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Abstract

Studies related to the combined effect of different atmospheric oscillations on the ocean
surface waves are limited. The present study focuses on the change in wave climatology due to the
combined effect of Boreal Summer Intra-Seasonal Oscillation (BSISO) and El Nifio Southern
Oscillation (ENSO) using 40 years of reanalysis data on the Asian Summer Monsoon Region
(ASMR). Composite analysis of surface wind, significant wave height, wind-sea, swell and mean
wave period are analysed corresponding to different ENSO-BSISO phase combinations. The study
showed noteworthy differences in wave parameters when ENSO-BSISO phases are analysed
together. In El Nifio-BSISO combined phase, enhancement of north-easterly wind causes the
advancement in the reversal of wind direction (north-easterly to monsoon enhanced south-westerly)
and disrupted propagation of positive wind and wave anomalies. Conversely, during La Nifia-BSISO
co-occurrence, south-westerlies are enhanced and as a result, the negative north-easterly anomalies
are disrupted. In all the ENSO-BSISO combined phases, maximum wave height variability occurs at
the South China Sea owing to the combined action of the north Indian Ocean (N1O) and Western
North Pacific (WNP) surface wind forcing. High fluctuations in Tm over the NIO and WNP are
observed during different ENSO-BSISO phase combinations. The phase relationship of Hs with Tm,
and the significant height of wind-sea (Hsw) and swell (Hss) are assessed to understand the
propagation of swells. Due to the effect of multiple atmospheric perturbations, significant changes in
Hs occur over the coastal regions of the NIO.

Keywords: Boreal Summer Intra-Seasonal Oscillation (BSISO), ElI Nifio Southern Oscillation
(ENSO), North Indian Ocean, South China Sea, Significant Wave Height, Mean Wave Period.



1 Introduction

Understanding the change in wave climate related to the fluctuations in the atmospheric
circulation is important to reduce the impact of related issues such as coastal erosion and flooding.
Because of the advancement in science and technology over the years, monitoring techniques for the
large-scale atmospheric forcing and studies of its effect on the ocean surface are remarkably
improved. A comprehensive examination of small to largescale fluctuations in the ocean surface
waves is necessary for the fields of navigation, food, energy harnessing, defensive activities, etc.
Since the Asian Summer Monsoon (SM) is the largest monsoon system on earth, it has a paramount
effect on surface waves in the Indian Ocean (I0). The presence of complex wind systems such as
Low-Level Jet (LLJ) and Findlater Jet (Findlater 1969), have a direct impact on the waves in the
north Indian Ocean (NIO). During SM, the seasonal average significant wave heights (Hs) are
highest (3.0-3.5 m) in NIO, and wind-sea and swell heights are peaked in western NIO because of
strong Findlater jet (Anoop et al. 2015). Intensified winds and waves in the Bay of Bengal (BoB)
(Glejin et al. 2013; Shanas and Kumar 2015) and Arabian Sea (AS) (Amrutha and Sanil Kumar
2017) are present during SM. Northern BoB is an area in which higher wave heights and dominance
of swells are observed during SM (Sanil Kumar and Anoop 2015). In the AS, the wind-wave
coupling is strong which leads to wave periods rarely above 15 s (Amrutha and Sanil Kumar 2017)
and wave heights higher than 4.0 m is observed several times (Sanil Kumar and George 2016,
Amrutha et. al 2019).

The summer in the South China Sea (SCS) is characterised by low wave intensity compared
to other seasons due to relatively low wind speeds (Su et al. 2017). Since the SCS is a semi-enclosed
region, locally generated wind-seas dominate over the swells in the SCS in summer when the winds
are strong. On the other hand, in the spring season, where the local winds are weakest of the year, the
Hs variations in SCS are significantly influenced by the swells (Su et al. 2017). The swells generated
due to winds in the Western North Pacific (WNP) influence the waves in SCS more than the swells
due to winds in NIO. Earlier studies (Mirzaei et al. 2013, Han et al. 2017) reported the increase in Hs
due to EI Nifio in SCS. The WNP region is more affected by the El Nifio Southern Oscillation
(ENSO) due to the high convective activity. Shimura et al. (2015) observed that the summertime Hs
in WNP is mostly affected by tropical cyclone (TC) and ENSO events due to the rapid changes in
Sea Surface Temperature (SST). The swell propagating from the Northern Pacific and the Southern
Ocean (SO) also affects the wave climate of WNP (Jiang and Chen 2013). Hence, the atmospheric

oscillations associated with SM have crucial impacts on the wave climate of the NIO and WNP.



