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Abstract The variability of subsurface currents in the
equatorial Indian Ocean is studied using high resolution
Ocean General Circulation Model (OGCM) simulations
during 1958-2009. February—March eastward equatorial
subsurface current (ESC) shows weak variability whereas
strong variability is observed in northern summer and
fall ESC. An eastward subsurface current with maximum
amplitude in the pycnocline is prominent right from sum-
mer to winter during strong Indian Ocean Dipole (IOD)
years when air-sea coupling is significant. On the other
hand during weak IOD years, both the air-sea coupling and
the ESC are weak. This strongly suggests the role of ESC
on the strength of IOD. The extension of the ESC to the
summer months during the strong IOD years strengthens
the oceanic response and supports intensification and main-
tenance of I0ODs through modulation of air sea coupling.
Although the ESC is triggered by equatorial winds, the
coupled air-sea interaction associated with IODs strength-
ens the ESC to persist for several seasons thereby establish-
ing a positive feedback cycle with the surface. This sug-
gests that the ESC plays a significant role in the coupled
processes associated with the evolution and intensification
of IOD events by cooling the eastern basin and strengthen-
ing thermocline-SST (sea surface temperature) interaction.
As the impact of IOD events on Indian summer monsoon
is significant only during strong IOD years, understand-
ing and monitoring the evolution of ESC during these
years is important for summer monsoon forecasting pur-
poses. There is a westward phase propagation of anomalous
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subsurface currents which persists for a year during strong
IOD years, whereas such persistence or phase propagation
is not seen during weak IOD years, supporting the close
association between ESC and strength of air sea coupling
during strong IOD years. In this study we report the pro-
cesses which strengthen the IOD events and the air sea cou-
pling associated with IOD. It also unravels the connection
between equatorial Indian Ocean circulation and evolution
and strengthening of I0D.

Keywords Equatorial Indian Ocean - Equatorial
subsurface current - IOD, El Nifio, Wyrtki jet

1 Introduction

Equatorial Indian Ocean (EIO) subsurface is as dynamic
and enigmatic as the surface. Over the equatorial Atlantic
and Pacific Oceans, the prevailing trade winds drive a quasi
permanent eastward zonal pressure gradient force along
the equator leading to a quasi permanent eastward equa-
torial undercurrent (EUC) in both these oceans at a depth
where surface wind stress driven current does not balance
with the pressure gradient driven flow (e.g. Izumo 2005).
The Indian Ocean EUC is a transient wave driven phenom-
enon, which occurs regularly during February—April and is
modulated by the seasonal variations in circulation (Schott
and McCreary 2001). Chen et al. (2015) showed strength-
ening and eastward extension of EUC during February to
March before weakening in April-May by the high subsur-
face pressure in the eastern basin forced by the equatorial
westerly winds. Iskandar et al. (2009) showed that the onset
of westerly winds in spring and the induced spring Wyrtki
jet (Wyrtki 1973) terminate the eastward pressure gradi-
ent force, which in turn reverses the eastward current in the
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thermocline. Similarly, the fall Wyrtki jet also contributes
to the termination of eastward pressure gradient force gen-
erated in summer. The interannual variability in the subsur-
face zonal current is as strong as the surface currents and
therefore needs careful scrutiny.

Reppin et al. (1999) reported the occurrence of EUC
from February to May of 1994 between 50 and 150 m,
which disappeared in June but reappeared in August at a
shallower depth with less transport. They attributed it to the
El Nifio forcing from the Pacific. It is important to mention
here that during the monsoon transition periods (i.e. during
April-May and October—-November), the subsurface east-
ward current merges with the surface Wyrtki jets, whereas
during the summer monsoon, the eastward current is weak
in the subsurface. An anomalous summer eastward subsur-
face current is reported by Thompson et al. (2006) during
positive Indian Ocean Dipole (IOD, Saji et al. 1999; Web-
ster et al. 1999; Vinayachandran et al. 1999) years using
model simulations. IOD is associated with strong easterly
wind anomalies, which often weaken or reverse the surface
currents, and therefore the Wyrtki jets are weaker than nor-
mal during these years (Gnanaseelan et al. 2012). The EUC
is an important feature in the oceanic circulation, and is
particularly important in the Indian Ocean region, because
of its transient nature, as it maintains the mass and heat bal-
ance in the thermocline region. Recent studies have shown
that IOD induced variability strongly governs the interan-
nual variability in the subsurface currents (e.g. Thompson
et al. 2006; Iskandar et al. 2009) though both IOD and El
Nifio governs the subsurface temperature variability (Say-
antani and Gnanaseelan 2015). For this reason, the devel-
opment of anomalous subsurface currents in the pycnocline
or thermocline during IOD years and its role on the evolu-
tion of strong IOD events are emphasized in this study. The
present study deals with the evolution and variability of the
equatorial subsurface currents and its impact on the evolu-
tion and strength of IOD and the regional climate.

