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Abstract

:

The evolution of mesoscale eddies in the Bay of Bengal (BoB) and their characteristics (number of eddies, radius, amplitude, and eddy kinetic energy) are addressed during all strong, normal, and weak monsoon regimes from 1993 to 2019. Their impacts on the 3–7-day synoptic oscillations of atmospheric precipitation and upper ocean heat content are also assessed. In the western Bay, eddies are located in the meandering East India Coastal Current (EICC). The propagation of coastally trapped Kelvin waves into the Andaman Sea varies with monsoon intensity. Eddies with smaller radii, weaker amplitudes, increased vertical mixing, and deeper vertical extents were found during weak monsoons. Eddy kinetic energy (EKE) of EICC anticyclonic eddies is high (1200–2000 cm2 s−2) in May and November-December during weak and normal monsoon regimes, and EKE attains a maximum off the Sri Lanka coast during the strong monsoon regime. Throughout the Bay, density anomalies at ~100 m depth are influenced by subsurface temperature anomalies, while those at the surface more closely follow salinity anomalies. Wavelet coherence analysis for all three monsoon regimes reveals stronger coherence between eddy amplitude, atmospheric precipitation, and ocean heat content than the number of eddies for both anticyclonic and cyclonic eddies.
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1. Introduction


Air–sea interactions over the Bay of Bengal (BoB) during the summer monsoon season from June through September provide conditions for deep atmospheric convection and heavy rainfall. Additionally, surface currents in the BoB experience a complete reversal twice a year in response to the winter monsoon and summer monsoon seasons, directly altering the spatial distribution of ocean parameters and local stratification [1]. The western BoB, dominated by the East India Coastal Currents, has the most energetic and meandering flow that injects higher local baroclinic instability [2,3] into the upper ocean, which manifests into robust eddy activity [4]. During the boreal spring, basin-wide circulation in the BoB is clockwise with a poleward-flowing EICC; during the boreal fall, basin-wide circulation in the BoB is counterclockwise with an equatorward-flowing EICC. Throughout the boreal summer monsoon season, surface circulation is characterized by alternating anticyclonic and cyclonic eddies in the western Bay [5].



Equatorial wind forcing in the Indian Ocean generates Kelvin waves that propagate eastward along the equator until they approach the eastern boundary of the Indian Ocean, where these Kelvin waves diverge into a northward and southward branch that propagates along the coastline [6]. Coastal circulation in the BoB is most directly affected by the northward branch, which propagates counterclockwise around the rim of the basin via seasonal upwelling and downwelling coastal Kelvin waves. Typically, there are two upwelling coastal Kelvin waves in January–March and August–September and two downwelling coastal Kelvin waves in April–June and October–December [7,8,9,10]. Variability in the amplitude and frequency of these Kelvin waves has been primarily attributed to the seasonal and intraseasonal variability in equatorial surface wind forcing and Indian Ocean Dipole (IOD) events. The influence of coastal Kelvin waves and associated radiating Rossby Waves in the generation of mesoscale eddies in the BoB and in coastal currents during different regimes of southwest or summer monsoons has been understudied. One potential reason is the extensive 25-year gap between strong monsoon seasons (1994 and 2019). The India Meteorological Department (IMD) in New Delhi defines each strong monsoon season as having anomalous rainfall greater than 10%, each weak monsoon having anomalously low rainfall less than −10%, and each normal monsoon within ±10% of the long-term average rainfall over the Indian subcontinent (https://www.tropmet.res.in/~kolli/MOL/Monsoon/Historical/air.html (accessed on 10 February 2023)).



The BoB responds to teleconnections, including the IOD and El Niño-Southern Oscillation (ENSO) events. The IOD is most commonly measured by the Dipole Mode Index (DMI), which is calculated by finding the difference between box-averaged sea surface temperature (SST) in the western and eastern equatorial Indian Ocean [11]. Cooler SST in the eastern equatorial Indian Ocean signifies a positive IOD (pIOD) event [11]. Likewise, warmer eastern equatorial SST signifies a negative IOD (nIOD) event. Deep atmospheric convection and increased rainfall tend to increase over regions with warmer SST. [7] demonstrated that upwelling coastal Kelvin waves in the BoB are weakened (and sometimes completely absent) during pIOD events, so there is a clear surface circulation response to IOD events reflected in the eddy field. ENSO phases similarly redistribute regions of high precipitation and equatorial wind intensity in the Indian Ocean [12]. The most immediate air–sea coupling in the BoB is observed in synoptic events consistent with 3–7-day oscillations in the local monsoon trough [13,14,15,16,17]. It is a primary contributor, together with the northward propagating Madden-Julian Oscillation (MJOs), to the active (wet) and break (dry) cycles of the monsoon [10,14,17].



While there have been studies on eddy variability in the BoB [10,18,19,20,21] and eddy-related air–sea coupling [22,23], it is still relatively unknown how extreme the seasonality of the eddy field is or how much the eddy field varies as a function of the strength of monsoon conditions [24]. This is partly due to the lack of strong monsoon seasons in the satellite era. Before 2019, the strongest summer monsoon season, as categorized by the IMD, was in 1994, so there have been substantially fewer opportunities to directly observe how the enhanced/weakened/normal monsoon conditions interplay with the ocean’s surface and upper ocean [25]. There is observed feedback between altimetric observations in the BoB and synoptic variability [25,26,27], so there is immediate value in building upon the current literature by investigating these dynamics with the newly available observations of the 2019 strong monsoon season. Additionally, this work utilizes both satellite observations and model simulations to better understand the vertical structure and subsurface response to these eddies in varying monsoon regimes using a novel eddy tracking algorithm.



