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Drivers of variability in Southern Ocean water mass formation regions

by Rachael N.C. Sanders

Subantarctic Mode Water (SAMW) forms on the northern side of the Subantarctic Front,
in regions of deep winter mixed layers. The water mass is responsible for absorbing a
significant proportion of the anthropogenic CO2 and heat that is taken up by the global
ocean. Two modes of SAMW are present in the Pacific, a lighter central Pacific mode
(CPSAMW), and a denser Southeast Pacific mode (SEPSAMW). Antarctic Intermediate
Water (AAIW), characterised by a salinity minimum, forms to the south of SAMW, via
the subduction of northward flowing Antarctic Surface Water. Each water mass has ex-
perienced significant interannual variability in recent years. In this study, mixed layer
temperature and salinity budgets are computed in the SAMW formation regions, to
determine the processes responsible for variability in the properties of the mixed layers
that ultimately subduct as SAMW. The results of the budgets are used to determine the
drivers of interannual variability in the Southern Ocean water mass formation regions.
The dominant drivers in the variability of both temperature and salinity of the SAMW
formation region mixed layers are shown to be surface buoyancy fluxes, horizontal
advection and entrainment.

Salinity advection in each water mass formation region is found to be strongly corre-
lated with sea ice area in the northern Ross Sea, with the strongest impact occurring at
lags of up to two years. Correlation is also found between meridional salinity advection
in the southeast Pacific water mass formation regions, and sea ice area in the northern
Amundsen/Bellingshausen Sea, suggesting freshwater fluxes due to sea ice melt reach
the SEPSAMW formation region over six months. Patterns in Ross Sea sea ice appear
to be related to those in the El Niño Southern Oscillation (ENSO), which drives a 10-15
year cycle that is also seen in salinity advection, with the strongest signal in the AAIW
formation regions.

In 2016, the winter mixed layer in the southeast Pacific SAMW formation region was
anomalously shallow, warm and fresh. Reduced surface cooling during autumn/win-
ter was found to be the main cause of the mixed layer failing to deepen. However,
the mixed layer was already anomalously fresh due to northward advection of fresh-
water, linked to increased sea ice melt in the Amundsen/Bellingshausen Sea, acting to
increase the stability of the mixed layer. The increased sea ice was the result of a si-
multaneously positive ENSO and Southern Annular Mode (SAM) the previous winter.
Both climate modes then switched to negative, and the high frequency variability in the
SAM drove anomalies in both zonal and meridional winds over the southeast Pacific.
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Taken from Frölicher et al. (2015). . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Schematic showing the regions of highest subduction (black) and up-
welling (orange) around the ACC, and the pathways of maximum ex-
port (green arrows). The areas of different density AAIW and SAMW
pools are also shown. Taken from Sallée et al. (2010b). . . . . . . . . . . . 3

1.3 Anomalies in the winter thickness (m) of the central and southeast Pa-
cific SAMW pools (defined by the boxes), for each year from 2005-2018,
computed from gridded Argo data. Taken from Meijers et al. (2019). . . 6

1.4 Linear trends in A) northward sea ice transport (m2 s−1 per decade) and
B) the net sea ice to ocean freshwater flux (m yr−1 per decade), calculated
from satellite ice observations and sea ice reconstructions. The black line
marks the boundary between open ocean and coastal seas, where ice-
ocean freshwater flux is zero, and the grey line is the 1% sea ice concen-
tration contour. Taken from Haumann et al. (2016). . . . . . . . . . . . . . 9

1.5 The results of a particle release experiment using SOSE to analyse the
pathway and destination of particles released in areas of sea ice melt,
where particles have been weighted by the sea ice melt rate at their re-
lease time. A) The pathways of the released particles entering any 1°
longitude × 1° latitude grid within three years of initial release, B) the
locations at which the particles that reached the SAMW formation region
were released at, and C) the longitude that the particles that travelled
north of the SAF were released. Taken from Cerovečki et al. (2019). . . . 10
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Chapter 1

Introduction

1.1 The importance of the Southern Ocean

More than a quarter of anthropogenic carbon released into the atmosphere is taken up
by the world’s oceans (Le Quéré et al., 2009). A disproportionate amount of this is
absorbed by the Southern Ocean relative to its surface area, with models suggesting
the region south of 30°S represents around 43% of the global ocean anthropogenic car-
bon sink (Frölicher et al., 2015; Figure 1.1a). The proportion of atmospheric CO2 that
can be absorbed by the ocean is restricted by the rate that the CO2 is transferred from
the surface into the interior ocean (Sarmiento et al., 1992). Within the Southern Ocean,
Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW) are par-
ticularly significant to the subduction and transport of carbon (Sabine et al., 2004). At
the surface, the initial low anthropogenic carbon concentrations of these water masses,
combined with high surface wind speeds, allow strong fluxes of CO2 from the atmo-
sphere into the surface ocean. Both water masses are then subducted and transported
north in the thermocline, preventing the carbon from being transferred back into the
atmosphere.

The formation and transport of SAMW and AAIW also has an impact on the distribu-
tion of anthropogenic heat storage in the global ocean. Although the Southern Ocean is
responsible for around 75% of global ocean anthropogenic heat uptake (Frölicher et al.,
2015; Figure 1.1b), the transport of SAMW and AAIW appears to delay the effects of
atmospheric warming on Southern Ocean surface temperatures. The average rise in
Southern Ocean sea surface temperature south of the Antarctic Circumpolar Current
(ACC) over recent decades was only a quarter of the global average (Armour et al.,
2016). This is because much of the absorbed heat is transported equatorward, and in-
stead stored at the subduction zone north of the ACC. In recent years, there has been an
increase in heat uptake by the Southern Ocean, connected to SAMW and AAIW. Gao
et al. (2018) calculated that 84% of the trend in upper ocean heat content between 2005
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(A) CO2 uptake (B) Heat uptake

FIGURE 1.1: Cumulative uptake of A) anthropogenic CO2 (mol m−2) and B) heat (109

J m−2) by the global ocean between 1870 and 1995, in CMIP5 models. Taken from
Frölicher et al. (2015).

and 2015, was due to an increase in the thickness and volume of the SAMW, while the
remaining 16% was due to an increase in the temperature of the water mass. Meijers
et al. (2019) showed that variability in SAMW volume and heat content is predomi-
nantly due to variability in the thickness of the water mass. Understanding the con-
trols of variability in SAMW and AAIW properties and formation is therefore vital to
understanding the global ocean sink of anthropogenic carbon and heat.

The Southern Ocean also provides a connection between each of the ocean basins, and
plays an important role in the global meridional overturning circulation (MOC; Mar-
shall and Speer, 2012) which transports heat, carbon and nutrients around the globe.
Within the Southern Ocean, the MOC consists of two cells. The deep cell is associated
with Antarctic Bottom Water (AABW) formation, which sinks in the Antarctic shelf
seas due to an increase in surface density via sea ice formation, and subsequently flows
north near to the seafloor (Marshall and Schott, 1999). The upper cell involves strong
westerly winds that drive Ekman upwelling of Circumpolar Deep Water (CDW) in the
ACC, which becomes lighter at the surface via freshwater and heat exchange. This sur-
face water then flows north via Ekman transport, is modulated by surface buoyancy
fluxes, and eventually subducts on the northern side of the Polar Front (PF) as AAIW,
and on the northern side of the Subantarctic Front (SAF) as SAMW (Speer et al., 2000;
Sloyan and Rintoul, 2000).

1.2 Formation of SAMW and AAIW

SAMW formation sites are associated with deep surface mixed layers of up to 500 m,
on the northern side of the SAF (McCartney, 1977). The mixed layers of this region
reach particularly high depths due to a combination of strong westerly winds driving
downward Ekman pumping, and strong surface heat loss (Qu et al., 2020). SAMW
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FIGURE 1.2: Schematic showing the regions of highest subduction (black) and up-
welling (orange) around the ACC, and the pathways of maximum export (green ar-
rows). The areas of different density AAIW and SAMW pools are also shown. Taken

from Sallée et al. (2010b).

subduction occurs only in winter when the deep mixed layers have formed, and water
can be transferred directly from the mixed layer to the permanent thermocline. During
the spring/summer following SAMW formation, the water column once again strati-
fies, with mixed layer depth (MLD) shallowing to around 50 m, trapping the SAMW
pool beneath. SAMW subduction is driven by a combination of Ekman pumping, eddy
fluxes, and lateral induction of the mean flow – the process that occurs when the mean
flow crosses the base of the mixed layer due to a horizontal gradient in the MLD. Kwon
et al. (2013) found the primary mechanism of SAMW subduction to be convection at
the base of the mixed layer, driven by the seasonal change in MLD. Variability in the
rate of subduction is therefore associated with the gradient in MLD (Qu et al., 2020).
Surface heat loss via frequent winter storms has been shown to be important to the de-
velopment of the deep winter mixed layers in the southeast Pacific (Holte et al., 2012;
Ogle et al., 2018; Tamsitt et al., 2020). The highest diffusivity rates beneath the mixed
layer have also been observed during spring and summer, reducing stratification and
generating the conditions that allow deep mixed layers to form the following winter
(Sloyan et al., 2010).

The formation of AAIW is complex, with two potential mechanisms. The first mech-
anism is the circumpolar subduction of northward flowing Antarctic Surface Water
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(AASW) at the SAF (Sørensen et al., 2001). The second mechanism is the transforma-
tion from SAMW in specific locations, in particular the southeast Pacific (McCartney,
1977). The overlap between temperature and salinity ranges of SAMW in the South-
east Pacific and AAIW in the subtropical gyres has been seen as evidence of the second
process (McCartney, 1977). However, it has since been observed that within Drake Pas-
sage, interannual changes in AAIW characteristics are correlated to those in AASW, not
SAMW. This instead supports the first theory (Naveira Garabato et al., 2009).

1.3 Characteristics of SAMW and AAIW

Once subducted, SAMW and AAIW flow equatorward into the basins of the Atlantic,
Indian and Pacific Oceans. The regions of subduction, export pathways, and observed
locations of the water masses are shown in Figure 1.2. AAIW is observed at depths of
around 1000 m and is recognised by a salinity minimum in the water column. Signif-
icant volumes of AAIW subduct within Drake Passage, with the lighter water trans-
ported into the Pacific subtropical gyre and the denser water into the Atlantic (Sallée
et al., 2010b). SAMW is found from the surface to depths greater than 600 m, and exists
as a thick homogenous layer in the density range 1026.7-1027.2 kg m−3 (McCartney,
1977). This homogeneity means that potential vorticity (PV) can be used as a tracer. PV
is defined in Equation 1.1, with planetary vorticity denoted by f, relative vorticity by ξ,
and density by ρ.

PV =
( f + ξ)

ρ

dρ

dz
(1.1)

Relative vorticity is generally very small compared to planetary vorticity, and so po-
tential vorticity can instead be defined by Equation 1.2 (Hanawa and Talley, 2001).

PV =
f
ρ

dρ

dz
(1.2)

Since SAMW layers have very low density gradients due to their homogeneity, they can
therefore be recognised by a minimum in potential vorticity (McCartney, 1982). The lo-
cations of low potential vorticity SAMW pools in each ocean basin were described by
Herraiz-Borreguero and Rintoul (2011), with lighter SAMW pools found in the south-
west of each basin and denser pools in the southeast, and further north.

The principal SAMW pools in the Southern Ocean are located in the Indian Ocean sec-
tor, south of Australia; and in the central and southeast Pacific sectors. The locations
of SAMW pools in each Southern Ocean sector, and their export pathways, were de-
scribed by Jones et al. (2016a). A large SAMW pool was noted in the southeast Indian
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Ocean, spreading northwest; a very small proportion of this entered the Atlantic via
the Agulhas current, while the majority remained in the Indian basin, steered by the
subtropical gyre. A SAMW pool in the central Pacific sector spread west along the
New Zealand coast, before splitting in two, to form a northward moving pool to the
Pacific, and a westward pool south of Australia. Another pool was observed in the
southeast Pacific, spreading northwest. The two Pacific SAMW pools remain mostly
in the basin, with the southeast Pacific SAMW exported more quickly. The observed
Atlantic SAMW pool is thought to have originated in the southeast Pacific, before be-
ing transported through Drake Passage and along the path of the Malvinas Current to
reach the Atlantic (Sallée et al., 2010b). This pool then spreads quickly across all three
basins via the ACC.

The two SAMW pools in the Pacific sector can be recognised by their different prop-
erties: Central Pacific Subantarctic Mode Water (CPSAMW) is the lighter variety of
SAMW with a density of around 26.85-26.95 kg m−3, while Southeast Pacific Subantarc-
tic Mode Water (SEPSAMW) is the denser variety with a density of around 26.95-27.1
kg m−3 (Cerovečki et al., 2019). The formation regions of the two pools are separated
at approximately 115°W, either side of the Pacific Antarctic Ridge, and each pool expe-
riences significant variability in properties that are independent of the other (Meijers
et al., 2019).

1.4 Variability in SAMW and AAIW properties and formation

In recent decades, there has been significant variability in the properties of the SAMW
pools. Interannual variability in the properties of the water mass is correlated with
the properties of the SAMW formation regions (Naveira Garabato et al., 2009). These
formation regions experience strong variability on sub-monthly, seasonal, and inter-
annual timescales, particularly due to changes in surface buoyancy fluxes (Ogle et al.,
2018; Tamsitt et al., 2020). Within the formation regions, anomalously deep winter
mixed layers are generally associated with colder, fresher, deeper, and thicker SAMW
layers in the southeast Pacific, with temperature and salinity variations compensating
each other to preserve density (Naveira Garabato et al., 2009).

Between 2006 and 2015, there was an overall increase in SAMW volume in both the
Pacific and Indian Oceans, and an overall decrease in AAIW volume (Portela et al.,
2020). However, the different density SAMW pools within each ocean basin exhibit
very different patterns of interannual variability (Meijers et al., 2019; Hong et al., 2020;
Portela et al., 2020). In the Indian Ocean, a dipole in variability was observed between
the volume of the two SAMW pools from 2004-2018. The volume of the denser pool
southwest of Australia decreased, while the volume of the lighter pool in the centre
of the south Indian Ocean increased. The changes were linked to variability in the
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FIGURE 1.3: Anomalies in the winter thickness (m) of the central and southeast Pacific
SAMW pools (defined by the boxes), for each year from 2005-2018, computed from

gridded Argo data. Taken from Meijers et al. (2019).

westerly winds, driving anomalous surface fluxes and Ekman pumping (Hong et al.,
2020). A similar dipole in properties was observed in the thickness and volume of the
central and southeast Pacific SAMW from 2005-2017, with a difference of up to 150 m
between the winter thickness of the two pools (Figure 1.3). This variability was also
found to be driven by changes in net surface heat fluxes and the strength of the local
winds (Meijers et al., 2019).

Measurements from moorings in the Indian Ocean and southeast Pacific SAMW for-
mation regions show net surface heat fluxes to have similar strong seasonal variability
in each region, dominated by the variation in shortwave radiation (Tamsitt et al., 2020).
Significant correlation was observed between net surface heat fluxes and MLD at each
of these sites, but the correlation was weak, suggesting other processes also influence
the seasonal depth of the mixed layer. When looking at the interannual variability at
each site, they found that some years with anomalously shallow winter MLD were as-
sociated with weak surface heat loss, while other years had average levels of surface
heat loss but anomalously shallow MLDs. Therefore, while the net surface heat flux
appears to be the dominant driver of variability in the mixed layer of the SAMW for-
mation regions, other processes, such as surface freshwater fluxes and advection, are
likely driving anomalies in the depth of the winter MLD, and associated SAMW thick-
ness and volume.
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There is strong interannual variability in the thickness of Pacific SAMW during winter,
when subduction of the water mass occurs, as well as in the difference in thickness
between the central and southeast SAMW pools (Figure 1.3). The strongest anomalies
in Pacific SAMW thickness in recent years occurred in 2016, when SAMW thickness
in the southeast Pacific was anomalously low, and thickness in the central Pacific was
simultaneously anomalously high. During the winter of 2016, when the mixed layer
is at its maximum, the difference in thickness between the two modes was around
150 m (Meijers et al., 2019). Anomalies in the volume and heat content of SAMW are
also strongly correlated to anomalies in thickness (Meijers et al., 2019), and the rate of
SAMW subduction is strongly associated with MLD (Qu et al., 2020).

Positive anomalies in AAIW temperature and salinity are linked to deeper, thinner
AAIW layers. Within Drake Passage, the main driver of interannual variability in
AAIW properties appears to be changes in AASW (as supported by Abernathey et al.,
2016), with positive AASW temperature anomalies during winter associated with pos-
itive AAIW temperature anomalies the following summer. AASW properties are in-
fluenced by variability in Antarctic sea ice, also leading to a correlation between the
properties of AAIW in Drake Passage and sea ice concentration in the Bellingshausen
Sea (Naveira Garabato et al., 2009).

Between 1969 and 2005, interdecadal variability was observed in Pacific SAMW and
AAIW (Naveira Garabato et al., 2009). In the 1970s, the temperature and salinity of
the SAMW in Drake Passage increased by 0.2-0.4°C and approximately 0.05 psu, re-
spectively. During the 1990s, the pattern then reversed and temperature and salinity
decreased, with the freshest SAMW observed in 2005. This variability was linked to
changes in surface heat fluxes and precipitation. Increased northward advection of
cooler, fresher surface waters, driven by changes in winds, also contributed to the fresh-
ening in the second half of the time series. The same reversal of trends was not seen
in AAIW, with a freshening instead observed from the 1970s onwards. This was con-
nected to changes in precipitation and sea ice cover in the Bellingshausen Sea, which
resulted in fresher AASW ventilating the AAIW.

Much of the interannual variability observed in SAMW and AAIW in recent decades
can be linked to modes of climate variability. The main climate modes impacting the Pa-
cific water mass formation regions are the El Niño Southern Oscillation (ENSO) and the
Southern Annular Mode (SAM). These modes can lead to changes in the SAMW and
AAIW formation regions either via anomalous surface buoyancy fluxes, and changes in
local winds influencing circulation, or by indirectly influencing the region via changes
in Antarctic sea ice concentration (Naveira Garabato et al., 2009; Ogle et al., 2018;
Cerovečki et al., 2019; Meijers et al., 2019).
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1.5 The influence of sea ice on SAMW and AAIW

In recent decades, a net increase in total Southern Ocean sea ice cover was observed
(Comiso and Nishio, 2008). This trend ceased in 2016, when a rapid decrease occurred
and sea ice extent dropped to a record minimum in November 2016 (Schlosser et al.,
2018). The increasing trend in the overall sea ice up to 2016 masked very different
regional trends. The largest increase was seen in the Ross Sea, followed by the Wed-
dell Sea and the Indian Ocean sector, whereas the Amundsen and Bellingshausen Seas
both saw simultaneous decreasing trends (Parkinson and Cavalieri, 2012). Holland and
Kwok (2012) found the trends in the Pacific Sector and the Weddell Sea to be associated
with wind-driven changes in sea ice transport. A northward transport of sea ice, away
from the coast, allows greater heat exchange between the ocean and atmosphere, lead-
ing to more sea ice being produced. While meridional winds have the largest impact
on sea ice extent, zonal winds also have an influence (Haumann, 2016).

The recent trends in winds over the Southern Ocean, and the corresponding trends in
sea ice, have been linked to the SAM and ENSO. Negative sea ice trends in the Belling-
shausen Sea region were related to an increasingly positive SAM and simultaneous
negative ENSO events, that resulted in an increase in the strength of the local northerly
winds. On the other hand, the positive SAM caused a strengthening of the zonal winds
over the Ross Sea, causing Ekman transport of sea ice away from the coast of Antarctica,
and therefore leading to an increase in sea ice production (Stammerjohn et al., 2008).

The rapid decrease in sea ice over 2016 has been linked to a number of driving mecha-
nisms. The strong El Niño event in 2015/2016 led to positive sea surface temperature
(SST) anomalies in the Ross, Amundsen, and Bellingshausen Seas (Stuecker et al., 2017),
while a strongly negative SAM event peaked in November 2016, resulting in anoma-
lous easterly winds and warmer surface waters being transported southward into the
sea ice zone (Meehl et al., 2019). The conditions led to sea ice reaching its annual maxi-
mum extent a month earlier than usual in August 2016, and a record low sea ice extent
was observed in October 2016. The initial decline in total Antarctic sea ice was a result
of decreasing sea ice in the Ross Sea and Weddell Sea, and a later decrease from Octo-
ber to December was a result of further decreases predominantly in the Amundsen and
Bellingshausen Seas (Wang et al., 2019).

In terms of the long-term trend, increased sea ice leads to increased brine rejection at
the coast in regions of AABW formation, and increased melting at the sea ice edge.
This results in freshwater being removed from the lower Southern Ocean overturning
cell, and added to the upper cell where it can be incorporated into SAMW and AAIW
formation (Haumann et al., 2016). As a result of the outcropping isopycnals within the
ACC region being very close together, small changes in sea ice cover and melting can
result in significant variability in the properties of the water masses formed in this area
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FIGURE 1.4: Linear trends in A) northward sea ice transport (m2 s−1 per decade) and
B) the net sea ice to ocean freshwater flux (m yr−1 per decade), calculated from satel-
lite ice observations and sea ice reconstructions. The black line marks the boundary
between open ocean and coastal seas, where ice-ocean freshwater flux is zero, and the
grey line is the 1% sea ice concentration contour. Taken from Haumann et al. (2016).

(Cerovečki et al., 2019). Haumann et al. (2016) determined that the overall freshening
of Southern Ocean surface waters was driven primarily by changes in the northward
advection of sea ice. They noted an increase in the amount of freshwater transported
north via sea ice between 1982 and 2008, particularly in the Pacific sector, and a corre-
sponding increase in the freshwater flux into the ocean (Figure 1.4). The rate of circum-
polar freshening in the northward-flowing surface waters that eventually form SAMW
and AAIW was found to be -0.02 ± 0.01 g kg−1 per decade.

Cerovečki et al. (2019) showed that sea ice played an important role in setting the prop-
erties of SAMW and AAIW. The results of a particle release experiment in SOSE showed
that freshwater fluxes from sea ice melt in the Ross Sea, reach the SEPSAMW formation
within two years, and these freshwater anomalies are subducted into the interior ocean
as both AAIW and SEPSAMW. This led to a freshening of SEPSAMW in 2008-2010 com-
pared to 2005-2007, due to high Ross Sea sea ice extent in 2008. The freshwater anoma-
lies that reached the southeast Pacific SAMW formation region originated predomi-
nantly from longitudes between 150°E and 120°W (Figure 1.5), which encompasses the
entire Ross Sea, and the eastern side of the Amundsen Sea. Freshwater anomalies orig-
inating from further west did not reach the SAMW formation region, and anomalies
originating further east were advected eastward through Drake Passage via the ACC.

Interannual variability in the AAIW formed south of the SAMW formation regions
described by Naveira Garabato et al. (2009) was also linked to variability in sea ice,
with freshwater anomalies originating in the Bellingshausen Sea driving freshening.
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(A) Particle pathways

(B) Location of released particles

(C) Longitude of released particles

FIGURE 1.5: The results of a particle release experiment using SOSE to analyse the
pathway and destination of particles released in areas of sea ice melt, where particles
have been weighted by the sea ice melt rate at their release time. A) The pathways of
the released particles entering any 1° longitude× 1° latitude grid within three years of
initial release, B) the locations at which the particles that reached the SAMW formation
region were released at, and C) the longitude that the particles that travelled north of

the SAF were released. Taken from Cerovečki et al. (2019).
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Correlation was found between sea ice concentration and both the temperature and
salinity of AAIW formed in the southeast Pacific. This correlation occurred via the
cooling and the freshening of AASW that subsequently ventilates the AAIW.

The described studies suggest that variability in Antarctic sea ice concentration can
play a significant role in the variability of properties in both AAIW and SAMW. How-
ever, the mechanisms involved in this connection are not yet well understood and the
effect of sea ice on setting the properties in the SAMW and AAIW formation regions has
not been thoroughly investigated. Studies have shown that surface buoyancy fluxes,
especially heat loss, set MLD in the SAMW regions (Ribbe, 1999; Rintoul and England,
2002; Sallée et al., 2006; Holte et al., 2012), and recent studies have focused on interan-
nual variability in the properties of the mixed layer driven by surface buoyancy fluxes
(Ogle et al., 2018; Meijers et al., 2019; Tamsitt et al., 2020). However, the role of advec-
tion and particularly sea ice melt in setting mixed layer properties in these regions, and
in preconditioning deep convection, is still very unclear.

1.6 The influence of the ENSO and SAM on SAMW and AAIW
formation regions

In addition to the indirect effect of climate modes on SAMW and AAIW via changes
in sea ice, more direct influences are also seen on a range of timescales. Both ENSO
and SAM have strong influences on the strength of the winds over the Pacific SAMW
formation regions. A positive SAM event is associated with an intensification of the
westerly winds over the water mass formation regions (Hall and Visbeck, 2002). The
impact of changing westerly winds, associated with the increasingly positive phase
of the SAM observed in recent years, was investigated by Downes et al. (2017). Both
stronger westerly winds over the Pacific SAMW formation region, and a poleward shift
in the westerlies, resulted in an increase in surface heat loss and a decrease in surface
freshwater fluxes. This led to an overall increase in MLD, and subsequent subduction
of AAIW and SAMW. The poleward shift in the westerlies were found to be more im-
portant in driving SAMW subduction changes, in comparison to the increase in the
strength of the winds. An increase in the total subduction of SAMW between 2005
and 2019 observed in Argo data by Qu et al. (2020) was linked to deeper mixed layers,
driven by increased westerly winds associated with an increasingly positive SAM.

In the Pacific sector, ENSO events have different influences on the central and southeast
SAMW formation regions. Meijers et al. (2019) showed that between 2005 and 2017,
positive ENSO events was associated with more southerly winds over the southeast
Pacific and more easterly winds over the central Pacific. The ENSO is also a major
driver of SST variability in the southeast Pacific, with positive correlation occurring



12 Chapter 1. Introduction

first at a 4-6 month lag, due to an atmospheric Rossby wave train conveying ENSO-
induced SST anomalies from the equatorial Pacific (Turner, 2004). A second correlation
is then seen at a lag of around 19 months, due to the advection across the Pacific of
ENSO-induced SST anomalies, originating in the west Pacific.

Particularly strong ENSO and SAM events occurred in 1998-99 and 2015-16, both re-
sulting in strong anomalies in the Pacific SAMW formation regions (Naveira Garabato
et al., 2009; Ogle et al., 2018; Meijers et al., 2019). During 1998-9, a positive SAM oc-
curred, while ENSO switched from strongly positive to negative, both resulting in an
intensification of westerly winds and a corresponding increase in Ekman transport.
This led to the formation of a second mode of SAMW in the southeast Pacific, ventilated
by northward flowing AASW transported to the south of the SAMW formation region
due to the strong northward Ekman flow. This second mode of SAMW was cooler and
fresher than the mode further north formed via convection (Naveira Garabato et al.,
2009). The anomalous ENSO and SAM events also led to a cessation in AAIW forma-
tion in the southeast Pacific for up to two years. Possible explanations for this are that
surface freshwater fluxes led to AAIW being transformed into SAMW, or that freshwa-
ter anomalies due to sea ice melt entered SAMW rather than AAIW (Cerovečki et al.,
2019).

In 2015-6, a record positive ENSO event coincided with a positive SAM. In the winter
of 2016, the mixed layer in the southeast Pacific was then anomalously shallow, leading
to the subduction of an anomalously thin SAMW layer, while the central Pacific mixed
layer was anomalously deep (Ogle et al., 2018; Meijers et al., 2019). A potential driver
of the shallow mixed layer was weak negative heat fluxes, due to the observed lack
of winter storms, resulting in lower heat loss to the atmosphere (Ogle et al., 2018).
These storm events are associated with southwesterly winds that advect cold, dry air
from Antarctica, resulting in large temperature and humidity differences between the
surface ocean and atmosphere, triggering an increase in heat fluxes out of the surface
ocean.

As well as the impact of individual ENSO and SAM events, the relative phases of the
two climate modes have been shown to influence the properties of the central and
southeast Pacific SAMW pools (Meijers et al., 2019). Significant correlation was found
between the state of the ENSO and SAM and the thickness of the winter SAMW pools,
with the most significant correlation occurring at lags of up to two months. From 2005-
08 and 2012-17, when the ENSO and SAM were generally in phase, there were large
differences in the winter thickness between the two SAMW pools. From 2008-12, the
ENSO and SAM were predominantly out of phase, and the difference in winter thick-
ness between the two SAMW pools was much less pronounced. When both ENSO
and SAM are positive, increased SAM-associated westerly winds result in a deepen-
ing of the southeast Pacific mixed layer, which is exacerbated by a strengthening of the
ENSO-associated southerly winds, while increased easterlies associated with ENSO in
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the central Pacific caused a shallowing of the mixed layer. This leads to differences be-
tween the thickness of the two pools of up to 150 m, with the largest difference observed
in the winter of 2016 (Meijers et al., 2019).

The differences in thickness are also influenced by changes in surface buoyancy fluxes
associated with both the ENSO and SAM. A positive SAM and positive ENSO both
lead to cooler surface heat fluxes into the southeast Pacific, resulting in deeper mixed
layers, and warmer surface heat fluxes into the central Pacific. The winter tempera-
ture difference between the two SAMW modes did not show the same variability as
thickness. Instead, the temperature of SEPSAMW was seen to lag that of CPSAMW by
around one year, which is approximately the time taken for anomalies to be advected
along the ACC across the Pacific (Cerovečki et al., 2019).

While these results show a relationship between the ENSO, SAM, and the properties
of the SAMW during winter, they predominantly take into account the change in the
mixed layer and SAMW only over a single winter. The influence of the ENSO and SAM
on the mixed layer in the lead up to winter, and any preconditioning that allows the
development of the deep winter mixed layer, was not considered.

1.7 Mixed layer budgets

Because of the nature of SAMW formation, changes in the mixed layer in SAMW for-
mation regions ultimately drive changes in the subducted water mass. Therefore, the
properties of the mixed layer in SAMW formation regions can be analysed to indirectly
investigate the properties of the SAMW itself. To determine the role that different pro-
cesses play in controlling the properties of the mixed layer, mixed layer budgets can
be computed. This provides an understanding of which processes govern changes in
SAMW over time, and in different regions. In this study, mixed layer temperature and
salinity budgets are computed and analysed in order to determine the processes driv-
ing changes in the temperature and salinity of SAMW. This technique ultimately forms
the basis for analysing the influence of changes in sea ice, winds, and large scale climate
processes on mixed layer and subducted properties.

Equations to compute mixed layer budgets have been defined in many previous studies
(Emery, 1976; Miller, 1976; Frankignoul, 1985; Large et al., 1986; Rao and Kumar, 1991).
In this study, the methods used by Dong et al. (2007) and Dong et al. (2009) to compute
temperature and salinity budgets are focused on, as these methods have been used in
many previous Southern Ocean studies. Since these methods were used to compute
budgets for the whole Southern Ocean, including the SAMW formation regions, they
can be used for a more accurate comparison. Dong et al. (2007) computed the mixed
layer temperature budget using observational Argo data for the Southern Ocean be-
tween 2002 and 2006. The same method was then replicated to compute the seasonal
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mixed layer salinity budget in the Southern Ocean (Dong et al., 2009). The studies used
Equations 1.3 and 1.4 to compute the temperature and salinity budgets, respectively.

∂Tm

∂t︸︷︷︸
Temperature tendency

=
Qnet − q(−hm)

ρ0cphm︸ ︷︷ ︸
Surface flux

− um · ∇Tm︸ ︷︷ ︸
Advection

+ κ∇2Tm︸ ︷︷ ︸
Diffusion

− we∆T
hm︸ ︷︷ ︸

Entrainment

(1.3)

∂Sm

∂t︸︷︷︸
Salinity tendency

=
Q f wSm

ρ0hm︸ ︷︷ ︸
Surface flux

− um · ∇Sm︸ ︷︷ ︸
Advection

+ κ∇2Sm︸ ︷︷ ︸
Diffusion

− we∆S
hm︸ ︷︷ ︸

Entrainment

(1.4)

Tm, Sm and um are the average temperature, salinity and horizontal velocity vector of a
mixed layer of depth hm. Qnet and Q f w are the net atmosphere-ocean fluxes of heat and
freshwater, where positive values represent a downward flux. q is a function describing
the exponential decay of shortwave radiation in the surface ocean, and depends on the
assumed turbidity of the water column. Constants were used for the reference density
of seawater (ρ0), and the specific heat capacity of seawater (cp), and a constant eddy
diffusivity (κ) of 500 m2 s−1 was assumed. The ∆T and ∆S terms define the difference
between the mixed layer temperature/salinity and that of the thermocline beneath.

Because of the nature of the observational data used in these studies, various assump-
tions had to be made. As a result of a lack of available data, climatologies were used
for the net surface heat flux, and the ∆T and ∆S terms. The methods used by Dong
et al. (2007) and Dong et al. (2009) do not include the effect of lateral induction of the
mean flow, and the entrainment term was computed solely from the Ekman pumping
velocity, assuming an Ekman depth equal to the MLD. All these factors potentially con-
tribute to the significant residual in the mixed layer budgets, i.e. a difference between
the actual rate of change in mixed layer temperature/salinity and the sum of the terms
driving those changes.

The study concluded that the residual in the budgets was predominantly due to the
error in the surface heat fluxes. The residual was highest in winter when there is a
particular shortage of heat flux observations in the Southern Ocean. There was also
a higher residual around the northern edge of the ACC, where air-sea coupling is
stronger. Another potential source of error was the calculation of MLD, which is re-
quired to calculate all terms. Dong et al. (2007) defined the MLD as the depth at which
the density difference from the surface was equal to 0.03 kg m−3, however when the re-
quired salinity data was not available to compute density, MLD was instead calculated
using a temperature difference criterion of 0.2°C.

Dong et al. (2009) analysed only the average seasonal cycle of the mixed layer salin-
ity budget, using Argo observations from 2000-2008. The effect of any sea ice melt
or runoff was not included in the freshwater flux term. A climatology of MLD was



1.7. Mixed layer budgets 15

computed from the individual Argo profiles. They found no seasonal variation in the
residual of the salinity budget, but the residual was highest around the SAF. They con-
cluded that the primary sources of error in the salinity budget were errors in the surface
freshwater flux fields, in particular the lack of inclusion of sea ice melt and river runoff,
as well as the definition of the MLD, and errors in the velocity fields. As with the tem-
perature budget, the majority of the error in the salinity budget was attributed to the
air-sea fluxes, due to a lack of observations. The studies determined that the mixed
layer temperature budget was dominated by the seasonal cycle in the net surface heat
flux, while the salinity budget was dominated by vertical entrainment. Meridional ad-
vection was also found to be important to changes in both the temperature and salinity
of the mixed layer, due to strong westerly winds driving northward Ekman flow.

Ren et al. (2011) used a similar method to Dong et al. (2009) to compute the average
seasonal cycle in the mixed layer salinity budgets for the Southern Ocean, again using
Argo data. The same equation was used, but with an extra term to describe the effects
of sea ice formation/melt (Equation 1.5), where I is the contribution of sea ice.

∂Sm

∂t︸︷︷︸
Salinity tendency

=
Q f wSm

ρ0hm︸ ︷︷ ︸
Surface flux

− um · ∇Sm︸ ︷︷ ︸
Advection

+ κ∇2Sm︸ ︷︷ ︸
Diffusion

− we∆S
hm︸ ︷︷ ︸

Entrainment

+ I
Sm

h︸︷︷︸
Sea ice

(1.5)

The budget was computed for regions south of the Polar Front, so including the effect
of sea ice was much more important than for Dong et al. (2009). Rather than simply
using the Ekman upwelling velocity, Ren et al. (2011) defined the entrainment velocity
as the rate of change in MLD, plus the effect of lateral induction, defined as u · ∇hm∆S.
They also used a higher horizontal diffusivity of 4000 m2 s−1. However both studies
found their results to be fairly insensitive to the choice of diffusivity. Ren et al. (2011)
defined the salinity beneath the mixed layer for the ∆S term as that measured 20 m
beneath the base of the mixed layer. However, it was determined that altering the
definition of this parameter had little effect on the overall entrainment term. As with
the results of the salinity budget computed by Dong et al. (2009), the majority of the
residual was determined to be caused by error in the freshwater fluxes, and particularly
in precipitation.

Close and Goosse (2013) computed salinity and temperature budgets for the Southern
Ocean using CMIP5 model data. They used a similar equation to that of Ren et al.
(2011), but with the lower horizontal diffusivity of 500 m2 s−1. The effect of sea ice melt
was again included as a separate term in the salinity budget, calculated as the differ-
ence between the overall freshwater flux into the ocean and evaporation minus precipi-
tation, in regions where sea ice was present. Close and Goosse (2013) used Equation 1.6
to compute the mixed layer salinity budget, where ρi and Si are the density and salinity
of sea ice, respectively, and Fi is the freshwater flux into the ocean due to sea ice.
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∂Sm

∂t︸︷︷︸
Salinity tendency

=
(E− P)Sm

hm︸ ︷︷ ︸
Surface flux

− um · ∇Sm︸ ︷︷ ︸
Advection

+ κ∇2Sm︸ ︷︷ ︸
Diffusion

− we∆S
hm︸ ︷︷ ︸

Entrainment

− (um · ∇hm)∆S
hm︸ ︷︷ ︸

Lateral induction

− (ρiSi − ρ0Sm)Fi

ρ0hm︸ ︷︷ ︸
Sea ice term

(1.6)

The magnitude of the residual in the budgets varied depending on the model they
were computed in. The average residual in the salinity budget was 36% of the total
salinity tendency, and the average residual in the temperature budget was 31% of the
total temperature tendency. There were three potential reasons for error in these bud-
gets: first, the equations may not sufficiently describe all sources and sinks of heat/salt
in mixed layer. Second, the assumptions made within the equations, such as the value
for diffusivity and the definitions of MLD, ∆T and ∆S, may not have been adequate.
Finally, the monthly averaged data for which the budgets were computed may not be
sufficient, and a higher resolution dataset required to improve the residual. Close and
Goosse (2013) found the mixed layer temperature and salinity budgets in the Southern
Ocean to be dominated by surface fluxes and entrainment. Ren et al. (2011) showed that
in the Southern Ocean, the salinity budget was dominated by surface fluxes due to pre-
cipitation and sea ice melt, Ekman-driven advection and entrainment, while diffusion
and geostrophic advection were less important.

In this thesis, the mixed layer salinity and temperature budgets are computed using
similar methods to those studies described, with a focus on the SAMW formation re-
gions in the south Pacific. The budgets are computed for three Southern Ocean models
and the method attuned to reduce the residual in the results. All the required data is
available for each of the models, and so the error associated with the budgets should
be much lower than for those studies using observational data. The models used have
output fields of different temporal and spatial resolution, so the impact of lower reso-
lution is investigated.

1.8 Aims of study

The overall motivation of this study is to gain further understanding of the drivers of
variability in the Pacific SAMW pools, by determining the processes driving variability
in the mixed layers that ultimately form the SAMW. The first aim is to determine the
individual processes responsible for driving changes in the properties of the mixed
layer within the Pacific SAMW formation regions. Ascertaining which processes are
important will provide further understanding as to how future changes in external
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factors, such as Antarctic sea ice cover and regional wind strength, will impact the
properties of the mixed layer and the subsequently formed SAMW.

