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The interannual-decadal variability in the upper-ocean salinity of the southeast Indian Ocean (SEIO) was found to be highly correlated with the El Niño-Southern Oscillation (ENSO). Based on multisource data, this study revealed that this ENSO-like salinity variability mainly resides in the domain between 13°S-30°S and 100°E-120°E, and at depths above 150 m. This variability is principally driven by meridional geostrophic velocity (MGV), which changes with the zonal pattern of the sea surface height (SSH). Previous studies have reported that the variability in the SSH in the south Indian Ocean is principally driven by local-wind forcing and eastern-boundary forcing. Here the eastern-boundary forcing denotes the influence of SSH anomaly radiated from the western coast of Australia. A recent study emphasized the contribution of local-wind forcing in salinity variability in the SEIO, for its significant role in generation of the zonal dipole pattern of SSH anomaly in the south Indian Ocean, which was considered to be responsible for the anomalous MGV in the SEIO. While our results revealed a latitudinal difference between the domain where the SSH dipole pattern exists (north of 20°S) and the region in which the ENSO-like salinity variability is strongest (20°S-30°S), suggesting that this salinity variability cannot be attributed entirely to the SSH dipole pattern. Our further investigation shows that, the MGV in the SEIO changes with local zonal SSH gradient that principally driven by eastern-boundary forcing. In combination with the strong meridional salinity gradient, the boundary-driven MGV anomalies cause significant meridional salinity advection and eventually give rise to the observed ENSO-like salinity variability. This study revealed the leading role of eastern-boundary forcing in interannual variability of the upper-ocean salinity in the SEIO.
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1 Introduction

Salinity plays an important role in ocean dynamics processes in the southeast Indian Ocean (SEIO). For example, the existence of the Eastern Gyral current (EGC) can be largely attributed to the strong meridional salinity gradient in the SEIO (Figure 1; Menezes et al., 2013). The halosteric contribution to sea level change in the SEIO is found to be more significant than the thermosteric contribution (Llovel and Lee, 2015). The significant freshening of upper-layer water in the SEIO during 2010-2011 led to a remarkable increase in Leeuwin Current (LC) transport and resulted in the subsequent strong marine heatwave near the western coast of Australia (Pearce and Feng, 2013; Feng et al., 2015), which is also known as a Ningaloo Niño named by Feng et al. (2013). Therefore, a better understanding of the variability of the upper-layer salinity in the SEIO is crucial for improving the ability to simulate and predict the regional oceanic and climate changes.




Figure 1 | Mean sea surface salinity (SSS; psu) from the MOAA GPV for 2005-2020. The solid black arrows denote surface currents: the Indonesian Throughflow (ITF); South Equatorial Current (SEC); East Gyral Current (EGC) and the Leeuwin Current (LC). The dashed red arrow represents the oceanic waveguide along which the Pacific ENSO signals propagate. The blue arrows demonstrate the walker circulation.



Previous studies have reported that, the interannual-decadal variability in the SEIO upper-ocean salinity is tightly related to the ENSO signal (Phillips et al., 2005; Zhang et al., 2016; Zhang et al., 2018; Hu et al., 2019; Nie et al., 2020; Wu et al., 2021). This ENSO-like variability was mainly attributed to the variability in horizontal advection, while surface freshwater flux was found to play a secondary role. Through salinity budget analyses, researchers have further noted that variability in horizontal advection is mainly determined by anomalous meridional velocity (Zhang et al., 2016; Zhang et al., 2018; Huang et al., 2020; Wu et al., 2021). This is largely due to the strong meridional salinity gradient that exists between 15°-28°S (Figure 1), which is formed by the northern freshwater conveyed by the Indonesian throughflow (ITF) and the South Equatorial Current (SEC), and the southern high-salinity water generated by strong evaporation in the subtropical South Indian (e.g. Rochford, 1962; Wijffels et al., 2002; Nie et al., 2022). Because of this salinity front, even small meridional velocity changes could result in significant meridional salinity flux and lead to remarkable changes in salinity.

