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Key Points: 22 

Argo data reveal a Subantarctic Mode Water volume loss in the South Indian Ocean 23 

over the period 2004-2018. 24 

Most of the volume loss occurs in the density range of 26.8-26.9 kg m-3, while a volume 25 

increase occurs at 26.6-26.8 kg m-3. 26 

Changes in the SAMW volume are controlled by surface forcing, which is closely 27 

related to the Mascarene High variation. 28 
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Abstract 29 

An analysis of Argo data reveals that the Subantarctic Mode Water (SAMW) in the 30 

South Indian Ocean (SIO), characterized by a vertical potential vorticity minimum, 31 

decreases by 10% in volume from 2004 to 2015. Most of this decrease occurs at the 32 

26.8-26.9 kg m-3density range which forms southwest of Australia, while a slight 33 

volume increase occurs at 26.6-26.8 kg m-3. Further analysis indicates that the 34 

weakening of the Mascarene High and westerly winds in the SIO reduces the 35 

evaporation-precipitation, surface heat flux and Ekman pumping and shoals the mixed 36 

layer southwest of Australia, which leads to a volume decrease at 26.8-26.9 kg m-3 in 37 

approximately 3 years. West of 90°E, the parameters exhibit the opposite change, 38 

leading to a volume increase at 26.6-26.8 kg m-3. This result suggests that surface winds 39 

play an important role in the variability of the SIO SAMW volume during the Argo 40 

period. 41 

Plain Language Summary: 42 

During austral winter in the Subantarctic Zone, a water mass called the Subantarctic 43 

Mode Water with homogeneous properties (temperature, salinity) forms, sinks, and 44 

moves to the interior of the ocean. The formation and transport of the mode water are 45 

crucial for the climate, as the water takes up heat, freshwater, carbon, oxygen and 46 

nutrients into the ocean interior. We find a distinct volume loss of the mode water in the 47 

South Indian Ocean from 2004 to 2018. Although this mode water forms in broad 48 

density ranges in different regions, the volume loss only occurs in the dense mode water 49 
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south of Australia. Moreover, the volume of the light mode water, which forms in the 50 

center of the South Indian Ocean, slightly increases. We find that surface winds control 51 

the surface heat flux and water convergence, which determine the volume change here. 52 

These winds tend to vary oppositely in the two different mode water formation regions, 53 

and make the volume vary in opposition phases. This study reveals the layer 54 

dependence of the mode water volume variation and reinforces the importance of 55 

atmospheric forcing, which would possibly help interpret the heat uptake in the 56 

Southern Ocean. 57 

1 Introduction 58 

Mode water refers to a water mass with vertically homogenous physical properties (e.g., 59 

temperature and salinity) that covers a large horizontal area of the ocean (Hanawa & 60 

Talley, 2001). The Subantarctic Mode Water (SAMW) forms within the Subantarctic 61 

Zone (SAZ) during austral winter, when surface cooling leads to deep convection and 62 

thus a deep mixed layer (McCartney, 1977). The subducted water then moves northward 63 

and westward as part of the southern subtropical gyres at the depth of the main 64 

thermocline (McCartney, 1982; Sloyan & Rintoul, 2001; Sallée et al., 2006; Jones et 65 

al., 2016), which is believed to play important roles in the heat, freshwater, carbon, 66 

oxygen and nutrient budgets both regionally and globally (Sarmiento & Orr, 1991; 67 

Sloyan & Rintoul, 2001; Sabine et al., 2004; Sarmiento et al., 2004; Sallée et al., 2013; 68 

DeVries et al., 2017). 69 

Due to the spatial and temporal sparsity of observations in the Southern Ocean in the 70 
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past, our knowledge of the long-term and large-scale volume variation of the SAMW 71 

has been limited. Most earlier studies have focused on the temperature and salinity 72 

variations along particular sections and demonstrated substantial oscillations in the 73 

SAMW properties (Banks et al. 2000, 2002; Bindoff & McDougall 2002; Bryden et al. 74 

2003). With the increasing coverage of Argo profiles, large-scale examinations of the 75 

SAMW thickness have been performed. The results showed a thickening and deepening 76 

trend of the SAMW driven by strengthening wind stress curl over the Southern Ocean 77 

