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We examined the interannual variations in sea surface height (SSH) over the northwestern Indian Ocean during 1993–2016, by using in situ observations along the east coast of the Arabian Peninsula together with satellite observations, objective analysis, and reanalysis. Focusing on the impacts of the Indian summer monsoon relative to the El Niño Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) modes, we found that the monsoon predominantly controls the summertime SSH variations at the in situ observatories, consistent with satellite observations. The monsoon is closely related to the SSH at a specific observatory in almost all seasons, whereas the wintertime SSH is strongly influenced by ENSO and IOD at other observatories. These SSH variations with local modulations in the coastal area were accompanied by basin-scale variations. The reduced southwesterly monsoon wind, for example, is found with the reduced ocean upwelling narrowly confined near the coast and the upper ocean temperature rise implying reduced meridional heat transport over the south of the Arabian Peninsula.
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Introduction

The sea surface height (SSH) anomaly is a useful indicator to verify prediction skills and to discuss the predictability of global, regional, and local climate variability, since it is a two-dimensional variable corresponding to vertically integrated states of the upper ocean (e.g., ocean heat content and horizontal ocean circulation), and usually, it represents a larger signal-to-noise ratio, compared to sea surface temperature (SST) and ocean current velocity at a specific depth (e.g., Mochizuki et al., 2010, 2012). Improved knowledge of global SSH fluctuations, directly measured by satellites in recent years, enables us to enhance our ability to verify climate predictions and our understanding of underlying atmosphere-ocean coupled mechanisms. It is known that the SSH anomaly is dynamically and/or thermodynamically linked to ocean upwelling, which is characterized by changes in the 20°C isothermal layer depth (referred to as D20) and is mainly forced by wind stress, heat flux, and freshwater. Wind stress dynamically leads to major changes in thermocline upwelling (D20 shoaling) and SSH anomalies through Ekman divergence. The surface heat flux produces baroclinic pressure signals in the upper ocean on a horizontally larger scale than the baroclinic radius of deformation, giving rise to regional SSH anomaly signals (Huang and Jin, 2002). The freshwater flux gives rise to barotropic pressure signals in the upper ocean, and these signals are quickly dispersed into the world's oceans, resulting in the formation of negligible anomalies in the SSH field (Huang and Jin, 2002).

In recent satellite measurements, interannual SSH fluctuations over the Indian Ocean have been observed to be strong in the tropical area and along the east coast of the northern area (i.e., the Arabian Sea and the Bay of Bengal; see the left panels of Figure 5 in Zhang and Han, 2020). In tropical areas, in particular, a number of studies have revealed that interannual SSH variations are closely related to the El Niño Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) mode (e.g., Masumoto and Meyers, 1998; Chambers et al., 1999; Le Blanc and Boulanger, 2001; Rao et al., 2002; Feng and Meyers, 2003; Feng et al., 2004; Yu et al., 2005; Yuan and Liu, 2009; Chakravorty et al., 2014; McPhaden and Nagura, 2014; Menezes and Vianna, 2019). Several mechanisms have been discussed in terms of the contribution of Indian Ocean thermocline upwelling (e.g., using the D20 anomaly). Tozuka et al. (2010) suggested that the interannual D20 anomaly in the western Indian Ocean upwelling zone is primarily caused by local Ekman pumping and Rossby waves generated by surface winds in the central and eastern Indian Oceans. The influence of remote forcing from the Pacific via the Indonesian Throughflow is weak in this area, even though it has significant contributions to the southeastern Indian Ocean (e.g., Potemra, 2001; Trenary and Han, 2012; Deepa et al., 2018). Rossby waves may also play an important role in regulating the interannual variability of the sea level over the southern Indian Ocean (Woodberry et al., 1989; Périgaud and Delecluse, 1992, 1993; Zhuang et al., 2013). Based on these results, Zhang and Han (2020) attempted to reproduce the interannual variability of tropical Indian Ocean upwelling using a conventional static linear regression model and a Bayesian dynamical linear model. By taking into account the surface wind changes associated only with ENSO and IOD as the atmospheric forcing, they demonstrated that the dynamical responses to local wind stress, together with the additional contribution of the oceanic Rossby wave propagation, reproduce the tropical Indian Ocean upwelling variability, as in satellite-based observations.

