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Abstract 19 

Based on the 12-year (2007-2018) salinity data from Array for Real-Time Geostrophic 20 

Oceanography (ARGO), significantly positive salinity anomalies are found in the 21 

upper layer of the tropical central Indian Ocean (IO) from 2010 boreal autumn to 2011 22 

boreal spring and from 2016 boreal autumn to 2017 boreal spring. Wind, precipitation, 23 

outgoing longwave radiation (OLR) and ocean currents from satellite and reanalysis 24 

data are utilized to analyze the atmospheric, ocean dynamic processes and the salinity 25 

budget associated with the high salinity events. The results indicate that surface 26 

buoyancy fluxes are not the dominant factor affecting the positive salinity anomalies, 27 

while ocean dynamic processes play a more important role. Under the influence of the 28 

La Niña and strong negative Indian Ocean Dipole (nIOD) in 2010 and 2016, positive 29 

salinity anomalies appear in the eastern IO at the end of 2010 and 2016 due to strong 30 

westerlies and positive zonal currents. But because the La Niña in 2010 is stronger 31 

than in 2016, the salinity anomalies in 2010 are stronger, and the decline in the 32 

following year is stronger and lasts longer, making the salinity anomalies gradually 33 

weakened. Therefore, the maximum value of the salinity anomalies in 2011 is in 34 

January, while in 2017 the salinity anomalies first decrease and then increase with the 35 

largest in March. Salinity budget analyses also show that ocean advection is the main 36 

factor leading to the salinity anomaly variations for these two periods. Among them, 37 

the changes of the zonal velocity in the zonal advection anomalies have the greatest 38 

impact. The zonal advection is positive and the strongest at the end of 2010 and 39 

negative in early 2011, but weak positive at the end of 2016. In early 2017 the zonal 40 

advection is first negative, then becomes positive and strengthens in spring, so salinity 41 

anomalies in 2017 spring is higher than that in 2011. The entrainment effect during 42 

10A11S is more significant than 16A17S and the freshwater flux (FWF) has a small 43 

and negative effect on positive salinity anomalies for two events. The mutual effects 44 

of horizontal advection, FWF and vertical entrainment together lead to high salinity 45 

anomalies. The high salinity anomalies reflect the upper-ocean responses to climate 46 

events, which may also influence the regional air-sea interactions and large-scale 47 

processes. 48 

Keywords: Salinity anomalies, surface buoyancy fluxes, ocean dynamics, advection, 49 

tropical Indian Ocean   50 
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1. Introduction 51 

Ocean salinity is an important aspect of the water mass property (Delcroix and 52 

Hénin, 1991). It is not only a key indicator of global hydrological cycle (Durack and 53 

Wijffels, 2010; Durack et al., 2012; Schmitt, 2008; Schmitt and Blair, 2015; Skliris et 54 

al., 2014), but also closely related to the ocean dynamics and thermodynamics 55 

(Lagerloef, 2002; Rao and Sivakumar, 2003; Ren and Riser, 2009). Salinity affects 56 

lots of aspects of ocean stability (Nyadjro et al., 2012; Schiller et al., 1997), dynamic 57 

ocean variability (Stammer, 1997; Sun et al., 2015; Thompson et al., 2006) and 58 

complicates air-sea interactions (Grunseich et al., 2013; Guan et al., 2014; Horii et al., 59 

2016; Simon et al., 2006; Williams et al., 2010). With the development of the Argo 60 

project which provides more observations in the global ocean to conduct detailed 61 

studies on the water mass and related ocean dynamics, increasing numbers of salinity 62 

and temperature profiles have been collected for the upper 2000 m (Gould et al., 2004; 63 

Riser et al., 2008; Roemmich and Owens, 2000; Roemmich et al., 2009). These data 64 

offer an opportunity to examine the salinity variability and the related ocean dynamics 65 

in the Indian Ocean (IO; Jensen, 2003; Masson et al., 2004). 66 

The tropical Indian Ocean (TIO) plays a unique role in the global climate system 67 

(Sharma et al., 2010; Subrahmanyam et al., 2011). The IO is rich in precipitation and 68 

has the most typical monsoon climate among the global ocean. In the equatorial 69 

Indian Ocean (EIO), strong westerlies dominate in boreal spring and autumn during 70 

the monsoon transition seasons around May and October-November, and drive the 71 

eastward surface currents, known as Wyrtki Jets (Wyrtki, 1973; Reppin et al., 1999). 72 

These jets trap the momentum from which the zonal winds input into the oceans in the 73 

upper 100 m and significantly influence the climate via horizontal heat, salt and mass 74 

transportation in the TIO (Murtugudde et al., 2000). Thermocline perturbations in the 75 

form of Rossby waves propagating westward from the southeastern TIO are able to 76 

influence the mixed layer through enhancing or depressing the entrainment and 77 

vertical mixing. These processes further affect salinity and trigger strong air-sea 78 

interactions (Du et al., 2009; Xie et al., 2002; Yokoi et al., 2012). In normal, salinity 79 
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variations affect ocean stratification and air-sea heat flux in the IO, triggering a 80 

response in atmospheric circulation, which significantly influence the 81 

thermodynamics in the upper layer (Liang et al., 2018; Zeng and Wang, 2017). 82 

Moreover, these further lead to sea temperature variations and convection variations, 83 

which indirectly influence the intensity and development of the southwest monsoon 84 

and have great impacts on the IO and neighboring countries (Yadav et al., 2019; 85 

Sharma et al., 2020). Therefore, it is particularly important and necessary to study the 86 

salinity variability in the TIO.  87 

Due to significant difference in salinity between the Arabian Sea and the Bay of 88 

Bengal, the upper layer salinity in the TIO is generally higher in the west and lower in 89 

the east. At the range of 20°S-10°S, the Indonesian throughflow (ITF) and the south 90 

equatorial current (SEC) transport low salinity water to the western IO. Different 91 

mechanisms are found to be responsible for salinity variability at different depth and 92 

on different time scales. Surface salinity is largely controlled by surface freshwater 93 

flux (FWF), while upper layer salinity is also affected by horizontal advection, 94 

vertical entrainment, turbulence of mixing, diffusion and nonlinear effects (Hasson et 95 

al., 2013, 2014; Martins and Stammer, 2015). Interannual variability of salinity in the 96 

TIO is demonstrated to be closely related to the Indian Ocean Dipole (IOD; Grunseich 97 

et al., 2011; Zhang et al., 2013; Nyadjro and Subrahmanyam, 2014; Du and Zhang, 98 

2015) and El Niño-Southern Oscillation (ENSO; Clarke and Liu, 1994; Meyers, 1996; 99 

Wijffels and Meyers, 2004; Feng et al., 2003, 2010), which are the important climate 100 

events that affect the coupled air-sea processes in the TIO (Schott et al., 2009; Phillips 101 

et al., 2021). Some studies have shown that these two interannual modes have 102 

significant impacts on IO dynamics by modulation of Walker circulation. Furthermore, 103 

IOD and ENSO events sometimes appear simultaneously (Saji and Yamagata, 2003; 104 

