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Abstract The location of the Southern Ocean Silicate Front (SF) is a key indicator of physical circulation,
biological productivity, and biogeography, but its variability in space and time is currently not well
understood due to a lack of time-varying nutrient observations. This study provides a first estimate of
the spatiotemporal variability of the SF, defined using the silicate-to-nitrate (Si:N) ratio as simulated by
the Community Earth System Model (CESM) Large Ensemble (1920–2100), and its response to a changing
Southern Ocean. The latitude where Si:N = 1 largely coincides with regions of high gradients in silicate and
the observed position of the Antarctic Polar Front (PF) and serves as an indicator of waters with adequate
nutrients available for diatom growth. On seasonal to interdecadal time scales, variability in the location of
the SF is largely determined by biological nutrient utilization and Southern Ocean bathymetry, respectively.
From 1920 to 2100, under historical and RCP8.5 forcing, the zonally averaged SF shifts poleward by ∼3∘
latitude, with no discernible shift in the position of the simulated location of the PF or the core of the
Antarctic Circumpolar Current. A more poleward SF is primarily driven by long-term reductions in silicate
and nitrate concentrations at the surface as a consequence of greater iron availability and a warmer, more
stratified Southern Ocean. These results suggest a decoupling of the SF and PF by the end of the century,
with implications for local biogeography, global thermocline nutrient cycling, and the interpretation of
paleoclimate records from deep sea sediments.

1. Introduction

The Antarctic Circumpolar Current (ACC) system of the Southern Ocean is made up of many dynamically and
biogeochemically distinct regions due to the presence of hydrographic fronts and geostrophic jets (Belkin &
Gordon, 1996; Deacon, 1937, 1982; Dong et al., 2006; Freeman et al., 2016; Moore et al., 1999; Orsi et al., 1995;
Pollard et al., 2002; Sokolov & Rintoul, 2009b, 2009a). ACC fronts are characterized by strong lateral property
gradients (e.g., temperature and salinity) associated with sloping density surfaces. Fronts of biogeochemi-
cally important properties often coincide with ACC fronts and jets. Biogeochemical frontal zones are sites
where mixing and advection supply nutrients to the euphotic zone, directly influencing local primary produc-
tion; indeed, enhanced phytoplankton biomass and elevated concentrations of satellite-derived chlorophyll a
and calcite are found to be coincident with ACC fronts (Balch et al., 2016; Moore & Abbott, 2000; Smetacek
et al., 1997), particularly at bathymetric features (Sokolov & Rintoul, 2007). While the Southern Ocean is
characterized as a high-nutrient, low-chlorophyll region, ACC fronts mark locations where nutrients return
from depth before feeding the low-latitude thermocline (Marinov et al., 2006; Palter et al., 2010; Sarmiento
et al., 2004).

The Antarctic Polar Front (PF) is one of the major hydrographic fronts of the ACC known for its signa-
ture sharp meridional gradient in temperature, reflecting both subduction and transition zones: here cold,
fresh Antarctic surface waters subduct beneath warmer, saltier subantarctic waters and from south to north
across the PF, stratification transitions from a salinity-dominated regime to a temperature-dominated regime
(Pollard et al., 2002). Biogeochemically, the PF marks the boundary between silicate-rich and silicate-poor
waters (Pollard et al., 2002; Sarmiento et al., 2004). This distinction is important to diatoms, which are the domi-
nant phytoplankton taxa in the Southern Ocean and require silicic acid (Si) to produce and maintain their silica
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(a) (b)

(c) (d)

Figure 1. Climatological annual mean surface (a) silicate and (c) nitrate concentration and the number of available
observations of (b) silicate and (d) nitrate in each 1∘ × 1∘ surface grid cell. Data from the World Ocean Atlas 2013
(Boyer et al., 2013).

frustules. The westerly winds drive the upwelling and mixing of Si-rich Upper Circumpolar Deep Water south
of the PF, and as Upper Circumpolar Deep Water travels northward across the frontal zone through Ekman
transport, diatoms strip the available Si (e.g., Franck et al., 2000; Leynaert et al., 2004), setting up the Southern
Ocean Silicate Front (SF). The PF/SF is therefore regarded as an important boundary for the biogeography of
the Southern Ocean (i.e., the geographic distribution of diatoms versus nonsiliceous phytoplankton). Surface
properties set at these frontal zones ultimately have an impact on global nutrient cycling: these Si-poor waters
are subsequently exported to the low-latitude thermocline through the subduction of mode and intermediate
waters northward (see Sarmiento et al., 2004; Tréguer, 2014).

In addition to its important role in the global carbon cycle (e.g., Munro, Lovenduski, Takahashi et al., 2015),
the Southern Ocean is also a region of large Si flux from the surface to deep ocean (DeMaster, 2002; Pondaven
et al., 2000; Tréguer et al., 1995). The Si-rich waters south of the PF support high diatom abundance and bio-
genic silica (i.e., opal) production. The resulting high export production out of the surface and, ultimately, the
burial of opal in abyssal sediments contribute to the Southern Ocean Opal Belt of siliceous sediments that
ring the Antarctic, roughly mirroring the surface PF zone (DeMaster, 1981, 2002). The relationship between
the locations of the PF/SF and the Opal Belt has been instrumental in reconstructing past climates (see
section 4.1.3; e.g., Kemp et al., 2010).

