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Abstract

Global climate models exhibit large biases in the Southern Ocean. For example, in models
Antarctic bottom water is formed mostly through open-ocean deep convection rather than through shelf
convection. Still, the timescale, region, and intensity of deep-convection variability vary widely among
models. We investigate the physical controls of this variability in the Atlantic sector of the Southern Ocean,
where most of the models simulate recurring deep-convection events. We analyzed output from 11
exemplary CMIP5 models and four versions of the Kiel Climate Model. Of the several potential physical
control parameters that we tested, the ones shared by all these models are as follows: Stratiﬁcation in the
convection region inﬂuences the timescale of the deep-convection variability; i.e., models with a strong
(weak) stratiﬁcation vary on long (short) timescales. Also, sea ice volume affects the modeled mean state in
the Southern Ocean: Large (small) sea ice volume is associated with a nonconvective (convective)
predominant regime.

1. Introduction
Variability in the Southern Ocean on multidecadal and longer timescales is hardly detectable in observations
owing to a too short instrumental record. Hints for the existence of long-term internal Southern Ocean variability on multidecadal and longer timescales are indicated by reconstructions based on, for instance, tree ring
records [Lara and Villalba, 1993; Cook et al., 2000; Villalba et al., 2012] and Antarctic ice core and sediment
records [e.g., Jones et al., 2016]. Climate models provide an opportunity to learn more about long-term variability in the Southern Ocean. Control simulations that cover hundreds or thousands of years reveal variability
modes in the Southern Ocean: In the Kiel Climate Model (KCM), a global ocean-atmosphere-sea ice model, it
is shown that the Atlantic Meridional Overturning Circulation exhibits a quasiperiodic multicentennial variability that is driven by Southern Ocean processes [Park and Latif, 2008]. In further studies based on the KCM,
the multicentennial variability mode is reported also for the Southern Ocean sea surface temperature (SST)
and is related to the onset and shutdown of Southern Ocean deep convection [Martin et al., 2013; Latif
et al., 2013].
Open-ocean deep-convection events are rarely observed in the Southern Ocean. Satellite-based ice observations were launched in 1972, and since then, only one major event occurred: During the three consecutive
winters of 1974 to 1976, an open-ocean polynya—an ice-free area surrounded by sea ice—of roughly
250,000 km2 appeared [Carsey, 1980; Gordon, 2014]. Observations suggest that Antarctic bottom water is
mainly formed at the Antarctic continental margins [Orsi et al., 1999]. However, ocean and climate models
have difﬁculties to simulate the processes at the Antarctic shelf due to their small spatial scales [Heywood
et al., 2014]. In models, Antarctic bottom water is typically formed by open-ocean deep convection which
may cause biases in Southern Ocean [Heuzé et al., 2013]. The ability of the models participating in the
Coupled Model Intercomparison Project phase ﬁve (CMIP5) to capture the observed bottom water properties
and the recent trend in sea ice is limited [Heuzé et al., 2013; Zunz et al., 2013], and different strengths of deep
convection are simulated [de Lavergne et al., 2014] with consequences for the ventilated water volume
[Behrens et al., 2016]. In many models, the simulated mixed layer is too warm, too light, and too shallow which
leads to an increased stability of the water column and prevents deep convection in winter [Sallée et al.,
2013a; Sallée et al., 2013b]. This will also affect the carbon exchange with the ocean as active deep convection
enhances the rate of carbon uptake [Sarmiento et al., 1998; Bernardello et al., 2014]. CMIP5 projections of
future climate, however, show a freshening of the Southern Ocean sea surface, which causes a stronger
stratiﬁcation and eventually a ceasing of deep convection in the Southern Ocean [de Lavergne et al., 2014].
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The above CMIP5-based studies mostly discuss the presence and regional consequences of open-ocean deep
convection accepting it as part of the modeled mean state under pre-industrial or present-day climate.
However, in most models, the deep convection is in fact associated with pronounced variability on an
interannual to multidecadal timescale. Simulations with the KCM showed that the variability is key to link
the Southern Ocean deep convection to various other processes and quantities of global importance, such
as surface air temperature, sea level pressure and associated modes, precipitation, Antarctic sea ice, ocean
heat content, meridional density gradient in the ocean, Drake Passage transport, and Atlantic Meridional
Overturning Circulation strength [Park and Latif, 2008; Martin et al., 2013; Latif et al., 2013; Martin et al.,
2015; Pedro et al., 2016]. Motivated by the aforementioned earlier studies indicating signiﬁcant differences
in simulated Southern Ocean deep-convection location, frequency, and intensity among CMIP5 models,
we here compare these models with different realizations of the KCM focusing on the deep convection’s
variability, its timescales, and potential physical controls. For this, we analyze 11 CMIP5 models with
prominent deep convection variability and four control simulations of the KCM. From those models, we
identify common principles that control Southern Ocean deep-convection variability. In section 2, we
describe our methods, models, and experiments, and in section 3, the results are presented. A summary
follows in section 4.

