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Abstract

This study examines direct current measurements in the central equatorial Indian Ocean during the
positive phase of the extreme Indian Ocean Dipole (pIOD) in 2019. Analysis of near-surface zonal
current at 77°E and 83°E reveals a notable delay in the onset of fall Wyrtki Jets (WJs), typically
occurring in October. The WJs formed in December but persisted for a shorter duration. On the other
hand, the subsurface currents display a strong eastward flow persistent from October 2019 to June
2020 which is abnormal to a normal condition. The anomalous subsurface zonal currents exhibited
magnitudes three times stronger during plOD 2019 compared to plOD composites. Due to the
continued sub-surface flow, wavelet analysis revealed a dominant semi-annual cycle near the surface
and an annual cycle in the subsurface layers. To explore the underlying processes behind these
anomalies, we used the Modular Ocean Model in conjunction with a linear, continuously stratified
model. Our experiments revealed that the weakening of fall Wyrtki Jets in 2019 was driven by
anomalous easterlies associated with the extreme plOD phase. However, the persistence of eastward
subsurface currents was attributed to anomalous westerlies in the western Indian Ocean. These
westerlies generated Kelvin waves propagating eastward, which upon impinging the eastern boundary,
reflected and propagated downwards as Rossby waves, ultimately intensifying the subsurface currents.
Overall, our study underscores the significance of equatorial wave dynamics in driving currents during
the extreme 1OD event.
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1. Introduction

The Equatorial Indian Ocean (EIO) plays a strong role in global and regional climate change, through
ocean-atmosphere-coupled processes, which also serve as a foundation for many global and regional
climate and weather patterns (Saji and Yamagata, 2003). The key feature of the EIO is the robust air-
sea interactions, which exhibit spatial and temporal variations from intraseasonal to interannual scales
(e.g., McPhaden, 1982; Gnanaseelan et al. 2012; Gnanaseelan and Deshpande 2018). The zonal
currents are the primary flow in the EIO and play a critical role in the distribution of ocean mass and
heat between the western and eastern Indian Ocean (lO), thus influencing the regional weather and
climate (Schott and McCreary 2001). The EIO experiences different seasonal wind forcing and is
influenced by both summer and winter monsoons (Schott et al. 2009; Shankar et al. 2002). Winds over
the E10O, particularly their zonal component, are weak during monsoons. In contrast, relatively strong
westerly winds appear during the transition between monsoons, first during April-May (spring) and
then again during October- November (fall) (Hastenrath et al. 1993). These winds drive strong
eastward currents along the equator, known as Wyrtki jets (WJs; Wyrtki 1973), which transport
warmer upper-layer water towards the east, causing the deeper thermocline and mixed layer and
supporting a more convective atmosphere than in the west. In essence, the WJs dictate the thermocline
shape in the EIO. However, the WJs are sometimes modulated due to the changes in wind patterns
during specific conditions. The Indian Ocean Dipole (I0OD) reflects the ocean-atmosphere systems
deviation from this mean state occurring during certain years, characterized by opposite signs of
anomalies in the east and west. This phenomenon is one of the dominant modes of variability of the
tropical 10.

The IOD is a process that connects the ocean and atmosphere in the tropical 10 and is associated
with anomalous warming in the western EIO and cooling in the Eastern EIO (Saji et al. 1999; Webster
et al. 1999). The 10D development is closely linked to the seasonal cycle, due to the thermodynamic
air-sea feedback between an atmospheric anticyclone located to the east of Sumatra (Annamalai et al.
2003) and the ocean underneath being dependent on the seasonal cycle of winds (Li et al. 2003,
Murthugudde at al. 2000). The ocean-atmosphere coupling during an 10D involves atmospheric
convection, winds, SST and upper ocean dynamics. The discovery of the 10D led to the realization
that the 10 can have its own coupled ocean-atmosphere variations (Schott et al. 2009), rather than
being entirely dependent on events in the Pacific Ocean related to El Nifio Southern Oscillation
(ENSO).