Previous studies have considered the spatial and temporal variability in the position of the Southern Ocean
PF, but the variability in the associated SF is not well understood due to limited observations (Figure 1).
Quantifying and understanding the spatiotemporal variability of the SF and, in particular, changes in the
SF driven by anthropogenic climate change, provides insight into controls on Southern Ocean biogeogra-
phy, interpretation of sedimentary opal records, and export of nutrients to low latitudes on various time
scales. In this study, we identify the Southern Ocean SF in an ensemble of a state-of-the-art coupled cli-
mate model, track its variability in space and time, and quantify its long-term change under a high-emission
scenario.
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2. Methods
2.1. Front Definition
In this study, we define the position of the Southern Ocean SF as the latitude poleward of 44∘S where Si∶N= 1.
We choose Si∶N = 1 as a marker of the SF for the following reasons:

1. The latitude where Si:N = 1 exhibits high correspondence between high absolute gradients in simulated
Si and the observed PF (not shown) and thus can be used to track the location of the SF without tracking
individual gradients.

2. This ratio has been formerly invoked (as Si* = Si − N = 0 in Sarmiento et al., 2004) to track macronutrient
availability and water mass formation.

3. This ratio simultaneously tracks Si and N, which are both important for phytoplankton growth.
4. Si:N = 1 has biological significance. Under sufficient light and nutrient conditions, the Si demand of most

diatoms is equivalent to that for nitrate (N); that is, a Si∶N depletion ratio of 1 (Ragueneau et al., 2000;
Smetacek, 1999). North of the Si:N = 1 latitude, diatoms are more likely to experience Si limitation (Nelson
et al., 2001).

In the analyses that follow, we define the absolute gradient in a given variable V as

|∇V| =
√
(!V∕!x)2 + (!V∕!y)2,

where !V is the unit difference in the variable and !x and !y are the kilometer distances between any two
longitude or latitude points, respectively. As in Freeman and Lovenduski (2016), we refer to the gradient iden-
tified at a front as the intensity or strength of that front (e.g., the absolute Si gradient at the SF, |∇Si|, is an
indication of the strength of the SF).

2.2. Observations
Objectively analyzed climatological annual mean surface Si and N concentrations taken from the World Ocean
Atlas 2013 (WOA13; Boyer et al., 2013; Garcia et al., 2013) are shown in Figures 1a and 1c. These climatologies
represent an average of all nutrient data collected since the mid-1900s, interpolated to standard depth levels
(here surface refers to standard depth level 1) on a 1∘ grid. Figures 1b and 1d highlight the historic under-
sampling of the Southern Ocean with respect to Si and N, with the majority of locations having only a single
surface observation over the last century. Figures 1b and 1d also demonstrate a higher data density for Si than
N in most Southern Ocean locations.

Here we take advantage of an independent macronutrient data set not included in the WOA13, collected
as part of the ongoing Drake Passage Time-series (DPT) program. Discrete surface samples of Si and N were
collected on five to eight transects of the Drake Passage per year from 2005 to 2016 at approximately every
half-degree of latitude from the Antarctic Research Supply Vessel Laurence M. Gould, representing a high data
density across the ACC not represented by the WOA13; a description of macronutrient sampling methods
used by the DPT can be found in Munro, Lovenduski, Stephens et al. (2015).

2.3. Community Earth System Model Large Ensemble
2.3.1. Model Description
We investigate intra-annual to interdecadal variability and long-term change in the Southern Ocean SF using
monthly output from the Community Earth System Model Large Ensemble (CESM-LE) simulations (described
in detail in Kay et al., 2015). In short, CESM version 1 (CESM1) is a state-of-the-art coupled climate model run
with atmosphere, ocean (nominal 1∘ horizontal resolution and 60 vertical levels), land, and sea ice compo-
nents (Danabasoglu et al., 2012; Hunke & Lipscomb, 2008; Hurrell et al., 2013; Smith et al., 2010). The ocean
biogeochemical component has three explicit phytoplankton functional types (PFTs; Moore et al., 2004, 2013),
a dynamic iron cycle (Doney et al., 2006; Moore & Bracuher, 2008), and full carbonate system thermodynamics
and allows for multinutrient colimitation. The three PFTs represented in the model include small phytoplank-
ton, diatoms, and diazotrophs (Moore et al., 2004, 2013); as this study focuses solely on the Southern Ocean,
our investigation is limited to small phytoplankton and diatom PFTs. Each PFT has a maximum growth rate
that is scaled directly by a temperature function (with a Q10 of 2.0 and a reference temperature of 30∘C) and is
further attenuated by light and nutrient limitation. Zooplankton grazing can also affect these PFTs, with graz-
ing rates increasing with temperature. In general, given the prescribed model parameterizations, diatoms are
more productive in cooler, high-nutrient conditions (e.g., south of the PF and SF), while small phytoplankton
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are more productive in warmer, low-nutrient conditions (owing to smaller half-saturation constants for
nutrient uptake) and experience higher grazing pressure than diatoms.