2. Method and Models
2.1. Method/Deﬁnitions
Our focus in this study is the (re-)occurrence of open-ocean deep convection under stable climate condition.
The deep convection is a winter phenomenon. Therefore, we use only the September mean model output
from extensive control simulations, most of which were performed using pre-industrial climate conditions.
For all models, we calculate the September mixed layer depth by taking the depth of the ocean where the
potential density difference to the surface reaches 0.01 kg/m3. As nearly all models exhibit deep convection
in the Atlantic sector of the Southern Ocean, we restrict our analysis to 60°W–60°E and 50°S–70°S. A few
models exhibit deep convection also in the Ross Sea or other Southern Ocean regions. The spatial restriction
enables us to identify single convection events and their direct interactions. Here we identify deepconvection events through a depth threshold of 3000 m that must be exceeded by the September mixed
layer depth. A year is called convective if the integrated area with deep convection covers at least
50,000 km2 in the Atlantic sector. These deﬁnitions are similar to those of de Lavergne et al. [2014] but diverge
regarding the mixed layer depth deﬁning density difference (they used 0.03 kg/m3), the region of interest,
which we limit to the Atlantic sector, and the deep convection deﬁning thresholds of mixed layer depth (they
used 2000 m) and coherent horizontal extent (they chose a minimum of 100,000 km2). Furthermore, in our
analysis, we deﬁne a main convection region for each model which equals the area in the Atlantic sector
where the mixed layer depth exceeds 3000 m for at least 5% of all years provided.
2.2. CMIP5 Simulations
We use pre-industrial control integrations of 11 models from CMIP5 [Taylor et al., 2012]. Our selection omits
models that are permanently convecting or never convecting with regard to the mixed layer threshold of
3000 m. We further omit models that provide less than 500 years of output from their pre-industrial control
simulation, as the modeled periods associated with deep-convection variability can be multicentennial. The
CMIP5 models used in this study are listed in the supporting information Table S1. All of them feature deep
convection in the Weddell Sea but only four of them in the Ross Sea.
2.3. Kiel Climate Model Simulations
In our analysis, we also incorporate the KCM, which is a global coupled ocean-atmosphere-sea ice model
[Park et al., 2009]. Its components are the ECHAM5 atmosphere general circulation model [Roeckner et al.,
2003] and the NEMO ocean-sea ice general circulation model [Madec, 2008] coupled by the OASIS3 coupler
[Valcke, 2006]. In the KCM, no form of ﬂux correction and no anomaly coupling are applied. We use four
control experiments to analyze Southern Ocean deep-convection variability. These originate from two
versions of the model: Two experiments are conducted with the older version, KCM1.2, which has an atmospheric horizontal resolution of T31 (~3.75°) and 19 vertical levels. The other two experiments are conducted
with the KCM1.4 which has a higher atmospheric horizontal resolution of T42 (~2.8°). Furthermore, KCM1.2
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Figure 1. (a) The number of models (out of 15) showing deep convection (according to their “main convection region” deﬁned in section 2.1) at the given grid point.
The Atlantic sector of the Southern Ocean (60°W–60°E/50°S–70°S) is marked by the bold black contour line. (b) Power spectra of the September sea surface
temperature (SST) index area-averaged over the Atlantic sector from all 15 analyzed models.