The second aim is to determine the relationship between the processes driving SAMW
variability and interannual changes in Antarctic sea ice. Previous studies have shown
a link between the two (Cerovečki et al., 2019), and the budgets computed in this study
will be used to further understand the processes involved in the transport of freshwater
anomalies from the sea ice melt region to the Pacific SAMW formation sites, particu-
larly focusing on interannual variability. The timescales over which these processes
occur will also be examined, and the overall impact that sea ice has on the salinity of
the mixed layer determined. Since future projections of Antarctic sea ice are currently
unclear (Meredith et al., 2019), it is important to understand how any future changes
could affect the Southern Ocean water masses, and their ability to absorb atmospheric
heat and CO2.

The final aim is to investigate particular years where strong anomalies in the proper-
ties and formation of Pacific SAMW have previously been observed. This will include
the winter of 2016, when the southeast Pacific experienced extremely shallow mixed
layers which led to a decrease in the thickness of the SAMW formed in the region.
These anomalies have previously been linked to weaker than usual surface cooling
(Ogle et al., 2018). The drivers of the anomalies will be further examined, especially
focusing on any changes in the lead up to the formation of SAMW to determine if pre-
conditioning had an influence on the properties of the mixed layer.

The thesis aims to further current understanding of what drives changes in the prop-
erties of the Pacific SAMW pools on interannual timescales. The thickness of SAMW
formed in these regions is strongly related to the depth of the winter mixed layer, and
the heat content of the water mass is in turn strongly related to the thickness (Gao et al.,
2018). Understanding what processes drive changes in the properties of the mixed lay-
ers at the formation sites will therefore help to further understand what determines
mixed layer depth and the subsequent thickness and heat content of the SAMW.

1.9 Summary

Understanding the processes involved in the formation of SAMW and AAIW is vital to
understanding the role the Southern Ocean plays in absorbing anthropogenic heat and
CO2 from the atmosphere. SAMW is formed seasonally, in areas of very deep mixed
layers via deep convection, while AAIW formation is more complicated, either occur-
ring via subduction of AASW as it flows north (Sørensen et al., 2001), or via transfor-
mation from SAMW (McCartney, 1977). Both water masses then follow specific export
pathways into the subtropical ocean basins.
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Two modes of Pacific SAMW exist; a lighter mode in the central Pacific, and a denser
mode in the southeast. Both modes have exhibited significant interannual variability
in thickness, temperature and salinity over recent decades. This variability has been
attributed to changes in Antarctic sea ice (Haumann et al., 2016; Cerovečki et al., 2019),
and atmospheric climate modes, in particular ENSO and SAM, which modify surface
winds and ultimately buoyancy fluxes and regional advection (Naveira Garabato et al.,
2009; Meijers et al., 2019; Qu et al., 2020). The local processes by which the interan-
nual variability is driven still needs further investigation. While this also occurs in the
Indian ocean sector, the Pacific SAMW formation sites are focused on in this thesis as
they have been the focus of many recent studies (Ogle et al., 2018; Cerovečki et al., 2019;
Meijers et al., 2019), and Pacific SAMW formation occurs much closer to regions of sea
ice formation than Indian Ocean SAMW formation.

Because of the nature of SAMW formation, processes that drive variability in the prop-
erties of the mixed layers of SAMW formation regions, ultimately drive variability in
the properties of the SAMW itself. Therefore, by computing mixed layer temperature
and salinity budgets within the formation regions, the processes that drive variability
of SAMW can be examined. Mixed layer budgets have been computed in the Southern
Ocean in many previous studies (Dong et al., 2007; Ren et al., 2011; Close and Goosse,
2013), showing that the dominant processes driving seasonal variability in mixed layer
temperature and salinity are surface fluxes, Ekman-driven advection, and entrainment.
However, in each of these studies, a residual exists between the rate of change in tem-
perature/salinity and the sum of the processes driving the change. This residual is
much stronger when using observational data, particularly due to the lack of surface
buoyancy flux observations.

By understanding what drives changes in the mixed layer temperature and salinity of
SAMW formation regions, both during winter and via preconditioning in the months
leading up to the deepening of the mixed layer, it can be deduced what sets the depth of
the winter mixed layer, which subsequently sets the thickness of the subducted SAMW.
The total volume of SAMW is strongly related to the thickness of the water mass and
MLD (Meijers et al., 2019; Qu et al., 2020), and so the winter MLD in the SAMW forma-
tion regions ultimately determines the amount of heat and CO2 that can be absorbed
from the atmosphere. While considerable recent attention has been focused on the
drivers of MLD variability through local surface fluxes in the South Pacific (Ogle et al.,
2018; Meijers et al., 2019; Tamsitt et al., 2020), much less attention has been given to
the role of advective and diffusive processes, despite evidence that remote sources,
such as sea ice, can significantly impact mixed layer properties and depth (Cerovečki
et al., 2019). By developing and improving upon the mixed layer budget techniques
introduced above, this thesis will examine the processes controlling mixed layer tem-
perature, salinity and depth and establish the impact that remote forcing, notably sea
ice, can have on mixed layer properties, and ultimately water mass formation.
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1.10 Thesis outline

The principal goals of this project are to understand the processes influencing the for-
mation and export properties of SAMW and AAIW in the south Pacific, and to de-
termine the key regions that these processes affect. To do this, the output from three
ocean models are used - the Southern Ocean State Estimate (SOSE; Mazloff et al., 2010),
the Biogeochemical Southern Ocean State Estimate iteration 122 (B-SOSE; Verdy and
Mazloff, 2017), and ECCO version 4 release 3 (ECCO; Forget et al., 2015). The output
fields from these models have a variety of spatial and temporal resolutions, and to-
gether cover the period from 1992 to 2018. Observational data in the Southern Ocean
has particularly low temporal and spatial resolution, thus these models provide better
coverage. All three models are data assimilating, so the output is constrained by exist-
ing observations, whilst also providing higher resolution gridded data. Validation of
these models against relevant observational datasets is undertaken in Chapter 2.

Three different ocean state estimates were used because they provide model data that
is constrained to be as close as possible to observations and so can be used to better
understand the true ocean system, and can be related to known climatic events. State
estimates also each have mixed layer parameterisations, and so generally produce more
realistic mixed layers (Mazloff et al., 2010). This is particularly important in this study,
where the SAMW formation regions are defined by the depth of the mixed layer. SOSE
has been used and validated in many Southern Ocean studies, and budgets are known
to close within the model. Therefore, it is a good choice of model to use to test the
methods of estimating the mixed layer budgets. However, the atmospheric forcing
used to force SOSE changes at the mid-point of the time series and so is not necessarily
the best choice of model for looking at year-to-year variability.

ECCO is also a widely used ocean model with a much longer 24 year time series, so
is a preferable model to use when investigating longer term interannual variability.
The newer B-SOSE model has the same grid and set up as SOSE, so it is trivial to use
the same methods to compute the budgets used for SOSE for B-SOSE. Using B-SOSE
extends the time period covered by the models so that the anomalous events that oc-
curred during 2016 can be analysed. Computing and analysing the budgets in models
with different spatio-temporal resolutions means that a comparison between the lower
and higher resolution budgets can be undertaken in order to ensure any finer scale
processes are not being missed from the ECCO mixed layer budgets.

To determine the processes involved in driving variability in SAMW and AAIW, mixed
layer temperature and salinity budgets were computed for the formation regions of
these water masses. In Chapter 3, the mixed layer budget equations are refined in
order to reduce the residual in the budgets for each model, and the sources of the re-
maining residual identified. Once computed, the results of these budgets can be linked
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to variability in SAMW thickness and properties, and subsequently used to investigate
the connection between variability in winds, sea ice and large scale climate anomalies
and Southern Ocean water mass variability.

Initially the southeast Pacific sector of the Southern Ocean is focused on. This is an area
with very deep mixed layers, where strong SAMW formation occurs, and an area that
has also been identified as an important region of AAIW formation (Hanawa and Tal-
ley, 2001). There has been an observed freshening of the SAMW formed in the region
(Holte et al., 2013), dramatic spatial and interannual variability in SAMW and mixed
layer thickness (Cerovečki et al., 2019; Meijers et al., 2019), as well as significant vari-
ability in sea ice extent to the south of the region (Holland and Kwok, 2012). Therefore,
in order to constrain both the data volume, and the number of dynamical regimes ob-
served, this region is used to test the methodology for computing mixed layer budgets.
Once the methods are refined, the analysis is extended to include the central Pacific
mode water formation region. The Indian Ocean sector is excluded as it is much more
remote from sea ice export regions.

In Chapter 4, the results of the mixed layer budgets in ECCO are used to determine the
impact of changes in sea ice on the SAMW and AAIW formation regions. ECCO is the
longest of the three time series, covering 24 years, and so can be used to analyse pat-
terns of interannual variability. The areas of sea ice from which freshwater anomalies
reach the water mass formation regions are identified, and the magnitude of the ef-
fect of those freshwater anomalies on the mixed salinity budgets calculated. While the
negative trends in sea ice up to 2016 have been shown to drive a freshening of Pacific
SAMW (Haumann et al., 2016), here the results of the mixed layer budgets are used
to determine the processes by which the individual SAMW and AAIW formation re-
gions are influenced. Record low sea ice extent has been observed in recent years, and
while future predictions are uncertain (Meredith et al., 2019) it is important to under-
stand how potential future variability in sea ice extent will impact the formation and
properties of Southern Ocean water masses.

In Chapter 5, the results of the B-SOSE mixed layer budgets are used to determine the
drivers of the strong anomalies observed in 2016 by Ogle et al. (2018) and Meijers et al.
(2019). The drivers of anomalies in the temperature and salinity budgets are identified
in order to understand the causes of the anomalously deep mixed layer in the central
Pacific, and the anomalously shallow mixed layer in the southeast Pacific. The anoma-
lies are linked to changes in wind stress, sea ice extent, and atmospheric modes. The
results of the ECCO mixed layer budgets are then used to see if the connections hold
over longer time series. Finally, conclusions and potential future work are presented in
Chapter 6.
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Chapter 2

Mixed Layer Budget Methodology

2.1 Introduction

In this section, the methods used to compute the mixed layer budgets used throughout
the later chapters of the thesis are described in detail. First, a short description of the
three numerical models used in the study is given, as well as the reasons for choosing
each. The differences between the model representations of the Southern Ocean and
that of observations are discussed, with comparisons between the mixed layer prop-
erties and sea ice extent. MLD and temperature are found to match very well with
observations, while greater differences occur in salinity. The choices of definition for
MLD, and the SAMW formation regions are also explained.

Finally, the two complimentary methods used to compute the mixed layer budgets are
described, and the differences between them explained. The Identity Closure method
uses the model output fields that describe the advection and diffusion of heat and salt
through each cell. This method provides perfectly closed budgets as it is applied to the
model online at a higher temporal resolution than is possible using output files, but the
method uses a model grid framework and so does not directly incorporate the impact of
the changing depth of the mixed layer. Instead, each budget term is averaged over the
depth cells within the mixed layer at each timestep. The second, kinematic approach
is applied offline and uses equations that describe the transport of heat and salt in
and out of the mixed layer, to provide an estimate of the budgets. While this method
does not result in perfectly closed budgets because it is applied offline to output with
a lower frequency timestep, it can be used with a wider array of datasets, including
observations. It also takes into account the effect of the deepening and shallowing of the
mixed layer, which is particularly important in the SAMW formation region because of
the extreme seasonal changes in MLD.
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Time series Timestep Resolution

SOSE 2005-2012 5-day averages 1/6°

B-SOSE 2013-2017 Daily averages 1/6°

ECCO 1992-2015 Monthly averages 1/2°

TABLE 2.1: Summary of the three model datasets used in this study

2.2 Models

During this study, three different numerical models were used to investigate water
mass variability in the Southern Ocean. These are the Southern Ocean State Estimate
(SOSE, Mazloff et al., 2010); Estimating the Circulation and Climate of the Ocean ver-
sion 4 release 3 (ECCO; Forget et al., 2015) and the Biogeochemical Southern Ocean
State Estimate, iteration 122 (B-SOSE; Verdy and Mazloff, 2017). All three models are
MITgcm-based ocean state estimates, and so synthesise observations in order to pro-
duce a more realistic description of the ocean, while preserving the physics of the model
so that heat, salt and mass are conserved. In each case, the adjoint method (Heimbach
et al., 2005) is used to reduce the error between the model fields and the available ob-
servations, by adjusting the initial and boundary conditions of the model. The models
each cover different time periods and have different spatial and temporal resolutions,
allowing for analysis over a variety of scales. The finer resolution models, SOSE and
B-SOSE, mean that the analysis can be done at an eddy permitting resolution, while
the longer time series of ECCO allows for the analysis of interannual variability over
decadal timescales. A summary of each of the models can be found in table 2.1. While
there is some error between each of the models and the available observations, since
observations are generally sparse in the Southern Ocean, ocean state estimates pro-
vide a gridded dataset to more accurately compute budgets, while being closer to the
available observations than non-data assimilating models. Using three MITgcm-based
models allows for simpler computation of the budgets as the code can more easily be
modified to fit the models.

The first model used in this study, SOSE, is an MITgcm based ice/ocean data assimila-
tion with 5-day averaged output. SOSE is eddy permitting, on a 1/6 degree resolution
longitude-latitude grid, extending from 24.7°S to the coast of Antarctica. The model
has 42 vertical levels of varying thickness, ranging from 10 m at the surface to 285 m
at the deepest points. In this study, SOSE iteration 100 was used, which exists for Jan-
uary 2005 to December 2010. An irregularity worth noting in this model, is that the
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atmospheric data used to optimise this iteration changes halfway through the time se-
ries: for the first three years, the model was constrained using NCEP–NCAR reanalysis
(Kalnay et al., 1996), while the final three years were constrained using ERA–Interim
(Dee et al., 2011). Because SOSE uses the adjoint method of data assimilation, the forc-
ing boundary conditions are modified to produce the best match to observations within
the constraints of the model physics. Therefore, the change in climate forcing is unlikely
to have as large an effect as if the model was not data-assimilating. SOSE has been
used and validated in many previous studies (e.g. Abernathey et al., 2016; Cerovečki
et al., 2019), using both Argo profiles and ship-based hydrographic observations. They
showed that the error between SOSE and observational temperature and salinity was
low, and similar for both halves of the time series, despite the change in atmospheric
forcing. Cerovečki et al. (2019) showed that the seasonal maximum MLD in SOSE was
slightly underestimated for 2005-2007 and slightly overestimated for 2008-2010. Fur-
ther validation of SOSE is completed in Section 2.4.

SOSE is particularly useful for this study because output fields exist that are required
to perfectly close the salinity and temperature budgets for each individual cell of the
model; this method of using the output budget terms to calculate the budgets online
at a higher resolution is defined henceforth as the Identity Closure, and is described
by Chakraborty and Campin (2013). The mixed layer budgets are computed simply as
the weighted average of the budget results within each depth cell of the mixed layer.
It is not possible to compare all the individual Identity Closure budget terms to those
approximated via the equations-based kinematic approximation, because the Identity
Closure does not take into account the changing depth of the mixed layer over time,
and the associated entrainment of deeper water. However, the surface flux and advec-
tion terms are directly comparable, and the remaining terms of the Identity Closure
budgets can be used to determine the relative expected size of the processes described
by the kinematic approach. Due to difficulties obtaining the output fields to compute
the Identity Closure budgets, this method was instead used to check the results of the
kinematic estimation once the data became available. Therefore, the results of the SOSE
Identity Closure budgets are used in Chapter 3 to refine the approximation of the mixed
layer budgets obtained through the kinematic approach, prior to computing the bud-
gets in B-SOSE and ECCO.

The newer B-SOSE iteration 122 (Verdy and Mazloff, 2017), covers January 2013 to De-
cember 2017. The model is eddy-permitting and has the same 1/6 degree spatial resolu-
tion as SOSE, but has 52 vertical levels with thickness varying between 4.2 m and 400 m.
Daily, 3-day, and monthly averaged fields are available; as a compromise between pro-
cessing time and higher temporal resolution, the three day averaged output was used to
compute the mixed layer budgets. B-SOSE is forced by ERA–Interim atmospheric data
(Dee et al., 2011). Because the model uses the same grid as SOSE, the scripts to com-
pute the mixed layer budgets in SOSE only have to be modified slightly for use with
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(A) Argo

(B) SOSE

(C) B-SOSE

(D) ECCO

FIGURE 2.1: The average winter (JAS) MLD (m) in the Pacific sector for A) Argo data,
2004-2018; B) SOSE, 2005-2012; C) B-SOSE, 2013-2017; and D) ECCO, 1992-2015.

B-SOSE, making it simple to use both models. However, since B-SOSE uses the same
atmospheric forcing throughout unlike SOSE, it is easier to investigate the interannual
variability within the model and attribute it to real world changes. B-SOSE was also
chosen because, as well as having higher temporal and spatial resolution than ECCO, it
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is also the only one of the three models to cover more recent years, when unusual vari-
ability of the mixed layer has been noted in the Southern Ocean. Validation plots for
B-SOSE can be found at http://sose.ucsd.edu/BSOSE6_iter122_validation.html.
They show that the surface is generally slightly cooler and fresher than observations,
but overall patterns in salinity and temperature match well with Argo observations for
the same period. Further validation of B-SOSE sea ice and mixed layer properties is
done in Section 2.4. Mixed layer budgets for B-SOSE are computed in Chapter 3, and
the results used in Chapter 5 to determine the drivers of the anomalous mixed layer
depths observed in the winter of 2016.

The final model used in this study is ECCO, which is also an ocean state estimate that
uses the Adjoint method to reduce the error between the model output and observa-
tions. The model covers the global ocean; it has 50 vertical levels of varying thickness
between 10 m and 456 m, and a spatially varying horizontal resolution of 22-110 km.
In this study, the interpolated 1/2° gridded output was used, with monthly averages
covering January 1992 to December 2015. As with B-SOSE, the atmospheric forcing
used in ECCO is ERA–Interim. A thorough validation of ECCO has been completed by
Forget et al. (2015), and shows it to be a good fit to observational data. Further valida-
tion within the southeast Pacific SAMW formation region is completed in Section 2.4.
ECCO is used in this study because it is a much longer time series (24 years compared
to six years for SOSE), so can be used to investigate interannual variability, and allows
analysis of the effect of climate indices with longer timescales, such as ENSO and SAM.
The mixed layer temperature and salinity budgets in ECCO are computed in Chapter
3. In Chapter 4, ECCO is used to investigate the impact of sea ice on the interannual
variability in the Pacific SAMW and AAIW formation regions. In Chapter 5, the ECCO
mixed layer budgets are used along with those in B-SOSE, to investigate the drivers of
anomalies in the 2016 winter mixed layer.

MLD is generally well represented in each of the models, because the mixed layers
are parameterised (Mazloff et al., 2010). To ensure each model accurately reproduces
the deep mixed layers associated with SAMW formation, Figure 2.1 shows the average
winter (JAS) MLD computed with gridded Argo data between 2004 and 2018, and the
average for each of the three models over their respective time series. The deep winter
mixed layers in the southeast and central Pacific can clearly be seen in each dataset,
however the MLD is slightly deeper in the models compared to the Argo observations,
particularly in the central Pacific. The differences may be partly due to the different pe-
riods that the data is averaged over; since the SOSE and B-SOSE time series are shorter,
seasonal averages can easily be skewed by one year of anomalous data. However, the
average MLD in each model still captures the essential characteristics of the Argo MLD.

http://sose.ucsd.edu/BSOSE6_iter122_validation.html
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FIGURE 2.2: Average seasonal cycle of log[PV (m−1 s−1)] against potential density (kg
m−3), in SOSE for 2005-2010, at a longitude of 100°W. SAMW can be recognised by
the PV minimum, outcropping at the surface during winter, and trapped beneath the

mixed layer in summer.

2.3 Identifying SAMW formation regions

Throughout this study, MLD is defined as the depth at which potential density is 0.03
kg m−3 greater than the surface. This definition gives a good representation of MLD in
the Southern Ocean and has been used in many other studies (e.g. Dong et al., 2008;
Close and Goosse, 2013). SAMW forms in areas of deep seasonal mixed layers, on
the northern side of the SAF. Strong formations sites are located in the areas of deep-
est mixed layers in the Indian Ocean and south of Australia, as well as in the central
and southeast Pacific (Jones et al., 2016a). By looking at a longitudinal section of PV
within the southeast Pacific, the seasonal cycle in SAMW formation can be captured by
the PV minimum (Figure 2.2). In winter, the mixed layer deepens and homogeneous,
low PV water is subducted, forming SAMW at depth. In summer, as the water col-
umn once again stratifies, the mixed layer shallows and the SAMW is trapped beneath,
characterised by a subsurface layer of minimum PV (Sallée et al., 2010b). Following
convention, the maximum MLD is used to define SAMW formation regions; Figure
2.3 shows the maximum MLD in the Pacific for each model, with each showing mixed
layers deeper than 500 m in the southeast.

The Pacific is split into four boxes: two northern boxes covering the SAMW formation
regions as previously described by Meijers et al. (2019) and Cerovečki et al. (2019), and
two southern boxes representing AAIW formation regions. Two regions of SAMW for-
mation are defined because a dipole of variability in the SAMW formed in each, has
previously been observed (Meijers et al., 2019). The SAMW formed in each box has
different properties, with lighter SAMW formed in the central Pacific, and denser in
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(A) SOSE: maximum MLD (B) SOSE: standard deviation

(C) ECCO: maximum MLD (D) ECCO: standard deviation

(E) B-SOSE: maximum MLD (F) B-SOSE: standard deviation

FIGURE 2.3: Maximum MLD (left; m) and standard deviation of MLD (right) over the
entire time series of each of the three models: A,B) SOSE, C,D) ECCO, and E,F) B-SOSE.
The solid black lines represent the average position of the SAF defined by Boehme et al.
(2008) and the dashed black line is the maximum sea ice extent, defined as the region
covered by at least 15% sea ice. The boxes represent the regions used to define the
SAMW and AAIW formation regions. The Ross, Amundsen and Bellingshausen Seas

are also labelled in A).

the southeast (Cerovečki et al., 2019). The central SAMW box is defined as 160–114°W,
47.3–55.3°S, and the southeast SAMW box as 114–72°W, 47–59°S. The central Pacific
(CPSAMW) and southeast Pacific SAMW (SEPSAMW) formation regions are then de-
fined as the area with maximum MLD within those boxes. A distinct maximum in
MLD can be seen in each of the SAMW boxes for each model (left panels of Figure 2.3)
associated with the formation of the water mass. The boxes also capture the regions
with the highest standard deviation in the MLD (right panels of Figure 2.3) suggesting
these boxes are a good choice for the two SAMW formation regions, and are therefore
comparable to various observational studies using similar boxes (e.g. Meijers et al.,
2019).

Separate boxes are defined for the AAIW formation regions, approximately between
the SAF and the PF, because of the distinct differences north and south of the SAF,
and the different observed variability in each region (Naveira Garabato et al., 2009).
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AAIW forms to the south of the SAMW formation regions and the SAF, and while
there are not necessarily two distinct AAIW pools in these boxes, the boxes are instead
used to understand the pathways of sea ice-driven freshwater anomalies from the sea
ice edge, into the SAMW formation boxes. The boxes are therefore aligned with the
SAMW boxes as it is specifically the zonal and meridional pathways of the freshwater
anomalies that are investigated. While conclusions are reached about the drivers of
mixed layer variability within these boxes, they are not intended to be conclusions
about the AAIW formed in the region. The AAIW boxes are directly to the south of
the SAMW boxes, with the central AAIW box defined as 160–114°W, 55.3-62.5°S and
the southeast AAIW box as 114–72°W, 59-63.8°S. Defining the four formation region
allows averaging over the whole areas, so that variability over smaller spatial scales is
smoothed out.

2.4 Model validation

Figure 2.4 shows the mixed layer properties for each model, averaged over the SAMW
formation region of the southeast Pacific. The MLD, and the average mixed layer salin-
ity and temperature from Argo observations are also shown to determine how accu-
rately the models represent the true properties of the Southern Ocean mixed layer.

Each model shows the same clear seasonal cycle in MLD as is seen in observations, and
there is very little difference between the annual minima (Figure 2.4a). SOSE shows
a clear increase in winter MLD between 2005-2007 and 2008-2010. While an increase
is also seen in the Argo MLD over the same period, the difference is much greater in
SOSE, as MLD is underestimated in the first half of the time series and overestimated in
the second half. The r2 value between SOSE and Argo MLD from 2005-10 is 0.83. In B-
SOSE, the maximum seasonal MLD is consistently lower than that of the observations,
but the interannual variability between the peaks is very similar. The anomalously low
MLD maximum in 2016, focused on in Chapter 5, matches very well with that seen
in the Argo data. The r2 value between B-SOSE and Argo MLD for the years 2013-17
is 0.93. The ECCO MLD matches very closely to that of Argo throughout the 24 year
time series. In the majority of years, there is a slight offset between the two with ECCO
overestimating MLD, but the r2 value for the years 2004-2017 (the years covered by the
Argo observations) is 0.96.

The average mixed layer salinity (MLS) shows the greatest difference between the three
models and the Argo observations (Figure 2.4b). The average mixed layer salinity in
SOSE appears to increase in the first half of the time series, before becoming more stable
in the second half, and has an overall range of 34.03-34.27 psu. During the same period,
the Argo salinity ranges from 34.10-34.19 psu. The trend in the SOSE data, and the lack
of similarity between the interannual variability means the r2 value between SOSE and
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(A) Mixed layer depth

(B) Mixed layer salinity

(C) Mixed layer temperature
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(D) Mixed layer zonal velocity

(E) Mixed layer meridional velocity

FIGURE 2.4: Comparison of the monthly averaged mixed layer properties in each
model, averaged over the southeast Pacific SAMW formation region. A) MLD (m), B)
the average salinity of the mixed layer (psu), C) the average temperature of the mixed
layer (°C), D) the average zonal velocity within the mixed layer, and E) the average
meridional velocity within the mixed layer. MLD, MLS, and MLT are also compared

to Argo data for the same period.

Argo MLS is particularly low at 0.23. MLS in B-SOSE is much lower than that of Argo,
with a range of 33.96-34.16 psu, compared to 34.05-34.20 for the observations during
the same period. The r2 value between the two is 0.58. Salinity in ECCO is much closer
to observations; the range and variance of MLS in ECCO is generally much lower, with
a range of 34.09-34.21 psu, compared to 34.07-34.19 psu in the Argo data. ECCO still
slightly overestimates MLS, with an offset of 0.01-0.05 psu, but the r2 value between
ECCO MLS and observations is much higher than for the other models, at 0.82.

The average mixed layer temperature (MLT) in each model generally shows much more
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FIGURE 2.5: The total area covered by sea ice within the northern Ross Sea region
(north of 66°, between 175°E to 145°W) in m2. Sea ice in each of the models is shown,

as well as satellite measurements from http://nsidc.org/data/G02202

similarity with observations than MLS (Figure 2.4c). Interannual variability in the tem-
perature maxima matches very well, particularly for ECCO. SOSE MLT is too high
throughout the year with an offset of around 0.4°C, however the interannual variabil-
ity seen is clearly similar to that of the Argo data, resulting in an r2 value between the
two of 0.95. The seasonal maxima in temperature in B-SOSE is very close to that of the
observations, but the seasonal minima is consistently too low, with an offset of around
0.5°C. The r2 value between B-SOSE and Argo MLT is 0.98. Interannual variability in
ECCO MLT is very close to observations, giving an r2 of 0.99, and while the seasonal
maxima are generally slightly higher than the Argo maxima, there is no consistent off-
set.

Comparisons between the average ocean zonal and meridional velocities within the
mixed layer of the SAMW formation region are shown in Figures 2.4d and 2.4e, respec-
tively. Meridional velocity is particularly well matched between all three models, with
the largest differences occurring between B-SOSE and ECCO during 2013-2014, when
the seasonal maxima are much lower for B-SOSE. Zonal velocity in SOSE tends to be
slightly lower than ECCO for the first half of the SOSE time series, but matches well
during the second half. Initially, zonal velocity in B-SOSE is anomalously high (0.081
m s−1 compared to 0.064 m s−1 in ECCO), but fits much better with the other models
after the first year.

Figure 2.5 shows the total area of sea ice over time for the northern Ross Sea, north
of 66° and between 175°E to 145°W – the region examined in Chapter 4. Sea ice area
is shown for each model, and satellite sea ice concentrations are used for comparison.
This is an area at the sea ice edge, with strong variability in sea ice concentration, and
so larger differences from observations are to be expected than when considering total
Ross Sea sea ice. The satellite data used for validation is the NOAA/NSIDC Climate

http://nsidc.org/data/G02202
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Data Record of Passive Microwave Monthly Southern Hemisphere Sea Ice Concentra-
tion (http://nsidc.org/data/G02202). SOSE sea ice is consistently higher than the
satellite measurements, but shows the same interannual variability, with an r2 value of
0.96. B-SOSE sea ice area is also much higher than observations, with the difference in-
creasing over time. However, the same years can be recognised as minima and maxima
in each dataset, and the r2 value between B-SOSE and observations is 0.83. ECCO sea
ice is closest to observations, but still overestimates sea ice area in the Ross Sea. The
r2 value between ECCO and observations is 0.98 in this region. Further validation of
ECCO and B-SOSE sea ice is completed in Chapters 4 and 5, respectively.

2.5 Mixed layer budgets

Mixed layer budgets are computed in order to determine the dominant processes con-
trolling the average temperature and salinity of the mixed layer, and how the impor-
tance of those processes changes in time and space. Since SAMW is ultimately formed
from the waters of the mixed layer, computing the mixed layer budgets within the
SAMW formation regions allows the processes setting the properties of the SAMW it-
self to be ascertained. Initially, the budgets were tested for the southeast Pacific SAMW
formation region, which was defined as the intersection of the area within each model
that has a maximum MLD of at least 350 m.

Two different methods were used to compute the mixed layer budgets in SOSE. Be-
cause of the property-conserving nature of the model, the output fields for advective
and diffusive fluxes can be used to perfectly (i.e. identically) close the budget of each
individual cell, using the 5-day averaged model output computed online at a higher
resolution than the coarser model output used to approximate the budgets via equa-
tions. The results of the cells within the mixed layer can then be summed up and the
contributions of each budget term identified. This is described as the Identity Closure
method. The second method uses equations for the temperature and salinity budgets
based on a number of previous studies (Emery, 1976; Miller, 1976; Frankignoul, 1985;
Large et al., 1986; Rao and Kumar, 1991) and used more recently by Dong et al. (2007)
and Dong et al. (2009), as a kinematic approach to estimating the budgets, treating the
mixed layer as a single layer that varies in thickness over time. That is, it numerically
approximates each process believed to contribute to the budget, and an equation is
constructed for the balance, where each term represents an individual process. Given
that each term is an approximation to a (modelled) physical process, this approach is
associated with a residual error, defined as the difference between the modelled rate of
change in temperature/salinity, and the sum of the processes driving change in tem-
perature/salinity. This method computes the budgets offline with the coarser timestep

http://nsidc.org/data/G02202
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output. Therefore, reasons for the error in the method largely revolve around the in-
ability to resolve covariances on sub 5-day timescales, as well as the difficulty in repre-
senting higher order diffusivity schemes and parameterisations, such as KPP, with only
5-day averages.

By comparing the results of the two methods, and determining what is causing the lack
of closure of the budgets computed via the kinematic approach, the equations can be
refined to provide more accurate results for each model, and to assess the magnitude
of residuals induced by the various assumptions (see Chapter 3). The advantage of the
kinematic approach is that it may be applied universally to observations and models
where sufficient data is available, rather than relying on identically closed model out-
put budget terms, which are not observable and frequently not available from models.
Once the budgets have been computed and optimised for the different model datasets,
they can be used to understand which processes govern variability in the salinity and
temperature of the mixed layer, how the results vary spatially, and in response to what
external forcing. This will ultimately form the basis for the analysis of the impact of
changes in forcing on the mixed layer and subducted properties, explored in Chapters
4 and 5.

2.6 Identity Closure method

The Identity Closure method uses the SOSE output fields listed in table 2.2, describing
the transfer of heat and salt in and out of each cell, to compute the temperature and
salinity budget of the individual model cells online (Chakraborty and Campin, 2013).
The results are then integrated over the cells within the depth of the mixed layer, to
compute the average mixed layer budget at each point. A diagram explaining the terms
of the Identity Closure salinity budget method is shown in Figure 2.6 and the equations
for the temperature and salinity budget of the surface cell, with depth z, are shown in
Equations 2.1 and 2.2. In the deeper cells, the equation does not include the surface flux
term but is otherwise the same. To compute the terms of the mixed layer budget, the
weighted average of each term is then calculated for every cell within the mixed layer
at each timestep.

∂S
∂t

=
Qs

ρ0z︸︷︷︸
Surface flux

− u · ∇S︸ ︷︷ ︸
Advection

− K4∇4S︸ ︷︷ ︸
Horizontal diffusion

+ Kz
∂2S
∂z2︸ ︷︷ ︸

Vertical diffusion

+KPP (2.1)

∂T
∂t

=
Qnet − c(z)Qsw

ρ0z︸ ︷︷ ︸
Surface flux

− u · ∇T︸ ︷︷ ︸
Advection

− K4∇4S︸ ︷︷ ︸
Horizontal diffusion

+ Kz
∂2T
∂z2︸ ︷︷ ︸

Vertical diffusion

+KPP (2.2)
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Output variable Description Units

TFlux Net incoming surface heat flux W m−2

oceQsw Net incoming short-wave radiation W m−2

SFlux Net incoming surface salt flux g m−2s−1

ADVx TH Zonal advective flux of potential temperature °C m3s−1

ADVy TH Meridional advective flux of potential temperature °C m3s−1

ADVr TH Vertical advective flux of potential temperature °C m3s−1

WTHMASS Vertical mass-weight transport of potential temperature °C m s−1

THETA Potential temperature °C

ADVx SLT Zonal advective flux of salt psu m3s−1

ADVy SLT Meridional advective flux of salt psu m3s−1

ADVr SLT Vertical advective flux of salt psu m3s−1

WSLTMASS Vertical mass-weight transport of salt psu m s−1

SALT Salinity psu

UVEL Zonal ocean velocity m s−1

VVEL Meridional ocean velocity m s−1

WVEL Vertical ocean velocity m s−1

DFx TH Zonal diffusive flux of potential temperature °C m3s−1

DFy TH Meridional diffusive flux of potential temperature °C m3s−1

DFrI TH Vertical implicit diffusive flux of potential temperature °C m3s−1

KPPg TH KPP non-local flux of potential temperature °C m3s−1

DFx SLT Zonal diffusive flux of salinity psu m3s−1

DFy SLT Meridional diffusive flux of salinity psu m3s−1

DFrI TH Vertical implicit diffusive flux of salinity psu m3s−1

KPPg SLT KPP non-local flux of salinity psu m3s−1

TOTTEND Potential temperature tendency °C day−1

TOTSTEND Salinity tendency psu day−1

TABLE 2.2: List of SOSE output fields used to compute the Identity Closure tempera-
ture and salinity budgets. The ouput files can be found at

http://sose.ucsd.edu/sose_stateestimation_data_05to10.html

http://sose.ucsd.edu/sose_stateestimation_data_05to10.html


2.6. Identity Closure method 35

The advection term is computed by summing the zonal, meridional, and vertical ad-
vective flux output fields across each cell within the mixed layer (defined using the
0.03 kg m−3 potential density difference criterion discussed in Section 2.3). The ad-
vection term is split in two, with the first equal to ∇(uT), calculated using the output
fields ADVx TH, ADVy TH and ADVr TH. The second is the gradient in velocity, T∇(u)
computed using the output fields UVEL, VVEL, WVEL, and THETA/SALT. This is sub-
tracted from the first, and so the total term becomes u∇T.

The diffusion term is also computed in each cell and averaged over the cells within the
mixed layer, with the K-Profile Parameterisation vertical mixing transport (KPP) also
included. The term is computed from the output fields DFx TH, DFy TH, DFrI TH,
and KPPg TH. SOSE uses constant values for the vertical diffusivity of heat and salt
(Kz), of 1×10−5 m2s−1, as well as constant biharmonic horizontal diffusivity values
(K4) of 1×1010 m4s−1. Initially, total advection and diffusion are considered, but are
later decompose into their vertical and horizontal components.

The surface heat flux is calculated using the net heat flux into the top cell of the model
(TFlux), and subtracting a proportion of the shortwave radiation (oceQsw), defined as
Qsw in Equation 2.2, that passes through the top twelve cells. The surface freshwater
flux is computed from the output surface salt flux field (SFlux), defined in Equation 2.1
as Qs. The output fields WTHMASS and WSLTMASS, are associated with the transport
of heat and salt in the surface cell, and are used to correct the effect of the model’s free
surface resulting in an apparent vertical transport of heat and salt through the top face
of the surface cell.

These budgets then close perfectly for each individual depth cell, with zero residual be-
tween the left and right sides of Equations 2.1 and 2.2. In order to compute the mixed
layer budgets, the weighted average of the budgets of each individual cell within the
mixed layer are calculated for each 5-day timestep. Temperature and salinity tendency
are output from the model (TOTTEND and TOTSTEND), and also averaged over the
depth cells within the mixed layer. The volume of water over which the budgets are
computed therefore changes with time, and the budget for the heat and salt content
within that volume closes perfectly. However, a budget for the volume and heat con-
tent of the mixed layer combined would not close, as the method does not incorporate
the entrainment of water from beneath as the mixed layer deepens. The kinematic
approach, described in Section 2.7, does include entrainment and is therefore a funda-
mentally different approach to computing the budgets. The two methods provide two
different views of the processes influencing the temperature and salinity of the mixed
layer.

Figure 2.7 shows the results of the Identity Closure mixed layer temperature and salin-
ity budgets, averaged over the southeast Pacific SAMW formation region. All three
of the budget terms – surface fluxes, advection, and diffusion – play significant roles
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FIGURE 2.6: Diagram showing the processes described by the Identity Closure method
for computing the mixed layer salinity budget. The vertical advection and diffusion
terms are the sum of the respective processes through each depth cell within the mixed

layer.

in driving mixed layer salinity changes, and each show a clear seasonal cycle from
2008 onwards. Each austral summer/autumn, surface freshwater fluxes drive a strong
decrease in mixed layer salinity, and diffusion simultaneously increases salinity. The
impact of advection is more complicated, as it increases salinity for almost the entire
period of 2006-2008, but has a clearer seasonal cycle in the second half of the time se-
ries, driving a salinity decrease each summer/autumn. For the temperature budget, all
three terms again show a strong seasonal cycle. Surface heat fluxes dominate changes
in mixed layer temperature, with advection and diffusion playing smaller but signifi-
cant roles. The surface heat flux drives an expected increase in mixed layer temperature
during summer, and the reverse in winter, due to seasonal changes in solar heating and
ambient air temperature. Advection and diffusion both drive a decrease in mixed layer
temperature during summer, and have a negligible effect during winter in comparison
with the surface flux term.