Intra-seasonal oscillations during SM have a great impact on the wave climate in the NIO and
WNP (Li Chong-Yin and Zhou Ya-Ping 1994). The impact of individual atmospheric oscillations on
surface waves is addressed in earlier studies. Boreal Summer Intra-Seasonal Oscillation (BSISO)
dominates in the Asian Summer Monsoon Region (ASMR) during June-October (Madden and Julian
1972; Krishnamurti and Subrahmanyam 1982). BSISO is dominated by strong northward
propagation of 30-60 days in the 10 and north-westward propagation of 10-20 days in the western
Pacific (WP) and these two propagations are independent (Yasunari 1979; Jiang et al. 2004). The life
cycle of BSISO falls into eight distinct phases. Each phase represents convection over different
regions (Hsu et al. 2017). Kikuchi et al. (2012) give the phase space representation for BSISO in
detail. The first phase starts from the Equatorial 10 (EIO) followed by north-eastward propagation
towards BoB in phases 2 and 3. In phases 4 and 5 the convection activity is over the Indian and
Maritime continent. Further, it moves eastward to WNP in phases 6 and 7. Finally, reaches the EIO
in phase 8 and completes the phase cycle (Hsu et al. 2017). Recently, Srinivas et al. (2020) noted
negative Hs anomalies in NIO during phases 1 to 3 of BSISO in response to the easterly wind
anomalies and high positive Hs anomalies during phases 5 to 7 in response to the westerly wind
anomalies over the NIO.

Effects of ENSO on the ocean surface waves were analysed recently by many researchers
(Kumar et al. 2019; Odériz et al. 2020; Patra et al. 2020; Shanas et al., 2017). Lin (2019) noticed that
convection (precipitation) occurs in the eastern EIO and Maritime continents (the subtropical SCS
and WP) after El Nifio (La Nifia). The disturbance in Walker circulation during ENSO
teleconnection leads to dispersion of baroclinic equatorial atmospheric waves causing an overall
change in atmospheric circulation in tropical areas (Lin et al. 2007). In the EOF2 mode of BSISO, Li
and Mao (2019) found enhanced (weakened) activity over the south-eastern equatorial 10 (equatorial
WP) in the La Nifia developing summers and vice versa in El Nifio developing summers. These
kinds of atmospheric activities can be altered when it co-occurs with another atmospheric
perturbation such as BSISO. Many researchers found that BSISO has significant changes due to the
co-occurrence with ENSO (Yun et al. 2008; Liu et al. 2016; Lin 2019; Chen et al. 2020). Pillai and
Chowdary (2016) stated that the 30-60 day BSISO has strongly modulated than 10-20 day oscillation
because of the changes in the seasonal mean state associated with EI Nifio. El Nifio occurrence can
cause the abnormal enhancement of Intra-Seasonal Oscillations (ISO). The important influences of
ENSO are also obvious to the ISO in the tropical atmosphere. During El Nifio, 1SO is reduced and
changes the barotropic structure in the tropical atmosphere (Li Chong-Yin and Zhou Ya-Ping 1994).