Therefore, the physical mechanism for meridional velocity changes is key to understanding the ENSO-like variability in the SEIO upper-ocean salinity. A recent study by Wu et al. (2021) attributed the anomalous meridional transport to the zonal dipole pattern of sea surface height (SSH) anomalies in the south Indian Ocean, and emphasized the role of local-wind forcing for its dominant role in variations of the SSH in the western basin (the western pole of the dipole pattern). However, based on previous studies, this zonal SSH dipole pattern is used to represent basin-wide meridional geostrophic transport in the south Indian Ocean (Lee, 2004; Lee and McPhaden, 2008; Zhuang et al., 2013; Meng et al., 2020; Nagura, 2020), rather than regional meridional transport in the SEIO. In addition, the significant contribution from local-wind forcing to the SSH anomaly is confined to lower latitudes (between 10° and 18°S; Masumoto and Meyers, 1998; Zhuang et al., 2013; Nagura and McPhaden, 2021). It becomes relatively weak at midlatitudes (between 19° and 33°S), where the eastern-boundary forcing becomes dominant (Zhuang et al., 2013; Menezes and Vianna, 2019; Nagura and McPhaden, 2021). Based on our analyses (Figure 2), the region where salinity is most strongly affected by ENSO signal covers latitudes from 13° to 30°S, with the highest correlation coefficients in the southern part of this range (20°-30°S). Clearly, there is a latitudinal difference between the region where the local-wind forcing is significant and the SSH dipole pattern exists (north of 20°S) and the region where the ENSO-like salinity variability is strongest. This suggests that the anomalous meridional velocity and the associated salinity variability in the SEIO cannot be attributed entirely to the zonal SSH dipole pattern.




Figure 2 | The correlation coefficient between the Niño 3.4 index and salinity tendency (∂S/∂t) averaged at depths above 150 m (A, C, E). The correlation coefficient between the Niño 3.4 index and salinity tendency averaged at latitudes between 13°S and 30°S (B, D, F). The results are based on salinity data from the Argo (A, B; 2005-2020), ECCO V4r4 (C, D; 1992-2017) and ORAS5 (E, F; 1979-2018). Values exceeding the 95% confidence level are shown. The black box denotes the study area, referred to as the “SEIO ENSO zone”.



The eastern-boundary forcing is significantly modified by the remote forcing from the Pacific. This includes the effects of oceanic planetary waves generated by tropical Pacific winds, which enter the south Indian Ocean through the oceanic waveguide (Figure 1) crossing the Indonesian archipelago as coastal trapped Kelvin waves, and then propagate westwards as Rossby waves from the western coast of Australia (Clarke, 1991; Clarke and Liu, 1994; Meyers, 1996; Potemra, 2001; Wijffels and Meyers, 2004; Cai et al., 2005; Feng et al., 2010; Feng et al., 2011; Menezes and Vianna, 2019; Nagura, 2020). Recently, alongshore winds at the western coast of Australia were also found to play a sizeable role in setting up the eastern boundary conditions (Kersalé et al., 2022). As a consequence, the SSH variability driven by eastern-boundary forcing is tightly linked with ENSO events. Therefore, we speculate that the meridional velocity and the ENSO-related salinity variability in the SEIO is primarily driven by eastern-boundary forcing, while the influence from the western SSH anomaly driven by local winds in the interior ocean is limited.

To fully understand the underlying dynamics of the correlation between the upper-ocean SEIO salinity and ENSO signal, this study first clarified the domain where this correlation is most significant. Then, salinity budget analyses were conducted to verify the dominant role of the meridional geostrophic velocity (MGV) in salinity variability. Next, a one-dimensional (1D), 1.5-layer long Rossby wave model was used to evaluate the relative importance of local-wind forcing and eastern-boundary forcing in the variability of the SSH in the SEIO. The contributions of these factors to MGV and upper-layer salinity changes were computed and compared. Through these analyses, we clarified the dominance of eastern-boundary forcing in determining the ENSO-like salinity variability in the SEIO. The remainder of this paper is organized as follows: Section 2 provides a brief description of the datasets and methods used. Sections 3 and 4 describe the results. The main conclusions are summarized in Section 5.