Stuecker et al., 2017). For example, positive IOD (pIOD) can co-occur with EI Niño, 105 

while negative IOD (nIOD) can co-occur with La Niña (Cai et al., 2009; Gnanaseelan 106 

et al., 2012; Hong et al., 2008). In addition, previous studies denoted that salinity 107 

variations might also be related to monsoon intensity. Zhang et al. (2020) found that 108 

the weakening of the monsoon intensity in the northern Arabian Sea from 2014 to 109 
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2017 led to changes in ocean dynamics, which further resulted in a prolonged high 110 

salinity event.  111 

Previous studies mainly focused on salinity variability and its relationship with 112 

precipitation and ocean processes in the TIO. Kido et al. (2019) concluded that 113 

positive sea surface salinity (SSS) anomalies in the southeastern TIO were primarily 114 

caused by reduction in precipitation and partly by enhanced evaporation due to 115 

increased wind speed, while negative SSS anomalies in the central-eastern EIO were 116 

generated by zonal advection anomalies induced by anomalous wind stress. On the 117 

other hand, subsurface salinity anomalies were almost entirely caused by wind stress 118 

effects mediated by ocean dynamical processes. Their results showed that large-scale 119 

ocean changes in response to the pIOD-related atmospheric anomalies were the key 120 

drivers of the observed salinity anomalies. Zhang et al. (2013) found different salinity 121 

variations in the EIO under the influence of pIOD and nIOD. The anomalous 122 

westward equatorial currents, attributed to anomalous easterlies, led to low salinity 123 

anomalies along the equator during the developing and mature phases of the pIOD 124 

events (Du and Zhang, 2015; Nyadjro and Subrahmanyam, 2014; Vinayachandran and 125 

Nanjundiah, 2009; Zhang et al., 2013). At the same time, intense northwestward 126 

currents off Sumatra strengthened the upwelling and westward high salinity advection 127 

near 10°S (Thompson et al., 2006). The anomalies during nIOD were opposite to 128 

those during pIOD events. In addition, the salinity variations are also significant 129 

during the decay phases and the following year of IOD events in the TIO where 130 

circulation system plays an important role in maintaining the heat and salt balance of 131 

the entire area, including the Wyrtki Jets and the SEC (Sun et al., 2019; Zhang et al., 132 

2013; Li et al., 2018). ENSO teleconnection also induces anticyclonic (cyclonic) 133 

atmospheric circulation anomalies in the TIO when El Niño (La Niña) appears (Xie et 134 

al., 2002; Wang et al., 2003), such that the evolutions of ENSO are often associated 135 

with the development of the IOD. Grunseich et al. (2011) analyzed the surface salinity 136 

variations of the EIO when different IOD and ENSO phases occurred. The results 137 

showed that the development of IOD was affected according to whether El Niño and 138 

La Niña occurred, which further led to the salinity variability. The salinity variations 139 
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observed throughout the EIO are largely explained by the dynamics responsible for 140 

dipole events. What’s more, they feedback to the climate events-mainly through ocean 141 

stratification, barrier layer, temperature inversion, sea temperature and large-scale 142 

circulation and so on (Kido and Tozuka, 2017; Bhavani et al., 2017).  143 

However, most of the previous studies concerned about the salinity variations 144 

under the influence of multiple climate events or the salinity variation processes 145 

during the development of a certain climate event. Sun et al. (2019) analyzed the 146 

evolution of salinity anomaly variations in the southwestern TIO (SWTIO) during 147 

2010-2011 and concluded that the salinity variations were mainly affected by a nIOD 148 

event. During early 2011, the positive SSS anomalies shifted to the SWTIO through 149 

westward current anomalies. At the same time, the upwelling Rossby waves shoaled 150 

the thermocline and mixed layer depth, then brought the high salinity water from the 151 

subsurface into the surface layer. These processes further intensified the positive SSS 152 

anomalies. Du and Zhang (2015) investigated SSS variations in the TIO during July 153 

2010-July 2014. During the nIOD events in 2010,2013, and 2014, their conclusions 154 

were similar to the analyses on nIOD above, while the processes reversed during the 155 

pIOD events in 2011 and 2012. Till now, there are few studies on the interannual 156 

anomalies of tropical central IO salinity and the mechanism comparison between two 157 

abnormal events of the same type. Therefore, it is very essential to study the 158 

mechanism reasons for the different performance of the same type of significantly 159 

anomalous salinity events at different periods. This study will also play a great role in 160 

predicting salinity variations in the IO under different climate events in the future. 161 

Notably, we find that there are significantly positive salinity anomalies in 2017 162 

based on the 6-year CTD observation data of the IO spring voyage, then the ARGO 163 

gridded data from 2007 to 2018 are also employed to confirm the phenomena (Figure 164 

1): extremely high salinity anomalies are found in the tropical central IO from 2010 165 

boreal autumn to 2011 boreal spring (hereafter 10A11S; i.e. from September 2010 to 166 

May 2011; Figure 1b) and from 2016 boreal autumn to 2017 boreal spring (hereafter 167 

16A17S; i.e. from September 2016 to May 2017; Figure 1c). High salinity anomalies 168 

relative to the climatology derived from the Argo data during 2007-2018 reach above 169 
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0.2 psu. According to the diagrams, 70°E-90°E, 10°S-0° (black closed boxes in Figure 170 

1) is the main high salinity anomalies area, so the area will be used as the research 171 

focus of the article. In addition, while positive salinity anomalies occur, negative 172 

temperature anomalies also appear though the location of the significantly negative 173 

anomalies are deviated from the significantly positive salinity anomalies (Figures 174 

1e-f), they present a reverse relationship at the same time. During 10A11S there are 175 

strong positive salinity anomalies and negative temperature anomalies, but they are 176 

weaker during 16A17S. There is a good corresponding relationship between salinity 177 

and temperature. Hovmöller diagrams of salinity/temperature anomalies along the 178 

longitude and latitude indicate a clear positive-negative changing process from 2007 179 

to 2018 (Figure 2). We find that the positive salinity anomalies do last for the periods 180 

of time during 10A11S and 16A17S (red boxes in Figure 2). There are extremely high 181 

salinity anomalies in these two periods with some differences in intensity and location, 182 

as are the two significantly negative temperature anomalies (contours in Figure 2). 183 

The results above suggest that the salinity anomalies of the former are stronger than 184 

the latter, the range of the anomalies are also larger and the time for the salinity 185 

anomaly events to reach the maximum is different. However, for the salinity 186 

anomalies in the tropical central IO during 10A11S and 16A17S, their spatial 187 

characteristics and formation mechanisms are not well studied, and the processes that 188 

cause the positive salinity anomalies are still unclear. Since the end of 2010 and the 189 

end of 2016 are the development period of nIOD and La Niña, the periods from 190 

January to May in 2011 and 2017 are in the recession year of nIOD and La Niña, we 191 

will investigate the salinity variations associated with climate events in the tropical 192 

central IO during 10A11S and 16A17S. 193 

In this study, we combine salinity data from various datasets and other satellite 194 

and reanalysis data to analyze the influence of surface buoyancy fluxes and ocean 195 

dynamics on salinity anomalies mentioned above. We explore the underlying 196 

dynamics of the extremely high salinity anomalies in the tropical central IO during 197 

10A11S and 16A17S and further quantitative analyze the mechanisms for the 198 

phenomenon by salinity budget equation. The remainder of this study is organized as 199 
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follows: the data and methods used are described in Section 2. The results are 200 

presented in Section 3. Section 3.1 is mainly about spatial characteristics of the 201 

extremely high salinity anomalies. Section 3.2 is mainly about the salinity anomaly 202 

variations caused by surface buoyancy fluxes and Section 3.3 mainly denotes 203 

anomalies caused by ocean dynamics, which are modulated by related large-scale 204 

climate events. Section 3.4 indicates the quantitative analyses of the contribution of 205 

each item in the salinity budget equation that causes the anomalous salinity variations 206 

during 10A11S and 16A17S. In final, Section 4 gives the discussion and presents the 207 

summary of the study. 208 

2. Data and Methods 209 

2.1.Data 210 

In the study, the Scripps Institution of Oceanography gridded monthly Argo 211 

products are used to analyze the salinity variability during 2007-2018. The Argo 212 

datasets have a horizontal resolution of 1°×1° at each standard pressure level. The L3 213 

V5.0 Soil Moisture Active Passive (SMAP) SSS produced by NASA’s Jet Propulsion 214 