The studies on wave conditions related to the co-occurrence of multiple atmospheric
oscillations are limited (eg., Kumar et al. 2016; Godoi et al. 2019; Patra et al. 2020; Remya et al.
2020). These studies revealed strong changes in wave conditions when multiple oscillations
combine. For instance, Remya et al. (2020) identified reduced swell generation from the Southern
Ocean (SO) and increased swell generation from the Eastern Tropical 10 when Southern Annular
Mode (SAM) and La Nifia co-occur. Similarly, Kumar et al. (2016) revealed a stronger (weaker)
influence on extreme wave heights when the same (opposite) phases of ENSO and Pacific Decadal
Oscillation (PDO) co-occur. The above studies reveal the urgency to assess wave conditions during
the conjunction of multiple oscillations. The influence of the co-occurrence of BSISO with ENSO on
the surface waves is not explored so far. Hence, the present study aims to analyse the changes in

wave parameters during the co-occurrence of the BSISO and ENSO.

The paper is organized as the following: Section 2 describes the data and methods used in this
study. In section 3, the obtained results are described and discussed. Section 4 presents the

conclusions of the study.
2 Data and Methodology

We used 40 years of daily reanalysis data of 10 m zonal and meridional wind (u, V),
significant height of combined wind-seas and swells (Hs), significant height of swells (Hss),
significant height of wind-seas (Hsw), mean wave period (Tm) and normalized energy flux into waves
(Efw). All these datasets were obtained from the European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis v5 (ERA5) with a resolution of 0.5° x 0.5° for the period 1979 to
2018 (Hersbach et al. 2020). The previous study by Naseef and Sanil Kumar (2020) reported ERA5
Hs show a good agreement with measured buoy data in the coastal (bias ~0.29 m) and deep waters
(bias ~0.18 m) of NIO. Besides, few have validated ERAS5 surface wind data with in situ
observations and satellite observations and applied it in long-term wave climate studies (Ramon et al.
2019; Aboobacker et al. 2020). Esw is the normalised vertical flux of energy from the wind into the
ocean waves. A positive flux implies a flux into the waves. The unit of Eqy, is W/m?, it is normalised

by dividing by the product of air density and the cube of the friction velocity.

The daily BSISO index data were obtained from the Asia-Pacific Data-Research Center
(APDRC) of the International Pacific Research Center (IPRC). The BSISO modes are calculated
with the extended empirical orthogonal function (EEOF) analysis for June-July-August-September
(JJAS) period. The intra-seasonal variability was extracted by applying Lanczos band-pass filter

(Duchon 1979) with cut-off periods 25 and 90 days and 141 weights to the daily Outgoing Longwave



Radiation (OLR) data before performing the EEOF analysis (Kikuchi et al. 2012). Oceanic Nino
Index (ONI) was taken from the NOAA Climate Prediction Center. ONI values are defined by 3
months running mean of SST anomalies in the NINO 3.4 region.

In this study, we followed the method used by Godoi et al. (2020) to find the combination of
ENSO-BSISO co-occurring phases. Days with strong ENSO and BSISO activities were identified to
assess the wave conditions during the peak atmospheric oscillations. Strong ENSO events were
identified when the ONI value remained above 0.5 (El Nifio) or below -0.5 (La Nifia) for 5
consecutive seasons and the rest is considered as neutral ENSO. In order to convert the monthly
index to daily, the value of each month was assigned to every day of that month. The strong BSISO

activity was identified by setting the threshold value of 1.5 to the BSISO index.

Composite analysis corresponding to the 3 phases of ENSO and 8 phases of BSISO co-
occurring days corresponding to the summer monsoon period (JJAS) was carried out. The domain
selected for composite analysis was from 40°E-160°E and 10°S—30°N, which is the region through
the BSISO propagation is most prominent. The total number of days in which ENSO phases co-
occurs with BSISO phases during the period 1979 to 2018 is given in Table 1. These are the days
upon which composite analysis of anomalies of wind speed (Ws), Hs, Hsw, Hss, Tm Was carried out.
The results are important in closely analysing the teleconnection of ENSO and BSISO induced
atmospheric disturbances to the ASMR. The disturbance in Walker circulation is the reason for these
teleconnections which occur as a consequence of the change in heat and humidity in tropical oceans
(Grimm and Ambrizzi 2009). These teleconnections related to ENSO cause changes in wind speed
and direction thereby inducing variations in wave climate (Schott et al. 2009) in the 10. Therefore,
we analysed the change in ocean surface waves due to the atmospheric forcing of combined ENSO-
BSISO activity.