In this paper, we investigate the unique interactions between the ocean and atmosphere during strong, normal, and weak monsoon conditions, and how this is reflected in the mesoscale eddy field and synoptic events while accounting for ENSO and IOD phases. The 2019 strong monsoon season was longer and stronger than any other monsoon season since 1994, lasting from June to October of 2019 instead of the typical June through September season [17], and coincided with the strongest pIOD since 1979. We further compared the eddy fields over the full altimetry time period. The paper is organized as follows: Section 2 describes the data and methods used in this work; Section 3 presents our results and discussion; and Section 4 concludes this study.




2. Data and Methods


Global sea level anomaly (SLA) data are freely distributed by the Copernicus Marine and Environment Monitoring Service (CMEMS; http://www.marine.copernicus.eu (accessed on 10 February 2023)) at a daily temporal resolution and a 0.25° horizontal resolution. These data have been effectively utilized in a variety of mesoscale eddy [28,29,30,31,32,33,34,35,36,37] and monsoon studies [38,39,40,41]. Anomalies are referenced to a 20-year mean (1993–2012; [42,43,44]) for our study years from 1993 to 2019, and surface geostrophic currents are derived from this dataset.



GLORYS12 (Global Ocean Reanalysis and Simulation) Version 1 is a global ocean eddy-resolving reanalysis product produced by Mercator Ocean International and based on the CMEMS forecasting system. GLORYS12 uses the NEMO (Nucleus for the European Modeling of the Ocean) platform driven at the surface by the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim atmospheric reanalysis. Salinity data is provided daily from 1993–2019 at a 1/12° spatial resolution with 50 standard vertical layers starting at 0.5m. Daily salinity, temperature, and zonal and meridional current data from GLORYS12 version 1 with a 1/12° horizontal resolution and 50 vertical depth levels are available by the CMEMS server from 1993–2019 and were used in this work ([45]; ftp://my.cmems-du.eu/Core/GLOBAL_REANALYSIS_PHY_001_030/global-reanalysis-phy-001-030-daily (accessed on 10 February 2023)).



Daily precipitation is provided from the ECMWF ERA-Interim global atmospheric reanalysis, available at a 0.25°degree resolution from 1979 to the present, although we have only used 1993–2019 to coincide with the altimetry time period (http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype5sfc/ (accessed on 10 February 2023); [46]). ERA-Interim better encapsulates the dynamics of the hydrological cycle, stratospheric circulation, and processes than its predecessor, ERA-40 [46]. Monsoon intensity is defined with respect to mean rainfall by the Indian Institute of Tropical Meteorology. Summer monsoon seasons with rainfall exceeding 10% higher than the long-term mean (1870–present) June–July–August–September (JJAS) rainfall are defined as strong monsoon years. Only two years meet this criterion: 1994 and 2019. Conversely, weak monsoon conditions are achieved when the JJAS rainfall is less than 10% below the long-term mean. Weak monsoon years are 2002, 2004, 2009, 2014, 2015, and 2016. Every other year is classified as a normal monsoon season (1993, 1995–2001, 2003, 2005–2008, 2010–2013, 2017, 2018). Generally, there is a tendency for positive Indian Ocean Dipole events and La Niña to intensify monsoon rainfall; conversely, reduced rainfall is associated with negative Indian Ocean Dipole events and El Niño. However, as there are a wide variety of multiscale nonlinear interactions between these features, we focus solely on monsoon intensity.



Daily Sea Surface Temperature (SST) data at a 0.25° horizontal resolution are obtained from NOAA’s National Climatic Data Center (NCDC) Optimally Interpolated SST using the Advanced Very High-Resolution Radiometer (AVHRR; [47]). This product has been widely used in monsoon studies [48,49,50].



Sea Surface Salinity (SSS) is from the Soil Moisture Active Passive (SMAP) Mission, which has perfect global coverage every eight days and near-perfect coverage every three days [51]. Data are provided by NASA’s Jet Propulsion Laboratory (JPL) at a 0.25° resolution (same as the SLA and SST daily data). We use the most recent version (5.0), which uses an 8-day running mean to fill gaps for continuous coverage. JPL’s processing techniques make adjustments for galaxy and land contamination corrections and reduce biases in brightness temperature [52].



Upper Ocean Heat Content (OHC) is computed from NEMOv3.1 using the method described in [53,54,55,56,57,58,59,60,61]. OHC is integrated over the 0–40 m layer using:


    ∫  H   z o    ρ  C p  T d z  



(1)




where zo is the ocean surface, H is 40 m depth, Cp is the specific heat capacity of seawater [55], and T is the mean temperature over the depth, dz.



The eddy tracking methodology used in this research was initially designed by [62,63] and modified by [64] for the Bay of Bengal. This method has been validated in the Bay of Bengal by [10,59] and has been shown to effectively identify and characterize the physical characteristics of mesoscale eddies from CMEMS daily SLA. First, the algorithm identifies local minima and maxima, which correspond to cyclonic and anticyclonic eddy centers, respectively. Then, the algorithm grows outwardly from these centers to find the largest closed contour, which signifies the eddy edge. Eddy kinetic energies (EKEs) are computed based on the surface currents for each identified eddy. The EKEs in this methodology are computed using geostrophic currents and follow the methodology in [3,65,66]. Once the edge of an eddy has been identified by the tracking algorithm, its EKE is defined as the average EKE value within that closed contour. To construct trajectories, a cost function (Equation (1) in [64]) is applied in scenarios where multiple eddies are present in successive daily maps due to a single eddy splitting into two or more eddies. The trajectory will follow the eddy with the lowest cost function value, indicating the most statistically similar eddy with respect to radius, amplitude, and eddy kinetic energy [67]. The trajectory ends when there is no subsequent overlapping of the eddy contour. This eddy tracking method is advantageous because it is threshold free [67,68] and provides an accurate eddy shape. Composite analysis has been conducted for both the surface and subsurface characteristics of each eddy circulation type using the methodology described in [10]. Eddies have been normalized by radius, and then their properties are averaged. Subsurface properties are presented via zonal cross-sections with the negative x-axis representing the western half of each eddy and the positive x-axis representing the eastern half of each eddy.