Several recent studies have delved into the factors behind the intense positive Indian Ocean

Dipole (IOD) event that occurred in 2019. This event was the most potent IOD on record in the last



three decades in terms of both intensity and duration (Chen et al. 2023, Doi et al. 2020, Du et al. 2020).
Notably, it has been revealed that the occurrence of the 2019 extreme positive 10D event featured the
most significant easterly and southerly wind anomalies on record, leading to the strongest wind speed
that facilitated the latent cooling to overcome the increased radiative warming over the eastern EIO,
leading to unique thermodynamic forcing, as elucidated by Wang et al. (2020). Doi et al. (2020)
conducted an analysis that suggested the formation of the 10D 2019 could be linked to the pre-existing
El Nifio in the Pacific. In particular, the first half of 2019 experienced a moderate El Nifio that lasted
from the autumn of 2018 (September to November) until the mid-summer of 2019 (June to July). Du
et al. (2020) identified the role played by westward propagating Rossby waves, generated as a result
of weak El Nifio-like conditions in the Pacific, in inducing deep convection and anomalous easterly
equatorial winds that triggered the initial cooling of the eastern 10 during March to May. The plOD
2019 was triggered in May by easterly wind bursts over the tropical Indian Ocean associated with the
dry phase of the boreal summer intraseasonal oscillation, and it was sustained by local atmosphere-
ocean interaction thereafter (Zhang et al. 2021). The quasi-stationary Madden-Julian oscillation (MJO)
activity maintained over the western 10 contributed to the vigorous growth of the positive 10D.
Concurrently, the sustained MJO convection suppressed the precipitation anomalies triggered by the
Central Pacific EI Nifio warming. Thus, the El Nifio forcing had only a minor effect on the positive
IOD 2019 and the local Bjerknes feedback contributed to it as an extreme 10D event (Huang et al.
2022). A recent study by Chen et al. (2023) suggested that the extremely positive IOD modulates the
Indian Ocean circulation and, thus, regulates the basin-wide freshwater balance between the subsurface
layer of the equator and the surface layer of the EIO. However, none of these studies explored the
equatorial circulation response to the extreme 10D 2019, and it remains unexplored and is worth

studying to comprehend the cause of ocean dynamics in generating these extreme events.

Our study focuses on investigating the relationship between extreme 10D and subsurface
currents, with a specific emphasis on the peculiarities of the year 2019 and its impact on the EIO
circulation. Through a set of sensitivity experiments, we aim to verify the role of anomalous westerlies
in the western EIO, the developing 10D that year, and the response of equatorial currents, using a
linear continuously stratified (LCS) model. Our work is organized as follows: Section 2 outlines the
data used for analysis, as well as the model and experiments performed. In Section 3, we examine the
observed variability of the currents from acoustic Doppler current profiler (ADCP) moorings, with a
focus on the recent period. Section 4 features the results from the ocean general circulation model,
along with a discussion of the main findings, and section 5 presents the LCS model experiment results.

Finally, in Section 6, we summarize the key takeaways from our analysis.



2. Data and Methods
2.1 Data

We obtained observed currents from ADCPs that were placed on moorings as part of the Ocean
Observation Network (OON) programme of ESSO - Indian National Centre for Ocean Information
Services (INCOIS), India. These currents were measured at locations (0°, 77°E) and (0°, 83°E)
between 2018 and 2021. These ADCPs allowed a near-continuous record of currents from the surface
to 1400 m with a vertical resolution of 8 m and one hour's temporal sampling interval. These two
moorings have two upward-looking 75 kHz ADCPs at approximately 400 and 900 m depth
respectively (Jain et al. 2021). The data from the top ADCP at 83°E is missing from June 2020 to
August 2021 during the study period. Deployments in the ocean are often prone to loss of data owing
to fishing vandalism and instrument damage. The deep sea moorings, being entirely underwater, do
not have any major data gaps due to vandalism. Yet, the missing data during this period at 83°E is due
to the instrument failure. However, this would not be limited to the study of the near-surface features
during the above period. The ADCP records at 77°E are continuous and they can cover the current
variability in the equatorial central Indian Ocean (refer to Jain et al. 2021 for completed details about
the mooring configuration and data availability). For the present study, we used the current data for
the depth up to 300 m. The top 10% of these observations are not reliable due to surface backscattering
that contaminates the data. Unfortunately, the lack of near-surface buoys means that useful surface
current data is lost. For completeness of the analysis, we used the Modular Ocean Model (MOM)

version 5.

To evaluate the model, we used the following ancillary datasets: daily currents from the Ocean
Surface Current Analysis Real-time (OSCAR) product derived from satellite measurements (Bonjean
and Lagerloef, 2002), monthly sea surface temperature (SST) data from the latest version of the
National Oceanic and Atmospheric Administration (NOAA) Extended Reconstructed Sea Surface
Temperature (ERSST v5) product (Huang et al. 2017), and daily zonal and meridional wind
components at the surface level from the latest version of the European Centre for Medium Weather
Forecast (ECMWF) reanalysis (ERA5) product (Hersbach et al. 2023) during the period 1990 - 2021.
We utilized the Dipole Mode Index (DMI) method proposed by Saji et al. (1999) to identify 10D
events. This method employs the normalized Sea Surface Temperature (SST) anomaly difference
between the western EIO (50°E-70°E and 10°S—-10°N) and eastern EIO (90°E-110°E and 10°S—-0°N)
and classifies it as an 10D event if it exceeds £1 standard deviation.