and KCM1.4 differ, for example, in the stratus cloud and the oceanic advection schemes and, in certain
parameters, speciﬁcally those of the sea ice component. Discrepancies in the model results between
KCM1.2 and KCM1.4 can thus not be associated with the different grid resolutions conclusively.
The two experiments of the KCM1.2 have both present-day CO2 concentration and only differ in a single sea
ice parameter. This causes a larger amount of sea ice in the KCM1.2b compared to the KCM1.2a [Martin et al.,
2013]. The two experiments with the KCM1.4 employ different CO2 concentration. One uses present-day CO2
concentration (KCM1.4a) and the other one pre-industrial (KCM1.4b). In all four experiments, the ocean-sea
ice model runs on a 2° Mercator mesh with 1.3° on average and an increased meridional resolution of 0.5°
close to the equator. The ocean model has 31 vertical levels. The KCM1.2 simulations were used in previous
studies (KCM1.2a [Park and Latif, 2008, 2010; Ba et al., 2013; Wu et al., 2016] and KCM1.2b [Martin et al., 2013;
Latif et al., 2013; Martin et al., 2015]). Details of the KCM experiments are summarized in Table S2. Since the
differences in model setup (or external forcing) are comprehensive, we treat the four KCM runs like individual
models extending the total number of models to 15. The particular knowledge of the KCM’s different setups
yields further insight into the physical processes regulating convection variability.

3. Results
In climate models, deep convection is usually not a persistent state but highly variable. A deep winter mixed
layer is an indicator for convection events. Therefore, we use the individual main convection region of each
model as described in section 2.1. All of the 15 models have main convection regions in the Atlantic sector
with 10 models agreeing in showing a center in the Weddell Sea (Figure 1a). Only seven models feature
additional main convection regions in other parts of the Southern Ocean, four of them in the Ross Sea
(supporting information Figure S1). While the speciﬁc model setup and mean climate clearly affect the exact
location and extent of the deep convection, the Atlantic sector of the Southern Ocean, in the following
deﬁned at the area 60°W–60°E/50°S–70°S (black box in Figure 1a), is clearly preferred by the models, and
we thus focus our analysis on this region.
During deep convection, the cool surface water mixes with the warmer water below. As a result, deepconvection events are characterized by warm SST anomalies. To measure the periodicity of deep-convection
variability, we construct an index by averaging the September mean SST of the Atlantic sector. The frequency
power spectrum of the index is visualized in Figure 1b for all 15 models. It reveals red noise characteristics
with large differences between the models. Some models exhibit the strongest variability in the
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Figure 2. September mean oceanic heat content integrated from 300 to 2000 m and over the Atlantic sector (in red) and the September mixed layer volume (MLV) of
the Atlantic sector (in blue). The four models shown here are exemplary for the different characteristics of deep-convection behavior as given in the panel heading.
The correlation coefﬁcient (r) between the MLV and the heat content is given below the model name. Please note that the ranges of the y axes differ.