The CESM-LE included a control integration (>2,000 years) and 34 ensemble members with ocean biogeo-
chemistry output (Kay et al., 2015; Lovenduski et al., 2016). A great advantage to using a large ensemble of
a single Earth System Model (ESM) is the ability to isolate and investigate internal (i.e., natural) climate vari-
ability without the effects of model structural uncertainty (e.g., when using the CMIP5 model simulations; see
Lovenduski et al., 2016). Atmospheric CO2 concentrations are prescribed in the CESM-LE, and all ensemble
members have identical external forcing: historical forcing from 1920 to 2005 and RCP8.5 forcing from 2006 to
2100. Beginning from an 1850 control simulation with constant preindustrial forcing, the first ensemble mem-
ber (EM001) was initialized from a randomly selected year (402) of the control and integrated forward in time
to 2100. The remaining ensemble members were then integrated from 1920 to 2100 using initial conditions
from EM001 at 1920 but with added minute ((10−14) K) perturbations in initial air temperature; since each
ensemble member simulation is identically forced, such perturbations result in different natural (internal) cli-
mate variability across members. Therefore, the ensemble mean of any simulated variable is a representation
of the long-term forced trend, while variance across members can be attributed to the influence of internal
climate variability on that variable (McKinley et al., 2016, 2017).
2.3.2. Statistical Analysis of Model Output
For a given month and desired depth level, ensemble mean values of simulated variables were computed by
averaging across ensemble members. Decadal averages of simulated variables were computed for historical
conditions (1920–1929; referred to as 1920s), present-day conditions (2000–2009; referred to as 2000s), and
future conditions (2090–2099; referred to as 2090s) for each ensemble member and for the ensemble mean.
Here we report long-term change in the ensemble mean as an epoch difference between the present-day
and future mean (2090s − 2000s) and use variation across the ensemble members to evaluate where change
is robust: statistical significance of long-term change is defined as any location where the ensemble mean
epoch difference exceeds one standard deviation of the differences across ensemble members (i.e., where the
signal-to-noise ratio, the ratio of ensemble mean change over interensemble standard deviation, exceeds 1).
We define sea ice extent as the northernmost grid point where simulated sea ice fraction exceeds 0.1; the
presence of sea ice in winter can sometimes preclude the detection of the SF.
2.3.3. Model Evaluation
The biogeochemical (Biogeochemical Elemental Cycling [BEC]; Moore et al., 2004, 2013) and physical ocean
(Parallel Ocean Program, version 2 [POP2]; Danabasoglu et al., 2012; Smith et al., 2010) models used in the
CESM-LE have been evaluated in previous studies. Misumi et al. (2014) find a skillful reproduction of the known
high-nutrient, low-chlorophyll regions (e.g., the iron-limited Southern Ocean) as compared to the field obser-
vations of Tagliabue et al. (2012), and Tagliabue et al. (2016) find the BEC model to closely match interior ocean
observations of Fe*, the relative inventories of iron (Fe) and N, in the Atlantic basin. Moore et al. (2013) doc-
ument model skill in simulating observed ecology: surface nutrient, phytoplankton biomass, temperature,
and salinity distributions compare favorably with observations (see also Bates et al., 2012; Danabasoglu et al.,
2012; Long et al., 2013), while other biogeochemical metrics are also captured, such as large-scale air-sea CO2

flux (Long et al., 2013; Lovenduski et al., 2016; McKinley et al., 2016) and net primary productivity (Krumhardt
et al., 2017) patterns compared to observational climatologies and satellite-based estimates, respectively.
Farneti et al. (2015) determine the ocean component to be one of the more realistic climate models in terms
of model physics, largely owing to its three-dimensional time-varying specification of the Gent-McWilliams
(GM) coefficient (Gent et al., 1995; Gent & McWilliams, 1990), a skillful parameterization of mesoscale eddies.
Danabasoglu et al. (2012) document the model’s success in reproducing Drake Passage transport, as com-
pared to the observational estimates of Cunningham et al. (2003) and, more recently, Donohue et al. (2016).
Therefore, the CESM-LE is suitable for investigating variability and change in the Southern Ocean SF and its
associated physical and biogeochemical processes in the context of climatic change.

We validate the modeled surface ocean Si concentration and the modeled position of the SF using data from
the DPT (see section 2.2). Figure 2 compares the mean surface Si concentration as observed (DPT, colored
circles) and simulated (CESM-LE, colored map) across the Drake Passage from 2005 to 2016. To account for
the spatial distribution in ship crossings, DPT macronutrients were averaged zonally at an orientation roughly
parallel to the mean flow of the ACC and gridded onto the most commonly followed cruise track across
Drake Passage (colored circles in Figure 2; gridding similar to Munro, Lovenduski, Stephens et al., 2015). The
CESM-LE underestimates Si in the southern Drake Passage and overestimates Si in the northern Drake Passage.

FREEMAN ET AL. 755
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Figure 2. Mean surface Si concentration (color) within the Drake Passage region as represented by the Community
Earth System Model Large Ensemble mean (map) and from the Drake Passage Time-series (DPT; filled circles) over
2005–2016. DPT Si follows a mean transect line representing the majority of Drake Passage crossings (see section 2.3.3).
Along this DPT main line, the white plus sign marks the location where the DPT data indicate a sharp meridional
gradient in Si (the observed Silicate Front) and the white open circle marks the location where Si:N = 1 in the DPT data.
Community Earth System Model Large Ensemble mean (gray contour) and standard deviation (±1"; gray dots) in the
Silicate Front position (2005–2016).

The largest meridional gradient in observed Si (white plus sign, Si∶N ≈ 0.5) falls just outside the modeled
range in SF position (gray contour and bounding dots). The observations suggest that the latitude where
Si:N = 1 (white open circle) is located south of the modeled SF. We attribute this to the known nutrient biases
in the model (see Moore et al., 2013).