2.2. Ocean models



2.2.1 Modular Ocean Model

For this study, we utilized simulations from the Modular Ocean Model (MOMDb5) ocean general
circulation model (OGCM). The model configuration is similar to Mukherjee and Ravichandran
(2023). The MOMS5 model has a global horizontal resolution of 0.25°%0.25° and 50 vertical levels with
a resolution of 10m from the surface to 220m to accurately represent the upper ocean mixed layer and
thermocline zones. The vertical resolution then gradually increases to a maximum thickness of 371 m
at a depth of 5000 m. The K-profile parameterization (KPP) scheme was used to mix momentum and
tracers vertically (Large et al. 1994). The model was given a realistic topography of 0.5° resolution
derived from the 5-min global topography from ETOPO5 (Earth Topography-5 min). To account for
the impact of river runoff forcing, sea surface salinity was relaxed to the monthly global climatology
of Chatterjee et al. (2012) on a 60-day time scale. The MOM5 model starts with the global temperature
and salinity climatology of Chatterjee et al. (2012) and is forced with CORE-II atmospheric forcing
(Large and Yeager 2008), including air pressure, downward and longwave radiation, air temperature,
specific humidity, precipitation, snowfall, and wind stress, at a horizontal resolution of 2°x2°, After a
climatological spin-up of 100 years, MOMDb begins using real-time atmospheric forcing from January
1979 with a horizontal resolution of 0.25°x0.25° and temporal resolution of 6 h from ERA5 (Wang et
al. 2019). The analysis in the present manuscript focuses on model outputs from January 1990 to
December 2020. We first evaluated the MOM5 model simulated currents with the OSCAR satellite
product and observed ADCP currents before proceeding with analysis (Supplementary Fig. S1). The
climatological mean of zonal currents from the OSCAR product displays eastward flow with a core
located in the south of the equator. The seasonal cycle of zonal current in the equator indicates a strong
eastward flow; Wyrtki Jets (WJs), during spring (April-May) and Fall (October-November), and
westward flow during summer and winter seasons. The annual mean of the currents on the equator is
mainly dominated by an eastward flow driven by the WJs (Wyrtki, 1973). It is noted that the model
currents display a good agreement with the observation and satellite-derived products with a pattern
correlation of ~0.82. Thus, we proceed further with our analysis by relying on the MOM5 model

simulations.
2.2.2. Linear Continuously Stratified Model (LCS)

We utilized the LCS model (McCreary et al. 1996) to comprehend the causes behind the robust
equatorial subsurface circulation's response to abnormal winds during 2019. We linearized the model
equations about a homogeneous density state and decomposed the variables into vertical normal
modes, summing over the first 10 modes to derive the solutions. In the model configuration, we

prescribed a flat bottom and realistic coastline, with a horizontal resolution of 0.25°x0.25° in the



domain 30°S - 30°N, 30°E - 120°E. The control (CTL) simulation was enforced with daily wind from
ERAS, with a resolution of 0.25°%0.25° from 1 January 2005 to 31 December 2020 (15 years), and we
used the last 10-year simulation to avoid the initialization problem. We also used the wind forcing
from ASCAT satellite data, and the results were almost identical to the ERA5 wind forcing. Since the
LCS model is linear, it is possible to differentiate between the local and remote forcing effects on the
currents, for example, East India Coastal Currents (McCreary et al. 1996; Shankar et al. 1996). To
determine the relative importance of reflected Rossby waves from the eastern boundary, we conducted
a sensitivity experiment (EXP) by applying a climatological wind until July 2019 and realistic wind
forcing for the remainder of the year. Thus, the experiment solution does not include waves generated
by abnormal wind patterns during June and July 2019. We calculated the daily anomalies for CTL and

EXP by removing daily climatology over ten years.
3. The ADCP observed current variability