Synoptic Oscillations (SOs) are filtered using a Butterworth fourth-order recursive time filter as per [10,69]. Each time series is filtered twice (both forward and backward) to reduce edge effects. The 3–7 day band is selected to identify synoptic oscillations, which are typically responsible for synoptic events, such as depressions that modulate summer monsoon rainfall, in addition to the 10–20-day and 30–60-day Madden-Julian Oscillations [70,71].



To statistically compare the temporal variations in precipitation and ocean heat content (OHC) in the 0–40 m layer with changes in the eddy field parameters, we have applied a wavelet coherence analysis [72]. White dashed lines in wavelet coherence plots represent a cone of influence within which data are unaffected by edge effects. Further discussion of this technique can be found in [50].




3. Results


3.1. Spatial Eddy Characteristics in the Bay of Bengal


The spatial distribution of mean eddy properties throughout the BoB during strong, normal, and weak summer monsoon seasons is shown in Figure 1 and Figure 2. To emphasize regions of eddying that have the most direct impact on local air–sea interactions and present the most meaningful results, we have applied thresholds of 50 eddies (Figure 1a–c and Figure 2a–c), radii of 50 km (Figure 1d–f and Figure 2d–f), amplitudes of 5 cm (Figure 1g–i and Figure 2g–i), and eddy kinetic energy (EKE) of 200 cm2 s−2 (Figure 1j–l and Figure 2j–l). Pixels with values lower than these thresholds have been removed, and these regions appear white in these figures. Figure 1 represents cyclonic eddies (CEs), while Figure 2 represents anticyclonic eddies (AEs). The highest number of cyclonic eddies is along the northern and eastern coastlines of the BoB, with a more northern positioning as monsoon strength increases (Figure 1a–c). The latter could be due to coastal Kelvin waves in eastern Bay, as it is a source of upper ocean instability in this region [10,39]. There are more AEs than CEs during strong monsoon regimes, while there are more CEs than AEs during normal monsoon conditions. The regions of the largest cyclonic eddy radii vary greatly during monsoon regimes of different intensities. The largest cyclonic eddy radii, amplitudes, and EKEs for CEs were found during the strong monsoon regime (Figure 1d–f and 1g–i). The EKEs of CEs were strongest along the EICC, consistent with high-amplitude (>20 cm) eddying (Figure 1j–l).



For anticyclonic eddies (Figure 2), the spatial distribution of the number of eddies (Figure 2a–c) is similar to that of cyclonic eddies (Figure 1a–c), but with a local maximum of eddying in strong monsoon regimes along the east coast of India at 12°N consistent with the meandering of the EICC. The anticyclonic eddy adjacent to the Sri Lanka Dome region is visible in all years, although it is notably more robust during strong monsoon regimes (higher radius, amplitude, and EKE; Figure 2d–i). During weak monsoon regimes, there is anticyclonic eddying of a relatively moderate size class (~130 km radius in panel 2f compared with 20 km radius in panel 2d) in the northern Bay. High-amplitude anticyclonic eddies, like their cyclonic counterparts, are centralized about the EICC. The EKE of anticyclonic eddies clearly shows higher values in the EICC, equatorial Kelvin wave zone, and a local maximum east of Sri Lanka in a strong monsoon regime (Figure 2j–l).



Figure 3a–r shows the surface circulation as derived from the distributions of SLA for selected months—January, March, May, July, September, and November for the cases of strong monsoon (left column), normal monsoon (middle column), and weak monsoon (right column) years. During January, the peak of the winter monsoon season, one can see an anticyclonic circulation with higher SLA in the northwestern Bay (Figure 3a–c). This feature is present in all three monsoon regimes but has the highest SLA during strong conditions. A large cyclonic circulation cell also developed off the southeastern coast of India, which is absent in the years of strong and weak monsoons (Figure 3a–c). This particular cell was investigated using high-frequency radar by [68]. However, in all monsoon regimes, the westward flow is strong to the south of the Sri Lankan coast and is fed by the broad westward-flowing North Equatorial Current (NEC) during normal and weak monsoon regimes. During March, the arrival of the coastally trapped upwelling Kelvin wave on the east coast of India from the head of the Bay combines with the feeding of the NEC flow into the southeastern coast to constitute the poleward-flowing EICC. The EICC’s strength is high during the strong monsoon regime and weak during the weak monsoon regime due to the curtailed feeding of the NEC (Figure 3d–f). The western BoB is dominated by this dipolar pattern of high SLA to the west and low SLA to the east throughout March (Figure 3d–f). The high SLA on the western edge of the Bay intensifies to a complete, robust anticyclonic circulation that is most intense during the strong monsoon regime when it is bounded by a coherent cyclonic eddy centered at about 87°E and 18°N.



During May, the flow regime in the western Bay encapsulates alternating mesoscale anticyclonic and cyclonic eddies, with strong flows at their common boundaries in both the strong and weak monsoon regimes (Figure 3g–i). In contrast, a single large and narrow elongated anticyclonic eddy with swift flows develops in the northwestern Bay during the normal monsoon regime (Figure 3h). The onset of seasonal reversal of flow replacing the NEC is seen in the southern Bay, with the entry of eastward flow closer to the Sri Lankan coast during the strong monsoon regime (Figure 3g) and in the southeastern Bay during the weak monsoon regime (Figure 3i).