multicentennial timescale, for example, KCM1.2a and KCM1.2b, others in the multidecadal timescale, such as
the GFDL models (Figure S2). Spectra of the Atlantic sector September mean mixed layer volume exhibit very
similar peaks (not shown). This supports the notion that the SST variations are indeed associated with deepconvection variability. In some models, pronounced variability due to deep-convection variability appears at
multicentennial but also at multidecadal timescales. In general, none of the models exhibits deep-convection
variability with a speciﬁc constant period. Deep-convection events rather appear within a model-dependent
range of timescales.
The onsets and shutdowns of deep convection can be seen in the time series of the September mixed layer
volume integrated over the Atlantic sector (blue line in Figure 2) and in the September ocean heat content
integrated from 300 to 2000 m over the Atlantic sector (red line). The depth range of 300 to 2000 m approximately covers the model grid levels at which heat is accumulated during periods without convection (Figure S4).
In all four exemplary models displayed in Figure 2 (see Figure S3 for all 15 models), the mixed layer volume is
anticorrelated to the heat content. Martin et al. [2013] investigated the relationship between the Southern
Ocean heat content and deep-convection events in KCM1.2a and KCM1.2b: During nonconvective periods,
heat that originates from the North Atlantic and enters the Southern Ocean at intermediate depth is accumulated. This warm deep water is also saltier than the sea surface in the Southern Ocean maintaining stability of
the water column. Destabilization of the water column results in convective overturning, and the subsurface
heat is lost to the atmosphere. Figures 2 and S3 suggest that this process works also in other models than
the KCM.
The four models displayed in Figure 2 illustrate the range of different deep-convection behavior that we ﬁnd
in the full model ensemble. The smoother heat content time series (red curve) reveals multidecadal variations
in the KCM1.4b and in the GFDL-ESM2M, although the important difference between the two models is that
the KCM1.4b remains longer in the nonconvective regime than the GFDL-ESM2M. In contrast, the
BCC-CSM1.1 and the KCM1.2a have pronounced multicentennial variability. These two models differ in their
convective mean state, as the BCC-CSM1.1 prefers the nonconvective and the KCM1.2a the convective
regime. In summary, we ﬁnd that the models have different timescales and also different tendencies to stay
in one regime or the other. The latter can be measured by the percentage of convective years. Thus, the aim
of the following analysis is to ﬁnd the key factors that control the timescale and the percentage of
convective years.
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Figure 3. The roles of stratiﬁcation and sea ice for deep-convection variability based on all analyzed models. (a) Stratiﬁcation (x axis) versus the timescale of
deep-convection variability (y axis). The stratiﬁcation is computed as the potential density difference (300 m minus 10 m) of September averaged over the individual main convection regions in the Atlantic sector during years without deep convection. The timescale of variability is here deﬁned as the average number of
consecutive nonconvective years (this deﬁnition was modulated; the resulting correlation coefﬁcients are listed in Table 1). The dashed black line depicts the observed
stratiﬁcation with some uncertainty, however, as the corresponding convection region is estimated from a single deep-convection event during the years 1974 to
1976. (b) September mean sea ice volume averaged over the Atlantic sector during nonconvective years (x axis) versus the timescale of deep-convection variability
(same y axis as in Figure 3a). (c) September mean sea ice volume (same x axis as in Figure 3b) versus the percentage of convective years (y axis). The solid black line is the
linear regression with the correlation coefﬁcient (r) given in one of the upper corners; correlation coefﬁcients that are signiﬁcant with 90% conﬁdence are given in bold.

Several possibilities exist to deﬁne and quantify a characteristic timescale of simulated deep-convection
variability. The ﬁrst possibility is to use the duration of the nonconvective regime, during which heat accumulates in the Weddell Sea region at middepth; a second option is given by the equivalent duration of the convective regime, during which this heat is lost to the atmosphere, and third, one can measure the timescale of
the oscillation resulting from shifting between these two regimes. While these measures are not independent, the nonconvective regimes can be distinctly shorter or longer than the convection events and all three
timescales are model dependent. We ﬁrst turn to the nonconvective regime which is terminated by the onset
of deep convection. To initiate deep convection, the water column must become unstable. The long-term
mean stratiﬁcation of the ocean is, however, itself closely related to the occurrence of deep convection, which
mixes the water masses and thus weakens the stratiﬁcation. As a measure for the stratiﬁcation, we show on
the x axis in Figure 3a the September mean potential density difference between 300 m and 10 m averaged
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Table 1. Deﬁnitions of the Deep-Convection Timescale and Associated Correlations With the Stratiﬁcation Strength Averaged Over the Nonconvective Years
Timescale Deﬁnition

Correlation Coefﬁcient (With Stratiﬁcation)