To illustrate how a time-varying mixed layer impacts the results of the Identity Closure
budgets, Figure 2.8 shows the results of averaged over the same region as in Figure
2.7, but with MLD kept constant in time and space. The budgets were first averaged
over the top 60 m to represent a permanent shallow mixed layer (Figures 2.8a and
2.8c), and then over the top 470 m representing a permanent deep mixed layer (Figures
2.8b and 2.8d). The only transport of heat and salt from beneath the mixed layer is
the result of vertical advection and, predominantly, diffusion. When using a constant
shallow mixed layer, the differences from the time-varying model are generally due to
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(A) Salinity

(B) Temperature

FIGURE 2.7: The results of the SOSE Identity Closure mixed layer A) salinity (psu
year−1) and B) temperature budget (°C year−1), averaged over the southeast Pacific
SAMW formation region. The black line shows the modelled rate of change in salin-
ity/temperature (i.e. the tendency), which is equal to the sum of the processes driv-
ing changes in mixed layer temperature/salinity: surface fluxes (red), total advection

(blue), and total diffusion (pink).
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the diffusion term, which is much stronger in comparison to the other terms (due to
the increase of the relative importance of the KPP mixing and vertical diffusion), for
a shallow mixed layer. This leads to large spikes of winter warming and increased
salinity, that are much smaller relatively with a changing mixed layer, because the con-
current winter deepening of the mixed layer dampens diffusion. With a permanently
deep mixed layer, the temperature budget is similar to that with a varying MLD, with
surface fluxes dominating. However the temperature tendency range is much lower,
because the surface flux is distributed over a much larger volume of water through-
out the year. This also causes stronger surface warming in summer for a time-varying
mixed layer, as the summer mixed layer is much thinner. The salinity budget shows a
balance between advection (zonal and meridional) and surface fluxes, but again with
a smaller seasonal range in salinities. Diffusion in the salinity budget is much higher
in the final three years, because the actual MLD is greater than the constant depth at
which the budget is being averaged over.

While diffusion is at a maximum during the convective periods in the fixed depth mod-
els, diffusion is practically zero in the temperature budget, and weaker in the salinity
budget, in the time-varying budgets over the same period. This is because the MLD is
always deeper than the effect of KPP diffusion, and weaker stratification during winter
leads to an inherently weak vertical temperature gradient. Diffusion is therefore only
strong in summer, when the vertical property gradient is high. This means that the im-
pact of turbulent entrainment is largely invisible in the Identity Closure budgets, and
so a kinematic methodology is required that can incorporate its impact, as well as be
resolvable with properties that are measurable by observations, and output in every
model (unlike for example, KPP).

To investigate the difference in the role played by horizontal and vertical advective
and diffusive processes, and so that they can be better compared with the results pro-
duced via the kinematic approach, the advection and diffusion budget terms were then
split into their horizontal and vertical components. The terms were averaged over the
southeast Pacific SAMW formation region (Figure 2.9). For both budgets, diffusion is
dominated by the vertical component, driving a salinity increase of up to 0.25 psu yr−1,
and a temperature decrease of more than -8°C yr−1 each summer, when the vertical
property gradient at the base of the mixed layer is greatest. The KPP term is the second
largest diffusive component in both budgets, but is negligible in comparison to vertical
diffusion because the time-varying MLD typically stays below the peak KPP values.
The effect of eddy stirring on lateral diffusion is explicitly represented in SOSE, so it is
to be expected that the horizontal diffusion term is small in comparison to the vertical.

Zonal, meridional, and vertical advection each play an important role in driving changes
in mixed layer temperature and salinity. For the salinity budget, meridional advection
drives a freshening each summer during the last half of the time series, while the im-
pact of zonal advection is more varied. Vertical advection causes an overall increase in
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(A) Salinity - shallow mixed layer (B) Salinity - deep mixed layer

(C) Temperature - shallow mixed layer (D) Temperature - deep mixed layer

FIGURE 2.8: The results of the salinity (psu year−1) and temperature (°C year−1) bud-
get when averaged over a constant depth of 60 m (left) and 470 m (right), calculated
using the Identity Closure method, averaged over the southeast Pacific SAMW forma-

tion region.

mixed layer salinity, peaking each autumn. For the temperature budget, all three ad-
vection terms show a clear seasonal cycle throughout the time series, with meridional
advection generally resulting in the strongest temperature changes, driving a maxi-
mum decrease of -3.0°C yr−1 and a maximum increase of 1.7°C yr−1. Zonal advection
drives a decrease in temperature over almost the entire time series; with a maximum
cooling of -2.4°C yr−1. Vertical advection also acts to cool the mixed layer, peaking each
summer/autumn and reaching a maximum of -1.3°C yr−1.

In order to see how the importance of each term in the budgets varies spatially, the
Identity Closure mixed layer budgets were computed for the entire Southern Ocean.
The average seasonal cycle of each of the budget terms is shown for salinity (Figure
2.10) and temperature (Figure 2.11).

During austral summer (DJF, Figure 2.10a), there is a freshening of the mixed layer
within the sea ice zone (SIZ) due to melting sea ice. This is dampened by a strong
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(A) Salt Advection (B) Salt Diffusion

(C) Heat Advection (D) Heat Diffusion

FIGURE 2.9: The advection and diffusion terms of the mixed layer salt (top, psu
year−1) and heat (bottom, °C year−1) budgets, averaged over the southeast Pacific
SAMW formation region, and decomposed into their vertical and horizontal compo-

nents.

salinity increase via vertical diffusion, caused by the increasing vertical salinity gra-
dient due to surface freshening. South of the SAF, there is a circumpolar freshening
of the mixed layer, due predominantly to surface fluxes. North of the SAF, there is a
salinity increase in the north Pacific due to horizontal advection, but further south (in-
cluding the southeast Pacific SAMW formation region), the sign reverses and a salinity
decrease is driven by freshwater fluxes and horizontal advection. In the Atlantic and
Indian Ocean sectors, surface fluxes and vertical diffusion generally drive an increase
in salinity, while strong negative horizontal advection drives a decrease.
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(A) DJF

(B) MAM
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(C) JJA

(D) SON

FIGURE 2.10: Average seasonal cycle in the circumpolar mixed layer salinity budget
terms (psu yr−1), calculated using the Identity Closure method in SOSE. The black
lines show the average position of the SAF (solid), the average seasonal sea ice extent
(dashed), and the southeast Pacific SAMW formation region that the methods were
originally tested for (dotted). Positive values represent an increase in mixed layer

salinity.
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(A) DJF

(B) MAM
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(C) JJA

(D) SON

FIGURE 2.11: Average seasonal cycle in the circumpolar mixed layer temperature bud-
get terms (°C yr−1), calculated using the Identity Closure method in SOSE. The black
lines show the average position of the SAF (solid), the average seasonal sea ice extent
(dashed), and the southeast Pacific SAMW formation region that the methods were
originally tested for (dotted). Positive values represent an increase in mixed layer

salinity; note the different colour scales.
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During austral autumn (MAM, Figure 2.10b), there is a strong salinity increase within
the SIZ, due to surface fluxes via sea ice formation, combined with positive vertical
diffusion (although weaker than in summer). South of the SAF, there is an increase in
salinity close to the sea ice edge due primarily to vertical diffusion, but a slight decrease
elsewhere via freshwater fluxes. North of the SAF, there is little change in mixed layer
salinity in the Pacific, while the Atlantic and Indian Ocean sectors experience freshen-
ing via horizontal advection.

No process is particularly dominant during austral winter (JJA, Figure 2.10c). The
mixed layer salinity of the SIZ increases slightly via surface fluxes, due to sea ice for-
mation. South of the SAF, there is a very small circumpolar salinity increase, driven
by weak advection and vertical diffusion. North of the SAF, there is little change in
the salinity of the Pacific sector. Horizontal advection drives salinity changes in other
regions, acting primarily to decrease salinity. During spring (SON, Figure 2.10d), there
is a strong negative surface flux in the SIZ due to sea ice melt. This is again partially
counteracted by positive vertical diffusion. South of the SAF, there is little change in
mixed layer salinity in any region.

The temperature budget in austral summer (DJF, Figure 2.11a) shows an ubiquitous
increase in mixed layer temperature, driven by surface heating. The impact of this is
diminished somewhat due to cooling via vertical advection south of the SAF, horizontal
advection north of the SAF, and vertical diffusion at all latitudes. The temperature
budget switches to a circumpolar cooling in austral autumn (MAM, Figure 2.11b). This
is driven by a combination of all processes, but dominated by surface fluxes. During
austral winter (JJA, Figure 2.11c), the circumpolar cooling is weaker. This is still due
predominantly to surface fluxes, as well as horizontal advection north of the SAF. A
warming of the mixed layer occurs once again in austral spring (SON, Figure 2.11d),
that is particularly strong in the west Atlantic, due to a downward surface heat flux.

The results of the mixed layer temperature and salinity budgets computed using the
Identity Closure method are not entirely comparable to those computed using the kine-
matic approach described by Dong et al. (2007). Since the Identity Closure method
involves simply computing the budget cell by cell, before averaging the results for all
cells within the mixed layer, it does not explicitly take into account vertical entrainment.
Entrainment is instead incorporated into KPP and vertical diffusion, both of which are
not parameterised in the kinematic approach. Therefore, while some terms of the two
methods can be compared, and the relative impact of each term carefully interpreted
(while keeping the differences in numerical formulation in mind), the reasons for any
differences must always be taken into account before using the Identity Closure results
to justify any change in the approximation. Computing the mixed layer budgets via the
Identity Closure method provides a valuable check of the validity of terms derived in
the kinematic approach, by showing that the budgets can be identically closed within
the model, and identifying the model processes responsible. However, the impact of
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the changing mixed layer depth and the method of depth-averaging used, must always
be kept in mind when interpreting these results.

2.7 Kinematic approach to computing mixed layer budgets

Since a method for computing the mixed layer budgets that incorporates all impacts
of a time-varying mixed layer is required, as well as one that can be used on a wide
variety of observational and model datasets, the Identity Closure method was not used
to further investigate variability in mixed layer and SAMW properties. It was instead
used to refine the second method, a kinematic approach to approximating the mixed
layer temperature and salinity budgets, based on Equations 2.3 and 2.4, derived by
Dong et al. (2007) and Dong et al. (2009).

∂Tm

∂t︸︷︷︸
Temperature tendency

=
Qnet − q(−hm)

ρ0cphm︸ ︷︷ ︸
Surface flux

− um · ∇Tm︸ ︷︷ ︸
Advection

+ κ∇2Tm︸ ︷︷ ︸
Diffusion

− we∆T
hm︸ ︷︷ ︸

Entrainment

(2.3)

∂Sm

∂t︸︷︷︸
Salinity tendency

=
Q f wSm

ρ0hm︸ ︷︷ ︸
Surface flux

− um · ∇Sm︸ ︷︷ ︸
Advection

+ κ∇2Sm︸ ︷︷ ︸
Diffusion

− we∆S
hm︸ ︷︷ ︸

Entrainment

(2.4)

In this method, the average properties of the mixed layer are first calculated, and each
budget term then computed for the entire depth of the mixed layer. Tm, Sm, and um

are the temperature, salinity, and lateral ocean velocity averaged over a mixed layer of
depth, hm. Qnet and Q f w are the net air-sea heat and freshwater fluxes (with positive
values representing a flux into the ocean), and ρ0 and cp are constants denoting the
seawater reference density and the specific heat capacity. The function q represents the
shortwave radiation that passes through the base of the mixed layer, and is calculated
via Equation 2.5.

q = q0[Re
−hm

γ1 + (1− R)e
−hm

γ2 ] (2.5)

q0 is the net shortwave radiation that enters through the surface, and R, γ1, and γ2 are
constants defined by the average turbidity of the Southern Ocean, taken to be 0.67, 1.0
and 17.0, respectively, as used by Dong et al. (2007). Both surface flux terms are also
dependent on the depth of the mixed layer, as a thinner mixed layer is more vulnerable
to surface fluxes.

The advection and diffusion terms describe the horizontal transport of heat/salt through
the sides of each cell within the mixed layer. The advection term is defined as the
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FIGURE 2.12: Diagram explaining each term of the mixed layer salinity budget com-
puted using the method described by Dong et al. (2007).

average lateral ocean velocity in the mixed layer, multiplied by the horizontal tem-
perature/salinity gradient, and so is equivalent to the advection term of the Identity
Closure. The horizontal diffusion term is the product of a constant eddy diffusivity κ,
initially set at 500 m2 s−1, and the Laplacian of the temperature/salinity.

The entrainment term describes the vertical transport of heat/salt through the base
of the mixed layer, and is defined as the product of entrainment velocity we, and the
difference between the mixed layer temperature/salinity and that of the thermocline
beneath. This is a fundamental difference between the kinematic approach and the
Identity Closure method; the heat flux due to volume changes is included as a term.
The term arises in the kinematic approach because the whole mixed layer is treated as
a single layer with one temperature/salinity (rather than the sum of the discrete cells
as in the Identity Closure), so there needs to be a term accounting for changes driven
by its varying width. Dong et al. (2007) defined the entrainment velocity as the vertical
ocean velocity at the base of the mixed layer, and that definition is analysed further in
Section 3.4.

The diagram in Figure 2.12 illustrates each of the temperature budget terms, and a link
to the Matlab script used to compute the SOSE mixed layer temperature budget via
this method, can be found in the appendix. In Chapter 3, the skill of the equations
in capturing the mixed layer budget is assessed, and the individual terms refined as
required. To test the kinematic approach, the mixed layer budgets were computed and
averaged over the southeast Pacific SAMW region. This time, the sum of the budget
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terms was subtracted from the rate of change in temperature/salinity averaged over
the mixed layer, to determine the magnitude of the residual in each budget, i.e. the
difference between the left and right side of Equations 2.3 and 2.4, where the left side
is known to be correct for the model. The results are shown in Figure 2.13, where a
positive (negative) value indicates the process is driving an increase (decrease) in the
salinity/temperature of the mixed layer.

Within the SAMW formation region, the root mean square (rms) of the residual in the
temperature budget is 6.24°C yr−1, and the budget represents 26% of the variance in
the total temperature tendency. The rms of the residual in the salinity budget is 0.89
psu yr−1, and the residual in the budget is greater than the total variance in salinity
tendency within the SAMW formation region. The residual in both budgets has a clear
seasonal cycle. During the first three years of the model run (2005-2007), the salinity
budget shows positive peaks in residual each July. In the final three years, the positive
peaks occur around two months earlier, increasing in magnitude and reaching a maxi-
mum of 0.85 psu yr−1 in May 2010. The overall positive residual in the salinity budget
means that the modelled change in salinity is greater than the sum of the terms driving
salinity change, so the method overestimates the net amount of freshwater added to
the mixed layer. In the temperature budget, a negative peak in residual occurs each
December/January with a maximum of -10.2°C yr−1. The overall negative residual
means that not enough heat is added to the mixed layer. To determine the cause of
the residual in the kinematic approach, and to refine the method in order to compute
more accurate mixed layer budgets in SOSE, each term must be individually reviewed,
comparing with the associated identity closure terms where appropriate. This process
is undertaken in Chapter 3.
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(A) Salinity budget

(B) Temperature budget

FIGURE 2.13: The results of the SOSE mixed layer salinity (A, psu yr−1) and tempera-
ture (B, °C yr−1) budgets, computed using the methods described by Dong et al. (2007)
and Dong et al. (2009), averaged over the southeast Pacific SAMW formation region.
In each case, the solid black line is the modelled rate of change in salinity/temperature,
and the dashed black line is the sum of the processes driving that change. The resid-
ual between the two is shown in grey. The remaining lines represent the processes
driving mixed layer changes in salinity/temperature. A positive value indicates a

salinity/temperature increase.
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Chapter 3

Refining mixed layer budgets in the
Southern Ocean State Estimate

In this chapter, an improved method to compute mixed layer temperature and salinity
budgets is developed, with the aim of producing a kinematic estimation of the terms
contributing to the budget, that gives the lowest possible error. The method is first
refined using SOSE, and tested on the southeast Pacific SAMW formation region. The
method builds on that used by Dong et al. (2007), and the results for each individ-
ual budget term calculated using their method are analysed in order to establish the
sources of error, and determine how to minimise that error. The various assumptions
within the terms are tested, and when relevant, the results are compared with those
computed using the Identity Closure method, to ensure the approximated terms are
accurately capturing the change in mixed layer temperature/salinity.

The entrainment term is found to be the greatest source of error within the approxima-
tion, and various definitions for entrainment velocity are tried in an attempt to reduce
the error, with the rate of change in MLD ultimately being used. Two new terms are
added to both budgets, the first representing the lateral induction through the base of
a sloped mixed layer, and the second is a vertical diffusion term. Using this revised
method reduces the rms of the residual within the SAMW formation region by 67% for
the salinity budget, and 54% for the temperature budget. The impact of using lower
temporal resolution data is investigated, and shows that using monthly rather than 5-
day averaged output increases the residual of the salinity and temperature budgets by
53% and 43% respectively. This is largely because the seasonal deepening of the mixed
layer is not fully captured by the monthly data.

Once the method is refined, it is also used to compute the mixed layer budgets in ECCO
and B-SOSE. The results for all three models are averaged over the southeast Pacific
SAMW formation region, and the average seasonal cycle mapped for the entire South-
ern Ocean. The main processes driving seasonal variability in the temperature and
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salinity of the SAMW formation region are shown to be surface fluxes, horizontal ad-
vection, and vertical entrainment. Lateral induction and diffusion are shown to be less
important in this region, but drive stronger changes in mixed layer temperature and
salinity along the SAF and in the sea ice zone.

3.1 Analysis of the surface flux term

The first of the budget terms to be analysed is the surface flux. For the Identity Closure
salinity method, the surface freshwater flux was calculated via the model output salt
flux field (Equation 2.1). Whereas Dong et al. (2009) used the freshwater flux divided
by the average mixed layer salinity (Equation 2.4). The method used depends entirely
on which model output (or observational dataset) is available. However, the difference
between these terms was checked using SOSE, for which both terms are available, and
found to be negligible. The surface flux term is therefore not considered to be a source
of error in the approximation of the salinity budget. Since only freshwater fluxes are
available as observations, and only one of the two output fields is generally available
for each model, the two methods can be used interchangeably.

FIGURE 3.1: The fraction of shortwave radiation that penetrates each depth cell in the
top 200 m of the surface ocean in each model. The blue line shows the penetration
within SOSE, which is the same for B-SOSE, while the red line shows the same for

ECCO.

While the two methods used to calculate the surface heat flux term are also very sim-
ilar, the calculation of the amount of incoming shortwave radiation absorbed within
the mixed layer is slightly different. The Identity Closure method subtracts a constant
proportion of the shortwave radiation that enters the surface at each depth level within
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FIGURE 3.2: Comparison of the two methods used to compute the surface flux term
of the mixed layer temperature budget (°C yr−1), averaged over the southeast Pacific

SAMW formation region.

the top twelve cells (192 m depth). Hence within the mixed layer budget, shortwave ra-
diation is only subtracted from the net heat flux if the surface mixed layer is shallower
than 192 m, and so a proportion penetrates deeper than the base of the mixed layer.
The method used by Dong et al. (2007) instead assumes values for the turbidity of the
Southern Ocean which, which along with the MLD, are used to subtract a proportion
of the net shortwave radiation that decreases exponentially with depth (Equation 2.5).
The fraction of shortwave radiation that penetrates each depth within the top 200 m of
the ocean within the models used in this thesis is shown in Figure 3.1. The fraction is
slightly higher for ECCO, with 90% penetrating the surface cell in comparison to 77%
for SOSE and B-SOSE. However, in both models, the level of penetration follows a clear
exponential pattern with depth. It is rare that the mixed layer is shallow enough for the
difference in shortwave penetration to impact the results of the mixed layer budgets.
The mixed layer is deeper than 50 m for 83% of the SOSE time series, 90% of the ECCO
time series, and 75% of the B-SOSE time series. At this depth, the difference between
the shortwave penetration in the models is less than 2%.

The results of the surface heat flux term for the Identity Closure and kinematic methods
are very similar within the southeast Pacific box (Figure 3.2). The greatest difference oc-
curs in summer, as expected due to the seasonal cycle in solar heating and shallower
mixed layer. The Identity Closure surface heat flux term is generally slightly lower,
with a maximum difference of 1.73°C yr−1. Since the Identity Closure technique for
calculating the absorption of shortwave radiation is correct for SOSE, this technique is
used when computing the final SOSE temperature budgets. Within the SAMW forma-
tion region, using the new term reduces the rms of the temperature budget residual
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(A) Horizontal salt advection

(B) Horizontal heat advection

FIGURE 3.3: Comparison of the horizontal salinity (A, psu yr−1) and temperature (B,
°C yr−1) advection term of the mixed layer budgets calculated via the Identity Closure
and kinematic approach, averaged over the southeast Pacific SAMW formation region.

from 6.24°C yr−1 to 6.14°C yr−1, and the budget now represents 28% of temperature
variance.
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3.2 Analysis of the horizontal advection term

There should be minimal disparity between horizontal heat and salt advection terms
calculated using the Identity Closure and the kinematic approach, as they are com-
puted via the same term (see Equations 2.1 and 2.4). However, disagreement will arise
because the Identity Closure advective fluxes are calculated online at every model
timestep, and then averaged into 5-day outputs. Whereas, the kinematic approach
computes the term offline and requires the combination of the 5-day averaged tracer
terms with the 5-day averaged velocities. Therefore, covariance of the properties/ve-
locities at higher frequencies will be missed and could lead to errors. The comparison
between the two methods in the SAMW formation region is shown in Figure 3.3. There
is no obvious pattern to the difference between the two advection terms for either bud-
get, but using the kinematic approach dampens much of the higher resolution variation
in the salt advection term. The difference between the methods is generally larger for
the salinity budget, with a maximum difference of 0.07 psu yr−1. The maximum differ-
ence between the methods in the temperature budget is 0.18°C yr−1. The difference in
the rms of the salinity advection in the SAMW formation region is 0.005 psu yr−1, and
the difference in the rms of the temperature advection is 0.20°C yr−1. Although these
differences will be the source of some error in the budget approximations, it cannot be
avoided with the available data. Therefore, the advection term is not altered for either
budget.

3.3 Analysis of the horizontal diffusion term

The horizontal diffusion terms computed using the two different methods are not com-
parable in either sign or magnitude (Figure 3.4). This is a result of the different nature
of the calculations: SOSE uses biharmonic horizontal diffusion, with a horizontal dif-
fusivity value (K4) of 1×1010 m4 s−1, and is computed via Equation 3.1, where S is
salinity.

Horizontal diffusion = K4∇4S (3.1)

Whereas Dong et al. (2007) used a horizontal eddy diffusivity, κ, of 500 m2 s−1 and com-
puted Laplacian horizontal salinity diffusion via Equation 3.2, where Sm is the average
salinity of the mixed layer.

Horizontal diffusion = κ∇2Sm (3.2)
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The 1/6 degree spatial resolution of SOSE means that the effect of eddy stirring on dif-
fusion is explicitly represented, whereas the method used by Dong et al. (2007) uses a
value for diffusivity that assumes low resolution and thus parametrises eddy advec-
tion. The biharmonic horizontal diffusion term was computed using Equation 3.1, but
the fourth derivative meant that the term had a very low signal to noise ratio. Within
the Identity Closure diffusion term, the horizontal component was insignificant in com-
parison to the vertical component for both the salinity and temperature budgets. This
was true for both the SAMW formation region (Figure 2.9) and for the seasonal vari-
ability across the whole Southern Ocean (Figures 2.10 and 2.11). Horizontal diffusion
is therefore expected to drive minimal mixed layer temperature and salinity changes
in SOSE. Taking these reasons into account, the eddy horizontal diffusion term was
removed from both mixed layer budgets for SOSE. Removing the horizontal diffusion
term reduces the rms of the residual in the SAMW formation by 2.16°C yr−1 for the
temperature budget, and by 0.49 psu yr−1 for the salinity budget.

Incorporating the changes to both the surface flux and the diffusion term means that
the rms of the total residual becomes 2.31°C yr−1 and 0.40 psu yr−1, for the temperature
and salinity budgets, respectively. The temperature budget now represents 70% of the
variance in the temperature of the SAMW formation region, while the residual in the
salinity budget is still greater then the tendency. When the budgets are later computed
in ECCO, the eddy diffusion term is reintroduced due to the lower spatial resolution of
the model (Section 3.8).

3.4 Analysis of the vertical entrainment term

The vertical entrainment of heat/salt through the base of the mixed layer is expected
to be particularly important in the SAMW formation regions, due to the large seasonal
variation in MLD, and the associated entrainment of colder, high salinity water from
the interior ocean as the mixed layer deepens. Entrainment is defined by Dong et al.
(2007) as the product of the entrainment velocity, we, and the difference between the
average mixed layer temperature/salinity and that of the water below:

Entrainment = −we∆S (3.3)

This is a term that is used in many other previous studies (see below), however the
definition of the entrainment velocity varies. Dong et al. (2007) defined entrainment
velocity as the vertical ocean velocity at the base of the time-varying mixed layer, while
Close and Goosse (2013) defined it as the sum of the Ekman upwelling velocity and
the rate of change of MLD. Close and Goosse (2013) also included an extra entrainment
term, lateral induction, which represents the horizontal advection of heat/salt through
the base of a sloped mixed layer. Lateral induction has previously been shown to be
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(A) Horizontal salt diffusion

(B) Horizontal heat diffusion

FIGURE 3.4: Comparison of the two methods used to compute the horizontal salinity
(A, psu yr−1) and temperature (B, °C yr−1) diffusion term of the mixed layer budgets,

averaged over the southeast Pacific SAMW formation region.
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an important process driving subduction in the Southern Ocean (Sallée et al., 2012, Qu
et al., 2020). Close and Goosse (2013) defined the term as the product of the gradient
in MLD and the horizontal velocity vector, and the difference in temperature/salinity
between the mixed layer and that below:

Lateral induction = u · ∇hm∆S (3.4)

The total entrainment velocity then becomes:

we =
∂hm

∂t︸︷︷︸
Rate of change

in MLD

+ wEK︸︷︷︸
Ekman

upwelling

+ u · ∇hm︸ ︷︷ ︸
Lateral

induction

(3.5)

Ren et al. (2011) defined the entrainment velocity as only the rate of change in mixed
layer depth, but multiplied by the Heaviside step function H, which is equal to one
during entrainment (deepening mixed layer), and zero during detrainment (shallowing
mixed layer). They also included the lateral induction term, so the overall entrainment
velocity is:

we = H
∂hm

∂t︸︷︷︸
Rate of change

in MLD

+ u · ∇hm︸ ︷︷ ︸
Lateral

induction

(3.6)

Other studies such as that of Santoso et al. (2010), defined entrainment velocity as the
sum of the rate of change in MLD, and the divergence in mass within the MLD. This
second term then simplifies to the lateral induction plus an extra divergence term.

we =
∂hm

∂t
+∇ · (uhm) =

∂hm

∂t︸︷︷︸
Rate of change

in MLD

+ u · ∇hm︸ ︷︷ ︸
Lateral

induction

+ hm · ∇u︸ ︷︷ ︸
Divergence

term

(3.7)

To determine the best definition for entrainment velocity, each individual term of these
previous studies was computed. The divergence term used by Santoso et al. (2010)
was much smaller than the other terms, and had a very low signal to noise ratio. This
may be because a 5-day timestep is simply not high enough resolution for computing
the velocity gradient. Because of this, it is not included in the final entrainment term
in this study. The Ekman upwelling term included by Close and Goosse (2013) was
also very low in comparison with the remaining terms. This was not used because
the upwelling itself will be responsible for much of the change in MLD, so is already
implicitly included within the entrainment velocity when using the rate of change in
MLD.
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A comparison between the entrainment terms calculated using the entrainment veloc-
ity defined by Dong et al. (2007), and the rate of change in MLD used by Ren et al.
(2011), is shown in Figure 3.5. The vertical advection at the base of the mixed layer
computed via the Identity Closure method is also shown, as it is the most closely re-
lated term to entrainment within that method, though fundamentally different in that
it does not account for a time-varying mixed layer. Using the rate of change in MLD as
entrainment velocity results in large spikes in salinity entrainment each winter, with a
maximum of 1.13 psu yr−1 (Figure 3.5a). This is the expected result due to the strong
mixed layer deepening in the area, causing entrainment of higher salinity water from
beneath. These maxima also match the peaks in the residual of the original salinity
budget (Figure 2.13). Using the rate of change of MLD never causes freshening of the
mixed layer when averaged over the SAMW formation region. This is because the en-
trainment velocity is set to zero during detrainment, and the ∆S term is predominantly
positive, with the mixed layer fresher than the interior ocean. The approach used by
Dong et al. (2009) does not capture the impact of this deepening of the mixed layer, in-
stead the main feature is a freshening each summer with a maximum of -0.18 psu yr−1.
The vertical advection from the Identity Closure is largely positive, driving an increase
in mixed layer salinity, but is much lower with a maximum of 0.11 psu yr−1.

Temperature entrainment is predominantly negative, due to colder water being en-
trained from below, causing a cooling of the mixed layer (Figure 3.5b). However, in
three years, the ∆T term is reversed during winter, with warmer water beneath the
mixed layer, leading to positive entrainment (warming). In winter, the region south of
the SAF tends to have a negative ∆T term, with the mixed layer cooler than the water
below. During these three years, that region extends north of the SAF across the SAMW
formation regions, resulting in the entrainment of warmer water into the mixed layer.
All three definitions of heat entrainment show peaks each autumn, but that which uses
the rate of change in MLD as entrainment velocity shows the strongest cooling, with a
maximum of -4.12°C yr−1. Using the velocity at the base of the mixed layer gives a max-
imum cooling of -2.17°C yr−1, and the Identity Closure advection drives a maximum
cooling of -1.29°C yr−1. Lateral induction is generally much lower than entrainment,
regardless of the choice for entrainment velocity.

For the finalised entrainment term in this study, entrainment velocity is defined as the
rate of change in MLD, as this is the term that reduces the rms in the residual of each
budget by the greatest amount. This is calculated by subtracting the MLD at timestep
t-1 from that at timestep t+1, and dividing it by twice the timestep, to ensure the rate
of change is centred correctly. The entrainment velocity is also multiplied by the Heav-
iside function, because when the mixed layer shallows and detrainment occurs, the
properties of the water within the mixed layer will not be affected since they are the
same as those of the detrained water. The extra lateral induction term is also included
in the budgets, following the methods of Close and Goosse (2013) and Ren et al. (2011).
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The ∆S and ∆T terms are calculated as the difference between the average salinity/tem-
perature of the mixed layer, and that of the depth cell immediately below the mixed
layer.

Using the rate of change in MLD as the entrainment velocity reduces the rms of the
residual in the salinity and temperature budgets by 0.04 psu yr−1 and 0.88°C yr−1,
respectively. Conversely, including lateral induction slightly increases the rms of the
residual, by 0.02 psu yr−1 and 0.20°C yr−1. However, lateral induction has been shown
to be a potentially important process in subduction, particularly in regions of strong
spatial MLD gradients (Sallée et al., 2010b). Thus, the lateral induction term is incorpo-
rated into the final mixed layer budgets. After these changes, the total rms of residual
in the southeast Pacific SAMW formation region becomes 3.17°C yr−1 for the temper-
ature budget, and 0.59 psu yr−1 for the salinity budget. The temperature budget now
represents 82% of the variance in the temperature tendency, and altering the entrain-
ment term means that the residual in the salinity budget is no longer greater than the
tendency, with the budget representing 44% of the variance in tendency.

3.5 Addition of the vertical diffusion term

The results of the mixed layer temperature and salinity budgets, using this new kine-
matic approach with the described changes incorporated, are shown in Figure 3.6. For
both budgets, the residual is now significantly lower than in the original implementa-
tion using the methods of Dong et al. (2007). The rms of the residual in the budgets
within the SAMW formation region is now 0.31 psu yr−1 and 3.10°C yr−1, compared
to 0.89 psu yr−1 and 6.24°C yr−1. However, a significant residual still exists in both
budgets, suggesting that either one or more terms could still be improved, or that there
are terms missing from the equation. The remaining residual in each budget has a
seasonal cycle, with a negative peak in the temperature budget each austral summer,
when too much heat is added to the mixed layer, and a negative peak in the salinity
budget during autumn/winter when too little freshwater is added. The maxima in
residual are similarly timed to the seasonal peaks in the vertical diffusion term of the
Identity Closure method (Figure 2.9), which has so far not been accounted for in this
approximation. In the Identity Closure budget, vertical diffusion drives an increase in
salinity and decrease in temperature during summer and autumn – the periods when
the vertical property gradient is maximum.

The spatial distribution of the residual is shown in Figure 3.7. In the salinity budget, the
highest residual occurs in the sea ice zone during summer. High residual also occurs
along the SAF, in the Indian Ocean sector. The highest residual in the temperature
budget also occurs in summer, north of the SAF in the Pacific and Atlantic sectors. In
each case, the areas of highest residual match the areas of strongest vertical diffusion
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(A) Salt entrainment

(B) Heat entrainment

FIGURE 3.5: Comparison of the methods used to compute the vertical entrainment
term of the mixed layer salinity (A, psu yr−1) and temperature (B, °C yr−1) budgets in
SOSE, averaged over the southeast Pacific SAMW formation region. The method used
by Dong et al. (2007), with entrainment velocity defined as vertical velocity at the base
of the mixed layer, is shown in black, and the Identity Closure vertical advection term
in blue. The solid red line uses the rate of change in MLD as entrainment velocity, and

the dashed line is the lateral induction term.
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(A) Salinity budget

(B) Temperature budget

FIGURE 3.6: Results of the mixed layer salinity (A, psu yr−1) and temperature (B, °C
yr−1) budgets in SOSE, averaged over the southeast Pacific SAMW formation region,

when the described changes have been made to each term.
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(A) Salinity budget

(B) Temperature budget

FIGURE 3.7: The seasonal cycle in the residual of the salinity (A, psu yr−1) and tem-
perature (B, °C yr−1) budgets in SOSE, when the described changes have been made

to the kinematic estimate of the budgets.

in the Identity Closure budgets (Figures 2.10 and 2.11). The impact of adding a vertical
diffusion term to the budget equations was therefore investigated.

To represent the vertical diffusion of salt/heat through the base of the mixed layer,
an extra term was added to the mixed layer budget equations, defined by the vertical
diffusivity Kz, multiplied by the vertical gradient in salinity/temperature at the base
of the mixed layer (Equation 3.8). The vertical distance is taken to be that between the
centre of the mixed layer and the centre of the cell immediately beneath the base of the
mixed layer.

Vertical diffusion = Kz
∂S
∂z

(3.8)

The values for vertical diffusivity of both heat and salt used in SOSE (diffKzT and dif-
fKzS) are constant at 10−5 m2 s−1. However, this is not necessarily the correct value to
use in the budget equations, because this new term is calculated offline over a different
timestep to the diffusion within the model. The KPP vertical transport which is pa-
rameterised in the model is also not included as a separate term in this approximation,
despite adding to the diffusion of heat and salt in the mixed layer. The lack of KPP
means that a spatially varying value for diffusivity should be considered for the kine-
matic approach, since KPP itself varies. In Figures 2.10 and 2.11, the Identity Closure
vertical diffusion term is seen to have a very different magnitude in the sea ice zone,
and north and south of the SAF.
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(A) Salinity budget - north of SAF (B) Temperature budget - south of SAF

(C) Salinity budget - south of SAF (D) Temperature budget - south of SAF

(E) Salinity budget - SIZ (F) Temperature budget - SIZ

FIGURE 3.8: The change in the rms of the total residual of the SOSE mixed layer bud-
gets, with varying choice of vertical diffusivity (Kz). The left (right) panel shows how
the residual in the salinity (temperature) budget changes for the region north of the
SAF (A,B), the region south of the SAF but north of the maximum sea ice extent (C,D)
and the SIZ (E,F). The star marks the Kz that gives the lowest residual, and the dot

marks the actual diffusivity value used in SOSE (10−5 m2s−1).
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To determine the optimal choice for Kz, the temperature and salinity budgets were com-
puted for the entire Southern Ocean, with the vertical diffusion term calculated using
a variety of potential Kz values, ranging between 10×10−5 and 3×10−4 m2 s−1. The
residual in the budgets was computed for each diffusivity value, and the value that
produced the lowest residual determined for each longitude-latitude point. A differ-
ence in the optimal value was seen for the sea ice zone, and north and south of the
SAF. The impact of KPP in the Identity Closure is very different in these regions, with
the lowest KPP transport of heat and salt in the SIZ, and the highest north of the SAF.
The region was therefore split into three zones: north of the SAF, south of the SAF, and
within the area of maximum sea ice extent. For each Kz value, the rms of the residual
in each zone was calculated, and the diffusivity that gave the lowest residual for that
zone selected. The change in residual with diffusivity for each zone is shown in Figure
3.8. Assuming that the same diffusivity value is required for both the salinity and tem-
perature budgets, the mean value of the two optimal diffusivity values was selected as
the final choice of Kz for each zone. The final values are shown in Figure 3.9: 5.00×10−5

m2s−1 north of the SAF, 1.35×10−4 m2s−1 south of the SAF, and 4.50×10−5 m2s−1 in
the SIZ. This approach assumes that there are no further terms to be added and the
remaining residual resides in the choice of Kz.

Adding the vertical diffusion term into the salinity budget has little effect on the nega-
tive residual observed each austral winter. However it does help to reduce the positive
error each summer/autumn, with the maximum positive error in April 2010 lowered
from 0.21 psu yr−1 to 0.17 psu yr−1. For the temperature budget, incorporating the
vertical diffusion term results in a reduction of the negative peak in residual seen each
December/January with the previous maximum of -6.94°C yr−1 decreased to -5.35°C
yr−1. Including a vertical diffusion term in the budgets does not decrease the total rms
of the residual in the budgets within the SAMW formation region. The rms of residual
in the temperature budget is instead increased by 0.22°C yr−1 and the residual in the
salinity budget is unchanged. However, including the term does help to lower the sea-
sonal spike observed in the residual each summer/autumn for both budgets. The term
is much more significant in regions outside of the southeast Pacific, particularly in the
sea ice zone where the residual was previously highest (Figures 3.12h and 3.13h).

3.6 Overview of the revised mixed layer budget method

Using the analysis of each term, the temperature and salinity budget equations used by
Dong et al. (2007) and Dong et al. (2009) were modified to produce an updated method
that can be implemented for both model and observational datasets. This method re-
sults in a lower overall residual in both the mixed layer temperature and salinity bud-
get; the temperature budget now represents 85% of the temperature variance in the
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FIGURE 3.9: Final choice of vertical diffusivity Kz, chosen for SOSE: 5.00×10−5 north
of the SAF, 1.35×10−4 south of the SAF, and 4.50×10−5 m2s−1 in the SIZ. The north-
ernmost black line represents the SAF and the southernmost represents the maximum

sea ice extent in SOSE.