During July, one can see the entry of the strong Southwest Monsoon Current (SMC) closer to the Sri Lankan coast from the southwestern Bay to the central Bay. There is an anticyclonic eddy to its right and a cyclonic eddy to its left, just off Sri Lanka. At the same time, the May circulation in the western BoB is partly modified during the strong monsoon regime (Figure 3j). By contrast, during the normal monsoon regime, entry of the SMC into the central Bay is shifted eastward, and a cyclonic eddy is well defined offshore of Sri Lanka (Figure 3k); during the weak monsoon regime, the SMC is further shifted eastward with the consequent strengthening of cyclonic flow to its left in the central Bay and anticyclonic flow to its right in the southeastern Bay (Figure 3l). Among the monsoon regimes, the sea level reaches higher values in the Andaman Sea and along the northeastern coast of the Bay of Bengal during the weak monsoon regime, although there is more extreme alternation between positive and negative SLA during the strong monsoon consistent with an active eddy field. This surface circulation agrees well with observations reported by [5] for the normal monsoon of 1984.



By September, the SMC and its associated anticyclonic and cyclonic eddies that prevailed offshore of Sri Lanka during July have propagated westward. This propagation is in the form of a strong anticyclonic eddy and a weak cyclonic eddy that enter the southeastern Bay during the different monsoon regimes (Figure 3m–o). Alternating anticyclonic and cyclonic eddies occur in the western Bay during the strong monsoon regime, while a few eddies were noticed in the northern Bay during the weak monsoon regime. In the normal monsoon regime, cyclonic eddies dominate the western Bay, and anticyclonic eddies dominate the eastern Bay.



By November, during the strong monsoon regime, the circulation is chaotic with multiple mesoscale eddies, while during the normal and weak monsoon regimes, an equatorward flowing EICC associated with higher SLA is developed. The sea level is high and positive along the eastern rim of the BoB and Andaman Sea under the influence of downwelling Kelvin wave propagation from the equatorial region. The westward bending of the EICC is evident south of Sri Lanka during all monsoon regimes (Figure 3p–r).



Figure 4 presents the surface and vertical characteristics of the Sri Lanka Dome (SLD, cyclonic eddy) that developed off Sri Lanka in July during the different monsoon regimes based on NEMO model simulations [73]. The central axis of the SLD is located at 9° latitude during strong monsoon regimes and at 8°N and 7°N latitudes during normal and weak monsoon regimes, respectively. Vertical sections of density, salinity, temperature, and vertical velocity are presented along the zonal section (~9°N latitude) crossing the SLD during the strong monsoon regime (Figure 4a–c). Warm and high salinity waters occupy the center of the SLD, and as a consequence, SLA at the center of the SLD is weakly negative during the strong monsoon regime (Figure 4a–c). The center of the SLD is more intense, with the lowest negative SLA during the normal and weak monsoon regimes (Figure 4h,o), coinciding with intensified cyclonic currents in the SLD. In the normal regime, SLD encounters high (>34) salinity and cooler (~28 °C) surface waters (Figure 4i,j). In contrast, cooler and higher salinity surface waters appear in the SMC flow, while warmer (29.2–29.8 °C) and low (33.0–33.2) salinity surface waters occur on the western flank of the SLD during the weak monsoon regime (Figure 4o–q).



During the normal monsoon regime, the vertical extent of the SLD is limited to 200 m depth, whereas for the cases of strong and weak monsoon regimes, the cyclonic eddy reaches beyond 300 m depth, albeit with a weaker surface swirl (meridional component) velocity (0.2 ms−1). Swirl velocity refers to the tangential flow relative to the frame of reference. For a zonal cross-section, this is represented by meridional flow; for a meridional cross-section, this is represented by zonal flow. The positive swirl velocity (northward flow) and negative swirl velocity (southward flow) in the vertical describe the cyclonic eddy flows. During the normal and weak monsoon regimes, when the SLD is intensified, the surface swirl velocity reaches higher values (>0.6 ms−1) (Figure 4m,t). The vertical velocity is very weak in the upper 50 m and is strong (1 × 10−4 ms−1) in the thermocline region during the strong and normal monsoon regimes. This is juxtaposed with its state during the weak monsoon regime, where the vertical velocity is relatively high (0.5 × 10−4 ms−1) in the upper 50 m (Figure 4g,n,u).




3.2. Temporal Eddy Characteristics in the Bay of Bengal


Figure 5a,c,e represent the seasonal variation of EKE for the cyclonic and anticyclonic eddies averaged over the region (75°E–100°E, 0°–24°N) for the strong, normal, and weak monsoon regimes. Figure 5b,d,f represents the EKE of the EICC regime over a width of 200 km from the east coast of India. Generally, the EKE of cyclonic eddies is larger than that of anticyclonic eddies, and the EKE peaks to a higher value (4000–5000 cm2 s−2) in May through July and drops to a lower value (1800–2000 cm2 s−2) in February during the different monsoon regimes (Figure 5a,c,e). The minimum EKE occurs in February during all three monsoon regimes. In the weak monsoon regime, the EKE of cyclonic eddies increases sharply in May and remains high until September, while the EKE of anticyclonic eddies remains relatively steady (Figure 5e). Corresponding to the poleward flowing EICC and equatorward flowing EICC, the EKE reaches maximum values in May and November–December during the different monsoon regimes (Figure 5b,d,f). During the strong monsoon regime, the EICC EKE reaches a high in May (1200 cm2 s−2; poleward EICC), and the equatorward EICC attains a secondary peak (800 cm2 s2) in mid-November (Figure 5b). The EICC EKE is high (1200 cm2 s−2) in April (poleward) and very high (1800 cm2 s−2) in November–December (equatorward) during the normal monsoon regime (Figure 5d). The EICC EKE reaches 1300 cm2 s−2 in May (poleward EICC) and 1500 cm2 s−2 in November (equatorward EICC) during the weak monsoon regime, with the lowest EKE (500 cm2 s−2) in September (Figure 5f).