This section discusses the equatorial currents observed from the ADCP mooring located at 0°,
77°E and 0°, 83°E. Figure 1 represents the time evolution of 5-day low pass filtered zonal currents
from depths ranging from 50 to 300m, between 2018 and 2021. During the spring and fall seasons, the
WJs, which are the primary eastward flow on the equator, are evident. A zonal current strength of 50
cm/s is utilized as the criterion for jet onset and disappearance. The spring WJ emerges in April and
continues through May, reaching a depth of 150m. It manifests a strong phase of upward propagation
and eventually ceases in June. The fall WJ typically appears in October and is most robust in
November, starting to disintegrate in December (McCreary and Shetye, 2023). These jets are shallower
and confined to 100m depth. Besides the eastward WJs, there are also westward currents between the
two WJs during summer and winter, with weaker magnitudes. It is important to note that the top 10%
of the ADCP records are contaminated due to strong backscattering. Therefore, surface currents are
obtained from the OSCAR satellite-derived currents. The OSCAR surface currents mostly align with
the observed top ADCP bin but from fall 2019 to spring 2020, an unusual behaviour in surface and
subsurface currents was observed (Fig. 1b, d). The onset of fall WJs, which typically occurs in October
at 77°E, was delayed by two months in 2019, forming in December but for a shorter duration (Fig. 1b,
dashed vertical black line). The subsurface currents, evident from the ADCP data, persistently flowed
eastwards from October 2019 to June 2020 (see supplementary Fig. S2 for zoomed view). During this
period, the OSCAR currents were in the opposite direction to that of the ADCP top bin observations
from February to March 2020, indicating the presence of undercurrents (Fig. 1a). At other times, the
subsurface currents appear as strong current cores, with subsurface flow stronger than the surface. A

similar behaviour was observed at 83°E, with a slightly higher magnitude (Fig. 1c).



Furthermore, we conducted wavelet analyses at selected depths (60m, 100m, 150m, and 250m)
to investigate the dominant temporal variability of the spectra power in ADCP current observations at
77°E displayed in Figure 2. This location provided continuous current measurements during the study
period. The near-surface currents at 60m depth exhibited a strong semi-annual (180-day) variability
and are consistent with observations from previous studies (Wyrtki 1973, Schott and McCreary, 2001,
Shankar et al. 2002, Jain et al. 2021). In addition to this, there was a strong annual variability at 200m
depth. The annual variability was more prominent at the subsurface, especially during summer 2019
at 150m depth and during winter 2019 at 250m depth. The strength of wave power annual variability
decreased with increasing depth. In these depth ranges, the annual cycle tends to be less pronounced
than the semi-annual cycle (McPhaden et al. 2015, Jain et al. 2021). However, the annual cycle is
known to exhibit greater strength in the remaining parts of the north Indian Ocean (Schott and
McCreary, 2001). In the following sections, we show how the anomalous westerlies in the western
Indian Ocean hinder the reversal of the sub-surface currents, resulting in a weak semi-annual cycle

evident in the wavelets.

In Figure 3, the time series of surface zonal current interannual anomalies averaged over the
core WJs region from OSCAR currents and MOMS5 OGCM are displayed. The model surface currents
demonstrate a high level of agreement with OSCAR satellite currents, with a correlation coefficient of
0.8 (Fig. 3a). The interannual current anomalies showed a delay in fall WJs during 2019 for about two
months, and began appearing in December for a shorter period. There was an anomalous surface
westward current due to the weakening of the WJs, which was caused by the easterlies in response to
plOD (Saji et al. 1999; Vinayachandran et al. 2007). The winds associated with plOD weakened the
fall WJs (McPhaden et al. 2015). In addition, we can see the time-depth section of zonal current
anomalies from ADCP observations at 77°E, which showed an anomalous eastward current persisting
from fall 2019 to spring 2020 with upward phase propagation (contours, Fig. 3b). The model
subsurface zonal current anomalies displayed a similar pattern with a slightly weaker magnitude.
However, the seasonality and upward phase propagations are consistent with the observed anomalies,
with a correlation coefficient of ~0.7 (Fig. 3b). Therefore, it is crucial to understand the evolution of
anomalous subsurface currents during 2019-2020, the responsible mechanisms behind the strong

currents, and their possible role in links to the extreme 10D 2019.
4 The equatorial currents response to the extreme 10D 2019