(e.g., Gao et al., 2018). However, in these studies, the SAMW was defined using a 78 

homogeneous temperature in a certain density range without considering differences 79 

between ocean basins. In fact, the SAMW is not a uniform water pool (Herraiz-80 

Borreguero & Rintoul , 2011; Jones et al., 2016) and thus exhibits different density 81 

ranges in the three ocean basins of the Southern Ocean, where each of these density 82 

ranges corresponds to its own formation region and forcing mechanism (Sallée et al., 83 

2006; Herraiz-Borreguero & Rintoul, 2011). Therefore, defining the SAMW using a 84 

single homogenous temperature might neglect the dynamic differences between ocean 85 

basins. Moreover, Downes et al. (2017) found that the mixed-layer depth (MLD) in the 86 

Indian and Pacific Oceans responds differently to wind stress perturbations across 87 

SAMW formation zones. They further suggested that the poleward shift of westerly 88 

winds rather than an increase in the wind stress curl dominates the SAMW subduction 89 

variability in the South Indian Ocean (SIO). In contrast, in the Pacific Ocean, a 90 

poleward shift and poleward intensification lead to increases in heat loss and decreases 91 

in freshwater input, resulting in a net increase in SAMW subduction. 92 
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In the SIO, the SAMW displays a high sensitivity to climate change (Banks et al. 2000). 93 

For the first time, this study investigates the layer dependence of the SAMW volume 94 

variation in the SIO and its associated atmospheric forcing based on Argo observations. 95 

The SAMW here is based on a potential vorticity (PV) minimum definition. 96 

2 Data and methods 97 

Temperature and salinity profiling floats (collectively known as Argo floats) have been 98 

deployed across the global ocean since 2000, and the number of floats increases with 99 

each year. Argo floats monitor the upper ocean up to a depth of 2000 m. These data are 100 

of particular importance, especially in the Southern Ocean where long-term 101 

observations are sparse. This study utilizes a global data product called the Grid Point 102 

Value of the Monthly Objective Analysis (MOAA GPV), which contains monthly 103 

temperature and salinity optimally interpolated at the standard pressure levels on a 1° 104 

grid based on the observations from Argo floats, the Triangle Trans-Ocean Buoy 105 

Network (TRITON), and available conductivity-temperature-depth (CTD) casts 106 

(Hosoda, 2007; Hosoda et al., 2008). The MOAA GPV dataset has been employed by 107 

many previous studies to investigate the temperature and salinity fields of the ocean 108 

(e.g., Kobashi et al., 2019). This dataset spans from 2001 to the present. However, its 109 

spatial coverage in the SIO is sparse before 2004 (Figure S1a). Thus, only the data 110 

collected during 2004-2018 are used here (Figure S1b). 111 

A thick homogeneous layer forms by deep convection in austral winter, and the 112 

homogeneity of this layer can be used to trace the spreading of the SAMW. Another 113 



 
Confidential manuscript submitted to Geophysical Research Letters 

6 
 

feature of the SAMW is its low-PV signature, which distinguishes it from the 114 

surrounding water. PV, a conservative parameter that provides an excellent tracer for 115 

the SAMW (McCartney, 1977, 1982), is given by: 116 

𝑃𝑃𝑃𝑃 =
𝑓𝑓
𝜌𝜌
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 117 

where f is the Coriolis parameter, which represents the planetary vorticity, and 𝜌𝜌 =118 

𝜎𝜎0 + 1000 kg m-3 is the potential density referring to the surface. In this study, PV is 119 

calculated in the same depth interval as the temperature/salinity. Specifically, the 120 

SAMW is defined as a water mass having a PV minimum lower than 0.5× 10-11 m-1 s-121 

1 within the density range of 𝜎𝜎0=26.6-26.9 kg m-3 (Banks et al., 2002; McDonagh et al., 122 

2005; Hasson et al., 2012; Cerovečki et al., 2013). 123 

The MLD is calculated using a density threshold of 0.03 kg m-3 from a depth of 10 m, 124 

which is suitable for high latitudes in the Southern Hemisphere (de Boyer Montégut et 125 

al., 2004; de Lavergne et al., 2014). Furthermore, the heat flux, wind, evaporation (E), 126 

and precipitation (P) products from ERA-Interim are used to explain the SAMW 127 

volume changes. The net surface buoyancy flux is given by Downes et al. (2010) as 128 

follows: 129 

𝐵𝐵𝑛𝑛𝑛𝑛𝑛𝑛 =
𝑔𝑔𝑔𝑔
𝐶𝐶𝑤𝑤

𝐻𝐻𝑖𝑖𝑖𝑖 − 𝑔𝑔𝑔𝑔𝜌̅𝜌𝑆𝑆𝑚𝑚(𝐸𝐸 − 𝑃𝑃) − 𝐵𝐵𝐸𝐸𝐸𝐸 130 

where 𝐻𝐻𝑖𝑖𝑖𝑖 is the net heat flux into the ocean (the sum of shortwave and longwave 131 