A comparison of EKE in the western Bay and eastern Bay shows that the western Bay is dominated by larger and fewer eddies than its eastern counterparts. The eastern Bay is dominated by many small eddies, commonly generated by coastal Kelvin waves, which are in agreement with the findings of [20,21]. Weak monsoon conditions are the only scenarios that show strong CEs, with peaks in March, June, and July in the eastern BoB (Figure 6f). The western Bay is cyclonic eddy dominated during the first half of the strong monsoon year, and anticyclonic eddy dominated after July, indicating a direct seasonal response to basin-scale monsoon-directed flow (Figure 6a,c,e). In fact, the strong monsoon condition was the only one under which AEs dominated after July. The maximum CE EKE in the western Bay is similar between all years, with values of about 6000 cm2 s−2 (closer to 7000 cm2 s−2 in the strong monsoon conditions). The temporal period when AE EKEs exceed CE EKEs in the western Bay strongly varies from less than a month during normal conditions in early September to a three-month period in the strong monsoon from mid-July to mid-October (Figure 6a,c,e). In the eastern Bay (Figure 6b,d,f), the values of AE EKEs and CE EKEs are about the same, fluctuating around 2000 cm2 s−2. There is a period from March through July, when the eastern Bay’s EKE is dominated by CEs during weak and normal monsoon regimes (Figure 6d,f), but fluctuates between AE- and CE-dominant for strong monsoons (Figure 6b).




3.3. Eddy Characteristics as a Function of Depth


Vertical composites reveal the mean structure of eddies in the BoB and can provide insight into how they affect both local stratification and the water column as a whole. In the eastern BoB, density anomalies are dominated by salinity in the upper 50 m and by temperatures between 50 m and 150 m for strong monsoon seasons (Figure 7). The anomalies of density, salinity, and temperature are negative for cyclonic eddies and positive for anticyclonic eddies in the eastern BoB. In the western BoB for both the CEs and AEs, density anomalies at about the 100 m depth are influenced by the subsurface temperature anomaly, while those in the upper 50 m more closely mirror the salinity anomalies. Interestingly, the anomalies of density, salinity, and temperature are positive for both CEs and AEs. Fluctuations in the depth of the thermocline can be the source of such strong subsurface temperature anomalies. Composite swirl velocity anomalies (meridional component of velocity) show alternate flows in depth with a strong southerly flow below the salinity stratified surface layer. AEs have a deeper swirl velocity than CEs by about 25 m depth in the western Bay, while in the eastern Bay, both the CEs and AEs have similar swirl velocity structures. Vertical velocity anomalies are positive in both regions for both circulation types. The upwelling velocity is weaker in the CEs and AEs in the eastern Bay when compared to that in the western Bay for both CEs and AEs. This was the same result as that found in [20,33]. Similar subsurface patterns are seen in the normal monsoon season (Figure 8) and the weak monsoon season (Figure 9), although there appears to be shallowing in the vertical structures with increasing monsoon intensity. As monsoon intensity weakens, the eddy vertical structure increases. The temperature anomaly structure also deepens, but the swirl velocity anomaly becomes less extreme, so these eddies are deeper but weaker. In addition, in the weak monsoon year, we see some minor downwelling at the surface.




3.4. Coastal Kelvin Wave and Eddy Interactions


Figure 10 shows the variation of SLAs and the associated surface geostrophic currents during the propagation of the first upwelling Kelvin wave (Figure 10a–c), first downwelling Kelvin wave (Figure 10d–f), second downwelling Kelvin wave (Figure 10 g–i), and second upwelling Kelvin wave (Figure 10j–l) along the coasts of Sumatra and the Andaman Sea from the equatorial Indian Ocean. Since we are focusing on the different monsoon regimes, we will concentrate on the SLA distributions during the propagation of the first downwelling and second upwelling Kelvin waves during the strong monsoon regime (Figure 10d,j), the normal monsoon regime (Figure 10e,k), and the weak monsoon regime (Figure 10f,l). During the strong monsoon regime, large mesoscale AEs are generated in both the western Bay and east of Sri Lanka (Figure 10g), while smaller mesoscale AEs are generated in the central and northern Bay (Figure 10d,j). A large-scale CE or Sri Lanka Dome (SLD) is also generated off eastern Sri Lanka (Figure 10d,j). During the normal monsoon regime (2003), a cyclonic SLD is generated on the western flank of a strong SMC, while elongated AEs are generated on the right flank. Smaller mesoscale AEs and CEs are generated elsewhere in the BoB (Figure 10e,h,k). During the weaker monsoon regime (2002), the currents associated with the SMC, AEs, and SLD are strong (Figure 10c,f,i,l); mesoscale AEs are dominant elsewhere during the first downwelling Kelvin wave propagation (Figure 10f).



Hovmöller diagrams of SLA at the select latitudes (18°N, 15°N, 10°N and 5°N) during the different monsoon regimes as well as the SLA differences between strong monsoon and weaker monsoon regimes are presented in Figure 11. During the strong monsoon regime, one can see the propagation of AEs and CEs on the westward propagating Rossby wave radiated from the Myanmar coast (Figure 11a,e,i), with smaller (higher) SLAs during the strong (weaker) monsoon regime. This results in large negative SLAs (Figure 11m). Besides the westward propagation of upwelling and downwelling Rossby waves, SLAs in the northern Bay are also affected by strong (weaker) monsoon wind forcing, associated Ekman pumping, and surface convergences and divergences. During the weak monsoon regime (January–December 2002), westward propagating higher SLA, representing the downwelling Rossby wave, is evident at 18°N. It takes about 6 months (June to December) for this wave to travel from east to west at 18°N. The lower SLA on the east in March–April is associated with the generation of the weaker first upwelling Rossby wave, and the westward propagating higher SLA (May–October) represents the 2nd downwelling Rossby wave of the previous year (November–December 2013).