3 Results and discussion

Since ENSO being the most important interannual climate variability, the associated change
in the Walker circulation influences the 10 (Klein et al. 1999) causing regional changes in the SST
and wind speeds. The change in wind anomalies thereby generates a change in the wave conditions
(Schott et al. 2009). In the following section, we analyse the modifications in wave climate when the
interannual oscillations co-occur with the intra-seasonal oscillations. The results and the discussions

are written here in 3 sections corresponding to each ENSO phase.



3.1 Co-occurrence of Neutral ENSO with BSISO

The neutral ENSO phase with the BSISO indicates the wave anomalies controlled by the
strong BSISO related wind activity (Figs. 1 and 2). The wave patterns are similar to Srinivas et al.
(2020) with some notable changes in the intensity of the composites of Trm and Hs in BoB and AS
(Fig. 2). During phase 1, strong negative north-easterly wind anomaly close to 4 m/s (Fig.1 a)
dominate all over the NIO, whereas a positive anomaly is prominent over the maritime continent and
WNP. This negative anomaly shows strong northward and weak eastward propagation in the NIO
and WNP as a response to BSISO up to phase 4 (Fig 1 a-d). The eastward propagation is very weak
in the WNP. From the 4" phase onwards south-westerly wind starts to appear in the lower part of
NIO as a response to the SM wind system. From phases 5 to 7, positive south-westerly wind
anomaly (~2.5 m/s) follows the BSISO propagation pattern (Fig. 1 e-g). Phase 8 represents the
transition from south-westerlies to north-easterlies in the AS. In phase 8, strong negative north-
easterly wind anomalies (~ -3.5 m/s) are present in the AS, whereas south-westerly wind anomalies
are present over the rest of the NIO. Wind activity is very strong (wind anomaly ~4 m/s) because of
converging south-westerly and north-easterly winds in the SCS in phase 8 (Fig. 1 h) and this positive
anomaly continues to prevail in phase 1 with weak anomalies in SCS (Fig. 1 a). AS shows a faster

response to the shift in wind system from north easterlies to south westerlies compared to the WNP.

The Hs anomaly follows a similar pattern to the wind. Strong negative Hs (~ -0.6 m in phase 1
over AS) anomalies propagate northwards in the NIO with reducing intensity (~ -0.1 m in phase 4
over AS) over phases 1 to 4 (Fig. 2 a-d). While in the WNP and SCS, negative anomalies prevail up
to phase 5 (Fig. 2 a-e). WNP shows minimum eastward propagation. Positive anomalies of Hs due to
the action of BSISO south-westerly wind anomalies on the mean SM south-westerly wind from
phase 5 to phase 8 (Fig. 1 e-h), also show a similar propagation pattern as in the first 4 phases. High
Hs anomaly ~0.7m is seen over the western Indian, Bangladesh and Myanmar coasts in phase 6 (Fig.
2 ). In SCS maximum Hs anomaly (~0.7m) was observed at the Philippine islands during phase 7
(Fig. 2 g). The reduced (increased) energy flux into the waves from the wind shows good agreement

with the Hs anomalies from phases 1 to 4 (5 to 8) over NIO.

Interpreting the Tm is a good method to understand whether the area is dominated by wind-
seas or swells. Kumar et al (2000) and Aboobacker et al. (2011) observed higher wind-seas and
swells in the coastal regions of eastern AS during SM, indicating a mixed sea state. The 40°-60° S
band of the SO (Sabique et al. 2012) and 20° S band (Remya et al. 2020) are the two important swell
generating area in the 10. Long-period waves from the SO reaches the west coast of India quite