Although many studies have found interannual SSH variability over the Arabian Sea and the Bay of Bengal (e.g., Han and Webster, 2002; Suresh et al., 2018), particularly in relation to ENSO and IOD (i.e., Aparna et al., 2012; Sreenivas et al., 2012; Parekh et al., 2017), the conventional model of Zhang and Han (2020) did not accurately simulate the SSH anomalies along the east coast of the Arabian Peninsula and the Indian subcontinent as in the satellite-based observations, in contrast to the tropical area. In fact, Aparna et al. (2012) mainly focused on the Bay of Bengal, and their results showed that the ENSO and IOD contributions through wind-induced ocean upwelling in the western Indian Ocean can be limited to the tropical area (i.e., south of 15°N) rather than the east coast of the Arabian Peninsula, except for IOD-related wind anomalies in boreal autumn. These results suggest that other climate modes, such as the Indian summer monsoon, may contribute more directly to interannual SSH fluctuations along the east coast of the Arabian Peninsula, where seasonal monsoon forcing dominates the climate and is commonly influenced by ENSO and IOD (Schott and McCreary, 2001; Schott et al., 2009). When focusing on wind stress, for example, the Indian monsoon is dominantly observed over the northern Indian Ocean, characterized by southwesterly and northeasterly winds over the Arabian Sea in summer and winter, respectively. Therefore, we analyzed the global observations, analysis, and reanalysis together with local tide gauge data along the Arabian Peninsula using linear regression (Zhang and Han, 2020) to evaluate the relative importance of the Indian monsoon in addition to ENSO and IOD in controlling the interannual SSH variations along the east coast of the Arabian Peninsula and accompanying changes in the northwestern Indian Ocean. We clarify the monsoon-related fluctuations in in situ tide gauge and satellite observation datasets, particularly focusing on the differences between the ENSO and IOD. We also discuss the accompanying atmospheric–ocean changes in the northwestern Indian Ocean, where the SSH fluctuations are observed to be strongest in the coastal area. The atmosphere–ocean interaction in the northern Indian Ocean has recently attracted much attention as part of the so-called Indian Ocean basin warming, which is sometimes observed after an ENSO event (e.g., Xie et al., 2009; Chowdary et al., 2010) and possibly impacts the summertime rainfall over East Asia (e.g., Kosaka et al., 2013; Takaya et al., 2021).

The remainder of this article is organized as follows. We describe the observed, analyzed, and reanalyzed datasets in Section 2. In Section 3, we verify the interannual SSH variations in in situ observations of sea level along the Arabian Peninsula using satellite observations. We clarify the statistical relationships between these local SSH variations and ENSO, IOD, and the Indian summer monsoon in Section 4. In Section 5, we discuss the possible contributors to these local SSH variations in the northwestern Indian Ocean. A summary is presented in Section 6.



Observed, analyzed, and reanalyzed datasets

We used in situ sea level data compiled by the University of Hawaii Sea Level Center (https://www.psmsl.org/data/obtaining/map.html). We used tide gauge data from three observatories along the east coast of the Arabian Peninsula, given as follows: Muscat B (23.6°N, 58.6°E; 2009–2018) is the capital city located in northeast Oman; Masirah (20.7°N, 58.9°E; 1996–2018) is an island close to the east coast of mainland Oman in the Arabian Sea; and Salalah (16.9°N, 54.0°E; 1994–2018) is located in southern Oman. The locations of these observatories are shown in Figure 2. We also used global observations of SSH anomalies derived from the 1/4° monthly Archiving, Validation, and Interpretation of Satellite Oceanography (AVISO) data from 1993 to 2016.

The values of D20, representing the ocean thermocline depth and reflecting the contribution of wind-forced SSH anomalies (e.g., upwelling), were calculated using monthly ocean temperature data from the European Center for Medium-Range Weather Forecast (ECMWF) Ocean Reanalysis System 4 (ORAS4) for 1958–2016 (Balmaseda et al., 2013). The net heat flux at the sea surface on a 1° × 1° spatial grid was taken from version 3 of the Objective Analyzed Air-Sea Fluxes (OAFlux_V3) compiled at the Woods Hole Oceanographic Institute. We used data covering the period 1985–2009, which have been validated against in situ flux measurements in the Indian Ocean (Yu and Weller, 2007; Yu et al., 2007). Monthly wind stress data, with a resolution of 0.75°, are available from the ERA-Interim reanalysis compiled by the ECMWF. An objective analysis of the upper ocean temperature was conducted by the Meteorological Research Institute, Japan Meteorological Agency (Ishii et al., 2017). In the following sections, we analyze monthly anomalies relative to the seasonal cycle in climatology using data available from 1993 to 2016.