At 5°N, the westward propagation of Rossby waves is dominant. SLAs are large and positive during the monsoon seasons (May–September) of all regimes, resulting in weaker differences in SLA (Figure 10p). The 10°N latitudes extend into the Andaman Sea, and the variation of SLA at the eastern longitude (>95°E) represents its association with the coastal Kelvin wave and its westward radiation as a Rossby wave. During the weak monsoon regime, the first upwelling Kelvin wave (SLA, −10 cm) occurs from February–March, followed by downwelling Kelvin waves (SLA, +10 to +20 cm) from May to August and then from October to December (Figure 11k). During the strong and normal monsoon seasons (Figure 11c,g), only the downwelling Kelvin wave during June–September is apparent. SLA differences between the strong and weaker monsoon regimes are higher and positive at 15°N and weaker yet positive at 10°N (Figure 11n,o). The patterns of differences describe the propagation of eddies on the background Rossby waves (Figure 11p).




3.5. Wavelet Analysis


To provide statistical confirmation of the relationship between the eddy parameters observed and atmospheric precipitation and OHC, wavelet coherence analysis was conducted for all three monsoon regimes and is presented in Figure 12, Figure 13 and Figure 14 for the western and eastern Bay regions separately. It should be noted, however, that due to the comprehensive action of many factors that influence precipitation, including thermal, dynamic, water vapor and microphysical processes, this is an oversimplification. Future work is needed to isolate each individual forcing, which is outside the scope of this paper. There is higher wave coherence between the number of AEs and precipitation than the CEs during the strong monsoon regime, particularly in the western BoB during October and the post-monsoon period (Figure 12a–f). In the eastern BoB, the relationship between the number of AEs and precipitation was coherent during June–July. Similarly, the relationship between the number of CEs and precipitation was coherent during the intermonsoon periods. There was a more annually consistent relationship with minimal seasonal fluctuations during the normal monsoon regimes between the number of AEs and precipitation for both zonal halves of the BoB (Figure 13). The relationship between the number of CEs and precipitation was more coherent in the western BoB than in the eastern BoB and was strongest during the intermonsoon periods (Figure 13e). This was also true for high-amplitude CEs in the western Bay, but the relationship between high-amplitude CEs and precipitation in the eastern Bay peaked during the summer monsoon (Figure 13l). The relationship between the number of AEs and precipitation was again relatively strong throughout the year but was particularly coherent in March, August, and September (Figure 13b). The weak monsoon regime is the only one that shows a relatively similar wave coherence response between the eastern and western Bay (Figure 14). The relationship between the number of eddies and precipitation is slightly stronger for AEs, while the relationship between eddy amplitude and precipitation is slightly stronger for CEs throughout the Bay, with no notable seasonality other than the June–July peak (Figure 14f).



To better understand the relationship between 3–7 day synoptic oscillations in precipitation and ocean heat content (OHC) and mesoscale eddy activity, we compared the number of eddies of each circulation type and their mean amplitudes. This allowed us to see if there was a stronger connection between eddy robustness or the number of eddies with synoptic variability in each monsoon regime (Figure 15, Figure 16 and Figure 17). During strong monsoon conditions (Figure 15), the amplitudes of AEs and CEs are large in the western Bay compared to those in the eastern Bay. In the western Bay in August, high-amplitude synoptic oscillations in precipitation and OHC coincide with high-amplitude AEs. This is due to the increased capacity of larger-amplitude eddies to exchange heat with the atmospheric boundary layer and initiate deep convection [35].



During normal monsoon conditions (Figure 16), the highest-amplitude AEs do not coincide with 3–7-day synoptic oscillations in precipitation and OHC, which is different from the strong monsoon year (Figure 15). There are more years with normal monsoon conditions, so the individual eddy characteristics are averaged out, leaving only the overall seasonal behavior. The weakest connection between eddy amplitudes and 3–7 day synoptic oscillations seen during weak monsoon conditions is likely due to less extreme air–sea interactions derived from weaker wind forcing (Figure 17).





4. Discussion


Eddying is a critical component of upper-level advection and can modulate or intensify monsoon rainfall, particularly 3–7-day oscillations in the monsoon trough, which we directly observe in this work. High-amplitude BoB eddy events corresponded with 3–7-day rainfall oscillations, particularly during strong monsoon seasons, providing a direct link between the distribution of the SLA field and extreme flooding events. We find that large eddies of either circulation type provide the capacity to trigger synoptic oscillations due to the enhanced local heat exchanges during monsoonal air–sea interactions over the BoB.



The largest cyclonic eddy radii with weaker amplitudes were found in weak monsoon conditions, indicating a geometrically much “flatter” eddy structure. However, as monsoon intensity weakens, the vertical structure of these eddies deepens. The temperature anomaly structure also deepens, but swirl velocity becomes insignificant due to substantial compensation by vertical motion, so these eddies are deeper but weaker. In the western BoB, density anomalies at approximately 100 m depth are influenced by subsurface temperature anomalies, while those in the surface layer more closely mirror salinity anomalies. This is due to the unusually high river discharge at the sea surface and the associated salinity stratification in the Bay of Bengal. We found weaker Kelvin waves in weaker monsoon conditions, likely due to the weaker surface winds and diminished air–sea flux exchanges. In the case of the weaker monsoon, eddies have a deep vertical structure, indicating that vertical mixing is strong, with minimum lateral mixing (which is confirmed by the surface structures discussed above). In the cases of strong and normal monsoon regimes, both CEs and AEs are shallower, indicating the importance of lateral mixing over vertical mixing. Lower EKEs during strong monsoon regimes (compared to normal and weaker monsoon regimes) might also be due to stronger vertical mixing into the deeper ocean.




5. Conclusions


We conducted a multi-parameter analysis of the eddy field during the strong, normal, and weak monsoon regimes from 1993–2019 and found the highest number of eddies along the coastlines of the Bay, while the most robust and energetic eddies were located at the meanders of the EICC. This pattern was true for both circulation types (anticyclonic and cyclonic eddies). For the first time, we extend this analysis to include the subsurface eddy structure over the 27-year period of study, finding deeper eddies in weaker monsoon seasons.



