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Abstract. In this study we investigate the sub-surface salinity clearan decadal timescales across
the Subtropical South Atlantic Ocean using the latest varsf the Simple Ocean Data Assimilation
reanalysis product, as well as with additional climate ni@lperiments. Results show that there
is a recent significant salinity increase at intermediatelfe The main underlying mechanism for
this sub-surface salinity increase is the lateral advedtjyre) changes due to the Southern Annu-
lar mode variability, which conditions an increased cdnttion from the Indian Ocean high salinity
waters. The global warming signal has a secondary but congsitary contribution. Latitudinal dif-
ferences at intermediate depth in response to large-s=tierés are in part caused by local variation
of westward propagation features, and by compensatingibatibns of salinity and temperature to

density changes.

1 Introduction

Modulation and stability of the South Atlantic meridionalesturning circulation are dependent on
salinity changes, and an improved understanding of the amsims behind these salinity variations,
especially the signature of change below the ocean surgessential for better monitoring and
prediction of long-term climate change.

Long-term changes in ocean salinity are a function of lacgéesforcing as well as regional fresh-
water fluxes. In the South Atlantic Ocean significant oceamrag, driving trends in freshwater
fluxes, has been documented from observations and is thecsudfjmuch research (Gille, 2002;
Curry et al., 2003; Boyer et al., 2005; Grodsky et al., 2006niBg et al., 2008; Schmidtko and
Johnson, 2012; McCarthy et al., 2012). Ocean salinity ceaiage in general depth and latitudinally
dependent (Curry et al., 2003). They are larger in the toprB@d the ocean because of the direct
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effect of atmospheric fluxes. In comparison to earlier dataexord (1960-1970s), more recent
years (1990s) have shown salinity increases in the trogigatropical latitudes due to warming and
increased evaporation (Boyer et al., 2005), and salinityafeses in the extratropical regions due to
increased precipitation and runoff (including ice meljing

However, these long-term changes are subject to interesmimual and decadal variability (Grod-
sky et al., 2006), and more recent data show an actual decireasirface salinity in the tropical
Atlantic due to increased precipitation and upwelling. sSThmpacts the mixed layer depth, and
therefore the formation of subsurface water masses. Weadsse@s that are formed on the base of
the mixed layer are in contact with the atmosphere for aivelahort period during their formation.
They are eventually subducted into the ocean interiorfatig mostly an adiabatic pathway along
neutral density surfaces, and at depth they are also modh§iedixing which acts on much longer
timescales. Below the surface, the signature of salinigngles in the ocean is subject to higher
uncertainty than at the surface, since salinity is dynalfyi@ntangled with the temperature field,
which together determine the density (Pierce et al., 2002¢refore, understanding salinity changes
in the South Atlantic at intermediate depths requires wtdading the relative contribution of the
associated processes (Durack and Wijffels, 2010), suchréace atmospheric forcing, circulation
changes, changes due to mixing along the water-mass pathesg vertical movements of isopy-
cnals due to wind field effects. In the South Atlantic, an im@ot wind effect can be related to
changes in the Southern Annular Mode (SAM) through vanietio sea level pressure (SLP), which
in turn would impact on the surface wind leading to a broaalessurface warming associated with
the poleward migration of isopycnal outcrops (Durack angfféls, 2010; Schmidtko and Johnson,
2012).

Although frequent in situ salinity data are scarce in thetB@dlantic before 2002, several stud-
ies have used historical ship-based conductivity— tentperadepth (CTD) along with more recent
Argo floats data to investigate long-term changes in the Suflarctic Mode Water (SAMW) and in
the Antarctic Intermediate Water (AAIW) salinity minimunykr underneath. Their results indicate
cooling and freshening of the SAMW, and warming and saliaffan associated with the AAIW
(Bindoff and McDougall, 1994; Boning et al., 2008; Schmm#nd Johnson, 2012), in addition to a
statistically significant strong circumpolar AAIW isopyale shoaling, accompanying a decrease in
density, and an equatorward spreading of the salinity atiesnat the sub-surface (Durack and Wijf-
fels, 2010; Schmidtko and Johnson, 2012). A further deergathe AAIW density is also projected
for the 21st century in climate models (Goes et al., 2008).