Laboratory (Fore et al., 2020) is used. The SMAP SSS data have a spatial resolution 215 

of 0.25° and is available from April 2015 to 2018. We also use European Centre for 216 

Medium-Range Weather Forecasts (ECMWF) Ocean Reanalysis System 5 (ORAS5) 217 

salinity data with a horizontal resolution of 1°×1° and a near-surface resolution of 1 m 218 

in the vertical during 2007-2018. In addition, we also download the simple ocean data 219 

assimilation (SODA) salinity data from 2007 to 2015 for salinity comparison and their 220 

resolution are 0.5°×0.5°. Here, we use another composite SSS level-3 OS debiased 221 

products operationally generated by the Centre Aval de Traitement des Données 222 

SMOS (Soil Moisture and Ocean Salinity), which is the water mission of European 223 

Space Agency (ESA). Their salinity products are the first-of-its-kind spaceborne 224 

mission dedicated to this parameter. Surface salinity has been identified as one of the 225 

essential climate variables by Global Climate Observing System program. The 226 

nominal requirements for SMOS retrieval are to achieve a 0.1 accuracy (in practical 227 
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salinity scale), over time/space scales of 10-30 days/200 km (Mecklenburg et al., 228 

2008; Font et al., 2010). 229 

Furthermore, in situ CTD measurements data for the IO voyage in the spring of 230 

2014-2019 are also used. The data are mainly analyzed by two sections: across 0° 231 

(equator) section between 80°E and 92°E and across 80°E section between 6°S and 232 

2°N. Comparing the salinity data of CTD, Argo and ORAS5 in these two sections, the 233 

spatial correlation coefficients are mostly greater than 0.5 (figure not shown). Figure 3 234 

shows the average salinity change trend of the two sections. They have large 235 

correlation coefficients and relatively small root mean square errors (RMSEs), i.e. 236 

there are obvious consistencies between these types of data. 237 

The Global Precipitation Climatology Project (GPCP) Version 2.3 monthly data 238 

with a resolution of 2.5°×2.5° are supported by NOAA Climate Data Record (CDR) 239 

Program, which are available since 1979 (Adler et al., 2003; Huffman et al., 2009) 240 

and evaporation with a resolution of 1°×1° from the objectively analyzed air-sea heat 241 

fluxes (OA Flux; Yu and Weller, 2007) are used to calculate surface FWF. The flux is 242 

mapped on to a 1°×1° grid using linear interpolation, which it is by re-griding the 243 

GPCP data onto OA Flux data. 244 

In addition, we use the Oceanic General Circulation Model (OGCM; Masumoto 245 

et al., 2004; Sasaki et al., 2004) for the Earth Simulator (OFES) model to get the 246 

ocean current data. OFES is forced by National Centers for Environmental Prediction 247 

(NCEP) winds and has a horizontal resolution of 0.1°×0.1° with 54 vertical levels. It 248 

is based on the Modular Ocean Model Version 3 and run with climatological forcing 249 

for 50 years. Moreover, NCEP monthly pressure 10-1000 hPa wind fields with a 250 

resolution of 2.5°×2.5° are also used to analyze wind anomalies. 251 

The IOD is characterized by the dipole mode index (DMI) which is defined as 252 

the difference of area-averaged sea surface temperature anomaly (SSTA) between the 253 

western (50°E-70°E, 10°S-10°N) and eastern (90°E-110°E, 10°S-0°) TIO (Saji et al., 254 

1999). The ENSO is characterized by the Oceanic Niño Index (ONI) which is defined 255 

as the area-averaged SSTA in the Niño 3.4 region (120°W-170°W, 5°S-5°N). We use 256 

SST anomaly data from NOAA Extended Reconstructed Sea Surface Temperature 257 
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version 5 (ERSSTv5) with a resolution of 2°×2° to calculate ONI and DMI indexes. 258 

Then we choose ± 0.5 times the standard deviation as their thresholds.  259 

Except for the general features of salinity, all the anomalous data in the study are 260 

obtained by subtracting the climatological annual cycles from the monthly time series 261 

during 2007-2018. Most data are all monthly means and downloaded from the 262 

Asia-Pacific Data-Research Center of the International Pacific Research Center at the 263 

University of Hawaii (http://apdrc.soest.hawaii.edu). 264 

2.2.Data validation 265 

To validate the accuracy of the salinity data, we make a comparison between the 266 

Argo, ECMWF ORAS5, SMAP and SODA salinity datasets from 2007 to 2018. The 267 

spatial distributions of these salinity are similar (figure not shown): the salinity is 268 

higher in the west than in the east and gradually decreases from northwest to southeast. 269 

To quantify the comparison, we derive the spatial average salinity anomalies for time 270 

series analysis (Figure 4) and spatial distributions of salinity RMSEs between Argo 271 

data and other salinity data (Figure 5). The Argo salinity anomalies area-averaged 272 

compare well with that for ECMWF ORAS5, the SODA and SMAP data. Their 273 

curves are very close (Figure 4). The area-averaged correlation coefficients and 274 

RMSEs between the Argo and SMAP are respectively 0.9654 and 0.1181 psu, 275 

between the Argo and ECMWF ORAS5 are respectively 0.9879 and 0.0362 psu and 276 

between the Argo and SODA are respectively 0.9817 and 0.0376 psu. We can also 277 

find that the salinity RMSEs between Argo and other data are relatively small in the 278 

IO (Figure 5), especially in the main high salinity anomalies area (see black boxes in 279 

Figure 1), indicating the reliability of the Argo data. In general, all comparisons 280 

indicate good agreement between the Argo salinity and other datasets. And the two 281 

data of Argo and ECMWF ORAS5 have the highest similarity and the smallest RMSE 282 

so later we will use ECMWF ORAS5 salinity data to calculate the salinity budget 283 

equation. 284 

2.3.Methods 285 
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To identify the key processes governing the evolution of salinity anomalies, 286 

salinity budget analysis has been widely used. The salinity budget equation (Gao et al., 287 

2014; Qu et al., 2013) can be written as:  288 𝜕[𝑆]𝜕𝑡 = − (𝑃 − 𝐸)ℎ  [𝑆] − ∇𝐻 (𝑢𝑆, 𝑣𝑆) − 1ℎ ([𝑆]−𝑆−ℎ) 𝑤𝑒 − 𝜕𝑍 (𝑤𝑆) + 𝜀 

where the square bracket means the depth average within the selected depth. For 289 

instance, [𝑆] means the average salinity above 50 m.  𝜕[𝑆]𝜕𝑡  is the salinity tendency; P 290 

and E are the precipitation and evaporation, h is taken as 50 m; 𝑢, 𝑣 and 𝑤 are the 291 

zonal, meridional and vertical velocities; and 𝑆−ℎ is chosen as the salinity 15 m 292 

below the selected depth base (Ren et al., 2011). The subscript H and Z denote 293 

horizontal and vertical components of the variables, respectively. ∇𝐻= ( 𝜕𝜕𝑥 , 𝜕𝜕𝑦) and 294 𝜕𝑍 = ( 𝜕𝜕𝑧) represent for the horizontal and vertical gradient operators, respectively. In 295 

the following, the first and second terms of equation on the right-hand side represent 296 

the surface FWF and the horizontal advection, respectively. Horizontal advection is 297 

divided into zonal advection and meridional advection. Vertical entrainment terms 298 

consist of the third and fourth terms on the right-hand side. The research combines the 299 

vertical entrainment terms with horizontal advection and calls it S-adv. The horizontal 300 

and vertical mixing and the accumulation of errors from the other terms are added into 301 

the residual term 𝜀. We nominally consider the salinity and temperature at 10 m (first 302 

level) as that from the sea surface. 303 

The entrainment velocity 𝑤𝑒 is calculated as 𝑤𝑒 = ℎ (𝜕𝑢𝜕𝑥 + 𝜕𝑣𝜕𝑦). In addition, the 304 

residual term ε is calculated by the salinity tendency minus the sum of FWF and S-adv. 305 