2 Model details, datasets and methodology used

The model used in the study is an Ocean General Circula-
tion Model (OGCM) Modular Ocean Model (MOM4p1) set
up over the Indo Pacific region (30°E-70°W, 60°S-30°N)
with a uniform resolution of 0.25° X 0.25°. The model has
50 vertical levels with 10 m resolution in the upper 220 m
and gradually increases up to 370 m in the deepest layer.
The model is initialized using WOA2009 climatology and
spun up for 100 years using CORE v2 (Griffies et al. 2009)
Normal year forcing. The model is then integrated from
1958 to 2009 by forcing with CORE v2 Interannual Forc-
ing. A detailed description of the model is given in Griffies
et al. (2009) and Rahul and Gnanaseelan (2016). Empirical
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orthogonal function (EOF) analysis and composite analy-
sis are used for studying the subsurface current variability.
The interannual anomalies are computed by subtracting the
monthly mean climatology (computed for a 52 year period)
from the respective monthly means of temperature, current
etc. For EOF and composite analysis, the data has been
regridded to 0.5° X 0.5° resolution. Monthly mean currents
of Acoustic Doppler Current Profiler (ADCP) (McPhaden
et al. 2009) mooring and Simple Ocean Data Assimilation
(SODA) (Carton and Giese 2008) are used to validate the
model subsurface zonal currents.

3 Equatorial Indian Ocean subsurface current
and its variability

Figure 1 shows the comparison of monthly means of model
zonal currents (shaded) at 90°E and 80.5°E at the equator
with ADCP mooring currents (contours) at the same loca-
tion. The model captures the annual cycle of both surface
and subsurface currents very well. The vertical extent
of Wyrtki jets is seen up to 80 m in both spring and fall,
beyond which the currents weaken rapidly and reverse in
the thermocline or pycnocline. The current literature does
not have a consistent definition of Equatorial Undercur-
rent (EUC) for the Indian Ocean unlike in the Pacific (e.g.
Izumo 2005) due to its transient nature. Different depth
ranges are adopted in the observation based studies (e.g.
Iskandar et al. (2009) reported EUC at 90—170 m and Rep-
pin et al. (1999) reported EUC at 50-150 m) and model
based studies (e.g. Swapna and Krishnan 2008) reported
EUC at 100-150 m). Considering the variability in EUC
depth range and to capture the EUC more cleanly, the aver-
age subsurface current between the isopycnals 6-23 and
0-25 is referred to as the equatorial subsurface current
(ESC) or EUC or pycnocline current or subsurface cur-
rent in the study. An eastward well defined ESC is evident
during February and March. A significant interannual vari-
ability is evident in the subsurface zonal currents (Fig. 1).
A well defined ESC is evident from August 2006 (an IOD
year) to April 2007 also at both the buoy locations (Fig. 1).
It is also important to record the differences in the inten-
sity and extent (both depth and time) at the two buoy loca-
tions with significant interannual variability both at surface
and subsurface currents. The westward phase propagation
of both surface and subsurface currents is also evident in
Fig. 1 and this propagation is much more convincing in
Fig. 2. The westward phase propagation is due to the west-
ward phase propagation in winds. Figure 2 also provides a
comparison of model currents with both ADCP observa-
tions and SODA reanalysis. This further adds confidence
to the model simulations. It is also important to note from
Fig. 2 that the buoy at 80.5°E recorded higher magnitude



Equatorial Indian Ocean subsurface current variability in an Ocean General Circulation Model