Before proceeding further, it is worthwhile to explore the strength of 10D 2019 and its
evolution compared to other IOD events. Figure 4 displays the DMI from 1990-2022, with the red stars
representing the 10D events (1994, 1997, 2006, 2015, 2018 and 2019) during the study period, which



occurs from September through November (the peak of 10D). Our analysis indicates that the 2019
IOD was the strongest event ever recorded in recent decades, with 3°C anomalously warming (Fig.
4a). The SST anomalies associated with 10D started to appear in June, intensify in the following
months, peak in October-November, and rapidly decline thereafter (Fig. 4b). Although the 1994 and
1997 10D events displayed similar evolution, they were co-occurred events with El Nifio Southern
Oscillation (ENSO). The 10 equatorial subsurface circulation is largely modulated by the ENSO
remote forcing and a weak contribution by the 10D forcing during the co-occurred events (Rao and
Yamagata, 2004; McPhaden and Nagura, 2014). Usually, 10D develops in summer and peaks in
autumn, a season leading to the peak of El Nifio, and then quickly declines in winter. On the other
hand, ENSO tends to develop over the eastern equatorial Pacific but peaks in the winter of the same
year. However, a very strong positive IOD 2019 occurred independently of ENSO (Du et al. 2020, Lu
and Ren 2020, Wang et al. 2020). Here, we present the MOM5 model simulated currents evolution
during 1OD composites and the extreme 10D 2019 and the associated mechanisms through internal
ocean dynamics, which sheds new light on our understanding of the impact of extreme 10D 2019 on

ocean circulation.

We have conducted a composite analysis using ocean model simulations to investigate the
impact of 10D climate mode on equatorial current anomalies. Figure 5 depicts the monthly progression
of zonal current anomalies during IOD years, encompassing the entire event from June to the following
March and during the extreme 10D 2019. In August, westward surface and eastward subsurface zonal
current anomalies began to manifest, which intensified from October —December, reaching a current
strength of ~25 cm/s in plOD composites. Notably, the surface westward current anomalies first
emerged in eastern 10 and then propagated towards the central and western 10 by the end of December
(Fig. 5¢-g). Such behaviour is attributed to the weakening of WJs during the 10D peak (Fig. 5d-f). The
anomalous westward equatorial currents are a result of a decline in eastward transport, leading to
westward transport during fall. During the 10D peak, strong easterly wind anomalies prevail along the
equator, exerting a significant influence on the equatorial current system (Fig. 6d-f). A similar pattern
was observed in extreme 10D 2019, although the current anomalies strength was three times higher
(Fig. 5m-q). The surface westward flow emerged in August from the eastern 10 to the western 10 and

persisted in the western 10 until January 2020 (Fig. 5r).

The wind stress curl anomalies associated with 10D composites and extreme 10D 2019 are
depicted in Figure 6. Anomalous south-easterlies were observed in the south-eastern 10 in June (0),
which turned into fully established easterlies by August and reached their peak in October — November
in both 10D composites (0.02 Nm) and 10D 2019 (0.06 Nm2), with three times the magnitude (Fig.



6). These easterlies in the eastern and central 10 persisted until January 2020, in contrast to the
composite wind (Fig. 6g-r). The Bjerknes-like feedback process that ensued between SST anomalies
and thermocline depth facilitated the rapid growth of the easterly anomalies (Cai et al. 2009). The early
development of easterlies was observed in 2019, which favoured the development of an early positive
IOD event by April/May aligned with SST anomalies (Fig. 4b). Strong easterly anomalies along the
equator and south-easterly winds along the Sumatra/Java coast caused the downwelling Rossby wave
in the southern tropical 10 as a response to anomalous anticyclonic wind stress curl (Fig. 6d-f and see
supplementary Fig. S3) during the developing phase of the positive 10D (Xie et al. 2002, Rao and
Behera, 2005).

In the context of plOD composites, it is noted that there exists an equatorial undercurrent that
is distinguishable (contours) from the surface flow (Fig. 5d-f). The undercurrent is referred to as the
subsurface current whose direction is opposite to that of the surface flow. The subsurface eastward
current anomalies were established in August but reached their maximum during the 10D peak. The
easterly wind anomalies along the equator drive an anomalous upwelling Kelvin wave during 10D,
which radiates into the eastern 10 (Fig. 6¢). At the eastern boundary, these waves reflect into coastally
trapped Kelvin waves and westward propagating Rossby waves (Vinayachandran et al. 2002; Rao et
al. 2002). A similar pattern was observed during 10D 2019, but the propagation was three times

stronger and deeper in contrast to the composites (see Supplementary Fig. S3b).