Further analysis of Argo observations reveals the vaitgtof the AAIW salinity in the South
Atlantic on interannual and intradecadal timescales. Wést propagating salinity anomalies at
30°S show that Rossby wave mechanisms are important for thigietation of salinity changes
associated with the hydrological cycle of the AAIW at thesgescales (McCarthy et al., 2012).

In this study we investigate changes in the sub-surfaceisatninimum of the South Atlantic
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and its relation to large-scale trends such as those refatglbbal warming via greenhouse gases
and the Southern Annular Mode (SAM). For this we use a blendcefin reanalysis and process
oriented climate model experiments. This paper is outliasdollows: Section 2 describes the
SODA ocean reanalysis data used in this study; Section 3stimavresults of the analysis of the
SODA data followed by the analysis of the climate model expents. The setup of the climate
model experiments is presented in an Appendix; Sectionsldaontain a discussion of the results

and the conclusion of this study.

2 Data

The first part of this study utilizes mean temperature andisadata from the Simple Ocean Data
Assimilation (SODA) version 2.2.6 (Ray and Giese, 2012)DBQ.2.6 uses the Parallel Ocean Pro-
gram (POP) model (Smith et al., 1992) at a°liMbrizontal resolution, which is publicly available at
an interpolated 05x 0.5° horizontal resolution, and 40 vertical levels at monthlgrages, spanning
the period of 1871 to 2008. Surface boundary conditions asedrom eight ensemble members of
the NOAA atmospheric Twentieth Century reanalysis 20C@&@nipo et al., 2011). SODA 2.26 as-
similates only sea surface temperature (SST) data frorQ@ADS 2.5 SST data using a sequential
estimation data assimilation method (Carton and Giese)2(8eat and salt fluxes are calculated
from bulk formulae using 20CRv2 daily variables. By not agkiting in-depth hydrography and
only SST, the model is more consistent dynamically oveedéiit decades than alternative versions.
A complete overview of the ocean-reanalysis process isldétiy Carton and Giese (2008).

3 Results
3.1 AAIW propertiesin SODA

As stated in the previous section, SODA 2.2.6 assimilatég 88T data. This allows the model
to be more dynamically consistent over time, although ladierences may exist with respect to
actual hydrographic data. Salinity data in the South Altaaite historically sparse, mostly available
in a more consistent way since the 2000s from Argo floats nea®nts. The Argo climatology
(Roemmich and Gilson, 2009), which is available at a 1 dep@&ontal resolution starting in
2004, exhibits a minimum salinity tongue in the central bdat 25°W,; Figure 1a) extending from
its formation region (between 45 and*®) across the mixed layer to a maximum depth of 600-1200
m at 35-40S. The salinity minimum follows closely the depth of the igopal o9 =27.2 Kg/n?,
which is approximately 1000 m deep in this region. Previdusliss have associated the depth of
the salinity minimum with thers =27.2 Kg/n? isopycnal surface, and also with the neutral density
surfacey,, = 27.4 Kg n? (You, 2002).

North of 20°S, thesy =27.2 Kg/n? density surface levels out to a depth of 700 m, and the salinit
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minimum flows underneath a salty surface region of maximuapekation minus precipitation (E-
P). SODA shows features analogous to the observations eumilar period as the observations (i.e.,
2004-2009; Figure 1b). In SODA, the maximum depth of #ge=27.2 Kg/n? is approximately
1200 m deep, 200 m deeper than the observations. The satiiiiynum in the South Atlantic
is also deeper in SODA than in the observations. ~AS, SODA shows a strong near-surface
upwelling region, characterized by an uplifting of the igopals. This feature is not evident in the
ARGO climatology.