1707

(a) 90E,Eq

40
60:
80 44 i
100 ¢ -
120
140:
160

0.8

rrrrrrrrrrrTTi

0.6

180
2002

J Fl AN JJ AH ON DJ FMAMIJJABSON DJ Pu.kl JJ AS ON DJ PH AMIJA SO

2003 2004

0.4

40
60
80
100
120
140
160
180

2005 2006

T

NDJFMAMJJASONDJFMAMJJASONDIJFMAMIJJASONDIJFMAMIJJASONDIFMAMJJASOND
2007

O

0.2

SEEEEEEEEEEREER

2008 2009

(c) B0.5E, Eq

T T

T rrrrrrerrT ™ T T rTrrrT

NDJFIAMJJASONDJFKAIJJABONDJFMAHJJABONDJFIAHJJABONDJFHAIJJASOND

2005 2006

2007

2008 2009

Fig. 1 Zonal currents from model (shaded) and ADCP moorings (contours) at a, b 90°E, equator and ¢ 80.5°E, equator

of surface currents than that of 90°E in both the model
and reanalysis, which are consistent with the observations.
However the features are contrasting in the subsurface with
stronger ESC at 90°E. This subsurface intensification is
consistent with the surface weakening as both weakening
of eastward surface jet and subsurface currents are primar-
ily forced by anomalous easterly winds. Detailed analy-
sis with the model simulation reveals that ESC in EIO is
evident during all the IOD years right from the beginning
of summer season. Since the ESC and its variability are
well captured by the model and SODA, we used the model
and SODA currents for detailed analysis. Figure 3 shows
the climatological area averaged zonal currents over the
equatorial region (60°E-90°E, 1.5°S—1.5°N) in the model
(shaded) and SODA (contours). The annual cycle in both
model and SODA shows the seasonal reversal of surface
and subsurface currents. The climatological area averaged
equatorial Indian Ocean zonal current shows that an ESC
exists during the months of February to April and August
to October in the thermocline or pycnocline. This ESC
during February to April is wider, reaching up to 200 m,
whereas the ESC during August to October is confined to
a shallow (signals confined to 140 m) and narrow region.

The ESC in model and reanalysis are consistent with the
observations.

The surface currents reverse four times in a year, flowing
eastward during monsoon transition periods (boreal spring
and fall), whereas westward current is evident during sum-
mer and winter monsoon period. During the monsoon tran-
sition periods, deep eastward surface currents are observed
and are called Wyrtki jets, while the westward surface cur-
rents during monsoon periods are weaker and shallow. A
canonical eastward ESC is seen in the Indian Ocean only
during February—March. Figure 3 however reports a sec-
ondary eastward ESC during August to October.

4 Interannual variability of the subsurface
current

The interannual variability of ESC is investigated using
composite analysis of zonal current anomalies from both
model and SODA (Fig. 4). The eastward undercurrent is
well defined throughout the calendar year during positive
10D years (Fig. 4c). On the other hand during pure El Nifio
years (1965, 1986, 1987, 2002, 2004), the ESC weakens
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Fig. 4 Composite evolution of area averaged (60°E-90°E, 1.5°S—1.5°N) zonal current anomalies for years of a El Nifio years, b La Nina years,
¢ p-IOD years, d n-IOD years and e El Nifio—pIOD co-occurrence years from model (shaded) and SODA (contours)

during the summer monsoon period (anomalous westward
subsurface currents). A similar weakening of ESC (anoma-
lous westward subsurface currents) is seen during negative
10D years as well (Fig. 4d). In the case of La Nifia years, no
significant anomalies are observed in the subsurface zonal
currents. The model composites (Fig. 4) are consistent with
the SODA composites. From the above discussions it is
evident that very strong quasi permanent features of ESC
exist in the Indian Ocean during positive IOD years, espe-
cially during summer monsoon and fall season. The strong-
est variability in the ESC is evident during summer and fall
seasons. These are consistent with Nyadjro and McPhaden
(2014) and Zhang et al. (2014). Some of the noteworthy
features are (1) strengthening (weakening) of spring (fall)
Wyrtki jets during El Nifio years, (2) weakening of both
spring and fall Wyrtki jets during positive IOD years, (3)
strengthening of summer ESC during positive IOD years
with the strengthening of February to April ESC during the

following years, (4) weakening of February to April ESC
during the years following negative I0D.