2.4. CMIP5 Models
To provide context for the CESM-LE results, we examine the present-day (2000s; decadal average over
2000–2009) surface mean Si concentration from a subset of the Coupled Model Intercomparison Project,
phase 5 (CMIP5; Taylor et al., 2012) models: the MPI-ESM-LR from the Max Planck Institute (MPI; Giorgetta
et al., 2013; Ilyina et al., 2013), GFDL-ESM2M from the Geophysical Fluid Dynamics Laboratory (GFDL; Dunne
et al., 2012, 2013), and HadGEM2-ES from the UK Met Office Hadley Centre (Collins et al., 2011; HadGEM2
Development Team, 2011; Palmer & Totterdell, 2001). Just as in the CESM-LE, historical forcing was applied
through 2005, followed by RCP8.5 forcing through 2100. The CESM-LE is most suited for investigating the
mean state and variability of the Southern Ocean SF, as the remaining CMIP5 ESMs analyzed here exhibit a
high Si bias throughout the Southern Ocean (supporting information Figures S1c–S1e), resulting in a misrep-
resentation of the location and properties of the SF that largely disagree with observations (Figure S1a; see
also, e.g., Palter et al., 2010; Smith Jr. et al., 2000).

3. Results
3.1. Mean State
Figures 3a and 3b display the CESM-LE present-day ensemble mean Southern Ocean surface Si and N concen-
tration, respectively. In general, from north to south, Si and N concentrations increase toward the Antarctic
continent, consistent with observations (Figures 1a and 1c). The large-scale biogeochemical fronts of Si and
N that have historically characterized the Southern Ocean are captured by the CESM-LE, marked by a sharp
meridional gradient in each nutrient, with the SF generally found to the south of the Nitrate Front (Figures 3a
and 3b; compare to Figures 1a and 1c; see Palter et al., 2013; Sarmiento et al., 2004).

Figure 3c shows the CESM-LE present-day ensemble mean expressions of the SF at the surface (black solid
contour) and at 200 m depth (black dashed contour) overlain on the ensemble mean Si:N ratio in the sur-
face layer. The climatological ensemble mean path of the surface SF is zonally asymmetric, traversing ∼12∘ of
latitude from its northernmost position along the Mid-Atlantic Ridge (49.41∘S) to its southernmost position

FREEMAN ET AL. 756
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(a) (b) (c)

Figure 3. Community Earth System Model Large Ensemble simulated present-day (2000s; decadal average over 2000–2009) ensemble mean (a) Si and (b) N
concentration and (c) their ratio, Si∶N, at the surface (colors). Black contours in (c) indicate the latitude where Si:N = 1 at the surface (solid) and at 200 m (dashed).

in the southeast Pacific (61.47∘S; Figure 3c). The climatological Si concentration (and the N concentration, by
definition) at the SF ranges from 16.27 to 21.14 mmol/m3. The climatological intensity (|∇Si|; see section 2)
of the surface SF ranges from 1.03 mmol/m3 per 100 km southwest of Kerguelen, a region characterized by
deep bathymetry, to 8.57 mmol/m3 per 100 km across the Pacific-Antarctic Ridge, a region characterized by
shallow bathymetry; averaged over all longitudes, SF intensity is ∼2.91 mmol/m3 per 100 km.

This persistent, large-scale nutrient front has a near-surface expression, characterized by property gradients
that can extend below 200 m (see Palter et al., 2013). Figure 3c highlights that the subsurface expression
of the SF, located at 200 m depth, is consistently found to the north of the surface expression, with largest
latitudinal differences between the surface and subsurface fronts found in the Scotia Sea sector and smallest
differences found in regions characterized by shallow bottom depths (Figure 3c). Indeed, Si is found to be
enriched at depth (consistent with WOA13; not shown) relative to N (high Si:N ratio at depth), reflecting the
vertical segregation of organic matter remineralization and opal dissolution (as suggested by Broecker & Peng,
1982). While spatial variability in the surface SF can be driven by surface processes (e.g., biological nutrient
utilization and air-sea fluxes), variability in the surface and subsurface expression are tightly linked and our
analyses of both expressions of the SF reveal similar results. Therefore, in the following subsections, we choose
to report variability and long-term change in the surface expression of the SF.

3.2. Seasonal Variability
We find that the present-day CESM-LE zonal mean position and intensity of the surface SF and its associated Si
concentration exhibits a clear seasonal cycle (Figure 4). The SF resides in its most northerly position in January
and September and its most southerly position during austral autumn (March-April-May; Figure 4a). In late
summer to early autumn, the SF contracts poleward, reflecting the seasonal drawdown of Si by diatoms to the
south of the SF and the relative preference for N over Si north of the SF, followed by an expansion northward
during the winter months (June-July-August), reflecting a return supply of Si from below and a lack of con-
sumption by phytoplankton. It follows that the Si concentrations found at the SF are largest in late winter to
early spring and smallest in late summer to early winter (Figure 4b). During this poleward contraction, first, the
SF intensifies, characterized by its strongest gradients in February, closely followed by a weakening, charac-
terized by its weakest gradients in April (Figure 4c). In general, the mixed layer depth (MLD) at the zonal mean
SF shoals in early to mid summer and deepens from February to September, while the sea surface tempera-
ture (SST) characterizing the SF is warmest in summer and coolest throughout the late winter to early spring
months (not shown).