Next, we compare the regional features of the salinity mimmin the South Atlantic between
SODA and Argo, doing so after interpolating SODA to the Argsalution. The salinity minimum
surface in the South Atlantic is shown in Figure 2. SODA shewstronger Subantarctic Front
(STF;~ 45°S) than in observations, which agrees with the larger isoplyslopes in that region, as
revealed in Figure 1. For this reason the STF region showkthest salinity differences(0.3).

In the other regions salinity differences are smaller, aamdreach approximately 0.1 in magnitude.
Although there are differences between the two producessiimilarities show that SODA can be
used to study the variability of the AAIW in the region.

3.2 Regional trendsin the AAIW

In the South Atlantic, changes in the relationship of terapge and salinity along isopycnals show
latitudinal dependence. The time and latitude distributsd the South Atlantic salinity at various
density levels from the 1960s to 2000s is here inferred fremferature-Salinity)(S) diagrams for
four latitudes (38S, 30°S, 20'S, 10'S; Figure 3).

At 35°S (Figure 3a), there is an increase in salinity in the lateary in the thermocline waters
(highlighted in the insets of Figure 3). This increase ismonotonic over time, instead alternating,
with the 1970s and 1990s having lower salinity values, amd1®60s, 1980s and 2000s having
higher salintiy values. Similar alternating patterns anenid along 30S and 10S (Figures 3b and
3d, respectively). At 188, which is located in the tropical region of high E-P, s&jifincreases by
0.2 in the upper tropical waters, which agrees with Curryle2003). At 20'S (Figure 3c), the
2000s have lower salinity values at the thermocline, antidrigalues in the 1970s. The smallest
differences ind/S over time are achieved atZ®in the whole profile. The central and intermediate
water levels generally have opposing signs of changes kitilides. Central waters show a recent
cooling and freshening along isopycnals, as is apparegménsity layer between= 26.5 and
27.0 kg nT3, whereas intermediate waters generally show warming asréased salinity between
o =27.2 and 27.4 kg m?.

To investigate the time variability of the ocean properteshe salinity minimum position, we
produce a time series of the salinity, potential density @nd temperature anomalies relative to the
average over the whole time series period at the depth ofalirétg minimum, for two locations in
the central part of the basin, at2&/30°S and 258W/35°S (Figure 4). At both latitudes, there is an
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increase in salinity and temperature in the late 1980sfméng of 1990s until the end of the series
(Figure 4a,c,d,f). This joint effect of warming and salicifion produces a reduction in density
during this period (Figure 4b,e); a feature that agrees wlithate projections of the AAIW (Goes
et al., 2008). The effect of the density decrease at the nuimirsalinity depth is more prominent at
35°S than at 30S. There is strong decadal variability at both latitudethaalgh fluctuations appear
in different periods: at 305, there is a general freshening trend from the 1960s to thesl@nd an
increase in salinity after 1976. The rate of salinity inse&om the mid 1970s to the mid 1990s is
the highest with about 0.01 per decade, while it levels onsitterably in the late 1990s and 2000s.
At 35°S there is a local salinity maximum in the 1970s, followed hyiaimum in the 1980s. A
linear trend of about 0.05 per decade is apparent afterThethds observed after 2000 in all analyzed
parameters exceed 3 standard deviations (red dashedriR@gire 4) calculated for the whole time
series period, showing that these trends are likely to hisstally significant.

These results are consistent with recent findings that $tapges in the rate of global surface
temperature increase have occurred in previous decaddsasun the mid-1970s (Levinson and
Lawrimore, 2008; Trenberth and Coauthors, 2007), and tieset changes can potentially produce
signals in density and salinity at depth (Durack and Wigf&010).

3.3 Density changesin the subtropical Atlantic

According to Bindoff and McDougall (1994), salinity charsge depth can be caused by three main
effects: i) freshening/salinification on isopycnals, idrming/cooling on isopycnals and iii) heave,
which is related to vertical displacements of isopycnakhauit changes in salinity and temperature.
Therefore, knowledge of these salinity changes requirdsnstanding the causes of density changes
at intermediate levels.

