formation
of denser surface water, strengthen the continental shelf
slope convection. On the other hand, weakened westerlies
accompanying weakened cyclonic wind forcing lead to a
reduced Ekman pumping, reduced deep-ocean heat content,
and enhanced stratification in the open SAS. Additionally,
increased sea-ice cover in the open SAS decreases SST and
raises SLP, which further enhance the anticyclonic wind
anomalies and freshwater flux forcing. The combined effect
of ocean processes and atmospheric forcing contributes to
the weakened open–ocean deep convection in the SAS. The
sensitivity experiment ANG00_WND20 confirms that the
weakened westerlies accompanying weakened cyclonic wind
field generated by the non-zero turning angle are capable
of weakening the open–ocean deep convection in the SAS
through enhancing the northward sea-ice freshwater transport. In turn, the weakened open–ocean deep convection,
which cools the SST and increases the SLP in the open SAS,
and enhanced continental shelf slope convection, which
increases the SSS, lead to the increase of sea ice in the open
SAS and reduction of sea ice in the SAS coastal region,
establishing a positive feedback process.
The results in this study imply that changes in turning angle can regulate the occurrence and strength of the
SO open–ocean deep convection (Fig. 4). The weakened
open–ocean deep convection can potentially alleviate the SO
warm bias in model (Fig. 5), a common problem in CMIP5
models (e.g., Wang et al. 2014; Schneider and Reusch 2016;
Hyder et al. 2018). Moreover, the weakened open–ocean
deep convection can induce changes in the Southern Annular
Mode, as well as in the SO westerlies, which could weaken
the SO upwelling (Anderson et al. 2009) and the formation of the Antarctic Bottom Water (AABW). In addition,
changes in SO upwelling and the AABW formation are
closely related to the variability of the AMOC (Marshall
and Speer 2012), which impacts the global climate variability on decadal to centennial timescales (Park and Latif 2008;
Galbraith et al. 2011; Martin et al. 2013). Thus, adequate
parameterization of sea ice–ocean coupling, i.e., description
of sea ice-ocean stress in CSMs, is important.
In this work, we simply selected two turning angles to
discuss the influence of ice-ocean stress on the deep convection in the SO. However, the drag coefficient can also
modulate the ice-ocean stress as shown by Eq. (2). Tsamados et al. (2014) argued that the drag coefficient between
sea ice and ocean is variable. They decomposed the iceocean drag into skin and form drags, and the form drag
includes the contribution of the keel and floe edge. On the
other hand, McPhee (2012) suggested that both turning
angle and drag coefficient vary with the speed of sea ice at

a given undersurface hydraulic roughness. This indicates
that current settings of turning angle and drag coefficient
of ice-ocean stress in NESM3.0 may be too simple, and
improved parameterization needs to be considered in the
future. These improvements will be implemented in the
next generation of NESM. Further analyses will also be
conducted to discuss the impact of improved ice-ocean
stress on the variability of ocean circulation, including the
open–ocean deep convection and transport of the Antarctic
Circumpolar Current.
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