Regionally, the amplitude of the seasonal cycle in the position of the SF can exceed that of the zonal aver-
age (∼1∘ latitude; Figure 4a) by several degrees of latitude, consistent with in situ studies such as Smith Jr.
et al. (2000). Near major topographic features, the amplitude of the seasonal cycle tends to change over
time (i.e., is nonstationary), highlighting the influence of topography on the position of the SF; for example,
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Figure 4. From 2000 to 2009, Community Earth System Model Large Ensemble mean zonally averaged (a) Silicate Front
(SF) latitude, (b) Si concentration at the SF, and (c) intensity of the SF, by month (sample size n = 10 for each month);
each box and whisker indicates the median value (center red line), 25th and 75th percentiles (blue horizontal edges;
interquartile range), and extreme data points not considered outliers (black whiskers; standard Tukey style; see
Krzywinski & Altman, 2014).

on the leeward side of the Mid-Atlantic Ridge, both the windward and leeward side of Kerguelen Plateau, and
leeward of the Pacific-Antarctic Ridge, the north-south extent of the SF is greater in future relative to present
day (not shown).

3.3. Interannual to Interdecadal Variability
We find that interannual to interdecadal variability in the position of the CESM-LE SF is influenced by the
underlying bathymetry, with greatest variability over deep-ocean depths. Congruently, Freeman et al. (2016)
show that from 2002 to 2014, the standard deviation in the monthly PF varies from 0.19∘ over shallow
bathymetry to 2.0∘ over deep bathymetry. In comparison to the observed PF, the standard deviation in the
present-day monthly CESM-LE SF can be as low as 0.05∘ near Kerguelen Plateau and as large as 1.75∘ over
the deeper Indian sector. One exception is the ∼300–330∘E sector, where interannual variability can be as
large as ∼4∘ latitude, owing to high variability in the background Si concentration rather than the underlying
bathymetry.

In the deep ocean where variability is greatest, interannual variance in the position of the SF grows over
the 21st century (i.e., is nonstationary). For example, in the southeast Indian sector (∼100∘E), the standard
deviation in the monthly SF position is consistently∼1∘ latitude during the 20th century but nears∼3∘ latitude
throughout the 21st.

FREEMAN ET AL. 758
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Figure 5. Decadal mean Silicate Front positions: historical (1920s; white contour), present-day (2000s; black contour),
and future (2090s; blue contour) mean location. Bathymetry, or bottom depth, as simulated by the Community Earth
System Model version 1, displayed underneath Silicate Front positions in color, where warm colors indicate shallow
bathymetry and cool colors indicate deep.

Figure 5 displays the historical, present, and future decadal mean SF positions overlain on CESM1 bathymetry.
We find that interdecadal variability of the SF is influenced by this underlying bathymetry, an influence similar
to the interannual variability reported for the PF over the shorter observational record (Chelton et al., 1990;
Deacon, 1937; Dong et al., 2006; Freeman et al., 2016; Gille, 1994; Gordon et al., 1978; Moore et al., 1999; Sallée
et al., 2008). Interdecadal variability of the SF is low along the Mid-Atlantic and Pacific-Antarctic ridges and
across the Kerguelen Plateau, and larger over the deeper basins, particularly in the ∼30–70∘E sector.

3.4. Long-Term Change
From 1920 to 2100, we find that the monthly, zonally averaged ensemble mean SF location shifts poleward by
∼3∘ latitude (Figure 6a): under historical forcing (1920–2005), the SF is displaced southward by ∼1∘ latitude
and under RCP8.5 forcing (2006–2100), the SF shifts even further south, by an additional ∼2∘ latitude. In
Figure 6a, we compare the long-term poleward shift in the ensemble mean position of the zonally averaged
SF (black line) to the temporal variance in the SF as simulated by the control integration (representing an
unforced climate; blue box and whisker markers). The transient SF lies outside the range of unforced variability
of the control SF, highlighting the influence of RCP8.5 external forcing on the SF by the end of the century
(i.e., the anthropogenic signal). The intensity of the annual, zonal mean SF, and its associated Si concentration
increases from 1920 to 2100, by nearly 0.4 mmol/m3 per 100 km and 0.5 mmol/m3, respectively. Under RCP8.5
forcing, the annual, zonal mean sea surface salinity (SSS) and SST at the SF decreases by ∼0.2 g/kg and warms
by ∼1.5∘C, respectively, while the SSH and MLD identified at the SF decreases by ∼0.4 m and MLD shoals by
more than 5 m, respectively.

Figure 6b displays the total change in the SF between the 2000s and 2090s at all longitudes. We find that the
SF shifts poleward, by up to 6∘ latitude in some regions. The varied magnitude of the shifts across the basin
reflect the influence of bottom depth on long-term change in the SF: smallest (and sometimes insignificant)
meridional shifts are found in regions characterized by shallow bottom depths, while the largest (and most
significant) meridional shifts are found in deeper ocean regions (see also Figure 5). These poleward displace-
ments of the SF are not found to be seasonally dependent, though some regions (e.g., Drake Passage) exhibit
a slightly greater displacement in warm season months (summer–fall; not shown).