We investigate the causes of variability of density arouneddalinity minimum depth~ 1140 m)
by estimating the thermopycnal and halopycnal changesatigpth. For this we keep the salinity or
temperature constant at their climatological means, artddeother component vary over time. This
way, we are able to estimate the main contribution of derddignges, which drive the large-scale
meridional water displacement in the ocean.

We calculate the temperature and salinity contributiorgetusity changes for the latitudes 030
and 35S at 25W (Figure 5). At 30S, SODA shows an increase in potential density fror7.29
kg m=3 in the 1960s to~ 27.32 kg nT3 in the 1970s. A subsequent increase in potential density
at 1140 m is manifested after 1985 and continues until 200@r&vit assumes a value 6f27.28
kg m—3. These potential density changes are driven mostly by teatyre changes (red line) at
this latitude. At 35S (Figure 5b), there is a similar increase in potential dgrisithe 1970s and
a decrease afterwards. Interestingly, the total densityier does not closely follow the changes
driven only by temperature. Instead, there is a strong cosgten between temperature and salinity
at 35°S. This behavior can explain the larger variability of s&@jirvalues on isopycnals at 35 than
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at 30°S, shown in Figure 4.
3.4 Subtropical Gyrevariability

An AAIW layer, which encompasses the the salinity minimurmfate depths~800-1100 m), is
constructed by defining two neutral density surfaces as gpemuand lower boundaries, theg
= 27.1 andy,, = 27.6, respectively. Within this layer, there is a signataf the inflow of salty
Indian Ocean waters through the southeastern tip of thentdtla The high salinity Indian Ocean
waters at intermediate levels are formed in the Red SeaefTeéd002). After entering the South
Atlantic, these waters lose their signature through mixloyng their trajectory westward. A salinity
minimum tongue is obvious at about@(Figure 6), crossing the basin from east to west following
the Benguela Current Extension (Schmid and Garzoli, 200Bjch feeds into the Brazil Current
(BC) along the western boundary. BC waters encounter theiNed Current waters between 3
and 40S, resulting in a westward inflow of low salinity waters alahg South Atlantic Current.
SODA shows decadal changes in salinity between the 1960 @d@. ZZompared to the 1960s,
the 1970s show a slight decrease in the minimum salinity istrparts of the South Atlantic. A
noticeable feature in the 1970s and later on is the souths¥afidof the Brazil-Malvinas confluence
by about 3 degrees, in comparison to the 1960s. The 1990s dthweed salinity in the center
of the salinity minimum south of 3%, and a general increase of salinity in the rest of the basin.
Of great importance is the increased inflow of higher salimters from the Agulhas Current
retroflection region in the southeastern part of the basimchvincreases the signature of these
waters toward the northwestern part of the basin. In the 200 trend of increasing salinity in the
basin continues, and increased salinity values are fowswal the western side of the basin. This
can have implications for the interhemispheric transgodugh the North Brazil Undercurrent.
Advective mechanisms within the gyre have potential toelavarge part of the salinity increase
displayed in SODA. This can be quantified by potential vasti(PV) maps for the defined interme-
diate layer (Figure 7). The Ertel's PV is calculated as:

f A

P =
v po Az

(1)

wheref is the Coriolis parametep, is the mean density of the ocean, aheis the layer thickness.
It is clear from the maps that the PV has become more negaidige the subtropical gyre at the
AAIW layer, which characterizes a spin-up of the anticyatogyre recently. Additionally, there
has been an expansion of the gyre southward, in agreemdntbservational results of the surface
subtropical gyre (Roemmich et al., 2007; Goni et al., 20hhy poleward migration of the ACC
(Gille, 2008). This would preclude waters flowing from theake Passage and ACC from entering
the southern boundary of the South Atlantic, and would aslaice the mixing between the Agulhas
and SAC waters, making higher salinity waters prevail ingiiee.
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3.5 Westward propagating Rossby Waves