To separate the interannual variability from the seasonal cycle, each variable is 306 

divided into two parts: the climatological mean seasonal cycle and the anomaly 307 

variability separated from the seasonal cycle (e.g., 𝑢 = �̅� + 𝑢′). Thus, by neglecting 308 

the higher‐order nonlinear terms, the salinity horizontal advection term (Zhang et al., 309 

2013) in the above equation can be rewritten as  310 

−∇𝐻 (𝑢𝑆, 𝑣𝑆) = − (�̅� 𝜕[𝑆]′𝜕𝑥 + 𝑢′ 𝜕[𝑆]̅̅ ̅̅𝜕𝑥 + �̅� 𝜕[𝑆]′𝜕𝑦 + 𝑣′ 𝜕[𝑆]̅̅ ̅̅𝜕𝑦 ) 
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In the equation, the horizontal advection term contains two parts: One is due to the 311 

variability of ocean current (e.g., −𝑢′ 𝜕[𝑆]̅̅ ̅̅𝜕𝑥 ), the other is due to the variability of 312 

salinity gradient (e.g., −�̅� 𝜕[𝑆]′𝜕𝑥 ). 313 

3. Results 314 

3.1.Spatial characteristics of extremely high salinity anomalies 315 

Figure 6 shows the monthly Argo area-averaged salinity/temperature variations 316 

and their anomalies with depth from 2007 to 2018. According to what we have 317 

learned before, salinity refers to the frequent low salinity events within the upper 50 m 318 

of the entire periods due to the influence of surface FWF. In particular, extremely high 319 

salinity anomalies and a depth of approximately above 50 m are clearly identified 320 

during 10A11S and 16A17S (Figure 6b). Their intensities and the development trends 321 

of salinity anomalies are different. In addition, when positive salinity anomalies occur, 322 

significantly negative temperature anomalies also appear (contours in Figure 6b). 323 

Normally, we propose that salinity anomalies are mainly within 50 m of the upper 324 

layer. Compared with other low salinity events, such extremely high salinity 325 

anomalies during these two periods are uncommon. Furthermore, strong temporal 326 

correspondence between life cycle of salinization events in these two periods clearly 327 

indicates the dominance of these events on interannual variability of salinity in the 328 

tropical central IO. It is worth mentioned here that out of 12 years of study (figure not 329 

shown), only these two periods show abnormally strong salinization events. Hence, 330 

we mainly focus on these two extremely high salinity anomalies in the tropical central 331 

IO and the factors responsible for their formations.  332 

Concerning about the spatial distributions of three-month moving mean 333 

extremely high salinity anomalies in the main high salinity anomalies area (see black 334 

boxes in Figure 1) during 10A11S and 16A17S (shading in Figure 7), the high value 335 

centers are different among all periods. In 10A11S (Figures 7a-c), the positively high 336 

salinity anomalies first appear in the eastern IO, then gradually become stronger, and 337 

finally decrease, with the strongest in January. While in 16A17S (Figures 7d-f), the 338 
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positive salinity anomalies are relatively small first, then gradually become larger 339 

with the strongest in March. Comparing two events during 10A11S and 16A17S, the 340 

salinity anomalies in former have a more obvious tendency to move westward and 341 

southward. The latter tends to extend eastward in the later period. Obviously the 342 

intensity of the former event is greater than that of the latter from September to 343 

February, but the latter is slightly stronger in March-May.  344 

Based on previous studies, the salinity anomaly variations are mainly related to 345 

two factors: surface buoyancy fluxes and ocean dynamics. Among them, the ocean 346 

dynamic processes are mainly caused by the climate modes, such as IOD and ENSO. 347 

Figure 8 gives the time series of the ONI and DMI indexes and the correlation 348 

coefficients between ONI/DMI and salinity anomalies during 2007-2018. We can find 349 

that salinity anomalies in the research area are negatively correlated with ENSO and 350 

IOD, and the correlation coefficients reach the maximum when the salinity anomalies 351 

lag ENSO by 3 months and IOD by 4 months, which are -0.4178 and -0.4610, 352 

respectively. Furthermore, the development processes of climate events in 2010-2011 353 

and 2016-2017 are different. 2010 is a strong La Niña year, which reaches maturity at 354 

the end of 2010 and begins to decline in 2011. In contrast, 2016 is a weaker La Niña 355 

year, basically close to normal. For IOD events, both 2010 and 2016 are strong nIOD 356 

years, but the nIOD in 2016 lasts longer. And in the first half of 2017, it shows a 357 

weaker pIOD. But weak pIOD only appears in the second half of 2011. To sum up, the 358 

La Niña in 2016 is much weaker than in 2010, but IOD events in 2016-2017 is little 359 

stronger than that in 2010-2011. According to the negative correlation coefficients 360 

between ENSO/IOD and salinity anomalies, there may be positive salinity anomalies 361 

caused by co-occurrence of IOD and La Niña during 10A11S and 16A17S. Later, we 362 

will focus on analyzing how climate models affect the salinity anomaly variations. 363 

From the discussions above, two obvious positive salinity anomalies can be 364 

found during 10A11S and 16A17S. The development processes and intensities of the 365 

two anomalies are different and they may all be influenced by surface buoyancy 366 

fluxes and ocean dynamic processes. Next, we separately analyze the impact and 367 

contributions of these two factors on the salinity anomalies in the tropical central IO 368 
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during 10A11S and 16A17S. 369 

3.2.Salinity anomaly variations caused by surface buoyancy fluxes 370 

From the analyses above, there are significantly high salinity anomalies during 371 

10A11S and 16A17S. We first analyze the positive salinity anomaly variations caused 372 

by the surface buoyancy fluxes in the main high salinity anomalies area during 373 

10A11S and 16A17S. 374 

Figure 9 shows the spatial distributions of cumulative precipitation anomaly and 375 

surface FWF in three months during 10A11S and 16A17S. There are two obviously 376 

and anomalously high precipitation centers in 2010 autumn (contours in Figure 9a) 377 

and 2017 spring (contours in Figure 9f), indicating that the precipitation is large for 378 

these two periods and small for other times. Moreover, the locations of large 379 

precipitation are mainly east of 82°E. So, there is more precipitation in 2010 autumn 380 

than 2016 autumn and in 2017 spring than 2011 spring. Furthermore, the abnormal 381 

values of evaporation during 10A11S and 16A17S are small and the difference in 382 

evaporation between the two periods is also very small (figure not shown). The net 383 

surface FWF (shading in Figure 9) obtained by subtracting precipitation from 384 

evaporation is roughly the opposite of precipitation anomaly distributions. In other 385 

words, the net surface FWF in 2010 autumn is smaller than 2016 and in 2017 spring is 386 

smaller than 2011, which these two periods have more significantly negative values. 387 

According to the previous analyses, the area is also a corresponding high salinity 388 

anomalies area, the salinity anomalies during 10A11S (see Figures 7a-c) first increase, 389 

then decrease gradually and the strongest is in January. The salinity anomalies during 390 