Why does the SF shift south? We find that a more poleward SF in future, as simulated by the CESM-LE, reflects
large-scale changes in Southern Ocean nutrients in a warmer world: a decrease in Si and N at the surface,
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Figure 6. (a) Time series (1920–2100) of the Community Earth System Model Large Ensemble monthly, zonal, ensemble
mean Silicate Front (SF) position (black line; ±1" across the 34 ensemble members indicated by gray shading); the
seasonal cycle has been removed by applying a seasonal moving average). Blue boxes at the beginning and end of the
time series indicate the zonal, decadal mean SF position as simulated by the control for the 1920s and 2090s,
respectively; blue whiskers indicate ±1" in the control zonal mean monthly time series (1920–2100). (b) Total shift in
the Community Earth System Model Large Ensemble monthly ensemble mean SF position (negative—southward)
between the 2000s and 2090s (reported as an epoch difference). Black bars indicate significance based on the spread
(signal:noise) in the ensemble members.

by 2.7 and 1.2 mmol/m3, respectively, between 44∘ and 65∘S (Figure 7). The subsurface SF also shifts poleward
in future, but in smaller magnitude, also as a result of decreased Si and N at 200 m in future (not shown).
Figure 7 demonstrates that the magnitude of the long-term decrease in Si is greater than that for N, further
supporting a more poleward SF in future; indeed, we find long-term decreases in Si:N ratios across the basin.
Additionally, we find a long-term intensification of the SF. Across the Southern Ocean, the local gradients in Si
increase between the present-day and future positions of the SF; a few regional exceptions include the New
Zealand and Scotia Sea sectors, on the windward side of Kerguelen, and at ∼20∘E, where a southward shift
in the SF is marked by a weakening of the background gradients in Si. We discuss possible mechanisms for
long-term nutrient decline in the upper 200 m in section 4.1.

4. Discussion

In this study, we present an analysis of the large-scale, persistent SF using the CESM-LE simulations, allowing
for the separation of natural variability from long-term forced trends under a high-emission scenario. Here
we examine the long-term poleward shift of the SF in the context of physical circulation and phytoplankton
dynamics. Next, we highlight broader implications and consequences of variability and long-term change in
the location of the SF. Lastly, we discuss the limitations of this study.

4.1. A More Poleward SF: Mechanisms and Implications
We assessed long-term change in the position of the surface SF. According to the CESM-LE simulations, the
SF shifts south both in zonal average (1920–2100; Figure 6a) and at nearly every longitude (2090s − 2000s;
Figure 6b). A more poleward SF can be explained by a combination of physical and biological processes that
drive nutrient reductions at the surface (Figure 7).
4.1.1. Physical Processes
From present to future, we find that the Southern Ocean surface warms by ∼2.5∘C, from 5.0 to 7.5∘C, respec-
tively (decadal, area-weighted, ensemble mean values between 44–65∘S; Figure 8a), with largest warming

FREEMAN ET AL. 760

 19449224, 2018, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2017G

B
005816, W

iley O
nline Library on [22/02/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Global Biogeochemical Cycles 10.1029/2017GB005816

(a) (b)

Figure 7. Epoch differences (2090s − 2000s) in Community Earth System Model Large Ensemble simulated ensemble
mean surface (a) Si and (b) N concentration (colors); only significant changes are shown (see section 2.3). White contours
mark the present (solid) and future (dashed) decadal mean positions of the Silicate Front, while the black contours mark
the present (solid) and future (dashed) decadal mean maximum (September; most northerly) and minimum (February;
most southerly) sea ice extent (see section 2.3).

signals documented in the south-central Indian sector, just east of the Heard and McDonald Islands, by
as much as ∼5.3∘C and the southeast Atlantic sector by ∼4.7∘C, consistent with other CMIP5 model find-
ings (Cabré et al., 2013). This large-scale warming acts to increase stratification (Figure 8b) and shoal mixed
layer depths (MLDs; Figure 8c) across the Southern Ocean, some locations by as much as ∼34% and ∼54 m,
respectively. Warming-induced stratification of the water column would suggest changes in vertical mixing:
a warmer, more stratified Southern Ocean at the end of the century likely reduces the vertical supply of nutri-
ents over time, leading to decreased surface Si and N (Figure 7). Concurrently, CESM-LE zonal wind speeds
(at 10 m atmospheric height) and wind stress increase significantly across the east Indian and Pacific sectors
(not shown), which would suggest a vertical mixing response that would work against any warming-induced
stratification: an increase in northward Ekman transport and a subsequent increase in the vertical supply of
nutrients from below. An increase in zonal wind speeds and stress would also act to deepen MLDs, yet the
robust MLD shoaling across the basin (Figure 8c) suggests that the upper water column’s response to external
forcing is dominated by increased stratification; ML deepening found nearer the Antarctic continent is likely
a result of a reduction in maximum (September) sea ice extent under RCP8.5 forcing (see Figure 8c).

We conclude that warming-induced stratification throughout the 21st century likely explains, in part, reduced
Si and N concentrations at the surface and thus a more poleward SF in future. We further speculate that
MLD shoaling and nutrient-specific remineralization rates (Broecker & Peng, 1982) help to explain why the
long-term reduction in surface Si is greater than that for N (Figure 7) and the vertical gradient in the long-term
change in Si is greater than that for N throughout the water column (e.g., Figure 9).