As noted by McCarthy et al. (2012), salinity anomalies cagdrgerated at intermediate depths in the
western side of the basin, and propagate westward with aadenode Rossby wave characteristic.
McCarthy et al. (2012) suggests that this can be an impom&chanism to explain the variability
of the salinity minimum across the basin on interannual $caées. In Figure 6, there is a clear
extension of the subtropical gyre and increase in the Agulkakage at intermediate depths. The
Agulhas leakage is well correlated with the strength of tketerlies. Durgadoo et al. (2013) defined
an index for the strength of the westerlies as the averageal zand stress within 355-65'S and
20°W-140E. To investigate how anomalies originate in the Agulhakdga region, we apply a
lagged correlation of the westerly wind stress index in thgtern side of the South Atlantic to the
salinity minimum in the region. The maximum lagged coriielatand its lag are shown in Figure
8. The lag of the maximum correlation over space shows thpagation patterns of the salinity
anomalies. Small lag values, close to zero or even negaiieepbserved in the eastern side of the
basin. Negative lag values in the southeastern tip of thenlsow that the flow in the Agulhas
leakage is driven in great part by the wind stress anomaéiess @& Africa. Where the lag shows
smaller values, the correlation of the westerlies and thiaisaanomalies is highest, above 0.6.
Anomalies propagate following a northwestern trajectdilyis is characteristic pattern of a Rosshy
wave signal, which phase speed decreases poleward. A tgasion of anomalies propagation is
revealed along 2. South of 30S the lag increases considerably up to 200 months, i.e.tdfou
years.

To investigate whether Rossby wave propagation is a pleusignmamical mechanism for the
variability of the AAIW on interannual to decadal timesagleve produced time-longitude plots
(Hovmoller diagrams) at two latitudes, 3 and 38S (Figure 9). Hovmoller diagrams allow us to
determine zonal propagation patterns along a given laitlil these diagrams, propagating waves
appear as diagonal bands across the basin, and the slogesseffatterns are equal to the phase
speed ¢, ) of the waves. Here, wave characteristics are assessetiobiy using the Radon Trans-
form (RT) applied to the Hovmoller diagrams (Challenor et 2001; Polito and Liu, 2003; Barron
et al., 2009). This method rotates the coordinate systemeozdnal-temporal diagrams in order to
find the patterns that best align with the rotated axis.

The Hovmoller diagrams are for salinity anomalies (cal@davith respect to the annual mean cli-
matology) projected onto the"=27.4 neutral surface. Zonal means are subtracted frommitraa
lies field to filter decadal trends (Barron et al., 2009), thighlighting the interannual timescales.
West-to-east propagating anomalies spread alofi§.30he optimal propagation speed:js= 1.79
+ 0.48 cm s'!, at which anomalies travel across the basin in approxiypdi@lyears. A similar
result is obtained in the lag correlation maps shown in EEdr These speeds strongly agree with
those obtained by McCarthy et al. (2012), who estimated pawmation speed afp = 1.7 cm s'!,
which is characteristic of a second baroclinic mode wav@agation. At 38S, the situation is dif-
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ferent. Propagation speeds of 0470.06 cm s are much slower than the one predicted by the
Rossby wave theory. In fact, the pattern of the variabilitythe eastern part of the basin (east of
15°W) seems to be unrelated to the one further west. From the laglabon maps, we observe that
the correlations decrease considerably from east to webtsafatitude, and therefore mixing and

advective mechanisms must play a larger role in the regidyramics.
3.6 SAM xCO2

In the previous sections we show that SODA 2.2.6 exhibitsigha in the subsurface salinity min-
imum and circulation patterns at intermediate layers. &hgwanges include decadal variability
overlapping a background low frequency variability, whidtomes stronger after the 1970s. Other
studies confirm that similar subsurface changes have atsimee 1950 (e.g., Levitus et al., 2000;
Gille, 2002; Levitus et al., 2005; Domingues et al., 2008itLes et al., 2009; Durack and Wijffels,
2010; Gille, 2008; Lyman et al., 2010).