We describe the flow in each monsoon regime, paying particular attention to the EICC and SLD. The western Bay is cyclonic eddy-dominated during the first half of the strong monsoon year and then anticyclonic eddy-dominated after June, also indicating a direct seasonal response to basin-scale monsoon-driven flow. Cyclonic eddy EKE was strongest along the EICC region and 4°N, indicating the influence of energetic equatorial Kelvin waves and the westward propagating Rossby waves, respectively. The EKE of anticyclonic eddies clearly shows higher values in the EICC, equatorial Kelvin waves, and a local maximum off the Sri Lanka coast that is highest during a strong monsoon regime. In the normal monsoon regime, SLD contains high (>34) salinity and cooler (~28 °C) surface waters, under the influence of cyclonic divergent flows of this SLD. In contrast, cooler, and high salinity surface waters of the eastern Arabian Sea origin appear in the SMC flow on the eastern flank of the SLD. Interestingly, warmer (29.2–29.8 °C) and low (33.0–33.2) salinity surface waters occur in the southwestern Bay on the western flank of the SLD during the weak monsoon regime. During the normal monsoon regime, the vertical extent of the SLD (cyclonic eddy) is limited to 200 m depth, whereas for the cases of strong and weak monsoon regimes, the SLD reaches beyond 300 m depth but with a weaker surface swirl velocity (0.2 ms−1). Weak monsoon conditions are the only scenario with strong CEs in the eastern BoB.



Through the Hovmöller diagrams of SLA at 10° latitude and 5°N latitude, it can be seen that the first upwelling coastally trapped Kelvin waves appear during February 2014, while the first downwelling Kelvin wave appears from May to August. The second downwelling Kelvin wave appears in November–December. However, only downwelling Kelvin waves are apparent during June–September during strong and normal monsoon regimes. These variations in the propagation of coastal Kelvin waves during the monsoon regimes affected the eddy formations in the western Bay, as well as in the EICC.



Relationships between the 3–7-day synoptic oscillations in precipitation and OHC and the number of mesoscale eddies in each circulation type are examined for three monsoon regimes. In western Bay, high-amplitude synoptic oscillations align with high-amplitude AEs rather than the number of eddies. We find that large eddies of either circulation type provide the capacity to trigger synoptic oscillations, more clearly the AEs, due to the enhanced local heat exchanges during monsoonal air–sea interactions. The eddy amplitudes and 3–7-day synoptic oscillations are weakly connected during weak monsoon conditions. This is not unsurprising because weaker winds are associated with a weaker summer monsoon. Wavelet coherence analysis conducted for all three monsoon regimes (strong, normal, and weak) reveals stronger coherence between eddy amplitude and atmospheric precipitation and ocean heat content than the number of eddies.
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Figure 1. Mean spatial distribution of eddy number (a–c), eddy radius (km; d–f), amplitude (cm; g–i), and EKE (cm2 s−2; j–l) for cyclonic eddies (CEs) averaged for the strong (left column), normal (middle column), and weak (right column) monsoon years, with the respective thresholds (see text for details) applied. In the top row, white squares denote less than 50 eddies over the full-time period. In the second row, white squares denote a mean eddy radius of less than 50 km. In the third row, white squares denote an average eddy amplitude of less than 5 cm. In the fourth row, white squares denote an average EKE of less than 200 cm2 s−2. 
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Figure 2. Mean spatial distribution of eddy number (a–c), eddy radius (km; d–f), amplitude (cm; g–i), and EKE (cm2 s−2; j–l) for anticyclonic eddies (AEs) averaged for the strong (left column), normal (middle column), and weak (right column) monsoon years, with the respective thresholds (see text for details) applied. In the top row, white squares denote less than 50 eddies over the full-time period. In the second row, white squares denote a mean eddy radius of less than 50 km. In the third row, white squares denote an average eddy amplitude of less than 5 cm. In the fourth row, white squares denote an average EKE of less than 200 cm2 s−2. 
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Figure 3. Bi−monthly SLA (shaded region, cm) and surface geostrophic currents (vectors, m s−1) in the Bay of Bengal averaged for the strong (left column, (a,d,g,j,m,p)), normal (middle column, (b,e,h,k,n,q)), and weak (right column, (c,f,i,l,o,r)) monsoon years, respectively. The years associated with each classification in this composite and the others are listed in Section 2. 
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Figure 4. Eddy characteristics of the Sri Lanka Dome during the strong (top), normal (middle), and weak (bottom) monsoon years. SLA (cm; a,h,o), sea surface salinity (SSS, psu; b,i,p), SST (°C; c,j,q), and (d–u)_zonal cross sections at the latitude indicated by a white dashed line: filled region of density (kg m−3) and black contours of isopycnals at 1 kg m−3 (d,k,r); filled region of salinity (psu) and black contours of swirl velocity (meridional component) every 0.2 m s−1 (e,l,s); filled region of temperature (°C) and black contours of swirl velocity (meridional component) every 0.2 m s−1 (f,m,t); filled region of vertical velocity (m s−1) and contours of 0.5 m s−1 interval (g,n,u). 
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Figure 5. Seasonal evolution of the mean eddy EKE (cm2 s−2; left column) of cyclonic (blue) and anticyclonic (red) eddies in the Bay of Bengal (75°–100°E, 0°–24°N) and the mean EKE (cm2 s−2; right column) in the EICC region of 200 km width from the coast between 10°N and 20°N during strong (top row), normal (middle row), and weak (bottom row) monsoon years averaged respectively. Note that the left and right panels have different Y-axes. 
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Figure 6. Seasonal evolution of mean eddy EKE (cm2 s−2) of cyclonic (blue) and anticyclonic (red) eddies in the western Bay (<90°E, left, a,c,e) and eastern Bay (>90°E, right, b,d,f) in the region 0°–24°N, for the strong (top), normal (middle), and weak (bottom) monsoon year. Note that the left and right panels have different y axes. 
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Figure 7. Zonal cross-section across the composite cyclonic eddy (left part) and anticyclonic eddy (right part) in each subplot during the strong monsoon years averaged. Density anomaly (kg m−3; a,f); salinity anomaly (psu; b,g); temperature anomaly (°C; c,h); swirl velocity (meridional component; m s−1; d,i); vertical velocity (mm s−1; e,j) within two normalized radii of the eddy center in the eastern Bay (>90°E; a–e) and western Bay (<90°E; f–j). 
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Figure 8. Zonal cross-section across the composite cyclonic eddy (left part) and anticyclonic eddy (right part) in each subplot during the normal monsoon years averaged. Density anomaly (kg m−3; a,f); salinity anomaly (psu; b,g); temperature anomaly (°C; c,h); swirl velocity (meridional component; m s−1; d,i); vertical velocity (mm s−1; e,j) within two normalized radii of the eddy center in the eastern Bay (>90°E; a–e) and western Bay (<90°E; f–j). 