In addition to changes in vertical mixing, any long-term changes in the dynamics of the ACC and its fronts
could drive changes in the SF. We use the CESM-LE ensemble mean barotropic stream function to quantify
long-term changes in the mean latitude of the core of ACC transport. As in Meijers et al. (2012), the core of
the ACC is computed from the barotropic streamfunction by determining a range of transport values relative
to the Drake Passage and finding the mean latitude of the upper 50% of zonal transport within that range.
Figure 10 shows that the ensemble mean core position of the ACC has remained unchanged under historical
and RCP8.5 forcing. In addition to bathymetry, the westerly winds are regarded as a major driver in the position
of the ACC and its fronts (e.g., Dong et al., 2006; Graham et al., 2012), but despite a significant long-term
increase in the driving westerlies in the east Indian and Pacific sectors (not shown), the position of the Westerly
Jet does not shift (not shown; defined as the latitude of the maximum zonal mean wind speed as in Swart et al.,
2015) and the result is a persistently stable ACC core from 1920 to 2100. Therefore, the long-term poleward
shift in the SF is independent of ACC transport on interdecadal time scales (compare Figures 5 and 10).
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Figure 8. Epoch differences (2090s − 2000s) in Community Earth System Model Large Ensemble simulated ensemble mean surface (a) SST, (b) stratification
(defined as the density difference between the surface and 200 m), (c) mixed layer depth (MLD), (d) Si uptake by diatoms, and (e) diatom Fe limitation; only
significant changes are shown (see section 2.3), and black and white contours in stereographic plots are the same as in Figure 7. Note that in (e), color has been
inverted so that blue colors represent less iron limitation in the future; limitation terms are on a [0, 1] scale, where 0 (1) is most (least) limiting.

Additionally, we examine absolute gradients in SST and SSS to quantify long-term changes in the hydro-
graphic structure of the ACC system (e.g., thermal and haline fronts at the surface). In particular, we investigate
changes in the CESM-LE PF; the fundamental dynamical processes that set up the hydrographic PF have long
been understood to be the same processes that set up the biogeochemical SF (i.e., that the PF and SF are
inherently coupled; see section 1). While the coarse resolution of the CESM-LE precludes a traditional identi-
fication of the PF, an objective analysis of ∇SST and ∇SSS reveals that while the thermal intensity of the PF
has increased long term, the CESM-LE ensemble mean PF has not shifted meridionally under RCP8.5 forcing
(not shown); any significant long-term changes in ∇SST or ∇SSS occur in regions where sea ice retreats under
climate warming and are therefore not associated with traditional fronts. Given that the SF shifts poleward
while the rest of the ACC system, its defining dynamical and hydrographic characteristics or its major drivers
(wind, bathymetry), remain unchanged suggests a decoupling of these key dynamical and biogeochemical
features of the Southern Ocean, particularly a decoupling of the SF and PF on interdecadal time scales under
external (i.e., climate change) forcing. This result highlights a need to further investigate the relationship
between the PF and SF in the modern-day Southern Ocean. We discuss the implications of such a decoupling
for paleo proxies in section 4.1.3.
4.1.2. Biological Processes
Phytoplankton physiology will be directly and indirectly affected by Southern Ocean warming: warming
increases phytoplankton growth rates (see Eppley, 1972; Kremer et al., 2017; Moore et al., 2004), while
warming-induced stratification limits access to nutrients through a reduction in the vertical supply. While spa-
tially heterogeneous, we observe a significant increase in Si uptake by diatoms within and to the south of the
SF over the 21st century (Figure 8d), consistent with studies that have reported increased diatom net primary
productivity here (Krumhardt et al., 2017; Leung et al., 2015; Marinov et al., 2010; Misumi et al., 2014), and
likely contributing to reduced surface Si (Figure 7a). This positive diatom response is likely driven by warm-
ing and reduced iron (Fe) limitation over time (Figure 8e; Misumi et al., 2014; Moore et al., 2013). Misumi et al.
(2014) show that elevated Fe supply to the Southern Ocean by the end of the 21st century is largely a result of
increased horizontal advection, most notably from an intensified and more poleward large-scale subtropical
gyre circulation in the Atlantic sector.
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Figure 9. Between the latitudes of the present (2000s) and future (2090s) ensemble mean Silicate Front positions (white shaded frontal region in inset map),
ensemble mean vertical profiles of present and future Si and N concentration and mixed layer depth (MLD) in the upper 200 m in the Atlantic, Indian, and Pacific
sectors of the Southern Ocean as simulated by the Community Earth System Model Large Ensemble; at depth, dashes indicate where model drift relative to the
reported change in that nutrient cannot be deemed negligible. Present and future ensemble mean biological pump efficiency (BPeff ), with respect to N
concentration, is reported for each region (lower left of each panel; defined as [N]d−[N]s

[N]d
, where subscripts s and d indicate the average concentration of the

surface (0–100 m) and deep (100–200 m) layers, respectively; Sarmiento & Gruber, 2006).

Small phytoplankton are more competitive for nutrients at low concentrations; their larger surface
area-to-volume ratio is parameterized in the CESM via prescribed half-saturation coefficients for nutrient
uptake. While diatoms and small phytoplankton have been prescribed the same maximum growth rates in
the CESM-LE, for a given increase of Fe to an iron-limited system, the growth rate response of diatoms will be
greater than that of small phytoplankton. Therefore, it is likely that some portion of the long-term decrease
in surface macronutrients (Figure 7) is attributable to increased diatom productivity and utilization of Si here
(Figure 8d; that is, a more efficient biological pump; Figure 9) driven by reduced Fe limitation (Figure 8e; Wang
et al., 2017). Independent of the location of the SF, a lower Si:N across the Southern Ocean in future has impli-
cations for the relative abundance of diatoms versus nonsiliceous phytoplankton, likely leading regime shifts
in phytoplankton community structure (see John et al., 2015).
4.1.3. The SF on Glacial-Interglacial Time Scales
The modern-day relationship between diatom productivity and export in the silicate-replete Antarctic waters
south of the PF and the opal-dominated sediments below (i.e., the Opal Belt; e.g., DeMaster, 1981) has been
used to infer changes in diatom productivity and the air-sea carbon balance on glacial-interglacial time scales
(e.g., Abelmann et al., 2006; Anderson et al., 2009; Crosta et al., 2004; Kemp et al., 2010; Kohfeld et al., 2013;
Nair et al., 2015; Taylor-Silva & Riesselman, 2018). Whether the PF was displaced significantly north or south
from its modern-day position on these time scales is still a topic of debate (see Kemp et al., 2010). Results from
this study suggest that on a near-centennial time scale, the SF can vary by up to ∼6∘ latitude in regions not
characterized by shallow bathymetry (Figure 6b). However, the poleward shift in the SF reported here is inde-
pendent of the PF, suggesting a decoupling of these biogeochemical and hydrographic fronts on interdecadal
time scales and highlighting the need for a re-evaluation of the relationship of these key frontal features.