The interannual variability in the subsurface zonal cur-
rents is further investigated using EOF analysis of equato-
rial zonal current anomalies averaged over the isopycnal
surfaces 0-23 and o-25 (Fig. 5). The first mode of vari-
ability is found to be closely associated with 10D, with
a significant correlation with dipole mode index (DMI).
The EOFs of anomalous surface currents and wind stress
are also shown in Fig. 5a, b for completeness, which are
consistent with the surface variability reported in Gnana-
seelan et al. (2012). The surface currents peak about 10°
west of surface wind peak, whereas ESC shows double
peak pattern with the peaks in both west and east of sur-
face current peak. The time series analysis of the first
principal component (PC-1) reveals that though the evolu-
tion of the ESC is unique in each of the anomalous years,
there are certain years with anomalously strong eastward
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Fig. 5 a First EOF (EOF1) of subsurface zonal current anomalies
(black), surface (15 m depth) zonal current anomalies (red, thick) and
zonal windstress (red, dash) along the equator and ¢ Principal compo-

flowing ESC which extends through the summer mon-
soon season, and is found to be consistent with SODA. A
detailed analysis of PC-1 reveals that the subsurface cur-
rent variability is strongly associated with IOD, but not all
IOD years show similar response. Swapna and Krishnan
(2008) attributed this to strong monsoon forcing and its
interaction with IOD. Some IOD years such as 1961,
1994, 1997, 2006 have strong response which persists
for a longer period during the calendar year (Fig. 5c). On
the other hand, years such as 1967, 1972, 1977 and 1982
have relatively subdued response even though the ESC is
present during summer monsoon months. These years are
found to be consistent with the strength of IOD as classi-
fied by Deshpande et al. (2014). They classified the years
as strong and weak IOD years based on the differences in
the air sea coupling strength during these years. The DMI,
normalised D20 anomalies averaged over the eastern EIO
region (D20 index), and normalised zonal wind anomalies
similar to the index used by Gadgil et al. (2004) averaged
over the equatorial region, 60°E-90°E, 2°S-2°N (wind
index) and a combined index based on the above three indi-
ces (Deshpande et al. 2014) are used to classify strong and
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weak IOD events. While DMI characterizes the anomalous
SST behaviour over tropical Indian Ocean, the D20 index
characterizes the strength of upwelling over the eastern
EIO and the wind index is a measure of the atmospheric
response of the coupled interaction associated with 10D.
An IOD year is classified as a strong year when each of the
three indices DMI, D20 index and wind index exceed one
standard deviation during September—November (SON),
and the combined index exceeds two-standard deviation.
When the above three indices are within the range of half to
one standard deviation, and the combined index is between
one to two standard deviation during SON, the year is clas-
sified as a weak IOD year (Deshpande et al. 2014). List of
strong and weak IOD years is given in Table 1.

Table 1 List of strong and weak IOD years as in Deshpande et al.
(2014)

Strong IOD years Weak IOD years

1961, 1994, 1997¢, 2006* 1963, 1967, 1972%, 1977, 1982

#El Niflo-IOD co-occurrence years
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The detailed analysis reveals the possible association
between the summer and fall ESC with the air sea coupling
strength of IOD. The second principal component (PC-2)
has no significant correlation with either DMI or Nifio 3.4
index (Fig. 5d) and may represent the variability associ-
ated with the internal variations of the system. The present
study however is focused on the interannual variability of
ESC associated with IOD and El Nifio; hence the discus-
sion on the internal dynamics is beyond the scope of this
paper.

Figure 6 demonstrates the evolution of surface winds,
currents, salinity in association with the evolution of sub-
surface currents during strong and weak IOD years. There
is contrast in the evolution of surface winds, currents, salin-
ity and subsurface currents during the strong and weak
years. From the co-evolution of ESC and surface salinity,
it is clearly evident that the subsurface current plays an
important role in the thermocline-SST coupling leading to
stronger IODs and stronger air sea coupling. The eastward
subsurface currents and subsequent upwelling in the east
support westward propagation of surface freshwater and