2 Data and methods



2.1 Data

Salinity data from three dataset were adopted in this study. The Monthly Objective Analysis using Argo float data (MOAA GPV) is an Argo-based gridded products from the Japan Agency for Marine-Earth Science and Technology (Hosoda et al., 2008). It provides monthly salinity data from 2001 onwards with a horizontal resolution of   and vertical grid spacings ranging from 10 m near the sea surface to 250 m at 2000 m depth. The global ocean model product of Estimating the Circulation and Climate of the Ocean Version 4 release 4 (ECCO V4r4) is ECCO’s latest ocean state estimate (Forget et al., 2015; ECCO Consortium et al., 2021). It covers the period of 1992-2017 with a horizontal resolution that spatially varies from 22 km to 110 km, with the lowest resolution at mid latitudes and the highest resolution at high latitudes. The vertical grid intervals increase from 10 m near the surface to 457 m near the ocean bottom. The monthly data from ECCO V4r4 are also used for the salinity budget analyses in this study because they provide all the variables and enable the closure of the salinity budget equation. The ECMWF Ocean Reanalysis System 5 (ORAS5) is a global ocean ensemble reanalysis (Zuo et al., 2019) that assimilates the on-site temperature and salinity profiles from the quality-controlled EN4 dataset (Good et al., 2013). This reanalysis provides gridded monthly salinity data at 75 levels with a resolution of   and covers the period from 1979 to the present, with a backwards extension from 1958 onwards.

To analyze the variability of geostrophic velocities and run the linear, 1D, 1.5-layer long Rossby wave model (section 2.2), monthly multi-satellite merged SSH anomalies and the corresponding geostrophic velocities from the French Archiving, Validation, and Interpolation of Satellite Oceanographic Data (AVISO) project and surface winds from the ECMWF ERA5 reanalysis were also used in this study. The gridded global AVISO SSH data are available from January 1993 to present, with a horizontal resolution of  . ERA5 is the fifth generation ECMWF reanalysis product of the global climate and weather (Hersbach, 2020). It provides gridded monthly wind speed data at 37 pressure levels with a resolution of 0.25°×0.25° and covers the period from 1959 to the present.




2.2 Methods

The salinity budget in the SEIO is evaluated following the methods of Qu et al. (2011); Gao et al. (2014) and Zhang et al. (2018):









where S is salinity, t is time, and V and A are the volume and surface area of the studying region, respectively. E and P are evaporation and precipitation, respectively, and SEF represents surface external forcing due to E‐P. MIX is the tendency due to salinity diffusive fluxes, which consists of isopycnal and diapycnal components. In ECCO V4r4, the mixing coefficients for eddies are parameterized by the Gent and Mcwilliams (1990) scheme, those for isopycnal mixing are parameterized by Redi (1982) and those for diapycnal mixing by Gaspar et al. (1990). Res denotes the residual which is induced by interpolating the budget terms from the native grid of ECCO to the specific grid of our study area. The advection term (ADV) can be further decomposed as follows:



In Eq. (5), the overbars represent the climatological mean and primes represent the deviation from the mean value. The first and third parts on the right-hand side of the equation, representing the mean advection terms and higher-order nonlinear terms, are not discussed in this work due to their small contributions. The first two terms (-  ,  ) in the middle part represent the effect of the salinity anomaly that is advected by mean currents, and the last two terms ( ,  ) are advection terms linked with anomalous currents and the mean horizontal salinity gradient.

The SSH variability is examined using the linear, 1D, 1.5-layer long Rossby wave model (e.g. Qiu et al., 1997):



where   is the SSH, t is time, phase speed   is computed following the methods used by Nagura and McPhaden (2021), x is longitude,   and   are the acceleration due to gravity and reduced gravity, respectively,   is the horizontal gradient operator,   is the wind stress vector, f is the Coriolis parameter,   is the mean seawater density, and   denotes the damping coefficient.