Interannual SSH fluctuations from in situ and satellite sea level data

Long-term measurements of in situ sea level by tide gauges are available from permanent service data. The interannual SSH variation is strongest along the east coast of the Arabian Peninsula, as well as in the tropical areas. The left panels of Figure 1 show the monthly anomalies of the sea level at the Muscat, Masirah, and Salalah observatories (see green circles in Figure 2 for the locations of these observatories). Even though these observatories offer data with different record lengths and missing data are found in some periods, interannual fluctuations together with seasonal fluctuations are verified at each observatory. The interannual fluctuation in the in situ data shows a time series similar to that of the AVISO satellite observations at the nearest grid point to each observatory. For example, the correlation values between the two observational datasets in the interannual SSH fluctuation during July–September were 0.51, 0.58, and 0.83 at Muscat, Masirah, and Salala observatories, respectively. In addition, seasonal changes in the amplitudes of the interannual fluctuations were consistent with the AVISO observations (right panels of Figure 1). The SSH fluctuation at Muscat shows seasonal peaks in autumn and winter (Figure 1D), whereas both observations at Masirah also show large amplitudes in summer (Figure 1E). The SSH in Salalah showed relatively weak seasonality (Figure 1F).
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FIGURE 1
 (Left) Monthly anomalies of the observed sea level data at (A) Muscat B (23.6°N, 58.6°E), (B) Masirah (20.7°N, 58.9°E), and (C) Salalah (16.9°N, 54.0°E) observatories. Red and black lines represent in situ and AVISO satellite observations, respectively. (Right) Standard deviations of the observed sea level fluctuations for each calendar month at (D) Muscat B, (E) Masirah, and (F) Salalah observatories. For both the in situ (red lines) and satellite (black lines) observations, standard deviation values are calculated using the data in the period when the in situ data are available.
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FIGURE 2
 (A) Correlation maps of AVISO-derived SSH anomalies with the AVISO-derived SSH at Muscat B observatory in July–September, October–December, and December–February. Plotted values are calculated using the data in the period when the in situ data are available. A green circle denotes the location of the Muscat B observatory. (B,C) Are as in (A), but show the correlations with AVISO-derived SSH at the Masirah and Salalah observatories, respectively. Green circles denote the location of Masirah and Salalah, respectively. (D–F) Are the same as in (A–C), respectively, except for the correlations with the in situ SSH data.


The large-scale SSH variations associated with the in situ observations (right panels of Figure 2) agree with those of the AVISO data (left panels of Figure 2) over the Arabian Sea. It should be noted that the spatial patterns depend on the location of the referenced observatory and the season. Positive correlations were always observed along the west coast of the Indian subcontinent. Both in situ and satellite observations at Salalah were accompanied by positive correlations over almost the entire Arabian Sea (Figures 2C,F), while negative correlations with the SSH fluctuation at Muscat were found in subtropical areas, particularly in autumn and winter (Figures 2A,D). These differences in spatial patterns may correspond to a climate mode that can predominantly control SSH fluctuation at each observatory, as described in the following sections.



Climate indices and their relation to local SSH fluctuations

We defined the indices of ENSO, IOD, and the Indian summer monsoon (hereafter referred to simply as monsoon) to clarify the relationships between SSH and climate modes. The ENSO (NINO3.4 index) and IOD (dipole mode index) indices were defined using SST time series after 1870 in the Hadley Center Global Sea Ice and Sea Surface Temperature (HadISST) dataset (Rayner et al., 2003). We used the Webster and Yang Index (Webster and Yang, 1992), defined as the area averages (0°-20°N, 40°E−110°E) of the vertical shear in zonal wind speed between 850 and 200 hPa, to represent the states of the Indian summer monsoon (hereafter referred to as the monsoon index). Three-month averages of the ENSO, IOD, and monsoon indices peaked seasonally in November–January, September–November, and June–August, respectively. We defined the interannual variation of a specific index using the index values in its peak season only. In the AVISO observation, the tropical SSH anomalies peaked in the seasons when ENSO and IOD signals were strongest, while the SSH anomalies along the Arabian Peninsula were observed in almost all seasons, including the boreal summer (Zhang and Han, 2020). Figure 3 represents the interannual variations in ENSO, IOD, and monsoon indices during the period 1993–2016, reversing the sign of the monsoon index for convenience. The ENSO index correlates well with the IOD index (correlation coefficient of 0.63) and monsoon index (correlation coefficient of −0.61), and the correlation value between IOD and monsoon indices is −0.32; it is known that ENSO (and IOD) is related to the Indian summer monsoon (e.g., Wu and Liu, 1995; Ohba and Ueda, 2005; Yang et al., 2007; Xie et al., 2009; Chowdary et al., 2010).
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FIGURE 3
 Interannual changes of the observed ENSO (blue line), IOD (red line), and Indian summer monsoon indices (green line). All indices are normalized during the period 1993–2016. ENSO, IOD, and Indian summer monsoon indices are the so-called NINO3.4 index, Dipole Mode Index (DMI), and Webster and Yang Index (WYI), respectively.