SAMW formation region, compared to 26% when using the original method. The salin-
ity budget now represents 45% of the total salinity variance, whereas with the original
method, the residual in the budget was greater than the signal in salinity tendency. The
equations for the new mixed layer budgets are shown in Equations 3.9 and 3.10, and a
diagram illustrating each of the processes within the salinity budget is shown in Figure
3.10. Links to the Matlab scripts used to compute both budgets can be found in the
appendix.
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The surface freshwater flux term remains the same as it is calculated in the exact same
way to the Identity Closure surface flux term, and therefore known to be correct for
SOSE. The surface heat flux has been redefined to be the same as the Identity Closure,
with a proportion of shortwave radiation subtracted only from the top 12 depth cells.
The advection term for both budgets remains the same, and a lateral induction term has
been incorporated into both budgets. The vertical entrainment term has been altered,
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FIGURE 3.10: Schematic showing the individual terms of the modified SOSE mixed
layer salinity budget.

with the entrainment velocity now defined as the rate of change of MLD, and multi-
plied by a step function that is set to zero for a shallowing mixed layer. Since eddies
are resolved in SOSE, the effect of eddy stirring on diffusion is explicitly represented,
and the impact of the remaining parameterised diffusion is small. Therefore, the hori-
zontal diffusion term was removed from the SOSE budget, but a new vertical diffusion
term was added to reflect the importance of vertical diffusion in the Identity Closure
budgets.

The results of the modified mixed layer budgets, averaged over the southeast Pacific
SAMW formation region, are shown in Figure 3.11. A residual still exists in each budget
due to the nature of the calculations: the budgets are still computed offline using 5-day
averaged output which is not high enough resolution to close the budgets, and approx-
imations of the diffusivity parameters may not be accurately reflecting the combined
impact of vertical diffusion and KPP transport in the model. However, by modifying
the equations for the mixed layer budgets, the total residual in each budget within the
SAMW formation has been reduced significantly. For the temperature budget, the rms
of the residual has decreased by approximately 54% to 2.87°C yr−1, and for the salinity
budget, the rms of the residual has decreased by approximately 67% to 0.30 psu yr−1.
The remaining residual in the salinity budget is highest during austral autumn/winter
when the budget overestimates salinity, while the temperature budget still has a small
spike in residual each summer when the budget overestimates temperature.
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(A) Salinity budget

(B) Temperature budget

FIGURE 3.11: Final results of the mixed layer salinity (A, psu yr−1) and temperature
(B, °C yr−1) budgets in SOSE, averaged over the southeast Pacific SAMW formation
region. The black lines represent the modelled change in salinity/temperature (solid),
the sum of the terms driving those changes (dashed), and the residual between the
two is in grey. The remaining lines represent each of the processes driving the changes

in the mixed layer salinity/temperature.
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Dong et al. (2009) concluded that the majority of the residual in their salinity budget
was due to errors in the surface freshwater flux term, which did not account for sea ice
melt or river runoff. This is not the case for SOSE as the surface fluxes are correct for
the model, and represent the total surface freshwater flux from all sources. Since the
surface flux and advection terms are as accurate as possible, and the vertical diffusion is
itself a product of the error in the budgets via the choice of diffusivity, the most obvious
potential cause of the remaining residual is the entrainment term. The peaks in residual
do occur simultaneously with those in entrainment, particularly in the salinity budget
where entrainment dominates during winter. The error in the entrainment could be a
result of the definition of entrainment velocity or the definition of the ∆S term. Error
in the ∆S term is more likely as the entrainment velocity term as already been closely
analysed. ∆S was defined as the difference between the average mixed layer salinity
and that of the cell immediately below. While the averaged mixed layer salinity is cor-
rect, the salinity below the mixed layer could have been defined in a variety of different
ways, such as at a specific depth beneath the mixed layer, or the average salinity/tem-
perature of the entire depth of entrained water. Another possible explanation of the
residual is that the temporal resolution of the output fields is simply not high enough
to capture all changes in the processes driving mixed layer temperature and salinity.
The impact of temporal resolution on the budgets is discussed in Section 3.7.

Once the method for estimating the budgets was refined for the southeast Pacific SAMW
formation region, the calculations were repeated over the entire Southern Ocean, and
the average seasonal cycle is shown in Figures 3.12 and 3.13 (note the different colour
scales for different terms). In the salinity budget, the patterns and magnitude in the
rate of change of salinity output from the model, match well with the sum of the bud-
get terms (Figures 3.12a and 3.12b). The maximum residual still occurs in the sea ice
region during summer, but is much lower following the addition of the vertical diffu-
sion term (Figure 3.12c). Away from the sea ice zone, the dominant drivers of seasonal
variability are surface fluxes, advection and entrainment, while surface fluxes and en-
trainment dominate under sea ice. The effect of lateral induction and vertical diffusion
is much smaller, but vertical diffusion is still important under sea ice and lateral induc-
tion is strongest along the SAF.

In general, the freshwater fluxes decrease mixed layer salinity, particularly in the SIZ
during spring/summer via sea ice melt (Figure 3.12d). The exceptions to this are in the
SIZ during sea ice formation, where surface fluxes increase salinity via brine rejection,
and north of the SAF, particularly in the Indian Ocean sector, where evaporation in-
creases mixed layer salinity. Advection is strongest around the SAF, where it generally
freshens the mixed layer throughout the year, but acts to increase salinity north of the
SAF in the Pacific sector (Figure 3.12e). Entrainment of deep water increases mixed
layer salinity since the mixed layer is fresher than the water beneath (Figure 3.12f).
Entrainment is particularly important under sea ice during summer, when the MLD
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(A) Salinity tendency (model output)

(B) Salinity tendency (sum of budget terms)

(C) Salinity budget residual

(D) Surface freshwater flux

(E) Salt advection

(F) Salt entrainment



3.6. Overview of the revised mixed layer budget method 71

(G) Salt lateral induction

(H) Vertical salt diffusion

FIGURE 3.12: Average seasonal cycle in the final SOSE mixed layer salinity budget
(psu yr−1): A) salinity tendency calculated from the model output salinity, B) tendency
calculated as the sum of the budget terms, C) residual in the salinity budget, D) surface
freshwater flux, E) horizontal advection, F) vertical entrainment, G) lateral induction,
and H) vertical diffusion. The black lines show the SAF (solid), average seasonal sea
ice extent (dashed), and the area of the Pacific the method was tested on (dotted).
Positive values signify an increase in the rate of change in salinity; note the changing

colour scales.

(A) Temperature tendency (model output)

(B) Temperature tendency (sum of budget terms)

(C) Temperature budget residual
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(D) Surface heat flux

(E) Heat advection

(F) Heat entrainment

(G) Heat lateral induction

(H) Vertical heat diffusion

FIGURE 3.13: Average seasonal cycle in the final SOSE mixed layer temperature bud-
get (°C yr−1): A) temperature tendency calculated from model output salinity, B) ten-
dency calculated as the sum of the budget terms, C) residual in the temperature bud-
get, D) surface heat flux, E) horizontal advection, F) vertical entrainment, G) lateral
induction, and H) vertical diffusion. The black lines show the SAF (solid), average
seasonal sea ice extent (dashed), and the area of the Pacific the method was tested on
(dotted). Positive values signify an increase in the rate of change in temperature; note

the changing colour scales.
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is shallow and the difference between mixed layer salinity and that below is greatest,
and along the northern edge of the SAF in winter when the rate of deepening of the
mixed layer is greatest. Lateral induction is noisy because of the high resolution and
the complex spatial structure of MLD, but is strongest around the SAF and sea ice edge,
becoming greatest when the MLD reaches its winter maximum (Figure 3.12g). Vertical
diffusion is strongest under sea ice (Figure 3.12h), where the vertical salinity gradient
is strongest.

The temperature budget residual is also highest in summer (Figure 3.13c), when it is
negative, meaning the budget overestimates the rate of change in in mixed layer tem-
perature. The highest values occur north of the SAF, particularly east of South America.
As with the Identity Closure budget, surface fluxes dominate the seasonal cycle (Fig-
ure 3.13d). Heat advection drives a predominant cooling across the Southern Ocean
throughout the year, with the strongest cooling north of the SAF (Figure 3.13e). This is
likely due to the northward Ekman-driven flow of cooler waters. Temperature entrain-
ment usually cools the mixed layer, with the strongest impact in the Pacific sector north
of the SAF (Figure 3.13f), because the mixed layer is generally warmer than the water
below. Two areas show warming via entrainment: the region south of the PF during
winter, where upwelled CDW is directly beneath the mixed layer and is often warmer
than the cool winter mixed layer, and a region of the Indian Ocean sector on the north-
ern edge of the SAF where the ∆T term is also reversed with warmer water beneath the
mixed layer. Lateral induction is noisy, and as with the salinity budget, strongest along
the SAF and at the sea ice edge (Figure 3.13g). Vertical diffusion cools the mixed layer,
with the strongest impact in summer (Figure 3.13h).

3.7 Effect of using lower temporal resolution data

While the SOSE output is available as 5-day averages, this method of computing mixed
layer budgets is intended to be applicable to all observational and model datasets with
the required variables. It is common for only monthly averaged data to be available,
such as the monthly averaged ECCO output used later in this study. A higher residual
may be expected when computing the budgets with lower temoporal resolution data,
if it is not high enough to capture the covariance of variables within a budget term.
Therefore, the magnitude of that potential higher resolution is analysed. To do this, the
SOSE budgets were recalculated using the monthly averaged output, and the results
compared with those computed from the 5-day averaged output. The monthly temper-
ature and salinity fields were initially used to recalculate potential density and MLD,
and the budgets computed using these variables, along with the monthly averaged ve-
locity and surface flux terms. The comparisons, averaged over the southeast Pacific
SAMW formation region, are shown in Figures 3.14 and 3.15. The calculated residual
is between the monthly tendency, and the sum of the monthly budget terms.
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The residual in both budgets is consistently higher when calculated using the monthly
averaged SOSE output (Figures 3.14b and 3.15b). In the salinity budget, the biggest
difference occurs in the large peaks in residual during the austral winters of 2009 and
2010, when the maximum residual increased from 0.32 to 0.79 psu yr−1. The spikes
in the temperature budget residual each austral winter also increased when monthly
data was used, from -3.41°C yr−1 to -7.81°C yr−1. Using monthly averages results in an
increase in the rms of the residual by approximately 53% from 0.30 to 0.46 psu yr−1 and
43% from 2.87 to 4.12 °C yr−1, for the salinity and temperature budgets respectively. A
similar order of error increase should therefore be expected in the ECCO mixed layer
budgets. While an increase in residual may also be induced due to the lower spatial
resolution of ECCO, this is addressed via the renewed inclusion of a horizontal eddy
diffusion term (see Section 3.8).

The residual in the budgets is the tendency computed from the output salinity/tem-
perature, minus the sum of the budget terms driving those changes in salinity/temper-
ature. In the mixed layer salinity budget, some of the increased error could be due to
a change in salinity tendency calculated using the lower resolution data, as well as a
change to the sum of the budget terms. The peaks in tendency each winter are higher
when 5-day averages are used (Figure 3.14), suggesting that the monthly averages do
not capture all sources of the seasonal salinity increase. However, as well as the salinity
tendency being lower each winter, the sum of the terms driving that tendency is also
higher when monthly averages were used, exacerbating the residual between the two.

Whether 5-day or monthly averages are used makes very little difference to the sur-
face freshwater flux term, with the maximum difference of 0.05 psu yr−1 occurring in
November 2009. This is to be expected as variability in the term is dominated by a sin-
gle variable, the net freshwater flux. More surprisingly, the same is true for the horizon-
tal advection term, despite the potential for high frequency covariance between salinity
and velocity. The maximum difference was 0.04 psu yr−1 in January 2007. The differ-
ences are larger at individual longitude-latitude points, but are smoothed out when
averaging over the whole SAMW formation region. Lateral induction is similar when
calculated with monthly averages, and is still small relative to the other terms, so makes
little difference to the overall residual.

The salt entrainment term is the main cause of the higher residual spike in 2009, as
the term increases by 0.35 psu yr−1 (31%) when monthly averages are used. In ear-
lier years, the peak is generally lower when calculated with monthly averages, and
sometimes occurs a month earlier (2005, 2007). During austral spring/summer, when
salt entrainment is at its minimum, the magnitude is always close to zero when calcu-
lated with monthly averages, but slightly larger (and positive) when 5-day averages are
used. The difference in salt entrainment is caused by the rate of change in MLD (Figure
3.16). The monthly averaged data does not capture the higher resolution changes in
MLD, and smooths the peaks in the rate of change in MLD which occur over relatively
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(A) Salinity tendency (B) Salinity budget residual

(C) Surface freshwater flux (D) Advection

(E) Entrainment (F) Salt lateral induction

(G) Vertical diffusion

FIGURE 3.14: Comparison of the mixed layer salinity budget terms computed using
the 5-day (red) and monthly (black) averaged SOSE output (psu yr−1). The results are

averaged over the SAMW formation region in the southeast Pacific.



76 Chapter 3. Refining mixed layer budgets in the Southern Ocean State Estimate

(A) Temperature tendency (B) Temperature budget residual

(C) Surface heat flux
(D) Advection

(E) Entrainment (F) Heat lateral induction

(G) Vertical diffusion

FIGURE 3.15: Comparison of the mixed layer temperature budget terms computed
using 5-day (red) and monthly (black) averaged SOSE output (°C yr−1). The results

are averaged over the SAMW formation region in the southeast Pacific.
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(A) dhm/dt (B) ∆ S

(C) ∆ T

FIGURE 3.16: Comparison of the variables used to compute the entrainment terms
when using the 5-day (red) and monthly (black) averaged SOSE output. A) shows the
rate of change in MLD (m s−1), B) and C) show the difference in salinity and tempera-

ture respectively, between the mixed layer and below.

short periods. The higher frequency variability immediately following peak convec-
tion is not captured by the monthly averages. The ∆S term, which also determines
entrainment, is largely unaffected by the change in temporal resolution.

Vertical diffusion has very different magnitudes depending on the averaging period of
the data. However, since the diffusion term is directly impacted by the residual in the
budget via the choice of diffusivity, the difference is to be expected. The optimal values
were computed for the monthly averaged data in the same way that they were for the
5-day averaged data (see Section 3.5). The optimal Kz values for monthly data were
found to be 0.075×10−3 m2 s−1 in the SIZ, 0.20 ×10−3 m2 s−1 south of the SAF, and
0.30×10−3 m2 s−1 north of the SAF. Within the SAMW formation region, the vertical
diffusion, entrainment and tendency terms of the salinity budget equation are most
impacted by using lower resolution output.

The impact of using monthly data is greater for the temperature budget (Figure 3.15),
with the entrainment term causing the largest differences. Peaks in temperature ten-
dency are generally smaller when calculated using monthly averages, with a maximum
difference of 3.06°C yr−1. The increase in residual is mostly driven by a change in the
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sum of the budget terms rather than the tendency, particularly during austral sum-
mer. This increased error in the tendency is a result of less cooling via entrainment and
vertical diffusion. Changing the temporal resolution of the data has little impact on the
surface heat flux term; the largest difference occurs in austral summer, with a maximum
of 2.04°C yr−1. This is likely because during summer, the MLD is shallow enough for
variability on sub-monthly scales to substantially impact the amount of light absorbed
by the mixed layer. As with salinity advection, heat advection also varied very little
when monthly averaged temperature and velocity variables were used.

Changing the temporal resolution of the data has a large impact on heat entrainment.
When monthly averages are used, a single seasonal peak in entrainment is seen each
January/February, whereas when 5-day averages are used, a second peak occurs each
November. Entrainment calculated from monthly averages is instead close to zero in
November. As with salt entrainment, it is the rate of change in MLD that causes this
difference (Figure 3.16). The difference in the rate of change in MLD impacts heat en-
trainment more strongly than salt entrainment, because the seasonal cycle in the ∆T
term is slightly lagged compared to that of ∆S. While ∆S is close to zero during the
second peak in mixed layer deepening, suppressing salt entrainment, ∆T is still high,
resulting in entrainment of cold water that is missed when monthly averages are used.
Vertical diffusion is also very different depending on which averaging period is used,
with higher peaks when 5-day averaged data is used. Overall, changing the temporal
resolution of the data has the biggest impact on the entrainment and vertical diffusion
terms of the mixed layer temperature budget.

These results suggest that the mixed layer budgets computed using the monthly aver-
aged ECCO fields will not be as good approximations as those computed in SOSE with
the 5-day averaged output. Therefore, the residual in the temperature and salinity bud-
gets is expected to be higher. The results of the entrainment and vertical diffusion terms
should be treated with particular caution, as they are most impacted by the change in
spatio-temporal resolution. However, while the residual is higher, the overall signal to
noise ratio is still good. The main features of both the seasonal and interannual vari-
ability are still preserved in each term, and the processes that are most dominant (the
surface flux and advection terms, and the entrainment term of the salinity budget) tend
to be the least affected. Therefore, the budgets are still very useful for investigating the
drivers of mixed layer temperature and salinity change.

Processes that occur on timescales of less than five days may also be important in driv-
ing variability within the SAMW formation regions. While individual events that occur
at daily timescales will not be captured by the 5-day averages, the overall effect can still
be captured by the data if the event is large enough to affect the average. For example,
a much lower frequency of winter storms was observed in 2016 in comparison to other
years (Ogle et al., 2018), and while the individual events cannot be seen in the data, the
overall impact is captured in the monthly averaged surface heat flux term of the mixed
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layer temperature budget in B-SOSE, with weaker than average cooling via surface
fluxes.

3.8 Mixed layer budgets in ECCO

The mixed layer budgets in SOSE are now refined and closed to an acceptable degree
with the error generally lower than the dominant terms of the budget within the SAMW
formation region, and the seasonal and interannual variability captured by the terms.
However, the SOSE time series only covers six years, so a longer time series is required
to investigate interannual variability. Therefore, ECCO is used in Chapters 4 and 5 to
look at the variability between 1992 and 2015. When computing mixed layer budgets in
ECCO, a higher residual is expected than for SOSE, due to only having monthly output
fields and a lower 1/2 degree spatial resolution. In order to ensure the optimal results
for ECCO, some further adjustments were made to the method.

Firstly, in the surface heat flux term, the shortwave radiation is transported through
the mixed layer in a way specific to ECCO, which again uses constants to determine
the proportion of shortwave radiation that is transported through each of the top cells.
The constants are slightly different to those used in SOSE (Chakraborty and Campin,
2013), and the method is altered to reflect that. Another change required to compute
budgets in ECCO is to include the bolus velocity in the advection term, to parame-
terise the effects of geostrophic eddies. Horizontal diffusion was also reincorporated
into both budgets. This is because the spatial resolution of ECCO is 1/2 degree, lower
than the 1/6 degree resolution of SOSE, and so eddies are not resolved by the model. In-
stead, the effect of unresolved eddies is parameterised as a bolus velocity, u∗, using the
Gent-McWilliams eddy parameterisation (Gent and Mcwilliams, 1990), and is output
from the model as a separate velocity variable. Laplacian horizontal diffusion was com-
puted using the method of Dong et al. (2007), defined as the product of the horizontal
diffusivity and the Laplacian of the mixed layer averaged salinity/temperature:

Horizontal diffusion = κ∇2Sm (3.11)

As with the vertical diffusivity in SOSE, diffusivity values were chosen to give the low-
est residual. All combinations of horizontal diffusivity (κ) between 0 and 4000 m2 s−1

and vertical diffusivity (Kz) between 0 and 1.2×10−3 were tested, and the combination
that gave the lowest residual in the SIZ, and the regions north and south of the SAF,
were selected as the final values (Figures 3.17 and 3.18). The final values for vertical
diffusivity were 5.5×10−5 m2 s−1 in the SIZ, 3.6×10−4 m2 s−1 south of the SAF, and
6×10−5 m2 s−1 north of the SAF; and the final values for horizontal diffusivity were 50
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m2 s−1 for the SIZ, 800 m2 s−1 south of the SAF, and 150 m2 s−1 north of the SAF (Figure
3.19).

Equations 3.12 and 3.13 represent the ECCO mixed layer salinity and temperature bud-
get, respectively. A link to the Matlab code used to compute the ECCO mixed layer
temperature budget can be found in the appendix.
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The results of the ECCO mixed layer salinity and temperature budgets, averaged over
the SAMW formation region, are shown in Figures 3.20 and 3.21. As expected due
to the lower spatial and temporal resolution, the residual between the salinity/tem-
perature tendency and the sum of the terms driving the tendency is higher for ECCO
than SOSE. The residual in the salinity budget shows no obvious seasonal cycle, and
ranges between -0.15 and 0.30 psu yr−1. The residual in the temperature budget does
have a seasonal cycle, with a negative peak each austral summer meaning that the
method overestimates the rate of change in the temperature of the mixed layer during
this time. The residual ranges between -12.13 and 4.10°C yr−1. The rms of the total
residual within the SAMW formation region is 0.13 psu yr−1 for the salinity budget,
and 3.30°C yr−1 for the temperature budget. The ECCO temperature budget represents
69% of the variance in temperature tendency within the SAMW formation region (com-
pared to 85% for SOSE when using 5-day averages), and the salinity budget represents
44% of variance in salinity tendency (compared to 45% for SOSE).

As with the SOSE results, the ECCO mixed layer budgets show that the seasonal tem-
perature and salinity of the mixed layer in the SAMW formation region is predom-
inantly driven by surface fluxes, advection and entrainment. Surface fluxes drive a
freshening of the mixed layer, peaking in summer, while advection and entrainment
drive a salinity increase, with large spikes in entrainment each winter due to the deep-
ening of the mixed layer. The temperature budget is dominated by the seasonal cycle in
surface heating, while entrainment and advection act to cool the mixed layer. Horizon-
tal and vertical diffusion have only a minimal impact on both temperature or salinity,
while lateral induction plays a minor role in cooling and freshening the mixed layer.
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(A) Salinity budget - north of SAF (B) Temperature budget - north of SAF

(C) Salinity budget - south of SAF (D) Temperature budget - south of SAF

(E) Salinity budget - SIZ (F) Temperature budget - SIZ

FIGURE 3.17: Change in residual of the ECCO mixed layer budgets with different
values for vertical diffusivity Kz, when the optimal value for κ is used (see Figure 3.18).
The left (right) panel shows the rms of the total residual in the salinity (temperature)
budget for the region north of the SAF (A,B), the region south of the SAF (C,D), and

the SIZ (E,F). The star marks the value that gives the lowest residual.
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(A) Salinity budget - north of SAF (B) Temperature budget - north of SAF

(C) Salinity budget - south of SAF (D) Temperature budget - south of SAF

(E) Salinity budget - SIZ (F) Temperature budget - SIZ

FIGURE 3.18: Change in residual of the ECCO mixed layer budgets with different val-
ues for horizontal diffusivity κ, when the optimal value for Kz is used (see Figure 3.17).
The left (right) panel shows the rms of the total residual in the salinity (temperature)
budget for the region north of the SAF (A,B), the region south of the SAF (C,D), and

the SIZ (E,F). The star marks the value that gives the lowest residual.
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(A) Kz (m2 s−1) (B) κ (m2 s−1)

FIGURE 3.19: The final choice of A) vertical diffusivity, Kz, and B) horizontal diffusiv-
ity, κ (m2 s−1), chosen for the ECCO diffusion terms.

The average seasonal cycle of the ECCO mixed layer budgets for the whole Southern
Ocean is shown in Figures 3.22 and 3.23. There is a much stronger residual in the salin-
ity budget than for SOSE, with the maximum residual in the sea ice zone, and on the
northern edge of the SAF in the Indian Ocean sector. This area of the Indian Ocean is
a very dynamic region, where advection and entrainment are particularly strong, pos-
sibly leading to the higher residual. The residual is low in the Pacific sector, including
the SAMW formation region. The residual in the temperature budget is maximum in
summer, north of the SAF, when the budget overestimates the rate of change in the
temperature of the mixed layer.

Although the models each cover different periods, the patterns of the seasonal cycle
in the individual budget terms match very well between ECCO and SOSE. The main
differences in the salinity budget occur in the entrainment term, as salt entrainment in
ECCO is negligible during austral spring/summer outside of the SIZ, whereas entrai-
ment in SOSE still caused an increase in salinity during this time, particularly in the
Indian Ocean sector. This is also true in the temperature budget; ECCO heat entrain-
ment is negligible in spring/summer, while SOSE entrainment causes strong cooling in
summer. The difference in entrainment is most likely due to the lower temporal reso-
lution not capturing the second peak in mixed layer deepening, as described in Section
3.7.

Lateral induction is much less noisy in ECCO than in SOSE due to the lower spatial
resolution, but still plays only a minor role in setting the mixed layer properties. Lat-
eral induction is still strongest at the sea ice edge and along the SAF, but also drives a
warming of the mixed layer across the Pacific and Indian Ocean sectors, north of the
SAF. Despite the higher residual in ECCO than SOSE, the mixed layer budgets still ac-
curately capture the majority of changes in the temperature and salinity of the mixed
layer, particularly considering the lower temporal and spatial resolution of the model
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(A) 1992-2003

(B) 2004-2015

FIGURE 3.20: Results of the mixed layer salinity budget (psu yr−1) in ECCO, aver-
aged over the southeast Pacific SAMW formation region. The black lines represent the
modelled change in salinity (solid) and the sum of the terms driving those changes
(dashed), and the error between the two is in grey. The remaining lines represent the

processes driving the change in salinity.

output. The results are very good for the SAMW water mass formation regions of the
Pacific sector.

3.9 Mixed layer budgets in B-SOSE

The mixed layer budgets in B-SOSE are computed in an identical way to those in SOSE,
using Equations 3.9 and 3.10. The optimal vertical diffusivity values for B-SOSE were
found to be 2.1 ×10−4 m2s−1 north of the SAF, 3.1 ×10−4 m2s−1 south of the SAF, and
6.0 ×10−4 m2s−1 in the SIZ. These values are all greater than those used for SOSE, par-
ticularly in the SIZ and north of the SAF when the difference is around one order of
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(A) 1992-2003

(B) 2004-2015

FIGURE 3.21: Results of the ECCO mixed layer temperature budget (°C yr−1), aver-
aged over the southeast Pacific SAMW formation region. The black lines represent
the modelled change in salinity/temperature (solid) and the sum of the terms driving
those changes (dashed), and the error between the two is in grey. The remaining lines

represent the processes driving the change in temperature.

magnitude. The results of the B-SOSE mixed layer budgets, averaged over the south-
east Pacific SAMW formation region, are shown in Figure 3.24. The rms of the total
residual in the SAMW formation is 0.27 psu yr−1 for the salinity budget, and the rms of
residual in the temperature budget is 2.21°C yr−1. Residual in the temperature budget
has no clear seasonal cycle, whereas the salinity budget residual is positive in sum-
mer/autumn when the budget underestimates mixed layer salinity, and negative in
winter/spring when the budget overestimates salinity.

As with SOSE and ECCO, the seasonal cycle in the temperature budget is dominated
by surface heat fluxes. Vertical entrainment, advection and vertical diffusion also drive
significant cooling, while lateral induction has a negligible effect. The salinity budget is
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(A) Salinity tendency (model output)

(B) Salinity tendency (sum of budget terms)

(C) Salinity budget residual

(D) Surface freshwater flux

(E) Salt advection

(F) Salt entrainment



3.9. Mixed layer budgets in B-SOSE 87

(G) Salt lateral induction

(H) Vertical salt diffusion

(I) Horizontal salt diffusion

FIGURE 3.22: Average seasonal cycle in the ECCO mixed layer salinity budget (psu
yr−1): A) salinity tendency calculated from the model output salinity, B) tendency
calculated as the sum of the budget terms, C) residual, D) surface freshwater flux,
E) advection, F) entrainment, G) lateral induction, H) vertical diffusion, and I) hori-
zontal diffusion. The black lines show the SAF (solid), average seasonal sea ice extent
(dashed), and the area of the Pacific the method was tested on (dotted). Positive values

signify an increase in the rate of change in salinity; note the different colour scales.

dominated by winter peaks in entrainment as the mixed layer deepens, driving a salin-
ity increase. Surface fluxes drive a freshening of the mixed layer, peaking in summer,
while vertical diffusion is always positive, increasing mixed layer salinity. Advection
drives a freshening of the mixed layer each summer except for 2016/17, when advec-
tion instead drives a slight increase in mixed layer salinity. While lateral induction has
more of an impact on the salinity budget than the temperature budget, it only drives a
slight increase in salinity.

The average seasonal cycle in each salinity and temperature budget term for the whole
Southern Ocean is shown in Figures 3.25 and 3.26. The residual in the salinity budget is
still high in the SIZ during summer/autumn and along the east coast of South America,
while the temperature budget residual is low everywhere. In the SIZ, the residual in the
salinity budget is much higher than in SOSE; in this region, the vertical salinity gradi-
ent is generally stronger in B-SOSE, which results in stronger entrainment and vertical
diffusion. It was previously hypothesised that the entrainment term is responsible for
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(A) Temperature tendency (model output)

(B) Temperature tendency (sum of budget terms)

(C) Temperature budget residual

(D) Surface heat flux

(E) Heat advection

(F) Heat entrainment
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(G) Heat lateral induction

(H) Vertical heat diffusion

(I) Horizontal heat diffusion

FIGURE 3.23: Average seasonal cycle in the ECCO mixed layer temperature budget
(°C yr−1): A) temperature tendency calculated from model output temperature, B)
tendency calculated as the sum of the budget terms, C) residual, D) surface heat flux,
E) advection, F) entrainment, G) lateral induction, H) vertical diffusion, and I) hori-
zontal diffusion. The black lines show the SAF (solid), average seasonal sea ice extent
(dashed), and the area of the Pacific the method was tested on (dotted). Positive values

signify an increase in the rate of change in salinity; note the different colour scales.

a proportion of the remaining residual, and so may be causing the higher B-SOSE er-
ror. Away from the SIZ, the patterns in the salinity budget match well with those in
the SOSE budget, despite the different time periods covered by each model. However,
vertical diffusion is much higher in B-SOSE, and drives a salinity increase across most
of the Southern Ocean. The B-SOSE and SOSE temperature budgets also show very
similar patterns, with the biggest differences also in vertical diffusion, which drives
a much stronger summer cooling in B-SOSE. The main patterns in the rate of change
in temperature and salinity are captured by the B-SOSE mixed layer budgets, both in
the southeast Pacific SAMW formation region, and in the seasonal changes across the
whole Southern Ocean.
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(A) Salinity budget

(B) Temperature budget

FIGURE 3.24: Monthly averaged final results of the mixed layer salinity (A, psu yr−1)
and temperature (B, °C yr−1) budgets in B-SOSE, averaged over the southeast Pacific
SAMW formation region. The black lines represent the modelled change in salini-
ty/temperature (solid), the sum of the terms driving those changes (dashed), while
the residual between the two is in grey. The remaining lines represent the different

processes driving changes in salinity/temperature.
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(A) Salinity tendency (model output)

(B) Salinity tendency (sum of budget terms)

(C) Salinity budget residual

(D) Surface freshwater flux

(E) Salt advection

(F) Salt entrainment
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(G) Salt lateral induction

(H) Vertical salt diffusion

FIGURE 3.25: Average seasonal cycle in the B-SOSE mixed layer salinity budget (psu
yr−1): A) salinity tendency calculated from the model output salinity, B) tendency
calculated as the sum of the budget terms, C) residual, D) surface freshwater flux, E)
advection, F) entrainment, G) lateral induction, and H) vertical diffusion. The black
lines show the SAF (solid), average seasonal sea ice extent (dashed), and the area of
the Pacific the method was tested on (dotted). Positive values signify an increase in

the rate of change in salinity; note the different colour scales.

(A) Temperature tendency (model output)

(B) Temperature tendency (sum of budget terms)

(C) Temperature budget residual
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(D) Surface heat flux

(E) Heat advection

(F) Heat entrainment

(G) Heat lateral induction

(H) Vertical heat diffusion

FIGURE 3.26: Average seasonal cycle in the B-SOSE mixed layer temperature budget
(°C yr−1): A) temperature tendency calculated from the model output temperature, B)
tendency calculated as the sum of the budget terms, C) residual, D) surface heat flux,
E) advection, F) entrainment, G) lateral induction, and H) vertical diffusion. The black
lines show the SAF (solid), average seasonal sea ice extent (dashed), and the area of
the Pacific the method was tested on (dotted). Positive values signify an increase in

the rate of change in salinity; note the different colour scales.
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3.10 Discussion

Mixed layer temperature and salinity budgets have been computed in SOSE, ECCO
and B-SOSE, using a refined kinematic approach that takes into account the extreme
seasonal changes in MLD that occur in the SAMW formation regions. The method uses
only variables that can be obtained, in theory, through observational measurements
as well as through model output, and so can be used for a wide variety of datasets.
The results are an estimate of the budgets, so a residual between the rate of change in
temperature/salinity and the sum of the processes that drive that change still exists, i.e.
the budgets do not perfectly close. This residual is higher when computing the budgets
in ECCO due to the lower spatio-temporal resolution of the data.

When following the methods used by Dong et al. (2007) and Dong et al. (2009), the
temperature budget only accounted for 26% of variance in temperature tendency in the
southeast Pacific SAMW formation region, while the error in the salinity budget was
still much greater than the overall variance in the tendency. The improvements to the
method mean that the SOSE mixed layer budgets now describe 85% of variance in tem-
perature tendency, and 45% of variance in salinity tendency. The largest improvement
was a result of defining entrainment velocity as the rate of change in MLD, following
Ren et al. (2011) and Close and Goosse (2013), rather than simply the vertical ocean
velocity at the base of the mixed layer.

The SOSE surface flux and horizontal advection terms have been compared with the
results of the Identity Closure budgets, and shown to be accurate, with the only dif-
ferences caused by the temporal resolution of the output model data. The remaining
residual in the budget is therefore predominantly due to the entrainment and diffu-
sion terms. This is likely a result of the definition of the salinity/temperature of the
entrained water, which was defined as that of the cell immediately below the mixed
layer. While mixed layer budgets computed via the Identity Closure method have zero
residual, these new budgets clearly show the importance of the seasonal deepening of
the mixed layer in the SAMW formation region that is missed by the Identity Closure.
This is particularly significant in the salinity budget, where the winter deepening of the
mixed layer entrains high salinity water from the interior ocean, dominating the mixed
layer budget.

It was shown that the residual in each budget increases when using lower temporal
resolution data. This is mainly caused by error in the entrainment term, as changes
in the depth of the mixed layer are not accurately captured during spring/summer
when using monthly averaged model output. This has a particularly large impact on
the temperature budget, as the difference in temperature between the mixed layer and
below is high during this time. Despite this, the signal to error ratio is still low for
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each budget of all three models, with seasonal and interannual variability in the model
tendencies well represented by the budgets.

In all three models, the dominant drivers in seasonal variability in both the salinity
and temperature budgets were found to be surface fluxes, entrainment and horizontal
advection. The mixed layer temperature budget is dominated by the seasonal cycle in
solar heating, while advection and entrainment generally act to cool the mixed layer.
The salinity budget is much more affected by the large changes in MLD driving entrain-
ment each winter. Diffusion and lateral induction play only minor roles in each budget;
freshening via diffusion is strongest in the SIZ where the vertical salinity gradients are
largest, but weak further north. Lateral induction has the greatest impact at the sea ice
edge and along the SAF, but is insignificant elsewhere compared to other processes.

Now that the mixed layer salinity and temperature budgets have been computed and
refined for all three models, and closed to the point that the majority of the seasonal
and interannual variability within the temperature and salinity of each model can be
captured by the budgets, and attributed to the various processes, the budgets can be
used to investigate the drivers of interannual variability in the properties of the mixed
layer within the water mass formation regions of the Southern Ocean. In Chapter 4,
the results of the ECCO mixed layer salinity budget are used to analyse the impact of
variability in sea ice on the Pacific SAMW and AAIW formation regions. In Chapter
5, the results of the B-SOSE budgets are used to investigate the cause of particularly
shallow mixed layers that occurred in the southeast Pacific SAMW formation region
during the winter of 2016.
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Chapter 4

The impact of sea ice on South
Pacific Mode and Intermediate water
formation sites

4.1 Introduction

In this chapter, the ECCO mixed layer budgets, computed in Chapter 3, are used to
investigate the impact of sea ice on the mixed layer properties of the Pacific SAMW
and AAIW formation regions. ECCO sea ice is first validated to ensure that any spatial
and temporal variability matches that of observations. During the period that ECCO
covers, from 1992-2015, there were a number of years with anomalously high and low
Antarctic sea ice extent in the Pacific sector.

Strong correlation is found between interannual variability in sea ice area, and advec-
tion of freshwater anomalies into the water mass formation sites at various time lags.
Two regions of sea ice formation/loss in particular are shown to have significant corre-
lation. The area of sea ice in the northern Ross Sea is related to advection anomalies in
all Pacific SAMW and AAIW formation regions at different lags. The timing of the lags,
and the correlation with zonal and meridional advection components, suggest that the
freshwater anomalies are simultaneously advected north into the central Pacific water
mass formation regions, and east into the southeast Pacific AAIW formation region.
The sea ice generated anomalies then transit east through the central Pacific SAMW
formation region, reaching the southeast SAMW formation region over a timespan of
around two years. There is also significant correlation between sea ice further east, in
the northern Bellingshausen/Amundsen Seas, and northward advection of freshwa-
ter anomalies directly into the southeast Pacific water mass formation regions. The
anomalies most strongly impact the AAIW formation region immediately north of the
sea ice, over a lag of up to three months, before being transported to the southeast
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Pacific SAMW formation region approximately six months after the maximum sea ice
extent.

The convolution of regression relationships between sea ice area and freshwater advec-
tion anomalies, with the time series of sea ice area, shows that freshwater anomalies
due to sea ice may contribute to a proportion of the total salinity advection in the wa-
ter mass formation regions. A pattern of long-term interannual variability, switching
between positive and negative anomalies, can be seen in both Ross Sea sea ice area
and salinity advection. A freshening trend via advection is also observed in the AAIW
formation regions, which may be related to the upward trend in sea ice area over the
ECCO time series.

The drivers of sea ice variability and freshwater anomalies are then examined. Sea ice
extent in the Ross Sea is positively correlated with local meridional wind stress, which
in turn shows strong negative correlation with the Niño 3.4 index. This suggests a
negative ENSO event would lead to increased sea ice export and subsequent stronger
freshwater anomalies in the water mass formation regions. In the Bellingshausen and
Amundsen Seas, sea ice area is positively correlated with both zonal and meridional
wind stress. Meridional wind stress is then positively correlated with the Niño 3.4 in-
dex, while zonal wind stress is positively correlated with the SAM index. Therefore,
concurrent positive SAM and ENSO events would likely result in an increase in fresh-
water advection into the water mass formation regions. One such event occurred in
2015/16 and is the subject of further examination in Chapter 5.

4.2 Motivation

Previous studies have shown that freshwater anomalies caused by Antarctic sea ice
melt, both on seasonal and longer timescales, are transported north, to the water mass
formation regions in the Pacific sector (Haumann et al., 2016; Cerovečki et al., 2019).
A particle release experiment in SOSE, conducted by Cerovečki et al. (2019), showed
that freshwater anomalies in the Ross Sea seasonal ice zone reach the southeast Pacific
SAMW formation regions within one to two years. These freshwater anomalies may
then influence the properties of the subsequently subducted SAMW/AAIW. Cerovečki
et al. (2019) found that the majority of anomalies that reached the SAMW formation
region in the southeast Pacific originated from longitudes between 150°E and 120°W
(see Figure 1.5), which encompasses the entire Ross Sea, and the eastern side of the
Amundsen Sea. Anomalies further west of this region did not reach the SAMW for-
mation region, while anomalies further east did not cross the SAF before they were
advected east through Drake Passage via the ACC. Naveira Garabato et al. (2009) in-
vestigated interannual variability in the AAIW, formed south of the SAMW formation
region. They found that a freshening trend, and interannual variability in the salinity of
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FIGURE 4.1: Average annual cycle in sea ice extent, from 1992-2015, where sea ice
extent is defined as the region with at least 15% sea ice cover. ECCO sea ice is shown

in black, and satellite observations in red.