3 Correlation between upper-ocean SEIO salinity and ENSO

The strong correlation between upper-ocean SEIO salinity and the ENSO index has been detected in both observations and reanalyzes (Phillips et al., 2005; Zhang et al., 2016; Zhang et al., 2018; Hu et al., 2019; Nie et al., 2020; Wu et al., 2021). In these studies, correlation estimation between upper-layer SEIO salinity and the ENSO index was commonly based on spatial mean salinity values. The spatial scales of the SEIO that were defined by different studies were remarkably different to achieve different research goals. For examples, Hu et al. (2019) analyzed the salinity anomaly in the domain of 100°-120°E and 12°-16°S within the upper 400 m depth, while Wu et al. (2021) defined the SEIO as the region between 90°-110°E and 12°-30°S at depths shallower than 200m. This study aimed to explore the relationship between upper-layer salinity changes and ENSO signals. Therefore, it was a precondition for us to clarify the domain where the effect of the ENSO signal is the most significant. However, we first needed to determine which variable should be studied, salinity or the salinity tendency (∂S/∂t)? Earlier studies investigated the relationship between the SEIO salinity anomalies and the ENSO signal and reported a positive correlation coefficient of roughly 0.5-0.6 (e.g., Zhang et al., 2016; Hu et al., 2019). More recent studies tended to emphasize the positive correlation between the salinity tendency and the ENSO signal (e.g. Nie et al., 2020; Wu et al., 2021) due to the higher correlation coefficient (approximately 0.7) between them. This could be attributed to the fact that the ENSO modulated ∂S/∂t more directly by influencing local advection velocities or freshwater flux, as can be referenced from Eq. (1). Therefore, this study also chose salinity tendency as the target variable.

The spatial distribution of the correlation coefficient between the Niño 3.4 index and upper-ocean salinity tendency is shown in Figure 2. We can observe that the ARGO-based results show the highest values (>0.5) along the western coast of Australia between approximately 13°S-30°S and 100°E-120°E (Figure 2A) and at depths above 150 m (Figure 2B). The ECCO-based results show a similar pattern but over a broader region (Figures 2C, D) and show the highest values at latitudes between 13°S-30°S. The highest values in the ORAS5-based results are narrowly confined to the northwestern coast of Australia at lower latitudes (13°S -20°S), but expand towards the west and cover a larger area at midlatitudes (20°S -30°S). They also vertically exist at depths shallower than 150 m, with the maxima residing at the subsurface between 80 m and 150 m. The differences between these results may result from the different lengths of their respective time periods. However, in general, a significant positive correlation can be found in the domain between 100°E -120°E and 13°S -30°S (black dashed boxes in Figure 1) and at depths above 150 m. Therefore, this should be the key region for estimating of the relationship between salinity changes and ENSO signals, and it was thus selected as the study region in this work and referred to as the “SEIO ENSO zone” hereafter. In particular, these results commonly show the strongest values at midlatitudes (20°S-30°S), where the eastern-boundary forcing play the dominant role in SSH variability. On the other hand, the ENSO-like salinity variability is relatively weak at lower latitudes (north of 20°S), where the zonal SSH gradient and basinwide meridional geostrophic transport are strongly modulated by local-wind forcing. This suggests that the contribution from local winds to variabilities in the MGV and salinity in the SEIO might be limited. For the regional mean results (Figure 3), the correlation coefficients between the salinity tendency and Niño 3.4 index for different time periods basically show positive values of approximately 0.7, demonstrating that this connection is not time dependent.




Figure 3 | Normalised time series of the Niño 3.4 index (black) and the averaged salinity tendency in the “SEIO ENSO Zone” based on ORAS5 (red), ECCO (blue) and Argo (green) datasets. The numbers in parentheses denote the correlation coefficients between the Niño 3.4 index and salinity tendency.



Since both the horizontal and vertical scales of our study area were remarkably different from those of former relevant studies, we re-examined the salinity budget in the “SEIO ENSO zone” (Figure 4). The terms of salinity tendency, air-sea freshwater flux, advection, and mixing data were extracted from the ECCO V4r4 outputs (Figure 4A). The horizontal geostrophic advection term was also illustrated in this figure, which was obtained by using geostrophic velocities based on AVISO SSH anomalies and temperature/salinity from ECCO. Our results were basically in accordance with those of former studies. There were good consistencies between the salinity tendency and the advection term, as well as the geostrophic horizontal advection. However, the contributions by freshwater flux and mixing were comparably much weaker. This indicated that horizontal geostrophic advection was the main contributor to salinity variability. Further analyzation reveals that, the non-geostrophic horizontal advection term changes oppositely with the advection term and horizontal geostrophic advection term (Supplementary Figure 1). This suggests that the non-geostrophic horizontal advection offset the contributions from the geostrophic horizontal advection. The reason is probably as follows, the surface winds in the SEIO show anticyclonic (cyclonic) anomaly during El Niño (La Niña) (Supplementary Figure 2), which induce a southward (northward) Ekman transport that opposite with the meridional geostrophic transport anomaly.