Moreover, anomalous surface eastward current anomalies were observed in June 2019 at
western and central 10 due to the westerly wind anomalies present there unlike in the composites (Fig.
5k, 6k). A quasi-stationary eastward propagating Madden - Julian Oscillation (MJO) activity is
attributed to the anomalous westerlies in the western 10 (Huang et al. 2022). These strong westerly
wind anomalies in the western EIO drive an anomalous downwelling Kelvin wave, which radiates into
the eastern boundary and then reflects into coastally trapped Kelvin and Rossby waves, which remotely
affect sea level variations and thermal structure along the eastern EIO. The energy from the reflected
Rossby waves propagates both westwards and downwards (McCreary 1984), leading to strong and
persistent eastward subsurface currents during 10D 2019. This is consistent with the observed ADCP
data reported in section 3.1 and the results are in line with the previous studies (Huang et al. 2018,
Amol et al. 2022). The reflected downwelling Rossby wave at the eastern boundary travelled
westward, deepening the isothermal layers in the western EIO. Consequently, the surface atmospheric
forcing has a profound impact on the variation in the isothermal layers in both the eastern EIO and
western E1O (Vinayachandran et al. 2002).



We employ the lead-lag correlation analysis to examine the dynamics of these equatorial
currents. In Figure 7, we present the lead-lag correlation between the zonal current anomalies, an area-
averaged (green box on Fig. 6k) westerly wind anomalies, and overlaid ray paths for both Kelvin and
Rossby waves. The maximum correlation of zonal current anomalies is linked to the surface wind
forcing in western 10 (Fig. 7a). The ray paths for the annual cycle were plotted from the western and
eastern 10, representing the Kelvin waves (blue curve) and incident Rossby waves (black curve) driven
by the anomalous westerlies from the western 10 (Fig. 7a-b), as well as the reflected Rossby waves
(black curve) from the eastern boundary. It is essential to note that the beam path varies with the
location of wind forcing, which fluctuates along the equator. The incident Kelvin wave ray path
propagated downward and eastward in the upper 100m (Huang et al. 2018; Amol et al. 2022). Upon
reaching the eastern boundary, it reflects into Rossby waves that propagate westward into the deeper
depths. The high correlation values gradually propagate from the east toward the west and extend to
deeper depths in the central 10 suggesting the wave propagations downwards and westwards (Fig. 7h-
j). The downward propagation of the Rossby waves at annual periods, emanating from the eastern
boundary of the EIO leads to strong and persistent eastward zonal current anomalies in the subsurface.
The blue box in Fig. 7 shows regions of positive correlation where the sub-surface current continues
to flow eastward instead of flowing westward. During normal years the semi-annual reflected Rossby
waves cause the sub-surface currents to flip direction in this region (Nagura and McPhaden, 2012;
2016).

The analysis suggests that the anomalous strong eastward flow observed in the subsurface
equatorial current systems during 10D 2019 could be attributed to the westerly wind anomaly in the
western 10 (Fig. 6k). To isolate the impact of westerly winds on the equatorial current systems, we
utilised the LCS model to separate the response of these currents to anomalous wind forcing in the
western 10. This region exhibits a unique feature in 10D 2019, which underscores the importance of
this study (Fig. 6a, k). Our LCS model simulations used daily winds from the ERAS reanalysis product.
Before proceeding with the model simulations, we first examined the equatorial winds during 2019,
using monthly means of zonal wind mean and anomaly on the equator, which are shown in Figure 8.
The absence of climatological westerlies in the central and eastern 10 during the fall of 2019 caused
W.Js to weaken during the same period (Fig. 8c). On the other hand, persisting westerlies in the western
edge of the basin starting from the summer of 2019 which is not presented in the composite winds
(Fig. 8a, b), contributed to the anomalous surface eastward zonal current anomalies during June 2019
(Fig. 5k). Consequently, anomalous Kelvin waves are generated to the eastern boundary, where they

are reflected as Rossby waves with downward and westward propagation (Vinayachandran et al.



2002). However, it is challenging to differentiate the effects of westerly and easterly winds in
observations and OGCMs. Therefore, to ascertain the relative contribution of reflected and directly
forced Rossby waves, we analysed the simulations using the LCS model. The LCS model provides an
opportunity to detect the wave processes associated with subsurface currents, as the model output can

be differentiated into wind-forced and boundary-reflected waves.
5. LCS model experiments

This section presents an evaluation of the wind-forced and boundary-reflected waves relative
contribution to the subsurface anomalous eastward flow maintenance, using LCS model simulations.
The LCS model control (CTL) simulation closely aligned with the ADCP observed features, albeit
with slightly high magnitudes. The simulation exhibited persistent subsurface eastward currents from
fall 2019 to spring 2020, as seen in the ADCP observations (Figure not shown). In addition, Figure 9
displays the monthly evolution of zonal current anomalies during 10D 2019. The CTL simulation
accurately captured the surface westward and subsurface eastward zonal current anomalies during the
10D peak. However, the subsurface currents’ magnitudes were higher than the OGCM currents and
limited to shallower depths (Fig. 5f-i, 9f-i). Furthermore, the reflected Rossby wave energy propagated
downward and westward, akin to OGCM currents. Ultimately, the CTL simulation featured the current

variability with significant accuracy.