AAIW, were linked to freshwater fluxes due to sea ice driving a freshening of the winter
water formed in the Bellingshausen Sea, that subsequently ventilated the AAIW at the
Polar Front. Haumann et al. (2016) also linked the freshening trend in the AAIW and
SAMW formation regions over recent decades to an increased northward transport of
sea ice, related to stronger southerly winds. This link was strongest in the Pacific sector,
with the highest trends in the Ross Sea.

The results of the mixed layer budgets computed in Chapter 3 can be used to further
analyse the processes by which freshwater anomalies due to sea ice reach the SAMW
and AAIW water mass formation regions. Using the longer ECCO time series, trends
and interannual variability in sea ice can be analysed to determine the potential impact
on the properties and formation of SAMW and AAIW.

4.3 Validation of ECCO sea ice

In this chapter, ECCO is used due to its longer time series. To ensure the sea ice pat-
terns within ECCO match those of observations, a validation of ECCO sea ice was
first completed. Su (2017) previously validated mean September sea ice in ECCO and
found it to be very close to observations. Here, the same satellite sea ice concentra-
tion data is used for comparison: NOAA/NSIDC Climate Data Record of Passive Mi-
crowave Monthly Southern Hemisphere Sea Ice Concentration (http://nsidc.org/
data/G02202). A comparison of the average annual cycle in sea ice extent over the Pa-
cific sector, defined as the region with at least 15% sea ice cover, is shown in Figure
4.1 for the years covered by the ECCO time series (1992-2015). Overall, sea ice extent
in ECCO matches well with the satellite measurements. The largest differences occur
from January to March, during the seasonal sea ice retreat, when ECCO generally over-
estimates the extent of sea ice in the Ross Sea. Errors in Ross Sea sea ice are a common

http://nsidc.org/data/G02202
http://nsidc.org/data/G02202
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problem in models, in part due to the poor representation of the Ross Sea polynya dur-
ing summer, caused by an overestimate of sea ice imported from the east (Holland et al.,
2014). While this results in too high sea ice in the Ross Sea overall, the sea ice area at
the sea ice edge, which is focused on in this study, should be better represented as the
reanalysis model uses observations of sea ice as its lower boundary condition. Another
explanation for differences between ECCO sea ice area and observations is that a range
of observational datasets were used to constrain ECCO sea ice concentration because
of the different time periods covered by each. These observational datasets are: SSM/I
DMSP-F11 from 1992-2000, SSM/I DMSP-F13 for 1995-2009, and SSMIS DMSP-F17 for
2006-2015 (Fukumori et al., 2019).

Throughout the rest of the year, ECCO sea ice matches well with observations, but
is always very slightly greater in extent, particularly in the east. Depending on the
accuracy of the thickness of the sea ice, this overestimate may result in too high sur-
face freshwater input. However, the validation of mixed layer salinity in the SAMW
formation region (Figure 2.4b) showed ECCO salinity to be very well constrained to
observations, so errors in sea ice are unlikely to have a large effect on the salinity of the
SAMW formation regions.

A comparison of the anomalies from the mean seasonal cycle in total sea ice area over
the two regions focused on throughout this Chapter (see Figure 4.4), the northern Ross
Sea (175°E-145°W, 54-66°S), and the Bellingshausen/Amundsen Sea region (74-114°W,
54-66°S), is shown in Figures 4.2a and 4.2b. These regions are both at the sea ice edge,
where the strongest variability occurs, and therefore where the largest difference is
expected between the datasets. For the Ross Sea, the r2 value between annual aver-
aged anomalies in the observations and in ECCO is 0.87, and 0.86 for the Amund-
sen/Bellingshausen Sea region. The same interannual variability can be seen in each
dataset, with positive and negative anomalies occurring concurrently, however ECCO
generally slightly overestimates the magnitude of the anomalies. Interannual variabil-
ity in sea ice extent is focused on in this chapter, and the errors between the model and
observations are much smaller when the seasonal cycle is removed. Therefore, errors
in sea ice are unlikely to have a large impact on the results.

The relationship between sea ice area and the freshwater flux into the ocean was also
tested, since it is the freshwater flux that ultimately drives changes in salinity within
the water mass formation regions. The surface freshwater flux due to sea ice was com-
puted, and found to match very well with sea ice area, as expected (Figures 4.2c and
4.2d). The r2 value between the annual averaged anomalies in sea ice area and fresh-
water fluxes due to sea ice is 0.80 for the Ross Sea, and 0.71 for the Amundsen/Belling-
shausen Sea.

Overall, sea ice in ECCO matches well with observations within the Pacific sector,
importantly capturing the interannual variability, but slightly overestimates the total
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(A) Ross Sea (B) Bellingshausen Sea

(C) Ross Sea (D) Bellingshausen Sea

FIGURE 4.2: Top: anomalies in total sea ice area (m2) in the northern Ross Sea region
(A, 175°E-145°W, 54-66°S), and the northern Amundsen/Bellingshausen Sea region (B,
74-114°W, 54-66°S), with ECCO sea ice area in blue, and satellite observations in red.
Bottom: Comparison of Anomalies in total area of sea ice (m2) and total freshwater
fluxes due to sea ice (kg m−2 s−1), in C) the northern Ross Sea region, and D) the
northern Amundsen/Bellingshausen Sea region. The annual averages are shown in

bold.

amount of sea ice in the region, which will lead to a slight overestimate of the freshwa-
ter input into the ocean. Within the time period covered by ECCO, sea ice area in the
Ross Sea region was particularly high in 2007 and 1998, and low in 1993 and 2002. In
the Bellinghausen/Amundsen Sea region, sea ice area was highest in 2015, and lowest
in 1998 and 2006. The drivers of anomalous sea ice extent are discussed in Section 4.12.

4.4 Water mass formation regions

Throughout this chapter, the impact of sea ice on four different water mass formation
regions is analysed. These water masses are Central Pacific Subantarctic Mode Water
(CPSAMW), Southeast Pacific Subantarctic Mode Water (SEPSAMW), Central Pacific
Antarctic Intermediate Water (CPAAIW), and Southeast Pacific Antarctic Intermediate
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FIGURE 4.3: The boxes in the Pacific sector used to define the SAMW and AAIW
formation regions. The shading shows the maximum MLD in ECCO (m), and the
orange contours show the region within the SAMW boxes with a maximum MLD of

at least 350 m.

Water (SEPAAIW). In previous studies, the two separate modes of SAMW have been
identified in the Pacific sector of the Southern Ocean (Cerovečki et al., 2019; Meijers
et al., 2019): denser SEPSAMW, and lighter CPSAMW. A difference in the properties of
the mixed layer between the two SAMW formation regions can also be seen clearly in
ECCO and B-SOSE, which is discussed further in Chapter 5. The two SAMW formation
regions display very distinct bipolar anomalies, varying out of phase with each other
(Meijers et al., 2019), and so should be examined separately. Therefore, two separate
SAMW formation regions are defined. Following Meijers et al. (2019), the formation
regions of the two modes are separated into two boxes, with the CPSAMW box outlined
by 160–114°W, 47.3–55.3°S, and the SEPSAMW box by 114–74°W, 47–59°, separated
approximately by the Pacific Antarctic Ridge. The SAMW formation regions were then
defined as the area with a maximum MLD of at least 350 m within those boxes.

The AAIW formation regions are defined simply as the regions directly south of the
SAMW boxes, bordered to the south by the most southerly position of the Polar Front
and to the north by the SAF. The locations of these boxes are used to understand the
pathway of anomalies from the sea ice edge to the SAMW formation regions, rather
than to make statements about the variability of the AAIW formed within the boxes.
The CPAAIW formation region is defined as 160-114°W, 55.3-62.5°S, and the SEPAAIW
as 114-74°W, 59-63.8°S. The positions of these boxes, and the definition of the formation
regions, are shown in Figure 4.3.

4.5 Sea ice regions of importance

For freshwater anomalies due to sea ice melt to enter the mixed layer of these water
mass formation regions, the anomalies created as the ice retreats must be transported
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north and east from the sea ice edge. If sea ice does influence these regions, a relation-
ship between sea ice extent and area, and the advection term of the mixed layer salinity
budget would be expected. Cerovečki et al. (2019) showed that freshwater anomalies
from the sea ice edge should reach the SEPSAMW formation region within approxi-
mately two years. Therefore, the correlation between advection and sea ice area was
calculated for lags of 0-36 months. This correlation was computed individually at each
point in the Pacific sector sea ice region, with the salinity advection term averaged over
each water mass formation region (i.e. the areas shown in Figure 4.3). The correlation
was computed between the annual average of each variable, and the lag applied to
the period being averaged over, i.e. the annual average for sea ice was computed for
January to December of each year, and correlated with the annual average in salinity
advection from January to December for zero lag, February to January for a lag of one
month, and so on. The same results are found when using the monthly anomalies,
but annual averages were chosen because it is the interannual changes in sea ice that
are important, and it is the changes in winter sea ice extent that predominantly drive
variability in freshwater due to sea ice melt.

The maximum correlation at each longitude-latitude point of sea ice is mapped, along-
side the lag (in months) at which that maximum correlation occurs, in Figure 4.4. Clear
negative correlation can be seen between sea ice area in the Ross Sea, and salinity ad-
vection in all four water mass formation regions, meaning higher sea ice area is corre-
lated with advective freshening. Advection in the CPSAMW formation region is most
strongly correlated with sea ice in the northern Ross Sea (Figure 4.4a), at a lag of up
to around 18 months (Figure 4.4b). In the SEPSAMW formation region, the strongest
correlation is also seen in the northern Ross Sea (Figure 4.4c), at a longer lag of up
to 30 months (Figure 4.4d). Significant correlation is also seen between advection in
the SEPSAMW formation region and sea ice further east, along the sea ice edge of the
Amundsen and Bellingshausen Seas at lags of around six months. The lag that gives
the strongest correlation in the CPAAIW formation region is close to zero (Figure 4.4f),
which is to be expected due to the proximity of the area to the sea ice. The signif-
icant correlation with the CPAAIW formation region is concentrated in the Ross Sea
(Figure 4.4e). Salinity advection in the SEPAAIW formation region (Figure 4.4g) shows
significant negative correlation with sea ice across the northern Ross Sea and in the
Amundsen and Bellingshausen Seas. The strongest correlation with Ross Sea sea ice
occurs at lags of between one and two years, while the optimal lag for correlation with
sea ice further east is much shorter at less than 10 months (Figure 4.4h). The areas of
sea ice that give the strongest correlation is slightly different for each SAMW formation
region. However, the strongest correlation is generally with sea ice north of 66°S, in the
region where sea ice is not present in austral summer.

Correlation between salinity advection and sea ice area was found to be slightly stronger
than that with sea ice volume, suggesting that the surface area covered by sea ice, and
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particularly its northward extent, is more important than the thickness of the sea ice.
Significant correlation is not seen between sea ice area and heat advection, likely be-
cause the mixed layer temperature is much more influenced by surface air-sea fluxes
away from the sea ice zone, which act to erode anomalies due to sea ice, as they are
advected north.

Figure 4.5 also shows the correlation between sea ice area and salinity advection in the
water mass formation regions. This time, the correlation is only calculated for sea ice
north of 66°S, and the longitudinal range of the sea ice taken into account is decreased
each time, to determine the longitudinal range for which the strongest correlation oc-
curs. When considering sea ice area over the entire Pacific sector, significant correlation
does occur for each water mass formation region (Figure 4.5, top panels). However,
when the area considered is reduced (middle panels), the areas from 180°E-145°W and
109-145°W show the strongest correlation. When the region is split into smaller longitu-
dinal sections (bottom panels), further significant correlation is also seen between salin-
ity advection in the SEPAAIW and SEPSAMW formation regions, and sea ice further
east, in the northern Bellingshausen/Amundsen Seas from 92-127°W. The changing
significance and corresponding lag of the correlation between each water mass forma-
tion region and sea ice zones from east to west, supports the theory that the correlation
is due to the sea ice area, rather than coincidental covariance between the two terms
driven by, for example, variability in the strength of the local winds.

The same correlations as shown in Figure 4.4 were also calculated for the zonal and
meridional components of advection separately (Figures 4.6 and 4.7). They show that
the correlation with Ross Sea sea ice is predominantly caused by the zonal advection
of freshwater anomalies for the CPAAIW and southeast water mass formation regions.
Correlation with zonal advection is strongest in the longitudinal sections 180°E-145°W,
and 145-190°W (Figure 4.6, middle panels). Correlation between sea ice and salinity
advection in the CPSAMW formation region is rarely significant when taking into ac-
count only the zonal or meridional component, but is significant when looking at total
advection. This suggests that freshwater anomalies at the Ross Sea sea ice edge are
advected both north and east to the CPSAMW formation region. Correlation between
salinity advection in the southeast water mass formation regions, and with sea ice fur-
ther east in the Amundsen and Bellingshausen Seas, is due to meridional advection.
This is strongest in the the region from 74-109°W (Figure 4.7, middle panels), which is
directly south of the water mass formation regions. The direction of the advection that
shows significant correlation with sea ice, gives further confidence to the hypothesis
that the changes in sea ice are directly responsible for the freshwater advected into the
water mass formation regions. The correlations suggest that the southeast Pacific water
mass formation regions are influenced by freshwater anomalies originating in the Ross
Sea, that are advected north, then east via the central Pacific boxes, as well as those
advected directly north from the Amundsen/Bellingshausen Sea.
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(A) Correlation coefficient: CPSAMW (B) Lag: CPSAMW

(C) Correlation coefficient: SEPSAMW (D) Lag: SEPSAMW

(E) Correlation coefficient: CPAAIW (F) Lag: CPAAIW

(G) Correlation coefficient: SEPAAIW (H) Lag: SEPAAIW

FIGURE 4.4: The maximum correlation coefficient (left), and the lag that gives that
maximum correlation (right), between annual averaged sea ice area at each point
and salinity advection averaged over the A,B) CPSAMW, C,D) SEPSAMW, E,F)
CPAAIW, and G,H) SEPAAIW formation regions. Stippling shows significant correla-
tion (p<0.01), and the black boxes mark the sea ice regions focused on throughout this

chapter.
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The spatial maps of correlation and lag (Figure 4.4) show that the strongest correla-
tion occurs between salinity advection and sea ice in the north of the sea ice zone.
By analysing the correlation for sea ice averaged over different longitudinal ranges,
the strongest correlation is found to be with sea ice in the northern Ross Sea, and in
the Amundsen/Bellingshausen Seas, south of the southeast Pacific water mass forma-
tion regions (Figure 4.5). The longitudinal range that showed the strongest correlation
with all four water mass formation regions was determined to be 175°E-145°W, in the
northern Ross Sea. The longitudinal range that showed the strongest correlation with
advection in the SEPSAMW and SEPAAIW formation regions only, was determined to
be 74-114°W. These sea ice regions are shown by the black boxes in Figure 4.4. In the
following sections, the impact of sea ice variability in these regions on the properties of
the water mass formation regions is further investigated.

4.6 Correlation between Ross Sea sea ice and salt advection

The correlation between annual averaged salinity advection, and sea ice area in the
region 175°E-145°W, is shown in Figure 4.8a, over lags of up to 36 months. Significant
negative correlation (indicating freshening associated with increased sea ice) between
sea ice area and advection in the CPAAIW region occurs at lags of 0-12 months, peaking
at 3 months. Significant correlation is seen at such a short lag because the CPAAIW
formation region box overlaps with this area of sea ice. The second region to experience
significant correlation is the SEPAAIW formation region at a 13-20 month lag, peaking
at 14 months, suggesting it takes just over one year for freshwater anomalies to advect
eastward across the Pacific sector, from the Ross Sea. Significant correlation occurs
in the CPSAMW formation region at a 14-22 month lag, peaking at 16 months, and
significant correlation occurs in the SEPSAMW formation region at a 17-35 month lag,
peaking at 28 months. This suggests the freshwater anomalies take over two years to
reach the water mass formation region farthest from the Ross Sea sea ice edge, in the
southeast Pacific.

Figure 4.8b shows the same as Figure 4.8a, but for only the zonal component of salin-
ity advection. Similar significant negative correlation can be seen between sea ice area
and zonal advection as is seen with total advection. This suggests that zonal advec-
tion is the primary mechanism for the transport of freshwater anomalies originating in
the Ross Sea, entering the SAMW and AAIW formation sites. The lags of the peaks in
correlation are slightly different when looking at only zonal advection, with the peaks
for the AAIW formation regions occurring two months later. The correlation with only
zonal advection is slightly weaker in the CPAAIW formation region, suggesting that
freshwater anomalies are delivered to this region with a significant meridional compo-
nent (this feature, and those below, are shown in Figure 4.8c). This makes sense, as a
proportion of the sea ice is directly south of the CPAAIW formation region. Correlation
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(A) Total salinity advection

(B) Zonal salinity advection (C) Meridional salinity advection

FIGURE 4.8: A) Correlation coefficient for lags of 0-36 months between annual aver-
aged sea ice area north of 66°S and from 175°E-145°W, and salinity advection averaged
over the CPSAMW (blue), SEPSAMW (red), CPAAIW (yellow), and SEPAAIW (green)
formation regions. The same is shown for only B) zonal, and C) meridional salinity ad-
vection. Dots show correlation with 95% significance, and the largest dots show the
strongest significant correlation, with the lag of that correlation noted in the legend.

with zonal advection is stronger than with total advection for the SEPAAIW forma-
tion region, because given the relative positions of the sea ice and SEPAAIW region,
freshwater anomalies must be transported eastwards to reach the SEPAAIW formation
region. Correlation in the CPSAMW formation region is weaker when looking at just
zonal advection, suggesting meridional advection is more important, with the fresh-
water anomalies transported north from the sea ice edge into the CPSAMW formation
region. The strength of the correlation is similar for both total and zonal advection in
the SEPSAMW formation region. This suggests that freshwater anomalies are advected
north into the CPSAMW formation region, and then east into the SEPSAMW formation
region.
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The only significant negative correlation between sea ice area and meridional salinity
advection is observed in the central Pacific water mass formation regions (Figure 4.8c).
The strongest correlation with meridional salinity advection in the CPAAIW formation
region occurs at a lag of three months, but is weaker than that with zonal advection.
Correlation between Ross Sea sea ice area and meridional advection in the CPSAMW
formation region is significant at lags of 19-27 months, peaking at 25 months. This is
much longer than the optimal lag for total and zonal advection (16 months), while the
correlation is a similar strength.

The negative anomalies in salinity advection are shown in an animation for the months
following the anomalously high winter sea ice in the winter of 2008 (https://github.
com/RachaelSanders/ML_Budgets/blob/master/sea_ice_advection_animation_2008.

gif). The strong freshwater anomalies at the Ross Sea sea ice edge (red dashed line)
the following summer can be seen to advect away from the northern Ross Sea (dotted
box), both north and east into the AAIW and SAMW formation regions (solid boxes).
The negative (fresh) anomalies are clear in the salinity advection within the AAIW for-
mation boxes, but are weaker by the time they reach the SAMW formation region due
to the importance of other local processes, such as surface fluxes, in driving salinity
variability.

The strength of the correlations, and the optimum lags, suggest that freshwater anoma-
lies enter the CPAAIW formation region via northeastward advection. Anomalies are
then transported further northeast as well as directly east in the mean ACC flow, reach-
ing the SEPAAIW and CPSAMW regions around the same time. Anomalies in the CP-
SAMW region are then advected further east, reaching the SEPSAMW region around
two years after the initial maximum sea ice extent. Given the maximum sea ice ex-
tent typically occurs in September, the strongest freshwater anomalies would be ex-
pected the following December in the CPAAIW formation region, around a year later
in the SEPAAIW and CPSAMW formation regions, and in January two years after the
maximum sea ice extent in the SEPSAMW formation region. While the subduction of
SAMW occurs in winter, the freshwater anomalies reaching the SAMW formation re-
gions during summer could play a role in setting the properties of the mixed layer prior
to the development of the deep winter mixed layer and the formation of SAMW.

4.7 Regression of Ross Sea sea ice onto salt advection

To determine whether variability in sea ice is a strong predictor of the advection time
series, and how well the various frequencies of variability are reconstructed, the re-
gressions of sea ice area onto salinity advection were computed. This was done by
computing the linear regression coefficient between the detrended anomalies in sea ice

https://github.com/RachaelSanders/ML_Budgets/blob/master/sea_ice_advection_animation_2008.gif
https://github.com/RachaelSanders/ML_Budgets/blob/master/sea_ice_advection_animation_2008.gif
https://github.com/RachaelSanders/ML_Budgets/blob/master/sea_ice_advection_animation_2008.gif
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(A) CPSAMW (B) SEPSAMW

(C) CPAAIW (D) SEPAAIW

FIGURE 4.9: Regression of northern Ross Sea sea ice area onto detrended salinity ad-
vection anomalies at the lag that gives the strongest correlation between the two vari-
ables (blue), and the actual salinity advection anomalies (red). Both are averaged over:
A) the CPSAMW with a 16 month lag, B) the SEPSAMW with a 28 month lag, C) the
CPAAIW with a 3 month lag, and D) the SEPAAIW with a 14 month lag. The thin lines
have a 6-month moving average applied to reduce noise, while the bold lines have a

3-year moving average applied for investigation of longer term variability.

area and salinity advection, at the lag which has been shown to give the maximum cor-
relation for each water mass formation region. The sea ice area anomalies were then
multiplied by the regression coefficient, so the regression output is entirely dependent
on the interannual variability in sea ice area. If anomalies in salinity advection are
predominantly due to sea ice in the Ross Sea, similar patterns in both datasets would
be expected. The results are shown in Figure 4.9, along with the actual anomalies in
salinity advection for comparison.

The regressed anomalies capture a proportion of the high frequency variability in salin-
ity advection, for example, the peak in 2008. The strongest similarity between regressed
salinity advection anomalies and actual anomalies occurs in the CPAAIW formation re-
gion (Figure 4.9c), as expected due to the proximity of the region to the sea ice zone.
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However, the actual anomalies are still greater than the regressed anomalies, reach-
ing a maximum freshening of -0.20 psu yr−1 in 2008, compared to -0.08 psu yr−1. The
CPSAMW region shows much less similarity between actual and regressed anomalies
(Figure 4.9a), presumably because a significant amount of the freshwater anomalies are
swept east via the ACC, and therefore do not reach the CPSAMW formation region.
The SEPAAIW formation region also shows less similarity (Figure 4.9d). This is the
region with the strongest advection anomalies overall, and some of this will be due
to northward advection of freshwater anomalies from sea ice directly south, in addi-
tion to advection from the Ross Sea. Similar patterns can be seen between actual and
regressed anomalies in the SEPSAMW formation region (Figure 4.9b), but again the
actual anomalies reach much higher magnitudes. In 2010, the maximum freshwater
advection anomaly was -0.06 psu yr−1, compared to a simultaneous maximum of -0.02
psu yr−1 in the regressed anomalies.

The peak in advection of freshwater anomalies into the CPAAIW formation region oc-
curred in 2007/2008, 2009 in the CPSAMW and SEPAAIW regions, and 2010 in the
SEPSAMW region. These peaks are also captured by the reconstructions of advection
anomalies due to sea ice. Given the lags that give the maximum correlation, all these
peaks can be linked to the very high Ross Sea sea ice extent in the winter of 2007 (Figure
4.2a). While there are large differences in the year-to-year magnitude of the actual and
regressed anomalies, a longer term variability over a number of years can be seen in
each of the regions for both. This can be seen more clearly when a three year moving
average is applied to the results (bold lines in Figure 4.9).

Longer term variability is visible in salinity advection anomalies in each water mass for-
mation region, particularly in the CPAAIW and both SAMW formation regions. This
can be seen as generally negative anomalies from 1994 to approximately 2001, then pos-
itive anomalies until around 2005, negative until 2010 and then positive for the rest of
the time series. A similar pattern is seen in the SAMW formation regions (with the ex-
pected lags), and while the AAIW formation regions are similar, the SEPAAIW forma-
tion region experiences much more variability. The SEPAAIW formation region shows
some shorter term variability not seen in the regressed anomalies, possibly linked to
the meridional advection of freshwater anomalies from sea ice directly to the south. A
similar pattern can be seen in the regressions of sea ice onto salinity advection. Both the
actual and regressed anomalies are of a similar magnitude in the CPAAIW formation
region, suggesting that variability in sea ice is responsible for much of the anomalies in
salinity advection in this region.

There are caveats to these regressions: they are only computed at the lag of the strongest
correlation, but it has been shown that the impact of sea ice does not occur at a single
month, but over many months, and this is not included in the reconstruction. Also,
only one area of sea ice, that gives the strongest correlation, has been considered in
these regressions, while the signal will actually be formed of an integration of all sea
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ice upstream of the water mass formation sites. The regressions are much smaller than
the actual anomalies in the SAMW formation regions further north, but the same pat-
terns can be seen. This may suggest that while freshwater anomalies due to sea ice
are responsible for a proportion of the anomalies in salinity advection in these regions,
other factors are also important. Sea ice does not dominate the mean salinity advection
signal, however there are periods where sea ice is particularly impactful, such as from
2008-2010, where peaks of different magnitudes in both salinity advection anomalies
and the regressed anomalies, are seen in each water mass formation region. The fact
that such strong correlation with the long-term variability occurs in the CPAAIW for-
mation site, makes it clear that it is important over long periods, but this impact lessens
with distance from the sea ice edge, resulting in weaker correlation for the other water
mass formation regions.

4.8 Interannual variability and trends in Ross Sea sea ice

Since an increasing sea ice trend was observed in the Ross Sea until approximately
2015, the regressions were repeated but with the trend kept in both sets of anomalies, to
determine how any long-term trend in salinity advection compares to trends in sea ice
extent (Figure 4.10). A three year moving average was again applied to each dataset,
to highlight the longer term variability. The same process was also used to compute
the regression of sea ice area onto only anomalies in the zonal component of advection
(Figure 4.11), since it is zonal advection that causes much of the correlation between
sea ice area and salinity advection.

In the SAMW formation regions, both the anomalies in total salinity advection and
the regressed anomalies produced by the regression show decreasing trends, meaning
freshening via advection increased over the time series, and Ross Sea sea ice area in-
creased. In the CPSAMW formation region, the trend in salinity advection anomalies
was -0.0062 psu decade−2 (p<0.05), compared to -0.0041 psu decade−2 (p<0.01) in the
regressed anomalies, and in the SEPSAMW formation region, the trend was -0.0045 psu
decade−2 but not significant at the 95% level, while the trend in the regressed anomalies
was -0.0032 psu decade−2 (p<0.01). The similarities in the sign and magnitude of the
trends suggest that increasing sea ice may be at least partly responsible. The trend in
the CPAAIW formation region was slightly positive, so the opposite sign to the trend in
regressed anomalies, meaning processes other than increased Ross Sea sea ice were re-
sponsible for the increase in salinity advection. The freshening trend in the SEPAAIW
formation region was much stronger than the trend in regressed anomalies (-0.0199
psu decade−2, compared to -0.0067 psu decade−2, p<0.01), suggesting the trend was
a result of processes unrelated to sea ice variability, or a result of increased freshwater
anomalies originating from different sea ice regions.
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(A) CPSAMW (B) SEPSAMW

(C) CPAAIW (D) SEPAAIW

FIGURE 4.10: Regression of anomalies in sea ice area onto anomalies in salinity advec-
tion at the lag which gives the strongest correlation between the two (blue), and the
actual salinity advection anomalies (red) for the four water mass formation regions A)
CPSAMW with a 16 month lag, B) SEPSAMW with a 28 month lag, C) CPAAIW with a
3 month lag, and D) SEPAAIW with a 14 month lag. Each has a 3-year moving average

applied. The linear trend in each set of anomalies is also shown.

The trends in zonal advection are very different to those in total salinity advection (Fig-
ure 4.11). In all four regions, a trend towards increased advective freshening can be
seen, with the weakest trend in the CPAAIW formation region, and the strongest in
the SEPAAIW formation region. In the CPSAMW formation region, where correlation
between sea ice and advection was driven by a combination of both zonal and merid-
ional advection, the freshening trend in salinity advection was much stronger than that
in the regressed anomalies (-0.0238 psu decade−2 compared to -0.0026 psu decade−2,
p<0.01). Hence, the trend in zonal advection is likely a result of other processes, such
as changes in local winds. The longer term variability is less similar between the advec-
tion and regressed anomalies when only zonal advection is considered in this region.
The longer term variability in zonal advection is similar in the SEPSAMW formation
region to that in the total advection, as is that of the regressed data. The maximum pos-
itive anomalies occurred in 2005-06, reaching 0.028 psu yr−1 (compared to 0.0064 psu
yr−1 in the regressed anomalies), and the maximum negative anomalies occurred in
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(A) CPSAMW (B) SEPSAMW

(C) CPAAIW (D) SEPAAIW

FIGURE 4.11: Regression of anomalies in sea ice area onto anomalies in zonal salinity
advection at the lag which gives the strongest correlation between the two (blue), and
the actual zonal salinity advection anomalies (red) for A) the CPSAMW with a 16
month lag, B) the SEPSAMW with a 28 month lag, C) the CPAAIW with a 5 month lag,
and D) the SEPAAIW with a 16 month lag. Each has a 3-year moving average applied.

The linear trend in each set of anomalies is also shown.

2010-11 reaching -0.30 psu yr−1 (compared to -0.0076 psu yr−1 in the regressed anoma-
lies). The freshening trend was much stronger for zonal salinity advection than for
the total advection in the SEPSAMW formation region, and is much stronger than that
of the regressed anomalies (-0.0151 psu decade−2 compared to -0.0032 psu decade−2,
p<0.01).

In the AAIW formation regions, anomalies in both total and zonal advection are greater
than those in the SAMW formation regions, and the magnitude of the regressed anoma-
lies is also greater. In the CPAAIW formation region, the anomalies are more similar to
the reconstruction when total advection is considered, and the longer term variability
clearer. However, the trend in advection is much closer to that of the regressed anoma-
lies when only the zonal component is considered (-0.0097 psu decade−2 with p<0.05,
compared to -0.0070 psu decade−2 with p<0.01). In the SEPAAIW formation region,
the long-term variability in the anomalies is much clearer, and closer to the regressed
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anomalies, when only zonal advection is considered. However, the trend in anomalies
is still much greater than the trend in the regressed anomalies (-0.0301 psu decade−2

compared to -0.0098 psu decade−2, p<0.01).

To summarise, in each of the four water mass formation regions, a long-term interan-
nual variability of over ten years can be seen in anomalies of both total salinity advec-
tion, and the zonal component of the advection. The pattern appears to be related to
variability in the sea ice extent of the Ross Sea. A trend in increasing sea ice over 1992-
2015 would drive a negative trend in salinity advection anomalies, i.e. an increase in
freshening. A negative trend is seen in zonal salinity advection within each water mass
formation region; this trend matches very closely with that in the regressed anomalies
in the CPAAIW formation region. The SAMW formation regions appear to not be as
strongly influenced by sea ice from the Ross Sea, likely because a proportion of fresh-
water anomalies are swept eastward by the ACC. However anomalies in these region
are still a similar magnitude to the AAIW formation regions. The anomalies in salin-
ity advection and the regressions are much more similar when only zonal advection is
considered in the SEPAAIW formation region, while the similarities are clearer for total
advection in the central Pacific water mass formation regions.

4.9 Correlation between Amundsen/Bellingshausen sea ice and
salt advection

In addition to the connection between sea ice in the Ross Sea and zonal salinity ad-
vection within the water mass formation regions, strong correlation was also observed
between salinity advection in the southeast water mass formation regions and sea ice
area in the northern Bellingshausen/Amundsen Sea region (Figures 4.4 and 4.5). This
correlation is significant in the area north of 66°S, and as far west as 92-110°W (Figure
4.5). When looking only at the meridional component, the correlation is significant in
the longitudinal sections 92-110°W and 75-92°W (Figure 4.7). When focusing only on
this area, the strongest meridional correlation is found to be from 72-114°W. The cor-
relation between sea ice in this region, and salinity advection in the southeast Pacific
water mass formation regions, is shown at lags of 0-36 months in Figure 4.12. The cor-
relation with both total and meridional salinity advection are shown; the same is not
shown for the zonal component of advection as the correlation is not significantly nega-
tive at any lag. This is expected since the sea ice region is directly south of the southeast
water mass formation sites. As with Ross Sea sea ice, the correlation was computed us-
ing the annual averages in each variable, with the average advection calculated over
successively longer lags.

Significant correlation was found between sea ice area and salinity advection in the
SEPAAIW formation region over lags of 0-4 months, peaking at zero lag, and significant
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(A) Total salinity advection (B) Meridional salinity advection

FIGURE 4.12: Correlation coefficient over lags of 0-36 months between annual aver-
aged sea ice area north of 66°S, and from 74-114°W (the northern Bellingshausen/A-
mundsen Sea) and salinity advection anomalies averaged over the SEPSAMW (red)
and SEPAAIW (green) formation regions. A) shows the correlation with the total ad-
vection, and B) shows the correlation with only meridional advection. Dots show
correlation with 95% significance, and the lag of the maximum correlation is shown in

the legend.

correlation with salinity advection in the SEPSAMW formation region was found at
lags of 2-13 months, peaking at six months. The correlation was stronger when only the
meridional component of the advection was taken into account. Significant negative
correlation was then found in the SEPAAIW formation region at lags of 0-13 months,
with the maximum correlation occurring at a lag of three months (correlation coefficient
of -0.84, p<0.05). In the SEPSAMW formation region, significant correlation was found
between sea ice area and meridional advection at lags of 0-14 months, peaking at six
months (correlation coefficient of -0.73, p<0.05).

Since the maximum sea ice extent occurs in September, the strongest freshwater anoma-
lies would be expected to reach the SEPAAIW and SEPSAMW formation regions the
following December and March respectively, based on the stronger correlation with
meridional advection. However, the freshwater anomalies are due to the subsequent
melt of sea ice, so while the lag in correlation relates to the winter maximum, the ac-
tual deposition of freshwater into the ocean happens shortly after, and the advection
speed is therefore actually slightly faster than the lag suggests. The initial deepening of
the mixed layer prior to the development of deep winter mixed layers and subsequent
SAMW subduction, occurs in autumn, hence an input of anomalous freshwater into
the region during the summer and autumn could precondition the surface waters, and
influence the depth that the winter mixed layer reaches. The drivers of anomalous shal-
lowing and deepening of the mixed layer during this period are explored in Chapter
5.
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4.10 Regression of Amundsen/Bellingshausen Sea sea ice onto
salt advection

The regression of sea ice area anomalies onto salinity advection anomalies in the south-
east Pacific water mass formation regions was computed, following the methodology
discussed in Section 4.7. The results are shown in Figure 4.13 for the SEPAAIW and
SEPSAMW formation regions – the areas that showed significant correlation with this
region of sea ice. The regressions were computed at the lag that gave the strongest cor-
relation: zero lag for the SEPAAIW formation region, and six months for the SEPSAMW
formation region. The regressions of sea ice anomalies onto only meridional advection
are also shown, since meridional advection was most significantly correlated with sea
ice in this area. Again, the regressions were computed at the lag that gave the strongest
correlation: three months for the SEPAAIW formation region, and six months for the
SEPSAMW formation region.

As with the regression of Ross Sea sea ice, the regressed anomalies are much smaller
than those of the actual salinity advection. This will be due to factors other than sea
ice driving anomalies in meridional advection of freshwater, as well as the influence of
other areas of sea ice downstream of the water mass formation regions. Also, the regres-
sion is only computed for the lag that gives the strongest correlation, rather than over
an integral of all lags that show significant correlation. A similar long-term variability
to that noted in Section 4.7 can also be seen in these regressions, with the reconstruction
anomalies accurately capturing the sign and timing of these oscillations for both total
and meridional advection. However, the magnitude of the variability is much lower in
the regression that the actual anomalies.

Over the ECCO time series, the highest sea ice extent in the Amundsen and Belling-
shausen Seas occurred in the winter of 2009. Following this, the strongest anomalies
in freshwater advection were seen at the start of 2010. While the sign of the strong
salinity advection in 2010 is captured in the reconstruction, the unusual magnitude
of the event is not. In the SEPAAIW formation region, the anomalies in total advection
reached -0.40 psu yr−1 compared to only -0.08 psu yr−1 in the regressed anomalies (Fig-
ure 4.13a). In the SEPSAMW formation region, the magnitude of anomalies in salinity
advection is generally lower than further south. Again, the maximum freshening oc-
curred in 2010, from around March-April when advection anomalies reached -0.08 psu
yr−1 compared to -0.03 psu yr−1 in the regressed anomalies (Figure 4.13b). The dif-
ference between the actual and regressed anomalies in only meridional advection was
slightly greater. In the SEPAAIW formation region, advective freshening peaks in the
summer of 2009/10 at -0.34 psu yr−1, while the regressed anomalies only reach -0.05
psu yr−1 (Figure 4.13c). Freshening via meridional advection peaked in 2010 in the
SEPSAMW formation region, reaching -0.04 psu yr−1, while the regressed anomalies
only reached -0.01 psu yr−1 (Figure 4.13c).
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(A) Total advection: SEPAAIW (B) Total advection: SEPSAMW

(C) Meridional advection: SEPAAIW (D) Meridional advection: SEPSAMW

FIGURE 4.13: Regression of detrended anomalies in sea ice area in the northern
Amundsen/Bellingshausen Seas onto salinity advection anomalies at the lag that
gives the strongest correlation between the two variables (blue), and the actual salin-
ity advection anomalies (red). Top: the regression onto total salinity advection for A)
the SEPAAIW formation region with zero lag, and B) the SEPSAMW formation region
with a six month lag. Bottom: the regression onto meridional advection averaged
over the C) SEPAAIW formation region with a three month lag, and D) the SEPSAMW
formation region with a six month lag. The thin lines have a three month moving av-
erage applied to remove noise, while the bold lines have a 36 month moving average

applied.