16A17S (see Figures 7d-f) first increase, then decrease and finally increase, with the 391 

strongest in March. The salinity anomalies in 2010 autumn are higher than 2016 392 

autumn and in 2017 spring are higher than that 2011 spring. But the FWF in 2010 393 

autumn is also stronger than that in 2016 autumn and in 2017 spring is stronger than 394 

that 2011 spring. The FWF variations in these two periods are not corresponding to 395 

the salinity anomalies during the same period. Therefore, FWF does not make a 396 

significant contribution to salinity variations. The above analyses show that the high 397 
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salinity anomalies cannot be explained by FWF, so the extremely high salinity 398 

anomalies are not only determined by the surface buoyancy fluxes and they have a 399 

small effect, but also by other ocean dynamic processes. 400 

According to the positive salinity anomalies corresponding to the negative 401 

temperature anomalies, it is further inferred that during 10A11S, there is no obvious 402 

upwelling at the beginning in the tropical central IO area, so it is beneficial to 403 

maintain higher temperature in the upper layer, promoting the occurrence of 404 

convection, and further lead to increase in precipitation (Figure 9a). In the later stage, 405 

the situation is reversed. Similarly, the situations during 16A17S show that the 406 

precipitation is small first, and later precipitation becomes large due to the convection 407 

processes caused by SSTA (Figure 9f). Normally, because the precipitation in 2010 408 

autumn and 2017 spring is larger than that the corresponding period in 2011 and 2016, 409 

it should cause the positive salinity anomalies in the former periods to be smaller than 410 

that in the latter periods, but in fact it’s the opposite. Therefore, the above results 411 

indicate that the main reason of the positive salinity anomalies is not surface 412 

buoyancy fluxes. Another factor should be responsible for the salinity anomalies in 413 

the tropical central IO. Ocean dynamic processes may contribute more to the 414 

extremely high salinity anomalies. Next, our studies focus on the impacts of ocean 415 

dynamics on extremely high salinity anomalies in the tropical central IO for these two 416 

periods. 417 

3.3.Salinity anomaly variations caused by ocean dynamics 418 

We have analyzed surface buoyancy fluxes and initially conclude that it is not the 419 

main cause of the extremely high salinity anomalies. As mentioned above, the ocean 420 

dynamic processes that cause salinity variations may be related to large-scale dynamic 421 

processes such as IOD and ENSO (see Figure 8). Then, let’s analyze how the climate 422 

modes modulate the ocean dynamic processes, which in turn affect the salinity 423 

anomalies. 424 

Figure 10 and 11 show the evolution of monthly mean salinity anomalies and the 425 

related processes during 10A11S and 16A17S, respectively. During 426 
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September-November (Figures 10a-c and 11a-c), the zonal wind anomalies in the EIO 427 

is positive, indicating that there are abnormal westerlies at this time. And the 428 

anomalies in 2010 are stronger than that in 2016. According to the previous analysis, 429 

2010 and 2016 are nIOD and La Niña years. La Niña in the tropical Pacific leads to an 430 

increase in the Walker circulation and the effect of atmospheric bridges also increases 431 

the Walker circulation in the TIO. Therefore, for the strong La Niña year in 2010, the 432 

counterclockwise circulation in the TIO has strengthened, and there are stronger 433 

westerly anomalies. During the same period of 2016, it is mainly the process of 434 

changing from the southwesterlies to the westerlies, which result in stronger eastward 435 

currents in 2010 than in 2016 and further lead to the intrusion of high salinity water 436 

from the west to the east in the TIO. Thus, under the influence of strong westerlies 437 

and eastward currents, the salinity anomalies in September-November 2010 are higher 438 

than the corresponding months in 2016. It can be seen from the contours in Figures 439 

10b-c that the high salinity anomalies in 2010 can reach the coast of Sumatra Island in 440 

the eastern IO and above 0.4 psu. This is related to the facts mentioned earlier (see 441 

Figure 8), the La Niña in 2010 is much stronger than in 2016 and the intensities of 442 

nIOD are similar in two years. Hence through the co-occurrence of stronger La Niña 443 

and nIOD in 2010, Walker circulation becomes stronger and leads to stronger 444 

westerlies, which in turn result in stronger eastward currents, then these currents 445 

further cause extremely high salinity anomalies in the central-eastern TIO. However, 446 

through the co-occurrence of much weaker La Niña and nIOD in 2016, weak Walker 447 

circulation causes weak eastward currents and positively low salinity anomalies in the 448 

central-eastern TIO. According to previous studies, during nIOD and La Niña years, 449 

the anomalous westerlies diverge to the south off the south Java-Lesser Sunda coast. 450 

The positive wind stress curls trigger anomalous cyclonic circulation in the 451 

southeastern IO and forced upwelling Rossby waves to slowly propagate westward. 452 

Evidently, it is more significant in 2010 than in 2016. 453 

During December-February of the following year, the central-eastern EIO zonal 454 

wind anomalies weaken (Figures 10d-f and 11d-f). So as the westerly anomalies 455 

weaken and it is mainly the process of changing from the westerlies to the 456 
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northwesterlies, the eastward currents near the equator also weaken and even the 457 

eastward currents turn into westward currents. They are more obvious in 2011. As a 458 

result, affected by the extremely high salinity anomalies in the eastern IO caused by 459 

the eastward currents under the combined action of strong La Niña and nIOD in the 460 

early stage, the high salinity water is transported westward, which leads to the high 461 

salinity anomalies in the tropical central IO. From the high salinity anomalies center 462 

(contours in Figures 10d-f) we can see the trends of high salinity anomalies gradually 463 

moving westward. In 2017, affected by the weak positive salinity anomalies in the 464 

eastern IO caused by the weaker eastward currents under the combined action of weak 465 

La Niña and nIOD in the early stage and now weaker westward currents, the high 466 

salinity anomalies do not move significantly westward. These phenomena are mainly 467 

caused by the weakening of La Niña and nIOD events of different intensities. At the 468 

same time, the eastward Kelvin waves generated by the westerlies in October reach 469 

the east coast and reflect to form westward propagating upwelling Rossby waves. Due 470 

to the influence of upwelling Rossby waves, the lower layer of higher salinity water is 471 

transported upwards, which has a positive contribution to the salinity anomalies. 472 

Because the La Niña was stronger in 2010 than in 2016, the high salinity in former 473 

caused by vertical entrainment at this time is also stronger than the latter. Thus, the 474 

salinity anomalies begin to gradually decrease due to the decline of climate events and 475 

the salinity anomalies in these three months of 2011 are higher than that of 2017.  476 

During March-May, La Niña in 2011 is still in a recession. The easterly 477 

anomalies are mainly on the equator in 2011, especially from April to May, while in 478 

2017 there are obvious westerly anomalies. So, in 2011(Figures 10g-i) there are still 479 

westward currents and the upwelling Rossby waves caused by the previous period 480 

continue to move westward, which cause the positive salinity anomalies to gradually 481 

move westward and southward. And the positive salinity anomalies decrease in the 482 

tropical central IO. In 2017 (Figures 11g-i), due to the weak La Niña in 2016, ENSO 483 

has gradually become normal during this period. The easterlies become westerlies and 484 

they are clearly stronger in April. The westward currents turn into eastward currents, 485 

which result in positive salinity anomalies in the tropical central IO. Therefore, at this 486 
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time the positive salinity anomalies in 2017 are stronger than in 2011. 487 

IOD may modulate the equatorial winds and then affects the related wave 488 

processing. It also shows direct influence on the high salinity events. According to 489 

previous researches (Izumo et al., 2008; Yokoi et al., 2008), Seychelles Dome (SD; 490 

60°E-80°E, 10°S-5°S) is a remarkable oceanic thermal dome along monsoon and 491 

southeasterlies. Due to its unique location, which is under the joint control of 492 

monsoon and southeasterlies, SD has a semi-annual cycle associated with upwelling 493 

in the boreal spring. Above the SD, SSTAs are sensitive to variability in the upwelling 494 

and these are especially so in their seasonal and interannual variation (Tozuka et al., 495 

2010). Yokoi et al. (2012) used an ocean general circulation model (OGCM) to 496 

analyze seasonal and interannual variations of the SST above the SD. Their results 497 

indicated the SSTA in the SD was closely related to IOD. The pIOD (nIOD) might 498 

induce the weakened (strengthened) SD. Since 2010 and 2016 are nIOD years, there 499 

will be strong SD in 2011 spring and 2017 spring, so there is strong upwelling in the 500 