Our analysis showed that the unique feature of IOD 2019 the anomalous westerly wind in the
western 10 plays a strong role in driving the equatorial currents (Fig. 6a-b, k-1). Therefore, we
performed a sensitivity experiment using the LCS model by imposing climatological wind until July
2019, followed by realistic wind forcing for the remainder of the model simulation. This experiment
aimed to suppress the generation of equatorial waves during the June and July months of 2019, which
are responsible for the persistent subsurface eastward currents after the peak of 10D 2019. Fig. 9
reveals a noticeable difference between the CTL and EXP simulations. The climatological winds cause
the near-surface currents during June (Fig. 9K) to be in the opposite direction to that caused by the
2019 10D winds in the CTL run (Fig. 9a). The eastward (westward) current in the western (eastern)
10 is replaced by the westward (eastward) current. Notably, the LCS experiment would also modify
the behaviour of the Kelvin wave and generate a weaker Rossby wave that propagates westwards and
downwards from the eastern boundary. During November and December, the suppression of wind
forcing from June to July primarily weakens the westward surface current and eastward sub-surface
current (Fig. 9p,q). The patchy weakening or disappearance of sub-surface cores continues till March
2020 (Fig. 9r-t).



Figure 10 shows the schematic of the key processes involved in the subsurface evolution of the
plOD 2019. The shading represents the surface (subsurface) evolution of zonal current anomalies
during June (October through December). The surface wind anomalies (black vectors) trigger the
eastward propagating downwelling Kelvin waves (red arrow), after reaching the eastern boundary they
are reflected as downward and westward propagating Rossby waves (green arrow). The analysis shows
that the anomalous June-July wind, which is unique to 10D 2019, is important to maintain a persistent
eastward subsurface current and strengthen the anomalous westward current associated with IOD from
October to December.

6. Summary and conclusions

The paper discusses the observed current variability from recent records of ADCP mooring located at
the longitudes 77° and 83°E on the equator. The zonal currents in the central 10 are dominated by semi-
annual variability in the near-surface and annual variability in the subsurface. ADCP observations
revealed a strong and persistent eastward flow below the surface at 80 — 150 m depth from fall of 2019
to spring of 2020. An anomalous surface westward flow and subsurface eastward flow is reported
during the above period. A strong positive Indian Ocean Dipole (pIOD) event with 3°C anomalous
warming in the surface was recorded in 2019 which is an extreme event in the recent period (Zhang et
al. 2021; Du et al. 2020). The anomalous westward flow in the surface is mainly due to the weakening
of WJs during fall caused by the easterlies driven by the extreme 10D 2019. In addition to easterlies
in the eastern basin, a unique feature in IOD 2019 is the anomalous westerly winds in the western 10
during the early summer months. The intensified westerly winds are not exclusive to the western 10
but are also observed in other basin regions, such as the southern 10 or specific months in the Arabian
Sea and the Bay of Bengal (Fig. 6). Currently, it remains uncertain whether these westerly
enhancements result from the dynamics of the IOD or other processes. Nonetheless, the westerlies in
the western 10 excite incident Kelvin waves, and once they reach the eastern boundary, they are
reflected as Rossby waves that propagate downward and westward as equatorial beams (McCreary,
1984; Huang et al. 2018; Amol et al. 2022). Consequently, the sub-surface currents strengthened and
maintained a consistent eastward flow with a westward phase propagation. Further, we reaffirmed the
dynamics responsible for the abnormal response of subsurface currents to 10D 2019 using LCS model
experiments. The sensitivity experiment revealed that westerlies during the developing phase of 10D
could enhance the ocean response through equatorial wave dynamics. Thus, air-sea coupled processes
involved in the equatorial region are responsible for the growth of extreme I0Ds. Therefore, our
findings advocate that the role of equatorial wave dynamics contributes to the development of strong
IODs.
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Fig. 1 Time-depth sections of 5-day low-pass filtered zonal current (cm/s) observed at (a) 0°, 77°E,
and (c) 0°, 83°E from ADCP observations. Time series of 5-day low-pass filtered observed surface
zonal current from OSCAR (red curve) and the top ADCP bin (black curve) at (b) 0°, 77°E, and (d) 0°,
83°E. The contour (50 cm/s) on the panel (a) and (c) show the strength of Wyrtki Jets. The dashed
vertical blue (magenta) lines on panels a and ¢ indicate the duration of Spring (Fall) Wyrtki Jets from
April to May (October to November). The vertical dashed black line on panels b and d shows the
delayed WJs during Fall 2019.
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Fig. 2 Morlet wavelet spectrum of observed zonal current at 77°E, 0° from (a) 60 m (the top ADCP
bin), (b) 100 m, (c) 150 m and (d) 250 m depths. The thick black line marks the cone of influence for
the wavelet power spectra. The horizontal dashed lines mark the 30, 90, 120, 180 and 365-day periods.
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Fig. 3 (a) The interannual anomalies of surface zonal current (cm/s; average of 75° - 85°E on the
equator) from OSCAR (red curve) and MOM5 model (black curve). (b) Time-depth sections of zonal
current anomalies from the MOMS5 model (shaded, cm/s) and ADCP observations (contours, cm/s) at