Average length of nonconvective periods (analogous to Figure 3a)
Average length of convective periods
E-folding time of the autocorrelation function of the Atlantic sector heat content 200–3000 m
E-folding time of the autocorrelation function of the Atlantic sector mixed layer volume
E-folding time of the autocorrelation function of the Atlantic sector SST index
Maximum in the power spectrum of the Atlantic sector SST index
a

r = 0.52
r = 0.60
r = 0.55
r = 0.65
r = 0.66
r = 0.41

These correlations were computed as a test of the relation depicted in Figure 3a (only the deﬁnition of the timescale was modulated).

over the individual main convection region during nonconvective years. A large difference reﬂects a strong
stratiﬁcation. The convective years are excluded as these only show the effect of deep convection, which
would be a well-mixed water column with a density difference close to zero. Given the vertical proﬁles of the
potential density that are nearly saturated at a depth of 300 m and do not show any inversions (Figure S4,
right), we conclude that the density difference between 300 and 10 m is a robust measure of the models’
stratiﬁcation strength. Also, when the threshold level of 300 m was varied to up to 3000 m, the results
changed only slightly. The y axis of Figure 3a shows the average length of the nonconvective periods,
which is calculated as the average number of consecutive nonconvective years. The resulting average
durations are relatively short, because we include even the shortest periods (i.e., single years) in this
calculation. Further, we include simulations with different external forcing (e.g., pre-industrial and present
day greenhouse gas concentrations) and thus different climate mean state. While this can be assumed to
have an impact on the stratiﬁcation, it should not affect the causal relation that we are testing.
Based on all 15 models, main convection region stratiﬁcation and duration of nonconvective years are correlated at r = 0.52, which is signiﬁcant at the 90% conﬁdence level (Figure 3a). This means that models with
generally weak stratiﬁcations tend to have shorter nonconvective periods. This could be explained by the
diffusive vertical redistribution of the heat accumulating at middepth, so that average or higher diffusion
rates could more easily turn the balance toward the convective regime in these latently unstable models.
Similarly, anomalous windy, cold, and dry atmospheric conditions and stronger brine rejection from sea ice
formation favor convection in weakly stratiﬁed models. However, frequent deep convection continuously
erodes the stratiﬁcation, which hints at a positive feedback acting in such cases. Therefore, it must be stressed
that the relation between the timescale and the stratiﬁcation might be partly established through the effect
of the timescale on the stratiﬁcation. For example, models that stay in the nonconvective regime only for
short periods will contain a larger contribution of convection effects in their stratiﬁcation strength averaged
over the nonconvective periods. Nevertheless, choosing a shorter averaging window, e.g., a decade [Martin
et al., 2013; Zanowski et al., 2015], to compute a “nonconvective” reference is not applicable to our multimodel analysis, because in 8 of the 15 models the average length of nonconvective periods is shorter
than 8 years.
Because there is no straightforward measure for the deep-convection variability timescale, we modiﬁed the
deﬁnition to test the robustness of the relationship with the stratiﬁcation. The resulting correlation coefﬁcients range between r = 0.41 and 0.66 (see Table 1); all are statistically signiﬁcant with 90% conﬁdence.
Sea ice is a key factor for convection processes because it acts as a lid that moderates the oceanic heat loss to
the atmosphere. To initiate strong open-ocean deep convection in winter, a local polynya is crucial to
enhance the heat loss. A polynya can form either through divergent winds that mechanically remove sea
ice or thermally, through a heat ﬂux from the deeper ocean to the surface [Williams et al., 2007]. We illustrate
the relationship between the deep-convection variability and the sea ice volume of September in Figures 3b
and 3c (see this relationship for March in Figure S5 and the sea ice seasonal cycle in Figure S6). In Figure 3b
September sea ice volume within the Atlantic sector averaged over the nonconvective years is plotted
against the average duration of the nonconvective regime (i.e., same y axis as in Figure 3a). Again, we exclude
the convective years. This largely removes the effect of deep convection which is a reduction in sea ice area
and volume in the main convection region. We ﬁnd a positive correlation between the September sea ice