Figure 4 | (A) Anomalies of the salinity tendency (ST) and salinity budget terms (psu/mon) calculated in the “SEIO ENSO zone”: freshwater flux (E-P), mixing (MIX), residual (Res), advection (ADV) and its component due to effect of geostrophic flow (ADVg). (B) Same as (A) but for ADVg and its composite terms:  ,  ,  , and  .



Then, horizontal geostrophic advection was further decomposed into four terms according to Eq. 5 (Figure 4B). Higher-order nonlinear terms ( ) are not show due to their negligible contributions, which will be further discussed in section 5. The results demonstrated that, the   term, determined by anomalous MGV, was the predominant contributor to horizontal advection changes. The   and   terms represented advection of salinity anomalies from upstream regions and they clearly have no significant influence on geostrophic horizontal advection and salinity variability in the “SEIO ENSO zone”. The role of the   term, representing the contribution of anomalous zonal geostrophic currents, was also insignificant because of the weak climatological zonal salinity gradient. This can be further observed in the composite maps of the four terms during the El Niño events and La Niña events (Figure 5). The anomalies of the   term during different ENSO phases are significant in the SEIO, especially in the “SEIO ENSO Zone”. The anomalies of the other terms are comparably much weaker. Therefore, to understand the underlying dynamics between upper-ocean SEIO salinity changes and ENSO signals, we first need to clarify the role of ENSO events in the variability of the MGV.




Figure 5 | Composite of the advection terms (psu/mon) induced by geostrophic flow during El Niño and La Niña: (A, B)  , (C, D)  , (E, F)  , and (G, H)  .






4 The formation of MGV anomaly

To study the MGV changes in the “SEIO ENSO Zone”, we first investigated the variability in SSH and its connection with ENSO events based on observed SSH anomalies. The observed monthly SSH anomalies from January 1993 to December 2020 were obtained from satellite altimetry provided by the AVISO project. The seasonal variability of meridionally averaged SSH anomalies in the “SEIO ENSO Zone” during five typical El Niño events (1994, 1997, 2002, 2009, 2015) and five typical La Niña events (1998, 1999, 2007, 2010, 2011) are illustrated in Figures 6 and 7, respectively. During the El Niño events, the SSH gradually changed from a flat form to a pattern with higher values in the western part and lower values in the eastern part (Figure 6). The zonal SSH gradient became largest during boreal winters when ENSO events peaked in amplitude (Rasmusson and Carpenter, 1982; Trenberth, 1997). As a result, the MGV show northwards anomalies due to the geostrophic balance. In contrast, the SSH shifted to a pattern with lower values in the western part and higher values in the eastern part during La Niña events (Figure 7), and the MGV show southwards anomalies. Figures 8A, B further demonstrates that the zonal SSH difference in the “SEIO ENSO Zone” can be mostly attributed to SSH anomalies along the west coast of Australia, while the SSH anomalies near the western boundary at 100°E were comparatively small. The time series in Figure 8C demonstrates the simultaneous shift between the MGV and the local zonal SSH gradient within the “SEIO ENSO Zone”, with a correlation coefficient of -0.83, and both were closely related to the ENSO signal. Note that the variability in the zonal SSH gradient was represented by the zonal slope of the linear fitted results, as illustrated in Figures 6, 7. The above results indicated that the ENSO signal influenced the MGV in the SEIO by modulating the local SSH pattern.




Figure 6 | (A–I) Seasonal variability of the meridional mean SSH anomaly (m) between 13°S and 30°S in El Niño years (1994, 1997, 2002, 2009, and 2015; colored lines). The mean value for each month (solid black line) with a linear fit (dashed black line) is also illustrated.