radiation, and sensible and latent heat fluxes), 𝑔𝑔  is the gravitational constant of 132 

acceleration, 𝛼𝛼  is the thermal expansion coefficient, 𝐶𝐶𝑤𝑤  is the heat capacity of 133 

seawater, 𝛽𝛽 is the haline contraction coefficient, 𝜌̅𝜌 is the mean ocean density, 𝑆𝑆𝑚𝑚 is 134 

the salinity averaged over the mixed layer, and 𝐸𝐸 − 𝑃𝑃 is the net freshwater flux into 135 
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the ocean. The surface buoyancy added by the horizontal Ekman transport (Downes et 136 

al., 2010) is given by 𝐵𝐵𝐸𝐸𝐸𝐸 = 𝑔𝑔
𝜌𝜌�𝑓𝑓
𝑘𝑘 × 𝜏𝜏 ∙ ∇𝜌𝜌𝑚𝑚, where k is the unit vertical vector, 𝜌𝜌𝑚𝑚 is 137 

the averaged mixed-layer density and f is the Coriolis parameter. Ekman pumping is 138 

estimated as 𝑤𝑤𝐸𝐸𝐸𝐸 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐[𝜏𝜏/(𝜌̅𝜌𝑓𝑓)]. The study region is restricted to 20°E-140°E and 139 

20°S-60°S (Figure S2). Following a previous study (Herraiz-Borreguero & Rintoul, 140 

2011), the upper 100 m is excluded when calculating the SAMW volume to avoid 141 

seasonal signals at the top of the water volume. 142 

3 SAMW properties 143 

With a detailed inspection of the SAMW properties, this study indicates that there are 144 

distinct differences between ocean basins. Figures 1a and c show the PV averaged over 145 

2004-2018 at 32°S, along which a number of repeated hydrographic sections have been 146 

conducted (Levitus & Boyer, 1994) and strong regional variations are evident (Sallée 147 

et al., 2010). Along this section, the SAMW exists mainly in the Indian and Pacific 148 

Oceans, with only a very small amount observed in the Atlantic Ocean (Figure 1a, c). 149 

Both the depth and the density ranges of the SAMW are significantly different between 150 

the Indian and Pacific Oceans, which is consistent with the findings of a previous study 151 

(Herraiz-Borreguero & Rintoul, 2011). 152 

The shallowest and lightest SAMW occurs in the SIO between 60° and 120°E at a depth 153 

near 500 m with a density range of 𝜎𝜎0=26.6-26.9. The SAMW in the Pacific basin 154 

appears at  ~700 m with a density range of 𝜎𝜎0=26.9-27.1, which overlaps with the 155 

upper portion of the Antarctic Intermediate Water. In each ocean basin, the denser 156 
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SAMW is confined to the east, which is consistent with earlier reports that the SAMW 157 

density increases from west to east starting at 60°E in the SIO (Hanawa & Talley, 2001; 158 

Herraiz-Borreguero & Rintoul, 2011). 159 

The PV distribution along 90°E clearly demonstrates the subduction of the SAMW 160 

along isopycnal surfaces in the SIO (Figure 1c). The SAMW forms south of 40°S and 161 

extends northward to ~20°S along this section (Figures 1b, d). The thickest SAMW is 162 

found at around 35°S, which reflects the influence of horizontal advection in the 163 

subtropical gyre. It takes approximately 3 years for the SAMW to reach 30°S after its 164 

subduction (Fine et al., 2008; Koch-Larrouy et al., 2010). 165 

The SIO SAMW can be further divided into three major density classes corresponding 166 

to different regions of formation (Figure S2): the light SAMW: 26.6<𝜎𝜎0 ≤26.7; the 167 

medium SAMW: 26.7<𝜎𝜎0 ≤26.8; and the dense SAMW: 26.8<𝜎𝜎0 ≤26.9. This division 168 

is similar to that employed in previous studies (Fine, 1993; Wong, 2005; Koch-Larrouy 169 

et al., 2010). The differences in the formation region for the three density classes may 170 

imply different forcing mechanisms (Sallée et al., 2006). 171 

4 SAMW volume change and spatial distribution 172 

In the SIO, the medium and dense SAMW equally contribute to the total SAMW 173 

volume (Figure 2a). During 2004-2018, the total SAMW volume decreases by 174 

0.032±0.021 × 1015 m3 year-1 (Figure 2a); the uncertainty in this estimate is the 95% 175 

confidence interval for the trend. The percentage of this volume decrease ~10% from 176 