volume and the timescale of the nonconvective periods with a signiﬁcant coefﬁcient of r = 0.53 (Figure 3b).
A thick sea ice cover reduces the heat loss from the ocean to the atmosphere and by that protects the surface
ocean from too much buoyancy loss, which otherwise could initiate deep convection. If the sea ice extent or
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area is used instead of the sea ice volume the correlation becomes insigniﬁcant (Table S3), which stresses the
importance of the sea ice thickness.
Furthermore, we ﬁnd that the two control variables, stratiﬁcation and sea ice volume, are independent. The
correlation coefﬁcient for stratiﬁcation and the September sea ice volume is r = 0.07. Two main conclusions
can be drawn from the ﬁgure: First, strong ocean stratiﬁcation promotes long periods of inactive deep
convection through isolating the heat reservoir below the surface layer from surface interactions that could
disturb the stability. Second, a large sea ice cover protects the surface layer from a large buoyancy loss that
could initiate deep convection, thereby elongating the phases of inactive deep convection.
Besides the timescale of variability, we ﬁnd a measure for the models’ tendency to prefer the convective
regime over the nonconvective. For this, we use the percentage of convective years and contrast it with
the September sea ice volume during nonconvective years (Figure 3c). We ﬁnd a signiﬁcant anticorrelation
of r = 0.47. Models with a low (high) sea ice volume tend to stay rather in the convective (nonconvective)
regime for two reasons: First, greater sea ice volume is in most cases associated with greater sea ice extent so
that deep convection in open water as has been observed in 1974–1976 [Carsey, 1980] is inhibited by the ice
cover. Second, energy from the warmer subsurface layers is ﬁrst used to melt the sea ice before major heat
loss to the atmosphere can occur, initiating deep convection. By acting as a lid inhibiting direct air-sea ﬂuxes
and providing meltwater that stabilizes the surface layer, sea ice prolongs the nonconvective regime and the
resulting percentage of convective years is low. For example, the KCM1.2a and the KCM1.2b were implemented with a different sea ice parameter. The total Antarctic sea ice volume in KCM1.2a is 3.6 × 1012 m3 as
opposed to 7.7 × 1012 m3 in the KM1.2b. As a result, the KCM1.2a exhibits convection 86% of all years but
the KCM1.2b only in 33% of all years.
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Open-ocean deep convection in the Southern Ocean varies considerably among CMIP5 models and different
conﬁgurations of the KCM regarding location, frequency, intensity, and the percentage of convective years.
Based on 15 models with pronounced deep-convection variability, we ﬁnd stratiﬁcation strength and sea
ice volume to be controlling factors among a variety of climate models which use a wide range of different
parameterizations and numerical approaches. The stratiﬁcation at the convection site inﬂuences the timescale of deep-convection variability: Models with a convection site that is weakly stable during the nonconvective years tend to simulate deep-convection variability on shorter timescales than models with a more
stable stratiﬁcation. The presence of sea ice prevents the occurrence of deep convection by freshening the
surface when melting and by inhibiting direct heat loss to the atmosphere. In models with a large sea ice
volume during nonconvective years, the nonconvective regime dominates. In the 15 models included in
our study, deep-convection variability depends critically on the models’ mean state. On the one hand, the
simulated open-ocean deep convection may be called “spurious” [e.g. Heuzé et al., 2015] as most models
overestimate its spatial extent and in many cases also its frequency of occurrence in historical simulations
[e.g., de Lavergne et al., 2014]—major open-ocean deep convection was observed only once in the
Weddell Sea, and it is unclear whether future climate conditions will allow its re-appearance. On the other
hand, the physical mechanism acting in the models producing open-ocean deep-convection oscillations
bears intriguing similarities with those of the event in the 1970s. The lack of observations from the
pre-industrial era to the mid-20th century makes conclusions about its frequency of occurrence extremely
difﬁcult. Our ﬁndings can thus deﬁne new metrics for model comparison in the Southern Ocean and demonstrate the need for circumpolar sea ice volume estimates from, for instance, remote sensing and intensiﬁed
observational coverage of the hydrography in deep convection prone regions.
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