Figure 7 | (A–I) Seasonal variability of the meridional mean SSH anomaly (m) between 13°S and 30°S in La Niña years (1998, 1999, 2007, 2010, and 2011; colored lines). The mean value for each month (solid black line) with a linear fit (dashed black line) is also illustrated.






Figure 8 | Composite of the SSH anomaly (m) in boreal winters of El Niño (A) and La Niña (B) years. The dashed black box on the left represents the region where the SSH shows significant opposite anomalies in compare with that in the “SEIO ENSO zone” (dashed black box on the right) in different ENSO events. (C) Normalized time series for the zonal slope of the linear fitted meridional mean SSH anomaly, meridional geostrophic velocity (MGV) in the “SEIO ENSO zone” and Niño 3.4 index. The slope is shown with an opposite sign for easier comparison.



Previous studies have noted that ENSO events interact with the Indian Ocean through both “atmospheric bridge” and oceanic routes. By zonally shifting the convective center of the Walker Circulation, local surface winds in the southern Indian Ocean are influenced by the ENSO via the atmospheric bridge (Yu et al., 2005; Volkov et al., 2020). Then, the wind-induced Ekman pumping anomalies alter the SSH in the interior region of the south Indian Ocean by generating westwards propagating Rossby waves. Through the oceanic waveguide crossing the Indonesian archipelago, oceanic planetary waves generated by tropical Pacific winds can be conveyed into the south Indian Ocean as coastally-trapped Kelvin waves and then propagate westwards as Rossby waves from the western coast of Australia influencing the SSH and geostrophic velocity in the south Indian Ocean (Clarke, 1991; Clarke and Liu, 1994; Meyers, 1996; Potemra, 2001; Wijffels and Meyers, 2004; Cai et al., 2005; Feng et al., 2010; Feng et al., 2011; Menezes and Vianna, 2019; Nagura, 2020; Nagura and McPhaden, 2021). Therefore, both local surface winds and the westwards propagating signals from the eastern boundary of the south Indian Ocean could be responsible for the ENSO-related SSH variability in the “SEIO ENSO Zone”. For simplicity, the effects of the local surface wind and signals from the eastern boundary will be referred to as local-wind forcing and eastern-boundary forcing respectively in the remainder of this paper.

To evaluate the relative role of local-wind forcing and eastern-boundary forcing in SSH variability, a linear, 1D, 1.5-layer long Rossby wave model was adopted in this study. By using this model, the SSH variability could be separated into parts that is forced by local winds and those forced by SSH anomalies radiating from the eastern boundary, thus allowing us to make comparisons and find the dominant dynamic process. Eq. (6) was integrated from 100°E to 120°E at each latitude. Surface wind stresses from ERA5 were adopted. SSH anomalies along the western coast of Australia based on satellite observations from the AVISO project, were set as the eastern-boundary condition, and the values in January 1993 were set as the initial condition. The equation was integrated from January 1993 to December 2020, during which both SSH anomalies and surface wind data were available. The first two years of the integration were considered the spin-up period, and the corresponding results were excluded. The time series of modeled SSH anomalies were compared with the observations. The components driven by the local winds and eastern boundary SSH anomalies were determined by setting the eastern boundary SSH anomalies to zero and the wind stress to zero, respectively.

The variability of the SSH at latitudes from 13°S to 30°S was simulated individually. Here, the results representing the lower (13°S), middle (19°S) and higher (28°S) latitudes of the “SEIO ENSO zone” are shown as examples (Figure 9). Modeled SSH anomalies were generally consistent with the observations despite some small discrepancies. Except for the slower westwards propagation speed of the SSH anomalies, the SSH anomalies at middle and higher latitudes were similar to those at lower latitudes. This can be explained by the fact that the observed SSH anomalies along the western coast of Australia are meridionally coherent, and the amplitude does not change much from 10° to 35°S as a result of the poleward propagation of coastal Kelvin waves (Menezes and Vianna, 2019). Generally, the total solution in the “SEIO ENSO Zone” is largely contributed by the boundary-driven part, whereas the variability of the wind-driven part is weak in this region. This indicates that the SSH variability in our study region is dominated by eastern-boundary forcing, rather than local-wind forcing.