2004 to 2018 (Figure 2b). The decrease trend of the SAMW volume in the SIO is 177 



 
Confidential manuscript submitted to Geophysical Research Letters 

9 
 

opposite to the thickening trend of the SAMW over the entire Southern Ocean observed 178 

in a previous study (Gao et al., 2018). This contrast is likely caused by differences in 179 

the definitions employed; that is, Gao et al. defined the SAMW using a density range 180 

broader than that used here. As shown in Figure S3a, the water masses at σ0=26.5-26.6 181 

and σ0=26.5-27.1 increase in volume during the period of observation. Compared with 182 

the total volume, the volume of each density class shows a relatively large change. The 183 

dense SAMW experiences a decreasing trend of 0.053 ± 0.027 × 1015  m3 year-1 184 

from 2004 to 2018, while the medium and light SAMW increase by 0. 008 ±185 

0.018 × 1015 m3 year-1 and 0.012 ± 0.014 × 1015 m3 year-1, respectively. Note that 186 

the medium SAMW trend is small and nonsignificant. The volume trend of the dense 187 

and light SAMW is coincident with the two-layer opposite thickness trend for the SIO 188 

SAMW over 2006-2015 (Figure 5 in Kolodziejczyk et al., 2019). There appears to be a 189 

decadal signal associated with this volume variation (Figures 2a, b), which needs to be 190 

confirmed by longer time observations. 191 

Two time periods, 2012-2015 and 2004-2007, are chosen to represent the different 192 

states of the SAMW volume, especially for the dense SAMW (Figure 2). The spatial 193 

distribution of the SAMW variability in each density class is examined during these 194 

two periods. The left panel of Figure 3 shows the low-PV pool along the three isopycnal 195 

surfaces. The light SAMW is mainly formed in the central SIO (Figure S2) and extends 196 

northwestward to ~30°S (Figure 3a). From the first to the second period, the light 197 

SAMW expands, and its thickness increases by more than 50 m (Figure 3b), which 198 

contributes to the volume gain. The medium SAMW is mainly formed southwest of 199 
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Australia (Figure S2). A dipole pattern is found for both its spatial coverage and its 200 

thickness, which decrease in the lower latitudes and increase in the higher latitudes 201 

(Figure 3c). This dipole pattern is consistent with the smoothed volume change (Figure 202 

2b). The dense SAMW is mainly formed south of Australia (Figure S2) and extends 203 

northwestward to ~20°S in the SIO (Figure 3e). Figure 3e shows that the coverage of 204 

the dense SAMW does not change much at higher latitudes; however, the coverage 205 

decreases at lower latitudes. This finding implies that the reduction in the dense SAMW 206 

volume occurs relatively early. Moreover, the thickness of the dense SAMW decreases 207 

by more than 60 m during 2012-2015 (Figure 3f). The decreases in both the spatial 208 

coverage and the thickness of the dense SAMW contributes to its volume loss. 209 

5 SAMW volume change mechanism 210 

The SAMW forms in the region of deep mixed layer in the SAZ (Figure S2). Changes 211 

in the SAMW volume are closely related to the MLD and surface density in austral 212 

winter (July, August and September, JAS), as revealed in previous studies (Sallée et al., 213 

2010; Kwon et al., 2013). 214 

The formation of the SAMW is driven by the combined effect of air-sea fluxes and 215 

Ekman pumping (McCartney, 1977; Sloyan & Rintoul, 2001; Rintoul & England, 2002; 216 

Sloyan et al.,2010; Holte et al., 2012), which in turn are closely related to overlying 217 

westerly winds (Downes et al., 2011, 2017). 218 

Most of the decrease in the SAMW spatial coverage occurs at low latitudes (Figure 3e). 219 

Since it takes ~3 years for the SAMW to reach 30°S after its subduction (Fine et al., 220 
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2008; Koch-Larrouy et al., 2010), a 3-year time lag is considered to evaluate the MLD 221 

change. 222 

The winter MLD in the formation region of the light SAMW at 60°-70°E increases by 223 

~40 m from 2009 to 2012 (Figure 4a), which is consistent with the volume gain with a 224 