In order to examine the possible causes of the salinity mininvariability, we perform ideal-
ized experiments with an Earth System Model of Intermed@denplexity in which two possible
forcings, the wind stress curl changes in the Atlantic amdglobal warming due to CQare sepa-
rated. In these experiments, we use the University of iatBarth System Model of Intermediate
Complexity (UVic 2.9) (Weaver et al., 2001). This model haeib widely used in climate simula-
tions and model comparison studies. We separate the in#sarfche wind stress on the advective
mechanisms in the South Atlantic into northern and southemispheric forcings, by defining the
first hemispheric modes of variability, which are relatethi®s North Atlantic Oscillation (NAO) and
SAM, to the north and south respectively. A description & thodel experiments can be found in

Appendix A.
3.6.1 AAIW changesin theintermediate complexity model

Similarly to Figure 4, we show the time series of salinity aathperature at the location of the
salinity minimum at 30S and 258W (Figure 10). For each index, four time series are showngkwvhi
represent the index calculated for the experiments destiib Appendix A. The CONTROL sim-
ulation, without transient forcing (red curve), shows arsgl of ~ 34.57 and temperature of
4.39°C from 1870 to 2009. Salinity changes, relative to the CONTR@®ulation, driven by wind
changes in response to atmospheric pressure changes dgeSAM (green curve in Figure 10a)
are negative from 1870 to 1950 in the model. Changes in the PAdte after the 1960s drive
positive salinity anomalies, modulated by decadal valitgtbiln 2008, the salinity is 0.015 above
the pre-industrial level. When a NAO-like forcing is congiel@ in addition to the SAM forcing
(blue curve in Figure 10), additional changes are minor, thedirends due to wind variability in
the model resemble strongly the SAM-only experiment. lynathen CG, forcing is added on the
top of SAM and NAO forcings (turquoise curve in Figure 10krhis an increased positive trend in
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AAIW salinity after 1950 in comparison to the SAM-only expeent. This trend driven by the GO
load in the atmosphere is strongly linear, and the 2008igalinomaly relative to the pre-industrial
values is 0.025. Therefore, the ¢@@rcing on AAIW salinity anomalies is responsible for 50% of
the changes due to SAM in the 2000s. Although secondary uindrhistorical salinity anomalies
in the AAIW, CGO, forcing is the main contributor for the increase in tempa®tanomalies at the
depth of the salinity minimum (Figure 10b). While SAM-likering accounts for 0°LC relative to
the CONTROL run, adding the CGJorcing increases the temperature anomalies t6@.3& con-
tribution of 2/3 of the recent warming of the AAIW, while SAMceounts for just 1/3. NAO-like
forcing is again a minor contribution to the AAIW variabylitn the South Atlantic. Salinity min-
imum changes in UVic are heterogeneous over the spatil do(fégure 11). This feature agrees
with those features manifested in SODA (Figure 6). Here vpasse the recent (2000s) effects of
the considered external forcings on the salinity minimunsblgtracting hierarchically a simulation
with that forcing from another simulation without it.

Adding SAM as a forcing mechanism produces salinity anoesalith a dipole pattern (Figure
11b), in which there is a salinity increase north of 8&nd mostly a decrease south of85Anoma-
lies generated by an NAO-like pattern (Figure 11c) are mechuced with respect to the SAM or
CQO, forcings, and show mostly negative salinity anomalies Wwithe subtropical gyre. Forcing due
to increased C@®concentration in the 2000s produce a salinity increase énstibtropical South
Atlantic, and negative anomalies along the South Atlanticrént. The CQ response is similar
but weaker than the response forced by SAM, although sob°@& the CQ response exhibits an
increased salinity on the northern edge of the ACC.