The same regressions, with the trends included, are shown in Figure 4.14. The trends in
total salinity advection anomalies are very similar to those in the regression of Belling-
shausen/Amundsen Sea sea ice onto salinity advection (Figures 4.14a and 4.14b). In the
SEPAAIW formation region, the trend in salinity advection was -0.013 psu decade−2

(p<0.01), compared to -0.009 psu decade−2 (p<0.01) for the regressed anomalies. In
the SEPSAMW formation region, the trend in both sets of anomalies was very close,
with -0.0018 psu decade−2 (p<0.1) for the actual anomalies, and -0.0019 psu decade−2

(p<0.01) for the regressed anomalies. On the other hand, the trends in the meridional
component of the advection were very different, with a positive trend in the actual
anomalies for both water mass formation regions, and a negative trend in the regressed
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(A) Total advection: SEPAAIW (B) Total advection: SEPSAMW

(C) Meridional advection: SEPAAIW (D) Meridional advection: SEPSAMW

FIGURE 4.14: Regression of anomalies in sea ice area in the northern Amundsen/-
Bellingshausen Seas onto salinity advection anomalies at the lag which gives the
strongest correlation between the two variables (blue), and the actual salinity advec-
tion anomalies (red), with the associated trends. Top: the regression onto total salinity
advection for A) the SEPAAIW formation region with zero lag, and B) the SEPSAMW
formation region with a six month lag. Bottom: the regression onto meridional advec-
tion averaged over the C) SEPAAIW formation region with a three month lag, and D)
the SEPSAMW formation region with a six month lag. Each has a 36 month moving

average applied.

anomalies due to changes in sea ice (Figures 4.14c and 4.14d). While the trends in
meridional advection are very different to those in Bellingshausen/Amundsen Sea sea
ice, the same pattern of interannual variability can be seen in both the advection anoma-
lies and the regressed anomalies. As with the regressions of Ross Sea sea ice, the mag-
nitude of the regressions is much lower than those of the actual anomalies due to other
processes driving anomalies, but the sign of the variability matches well.
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4.11 The importance of salt advection in SAMW and AAIW
formation regions

As shown in Chapter 3, no one term dominates interannual variability in the mixed
layer salinity budget. Surface fluxes, advection and entrainment all play important
roles in driving anomalies in mixed layer salinity. Since entrainment dominates in win-
ter, as a consequence of the variability in the extreme seasonal deepening of the mixed
layer, it is surface buoyancy fluxes and horizontal advection that largely drive salinity
changes in the lead up to winter. Therefore, it is predominantly these terms that deter-
mine how deep the winter mixed layer can reach from year to year, which subsequently
sets the thickness of the SAMW formed in the region. In Chapter 5, an example of such
preconditioning in the anomalous year of 2015/16 is investigated.

Sea ice area is significantly correlated with anomalies in the overall salinity tendency,
calculated via the mixed layer in the SAMW and AAIW formation regions (Figure A.1).
However, correlation is stronger between sea ice area and salinity advection, due to the
importance of other more local processes, such as surface fluxes and entrainment, in
driving salinity variability. This is particularly true in the SAMW formation regions.
The advection term drives significant anomalies in the overall rate of change in salin-
ity within the mixed layer, and can dominate in individual freshening events. This is
true for both zonal and meridional advection. The time series of anomalies in salinity
advection for each water mass formation region are shown in the left panels of Figure
4.15, along with the total salinity tendency for the region. The right panels then shows
salinity advection anomalies split into their zonal and meridional components.

In the CPSAMW formation region (Figure 4.15a), advection is generally a similar mag-
nitude to that of the overall salinity tendency, and is mostly in phase with tendency,
particularly post 2002. However, the correlation between the two over the whole time
series is insignificant. While meridional advection anomalies are generally slightly big-
ger, both zonal and meridional anomalies are important to the overall variability in
advection in the region. In certain years, meridional advection was particularly im-
portant, such as 2003 and 2008, when the meridional component drove an anomalous
freshening of -0.06, and -0.05 psu yr−1 respectively, which were a similar magnitude
to the overall changes in tendency. In the SEPSAMW formation region (Figure 4.15b),
advection does not play as strong a role in the anomalies of the mixed layer salinity
budget in general, but is still important in particular years, such as 2006 and 2009/10.
In these years, it was predominantly the zonal component driving changes in salinity.
The anomalies in zonal advection within the region range from -0.06 to 0.05 psu yr−1,
while anomalies in meridional advection range from -0.02 to 0.01 psu yr−1.

In the CPAAIW formation region (Figure 4.15c), the advection term again drives a sim-
ilar magnitude of anomalies to the overall change in salinity, with 2008 a particularly
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strong freshening year. There is significant correlation between salinity advection and
tendency within the region, with a correlation coefficient of 0.59 (p<0.01). In the major-
ity of years, meridional advection is the stronger component and contributed to most of
the variability from 1995-2004, but in 2008, zonal advection drove a particularly strong
anomalous freshening of -0.16 psu yr−1. The SEPAAIW formation region experiences
particularly strong advection (Figure 4.15d), almost always reaching the same magni-
tude of the overall salinity tendency. In this region, advection also shows strong corre-
lation with the overall tendency, with a correlation coefficient of 0.69 (p< 0.01). Salinity
advection anomalies ranged from -0.17 to 0.11 psu yr−1, and both zonal and meridional
advection played important roles in the strength of those anomalies. Zonal advection
anomalies ranged from -0.17 to 0.08 psu yr−1, while meridional advection anomalies
ranged from -0.09 to 0.10 psu yr−1.

Salinity advection is generally lower in the SEPSAMW formation region compared to
the other water mass formation regions, however it is still an important process in driv-
ing interannual variability, and dominates the budget in specific years. In the other wa-
ter mass formation regions, advection drives anomalies in the rate of change in salinity
that are of a similar, and frequently greater, magnitude than those in the total rate of
change in salinity. In each region, zonal and meridional advection both provide im-
portant contributions to the overall salinity advection term. Meridional advection is
particularly important in the central Pacific water mass formation regions, where it is
often stronger than zonal advection. In the SEPSAMW formation region, zonal advec-
tion generally dominates. In each case, zonal and meridional advection have different
frequency structures, suggesting different sources. However, in the SEPAAIW forma-
tion region, the zonal and meridional contributions are fairly equal, and have similar
frequencies. The similarities between the two components suggest they could both
be driven by sea ice; this area is strongly influenced by zonal advection of freshwater
anomalies from the Ross Sea sea ice edge, and by meridional advection of freshwater
anomalies from the Bellingshausen and Amundsen Seas immediately south. The same
oscillations are not seen in the SEPSAMW formation region, which is furthest from the
sea ice sources of freshwater, and therefore less influenced by variability in sea ice, and
more impacted by upstream advection. The impact of strong anomalies in advection in
specific years is further analysed in Chapter 5, when the processes that result in anoma-
lously deep and shallow winter mixed layers within the SAMW formation regions, are
discussed.

To link the impact of salinity advection to the depth of the mixed layer and subsequent
thickness of SAMW, the buoyancy change due to salinity advection can be computed.
The individual terms of a buoyancy budget cannot be accurately computed within the
model due to the non-linear equation of state. However, the influence of surface fresh-
water fluxes and salinity advection with in the SAMW formation regions were approx-
imated to determine how the terms influence the average buoyancy of the mixed layer.
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(A) CPSAMW

(B) SEPSAMW

(C) CPAAIW

(D) SEPAAIW

FIGURE 4.15: Detrended anomalies in the tendency and advection term of the mixed
layer salinity budget (left panels), and the zonal and meridional components of the
advection term (right panels), averaged over each water mass formation region, with

a 12-month moving average (psu yr−2).
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The surface buoyancy flux due to salt was calculated via Equation 4.1, following the
methods of Cerovečki et al. (2011), where g is gravity, β is the haline contraction coeffi-
cient , Q f w is the surface freshwater flux into the ocean (kg m−2 s−1), Sm is the average
salinity of the mixed layer and ρ0 is the reference density.

Salt-driven surface buoyancy flux = g
(

βQ f wSm

ρ0

)
(4.1)

A similar calculation was used to convert the salinity advection term to an advective
buoyancy flux due to salt, via Equation 4.2, where hm is mixed layer depth.

Salt-driven advective buoyancy flux = −ghm(βu · ∇Sm) (4.2)

The haline contraction coefficient was calculated for each longitude-latitude point at
every timestep and averaged over the mixed layer. This equation gives the freshwater
component of the buoyancy flux per horizontal surface area, to compare to the freshwa-
ter component of the surface buoyancy flux term, both in m2 s−3. The buoyancy fluxes
were computed and averaged over each SAMW formation region, and the seasonal
cycle removed to compute the interannual variability (Figure 4.16).

The results show that the effect of freshwater advection on the buoyancy of the mixed
layer is of a similar magnitude to the effect of surface freshwater fluxes in the SAMW
formation regions. This is particularly true in the CPSAMW formation region, where
advection-driven buoyancy changes are generally larger than surface-driven buoyancy
changes. From 2008-2009, when the maximum advective freshening occurs in the CP-
SAMW formation region, positive anomalies in buoyancy due to freshwater advec-
tion were up to four times greater than those due to surface freshwater fluxes. In the
SEPSAMW formation region, the buoyancy change due to surface fluxes usually dom-
inates, but advection can have a significant impact in certain years. On interannual
timescales, the effect of salinity advection is of a similar level of importance to sur-
face freshwater fluxes in changes in mixed layer buoyancy and subsequent changes in
MLD. Hence, assuming sea ice drives a significant proportion of freshwater advection
into the SAMW formation regions, as the analysis of the correlation suggests, future
changes in Ross Sea sea ice cover could be just as important to the properties of the
Pacific SAMW as any future changes in precipitation.

4.12 Drivers of sea ice variability

Changes in sea ice area have been demonstrated to impact, sometimes significantly, the
advection of freshwater anomalies to the Pacific AAIW and SAMW formation regions.
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(A) CPSAMW

(B) SEPSAMW

FIGURE 4.16: Anomalies in the buoyancy flux (m2 s−3) due to surface freshwater
fluxes (blue) and salinity advection (red), averaged over the A) CPSAMW and B) SEP-

SAMW formation regions in ECCO.

The drivers of that sea ice variability are now examined. To determine what processes
drive the interannual variability seen in sea ice area in the Ross Sea and Amundsen/-
Bellingshausen Sea, the correlation was calculated between annual averaged sea ice
area and the atmospheric modes of variability known to influence the region – ENSO,
SAM, and the ASL, as well as the wind stress that would provide a potential link be-
tween the climate modes and sea ice. A relationship was found between sea ice area,
wind stress, and the ENSO and SAM indices.

In the Ross Sea, significant positive correlation was found between the annual average
sea ice area and meridional wind stress (Figure 4.17b). This correlation is centred on the
western side of the box used to identify the area of sea ice important to salt advection.
This implies that southerly winds increase sea ice export, as may be expected. In turn,
the meridional wind stress in that area shows significant negative correlation with the
Niño 3.4 index (Figure 4.18b), meaning that a positive ENSO event relates to weaker
southerly winds and subsequently lower sea ice extent. Within the Ross Sea, the SAM
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(A) Zonal wind stress

(B) Meridional wind stress

FIGURE 4.17: The correlation coefficient between annual averages in sea ice area and
A) zonal wind stress, and B) meridional wind stress. Dots show the longitude-latitude

points with 99% significant correlation (p<0.01).

also shows positive correlation with zonal winds, however there was no significant
correlation seen between zonal wind stress and sea ice area.

In the Amundsen/Bellingshausen sea ice region, sea ice area showed significant posi-
tive correlation with both zonal and meridional winds. The correlation with meridional
wind stress is predominantly in the east of the region (Figure 4.17b), while the corre-
lation with zonal wind stress is strongest in the west (Figure 4.17a). The meridional
and zonal wind stress show significant correlation with ENSO and SAM, respectively.
Significant positive correlation is seen between meridional wind stress and the Niño
3.4 index (Figure 4.18b), meaning a positive El Niño event relates to stronger northerly
winds in the region. Zonal wind stress shows weaker, but significant positive correla-
tion with the SAM index across the whole sea ice area (Figure 4.18c), so a positive SAM
event is also related to stronger westerly winds. There is little correlation in either sea
ice region between the Niño 3.4 index and zonal wind stress (Figure 4.18a), or between
the SAM index and meridional wind stress (Figure 4.18d).

The relative pressure of the ASL showed no correlation with sea ice area in the re-
gions shown to influence salinity advection in the water mass formation regions (Figure
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A.2a). While the zonal position of the ASL is known to influence sea ice cover (Hosking
et al., 2013), positive correlation between the longitude of the ASL pressure centre and
sea ice area was centred between the two sea ice regions that have been shown to have
the strongest links with the AAIW and SAMW formation sites, i.e. between the Ross
Sea and the Amundsen Sea (Figure A.2b).

Therefore, more positive anomalies in sea ice area of the Ross Sea would be expected
during a negative ENSO event, potentially leading to higher freshwater anomalies
reaching the four water mass formation regions over the following two years. More
positive anomalies in sea ice area of the Amundsen and Bellingshausen Seas would be
expected when positive ENSO and SAM events occur concurrently, potentially leading
to stronger freshwater anomalies in the southeast water mass formation regions over
the following six months. The long-term variability in sea ice in the Ross Sea (and
associated advection freshwater advection, Figure 4.10) appears to be ENSO-related.
The 3-year moving average in sea ice anomalies is strongly correlated with the 3-year
moving average in the Niño 3.4 index, with a correlation coefficient of -0.68 (p<0.01).

4.13 Discussion

In this chapter, it has been shown that there is strong correlation between Antarctic sea
ice and the advection term of the mixed layer salinity budget, computed in Chapter 3.
This correlation is seen strongly between sea ice in the northern Ross Sea and advec-
tion in the four Pacific water mass formation regions. The peak in correlation occurs at
different lags for the different regions, ranging from five months for the CPAAIW for-
mation region to 28 months for the SEPSAMW formation region, indicating differing
advection times from the melt source to the various water mass formation sites. This is
in agreement with a particle release experiment conducted by Cerovečki et al. (2019),
that showed that it takes up to two years for particles to reach the SEPSAMW region
from the sea ice edge in the Ross Sea from 150°E-120°W. This area contains the region
of sea ice that the correlation was found for in this study, but also extends further to
both the east and west.

The length of lags for each region suggests that freshwater anomalies due to sea ice
melt first reach the CPAAIW formation region within five months, and are advected
both north and east, reaching the SEPAAIW and CPSAMW formation regions around
the same time, 14-16 months after peak sea ice extent. The anomalies in the CPSAMW
region then advect further east into the SEPSAMW region around two years after the
peak in winter sea ice, corresponding closely to the particle release timings in Cerovečki
et al. (2019) who use similar water mass formation sites. These lags would mean that
freshwater anomalies reach the SAMW formation regions during austral summer and
autumn, and so could act to stabilise the water column and reduce the subsequent
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(A)

(B)

(C)

(D)

FIGURE 4.18: The correlation coefficient between annual averages in the Niño 3.4 in-
dex and A) zonal wind stress, and B) meridional wind stress, and between the SAM in-
dex and C) zonal wind stress, and D) meridional wind stress. Dots show the longitude-

latitude points with 99% significant correlation (p<0.01).
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winter convection, and the formation of SAMW. The meridional and zonal pathways
suggested by the correlation analysis, are further supported via a comparison of the
qualitative differences in the zonal and meridional contributions of advection to the
overall salinity tendency.

A second strong correlation was found between sea ice in the northern Amundsen/-
Bellingshausen Sea, and the advection of freshwater into the southeast water mass for-
mation regions. This correlation was most significant between sea ice area and the
meridional component of the salinity advection, peaking at a lag of three months for
the SEPAAIW formation region, and six months for the SEPSAMW formation region,
suggesting that freshwater anomalies from the sea ice edge are advected directly north
into the SEPSAWM region over the course of six months. This is contradictory to the
findings of Cerovečki et al. (2019) who determined, using SOSE, that freshwater anoma-
lies originating at the sea ice edge east of 120°W are advected east by the ACC before
they can reach the SEPSAMW formation region. There are a number of reasons for
the two studies to show different results: the particle release experiment by Cerovečki
et al. (2019) only considers particles that pass north of the SAF within the longitude
range of the boxes they used. Sources further to the east would likely be observed if
all particles that reached the defined boxes, but do not necessarily reach as far north
as the SAF, were included. The boxes used here, in particular the AAIW boxes, extend
further south of the SAF, allowing freshwater from source regions further east to reach
them. Particle tracking also only considers advective transport and not diffusive, so the
true signal may reach further than the particle tracking can show. However, since the
effect of diffusion in the SAMW formation region has been shown to be very low, this
is unlikely to have a significant impact.

The results were also found in different models covering different periods. Cerovečki
et al. (2019) used SOSE which only has six years of data. During those six years (2005-
2010), sea ice extent was low in the Amundsen/Bellingshausen Sea region (Figure 4.2)
and so may not have reached far enough north for the freshwater fluxes to penetrate the
SEPSAMW formation region, instead being advected east through Drake Passage. The
correlation analysis here was done using ECCO which has 24 years of data, including
a number of years with much higher sea ice extent in the Amundsen/Bellingshausen
Sea. This may mean that a certain northward extent of sea ice is required in the region
for the freshwater anomalies due to melt to reach the SEPSAMW formation region.

If the freshwater anomalies do reach the SEPSAMW region six months after the peak
September sea ice extent, this would mean that advection of freshwater anomalies
could play a role in setting the properties of the summer/autumn mixed layer, be-
fore the onset of the deep winter convection. Therefore, a particularly high sea ice year
could result in an anomalous freshening of the SEPSAMW region, which could in turn
result in a shallower than usual winter mixed layer. Strong variability exists in the sea
ice extent of the Bellingshausen Sea, due to the impact of the ENSO and SAM on the
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region (Stuecker et al., 2017). The effects of particularly high and low sea ice years in
this region will be further investigated in Chapter 5. Advection is shown to be a process
responsible for setting the magnitude and variability of freshwater change in the wa-
ter mass formation sites, and much of the temporal variability in the zonal/meridional
anomalies can be captured using simple sea ice regressions, suggesting a significant
link.

Haumann et al. (2016) observed a circumpolar trend of -0.02±0.01 g kg−1 per decade in
the salinity of the surface waters that subduct to form AAIW and SAMW. In this study,
the average rate of change in salinity via advection was negative in each of the Pacific
water mass formation regions, except the SEPSAMW region. The average advection
rate was a freshening of -0.08 psu yr−1 in the CPAAIW formation region, -0.05 psu yr−1

in the SEPAAIW region, -0.04 psu yr−1 in the CPSAMW region, and a salinity increase
of 0.03 psu yr−1 in the SEPSAMW formation region. Therefore, over the 25 year time
series, advection drove an overall salinity increase in the SEPSAMW region, and an
overall freshening elsewhere. A negative trend in zonal salinity advection was seen in
each of the water mass formation regions, meaning the impact of zonal advection on
the freshening of the mixed layer increased over the length of the ECCO time series.
Only in the CPAAIW region was the trend a similar magnitude to the increase in sea
ice area, with the trend in the anomalies almost equal to that of the regression of sea
ice onto salinity advection. In the other regions, the trend in advection anomalies was
always greater than that of the trend in sea ice area regressions. This stronger trend
may be due to an increase in the strength of local zonal winds that occurred in each
region over the same period, as salt advection is also correlated with zonal wind stress
at a zero lag, particularly in the central Pacific water mass formation regions. This is
explored further in Chapter 5. In the southeast Pacific water mass formation regions,
negative trends in zonal advection were counteracted by positive trends in meridional
salinity advection, resulting in an overall slight trend towards freshening via advection
from 1992-2015.

A longer term variability in salinity advection is strongest in the zonal advection, and
is similar to the cycle seen in anomalies in sea ice area within the northern Ross Sea.
This variability is strongly correlated to the Niño 3.4 index, but a longer time series
would be needed to further investigate the cycle. However, strong correlation has been
shown between Ross Sea sea ice extent, the strength of the winds over the sea ice edge,
and ENSO. The ENSO exhibits a negative correlation with the local meridional winds,
which has been noted in many studies previously (e.g. Stammerjohn et al., 2008; Mered-
ith et al., 2008; Kwok et al., 2016). This suggests a negative El Niño event would result
in stronger southerly winds, driving an increase in sea ice export, which could lead
to freshwater anomalies being advected into each of the four water mass formation
regions over the following two years.
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In the northern Amundsen/Bellingshausen Sea region, the ENSO and SAM exhibit
positive correlation with meridional and zonal wind stress, respectively. This relation-
ship has also been noted in previous studies (Stammerjohn et al., 2008; Meredith et al.,
2008). Within the region, both zonal and meridional winds also show positive correla-
tion with sea ice area, suggesting the combined effect of a positive El Niño and positive
SAM event would drive stronger southwesterly winds, which results in higher sea ice
export, and stronger downward freshwater fluxes at the sea ice edge. This could sub-
sequently result in stronger advection of freshwater through the SEPAAIW and SEP-
SAMW formation regions over the following six months. An example of this is seen in
the B-SOSE time series for the positive 2015 ENSO and SAM events, and is discussed
further in Chapter 5.

Up to 2016, Antarctic sea ice extent increased due to a combination of potential drivers,
such as ozone depletion (Turner et al., 2009), variability in the ENSO and SAM (Stam-
merjohn et al., 2008; Yuan et al., 2017), and increased glacial melt (Bintanja et al., 2013).
This overall trend masked very different regional trends, and the most significant in-
creasing trend up to 2013 was observed in the Ross Sea (Yuan et al., 2017). However,
a large reduction in sea ice occurred in 2016 (Schlosser et al., 2018), and future projec-
tions suggest that sea ice extent, both in the Ross Sea and circumpolarly, will reduce
over time (Turner et al., 2013; Dinniman et al., 2018). This would potentially result in
smaller freshwater anomalies at the sea ice edge, and smaller anomalies in salinity ad-
vection reaching the water mass formation regions. The currently observed freshening
may therefore be a short term response, prior to a longer term reduction in freshwater
advection to the water mass formation sites.

In ECCO, the average overall net annual input of freshwater into the Pacific sector of
the Southern Ocean (150°E-60°W, south of 42°S) is 3260 kg m−2 yr−1. The average net
input due to sea ice is in fact negative within the Pacific sector (-1003 kg m−2 yr−1)
as a result of strong brine rejection during sea ice formation, while the remaining net
freshwater input due to precipitation-evaporation is 4264 kg m−2 yr−1. However, when
only the summer months (DJF) are considered, the net input of freshwater due to sea
ice melt is 1491 kg m−2 yr−1 compared to the average net summer total freshwater
flux of 2639 kg m−2 yr−1. Therefore, changes in the net freshwater input due to sea
ice can have a significant impact on the overall amount of freshwater input into the
region, particularly during summer when sea ice melt occurs. Within the sea ice regions
focused on in this chapter, the average annual net freshwater flux due to sea ice in the
Ross Sea region is 2764 ± 1076 kg m−2 yr−1 (one standard deviation), and the average
in the Amundsen/Bellingshausen Sea region is 782 ± 483 kg m−2 yr−1.

Within the CPSAMW formation box, the average annual net freshwater flux into the
surface ocean due to processes other than sea ice is 3722± 815 kg m−2 yr−1, and within
the SEPSAMW formation box, the average is 5737 ± 815 kg m−2 yr−1. These numbers
suggest that, while the annual average input of freshwater into the SAMW formation
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regions due to precipitation is greater than the input of freshwater due to sea ice, the
interannual variability is generally stronger in the sea ice driven freshwater flux. The
calculations of the vertical and lateral freshwater-driven buoyancy flux show that the
lateral flux of freshwater is comparable to the vertical flux in the SAMW formation
regions, and significantly larger at times. Even a small proportion of that freshwater
reaching the SAMW formation regions would have a significant impact on the salinity
of the mixed layer in these regions, further agreeing with the strong correlations be-
tween sea ice cover and salinity advection. Adjoint modelling could be used to further
determine the size of the role that sea ice plays in the region in comparison to that of
precipitation.

Only a correlation between sea ice and salinity advection has been shown, not with the
MLD. This is because surface freshwater fluxes and vertical entrainment also play im-
portant roles in the mixed layer salinity budget, while changes in heat also strongly in-
fluence MLD. However, advection generally drives an increase in salinity in the months
leading up to the deepening of the winter mixed layer (Figure 3.20), with strong in-
terannual variability. Therefore, it would be expected that changes to the amount of
freshwater advected across the SAMW formation regions could impact the depth of
the mixed layer. The depth of the winter mixed layer is particularly important because
it relates strongly to the thickness of the SAMW that is subsequently subducted below
the permanent thermocline. It has previously been shown that variability in SAMW
volume is driven by variability in the thickness (Meijers et al., 2019). Since SAMW is
responsible for a high proportion of heat and carbon uptake (Sabine et al., 2004; Ito
et al., 2010), the volume of SAMW that forms could have important impacts on the
ocean carbon sink and global circulation. In the next chapter, the mixed layer budgets
computed in B-SOSE are used to investigate the causes of a particular shallow win-
ter mixed layer in the SEPSAMW formation region, including the potential effects of
freshwater fluxes due to sea ice melt.
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Chapter 5

Drivers of 2016 mixed layer
anomalies in the Pacific SAMW
formation regions

5.1 Introduction

In this chapter, the results of the B-SOSE and ECCO mixed layer budgets are used to
determine the cause of anomalies in the lead up to the deepening of the winter mixed
layer. The winter of 2016 is focused on, when the mixed layer in the CPSAMW for-
mation region was deeper than usual, reaching over 500 m. Simultaneously, the mixed
layer in the SEPSAMW formation region failed to deepen to more than 250 m, com-
pared to the usual deep winter mixed layers of over 350 m, associated with the forma-
tion of SAMW. Anomalies in the depth of the winter mixed layer in both the central and
southeast Pacific SAMW formation regions are found to be strongly correlated with the
net surface heat flux into the ocean.

In the southeast Pacific, the mixed layer was found to be anomalously warm and fresh
during 2016, caused by a combination of strong buoyancy fluxes related to strong
northerly winds, and northward advection of colder, fresher water related to strong
sea ice melt in the Amundsen and Bellingshausen Seas. The deep mixed layer in the
central Pacific during 2016 had anomalously high salinity, driven by strong advection
in the previous year and exacerbated by strong advection throughout 2016, and a sub-
sequent increased winter entrainment of higher salinity water.

Interannual variability in surface buoyancy fluxes during the development of the win-
ter mixed layer is shown to be related to the strength of the meridional winds, while
zonal winds drive interannual variability in advection of heat and salt in the SAMW
formation regions. The strong ENSO and SAM events that peaked in the summer of
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FIGURE 5.1: The first four EOFs of the detrended winter (JAS) anomalies in ECCO
MLD. The boxes mark the CPSAMW and SEPSAMW formation regions, and the per-

centage of variability explained by each mode is also shown.

2015/16 led to increased sea ice extent in the Amundsen and Bellingshausen Seas, re-
sulting in the stronger advection of freshwater into the SEPSAMW formation region.
Anomalies in the strength of the westerly winds are shown to relate to the phase of
the SAM. The large reduction in sea ice in the winter of 2016 is also shown to result in
the absence of freshening via advection in the SEPSAMW formation region that occurs
each summer. This causes anomalously high mixed layer salinity throughout 2017, and
provides preconditioning for a particularly deep winter mixed layer.

5.2 Motivation

Previous studies have shown strong interannual variability between the winter thick-
ness of SAMW formed in the central and southeast Pacific formation regions, attributed
to the relative phases of the ENSO and SAM (Meijers et al., 2019). Large differences be-
tween the thickness of the SAMW pools occur when ENSO and SAM are in phase,
while SAMW thickness is much more similar when ENSO and SAM are out of phase.
This same variability can be seen in MLD during winter within the SAMW formation
regions. The first four EOFs of deseasoned MLD anomalies in the 24 year ECCO time
series are shown in Figure 5.1. While the first EOF, representing 56% of the variance,
shows a pattern of variability that covers much of both SAMW formation regions, the
second EOF representing 26% of variability, shows a clear bimodal pattern between the
two Pacific SAMW formation regions.

At the start of 2016, the end of an unusually strong positive ENSO event coincided with
a strongly positive SAM, with both shifting to negative by austral winter. During the
winter, the deep mixed layers associated with SAMW formation failed to develop in the
southeast Pacific, and were around 100 m shallower than the average. Simultaneously,
in the central Pacific, the winter mixed layer was deeper than usual (Ogle et al., 2018;
Meijers et al., 2019). The same patterns in MLD between the CPSAMW and SEPSAMW
formation regions seen in ECCO can also be seen in B-SOSE (Figure 5.2): in 2013, 2016
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FIGURE 5.2: Average winter (JAS) mixed layer depth (m) for each year in B-SOSE,
2013-2017. The contours indicate the CPSAMW and SEPSAMW formation regions.

and 2017, MLD in the CPSAMW formation region was between 50 m and 300 m deeper
than that of the SEPSAMW formation region. As with the observations, the largest dif-
ference occurred in 2016, when the entire CPSAMW formation region can be seen to
experience mixed layers much deeper than any other year in the time series. Simulta-
neously, MLD in the SEPSAMW formation region was shallower than any other year
and did not exceed the mean MLD of the surrounding ocean.

Both atmospheric and oceanic conditions were strongly anomalous during 2016. Ob-
servations from a mooring within the SEPSAMW formation region showed that dur-
ing 2016, the area experienced a low number of winter storm events, resulting in lower
heat loss via surface fluxes (Ogle et al., 2018). Surface heat loss has been shown to cor-
relate weakly with MLD in the SEPSAMW formation region over daily and monthly
timescales, but interannual variability is driven by a number of processes, with some
particularly shallow MLD years associated with average levels of surface heat loss
(Tamsitt et al., 2020). During the winter of 2015, there was also a record maximum
in sea ice extent in the Bellingshausen and Amundsen Seas (Parkinson, 2019), which
was shown to influence the region via advection in Chapter 4. Following this, there
was a dramatic decrease in Antarctic sea ice, with the seasonal retreat occurring 46%
faster than usual during the spring of 2016 (Turner et al., 2017). There were a number of
potential causes for this reduction in sea ice, linked to both anomalies in atmospheric
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FIGURE 5.3: Definition of the CPSAMW and SEPSAMW formation regions used in
this chapter. The blue (red) line is the 350 m contour for the maximum MLD in ECCO
(B-SOSE). The black line shows the overlap of the two, with the area encompassed by

this contour used as the formation region within each box.

flow and the surface ocean. Within the Pacific sector, these include the strongly nega-
tive SAM at the end of 2016, the positive ENSO event during 2015/16, and persistent
zonal wave 3 atmospheric circulation (Parkinson, 2019). The strong El Ni˜ño event led
to positive SST anomalies in the Ross, Amundsen, and Bellingshausen Seas (Stuecker
et al., 2017), while the negative SAM that peaked in November 2016, caused anoma-
lous easterly winds and warmer surface waters to be transported south into the sea ice
zone (Meehl et al., 2019). While the Southern Ocean experienced many anomalies dur-
ing 2016, here the changes are interpreted in context of the Pacific SAMW formation
regions.

Using the results of the mixed layer budgets developed in Chapter 3, the causes of the
anomalies across the Pacific sector during 2016 can be further investigated, and the
exact processes responsible identified. B-SOSE covers the years 2013-2018 and so the
results of the B-SOSE mixed layer temperature and salinity budgets are primarily used.
The results of the ECCO mixed layer budgets, which cover 24 years but unfortunately
ends before 2016, are then used to see if the patterns seen in 2016 hold over longer
timescales. As in Chapter 4, the central and southeast Pacific regions are split into two
boxes, with the central box defined as 160–114°W, 47.3–55.3°S, and the southeast box as
114–72°W, 47–59°S, following Meijers et al. (2019). The SAMW formation regions are
then defined as the areas within those boxes with a maximum MLD of at least 350 m in
both models (Figure 5.3).

5.3 Validation of B-SOSE mixed layer depth

To ensure that the anomalies in MLD observed in 2016 are accurately captured by B-
SOSE, the B-SOSE MLD is first validated using the gridded Argo observations used
by Meijers et al. (2019). In both cases, MLD was computed using the 0.03 kg m−3
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potential density threshold (see Section 2.3). The time series of MLD averaged over the
CPSAMW and SEPSAMW formation regions is shown in Figure 5.4.

MLD is generally well represented in the state estimate because the mixed layers are
parameterised (Mazloff et al., 2010), and the adjoint technique attempts to minimise
the mismatch between observations and modelled mixed layer properties. In the CP-
SAMW formation region, B-SOSE MLD is very close to observations throughout spring
and summer (Figure 5.4a). During autumn, as the mixed layer deepens, the rate of
deepening is generally too high in B-SOSE, suggesting the mixing scheme in the model
may not be accurately representing the true vertical mixing during this time, or that
the surface fluxes it imposes are too strong. This is particularly evident in 2014 and
2015. B-SOSE generally overestimates the depth of the seasonal winter mixed layer in
the central Pacific, with the largest differences in 2015 and 2017 when the maximum
winter B-SOSE mixed layer was around 125 m deeper than observations. Despite the
consistent overestimate of MLD, B-SOSE largely accurately captures the interannual
variability between the winter maxima, and their relative magnitudes, particularly that
of the highly anomalous year of 2016. In the SEPSAMW formation region, the agree-
ment between B-SOSE and Argo MLD is good throughout the time series, suggesting
the mixing parameters are better constrained in this region. The largest difference again
occurred in winter as the mixed layer was at its maximum depth, with a maximum dif-
ference of around 60 m in 2017.

During 2016, the anomalous year discussed throughout this chapter, the maximum dif-
ference in MLD between the two datasets was approximately 30 m in the SEPSAMW
region and 120 m in the CPSAMW, with B-SOSE overestimating MLD in both cases. In
both B-SOSE and the observations, the maximum MLD in the SEPSAMW formation re-
gion in 2016 reached only half the depth of the deepest year. Overall, the representation
of MLD in B-SOSE is close to that of observations, particularly in terms of interannual
variability and within the SEPSAMW formation region. Both the anomalously low 2016
MLD in the southeast Pacific and the anomalously high 2016 MLD in the central Pacific,
are well replicated.

5.4 Validation of B-SOSE sea ice

Next, sea ice in B-SOSE is validated using the same satellite observations as used for
the validation of ECCO sea ice (see Section 4.3). Figure 5.5 shows the average sea-
sonal cycle in sea ice extent for both B-SOSE and observations for the years 2013-2017.
B-SOSE tends to overestimate sea ice extent, particularly from January to March. In
the Amundsen and Bellingshausen Seas, B-SOSE sea ice extends slightly too far north
throughout the year, but the overall spatial patterns are very similar.



140
Chapter 5. Drivers of 2016 mixed layer anomalies in the Pacific SAMW formation

regions

(A) CPSAMW formation region

(B) SEPSAMW formation region

FIGURE 5.4: Time series of MLD (m) calculated from Argo observations (blue) and B-
SOSE (red), averaged over A) the CPSAMW formation region, and B) the SEPSAMW

formation region.

Figure 5.6a shows a comparison in the total sea ice area in the northern Ross Sea, for
B-SOSE and satellite observations. This only includes the sea ice edge (north of 66°S),
where seasonal variability is greatest, and therefore the largest differences are expected.
While the area of sea ice in the region is consistently overestimated by B-SOSE, the in-
terannual variability between the winter maxima matches very well, giving an r2 value
of 0.78. The largest difference occurs in the winter of 2017, when sea ice at the Ross Sea
ice edge was anomalously low in the observations, with a total area of 5.7×104 km2.
Total sea ice in the same region for B-SOSE peaked at 2.7×105 km2. Figure 5.6b shows
the same for the northern region of the Amundsen and Bellingshausen Seas. Again,
the interannual variability matches very well between B-SOSE and observations, with
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FIGURE 5.5: The average annual cycle in B-SOSE sea ice extent (black) and sea ice
measured via satellite observations (red), where sea ice extent is defined as the region

covered by at least 15% sea ice area.

an r2 value of 0.79. However, B-SOSE still overestimates the total area of sea ice in the
region, with the largest difference in the winter of 2013 when B-SOSE sea ice peaked
at 5.3×105 km2, compared to observations of 1.4×105 km2. Interannual variability of
the B-SOSE sea ice matches well with satellite observations, however the total area of
sea ice at the sea ice edge during winter is too high in B-SOSE. This could be a result
of an overestimate in either northward sea ice export or sea ice export along the coast
from the east. The second theory has been seen in other ocean models (Holland et al.,
2014), and tends to result in the Ross Sea polynya being too small. The error in sea ice
is unlikely to significantly affect the results here as it is the interannual variability that
is focused on, which is captured accurately. While the freshwater flux due to sea ice
is strongly related to the sea ice area, it is also dependent on the thickness of the sea
ice which is not compared here. Therefore, it is not possible to directly determine the
difference in the freshwater flux into the ocean between the model and observations,
but it can be assumed from the difference in sea ice area that the overestimate in sea
ice area will increase the freshwater added to the ocean. The much fresher mixed layer
salinity of B-SOSE in comparison to Argo observations was previously noted in Section
2.4. The mixed layer being too fresh could therefore be a result of the overestimate in
Antarctic sea ice area.

5.5 Description of mixed layer properties during 2016

Since the B-SOSE time series only covers five years, accurate anomalies from the mean
can not be calculated, as the mean itself is heavily influenced by the anomalies ob-
served in 2016. Instead, the 2016 mixed layer properties are compared to the average of
the remaining years, excluding 2016 (i.e. 2013-2015, 2017). To determine exactly when
anomalies in MLD began to develop, and the relationship between the depth, salinity,
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(A) Ross Sea

(B) Amundsen/Bellingshausen Sea

FIGURE 5.6: Comparison of B-SOSE total sea ice area (blue) against satellite observa-
tions of sea ice area (red) in m2. A) shows the sea ice area in the northern Ross Sea
region (175°E-145°W, 40-66°S), while B) shows sea ice area in the northern Amund-

sen/Bellingshausen Sea region (74-114°W, 40-66°S).
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and temperature of the mixed layer over the year, the annual cycle for each variable is
shown, along with the mean and standard deviation of the annual cycle for the remain-
ing years (Figure 5.7).

In the central Pacific, the 2016 mixed layer reached a maximum depth of 498 m com-
pared to the average of 362±64 m (Figure 5.7a). The anomalies began to develop in
June, when the difference between 2016 and the average MLD was almost four times
greater than the standard deviation. The mixed layer then remained anomalously deep
until October, when it was back within one standard deviation of the mean. Through-
out the year, the temperature of the mixed layer was close to the average (Figure 5.7e),
while salinity was consistently higher than the average (Figure 5.7c). There was a jump
in salinity in June 2016, when it increased at a much higher rate than usual and reached
a maximum of 34.33 psu compared to the average of 34.29±0.01 psu.

In contrast, MLD in the southeast Pacific reached a maximum of only 212 m in 2016,
compared to the average of 395±28 m (Figure 5.7b). The lack of development of the
deep winter mixed layer began in May, when the mixed layer was already two stan-
dard deviations shallower than the average. The difference then became larger as the
winter mixed layer formed, and remained until November, as the mixed layer shal-
lowed and the 2016 MLD was back within one standard deviation of the mean. The
mixed layer was anomalously fresh and warm during the autumn and winter of 2016
(Figures 5.7d and 5.7f). Salinity peaked at 34.06 psu in October, a month later than the
average maximum of 34.11±0.03 psu. Temperature reached a minimum of 5.35°C in
September, compared to an average of 4.89±0.17°C.

Therefore, during 2016, the anomalously deep mixed layer in the CPSAMW formation
region was associated with higher than normal mixed layer salinity. Salinity was al-
ready high at the beginning of the year, and exacerbated by a further increase in June.
In the SEPSAMW formation region, the anomalously shallow mixed layer was asso-
ciated with unusually high temperature and low salinity, with the initial mixed layer
temperature increase in May and the initial salinity decrease in June. In the next sec-
tion, the results of the B-SOSE mixed layer budgets are used to determine the processes
responsible for these anomalies in salinity and temperature .