3-year lag. Around 120°E, the MLD shows an overall decrease of ~50 m, corresponding 225 

to the formation of the dense SAMW; this decrease in the MLD at ~120°E is consistent 226 

with the volume loss reflected by the reduced spatial coverage and thickness of the 227 

dense SAMW. Generally, the overall decrease in the MLD in the SAMW formation 228 

regions from 2009 to 2012 is consistent with the total SAMW volume loss from 2012 229 

to 2015. 230 

A recent study showed that the dynamical process of the increased wind stress curl 231 

dominates the thickening of the SAMW (Gao et al., 2018). Here, we clarify the roles of 232 

both dynamical and thermal processes in the SIO SAMW volume variation. 233 

The MLD change is driven both by surface buoyancy fluxes, which alter the upper 234 

ocean stratification, and by the wind stress curl, which determines the Ekman pumping 235 

intensity. Figure 4 shows the thermal and dynamical changes in the surface layer in JAS. 236 

The wind pattern change suggests a weak subtropical high during 2009-2012 (Figure 237 

4). Changes in the surface wind induce dipole patterns in the distributions of both E-P 238 

and net downward heat flux. West of 90°E, the strengthening of the surface wind 239 

enhances evaporation/E-P and heat loss, which induces a net buoyancy loss, resulting 240 

in the deepening of the MLD. In contrast, east of 90°E, the weakening of the surface 241 

wind reduces evaporation/E-P and heat loss, which induces a net buoyancy gain, 242 
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contributing to the shoaling of the MLD (Figures S4a, b). The buoyancy fluxes induced 243 

by Ekman transport have positive values in all SAMW formation regions (Figure S4c). 244 

The weakening of the westerly wind suppresses the transport of cold and fresh water to 245 

the SAMW formation regions, which results in a buoyancy gain. In addition to changes 246 

in the surface heat flux and E-P, changes in Ekman heat transport also contribute to the 247 

buoyancy gain east of 90°E while partly offsetting the buoyancy loss west of 90°E. 248 

Generally, the net surface buoyancy flux around the deep mixed layer shows an increase 249 

of ~2× 10−6 kg m-1 s-3 and a decrease of ~12× 10−6 kg m-1 s-3 in the regions east and 250 

west of 90°E, respectively (Figure 4c). The Ekman pumping change shows a reduction 251 

of ~1× 10−7 m s-1 east of 90°E, corresponding to a weakened westerly wind, and a 252 

slight increase west of 90°E, both of which contribute to the MLD changes in the 253 

SAMW formation regions (Figure 4d). To test the sensitivity of this result to the 254 

definition of the mixed layer, a temperature threshold of 0.2°C from a depth of 10 m is 255 

applied to define the MLD (Dong et al., 2008) and the outcome in Figure S5a reflects 256 

essentially the same result. 257 

In general, the dipole patterns of the surface buoyancy flux and Ekman pumping 258 

changes are both induced by decadal changes in the subtropical high (Mascarene High, 259 

MH; Huang and Tang, 1989) and the associated westerly winds, which dominate the 260 

dipole patterns of the MLD and SAMW volume changes in the SIO. Multivariate 261 

empirical orthogonal function (MVEOF) analysis (Figure 4e) reveals a dipole pattern 262 

similar to those discussed above for changes between the two time periods (Figure 4c). 263 

The temporal variation in the JAS MH, defined as the average sea level pressure within 264 
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the region of 40°E–105°E, 25°S–35°S (Manatsa et al., 2014), is consistent with the 265 

EOF1 time series (Figure 4f). The distinct weakening of the MH during 2000-2018 266 

leads to changes in the SAMW volume with a lag time of ~3 years. The weakening of 267 

the MH was similarly mentioned in a recent study (e.g., Vidya et al., 2020). This result 268 

implies that the wind anomaly associated with the MH fluctuation plays an important 269 

role in generating the surface buoyancy flux, Ekman pumping, and consequently the 270 

SAMW volume variability in the SIO. 271 

6 Conclusion and discussion 272 

Here, we report the finding of a two-layer density structure with opposite volume trends 273 

of the SAMW in the SIO over the last decade. We show that most of the volume 274 

decrease occurs at the density range of 26.8-26.9 kg m-3, and a slight increase occurs at 275 

the range of 26.6-26.7 kg m-3. The variation in the SAMW volume is closely connected 276 

with a weakening of the subtropical high and associated westerly winds, which 277 

intensifies the net buoyancy gain, weakens Ekman pumping, and shoals the deep mixed 278 

layer southwest of Australia, leading to a volume decrease at 26.8-26.9 kg m-3 that 279 

dominates the total SAMW volume in the SIO. Here, we emphasize the importance of 280 

a decadal subtropical high variation in the formation of the SAMW in the SIO. 281 