We estimated the individual contribution of each climate mode (ENSO, IOD, and monsoon) on SSH fluctuations using a static linear regression. We calculated the local SSH linearly regressed onto the normalized climate indices on a seasonal basis (Figure 4). Plotted regression values are the 3-month averages with a lag of 0 to 11 months relative to the specific 3 months referred for defining each climate index. At Muscat and Masirah, the monsoon dominantly contributes to SSH fluctuations in summer and autumn, probably with a lag of a few months (Figures 4A,B). The ENSO and IOD also show some contributions because these time series are correlated (see Figure 3). During the peak season of monsoon contribution, the ratio of the regression value to the standard deviation of the observed fluctuation exceeds 0.6 at Muscat, satisfying a significant level (Figure 4A), whereas the contribution at Masirah is relatively small and below a significant level (Figure 4B). The in situ data show slightly weaker but quite similar plots for each observatory (Figures 4D,E). In contrast, ENSO and/or IOD primarily contribute to SSH fluctuations in winter after the peak season of ENSO. The monsoon is closely related to the SSH fluctuation at Salalah in all seasons and usually contributes over 40% of the total amplitude (Figures 4C,F). Note that because these ENSO, IOD, and monsoon indices are not orthogonal to each other, as described above, Figure 4 illustrates the relative importance of each climate mode as a basis function to account for more variance solely.
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FIGURE 4
 Lagged regressions of AVISO-derived SSH anomalies to normalized climate indices at the (A) Muscat B, (B) Masirah, and (C) Salalah observatories, respectively. Blue, red, and green lines represent the regressed values of ENSO, IOD, and Indian summer monsoon indices, respectively. Plotted values are 3-month averages with a lag of 0–11 months from the reference month of each climate indices and are calculated using the data in the period when the in situ data are available. White circles indicate that the regression values are significant at a 95% confidence limit in a one-side Student's t-test. Small, medium, and large colored circles are plotted when the ratio of the regression value to the standard deviation of the observed SSH fluctuation (see right panels of Figure 1) exceeds 0.2, 0.4, and 0.6, respectively. (D–F) Are the same as in (A–C), respectively, but show the in situ SSH anomalies.




Discussion of possible contributors to local SSH fluctuations

The correlation maps with climate indices should provide insights into the underlying process. The AVISO-derived SSH correlated with the climate indices, for example, in the 1-month lagged correlation, indicates that the spatial patterns depend on the climate modes, particularly in the coastal areas, in addition to showing overall high correlations over the northwestern Indian Ocean (Figure 5). Associated with ENSO and IOD, the wintertime SSH was strongly correlated with these indices in the western tropical Indian Ocean (bottom panels of Figure 5), which is consistent with numerous studies (Saji, 2018). At the same time, negative correlations with the ENSO and IOD indices were found in the coastal areas of the Indian subcontinent and the Persian Gulf (bottom panels of Figure 5), suggesting a contribution from the West Indian Coastal Current, which flows northward in winter and is known to be largely controlled by remote forcing rather than local wind (Schott and McCreary, 2001). This negative correlation in coastal areas was not clearly detected as a monsoon-related signal. These wintertime spatial patterns (DJF of Figures 5A,B) are similar to the correlations with the wintertime SSH observed at Muscat (DJF of Figures 2A,D), which is consistent with the large contribution of ENSO and/or IOD in winter SSH fluctuations at Muscat (Figures 4A,D).


[image: Figure 5]
FIGURE 5
 (A) Correlation maps of AVISO-derived SSH anomalies with ENSO index in July–September (upper panel), October–December (middle panel), and December–February (bottom panel) during the period 1993–2016. (B,C) Are as in (A), but show a correlation with the IOD index and monsoon index, respectively.