Figure 8. Zonal cross-section across the composite cyclonic eddy (left part) and anticyclonic eddy (right part) in each subplot during the normal monsoon years averaged. Density anomaly (kg m−3; a,f); salinity anomaly (psu; b,g); temperature anomaly (°C; c,h); swirl velocity (meridional component; m s−1; d,i); vertical velocity (mm s−1; e,j) within two normalized radii of the eddy center in the eastern Bay (>90°E; a–e) and western Bay (<90°E; f–j).



[image: Remotesensing 15 01079 g008]







[image: Remotesensing 15 01079 g009 550] 





Figure 9. Zonal cross-section across the composite cyclonic eddy (left part) and anticyclonic eddy (right part) in each subplot during the weak monsoon years averaged. Density anomaly (kg m−3; a,f); salinity anomaly (psu; b,g); temperature anomaly (°C; c,h); swirl velocity (meridional component; m s−1; d,i); vertical velocity (mm s−1; e,j) within two normalized radii of the eddy center in the eastern Bay (>90°E; a–e) and western Bay (<90°E; f–j). 
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Figure 10. Daily SLA (cm) and geostrophic current vectors during the dates specified on each panel (a−l). Only positive (negative) values are shown to isolate the signatures of the downwelling (upwelling) Kelvin wave. 
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Figure 11. Time-longitude Hovmöller diagrams of daily SLA (cm) at 18°N (a,e,i,m), 15°N (b,f,j,n), 10°N (c,g,k,o), and 5°N (d,h,l,p) during the strong (top left), normal (top right), and weak (bottom left) monsoon years. (Bottom right) Difference in daily SLA (cm) between the strong minus weak monsoon years at these latitudes (m,n,o,p). 
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Figure 12. Wave coherence for the western Bay (left panel) and eastern Bay (right panel) during averaged strong monsoon years of 3–7 day precipitation and number of AEs (a,b); time series of the number of AEs (red) and CEs (blue) (c,d); wave coherence of precipitation and number of CEs (e,f); wave coherence of precipitation and mean AE amplitude (g,h); time series of mean amplitude of AEs (red) and CEs (blue) (i,j); wave coherence of precipitation and mean CE amplitude (k,l) in the western Bay (<90°E; left) and in the eastern Bay (>90°E; right). Phase arrows indicate the relative phase relationship, with right (left) being in phase (anti-phase) and up (down), showing that precipitation (eddy property) is leading. 
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Figure 13. Wave coherence for the western Bay (left panel) and eastern Bay (right panel) during averaged normal monsoon years of 3–7 day precipitation and number of AEs (a,b); time series of the number of AEs (red) and CEs (blue) (c,d); wave coherence of precipitation and number of CEs (e,f); wave coherence of precipitation and mean AE amplitude (g,h); time series of mean amplitude of AEs (red) and CEs (blue) (i,j); wave coherence of precipitation and mean CE amplitude (k,l) in the western Bay (<90°E; left) and in the eastern Bay (>90°E; right). Phase arrows indicate the relative phase relationship, with right (left) being in phase (anti-phase) and up (down), showing that precipitation (eddy property) is leading. 
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Figure 14. Wave coherence for the western Bay (left panel) and eastern Bay (right panel) during averaged weak monsoon years of 3–7 day precipitation and number of AEs (a,b); time series of the number of AEs (red) and CEs (blue) (c,d); wave coherence of precipitation and number of CEs (e,f); wave coherence of precipitation and mean AE amplitude (g,h); time series of mean amplitude of AEs (red) and CEs (blue) (i,j); wave coherence of precipitation and mean CE amplitude (k,l) in the western Bay (<90°E; left) and in the eastern Bay (>90°E; right). Phase arrows indicate the relative phase relationship, with right (left) being in phase (anti-phase) and up (down), showing that precipitation (eddy property) is leading. 
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Figure 15. Time series of 3–7-day filtered precipitation (mm day−1), total precipitation (mm day−1), over the Bay of Bengal, amplitudes of anticyclonic eddies (red), and amplitudes of cyclonic eddies (blue) and ocean heat content (×106 J) in the (a,b) eastern bay (>90°E) and (c,d) western Bay (<90°E) during the strong monsoon years averaged. 
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Figure 16. Time series of 3–7-day filtered precipitation (mm day−1), total precipitation (mm day−1), over the Bay of Bengal, amplitudes of anticyclonic eddies (red), and amplitudes of cyclonic eddies (blue) and ocean heat content (×106 J) in the (a,b) eastern bay (>90°E) and (c,d) western Bay (<90°E) during the normal monsoon years averaged. 
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Figure 17. Time series of 3–7-day filtered precipitation (mm day−1), total precipitation (mm day−1), over the Bay of Bengal, amplitudes of anticyclonic eddies (red), and amplitudes of cyclonic eddies (blue) and ocean heat content (×106 J) in the (a,b) eastern bay (>90°E) and (c,d) western Bay (<90°E) during the weak monsoon years averaged. 
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