4.2. Study Limitations and Caveats
Unlike the observed complex frontal structure of the PF, which can split into multiple filaments in regions
characterized by deeper bottom depths (Graham et al., 2012; Sokolov & Rintoul, 2002), the SF identified in
this study is generally located at one latitudinal point at a given longitudinal position (by nature, rather than
by choice or mapping scheme) and influenced by a documented low nutrient bias (Moore et al., 2013). We
acknowledge that our SF analysis lacks information on smaller scales of variability, owing to the coarse resolu-
tion of the CESM (∼1∘), and thus omits mesoscale or submesoscale features. Currently, the importance of small
scales of variability on the SF is unknown owing to a lack of observational metrics. While this study boasts
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Figure 10. Decadal mean Antarctic Circumpolar Current (ACC) core positions (defined after Meijers et al., 2012):
historical (1920s; white contour), present-day (2000s; black contour), and future (2090s; blue contour) ensemble mean
location. Community Earth System Model version 1 bathymetry displayed underneath Silicate Front positions in color,
where warm colors indicate shallow bathymetry and cool colors indicate deep.

the ability to address the role of internal climate variability by using a large ensemble, we cannot address the
role of model structural uncertainty in long-term SF trends (Lovenduski et al., 2016).

Model drift (i.e., long-term change in the control simulation), if present, indicates that a tracer field is not at
equilibrium with respect to the physical circulation, owing to insufficient and often infeasible model spin-up
time prior to transient runs, a common issue plaguing model experiments (see Séférian et al., 2016). Despite
drift in the simulated surface concentrations of Si and N (−0.42 and−0.20 mmol/m3 epoch differences, respec-
tively) the long-term large-scale decrease in surface macronutrients and latitude of the SF reported here is
robust. For example, the overlap of the blue whiskers in Figure 6a indicates that the historical and future SF
latitudes from the control are not statistically indistinguishable and therefore the long-term change in the
control SF (i.e., model drift in the SF) is not significant, yielding a robust climatic change in the transient SF.

Like many Earth System Models, the CESM model has been tuned to approximately match observations
of nutrient fields. In particular, the supply and removal of Fe in these models remains poorly constrained
(Tagliabue et al., 2016).

Given the known importance of silicate availability for diatom growth and the SF as a key biogeochemical
divide, we speculate that diatom production would decrease, relative to present day, as a consequence of
a significant poleward shift in the SF. Ecologically, significant changes in the position of the SF would have
implications for Southern Ocean biogeography, associated with shifts in the base of the marine food chain
(e.g., from diatoms to small phytoplankton), with subsequent impacts on biodiversity (see Conversi et al., 2015;
John et al., 2015; Schabhüttl et al., 2013). Here the CESM-LE simulates an increase in diatom productivity by
the 2090s despite a more poleward SF, likely owing to the current configuration of the BEC model: nutrient
limitation terms and half-saturation constants (Km terms) are prescribed in a way that results in a dominance
of Fe limitation across the Southern Ocean, to the point that diatoms do not respond to simulated changes
in Si and thus the position of the SF (Km for Si likely too low in BEC). In reality, we could expect diatoms
to experience and respond to Si limitation and Fe colimitation in the Southern Ocean, particularly near the
SF (Cortese & Gersonde, 2008; Hoffmann et al., 2008). Indeed, some microcosm and open Southern Ocean
studies suggest that Si is a major driver in the partitioning of diatoms versus smaller phytoplankton (e.g.,
coccolithophores; Egge & Aksnes, 1992; Eynaud et al., 1999; Mohan et al., 2008). Our results highlight a need
to better represent and investigate the relationship between the SF and biogeography in climate models.
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5. Conclusions

We use the CESM-LE simulations to quantify the temporal variability of the Southern Ocean SF and its response
to 21st century warming. In summary, this study finds that the latitudinal location of the SF is influenced
by biology and bathymetry. On seasonal time scales, biology largely determines the location of the SF, in
its northernmost position in austral winter and southernmost in austral summer, reflecting seasonal diatom
utilization of Si and N. On interannual to interdecadal time scales, Southern Ocean bathymetry largely deter-
mines the location of the SF, acting to limit its meridional extent and temporal variance over shallow regions.
Under historical and RCP8.5 forcing, the SF shifts poleward both in zonal average and at nearly every longi-
tude, with largest poleward displacements in deep-ocean regions. A more poleward SF cannot be explained
by a shift in the Antarctic PF or the core of ACC transport. We attribute a more poleward SF to a combination
of physical and biological mechanisms that drive reduced macronutrients at the surface: a reduction in the
vertical supply of Si and N driven by a robust warming-induced stratification and an increase in Si used by
diatoms driven by reduced iron limitation over time.
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