4 Discussion

Many physical processes can cause changes in the Southiétianiability in particular, and in
the Southern Hemisphere climate in general. These rangedreenhouse gases concentrations in
the atmosphere (C{, to the major modes of coupled variability. These atmosphgtterns can
cause non-monotonic interdecadal fluctuations irffBerelationships at depth, as revealed in previ-
ous studies (e.g., Garabato et al., 2009). SODA and the tdimadel experiments performed here
show that the largest changes in the salinity minimum arecést®d with changes in the gyre, and
with trends in SAM, which in turn will impact water mass fortiwam processes through its relation-
ship with the associated surface winds. NAO variabilitg&y affects Labrador Sea and Greenland
Sea water formation, which in turn affects water properiiethe North Atlantic, especially the
North Atlantic Deep Water (Arbic and Brechner Owens, 2004gcording to our results, air-sea
climate modes in the North Atlantic do not seem to affect thiead of the salinity minimum in
the South Atlantic. The positive trend in SAM is associatéith wooling at high southern latitudes
and strengthening of the latitudinal temperature gragieatling to stronger subtropical and west-
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erly winds (Hall and Visbeck, 2002; Silvestri and Vera, 2008febvre et al., 2004; Sen Gupta and
England, 2006; Gillett et al., 2006; Toggweiler et al., 2008ompson et al., 2011). The reader
is referred to Thompson et al. (2011) for an extensive reviewaddition, Durgadoo et al. (2013)
show from a hierarchy of models that an equatorward (poléwstnift in westerlies increases (de-
creases) the Agulhas leakage. This occurs because of tistritrdion of momentum input by the
winds. It is concluded that the reported present-day leakagrease could therefore reflect an un-
adjusted oceanic response mainly to the strengtheningerliestover the last few decades. Bindoff
and McDougall (1994) analyze salinity and temperature ghain isopycnals as pure heating, pure
freshening and heave. More recent studies call attentidimetéateral advection of these properties
along isopycnals, and therefore, circulation changesavbela source of salinity changes on isopy-
cnals (Durack and Wijffels, 2010). Here we confirm the roléatéral advection in reducing the low
salinity waters from the Drake Passage due to the Atlantitrepical gyre expansion, as well as
increasing leakage of salty Agulhas waters at intermedtsatss.

5 Conclusions

By investigating the decadal changes in the minimum sglilaiyer for the subtropical South At-
lantic we have established the relationship between deciséinges with large scale climate trends.
Significant trends are observed in SODA since the late 199@slinity, temperature and density
at intermediate levels. We found a latitudinal dependencéhe contribution of temperature and
salinity to density changes that would ultimately drive theridional water displacement in the
ocean. South of 3% there is strong compensation between salinity and teryseravhich may
drive larger trends in those fields because of the dynammékience of salinity. North of 355,
temperature is by far the largest driver of density changes.

In SODA we determined two main dynamic factors for the salfiiricrease in the South Atlantic
salinity minimum region: i) the expansion and spinup of thieteopical gyre reduces the influx of the
low salinity waters from the Pacific, which follow a path thgh the Drake Passage into the South
Atlantic; and ii) the strengthening of the westerlies farem increase in the Agulhas leakage, and,
therefore, the input of high salinity waters at intermeglidépths into the South Atlantic. Different
dynamic mechanisms are also present at different latituihésh determine the spread of the high
salinity waters from the southeast boundary into the AitanAt 30°S, the anomalies generated
by the westerlies in the southeastern Atlantic follow a p#¢fined by the Benguela Current and
the Benguela Current Extension, in which changes in sglatitthis latitude are highly driven by
ocean adjustment through a second mode Rossby wave meuhamtss result is in agreement
with previous studies (e.g., McCarthy et al., 2012). A?85mixing is the main mechanism to
carry anomalies from the east, since propagation times aoh targer than what linear wave theory
suggests, and the correlation with the eastern source ofi@ies is decreased.

10
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The sensitivity studies with the UVic2.9 model indicatetttiee SAM is the predominant forcing
of salinity changes in the sub-surface South Atlantic whamgared to the NAO and GHG forcing.
GHG was shown to represent 50% of the changes due to SAM, anefohe about 1/3 of the total
magnitude of the salinity changes of the AAIW, although GH@duces most of the temperature
changes in the AAIW level.