On the contrary, in summer, the positive SSH correlation with the monsoon index was widely spread over the coastal areas of the Arabian Peninsula in addition to the Indian subcontinent (top panels of Figure 5), showing spotted signals even along the Arabian Peninsula. The monsoon-related pattern corresponds to the correlation map with the in situ SSH data at Salalah (Figures 2C,F). In fact, positive correlations were found particularly around Salalah in all seasons, which is in good agreement with the dominant contribution of the monsoon in the SSH fluctuation at Salalah (Figures 4C,F). Salalah is known as a local upwelling wedge that is located north of the downstream of the Somali Current (i.e., the so-called Socotra Eddy and Great Whirl; Schott and McCreary, 2001), and a northward flowing coastal current, called the Ras al Hadd Jet, is observed in summer.

Regressions relevant to ocean upwelling using the monsoon index illustrate regional rather than local changes (Figure 6). Deep anomalies in D20, a good proxy for estimating the strength of ocean upwelling due to wind stress changes (Qiu, 2002), were clearly found along the entire southeast coast of the Arabian Peninsula in relation to the monsoon (Figure 6c) rather than ENSO and IOD (Figures 6a,b). The weak southwesterly wind reduced the coastal ocean upwelling and formed a negative Ekman upwelling anomaly (Figure 6f). Note that for the ocean upwelling that decreased with the reduced winds observed in the early 1990s, Shi et al. (2000) indicated that the upwelled waters originated near the coast rather than from open ocean upwelling. Another possible contributor is the reduction in southward ocean heat transport associated with the weakening of summer monsoon circulation (Loschnigg and Webster, 2000). Swapna et al. (2017) indicated that the decreased southward heat transport, which weakens the Indian Ocean cross-equatorial current (Miyama et al., 2003; Chirokova and Webster, 2006; Schoenefeldt and Schott, 2006), increases heat storage and sea level in the northern Indian Ocean. Loschnigg et al. (2003) demonstrated that meridional heat transport can work on interannual timescales accompanied by subsequent ENSO and IOD signals in the tropics. The high temperature in the upper ocean, together with the enhanced heat release at the sea surface under the reduced southwesterly (Figure 6i), implies this process, while it spreads over the southeast of the Arabian Peninsula, suggesting effective contribution at Salalah.
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FIGURE 6
 Regression maps of D20 anomalies with (a) ENSO, (b) IOD, and (c) monsoon indices in the peak seasons during the period 1993–2016. Central panels (d–f) are as in the left panels, but show the regression maps of surface winds (vectors), outgoing longwave radiation (OLR) (contours), and Ekman pumping velocity (shades). Yellow and green contours represent positive and negative values, respectively. The contour interval is 2.5 Wm−2. Right panels (g–i) are as in the left panels, but show the regression maps of net heat flux at the sea surface (shades) during the period 1993–2009 and the vertically averaged ocean temperature upper 300 m depth (contours). Positive and negative heat flux values represent the heat input and output of the ocean, respectively. Yellow and green contours represent positive and negative values, respectively. The contour interval is 0.05°C.




Summary

We examined interannual SSH variations over the northwestern Indian Ocean during 1993–2016, by using in situ observations along the east coast of the Arabian Peninsula together with satellite observations, objective analysis, and reanalysis. Focusing on the impacts of the Indian summer monsoon relative to ENSO and IOD, we found that the monsoon predominantly controls the summertime SSH variations at the in situ observatories, which is consistent with satellite observations. The monsoon is closely related to the SSH at the Salalah observatory in almost all seasons, whereas the wintertime SSH is strongly influenced by ENSO and IOD at the Muscat and Masirah observatories. These SSH variations with local modulations in the coastal area were accompanied by basin-scale variations, and we also discussed the potential contributions of the large-scale variability associated with these climate modes. The surface wind changes associated with the monsoon can contribute regionally to SSH variations through changes in the ocean upwelling anomaly narrowly confined near the coast and the meridional heat transport anomaly spreading more widely over the south of the Arabian Peninsula.

We primarily attempted to understand the relative importance of the contribution of climate indices to local SSH fluctuations along the Arabian Peninsula. Our discussion suggests that wind stress can work as the dominant factor, showing consistency in other physical variables, while a detailed discussion of physical processes can enhance our understanding in the future. The contribution of ocean eddies can also play an important role in realizing local sea level fluctuations at specific observatories and narrowly confined SSH anomalies due to ocean upwelling (e.g., Trott et al., 2019). High-resolution modeling is an effective means of discussing the potential influences of mesoscale ocean eddies and topography. For example, the Muscat observatory is located in the northeast of the Arabian Peninsula and the Gulf of Oman, rather than the Arabian Sea, which forms the northeastern periphery. The relative importance of ENSO, IOD, and monsoons can be sensitive to the complicated topography at a specific observatory.
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