(a) Strong IOD years

freshening of the central and western EIO. This freshen-
ing supports stronger air sea interaction and rainfall (Xie
et al. 2002; Chowdary et al. 2009). All these are favour-
able for surface warming in the western region. This further
assists convection over the western region and drive east-
erly wind anomalies. These are evident in the negative sea
surface salinity and equatorial zonal wind anomalies. There
is a westward phase propagation of anomalous subsurface
currents which persists for a year during strong 10D years,
whereas such persistence or phase propagation is not seen
during weak IOD years. These anomalous subsurface cur-
rents are therefore closely associated with coupled pro-
cesses during strong IOD years. It is important to note that
the evolution of subsurface zonal current anomalies in the
model is consistent with SODA throughout the evolution
and decay of the IOD years with some underestimation.
Figure 7 shows the composite evolution of anoma-
lous subsurface current, zonal wind stress (averaged over
60°E-90°E, 2°S-2°N) and equatorial subsurface pressure
difference (west minus east). The initial trigger is found
in the wind stress, which occurs in May. During strong

(b) Weak IOD years
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years, the anomalous winds are easterly and evolve strongly
throughout the year. As a response to the anomalous winds,
the surface zonal current anomaly turns westward and con-
currently the subsurface current anomaly turns eastward
during strong IOD years. Though the initial trigger is by
winds, both easterly anomalies and anomalous pressure
gradient force support the ESC, therefore it is mandatory
to examine the evolution of anomalous pressure gradient
as well. The pressure gradient force term has been com-
puted as the difference in subsurface pressure between
western EIO (50°E-70°E, 1.5°S—1.5°N) and eastern EIO
(80°E-100°E, 1.5°S—-1.5°N). This difference in pressure
is effectively a normalized pressure gradient force. The
annual cycle of eastward equatorial subsurface pressure

(a)_

gradient force weakens consistently from January and is
at its weakest in May with second minima during fall sea-
son. On the other hand the eastward pressure gradient force
is anomalously high during strong IOD years especially
during June—September (Fig. 7). The subsurface pressure
gradient force is towards east during strong IOD years
(June—September) and the ESC evolves consistently with
it. In contrast, the subsurface pressure gradient remains
weak throughout the year during weak 10D years. In weak
10D years, the ESC is weak even during the peak phase of
IOD. The first sign of an anomalous subsurface current is
evident in March during strong IOD years in the eastern
region. This anomalous eastward flow extends to the sur-
face in April during strong years, while it remains in the
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Fig. 9 a Depth longitude sections of subsurface zonal current anom-
aly composites (m/s) averaged over 1.5°S—1.5°N from May to August
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els) from model (shaded) and SODA (contours). b Depth longitude
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Fig. 9 (continued)

subsurface region during weak years. From this it is evident
that in the extreme eastern region, the surface manifestation
of an anomalous flow is evident in the month of April in
the case of strong IOD years.

PC-1 of zonal subsurface current shows maximum
correlation with subsurface pressure gradient at a lag of
2 months (Fig. 8a) and with anomalous equatorial zonal
wind stress at 1 month lag (Fig. 8b). It also suggests that
the changes in the subsurface currents are partially respon-
sible for changes in the subsurface pressure gradient. Fig-
ures 5 and 8b consistently show that the surface equatorial
winds are the main trigger for the anomalous evolution of
the subsurface pressure gradient and equatorial subsurface
current.

Composite evolution of the vertical structure of zonal
currents during the strong and weak IOD years from May
onwards is shown in Fig. 9. May undercurrent is similar in
both cases while significant difference is seen in the surface
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flow of June composites. Surface current anomalies show
first significant differences in June with westward (east-
ward) current throughout the basin during strong (weak)
10D years. The subsurface current is anomalously eastward
during strong IOD years, while the anomalies are insig-
nificant during weak IOD years. From June onwards, the
equatorial undercurrent evolves consistently during strong
IOD years, and reaches its maximum amplitude during fall
and remains strong up to the end of the year. The anoma-
lous ESC strengthens consistently through the months of
July and August during strong IOD years whereas the flow
remains weakly westward throughout the basin during weak
10D years. From September onwards, the anomalous ESC
extends to the extreme ends of eastern EIO with a strongly
westward surface flow driven by anomalous easterly sur-
face winds. During weak IOD years, the undercurrent is
far weaker compared to the undercurrent observed during
strong IOD years. Since ESC is an important component of
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Fig. 10 Depth longitude difference of zonal current anomaly com-
posites (m/s) (top panels), temperature anomaly composites (middle
panels) and salinity anomaly composites (bottom panels) between

upwelling process in the eastern EIO during IOD years, the
analysis suggests that the subsurface current evolution may
play a significant role in amplifying the upwelling in the
eastern EIO region. The occurrence of such a strong anom-
alous eastward undercurrent during summer of strong 10D
years may partly be explained by the equatorial eastward
pressure gradient force (Fig. 7).