The two-layer density structure of the SAMW with opposite volume trends was recently 282 

discussed by two other studies, with one focusing on the entire Southern Ocean and the 283 

other focusing on the Pacific Ocean (Portela et al., 2019; Meijers et al., 2019). The 284 

former showed that subduction and diapycnal transformation from the lower layer to 285 
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the upper layer accounted for most of the upper-layer volume gain and lower-layer 286 

volume loss, whereas the latter emphasized the importance of local formation driven 287 

by the main atmospheric modes in the Pacific Ocean, which modulate wind stress and 288 

turbulent heat fluxes. The results of our study indicate that regional changes in the air-289 

sea heat flux and wind stress associated with the main atmospheric modes have a large 290 

impact on the winter MLD and SAMW volume in the SIO. However, the role of 291 

diapycnal mixing is not analyzed in this study and needs further investigation. 292 

The increasing ocean heat content (OHC) and deep reaching warming in the Southern 293 

Hemisphere have been reported by previous studies (Gao et al., 2018; Volkov et al., 294 

2017). An increasing trend of ~0.020±0.008×1023 J yr-1 is found for the SIO OHC in 295 

the density range of 𝜎𝜎0 =25.6-27.1 (Figure S3b), which is in accordance with the 296 

increasing OHC trend of about 0.015×1023 J yr-1 inferred from a previous study (Llovel 297 

& Terray, 2016). We note that this increasing OHC is dominated by an increasing 298 

volume of water that is lighter than the SAMW, and thus, the decreasing volume of the 299 

dense SAMW partially offsets the increase in the total SIO OHC. 300 
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Figure Captions: 473 

 474 

Figure 1. PV averaged over the period 2004-2018 in a) pressure and b) sigma 475 

coordinates at 32°S and in c) pressure and d) sigma coordinates at 90°E. The green lines 476 

indicate the low-PV (lower than 0.5×10-10 m-1 s-1) pool of the SAMW. 477 

 478 

Figure 2. Annual mean SAMW in the SIO: a) volume and b) percentage of change 479 
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relative to 2004 (5-year running average with the first and last two years using their 480 

original values). The p-value (for a null hypothesis of zero trend) and the trend with a 481 

95% confidence interval are shown in a). The gray shading bar indicates the two 482 

different time periods. 483 

 484 

Figure 3. PV averaged over the period 2004-2018 on a) 𝜎𝜎0=26.65, b) 𝜎𝜎0=26.75 and c) 485 

𝜎𝜎0=26.85. The blue and red lines indicate the low-PV (lower than 0.5×10-10 m-1 s-1) pool 486 

averaged over 2004-2007 and 2012-2015, respectively. Thickness differences of d) 487 

𝜎𝜎0 =26.6-26.7, e) 𝜎𝜎0 =26.7-26.8 and f) 𝜎𝜎0 =26.8-26.9 between 2012-2015 and 2004-488 

2007 are also included. Stippling indicates values passing the 95% confidence test. 489 
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 490 

Figure 4. Differences between 2009-2012 and 2001-2004 in austral winter (JAS) for 491 

the a) MLD, b) potential density at 10 dbar, c) surface buoyancy flux, and d) Ekman 492 

pumping. The green lines indicate the region of the deep mixed layer (more than 150 493 

m) where the SAMW forms. The vectors represent the wind differences. MVEOF1 of 494 

the surface buoyancy flux, Ekman pumping, and 10 m wind during 1979-2018: e) 495 

spatial pattern (colors for the surface buoyancy flux and red lines for Ekman pumping; 496 

the bold red line is the zero line) and b) a comparison among the EOF1 time series, MH 497 

intensity and 𝜎𝜎0=26.8-26.9 SAMW volume change (5-year running average with the 498 

first and last two years using their original values). Stippling indicates values passing 499 

the 95% confidence test. 500 
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 501 

Figure 5. Schematic diagram of the main forcing mechanisms for the SIO SAMW 502 

formation: a) climatology and b) the difference between 2009-2012 and 2001-2004. 503 

The arrows in a) indicate the climatology, and those in b) reflect the final state in 2009-504 

2012. 505 
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