60°E-80°E, 10°S-5°S that causes cold and salty water in the lower layer to be 501 

transported upward. In 2011 spring, high salinity water caused by upwelling will 502 

move towards the western IO under the influence of the westward currents. While in 503 

2017 spring, the strong eastward currents cause the high salinity water to move 504 

eastward, which have contributions to the positively high salinity anomalies in the 505 

tropical central IO. 506 

Between the two extremely high salinity anomaly events analyzed (i.e. 507 

2012-2016; see Figure 2), there are significantly negative salinity anomalies, which 508 

are in a freshening stage, especially from 2011 autumn to 2013 spring (hereafter 509 

11A13S) and from 2015 autumn to 2016 summer (hereafter 15A16S) are the most 510 

obvious. According to Figure 8, 2011 is a weak pIOD year with weak La Niña and 511 

2012 is a strong pIOD year without El Niño or La Niña, while 2015 is a strong pIOD 512 

year with strong El Niño. By comparison, the previous significantly negatively low 513 

salinity event occurs in pIOD year without strong El Niño and the latter occurs in a 514 

strong El Niño and pIOD year. Through analyzing the salinity anomalies and related 515 

processes during 15A16S in Figure 12, it is just the opposite of 2010-2011 analyzed 516 
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previously (see Figure 10). On the one hand, under the influence of strong pIOD at the 517 

end of 2015, the westward currents caused by the abnormal easterlies result in 518 

significantly negative salinity anomalies in the central-eastern IO (contours in Figure 519 

12). Moreover, when El Niño occurs, the Walker circulation weakens, leading to a 520 

weakening of the clockwise circulation formed under the influence of pIOD. It further 521 

causes abnormal salinity weakening, but its impact is relatively small compared to 522 

pIOD. On the other hand, the negative wind stress curls in the southeastern IO trigger 523 

anticyclonic circulation, which lead to the downwelling Rossby waves to propagate 524 

westward. Similarly, the same phenomenon occurs during 11A13S (figure not shown). 525 

The IOD intensities for 11A13S and 15A16S are similar, but no El Niño occurred 526 

during 11A13S, so the salinity anomalies caused by the above are stronger than 527 

15A16S. Therefore, the salinity of the central-eastern TIO also shows significantly 528 

negative anomalies in some years, indicating a major influence of climate events on 529 

salinity anomalies, highly consistent with the positive salinity anomalies in 2010-2011 530 

and 2016-2017 by the analyses above. 531 

Besides, weak positive salinity anomalies are found in the autumn of 2013 (see 532 

Figure 2), which do not fully develop and disappear soon. Looking at Figure 8, we 533 

find that 2013 is a weaker nIOD year than the intensities of nIOD in 2010 and 2016, 534 

and there is no El Niño or La Niña. Under such ocean dynamic condition, the 535 

abnormal westerlies caused by nIOD are very weak, leading to weak eastward 536 

currents, so the positive salinity anomalies are very small and quickly decline. 537 

Generally speaking, the periods from 2012 to 2016 are mainly the stage of salinity 538 

freshening. In 2010, nIOD causes positive salinity anomalies in the tropical central IO 539 

during 10A11S, pIOD in 2011 and 2012 causes negative salinity anomalies in the 540 

tropical central IO during 11A13S. pIOD in 2015 leads to negative salinity anomalies 541 

during 15A16S and nIOD in 2016 leads to positive salinity anomalies during 16A17S 542 

in the tropical central IO. 543 

In addition, La Niña event as strong as 2010 that occurs during 2007 without an 544 

nIOD event does not produce any significantly positive salinity anomaly in 2007-2008 545 

(see Figure 8). Further based on the above results, we also analyze the relationships 546 



20 

 

between the salinity anomalies in the tropical central IO from 1979 to 2018 based on 547 

ECMWF ORAS5 data and IOD/ENSO. Comparing 1998, 2010 and 2016: 1998 and 548 

2010 have similar La Niña intensities, but in 2010 the nIOD is stronger, and the 549 

resulting salinity is abnormally stronger; While the La Niña intensity in 2016 is 550 

significantly weaker than 1998, but the nIOD intensity is stronger, resulting in 551 

abnormally stronger salinity in 2016-2017. Comparing 1997, 2015 with 1994, 2006: 552 

strong El Niño occurred in the first two years and weak El Niño occurred in the 553 

second two years, but the negative salinity anomalies in former are weaker than the 554 

latter; And comparing 1982 with 2015: both two years have similar pIOD intensities. 555 

Among them, a strong El Niño occurs in 1982 and a much stronger El Niño occurs in 556 

2015. The salinity anomalies are the opposite of the El Niño strength. In 1982 it 557 

causes strong negative salinity anomalies and in 2015 it leads to weak negative 558 

salinity anomalies. 559 

The above multiple analyses indicate that the interannual variability of oceanic 560 

and atmospheric conditions associated with IOD may be playing a crucial role on the 561 

modulation of salinity variability in the tropical central IO. ENSO has a certain 562 

influence on its anomalous salinity intensity. When IOD events of similar intensity 563 

occur, ENSO events of different intensities will cause an abnormal salinity difference. 564 

Our results show some resemblance with the finding of Zhang et al., (2013), such as, 565 

the interannual variability of salinity in the TIO was primarily controlled by IOD 566 

events rather than ENSO events and the opinions of previous studies (Burns and 567 

Subrahmanyam, 2016) that IOD events seemed to be the dominant influence on 568 

salinity during peak IOD months of co-occurring event years. 569 

As a result, with the influence of different intensities of La Niña and nIOD 570 

events, the salinity variations and the related processes show different characteristic 571 

during 10A11S and 16A17S. Given the typical displacement of the salinity front in 572 

the tropical central IO when climate events occur and the typical magnitude of the 573 

current anomaly there (about 0.2 m s
-1

), the 3-4-months delay between salinity 574 

variability and DMI/ONI evolution can be simply observed as the advective timescale 575 

of the salinity front through the central IO. Because the nIOD events in 2010 and 576 
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2016 are both strong, significantly positive salinity anomalies first appear in 2010 577 

autumn and 2016 autumn and last until the following spring. Due to stronger La Niña 578 

event in 2010 than 2016, the high salinity anomalies reach the maximum before La 579 

Niña recession, so they reach the maximum in January. While in 2017, La Niña 580 

recession quickly returns to normal, so the salinity anomalies first decrease and then 581 

increase again due to the influence of wind fields, ocean currents, etc. Thus, the 582 

anomaly maximum value is in March.  583 

3.4.Salinity budget analyses of two extremely high salinity events 584 

From the previous analyses, under the influence of different intensities of nIOD 585 

and La Niña events, the salinity anomalies and the related processes during 10A11S 586 

and 16A17S are quite different in the tropical central IO. Extremely high salinity 587 

anomalies may be related to surface buoyancy fluxes and ocean dynamic processes. 588 

To further understand the mechanisms associated with the salinity anomaly variations, 589 

we carry out the salinity budget analyses to discuss the main processes contributing to 590 

the salinity variability. The salinity budget using datasets with uncertainties from 591 

different sources has a large residual term. Therefore, we only provide qualitative 592 

analysis to understand the relative contributions of the horizontal advection, vertical 593 

entrainment and FWF during 10A11S and 16A17S. 594 

From the previous analyses, we can conclude that there are obviously high 595 

salinity anomalies in the tropical central IO during 10A11S and 16A17S. Figure 13 596 

shows the salinity variation tendency and main processes during 10A11S and 16A17S. 597 

The value of each term in the salinity budget equation is different in different periods. 598 