Figure 9 | SSH anomalies (m) at 13°S (A–D), 19°S (E–H) and 28°S (I–L), representing lower, middle and higher latitudes in the “SEIO ENSO zone”, for observations (A, E, I), simulated results (B, F, J), the part of the simulated solution driven by eastern-boundary forcing C, G, K), and the part of the simulated solution driven by local-wind forcing (D, H, L). The seasonal cycle was removed by using the 13-month running mean method.



Then the MGV values were computed based on boundary-driven SSH anomalies and wind-driven SSH anomalies (Figure 10A). The simulated MGV values were generally consistent with the observed results from the AVISO project. The boundary-driven part was apparently the dominant component, while the contribution by the wind-driven part was insignificant. Their contributions to upper-ocean salinity variability in the “SEIO ENSO Zone” are shown in Figure 10B, from which we can observe that the simulated   term was consistent with the advection term from ECCO outputs, suggesting that the geostrophic advection induced by local SSH anomalies was the primary contributor to salinity variability in the “SEIO ENSO zone”. The variability of   was principally composed of the boundary-driven part, and the contribution of the wind-driven part was minor. This demonstrates the dominant role of eastern-boundary forcing in this region.




Figure 10 | (A) Anomaly of meridional geostrophic flow (m/s) based on observational SSH anomaly (solid black line) and modeled SSH anomaly (black dashed line), and its decomposition into the effects of eastern-boundary conditions (red) and local-wind forcing (blue). (B) Anomalies of the advection term for the salinity budget from ECCO (black), with   (psu/mon) term generated by simulated meridional geostrophic flow (dashed black line) and its two components (colored lines).



According to previous studies, the amplitude of wind-driven SSH anomalies increases to the west and plays a dominant role in SSH variability (Volkov et al., 2020; Nagura and McPhaden, 2021). These wind-driven SSH anomalies in the western part of the south Indian Ocean, in combination with the SSH anomalies along the eastern boundary, induced the zonal SSH difference in the south Indian Ocean and resulted in variabilities in the basinwide meridional geostrophic transport (Lee, 2004; Lee and McPhaden, 2008; Zhuang et al., 2013; Nagura, 2020). However, the significance of local-wind forcing is confined to low latitudes (equatorward of 20°S), and it becomes relatively weak at midlatitudes due to the weakened wind stress (Masumoto and Meyers, 1998; Zhuang et al., 2013; Nagura and McPhaden, 2021). This can also be observed from the composite SSH anomalies in Figure 8. During different ENSO phases, the SSH anomaly in the western south Indian Ocean mainly resides in region north of 20°S (dashed box to the western side), and there was a significant latitudinal difference between this domain and the region with the strong ENSO-related variations in SSH (dashed box to the eastern side) and salinity (Figure 2). Note that the salinity shows the strongest ENSO-like variability in latitudes between 20°S and 30°S. Thus, the SSH anomaly in the western south Indian Ocean driven by local winds in the interior ocean, and the associated SSH dipole pattern is apparently insufficient to explain those variabilities in the SEIO. On the other hand, without considering the SSH anomaly in the western basin, our results based on local SSH anomaly in the SEIO explained a major component of the variations in the MGV and salinity. Therefore, we conclude that the MGV and salinity tendency in the “SEIO ENSO Zone” is the primarily driven by local SSH variations that largely determined by easter-boundary forcing.




5 Conclusions and discussion

The close relationship between the interannual-decadal variability in the SEIO upper-ocean salinity and the ENSO signal has been discussed in plenty of previous work (Phillips et al., 2005; Zhang et al., 2016; Zhang et al., 2018; Hu et al., 2019; Nie et al., 2020; Wu et al., 2021). Based on multi-sources datasets, this work clarified the domain where this ENSO-like salinity variability mainly exists for the first time. Based on our results, the correlation between the salinity variability and ENSO signal is strongest in the region between 100°E and 120°E, 13°S and 30°S, and in depths above 150 m. And this relationship is not time-dependent.