To relate the changes in temperature and salinity of the mixed layer to the budget terms
defined in rates of change, the same figures as in Figure 5.7 are shown, but for temper-
ature and salinity tendency, computed via the mixed layer budgets (Figure 5.8). The
same variability is seen in the temperature and salinity tendency calculated directly
from the model output (not shown).

In the CPSAMW formation region, the temperature tendency was initially extremely
low in January 2016 (0.68°C yr−1 compared to an average of 15.71±6.19°C yr−1), before
rising to within one standard deviation of the mean in the following months. A spike in
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(A) MLD - CPSAMW (B) MLD - SEPSAMW

(C) MLS - CPSAMW (D) MLS - SEPSAMW

(E) MLT - CPSAMW (F) MLT - SEPSAMW

FIGURE 5.7: Monthly averaged A,B) depth (m), C,D) salinity (psu), and E,F) tempera-
ture (°C) of the 2016 mixed layer (blue), in comparison to the average for the rest of the
B-SOSE time series (2013-15, 2017), with standard deviation shown by the error bars.
The left (right) panel shows the results averaged over the CPSAMW (SEPSAMW) for-

mation region.
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(A) dT/dt - CPSAMW (B) dT/dt - SEPSAMW

(C) dS/dt - CPSAMW (D) dS/dt - SEPSAMW

FIGURE 5.8: A,B) Temperature (°C yr−1) and C,D) salinity (psu yr−1) tendency com-
puted via the B-SOSE mixed layer budgets, for 2016 (blue), and the average for the
rest of the B-SOSE time series (2013-2015, 2017), with the standard deviation shown
by the error bars. The left (right) panel shows the results averaged over the CPSAMW

(SEPSAMW) formation region.

April resulting in reduced cooling compared to the average, was not enough to dramat-
ically influence mixed layer temperature. Salinity tendency in the CPSAMW formation
region oscillated around the mean in 2016. In February, salinity tendency was more
negative than usual (-0.43 psu yr−1 compared to an average of -0.20±0.08 psu yr−1),
driving stronger freshening. However, since mixed layer salinity was already high at
the start of the year, the freshening did not result in salinity falling below the mean. A
higher than average salinity tendency in May, of 0.26 psu yr−1, resulted in the salinity
in the CPSAMW formation region increasing to greater than one standard deviation
above the mean in June. Therefore the important processes in driving anomalies in the
CPSAMW formation region during 2016 occurred in the salinity budget in May, and
in the previous year, resulting in the higher than usual mixed layer salinity from the
beginning of 2016.

Within the SEPSAMW formation region, the main feature in the temperature tendency
is a spike of reduced cooling in May 2016, a month later than in the CPSAMW region,
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reaching a cooling of -2.26°C yr−1, compared to a mean of -9.6±1.76°C yr−1. From Jan-
uary to August 2016, the salinity tendency was significantly lower than the mean, but
generally the same sign. The largest difference was in June (0.01 psu yr−1 compared to
a mean of 0.27± 0.05 psu yr−1). Throughout July and August, salinity tendency was
also more than two standard deviations lower than the mean. Therefore, the processes
responsible for the anomalies in the SEPSAMW formation region, that require investi-
gation, occurred in May for the temperature budget, and from January to August for
the salinity budget.

5.6 Drivers of 2016 anomalies in the central Pacific

To determine the cause of the anomalous rates of change in temperature and salin-
ity during 2016, the same figures were produced for each of the three main drivers of
mixed layer salinity and temperature variability in the region: surface fluxes, advec-
tion, and entrainment (Figures 5.9 and 5.11). The advection terms are also split into
their zonal and meridional components (Figures 5.10 and 5.12).

In the CPSAMW formation region, the initial low temperature tendency was due to
a combination of lower than average surface heating and increased cooling via zonal
advection, while the spike in April was a result of more positive surface fluxes and ad-
vection. Note, the surface flux terms of the mixed layer budget represent the impact of
surface heat/freshwater fluxes on the mixed layer temperature/salinity and are heav-
ily influenced by the MLD as well as the net surface flux. The net heat flux output by
the model was in fact anomalously low from May to October 2016, i.e. a strong cooling
event (Figure 5.13a). The change in the net heat flux had little effect on the temperature
of the mixed layer, due to the dependence of the surface flux budget term on MLD.
However, a strong cooling event will drive greater convection, so can still be responsi-
ble for a deepening of the MLD while having little impact on the temperature, reflecting
a significant heat loss. However, the surface cooling was stronger than usual between
May and September, approximately the same period that the mixed layer was anoma-
lously deep, suggesting a link between the two. Although zonal advection caused a
much weaker cooling than usual over the winter of 2016 (Figure 5.10a), this was bal-
anced by meridional advection driving a weaker than usual warming (Figure 5.10c).

The dominant driver of increased mixed layer salinity in the CPSAMW formation re-
gion was advection. A large jump in salinity advection occurred in April, coinciding
with the anomalously high salinity tendency. At this point, advection drove a salinity
increase of 0.01 psu yr−1, compared to an average freshening of -0.18 psu yr−1±-0.10
psu yr−1. Advection then remained more than one standard deviation above the mean
until September. This was due to zonal advection, while meridional advection saw si-
multaneous but smaller anomalies of the opposite sign. The anomalously low salinity
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(A) Surface heat flux (B) Surface freshwater flux

(C) Temperature advection (D) Salinity advection

(E) Temperature entrainment (F) Salinity entrainment

FIGURE 5.9: The dominant terms of the B-SOSE mixed layer temperature (left, °C
yr−1), and salinity (right, psu yr−1) budgets, averaged over the CPSAMW formation
region: A,B) surface fluxes, C,D) advection, and E,F) entrainment. The results for 2016
are shown in blue, and the average of the rest of the time series (2013-2015, 2017) in

red, with the standard deviation shown by the error bars.
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(A) Zonal temperature advection (B) Zonal salinity advection

(C) Meridional temperature advection (D) Meridional salinity advection

FIGURE 5.10: The advection term of the B-SOSE mixed layer temperature (A,C) and
salinity (B,D) budget averaged over the CPSAMW formation region, split into the
zonal (top) and meridional (bottom) components. The results for 2016 are shown in
blue, and the average of the rest of the time series (2013-2015, 2017) in red, with the
standard deviation shown by the error bars. The left panel shows the results for the

temperature budget (°C yr−1), and the right panel the salinity budget (psu yr−1).

tendency in February 2016 was caused by strong surface freshwater fluxes of -0.65 psu
yr−1 compared to a mean of -0.05±0.17 psu yr−1. However, this was not strong enough
to dramatically alter mixed layer salinity. The entrainment of salt into the mixed layer
was particularly high in May and June 2016 as a result of the increased rate of change
in MLD that defines entrainment velocity, but fell to below average levels as the rate of
change in MLD decreased again.

The impact of these processes on the mixed layer anomalies was exacerbated by the
fact that the mixed layer salinity was already higher than average at the beginning of
the year. Mixed layer salinity was higher in the final three years of the time series in
comparison to the first two years, probably due to the drift in the model salinity. In
2015, meridional advection was also high in the CPSAMW formation region – 2015 and
2016 were the only years that advection drove a consistent winter salinity increase in
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the mixed layer. As well as this, salinity advection remained close to zero until the end
of the year, compared to the usual freshening that occurred at this time in other years.
This was due to meridional advection remaining very strongly positive through the
year.

In summary, in the CPSAMW formation region, where the mixed layer was anoma-
lously deep during the winter of 2016, the salinity of the mixed layer was higher than
average throughout the year, and this was exacerbated by anomalously strong surface
cooling over autumn/winter. Mixed layer salinity was already high at the start of the
year as a result of strong meridional advection the previous year. The rate of change
in salinity was then anomalously high in May/June 2016, due to zonal advection driv-
ing an increase in salinity from April to August compared to a mean freshening. This
in turn led to positive feedback of the entrainment term during May and June, as the
mixed layer deepened at a faster rate than usual, entraining higher salinity water from
beneath.

5.7 Drivers of 2016 anomalies in the southeast Pacific

In the southeast Pacific, the mixed layer was anomalously shallow, warm, and fresh
during the winter of 2016. These temperature and salinity anomalies were the result of
a combination of strong buoyancy fluxes, anomalous advection, and a reduction in the
entrainment of high salinity water associated with the deepening of the winter mixed
layer (Figure 5.11).

In January 2016, warming and freshening of the mixed layer was predominantly due
to strong surface buoyancy fluxes. Warming via surface heat fluxes occurred at a rate
of 33.54°C yr−1 compared to a mean of 22.94±5.21°C yr−1, while freshening via sur-
face fluxes was -0.60 psu yr−1 compared to a mean of -0.23±0.20 psu yr−1. During
February and March, strong advection of cold, fresh water into the region drove a max-
imum change in temperature of -2.98°C yr−1 compared to the average of -1.84±0.86°C
yr−1, and a maximum change in salinity of -0.35 psu yr−1 compared to the average
of -0.18±0.16 psu yr−1. The advective cooling and freshening was due to meridional
advection, while zonal advection drove a lesser warming and salinity increase (Fig-
ure 5.12). In May, the strong increase in the rate of change in temperature was due
to lower surface heat loss and advection. The surface flux caused a cooling of -2.10°C
yr−1 in comparison to a mean of -7.55±0.80°C yr−1, while advection drove a warming
of 0.66°C yr−1 compared to a mean cooling of -0.87±0.63°C yr−1.

Over winter, advection drove a stronger than average increase in both temperature and
salinity, while surface freshwater fluxes resulted in anomalous freshening. Entrainment
of high salinity water from beneath the mixed layer was suppressed from March until
September, with the maximum entrainment only reaching 0.28 psu yr−1, compared to
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(A) Surface heat flux (B) Surface freshwater flux

(C) Temperature advection (D) Salinity advection

(E) Temperature entrainment (F) Salinity entrainment

FIGURE 5.11: The dominant terms of the B-SOSE mixed layer temperature (left, °C
yr−1), and salinity (right, psu yr−1) budgets, averaged over the SEPSAMW formation
region: A,B) surface fluxes, C,D) advection, and E,F) entrainment. The results for 2016
are shown in blue, and the average of the rest of the time series (2013-2015, 2017) in

red, with the standard deviation shown by the error bars.
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(A) Zonal temperature advection (B) Zonal salinity advection

(C) Meridional temperature advection (D) Meridional salinity advection

FIGURE 5.12: The advection term of the B-SOSE mixed layer temperature (A,C) and
salinity (B,D) budget averaged over the SEPSAMW formation region, split into the
zonal (top) and meridional (bottom) components. The results for 2016 are shown in
blue, and the average of the rest of the time series (2013-2015, 2017) in red, with the
standard deviation shown by the error bars. The left panel shows the results for the

temperature budget (°C yr−1), and the right panel the salinity budget (psu yr−1).

the mean of 0.57±0.11 psu yr−1. Since entrainment plays such a dominant role in the
mixed layer salinity budget of this region, the lack of formation of the deep winter
mixed layer led to negative feedback, due to the decrease in entrainment of higher
salinity water. While temperature entrainment was also suppressed in 2016 due to
the slower deepening of the mixed layer, entrainment does not play as large a role in
the temperature budget. From July onwards, advection drove an anomalous increase
in salinity which resulted in a stronger salinity tendency than usual, and brought the
averaged mixed layer salinity of the region back within one standard deviation of the
mean.

In summary, within the SEPSAMW formation region, the anomalously shallow mixed
layer during the winter of 2016 was associated with a combination of changes in tem-
perature and salinity. The anomalies in temperature began in May, when temperature
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tendency spiked and the mixed layer cooled at a much lower rate than usual due to
lower surface heat loss and stronger advection. This resulted in mixed layer tempera-
ture being high for the rest of the year, and this was exacerbated by advection driving
anomalous warming in May, compared to a mean cooling. The rate of change in salin-
ity was low throughout the year, with the strongest anomalies from January-March,
when the freshening of the mixed layer was unusually high, and from June-August,
when mixed layer salinity increased but at a much lower rate than usual. In January,
increased freshening was due to strong surface freshwater fluxes, before advection also
caused anomalous freshening through February and March. Throughout the winter,
the salinity and temperature change due to surface fluxes was anomalously low, and
negative feedback due to entrainment amplified the overall negative anomalies in salin-
ity tendency.

5.8 The influence of surface buoyancy fluxes on MLD during
2016

Previous studies have stressed the role of surface buoyancy fluxes in setting the depth
of the winter mixed layer in the SAMW formation regions (Ogle et al., 2018; Meijers
et al., 2019; Tamsitt et al., 2020). While the temperature and salinity change due to sur-
face fluxes were shown in Figures 5.9 and 5.11, those terms are dependent on MLD. The
actual net flux of heat/freshwater into the surface ocean are shown in Figure 5.13. If the
mixed layer is deep, strong surface fluxes have a lower influence on the average mixed
layer temperature/salinity as they must impact a larger volume of water. A shallower
mixed layer is therefore more susceptible to changes in temperature/salinity via sur-
face fluxes. In the case of very weak stratification at the base of the mixed layer, small
changes in temperature and salinity would drive convection as it is easier for them to
overcome the stratification, and so surface fluxes can still impact MLD via convection.
In the case of convecting mixed layers, surface fluxes will also have a smaller apparent
impact on the mixed layer properties due to the compensating entrainment from the
mixed layer deepening.

In the central Pacific, the net surface heat loss was much stronger from May to Octo-
ber 2016, compared to the average (Figure 5.13a). The maximum surface loss occurred
in June, when the net surface heat flux out of the ocean reached -160.5 W m−2 com-
pared to an average of 97.8±19.8 W m−2. The variability in the salt flux field is much
greater, with the term fluctuating around the average in 2016 (Figure 5.13c). The 2016
minimum occurred in February with a freshening of -4.6×10−4, while the average was
a slight salinity increase of -0.1×10−4±1.7×10−4 g m−2 s−1. In the southeast Pacific,
the magnitude of the surface heat loss was smaller than usual from May to Septem-
ber 2016 (Figure 5.13b), with the largest anomaly in May when the net heat flux out of
the ocean was 23.8 W m−2 compared to an average of 92.4±7.0 W m−2. The salt flux
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(A) Surface heat flux - CPSAMW (B) Surface heat flux - SEPSAMW

(C) Surface salt flux - CPSAMW (D) Surface salt flux - SEPSAMW

FIGURE 5.13: A,B) Net heat flux (W m−2), and C,D) net salt flux (bottom, g m−2 s−1)
into the surface ocean, output from B-SOSE, averaged over the CPSAMW (left) and
SEPSAMW (right) formation regions. The fluxes for 2016 are shown in blue, and the
average of the rest of the time series (2013-2015, 2017) in red, with the standard de-
viation shown by the error bars. Positive values represent a downward flux into the

surface ocean.

into the ocean was anomalously low in June 2016 (i.e. a stronger freshening), reach-
ing -7.9×10−4 g m−2 s−1 compared to an average of -3.2×10−4 g m−2 s−1±1.3×10−4 g
m−2 s−1. Therefore, surface heating was weaker than usual in the CPSAMW formation
region during the autumn/winter of 2016, and surface heating and freshening were
stronger in the SEPSAMW formation region.

The timing of the strong surface cooling in the CPSAMW formation region matches
well with the anomalous deepening of the winter mixed layer. In the SEPSAMW forma-
tion region, the strong surface freshening and weak surface cooling were also similarly
timed to the anomalously low rate of deepening of the mixed layer. The time series of
the maximum winter mixed layer and total heat flux from May to September are shown
in Figure 5.14, for both ECCO and B-SOSE. A clear relationship between the two terms
can clearly be seen in each model, with the anomalies in the 2016 MLD mirrored by
those in the net heat flux. To determine the general impact of surface buoyancy fluxes
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(A) CPSAMW

(B) SEPSAMW

FIGURE 5.14: The total net heat flux (W m−2) into the surface ocean between May
and September (during the deepening of the winter mixed layer), and the maximum
winter MLD (m), for ECCO (solid line) and B-SOSE (dashed). The results are averaged

over A) the CPSAMW formation region, and B) the SEPSAMW formation region.

during the seasonal deepening of the mixed layer, the correlations were calculated be-
tween the maximum winter MLD and the total surface buoyancy fluxes between May
and September (the period of anomalies in the 2016 MLD). The correlations were cal-
culated for ECCO, as the B-SOSE time series is not long enough to accurately calculate
correlations of annual properties. Correlation between MLD and the net freshwater
flux was insignificant in both SAMW formation regions. Correlation between MLD
and the net heat flux was significantly negative in each; the correlation coefficient was
-0.71 in the CPSAMW formation region, and -0.52 in the SEPSAMW formation region
(p<0.01).

These correlations, along with the time series in Figure 5.14, suggest that convection
driven by surface heat fluxes during autumn/winter is the main process setting the
winter mixed layer depth. This supports the findings of Ogle et al. (2018) and Tamsitt
et al. (2020). However, the correlation between the two variables is not perfect, and
there are some years when the surface heat flux is high and the mixed layer is deep,
for example, 2008-2009 in the CPSAMW formation region (Figure 5.14a). This suggests
that other processes play a role in driving interannual variability in the MLD of the
SAMW formation regions. Salinity advection was particularly anomalous during 2016,
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acting to freshen the mixed layer in the SEPSAMW formation region and increase the
salinity of the CPSAMW formation region in the lead up to the deepening of the mixed
layer. Therefore, while surface heat fluxes dominate in driving anomalies in the winter
MLD, other processes may have exacerbated the impact in 2016.

5.9 The influence of winds in the SAMW formation regions
during 2016

To understand the connection between the local winds in the SAMW formation regions
and the budget terms during this time, zonal and meridional wind stress output by B-
SOSE were compared for 2016, and for the remaining B-SOSE years excluding 2016
(Figure 5.15).

In the CPSAMW formation region, where salinity anomalies were driven by strong ad-
vection from April to August, two minima in zonal wind stress occurred in April and
July 2016, which match low meridional ocean velocity and align with the peaks in ad-
vection in both the temperature and salinity budgets. Maxima in zonal wind stress in
June and September 2016 appeared to have a lesser impact. Meridional wind stress
during 2016 stayed largely within one standard deviation of the mean, except dur-
ing September/October when the wind was slightly southerly compared to the usual
northerly winds. Towards the end of 2015, from October to December, when salinity
in the CPSAMW formation region also increased via zonal advection (not shown). The
local winds were also the strongest northerly winds observed over the five years of the
time series, explaining the strong surface warming over the region (Figure 5.14a).

Westerly winds in the SEPSAMW formation region were overall weaker than average
in 2016, while meridional winds were anomalously northerly. The largest anomalies
in zonal wind stress occurred in April-May and July-August, with a minima of 0.02 N
m−1 in May compared to the mean of 0.12±0.05 N m−1, coinciding with the spike in
warming via advection and surface fluxes. The anomalies from July-August coincided
with anomalies in advective heating and the start of the anomalously strong salinity ad-
vection in the southeast Pacific. Anomalies in meridional wind stress in the SEPSAMW
formation region lagged those in zonal wind stress by a month, peaking in May-June
and September. The positive anomalies in meridional wind stress in the central Pacific,
and negative in the southeast Pacific are consistent with the mechanism proposed by
Ogle et al. (2018) and Meijers et al. (2019), whereby cooler air is advected over the CP-
SAMW formation region and warmer air over the SEPSAMW formation region, lead-
ing to the disparity in heat loss and MLD. This phenomenon was originally observed
by Sallée et al. (2010a), who found that SAM-associated anomalies in the strength of
the meridional winds led to a strong non-zonal pattern in surface heat flux anomalies,
driving MLD anomalies of up to 150 m in the Southern Ocean during a positive SAM



156
Chapter 5. Drivers of 2016 mixed layer anomalies in the Pacific SAMW formation

regions

(A) Zonal wind stress - CPSAMW (B) Meridional wind stress - CPSAMW

(C) Zonal wind stress - SEPSAMW (D) Meridional wind stress - SEPSAMW

FIGURE 5.15: Zonal (left) and meridional (right) wind stress in B-SOSE, averaged over
the A,B) CPSAMW and C,D) SEPSAMW formation regions. The wind stress in 2016 is
shown in blue, and the average of the rest of the time series (2013-2015, 2017) in red,

with the standard deviation shown by the error bars.

with deep mixed layers in the Eastern Indian Ocean and central Pacific, and shallower
mixed layers in the western Pacific. The opposite was observed during a negative SAM
event. The anomalies were seen to be greater in winter when mixed layers deepest.

The processes driving anomalies in the 2016 winter mixed layer began in the months
leading up to the deepening of the winter mixed layer. Therefore, the links between
anomalies in winds and anomalies in the mixed layer budgets during these months are
further investigated. To test the relationship between wind stress, surface buoyancy
fluxes and advection, the correlation between them was calculated for each water mass
formation region. This was done just for January to June, when the initial deepening
of the mixed layer occurred, and using the 3-day averaged B-SOSE output. However,
the results were robust to changing the end month to September to include the full
seasonal deepening of the mixed layer. The correlations were calculated for lags of
up to 20 days, but in each case the strongest correlation was with zero lag. Negative
correlation between zonal wind stress and both advection terms was significant in the
SAMW formation regions. The correlation coefficient between zonal wind stress and
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temperature advection was -0.79 in the SEPSAMW formation region, and -0.54 in the
CPSAMW formation region (p<0.001). The correlation coefficient between zonal wind
stress and salinity advection was -0.53 in the SEPSAMW formation region, and -0.48 in
the CPSAMW formation region (p<0.001). This suggests that stronger westerly winds
result in the advection of cooler, fresher water into both SAMW formation regions,
consistent with increased meridional Ekman transport of cool, fresh southern waters.

The negative correlation helps to explain the mixed layer anomalies in 2016. Zonal
wind stress in the CPSAMW formation region was anomalously low in April 2016, re-
sulting in reduced freshwater advection, and a particularly strong increase in salinity.
This coincided with the anomalous deepening of the winter mixed layer. In the SEP-
SAMW formation region, the peak in minimum zonal wind stress occurred a month
later, in May, also coinciding with a peak in advective warming. While there was also a
slight increase in salinity advection, the large rise in July coincided with another mini-
mum in zonal winds.

Significant correlation was also found between the surface flux term of the salinity bud-
get, and meridional wind stress. The correlation was weaker than that between zonal
winds and advection, but peaked at zero lag in both water mass formation regions. The
correlation coefficient was 0.35 in the SEPSAMW formation region, and 0.45 in the CP-
SAMW formation region (p<0.001). The correlation is stronger between the meridional
winds and the salt flux field output from the model (rather than the surface freshwater
flux term of the mixed layer salinity budget), with a correlation coefficient of 0.58 in
the central Pacific, and 0.54 in the southeast Pacific (p<0.001). Although correlation
between meridional wind stress and the surface flux term of the temperature budget
was not significant, due to the compensating role of MLD change, clear maxima in the
correlation coefficients were seen at a zero lag in both formation regions. In addition
to this, the correlation coefficient between net heat flux field output from the model
(Qnet) and meridional wind stress was significantly negative at -0.34 (p<0.01) in the
CPSAMW formation region.

Northerly wind stress in the SEPSAMW formation region was particularly strong through
the winter of 2016, with peaks in May, June and September. This coincided with the
anomalously strong freshwater fluxes in the region. This relationship between wind
stress and surface buoyancy fluxes in the SEPSAMW formation region agrees with the
findings of Ogle et al. (2018), that stronger southwesterly winds carry colder, dryer air
into the region, resulting in higher air-sea difference in temperature and humidity and
an associated increase in surface buoyancy fluxes. It is also consistent with the dipole
in SAMW thickness due to increased southerlies in the central Pacific, seen by Meijers
et al. (2019) and the relationship between the SAM and MLD anomalies in the Pacific
observed by Sallée et al. (2010a).
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To determine whether these connections hold over longer time series, similar calcula-
tions were repeated using the ECCO mixed layer budgets. However, since the ECCO
time series is longer, and the average annual cycle therefore not largely affected by a
single year, the average annual cycle was removed from the results, and the correlation
instead calculated for the anomalies in the budget terms and wind stress. The correla-
tion was again calculated only over the months of January to June. As with B-SOSE,
both the temperature and salinity advection terms showed significant correlation with
the strength of the local westerly winds. The correlation coefficient between tempera-
ture advection and zonal wind stress was -0.65, (p<0.001) in the CPSAMW formation
region, and -0.70 (p<0.001) in the SEPSAMW formation region. Correlation between
salinity advection and zonal wind stress was only significantly negative in the central
Pacific, with a correlation coefficient of -0.66 (p<0.001).

There was also significant correlation between the anomalies in the ECCO surface fresh-
water flux term and the strength of the meridional winds. The correlation was strongest
in the CPSAMW formation region with a correlation coefficient of 0.50 (p<0.001), while
the correlation coefficient in the SEPSAMW formation region was 0.45 (p<0.001). Again,
the correlation was stronger between meridional wind stress and the freshwater flux
field directly ouput from the model (-0.67 in the southeast Pacific, and -0.65 in the cen-
tral Pacific, p<0.001), rather than with the budget freshwater flux term that is depen-
dent on MLD. Surprisingly, meridional wind stress showed no significant correlation
with either the ECCO budget surface heat flux term, or the net heat flux output by the
model. However, the correlation between the net heat flux and meridional winds calcu-
lated for only the winter months (JAS) was much stronger and significant (-0.49 in the
SEPSAMW formation region, and -0.38 in the CPSAMW formation region, p<0.001),
agreeing with the results of Ogle et al. (2018) and Meijers et al. (2019), who focused
primarily on the impact of surface fluxes during winter.

The relationship between zonal winds and advection of heat is stronger than that of
salinity, and the relationship between winds and advection is generally stronger in the
SEPSAMW formation region than the CPSAMW formation region. These correlations
for only the months leading up to the deepening of the winter mixed layer are also
stronger than if the entire time series is included. The drivers of the anomalous winds
observed in 2016 are examined in Section 5.11.

5.10 The influence of sea ice in the SAMW formation regions
during 2016

The increased surface buoyancy fluxes in the SEPSAMW formation region during 2016,
and the advective heat loss over autumn, can be related to anomalies in the local winds.
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FIGURE 5.16: Total B-SOSE sea ice area (m2) in the northern Bellingshausen and
Amundsen Seas (74-114°W, 40-66°S). Sea ice area in 2015 is shown in blue, and the
average of the rest of the time series (2013-2014, 2016-2017) in red, with the standard

deviation shown by the error bars.

However, the initial freshening via meridional advection from January to March can in-
stead be related to changes in sea ice to the south of the SEPSAMW formation region.
In Chapter 4, anomalies in Bellingshausen/Amundsen Sea sea ice were shown to drive
anomalies in the meridional advection of freshwater into the SEPSAMW formation re-
gion. There was a 6 month lag between the maximum sea ice area and the strongest
meridional advection anomalies in the region.

As seen in observations (Parkinson, 2019), sea ice extent in the Bellingshausen and
Amundsen Seas was particularly high during 2015, greater than one standard deviation
higher than the mean of the B-SOSE time series, and peaked from August to September
(Figure 5.16). Therefore, stronger freshwater anomalies in the SEPSAMW formation
region would be expected around six months later, from February to March 2016. These
are the months that meridional advection resulted in a cooling and freshening of the
mixed layer in the SEPSAMW formation region. This anomalous advection led to the
freshening of the mixed layer being much greater than the average at the start of the
year, and helped to reduce the salinity of the mixed layer to the low levels observed
during the winter of 2016.

In 2016, the reasons for the very fresh winter mixed layer in the southeast Pacific ap-
pear to be the result of high sea ice extent in the Amundsen and Bellingshausen Seas the
previous winter driving the advection of freshwater into the region. Weaker than aver-
age winter surface heat loss is the main driver of the anomalously shallow mixed layer
in the region. Weak westerly winds and strong northerly winds drive further fresh
anomalies in advection and surface buoyancy fluxes. In the central Pacific, the very
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FIGURE 5.17: A summary of the processes involved in driving anomalies in the tem-
perature, salinity and depth of the mixed layer in the central and southeast Pacific

SAMW formation regions, during 2016.

deep winter mixed layer is predominantly driven by strong surface heat loss, while lo-
cal westerly winds drive an increase in salinity via advection, both through 2016 and at
the end of the previous year. These processes are summarised in Figure 5.17. In Section
5.11, the drivers of the anomalous winds and sea ice extent are investigated.

5.11 Atmospheric controls on winds and sea ice during 2016

Simultaneous strong positive ENSO and SAM events occurred in the summer of 2015-
16, switching to negative by winter. It is not possible to accurately compute the corre-
lation between ENSO, SAM, and the B-SOSE variables because of the short time series.
However, in ECCO, there is significant correlation between the three variables in both
SAMW formation regions (previously shown in Section 4.12).

When ECCO wind stress is averaged over the SAMW formation regions, correlation
between the Niño 3.4 index and zonal wind stress anomalies was negative in both re-
gions, and significant at a lag of 0-3 months (p<0.02). Correlation between the Niño
3.4 index and meridional wind stress anomalies was only significant in the SEPSAMW
formation region, where it was significantly positive at a lag of 0-4 months. Significant
correlation between the SAM index and wind stress peaked at a 0-1 month lag. Corre-
lation with zonal wind stress was positive in each water mass formation region, while
correlation with meridional wind stress was much lower, with positive correlation in
the CPSAMW formation region and negative correlation in the SEPSAMW formation
region. Although correlation is not necessarily significant when wind stress is averaged
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(A) ENSO regression onto zonal winds (B) ENSO regression onto meridional winds

(C) SAM regression onto zonal winds (D) SAM regression onto meridional winds

FIGURE 5.18: Top: regression of the Niño 3.4 index onto anomalies in ECCO A) zonal
wind stress, and B) meridional wind stress with a three month lag. Bottom: regression
of the SAM index onto anomalies in C) zonal wind stress, and D) meridional wind
stress with zero lag. Both indices are normalised by one standard deviation. The
contour within each box represents the CPSAMW and SEPSAMW formation regions,

and dots show the points with 95% significance.

over the whole SAMW formation regions, significant correlation still exists at individ-
ual points within those regions. Regressions of ENSO and SAM onto wind stress are
shown in Figure 5.18; the regressions of ENSO onto wind stress are calculated using a
three month lag, while the regressions of SAM onto wind stress have zero lag, match-
ing the lags of the strongest correlation. In each case the climate indices are normalised
by one standard deviation, i.e. a change of one standard deviation in each index will
result in the mapped anomaly in wind stress.

The regressions suggest that a positive ENSO event drives weaker westerly winds
across both water mass formation regions, with the impact centred on the western side
of the SEPSAMW formation region. Meanwhile, a positive SAM has the opposite effect,
driving a stronger increase in zonal winds, significant across both water mass forma-
tion regions. ENSO and SAM also appear to have opposing effects on meridional wind
stress. A positive ENSO results in an increase in the northerly winds of the southeast
Pacific and a decrease in the central Pacific, while a positive SAM results in a decrease
in the southeast Pacific and an increase in the central Pacific. A dipole in the sign of
the regressed anomalies between the CPSAMW and SEPSAMW formation regions is
not as strong as was seen by Meijers et al. (2019). This appears to mostly be due to a
meridional shift of the influence of the SAM in ECCO, with positive anomalies in zonal
wind stress reaching much further north and covering both SAMW formation regions.

In the SEPSAMW formation region during 2016, two minima in the strength of the
westerly winds occurred from April-May and July-August. Maxima in northerly winds
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FIGURE 5.19: A) Niño 3.4 index, and B) SAM index over 2013-2018, and the C) zonal
and D) meridional wind stress in B-SOSE (N m−2), averaged over the SAMW forma-

tion regions. Dashed lines mark the minima in the SAM index.

then occurred a month later. During this time, the ENSO was switching to nega-
tive, while SAM was still positive overall but oscillated between negative and posi-
tive values (Figure 5.19). The minima in zonal winds align with negative spikes in the
SAM, matching the patterns in the regressions, and suggesting zonal winds in both
SAMW formation regions are associated with the oscillating SAM signal. The peaks
in northerly winds over the SEPSAMW formation region occur a month later than
the minima in zonal winds, aligning with the positive peaks in the SAM. This also
matches with the regressions that showed a strong negative pattern in the southeast
Pacific. Meridional winds in the CPSAMW formation region during this time were
close to zero. Over 2016, meridional winds were overall anomalously southerly in the
CPSAMW formation region, and anomalously northerly in the SEPSAMW formation
region, likely a lagged response to the sign of the ENSO index, as seen in Figure 5.18b.
The regressions using the ECCO winds (Figure 5.18) suggest that ENSO and SAM have
opposing influences on the strength of both the zonal and meridional winds, meaning
that if the ENSO and SAM had been fully in phase, the impacts would have not been
as large and the anomalies not as high.

In Chapter 4, sea ice extent in the Amundsen and Bellingshausen Seas was shown to
be related to the phase of both ENSO and SAM, via the strength of zonal and merid-
ional winds. Anomalies in sea ice area showed significant positive correlation with
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zonal wind stress, which in turn is positively correlated with the SAM index, and with
meridional wind stress which is positively correlated with the Niño 3.4 index (Figures
4.18). In the winter of 2015, SAM and ENSO were both strongly positive, explaining
the high winter sea ice extent in the region.

It is likely that the anomalies in the SAMW formation regions were a result of the phases
of the ENSO and SAM during 2015 and 2016, and their anomalous magnitudes. The
initial strongly positive ENSO and SAM in the summer of 2015/16 caused higher sea
ice extent in the Amundsen and Bellingshausen Seas, and the associated advection of
freshwater into the SEPSAMW formation region. The higher frequency oscillating pat-
tern of the SAM is then associated with weaker westerlies in both SAMW formation
regions, and more northerly winds in the SEPSAMW formation region. The weaker
zonal winds were particularly important in the CPSAMW formation region, where
both zonal and meridional advection were weaker than usual, while stronger merid-
ional winds drove anomalous buoyancy fluxes in the SEPSAMW formation region.

5.12 Absence of advective freshening in 2017

Another key feature of the B-SOSE mixed layer salinity budget is the absence of fresh-
ening via advection in 2017, in the SEPSAMW formation region. The salinity budget
shows two years of strong advective freshening in the summer of 2015 and 2016, fol-
lowed by no advective freshening in the summer of 2017 (Figure 3.24). In every year
excluding 2017, advection drove a freshening from January to March of between -0.16
and -0.36 psu yr−1 (Figure 5.20b). However, in 2017 over the same period, advection
drove a salinity increase reaching 0.09 psu yr−1.

The lack of advection resulted in the summer mixed layer having the highest salinity
of the five years. The mixed layer in the SEPSAMW formation region the following
winter subsequently reached 429 m, the maximum in the five year B-SOSE time series.
The anomalous total advection was caused by a combination of both zonal and merid-
ional advective fluxes (Figures 5.20c and 5.20d). Meridional advection drove a salinity
increase in January/February of up to 0.10 psu yr−1, while zonal advection drove a
salinity increase of 0.14 psu yr−1 in March. Only one other year in the time series (2014)
showed an increase in salinity via meridional advection during summer.

The previous winter saw a dramatic reduction in sea ice in the Amundsen/Belling-
shausen Sea region. Within the region shown to influence the SEPSAMW formation
region (see Chapter 4), sea ice extent reached a seasonal maximum in August 2017, that
was less than a third of that of the next lowest year (Figure 5.20a). In Chapter 4, corre-
lation between sea ice in this region and salinity advection in the SEPSAMW formation
region, was shown to peak at a lag of six months. Therefore, any impact of the low sea
ice in 2016 would be expected to be seen in the SEPSAMW formation region around
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(A) Amundsen/Bellingshausen sea ice (B) Salinity advection

(C) Zonal salinity advection (D) Meridional salinity advection

FIGURE 5.20: The annual cycle in A) Amundsen/Bellingshausen sea ice (m2) and B)
salinity advection in the SEPSAMW formation region (psu yr−1), for each year in the
B-SOSE time series. In C) and D), advection is split into the zonal and meridional

components respectively.

February the following year. This is when the freshening via meridional advection was
absent, suggesting that the reduction in sea ice was at least partially responsible.

To understand whether the increased salinity was a driver of the high MLD in 2017, or if
that was largely driven by surface buoyancy fluxes, the annual cycle in the surface heat
fluxes are shown for all years in Figure 5.21). While the surface flux term of the mixed
layer temperature budget (i.e. the change in temperature due to the net surface flux)
is not particularly anomalous, with slightly decreased heat loss from March to May
(Figure 5.21a), the net heat flux out the ocean was particularly strong in July, reaching
-147.4 W m−2 in July (Figure 5.21b). This suggests the increased winter MLD during
2017 was likely predominantly due to the convection caused by the surface heat flux.
However, the lack of freshening due to lower sea ice will have resulted in a more stable
water column, and potentially exacerbated the impact of the stronger heat loss.
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(A) Surface heat flux term (B) Net heat flux

FIGURE 5.21: The annual cycle in A) the surface heat flux term of the mixed layer
budget (°C yr−1) and B) the net heat flux into the ocean, output from the model (W
m−2), averaged over the SEPSAMW formation region, for each year in the B-SOSE

time series.

5.13 Discussion

The winter mixed layer in the SEPSAMW formation region was anomalously shallow
in 2016, while the winter mixed layer in the CPSAMW formation region was anoma-
lously deep. These anomalies in the depth of the winter mixed layer were predomi-
nantly a result of a dipole in surface heat loss between the central and southeast Pacific,
however a number of other processes drove anomalies throughout the deepening of the
mixed layer. In the CPSAMW formation region, the deep mixed layer had an anoma-
lously high salinity. This was driven by a wind-driven increase in advection towards
the end of 2015, and over the autumn and winter of 2016. In the SEPSAMW forma-
tion region, the shallow mixed layer was anomalously warm and fresh. A number of
processes were responsible for these anomalies, with strong advective freshening from
January to March, related to high sea ice extent in the Amundsen and Bellingshausen
Seas the previous winter, causing the initial anomalies. Surface buoyancy fluxes then
drove a weaker than average cooling and stronger than average freshening, exacer-
bating the anomalies. Because the mixed layer deepened at a much slower rate than
usual, the entrainment of higher salinity water associated with the deepening mixed
layer, was suppressed, with less high salinity water entrained from below.

Variability in the net surface heat flux has previously been shown to be important in set-
ting the depth of the winter mixed layer in the SAMW formation regions (Sallée et al.,
2010a; Tamsitt et al., 2020). Using observations from a mooring within the SEPSAMW
formation region, Ogle et al. (2018) determined that the shallow 2016 mixed layer was a
result of fewer winter (JAS) storms which typically transport colder air to the region, re-
sulting in higher air-sea temperature differences and associated surface cooling. Here,
the surface cooling in the SEPSAMW formation region was found to be anomalously
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weak from May to August, with the largest difference from the mean in May. This re-
duced surface cooling was the dominant cause of the shallow mixed layer depth, but
had a lesser impact on the mixed layer temperature. As the mixed layer deepened
over winter, the surface fluxes were cooling larger volumes of water, resulting in little
change in temperature over the winter. In agreement with the findings of Ogle et al.
(2018) and Meijers et al. (2019), the reduced surface cooling was linked to anomalous
northerly winds. In addition to surface heat fluxes, surface freshwater fluxes also asso-
ciated with northerly winds drove a strong freshening of the mixed layer throughout
the year, with the largest anomalies in January and June.