Figure 10 shows the depth-longitude plot of differences
in anomalous currents, temperature and salinity between
strong and weak IOD years averaged over 1.5°S—1.5°N.
Concurrent with the zonal current anomalies (Fig. 10a, b),
the seasonal composite of subsurface temperature anomaly
shows stronger upwelling during the summer of the devel-
oping phase of strong IOD (Fig. 10a). Negative subsurface
temperature anomalies are strongest in the peak phase of
strong IOD. Along with the eastern EIO cooling, the strong
IOD years also show subsurface warming in western EIO,
which creates a strong zonal subsurface pressure gradient
in which an eastward ESC may develop. Consistent with
the EOF of ESC (Fig. 5a) and Fig. 10b (a peak each in the
region west and east of 75°E), the surface salinity reveals

strong and weak IOD years averaged over 1.5°S—1.5°N during June
to August (a, ¢, e) and September to December (b, d, f) from model

two maxima one in the west and the other in the east of
75°E. This further strengthens the possibility of EUC
on air-sea coupling during strong IOD years. It has been
shown that the subsurface current variability is strongly
driven by IOD. However, the oceanic response to IOD forc-
ing or thermocline-SST coupling is strongly dependent on
whether the IOD is strong or weak (Deshpande et al. 2014).

5 Summary and discussion

The vertical structure and subsurface current variability
are studied using a high resolution OGCM and reanaly-
sis products. The vertical extent of Wyrtki jets is up to
80 m in both spring and fall beyond which the current
weakens rapidly and reverses in the pycnocline. Eastward
equatorial subsurface current (ESC) is well defined in the
months of February and March at depths of 6-23 to 5-25
isopycnals, which is consistent with previous studies (e.g.
Schott and McCreary 2001; Schott et al. 2009; Chen et al.
2015). EUC shows strong variability during summer
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and fall seasons. The variability in ESC is found to be
mainly dominated by IOD forcing, while Pacific forcing
has weaker impact. PC-1 of ESC shows a significant cor-
relation with DMI whereas both PC-1 and PC-2 have a
weaker correlation with Nifio 3.4 index. This suggests
that the dominant mode of variability in the subsurface
currents is mainly driven by IOD forcing, which affects
both surface current and the subsurface pressure gradi-
ent and which may also change through variations in its
internal dynamics. Detailed analysis of PC-1 of subsur-
face current reveals that although the primary variability
is associated with 10D, the response of the subsurface
currents is not same during all IOD years. Based on the
criteria developed by Deshpande et al. (2014), the evolu-
tion of subsurface currents was further studied based on
strong and weak IOD years. The eastward undercurrent
during strong 10D years raises the thermocline in the
east EIO and support upwelling throughout the evolution
of IOD. During weak years, the undercurrent is evident
only in the peak phase of IOD and D20 anomalies remain
weaker.

Deshpande et al. (2014) have shown that strengthened
monsoon over the Indian subcontinent (especially over the
monsoon trough region) is evident only during strong IOD
years. The weak IOD years show less impact on summer
monsoon rainfall. The present study concludes that a well
defined dynamic coupling between surface and subsurface
is seen only during strong 10D years, which is supported by
ESC response in the EIO, where the anomalous eastward
undercurrent evolves coherently since June and continues
to remain strongly eastward till the peak phase of strong
10D years. In contrast, the lack of subsurface current evolu-
tion may be one of the reasons for the inconsistent thermo-
cline-SST coupling during the weak IOD years. The equa-
torial wave dynamics may be the potential factor for the
differences in the ocean response. Nyadjro and McPhaden
(2014) observed that the IOD events could influence the
processes in the year following the events due to equatorial
wave dynamics. Gnanaseelan et al. (2008) and Gnanaseelan
and Vaid (2010) also reported biennial equatorially trapped
Rossby waves lingering during the IOD years, which may
be inducing the differences in the processes during strong
and weak IOD years. The EIO thermocline response is a
significant factor governing the evolution of IOD events
and their impact on regional climate. Thus the importance
of equatorial dynamics, particularly subsurface current var-
iability and its impact on the evolution of dominant air-sea
coupled modes has been highlighted in this study.
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