Appendix A

The climate model of intermediate complexity

In the present work we use the latest version of the Uniwea$iVictoria Earth System Model (UVic
2.9). The ocean component of UVic 2.9 (Weaver et al., 2000)@vi2 (Pacanowski, 1995) with a
1.8° x 3.6° resolution in the horizontal and 19 depth levels. Diapydhifflisivity is parameterized
as K, = Kydar + Kig, Which consists of the mixing due to local dissipation obtidnergy (K;qa:)
(Laurent et al., 2002; Simmons et al., 2004) plus a backgtdaliffusivity K;, = 0.3 cn¥ s~!. The
atmospheric component is a one-layer atmospheric enegigtume balance model, which does not
apply flux correction and is forced by prescribed winds frévea NCEP/NCAR climatology. Also
included in the model are a thermodynamic sea ice compoadatrestrial vegetation (TRIFFID),
and an oceanic biogeochemistry based on the ecosystem ofd@ehmittner, 2005). The model is
spun up for 3000 years, and then four experiments are pegfb(ifable 1). First, the CONTROL
experiment is a non-transient experiment forced with aphesc forcings from the 1800 levels.
The second to fourth experiments use, in addition to the NRNERR wind stress climatology,
wind stress anomalies calculated from the first empiricallenEOF1) of sea level pressure (SLP)
anomalies in the northen and southern hemispheres (Fi@irelhese modes are a good approxi-
mation of the North Atlantic Oscillation (NAO), in which theositive phase is characterized by low
SLP anomalies over Iceland and high SLP anomalies over tloee&Az and the Southern Annular
Mode (SAM), which is characterized by low SLP anomalies o¥metarctica, respectively. More
specifically, the second experiment uses the SAM EOF foroimlyg, the third experiment uses the
NAO EOF forcing only, and the fourth experiment uses both3ié/ and the NAO forcings plus
historical global C@ emissions, under which the atmospheric Qncentration levels reach 384
ppmV in 2009. The hemispheric SLP modes are calculated frenCompo et al. (2006) dataset
and start in the year 1871. When the SLP anomalies relatect toemispheric modes of variabil-
ity are added to the model, the associated wind stress aigsnaak calculated using a frictional
geostrophic approximation (Weaver et al., 2001). This vgtrdss is also converted to wind speed
for the calculation of the latent and sensible heat fluxew fitvte ocean (Fanning and Weaver, 1998).
All experiments are run from 1800-2008, keeping the otheoapheric forcings (e.g., sulphate and
volcanic aerosols) at the 1800 level.
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Table 1. Summary of the climate model experiments

Experiment Wind Forcing CO- Forcing

CONTROL NCEP climatology 1800 level

SAM NCEP climatology plus SAM 1800 level

SAM + NAO NCEP climatology plus SAM plus NAO 1800 level
SAM + NAO + CO, | NCEP climatology plus SAM plus NAQ Transient to 384 ppmV in 2009
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Fig. 1. Meridional section of the climatological average (between 2004-20Gg)lioity at 25'W in the South
Atlantic. Depth is in meters. Relevant potential density surfaegsr( Kg/m®) are overlaid. Panel a) is for
SODA 2.2.6, b) for Argo climatology (Roemmich and Gilson, 2009), @n8ODA - Argo.
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Fig. 3. ©/S diagram for the South Atlantic Ocean at’®6 for a) 35’S, b) 30, c) 20° and d) 10. Colored
lines represent decadal averages for the 1960s (red), 19&0®&)r 1980s (yellow), 1990s (green) and 2000s
(blue). Note that the decadal average for 2000 only includes 8 years.
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Fig. 7. Ertel's potential vorticity calculated within the layer defined by the- 27.1 andy = 27.6 neutral
surfaces for a) 1960s, b) 1970s, c) 1990s and d) 2000s.
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