This ENSO-like variability can be largely attributed to the MGV anomalies driven by the zonal SSH gradient, as had been suggested by several former works (Zhang et al., 2016; Zhang et al., 2018; Huang et al., 2020; Wu et al., 2021). The variability in the SSH in the south Indian Ocean is influenced by both local-wind forcing and eastern-boundary forcing (e.g. Menezes and Vianna, 2019; Nagura and McPhaden, 2021). A recent study by Wu et al. (2021) attributed the MGV changes in the SEIO to the zonal SSH dipole pattern in the south Indian Ocean and emphasized the contribution from local winds for its dominant role in SSH variability in the western basin. Their analyses supported the idea that local-wind forcing plays an important role in SSH variability in the western south Indian Ocean and forming of the zonal SSH dipole pattern across the basin. But their study did not verify the causality between the SSH dipole pattern and the MGV anomalies in the SEIO. On the other hand, our results revealed a latitudinal difference between the domain where the SSH dipole pattern exists (north of 20°S) and the region in which the ENSO-like salinity variability is strongest (20°S-30°S), suggesting that this salinity variability cannot be attributed entirely to the zonal SSH dipole pattern.

To find the dominant factor that modulating the interannual MGV variability in the SEIO, this study evaluated the relative contribution from local-wind forcing and eastern-boundary forcing. Results show that both local SSH and MGV are driven primarily by eastern-boundary forcing. In combination with the strong meridional salinity gradient, the significant boundary-driven MGV anomalies cause large meridional salinity advection and eventually lead to the observed ENSO-like salinity variability. Note that, even without considering the SSH anomaly in the western basin, our results based on local SSH anomaly explained a major component of the variations in the MGV and salinity. This demonstrates that the MGV and salinity in the SEIO is primarily determined by local SSH anomaly that driven mostly by the eastern-boundary forcing, while the influence from SSH anomaly in the western basin forced by local winds in the interior ocean is limited.

The eastern-boundary forcing is determined by eastern-boundary conditions along the western coast of Australia. Based on previous studies, the eastern-boundary conditions are principally driven by oceanic planetary waves associated with ENSO signals in the tropical Pacific, which are transported into the south Indian Ocean via the oceanic waveguide crossing the Indonesian archipelago (Clarke, 1991; Clarke and Liu, 1994; Meyers, 1996; Potemra, 2001; Wijffels and Meyers, 2004; Cai et al., 2005; Feng et al., 2010; Feng et al., 2011; Menezes and Vianna, 2019; Nagura, 2020). A recent study by Kersalé et al. (2022) suggest that the alongshore wind forcing also drives SSH anomaly along the coast and play an important role in setting up the eastern boundary conditions. And the alongshore winds are also tightly related with ENSO via the Walker circulation between the Pacific and Indian Ocean. Therefore, the eastern-boundary forcing is strongly modified by the remote ENSO events through both oceanic pathways and atmospheric bridge, and this may explain the strong ENSO signal preserved in the associated variations in the MGV and salinity in the SEIO.

One important caveat is that the contribution of ocean eddies to salinity variability in the SEIO is probably underestimated by existing research, as has already been suggested by former studies (e.g. Zhang et al., 2016; Huang et al., 2020; Wu et al., 2021). This is because the research so far, including this work, are mostly based on dataset with coarse resolution. The SEIO is known for energetic eddies propagating westward from West Australia coast with strong interannual variability associated with the ENSO (Zheng et al., 2018). And eddy-induced meridional salinity flux was found to play an essential role in freshwater balance in the SEIO (Qu et al., 2019). Therefore, a better understanding for the effect of the mesoscale process still requires further investigation based on eddy-resolving model outputs.

As has been emphasized by plenty of previous studies, salinity play an essential role in ocean dynamic processes in the SEIO and therefore have potential influence on changes of regional climate and the marine ecosystem (e.g. Feng et al., 2013; Menezes et al., 2013; Pearce and Feng, 2013; Llovel and Lee, 2015; Feng et al., 2015). This work clarified the domain where the upper-ocean salinity is strongly influenced by the remote ENSO events and the underlying dynamics. And thus provide a new theoretical basis for regional ocean modelling and help to promoting marine environmental protection.
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