Some months of these items are larger in former event and other months are larger in 599 

latter event. During 10A11S (Figures 13a-c), Salinity increases first, then gradually 600 

decreases from December, and finally increases again. At the same time, horizontal 601 

advection plus vertical entrainment, which represent ocean dynamic processes (S-adv 602 

term in Figure 13a) are positive first, then negative and finally positive. It can be 603 

found that S-adv term is the largest term even if the residual item is sometimes large, 604 

so it is the main factor for the salinity variations for the periods. There is a larger 605 
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positive advection term in September-October 2010 and the advection effects result in 606 

the salinity to increase faster. In early 2011, the advection term becomes negative, 607 

indicating that it has an inhibitory effect on the increase in salinity, so the salinity 608 

shows a trend of gradual decrease. Later, due to smaller positive advection, the 609 

salinity increased again. Among them, these variations are mainly caused by zonal 610 

advection, especially the abnormal changes of the zonal currents. During 16A17S 611 

(Figures 13d-e), the salinity changes are very small in the early stage and become 612 

large in the later period. The S-adv term changes are the same. Thus, the advection 613 

plays a major role in the salinity variations and there are larger values in March-May. 614 

In general, advection promotes the increase of salinity, especially the zonal advection. 615 

The FWF is all negative, indicating that it has a negative effect on the salinity 616 

variations. The influence in 2010 autumn and 2017 spring is more significant but 617 

other periods have a little effect on salinity. In the early stage of the event, the S-adv 618 

item in 2010 was greater than 2016. But the S-adv term in 2017 spring is much 619 

stronger than that in 2011 spring. In early 2011, the S-adv term is strong negative, and 620 

then weak positive. While in early 2017, the S-adv term changes from small to large. 621 

Thus, the high salinity anomalies are caused by the mutual effects of the advection 622 

term and the FWF term, but the contribution of the advection term is greater.   623 

In addition, the contributions of the vertical entrainment item are also more 624 

obvious and it’s larger in 2011 than 2017 (S-advz term in Figure 13b and 13e). Sun et 625 

al. (2019) suggested that Rossby waves would propagate westward to the southeastern 626 

TIO during IOD events. The downwelling Rossby waves are associated with the 627 

negative wind stress curls anomalies in the southeastern TIO during pIOD (Xie et al., 628 

2002, 2009; Yu and Rienecker, 1999; Yu et al., 2005; Zhang et al., 2018), whereas the 629 

upwelling Rossby waves take place during nIOD. During the nIOD events, the 630 

positive wind stress curls anomalies force cyclonic current anomalies. As 2010 and 631 

2016 are nIOD years and La Niña in 2010 is stronger than 2016, there are stronger 632 

upwelling Rossby waves in 2011 than 2017, which make the thermocline shallow. 633 

When the thermocline shoals, strengthened Ekman upwelling more easily brings the 634 

high salinity and cold water into the upper layer, resulting in a decrease of local 635 
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precipitation. The processes are beneficial for the enhancement of the positive salinity 636 

anomalies, so vertical entrainment caused by an anomalous cyclonic gyre maintains 637 

high salinity anomalies during the decay phases of the nIOD and La Niña events. 638 

Therefore, Ocean horizontal advection is the main factor of high salinity 639 

anomaly variations during 10A11S and 16A17S. The entrainment effects in 2011 are 640 

more significant than that in 2017 and the FWF has a negative and small effect on 641 

positive salinity anomalies for two events. The mutual effects of horizontal advection, 642 

FWF and vertical entrainment together lead to extremely high salinity anomalies in 643 

the tropical central IO for two periods. 644 

4. Summary and Discussion 645 

Based on 2007-2018 Argo products and various satellite and reanalysis data, 646 

there are significantly high salinity anomalies in the tropical central IO during 647 

10A11S and 16A17S. The study provides a detailed description of spatial 648 

characteristics of high salinity anomalies and the underlying formation mechanisms. 649 

Salinity budget equation is performed to examine the role of surface buoyancy fluxes 650 

and ocean dynamic processes. 651 

Surface buoyancy fluxes and ocean dynamic processes are factors affecting the 652 

high salinity anomalies for these two periods. The results show that the salinity 653 

anomalies in 2010 autumn and 2017 spring are stronger than 2016 autumn and 2011 654 

spring. But at the same time, the precipitation in the first two periods is also larger 655 

than that in the latter two periods. The FWF changes and salinity anomaly variations 656 

are inconsistent, so the impact of FWF has a small and negative contribution to the 657 

high salinity anomalies for two periods. The analyses indicate that the high salinity 658 

anomalies cannot be explained directly by the changes in regional air-sea freshwater 659 

exchanges.  660 

The co-occurrence of nIOD and La Niña in 2010 and 2016 is the main reason for 661 

the occurrence of high salinity anomalies. The strong eastward currents caused by 662 

nIOD and La Niña during September-December in 2010 and 2016 make high salinity 663 

water transport eastward, triggering positively high salinity anomalies in the eastern 664 
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TIO. Additionally, during January-May in 2011 and 2017, which are the decay phases 665 

of nIOD and La Niña, the westward currents transport the high salinity water of the 666 

eastern IO westward, resulting in high salinity anomalies in the central IO. As La Niña 667 

event is much stronger in 2010 than in 2016, the high salinity anomalies at the end of 668 

2010 appear earlier and are stronger than 2016. Meanwhile, the decline of the former 669 

lasts longer, so the salinity anomalies are gradually weakened in early 2011 while the 670 

salinity anomalies decrease and then increase in early 2017. Therefore, the two-period 671 

maximum salinity anomalies occur at different months, which are in January 2011 and 672 

in March 2017, respectively. And the salinity anomalies from March to May in 2017 673 

are more significant than that in 2011. On the other hand, when the nIOD and La Niña 674 

events happen, the upwelling Rossby waves caused by cyclonic wind stress curls lead 675 

to more cold and salty water entrained into the upper layer, causing the salinity to 676 

increase. Due to the La Niña intensity in 2010 is stronger than in 2016, so the 677 

entrainment effects in 2011 are stronger than that in 2017. These foregoing results can 678 

be summarized by the sketch shown in Figure 14. 679 

The results of the analyses in the study also verify the view that the interannual 680 

variations of salinity in the TIO are mainly affected by IOD events. When a nIOD 681 

event occurs, positive salinity anomalies caused by westerlies will occur at the end of 682 

the year and the beginning of the next year. Depending on the intensities of the 683 

occurrence of La Niña, positive salinity anomalies of different intensities will occur; 684 

When a pIOD event occurs, the situation is the opposite and negative salinity 685 

anomalies of different intensities will occur according to the intensities of the 686 

occurrence of El Niño. Therefore, nIOD in 2010 and pIOD in 2011 result in positive 687 

salinity anomalies during 10A11S and negative salinity anomalies from 2011 autumn 688 

to 2012 spring, respectively. pIOD in 2015 and nIOD in 2016 result in negative 689 

salinity anomalies during 15A16S and positive salinity anomalies during 16A17S, 690 

respectively. Between the two periods of positive salinity anomalies (i.e. 2012-2016), 691 

no strong pIOD events occur, so the salinity has been in negative anomalies or very 692 

weak positive anomalies, that is, 2012-2016 is a period of freshening. However, why 693 

there are no strong nIOD events during the periods? It may be related to the factors 694 



25 

 

such as the climate mode indexes or interdecadal oscillation. This is beyond the scope 695 

of the study and left for further research. 696 

In addition, through the quantitative analyses of the salinity budget equation, the 697 

advection term is positive and maximum at the end of 2010, then becomes negative 698 

and gradually weakens. During 16A17S, the advection term is relatively small, and 699 

strong positive advection doesn’t appear until the spring of 2017. The FWF has a 700 

small and negative influence on salinity anomalies. Thus, we further conclude that 701 

ocean advection is the main factor of positive salinity anomalies in the tropical central 702 