Meridional advection of freshwater into the SEPSAMW region was another important
process in the initial months of 2016. This was linked to high sea ice extent in the
Amundsen and Bellingshausen Seas the previous winter. While sea ice extent in 2015
was the highest in the five-year time series, B-SOSE overestimates the area of sea ice
in the region, and therefore potentially overestimates the freshwater advection into
the SEPSAMW formation region, associated with sea ice melt. However, in Chapter
4, using ECCO which more accurately represents sea ice, sea ice was shown to drive
interannual anomalies in freshwater advection in each SAMW formation region. It is
therefore logical that the higher sea ice in 2015 would be at least partially responsible
for the fresher SEPSAMW mixed layer in 2016. Sea ice extent was also overestimated in
2016, when there was a dramatic reduction in winter sea ice, and advective freshening
was absent the following summer. Therefore, the influence of the lower sea ice on the
SEPSAMW formation region could in fact be greater than seen in B-SOSE.

The thickness of the SAMW formed in the central and southeast Pacific has previ-
ously been associated with the relative phases of ENSO and SAM (Meijers et al., 2019).
Throughout the B-SOSE time series, ENSO and SAM were predominantly in phase.
During the winter of 2016, the ENSO and SAM had both shifted to negative, follow-
ing one of the strongest El Niño events on record in 2015/16, that coincided with a
strongly positive SAM. When ENSO and SAM are in phase, the anomalies in winter
SAMW thickness are generally of opposite sign in the CPSAMW and SEPSAMW for-
mation regions. A simultaneous negative ENSO and SAM is associated with positive
anomalies in the winter thickness of the CPSAMW, and negative anomalies in the win-
ter thickness of the SEPSAMW, with a lag of 0-2 months. The connections were linked
to the effect of the climate modes on zonal and meridional wind stress, with a negative
SAM driving weaker westerlies, and a negative ENSO driving northerly winds, over
the SEPSAMW formation region. These changes in winds drive subsequent anomalies
in advection and surface buoyancy fluxes. Similar shaped patterns were seen in the
regression of ENSO and SAM onto winds using the ECCO output, however the effect
of SAM and ENSO on winds do not oppose each other. This may be because of the
different period covered by the data, or the fact that all months were taken into account
in these regressions, rather than only the winter months (JAS) used by Meijers et al.
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(2019). Advection and surface fluxes were both shown to be important drivers of the
anomalies in the 2016 mixed layer. The relationships shown by Meijers et al. (2019)
were based on the processes resulting in the anomalies occurring in the winter, as the
mixed layer reached its seasonal maximum. In this study, the anomalies in the pre-
ceding months, leading up to the deepening of the winter mixed layer, have also been
analysed. While surface fluxes and advection are still found to be the dominant drivers
of anomalies in the 2016 mixed layer, both processes are also important in the months
leading up to the initial deepening of the mixed layer.

It is also proposed that the shift from positive to negative ENSO and SAM was particu-
larly important in 2016. The initial positive phase in each brought about the higher sea
ice extent in 2015 which resulted in a fresher mixed layer in the SEPSAMW formation
region. The ensuing negative phase in each generated further anomalies in the temper-
ature and salinity of the mixed layer, generally increasing stability and reducing MLD,
via changes in zonal and meridional winds. In the southeast Pacific, the winter mixed
layer during 2016 was much shallower than any other year in recent decades, leading
to the SEPSAMW being anomalously thin and a subsequent much lower volume of
SAMW being formed in the southeast Pacific (Meijers et al., 2019). The volume of the
water mass then controls the level of carbon and heat uptake by SAMW. The influence
of ENSO and SAM on the formation of SAMW is particularly strong. This has been
shown previously by Naveira Garabato et al. (2009); in 1998, a strongly positive SAM
coincided with a negative ENSO event and the resulting strengthened westerly winds
caused a second SAMW mode to form in the southeast Pacific. Here, it has been shown
that strong anomalies in SAMW can also be generated when the ENSO and SAM are
predominantly in phase.

In both 2016 and 2017, there were strong anomalies in the net surface heat flux in the
SEPSAMW formation region, with weaker surface cooling leading to a shallower mixed
layer in 2016 and enhanced surface cooling leading to a deeper mixed layer in 2017. In
each case, the patterns in ENSO/SAM also led to anomalies in Amundsen/Belling-
shausen sea ice directly south. This resulted in stronger advection of freshwater from
the sea ice edge to the SEPSAMW formation region in 2016, and weaker in 2017. This
would exacerbate the influence of the surface fluxes. In 2016, advection of freshwater
fluxes acted to stabilise the mixed layer, before the weaker cooling further increased
stratification. In 2017, freshening via advection was absent at the beginning of the year
due to the reduction in sea ice in the winter of 2016. This meant the mixed layer was
less stable than usual when stronger surface cooling increased mixing. Therefore, while
surface fluxes are the dominant drivers of anomalies in MLD, the rate of advection of
freshwater from sea ice can still play a role via preconditioning in the lead up to the
deepening of the winter mixed layer.

Heat content of SAMW has previously been shown to be strongly linked to the thick-
ness of the water mass (Gao et al., 2018). In B-SOSE, a clear maximum in the total
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(A) CPSAMW

(B) SEPSAMW

FIGURE 5.22: Total heat content of the mixed layer (blue; J) and MLD (red; m) aver-
aged over the A) CPSAMW and B) SEPSAMW formation regions in B-SOSE.

heat content of the mixed layer can be seen in the CPSAMW formation region during
the winter of 2016, and a clear minimum in the SEPSAMW formation region over the
same period (Figure 5.22). The heat content is very strongly related to MLD, with r2

values of 0.99 between the two time series in both SAMW regions. This suggests that
changes in mixed layer depth dominate massively over property change in setting net
heat content. Therefore, not only are the anomalous processes during 2016 driving
anomalies in the depth of the mixed layer, but also in mixed layer heat content. Vari-
ability in the heat content of this region is particularly important since the Southern
Ocean acts as a strong heat sink (Frölicher et al., 2015). important since SAMW acts as
a strong heat sink. There was a 55% increase in the heat content of the mixed layer be-
tween the winters of 2015 and 2016 in the CPSAMW formation region, as a result of the
anomalously deep 2016 mixed layer. Conversely, there was a 41% decrease in the mixed
layer heat content of the SEPSAMW formation region from 2015 to 2016, related to the
anomalously shallow mixed layer. This highlights the importance of understanding
the drivers of anomalies in the mixed layers that form SAMW.
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Conclusions

SAMW plays an important part in the ocean uptake of anthropogenic CO2 and heat.
Understanding the drivers of variability in SAMW properties and formation is vital in
understanding how the uptake will change in future warming scenarios (Sabine et al.,
2004). The focus of this study was to investigate the drivers of interannual variabil-
ity in the two SAMW pools formed in the Pacific sector of the Southern Ocean. Since
SAMW is formed via subduction in the deep winter mixed layers north of the SAF,
the properties of the mixed layer at the formation sites determine the properties of the
subsequently subducted SAMW. Therefore, variability in the mixed layer properties of
the Pacific SAMW formation regions was investigated. To do this, mixed layer tem-
perature and salinity budgets were calculated in three numerical ocean models using
improved versions of previously applied methodologies, to determine the processes
driving change in the average salinity and temperature of the mixed layer. The bud-
gets were first refined in SOSE, and the magnitude and sources of error in the budgets
established in Chapter 3. The budgets were then computed and analysed using the
longer ECCO time series, in order to explore the influence of sea ice on the properties
of the water mass formation regions, in Chapter 4. In Chapter 5, the budgets computed
in B-SOSE were used to determine the cause of anomalies in the mixed layer properties
during 2016, when the winter mixed layer was anomalously shallow in the SEPSAMW
formation region, and anomalously deep in the CPSAMW formation region.

The first aim of the study was to determine the individual processes that drive changes
in the properties of the mixed layer within the Pacific SAMW formation regions. Using
mixed layer budgets, the dominant drivers of mixed layer temperature and salinity
in these regions were found to be surface buoyancy fluxes, horizontal advection, and
entrainment of water from beneath the mixed layer. This was the same across all three
ocean state estimates, and for both of the Pacific SAMW pools. In each case, diffusion
and lateral induction played an insignificant role in both the temperature and salinity
budgets.
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The second aim was to determine the processes by which freshwater anomalies from
Antarctic sea ice melt reach the Pacific SAMW formation regions. Analysis of the corre-
lation between sea ice area and the terms of the mixed layer budgets showed strong sig-
nificant correlation between the anomalies in the advection term of the salinity budget,
and sea ice area in both the Ross Sea, and the Amundsen/Bellingshausen Sea region.
The lag and strength of the correlations, and the correlation between the zonal and
meridional components independently, suggests that freshwater fluxes are advected
north from the Ross Sea sea ice edge, into the central Pacific SAMW formation region,
then east into the SEPSAMW formation region, with this process taking approximately
two years from the initial sea ice melt. Maps tracking negative anomalies in salinity
advection also support these conclusions. Correlation between advection in the SEP-
SAMW formation region and sea ice directly south in the Amundsen/Bellingshausen
Sea, suggests that freshwater flux are advected north from the sea ice edge, reaching
the SEPSAMW formation region approximately six months after the maximum win-
ter sea ice extent. Regressions of sea ice onto advection suggest that the advection of
freshwater anomalies from the sea ice zone contributes a significant amount of the total
freshwater advection through the SAMW formation regions. Calculations of the net
buoyancy flux due to advection and surface fluxes show that the impact of freshwater
advection on buoyancy in the SAMW formation regions is as important as the fresh-
water flux due to precipitation on interannual timescales. This is particularly true in
the CPSAMW formation region, where the magnitude of advective-driven buoyancy
fluxes is generally greater than that of surface-driven buoyancy fluxes on interannual
timescales.

The third and final aim of the thesis was to investigate years with particularly strong
anomalies in the mixed layer of the SAMW formation region to determine the drivers
of those anomalies. The winter of 2016 was focused on, when the mixed layers of the
SEPSAMW formation region were anomalously shallow, leading to a reduction in heat
content. Strong correlation between winter MLD and the net surface heat flux in both
the CPSAMW and SEPSAMW formation regions suggests that interannual variability
in MLD and subsequent SAMW thickness is predominantly due to variability in the
strength of the surface heat fluxes, agreeing with previous studies (Ogle et al., 2018;
Tamsitt et al., 2020). However, the correlation between the two is not perfect and there
were also strong anomalies in the lead up to the deepening of the winter mixed layer.
Sea ice area in the Amundsen/Bellingshausen Sea was particularly high the previous
winter, leading to stronger northward advection of freshwater into the SEPSAMW for-
mation region and reducing the salinity of the mixed layer. Therefore, preconditioning
of the mixed layer potentially allowed the anomalous surface fluxes to have a greater
impact on the depth of the winter mixed layer.
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6.1 Methodology and technical choices

Three ocean state estimates were used to reach the above conclusions: SOSE, ECCO
and B-SOSE. While global ocean state estimates are designed to reduce the error be-
tween the model output and observations with no weighting to any specific region,
SOSE covers only the Southern Ocean so is more specialised for the SAMW formation
regions, as well as having a fairly high spatial resolution. Due to the model output be-
ing available to fully close the budgets within each model cell, it was used to refine the
kinematic approximations of the budgets. However, once the budgets had been com-
puted, it was clear that the change of atmospheric forcing halfway through the model
time series has a non-negligible impact on the MLD, and subsequently the individual
terms of the mixed layer budgets. Therefore it was not used for further analysis of the
SAMW formation regions. The change in atmospheric forcing did not affect the ability
to close the budgets, and so the model still provided a useful comparison between the
Identity Closure and kinematic approach to computing the budgets, laid out in Chapter
2.

ECCO was used to investigate the influence of sea ice on interannual variability in the
Pacific SAMW formation regions. ECCO has a much longer time series and has also
been used in many previous Southern Ocean studies. It is a global model so the results
are not specifically refined for the Southern Ocean, however the ocean properties were
validated against observations and shown to have a similar level of accuracy as the re-
gional models. ECCO only has monthly averaged output data available compared to
the 5-day averaged data in SOSE, which led to an increase in the rms of the residual
in the mixed layer budgets by 53% in the salinity budget, and 43% in the temperature
budget. Much of this was due to the seasonal cycle in the rate of change in MLD, and
the subsequent entrainment, not being accurately captured by the monthly data. De-
spite the larger residual, the key features in temperature and salinity variability are still
well represented by the budget. This showed that the method can be utilised when
higher temporal resolution data is unavailable. A newer model that covered more re-
cent years was required to investigate the anomalies in 2016, hence B-SOSE was used in
Chapter 5. While B-SOSE is not as well-cited as the other models, it is based on the same
framework as SOSE, is similarly well constrained, and does not suffer from a change of
climatology during its run. Each model showed similar results for the mixed layer bud-
gets of the SAMW formation regions, with the same dominant drivers of temperature
and salinity variability.

There is some error relative to observations in the models, but the data-assimilating na-
ture of state estimates means that the ocean properties are close to observations. Ocean
state estimates generally represent MLD well due to the mixed layers being parame-
terised (Mazloff et al., 2010), which is particularly important in this study because the
SAMW formation regions were defined by MLD. One caveat of using state estimates is
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that the forcing data is adjusted in order to ensure the error between the modelled and
observed ocean is minimal. This makes it more difficult to compare the model forcing
with existing reanalyses due to the potential for induced changes. However, observa-
tions that the forcing fields are based on are sparse in the Southern Ocean, so this does
not mean that the adjustments to the model forcing are necessarily incorrect. The ad-
justments also tend to be small and so this is unlikely to have a significant impact on the
results. The models provide a source of gridded, high resolution data with no artificial
sources of heat or salt, and are close to the available observations. The robustness of
the technique applied over models of varying temporal and spatial resolution suggests
that the same methods could be used on observational data, which tends to be of lower
resolution. Future work will look at the comparison between the results of the budgets
in observations and models.

The method used to compute the kinematic approach of the mixed layer budget uses
only variables that can be obtained, in theory, through both observational measure-
ments and model output, and so can be easily repeated for a variety of datasets. An-
other benefit of the method is that its MLD-following coordinate system takes account
of the seasonal deepening of the mixed layers and implicitly includes entrainment,
which the identity closure does not. This is especially important in the SAMW for-
mation regions, where the winter mixed layer reaches particularly high depths. The
results of the budgets were also validated using the closed Identity Closure budgets,
where possible. Through an approach of systematic refinement, the error in the mixed
layer budgets was drastically reduced in Chapter 3, with the rms of the residual in the
temperature budget lowered by 54% and the residual in the salinity budget lowered by
67%, within the southeast Pacific SAMW formation region. The majority of seasonal
and interannual variability is captured by the budgets and the remaining error was as-
sociated with the entrainment and diffusion terms. Throughout the rest of the thesis,
the results largely focused on the advection and surface flux terms of the budget which
are known to be accurate for the monthly output model data, as they have been vali-
dated with the results of the Identity Closure budgets. Therefore, the overall results of
the thesis are less sensitive to the remaining error in the budgets. The Pacific SAMW
formation regions that the mixed layer budgets were averaged over were defined as
the areas of maximum MLD within the regions defined by Cerovečki et al. (2019) and
Meijers et al. (2019), but the results of the budgets were largely unaffected by the exact
choice of formation region as long as the regions of greatest MLD were captured.
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6.2 Implications of the results

6.2.1 Drivers of SAMW variability

The main processes driving variability in the properties of Pacific SAMW were shown
to be surface fluxes, horizontal advection, and vertical entrainment. In each model,
lateral induction and diffusion were found to play only minor roles in driving changes
in the temperature and salinity of the SAMW formation region mixed layers. Lateral
induction has previously been suggested as an important driver of subduction in the
Southern Ocean (Sallée et al., 2012; Hong et al., 2021). The results of the mixed layer
budgets instead show that the process plays a minor role in driving changes in tem-
perature and salinity, even in regions with strong spatial variability in MLD. The term
here is calculated in a self consistent dataset that ensures the MLD and advective terms
are dynamically coupled, rather than previous observational efforts where the MLD/-
density structure and advective terms were estimated independently of one another.
Entrainment is a product of the deepening of the mixed layer, so it is surface fluxes and
advection that primarily lead to changes that determine the depth of the winter mixed
layer prior to SAMW subduction.

In this study, salinity advection has been shown to be related to sea ice extent at lags of
up to two years but also with surface wind stress at zero lag. There was strong corre-
lation between salinity advection and zonal wind stress at the SAMW formation sites,
with westerly winds advecting colder, fresher water into the regions. The strongest
trend in winds over the Southern Ocean in recent decades has been an increase in the
circumpolar westerly winds, related to a positive trend in the strength of the SAM
(Swart et al., 2015). The strength of the SAM is expected to intensify as a result of
greenhouse warming (Jones et al., 2016b), which would also lead to an increase in the
advection of cold and fresh water into the Pacific SAMW formation regions. How-
ever, SAM events have also been shown to impact surface heat fluxes in the SAMW
formation regions, with positive SAM events driving positive mean sea level pressure
anomalies and increased surface heat loss in the SEPSAMW formation region, and the
opposite in the CPSAMW formation region (Cerovečki and Meijers, 2021). Therefore,
future changes in heat advection in the region could be counteracted by changes in
surface heat fluxes in the CPSAMW formation region, and exacerbated by surface heat
flux changes in the SEPSAMW formation region.

Interannual variability in surface fluxes was linked to meridional wind stress, with
more southerly winds transporting colder, dryer air over the SAMW formation regions,
consistent with previous studies (Sallée et al., 2010a; Ogle et al., 2018; Meijers et al.,
2019). In recent decades there has been a warming and freshening of the Southern
Ocean, driven primarily by surface fluxes (Swart et al., 2018). Changes in the properties
of the mixed layer in these regions impact the depth that the mixed layer reaches. Since
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the depth of the winter mixed layer, and subsequently the thickness of the subducted
SAMW, is predominantly controlled by surface heat fluxes, further surface warming
would be expected to lead to a decreasing trend in MLD and SAMW thickness. Trends
in the heat content of SAMW have previously been linked to the thickness and volume
of the water mass (Desbruyères et al., 2017; Gao et al., 2018). Present analysis shows
that interannual variability in the heat content of the mixed layer matches with that
of the winter MLD in the SAMW formation regions. A decreasing trend in the MLD
would therefore lead to a reduction in Southern Ocean heat content with implications
for the strength of the future Southern Ocean heat sink, the importance of which may
have so far been underestimated (Langlais et al., 2017)

6.2.2 Influence of sea ice on SAMW properties

Strong correlation was found between salinity advection in the water mass forma-
tion regions and Antarctic sea ice area, over various lags. The strongest correlation
was between salinity advection in each water mass formation region, and sea ice area
in the Ross Sea north of 66°S, from 175°E-145°W. The lag in correlation in the SEP-
SAMW formation region is similar to that observed from a particle release experiment
by Cerovečki et al. (2019). The difference in lag between the CPSAMW and SEPSAMW
formation region is also similar to the approximately one year timescale for advection
between the formation sites (Meijers et al., 2019).

While freshening of the SAMW formation region has previously been linked to Antarc-
tic sea ice cover (Haumann et al., 2016; Cerovečki et al., 2019), the effect of sea ice on
the interannual variability in the properties of the SAMW had not been investigated.
Cerovečki et al. (2019) showed through a particle release experiment in SOSE that fresh-
water fluxes from the Ross Sea sea ice edge enter the Pacific SAMW formation regions,
but freshwater anomalies originating further east were instead advected eastwards by
the ACC, without reaching either SAMW formation region. However, SOSE only cov-
ers six years, each with fairly low Amundsen/Bellingshausen winter sea ice extent. Us-
ing ECCO, a strong correlation was shown between anomalies in Amundsen/Belling-
shausen Sea sea ice and salinity advection in the SEPSAMW formation region, with
a peak lag of six months. ECCO has 24 years of data, with some particularly strong
sea ice years. This suggests that a certain level of northward winter sea ice extent is
required in the Amundsen/Bellingshausen Seas for the freshwater to reach the SEP-
SAMW formation region and if that is not the case, the freshwater is instead advected
immediately east through Drake Passage. This shows that the interannual variability in
sea ice is particularly important in driving variability in the SAMW formation regions
and that they may be sensitive to future changes in sea ice extent.

The impact of this interannual variability on the properties of the mixed layer was
seen in early 2016, when strong meridional freshwater advection into the SEPSAMW
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formation region occurred, six months after high sea ice extent in the Amundsen/-
Bellingshausen Seas. In 2016, there was also a dramatic reduction in Antarctic winter
sea ice extent, and the usual advective freshening in the SEPSAMW formation region
six months later was absent from January-March 2017. Both 2016 and 2017 also showed
strong anomalies in MLD. While surface buoyancy fluxes were shown to be the domi-
nant driver of these anomalies, agreeing with previous studies (Ogle et al., 2018; Meijers
et al., 2019; Tamsitt et al., 2020), an increase (decrease) in advective freshening during
the lead up to the deepening of the mixed layer in 2016 (2017) acted to stabilise (desta-
bilise) the water column, potentially exacerbating the effect of the anomalous surface
buoyancy fluxes. Therefore, the influence of preconditioning of the mixed layer prior
to deepening should be considered when exploring interannual variability in SAMW.

The seasonal maximum in Antarctic sea ice usually occurs in September, so the peak
correlation with sea ice in the Amundsen/Bellingshausen Seas implies that freshwater
anomalies due to sea ice melt would be expected to reach the SEPSAMW formation
region the following austral summer/autumn. This is when the preconditioning of
the mixed layer occurs and influences the subsequent development of the deep winter
mixed layer. Hence, interannual variability in sea ice should play a role in setting the
properties of the deep winter mixed layer, with stronger sea ice export driving fresh-
water anomalies into the SEPSAMW formation region, acting to stabilise the mixed
layer. Calculations of the contribution of surface freshwater fluxes and salt advection
to changes in buoyancy of the mixed layer show that on interannual timescales, the two
processes have similar magnitudes, with the impact of advection generally stronger in
the CPSAMW formation region. This suggests that the effect of salt advection is equally
as important as surface freshwater fluxes in preconditioning the mixed layer in the lead
up to the deepening of the winter mixed layer.

Future projections of Antarctic sea ice are uncertain. In recent decades covered, includ-
ing those covered by ECCO, there was an increasing trend in Antarctic sea ice, with
differing regional trends (Comiso et al., 2017). If this trend continued, the results here
suggest that there would also be an increase in the amount of freshwater being ad-
vected into the SAMW formation regions, leading to a decrease in the buoyancy of the
mixed layer. However, the strong decline post 2016 suggests that the average increase
has now halted. CMIP6 models also predict a decrease in Antarctic sea ice concentra-
tion over the 21st century, with fairly uniform spatial trends (Roach et al., 2020). If a
sea ice reduction did occur, a decrease in the freshwater flux into the SAMW formation
region would also be expected, leading to a potential increase in the buoyancy of the
mixed layer. However, this effect would potentially be compensated by future surface
warming.
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6.2.3 Impact of ENSO and SAM events on SAMW properties

A long-term oscillation in salinity advection in the SAMW formation regions and Ross
Sea sea ice over the ECCO time series was found to match cycles in the Niño 3.4 sig-
nal, and associated meridional wind strength. Due to the long period of the signal, a
longer time series would be required to further understand the pattern. In the northern
Amundsen/Bellingshausen Sea, correlations between the Niño 3.4 index, wind stress,
and sea ice extent suggest that simultaneous positive ENSO and SAM events result in
increased northern sea ice extent, and an associated increase in freshwater advected
into the SEPSAMW formation region the following summer/autumn. This was seen in
2015, when positive ENSO and SAM events occurred, causing higher sea ice export in
the region, and advective freshening from January to March 2016, preconditioning the
anomalously shallow winter mixed layer.

ENSO and SAM events also impact the SAMW formation regions via a direct influ-
ence on the local winds. Advection of both temperature and salinity over the SAMW
formation regions showed negative correlation with zonal wind stress during the pre-
conditioning of the winter mixed layer. Peaks in the strength of the westerly winds in
2016 were linked to the higher frequency variation in the SAM, and resulted in advec-
tion fresher water into the SEPSAMW formation region in the lead up to the deepening
of the mixed layer.

Anomalous surface fluxes and advection during 2016 led to a warmer and fresher
mixed layer in the SEPSAMW formation region, that did not deepen at the usual rate
over autumn/winter to reach the seasonal maximum associated with SAMW forma-
tion. The shift from positive to negative ENSO and SAM events from 2015 to 2016
was important in driving the anomalies. Higher Amundsen/Bellingshausen sea ice
extent in 2015 was a result of the positive phase in each, causing stronger meridional
advection of freshwater into the SEPSAMW formation region. The positive ENSO also
led to anomalous surface buoyancy fluxes in the following months, driving stronger
surface cooling in the CPSAMW formation region, and weaker surface cooling in the
SEPSAMW formation region. The following negative phase in each then generated
further anomalies in temperature and salinity, via changes in the local winds. The con-
nection between ENSO and SAM events, sea ice in the Amundsen/Bellingshausen Sea,
and salt advection in the SAMW formation regions, mean that the effect of ENSO and
SAM events lead to changes in SAMW properties and formation during the months
of the preconditioning of the mixed layer via both local and remote processes, as well
as in winter as SAMW subduction occurs, as previously shown by Meijers et al. (2019)
and Cerovečki and Meijers (2021).

The importance of ENSO and SAM events on SEPSAMW formation and properties
has previously been observed by Naveira Garabato et al. (2009). They showed that a
strongly positive SAM and negative ENSO event in 1998 strengthened westerly winds
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over the southeast Pacific, resulting in the formation of a second SAMW mode. Here,
it has been shown that strong anomalies in SAMW are also generated when the ENSO
and SAM are in phase, which agrees with previous work (Meijers et al., 2019) suggest-
ing that SAM and ENSO events tend to reinforce one another in terms of the influence
on the Pacific SAMW formation regions. The results of this thesis also suggest that the
timing of the ENSO and SAM events are important, with anomalous winds during the
seasonal deepening of the mixed layer driving particularly strong anomalies. SAMW
subduction is strongly related to the depth of the mixed layer at the formation sites
(Qu et al., 2020), and the shallow 2016 winter mixed layer led to the subduction of an
anomalously thin SEPSAMW pool, and a subsequent lower volume of SAMW in the
southeast Pacific (Meijers et al., 2019). Since the volume of the water mass also relates
strongly to the heat content of the subducted SAMW (Gao et al., 2018), the results have
implications on the effectiveness of the Southern Ocean uptake of atmospheric heat.

The frequency and intensity of El Niño events have increased in recent decades (Lee
and McPhaden, 2010) and there is potential for the frequency to increase with future
warming (Cai et al., 2014), although the mechanisms are not entirely clear. Hence, it
is possible that there will be more anomalous years observed in the SAMW formation
regions such as in 2016, as a result of the impact of El Niño and La Niña events on both
Antarctic sea ice and wind-driven anomalies in surface fluxes and advection, which
will in turn impact MLD, SAMW and thickness and Southern Ocean heat content. The
magnitude of the SAM has been increasing in recent decades due to ozone depletion
(Bracegirdle, 2013), and is likely to further intensify as a result of future warming (Jones
et al., 2016b). This would result in stronger circumpolar westerly winds (Swart et al.,
2015), leading to anomalies in both sea ice extent and wind-driven advection, with
stronger westerly winds driving advection of colder, fresher water into the SAMW for-
mation regions.

6.3 Future work

The mixed layer budgets computed in this study reproduce the main seasonal and in-
terannual variability in both the rate of change in temperature and salinity, but further
work could be done to improve the magnitude of the residual in the budgets, by isolat-
ing the error in the entrainment term. This would require testing different definitions
for the temperature/salinity gradients over the base of the mixed layer. Improving the
entrainment term would especially help to improve the accuracy of the budgets when
using lower temporal resolution data, since it is the entrainment term that drives much
of the higher error. Reducing the residual would be important when analysing the bud-
gets in the sea ice zone, where the salinity and temperature gradients across the base
of the mixed layer are particularly high after sea ice retreat, driving strong entrainment
and diffusion.
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Since the method to compute mixed layer budgets in this study was specifically de-
veloped to be used for any dataset with the required variables, the budgets could be
reproduced to determine how well they represent changes in temperature and salinity
for different observational datasets. For example, the ocean velocities required could be
obtained via altimetry, surface fluxes from reanalysis products, and salinity and tem-
perature (and therefore MLD) from Argo data.

The pathways and mechanisms by which freshwater anomalies are transported from
the sea ice edge to the AAIW and SAMW formation regions have been inferred from
correlations between sea ice area and salinity advection. To further understand the in-
fluence of sea ice on the properties of the mixed layer in the SAMW formation regions,
the integrated effect of all sea ice upstream of the regions could be examined, instead
of only the individual regions that provide the strongest correlation. To determine the
quantitative effect of sea ice on the water mass formation regions, regressions of sea
ice onto salinity advection anomalies were computed at the lag that gave the strongest
correlation in each region. To better understand this impact, regressions of sea ice onto
advection could be repeated, integrating together all lags that showed significant cor-
relation, rather than only that which gave the strongest correlation, as the effect of sea
ice is observed over a number of months. The budgets could also be repeated for a
longer time series, to gain more information about the long-term variability in salinity
advection related to sea ice variability.

Although the mixed layer budgets were computed for the entire Southern Ocean for
each model, analysis of interannual variability in the budgets was only completed for
the Pacific SAMW formation regions. The analysis could be repeated for the Indian
Ocean SAMW pools to determine if they are similarly influenced by Antarctic sea ice,
and how extreme ENSO and SAM events affect the properties of the mixed layers that
subduct to form Indian Ocean SAMW. Given their increased distance from sea ice for-
mation sites, it is expected that the role of sea ice variability, and hence freshwater ad-
vection, may be weaker there. Comparison with studies such as Rintoul and England
(2002) would be interesting to see if the influence of sea ice on Ekman advection in these
sites could be determined. The analysis could also be extended to look at the interior
SAMW properties, following the analysis of the mixed layer properties at the formation
site. The link between processes in this study to the variability in subducted SAMW
and AAIW in Drake Passage could be investigated, following Naveira Garabato et al.
(2009).
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6.4 Summary

A kinematic budget of the Southern Ocean mixed layer has been developed that accu-
rately allows the attribution of interannual temperature and salinity variance to indi-
vidual processes. Using this tool, it has been shown that Antarctic sea ice influences
the properties of the mixed layers that form SAMW in the central and southeast Pa-
cific of the Southern Ocean. Pathways and timescales for the advection of freshwa-
ter anomalies from the sea ice edge to the water mass formation regions have been
identified. Freshwater anomalies due to sea ice melt in the northern Ross Sea advect
north and east to reach the CPSAMW formation region over approximately one year,
and the anomalies are then advected eastward into the southeast Pacific, reaching the
SEPSAMW formation site around two years after the initial sea ice melt. Freshwater
anomalies due to sea ice melt further east, in the Amundsen/Bellingshausen Seas, are
also advected directly north into the SEPSAMW formation region over approximately
six months. Stronger sea ice extent in this region during 2015, associated with positive
ENSO and SAM events, led to increased advective freshening in the SEPSAMW for-
mation region. This freshening, combined with strong surface buoyancy fluxes during
the preconditioning of the winter mixed layer, led to increased stratification, and an
anomalously shallow winter mixed layer. This tuned mixed layer budget equation and
analysis extends previous work focused on annual means and has led to an improved
understanding of the drivers of interannual variability in the mixed layer in SAMW
and AAIW formation regions. Such analysis is fundamental to understanding the vari-
ability in the thickness and volume of the subducted SAMW, and the implications this
has on Southern Ocean circulation and heat uptake.
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Appendix A

A.1 Links to mixed layer budget Matlab scripts

The Matlab script used to compute the SOSE mixed layer temperature budget via the
method used by Dong et al. (2007), described in Section 2.7, can be found at https://
github.com/RachaelSanders/ML_Budgets/blob/master/mixed_layer_heat_budget_

SOSE_Dong2007.m

The Matlab script used to compute the final mixed layer temperature budget in SOSE
(Chapter 3) can be found at: https://github.com/RachaelSanders/ML_Budgets/blob/
master/mixed_layer_heat_budget_SOSE.m.

The Matlab script used to compute the final mixed layer salinity budget in SOSE can be
found at: https://github.com/RachaelSanders/ML_Budgets/blob/master/mixed_layer_
salt_budget_SOSE.m.

The Matlab script used to compute the final mixed layer temperature budget in ECCO
can be found at: https://github.com/RachaelSanders/ML_Budgets/blob/master/

mixed_layer_heat_budget_ECCO.m.

A.2 Sea ice correlation figures

https://github.com/RachaelSanders/ML_Budgets/blob/master/mixed_layer_heat_budget_SOSE_Dong2007.m
https://github.com/RachaelSanders/ML_Budgets/blob/master/mixed_layer_heat_budget_SOSE_Dong2007.m
https://github.com/RachaelSanders/ML_Budgets/blob/master/mixed_layer_heat_budget_SOSE_Dong2007.m
https://github.com/RachaelSanders/ML_Budgets/blob/master/mixed_layer_heat_budget_SOSE.m
https://github.com/RachaelSanders/ML_Budgets/blob/master/mixed_layer_heat_budget_SOSE.m
https://github.com/RachaelSanders/ML_Budgets/blob/master/mixed_layer_salt_budget_SOSE.m
https://github.com/RachaelSanders/ML_Budgets/blob/master/mixed_layer_salt_budget_SOSE.m
https://github.com/RachaelSanders/ML_Budgets/blob/master/mixed_layer_heat_budget_ECCO.m
https://github.com/RachaelSanders/ML_Budgets/blob/master/mixed_layer_heat_budget_ECCO.m
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(A)

(B)

FIGURE A.2: The correlation coefficient between ECCO annual averaged sea ice area
at each point, and A) the ASL relative pressure and B) the longitude of the ASL.
Dots show the longitude-latitude points with 99% significant correlation (p<0.01).
The ASL data is taken from https://climatedataguide.ucar.edu/climate-data/

amundsen-sea-low-indices

https://climatedataguide.ucar.edu/climate-data/amundsen-sea-low-indices
https://climatedataguide.ucar.edu/climate-data/amundsen-sea-low-indices
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Tamsitt, V., I. Cerovečki, S. A. Josey, S. T. Gille, and E. Schulz, 2020: Mooring observa-
tions of air–sea heat fluxes in two Subantarctic Mode Water formation regions. Journal
of Climate, 33 (7), 2757–2777.

Turner, J., 2004: The El Niño–Southern Oscillation and Antarctica. International Journal
of Climatology: A Journal of the Royal Meteorological Society, 24 (1), 1–31.



192 BIBLIOGRAPHY

Turner, J., T. J. Bracegirdle, T. Phillips, G. J. Marshall, and J. S. Hosking, 2013: An initial
assessment of Antarctic sea ice extent in the CMIP5 models. Journal of Climate, 26 (5),
1473–1484.

Turner, J., T. Phillips, G. J. Marshall, J. S. Hosking, J. O. Pope, T. J. Bracegirdle, and
P. Deb, 2017: Unprecedented springtime retreat of Antarctic sea ice in 2016. Geophys-
ical Research Letters, 44 (13), 6868–6875.

Turner, J., et al., 2009: Non-annular atmospheric circulation change induced by strato-
spheric ozone depletion and its role in the recent increase of Antarctic sea ice extent.
Geophysical Research Letters, 36 (8).

Verdy, A. and M. R. Mazloff, 2017: A data assimilating model for estimating Southern
Ocean biogeochemistry. Journal of Geophysical Research: Oceans, 122 (9), 6968–6988.

Wang, Z., J. Turner, Y. Wu, and C. Liu, 2019: Rapid decline of total Antarctic sea ice ex-
tent during 2014–16 controlled by wind-driven sea ice drift. Journal of Climate, 32 (17),
5381–5395.

Yuan, N., M. Ding, J. Ludescher, and A. Bunde, 2017: Increase of the Antarctic sea ice
extent is highly significant only in the Ross Sea. Scientific Reports, 7 (1), 1–8.


	List of Figures
	List of Tables
	Nomenclature
	Declaration of Authorship
	Acknowledgements
	1 Introduction
	1.1 The importance of the Southern Ocean
	1.2 Formation of SAMW and AAIW
	1.3 Characteristics of SAMW and AAIW
	1.4 Variability in SAMW and AAIW properties and formation
	1.5 The influence of sea ice on SAMW and AAIW
	1.6 The influence of the ENSO and SAM on SAMW and AAIW formation regions
	1.7 Mixed layer budgets
	1.8 Aims of study
	1.9 Summary
	1.10 Thesis outline

	2 Mixed Layer Budget Methodology
	2.1 Introduction
	2.2 Models
	2.3 Identifying SAMW formation regions
	2.4 Model validation
	2.5 Mixed layer budgets
	2.6 Identity Closure method
	2.7 Kinematic approach to computing mixed layer budgets

	3 Refining mixed layer budgets in the Southern Ocean State Estimate
	3.1 Analysis of the surface flux term
	3.2 Analysis of the horizontal advection term
	3.3 Analysis of the horizontal diffusion term
	3.4 Analysis of the vertical entrainment term
	3.5 Addition of the vertical diffusion term
	3.6 Overview of the revised mixed layer budget method
	3.7 Effect of using lower temporal resolution data
	3.8 Mixed layer budgets in ECCO
	3.9 Mixed layer budgets in B-SOSE
	3.10 Discussion

	4 The impact of sea ice on South Pacific Mode and Intermediate water formation sites
	4.1 Introduction
	4.2 Motivation
	4.3 Validation of ECCO sea ice
	4.4 Water mass formation regions
	4.5 Sea ice regions of importance
	4.6 Correlation between Ross Sea sea ice and salt advection
	4.7 Regression of Ross Sea sea ice onto salt advection
	4.8 Interannual variability and trends in Ross Sea sea ice
	4.9 Correlation between Amundsen/Bellingshausen sea ice and salt advection
	4.10 Regression of Amundsen/Bellingshausen Sea sea ice onto salt advection
	4.11 The importance of salt advection in SAMW and AAIW formation regions
	4.12 Drivers of sea ice variability
	4.13 Discussion

	5 Drivers of 2016 mixed layer anomalies in the Pacific SAMW formation regions
	5.1 Introduction
	5.2 Motivation
	5.3 Validation of B-SOSE mixed layer depth
	5.4 Validation of B-SOSE sea ice
	5.5 Description of mixed layer properties during 2016
	5.6 Drivers of 2016 anomalies in the central Pacific
	5.7 Drivers of 2016 anomalies in the southeast Pacific
	5.8 The influence of surface buoyancy fluxes on MLD during 2016
	5.9 The influence of winds in the SAMW formation regions during 2016
	5.10 The influence of sea ice in the SAMW formation regions during 2016
	5.11 Atmospheric controls on winds and sea ice during 2016
	5.12 Absence of advective freshening in 2017
	5.13 Discussion

	6 Conclusions
	6.1 Methodology and technical choices
	6.2 Implications of the results
	6.2.1 Drivers of SAMW variability
	6.2.2 Influence of sea ice on SAMW properties
	6.2.3 Impact of ENSO and SAM events on SAMW properties

	6.3 Future work
	6.4 Summary

	A 
	A.1 Links to mixed layer budget Matlab scripts
	A.2 Sea ice correlation figures

	Bibliography