0°, 77°E. The horizontal dashed magenta lines on panel b show the corresponding depth of the top

ADCP bin (60m).
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Fig. 4 (a) Diploe Mode Index (DMI) calculated as the normalized SST (ERSSTv5 product) anomaly
difference between western 10 (50° — 70°E, 10°S - 10°N) and eastern 10 (90° — 110°E, 10°S - 0°N)
during 1990-2021 and the events identified as positive Indian Ocean Dipole (plOD) if it exceeds +1
STD (dashed black line) during September to November (SON) marked as red stars. (b) The life-cycle

of selected plOD events.
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Fig. 5 Longitude-depth section of zonal current anomalies (cm/s) from MOMb5 model during June (0)
— March (1) for (a) - (j) plOD composites and (k) — (t) plOD 2019 respectively. Here (0) represents
the 10D developing year and (1) is the IOD decaying year. Stippling indicates the significance at a
95% confidence level. The contours show the eastward propagation of the subsurface current

anomalies.
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Fig. 6 The spatial maps of surface wind stress anomalies (N/m?) from ERAS5 during June (0) — March
(1) for (a) - (j) plOD composites and (k) — (t) plOD 2019 respectively. The green box (45 — 65°E,
10°S — 10°N) indicates the anomalous westerlies during 10D 2019. Green stippling indicates the

significance at a 95% confidence level.
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Fig. 7 The lead-lag correlation between the surface zonal wind stress anomalies (green box on fig. 6k)
and zonal current anomalies from the MOMS5 model during (a) — (j) June (0) to March (1). The 360-
day ray paths for the Kelvin wave (blue) and the first meridional mode Rossby waves (black) are
shown in panels (a)-(b) and (h)-(j). The slope of the ray paths is calculated based on Wentzel-Kramers—
Brillouin (WKB) approximation and is -w0/Nb(z) for the Kelvin wave and (2n + 1) ©0/Nb(z) for the
n meridional-mode Rossby wave, where ®0 denotes the frequency of the wave and Nb(z) the
background Briint-Vaisala frequency profile. The blue box in panels (h)-(j) encloses the region
containing the two ADCP moorings where the subsurface current does not reverse direction leading to
a strong annual cycle evident in the wavelets in Figure 2(b)-(c). Stippling indicates the correlation

significance at a 99% confidence level.
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Fig 8 The Hovmoller diagram of surface zonal wind component (a) anomalies during plOD
composites and (b) plOD 2019 event, and the mean wind during (c) 2019 (shaded) along with the
climatological (contour) seasonal cycle calculated over the period 2005 — 2020. Stippling on panels a

and b shows the significance at a 95% confidence level.
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Fig. 9 Longitude-depth section of zonal current (cm/s) anomalies from June 2019 to March 2020 from
(a) - (j) the LCS control and (k) —(t) experimental simulations respectively. See methods for the details
of LCS model configuration and experiment design. The contours show the subsurface eastward

propagations of current anomalies.
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Fig. 10. Schematic of key oceanic processes of the positive 10D 2019. The surface black vectors
represent the equatorial westerlies during June 2019. The colour shading shows the zonal surface
(subsurface) current anomalies during June (peak of 10D). The red arrow shows the eastward

propagating Kelvin waves and the green is the westward and downward propagating Rossby waves.