IO. The positive salinity anomalies at the end of 2010 and 2016 are mainly due to the 703 

positive zonal advection anomalies. The decrease in salinity anomalies in early 2011 704 

is mainly caused by negative zonal current anomalies and the salinity anomalies in 705 

early 2017 first decrease and then increase. They are similar to the results of the 706 

previous ocean dynamic analyses. The upwelling generated by vertical entrainment 707 

under the influence of nIOD and La Niña also has a certain impact on salinity and the 708 

item has a greater impact in 2011 than in 2017. As a result, the mutual effects of 709 

horizontal advection, FWF and vertical entrainment together lead to extremely high 710 

salinity anomalies in the tropical central IO during 10A11S and 16A17S.  711 

According to the salinity budget equation, in addition to the horizontal advection 712 

term, the FWF term and the vertical entrainment term, there is one residual term ε. For 713 

the residual term of the salinity budget, the main reason affecting the residual term is 714 

that the data are from different sources. There is no dynamical balance among 715 

different sources to keep a closed salinity budget. Various centers reconstruct the 716 

observations from different sources using different methods, thus cause various errors. 717 

The item generally includes some nonlinear terms such as horizontal and vertical 718 

mixing disturbance, turbulent diffusion, and the accumulation of errors from the other 719 

terms and so on, but these items are relatively complex. Here we only give the 720 

qualitative analyses to understand the salinity anomalies. We need to obtain 721 

higher-resolution data and improve the methods of computing all terms that contribute 722 

to the salinity anomalies. 723 

In short, due to the similar intensities of nIOD events in 2010 and 2016, 724 
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obviously positive salinity anomalies appear in the tropical central IO during 10A11S 725 

and 16A17S. However, due to the significant difference in the intensities of the La 726 

Niña events, the intensities of positive salinity anomalies for two periods are 727 

significantly different. The co-occurrence of nIOD and strong La Niña in 2010 lead to 728 

stronger positive zonal advection anomaly firstly and next negative zonal advection 729 

anomaly, thus the negative contributions of zonal advection mainly lead to an 730 

abnormal decrease in salinity during recession phases. The co-occurrence of nIOD 731 

and weak La Niña in 2016 causes positive zonal advection anomaly firstly and next 732 

negative zonal advection anomaly, and then positive zonal advection anomaly which 733 

mainly result in extremely higher salinity anomalies in 2017 spring. The salinity 734 

anomalies at the end of 2010 are stronger than that of 2016, and in 2017 spring are 735 

stronger than that in 2011. Our results highlight the important role of the oceanic 736 

dynamics in the salinity variability in the TIO. Given the known implications of 737 

salinity anomalies on the upper-ocean stratification in the central-eastern TIO and 738 

their potential impacts on air-sea interactions and climate variability there, the study 739 

provides some new perspectives on the interannual variability of salinity in the TIO. 740 
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Figure 1. Annual climatological mean spatial distribution of the upper (a) salinity 

(unit: psu) and (d) temperature (unit: °C) in the tropical and subtropical IO based on 

the Argo data from 2007-2018; The spatial distributions of salinity anomaly (unit: psu) 

in the above areas during (b) 10A11S and (c) 16A17S. (e) and (f) are the same as (b) 

and (c), but for temperature anomaly (unit: °C). Only the anomalies exceeding the 95% 

confidence level based on a Student’s t-test are shown. The black closed boxes in (b) 

and (c) denote the main area with positive salinity anomalies and in (e) and (f) 

indicate the position corresponding to the positive salinity anomalies. 
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Figure 2. Hovmöller diagrams of salinity anomaly (shading, unit: psu) and 

temperature anomaly (contours, unit: °C) along (a) zonal section, averaged 

meridionally in 10°S-0° and (b) meridional section, averaged zonally in 70°E-90°E 

based on the Argo data during 2007-2018. The red boxes represent the extremely high 

salinity anomalies during 10A11S and 16A17S.  
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Figure 3. Comparisons between the time series of the CTD (blue), ARGO (red), 

ECMWF ORAS5 (yellow) salinity anomaly (unit: psu) area-averaged at 80°E (left) 

and equator (right) sections from 2014 to 2019. The correlation coefficients and 

RMSEs between the time series are estimated for the periods both the data are 

available. 
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Figure 4. Comparisons between the time series of the ARGO (blue), SMAP (red), 

ECMWF ORAS5 (yellow) and SODA (purple) salinity anomaly (unit: psu) 

area-averaged from 2007 to 2018. The correlation coefficients and RMSEs between 

the time series are estimated for the periods both the data are available. 
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Figure 5. The spatial distributions of salinity RMSEs (a) between Argo and ECMWF 

ORAS5 data, (b) between Argo and SMOS data, (c) between Argo and SMAP data.  
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Figure 6. Time-depth distributions of area-averaged (a) salinity (shading) and 

temperature (contours) and (b) salinity anomaly (shading, unit: psu) and temperature 

anomaly (contours, unit: °C) from 2007 to 2018 based on the Argo data. 
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Figure 7. Spatial distributions of three-month moving mean high salinity anomaly 

(shading, unit: psu) and SSTA (contours, unit: °C) during (a-c) 10A11S and (d-f) 

16A17S based on the Argo data in the main high salinity anomaly area. Only the 

anomalies exceeding the 95% confidence level based on a Student’s t-test are shown.  
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Figure 8. Time series of the ONI (blue curve) and DMI (red curve) indexes (unit: °C) 

in 2007-2018. The blue and red dashed lines denote the threshold of ± 0.5 times the 

standard deviation for ONI and DMI, respectively. The yellow curve denotes the time 

series of salinity anomaly (unit: psu) area-averaged in 70°E-90°E, 10°S-0°. 
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Figure 9. Spatial distributions of cumulative precipitation anomaly (contours, unit: 

mm per day) and surface FWF (i.e. evaporation minus precipitation; shading, unit: 

mm per day) in three months during (a-c) 10A11S and (d-f) 16A17S.  
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Figure 10. Spatial distributions of monthly mean Argo salinity anomaly (red contours, 

unit: psu), ocean current (vectors, unit: m s
-1

) and zonal wind anomaly (shading, unit: 

m s
-1

) during 10A11S. Positive zonal wind anomalies indicate westerlies. 
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Figure 11. Same as Figure 10, but during 16A17S.  
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Figure 12. Same as Figure 10, but during 15A16S. 
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Figure 13. Time series of the averaged anomaly of different budget components (Unit: 

psu per month) during (a-c) 10A11S and (d-f) 16A17S based on ECMWF ORAS5 

salinity data in the main high salinity area. S/t, S-adv, FWF in (a) and (d) represent the 

salinity anomaly tendency, horizontal advection plus vertical entrainment terms and 

surface FWF term, respectively. The residual term ε includes the horizontal and 

vertical mixing, and the accumulation of errors from the other terms. S-advx, S-advy 

and S-advz in (b) and (e) represent zonal horizontal advection, meridional horizontal 

advection and vertical entrainment terms, respectively. Us’, u’S, u’s’, Vs’, v’S and v’s’ 

in (c) and (f) represent − �̅� 𝜕[𝑆]’𝜕𝑥 , − 𝑢′ 𝜕[𝑆]̅̅ ̅̅𝜕𝑥 , − 𝑢′ 𝜕[𝑆]’𝜕𝑥 , − �̅� 𝜕[𝑆]‘𝜕𝑦 , − 𝑣′ 𝜕[𝑆]̅̅ ̅̅𝜕𝑦  and − 𝑣′ 𝜕[𝑆]’𝜕𝑦 , respectively. 
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Figure 14. Schematic diagrams of the key processes influencing the extremely high 

salinity anomalies during (a) 10A11S and (b) 16A17S. The red (blue) arrows indicate 

the wind (current) fields. The purple arrows indicate atmospheric circulation and red 

‘P’ means the precipitation. 
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