frequently (Amrutha et al. 2017). The swells from the SO propagate more towards the BoB and
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Maritime continent during JJA (Zheng et al. 2018). The influence of SM winds causes a drop in the
swell dominance on the local wave climate of the AS than the BoB due to the strong and persistent
wind (Sabique et al. 2012). Amores and Marcos (2020) identified swell generating area in WNP and
tracked the swell events, which reaches the Philippine Islands. Similarly, the swell propagating from
the SO also reaches the WNP (Jiang and Chen 2013; Li 2016). These observations set the
explanations for the swell activities in the NIO and WNP. The Tm, anomaly shows notable changes
from Srinivas et al. (2020). For example, they obtained an in-phase relationship with Hs and Tm in
AS, WNP and out of phase relation in BoB in all the phases. But when only the peak BSISO days are
considered, we observed out of phase relation in AS, BoB and WNP but in-phase relation in SCS.
The southern AS and BoB experiences swell propagation from the SIO, while the WNP experiences
swell from NP and SO. The strong negative (positive) wind anomaly in these regions leads to the
decreased (increased) energy flux into the higher frequencies and as a result, Tm increases
(decreases). This explains the reason for out of phase relationship between wind anomaly and Tpm.
Phases 1 to 5 in the AS and BoB are dominated by negative wind anomaly, hence positive T
anomaly (Fig. 1 a-e). This happens vice versa in phases 6 and 7 (Fig. 1 f-g). In the first phase (Fig. 2
1) waves with higher T, anomaly (~2s) occur in the south-eastern AS and south-western BoB and
shift northward in phase 2 (Fig. 2 j). Whereas, Srinivas et al. (2020) reported strong negative Tm
anomalies in phases 1 and 2 over AS. This indicates the intensified BSISO reduces the wind, which
in turn reduces short-period wave propagation in phases 1 and 2. The swell propagation from the
tropical 10 due to the action of easterly winds (Remya et al. 2020) enhances the T in phases 1 and
2. From phase 5 to phase 8, positive Tm anomalies are noticed over the maritime continent and WNP.

To understand the phase relationship of Tm with Hs we studied Hsw and Hss in detail.

Both Hsw and Hss show negative anomaly from phases 1 to 4 (Fig. 3 a-d & i-l) in AS, BoB
and WNP, while phases 5-7 (Fig. 3 e-g & m-0) show positive anomaly due to the increase in south-
westerly wind. This further support the explanation for out of phase relationship in these areas. An
increase (decrease) in wind in the SCS leads to an increase (decrease) in both Hsw and Hss indicating
the region is dominated by locally generated winds. This explains the in phase relationship of wind
and Tmin SCS. Maximum Hsw (0.9 m) and Hss (1 m) anomalies are seen over the SCS in phase 8 due
to the strong south-westerlies. Overall, the BSISO has a significant impact on waves by regulating

the wind.
3.2 Co-occurrence of EI Nifo with BSISO

The negative north-easterly wind anomaly which was predominant over the AS and BoB in

phases 1 and 2 during individual BSISO occurrence weakens remarkably and starts to turn to south-
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westerlies when EI Nifio combines with BSISO (Fig.4 a-b). At the same time, the south-westerly
wind that prevails over the SCS and WNP gets intensified (anomaly ~3m/s) in phase 1 and is rapidly
replaced by easterly winds from the equatorial Pacific Ocean (EPO). The El Nifio enhances the
south-westerly winds from phases 1 to 4 causing the faster diminishing of mean north-easterlies in
NIO. In phase 3, a strong south-westerly wind anomaly of ~3.5 m/s is identified over the central and
southern BoB (Fig.4 c), which further intensified (~4m/s) and shifted to the southern tip of India in
phase 4 (Fig.4 d). Meanwhile, north-easterly wind from the northern EPO in phase 2 propagates to
the WNP. A significant intensification of north-easterlies can be seen over the WNP due to the effect
of El Nifio-BSISO co-occurrence from phases 2 to 4 (Fig. 4 b-d). This intensification peaks (~4 m/s)
in phase 4 over the Philippine region (Fig. 4 d). During SM, easterlies are stronger than usual in the
western EPO due to the shifting of the South Pacific Convergence Zone (SPCZ) (Rasmusson and
Carpenter 1982). From phases 5 to 7 the El Nifio related north-easterly wind is enhanced and it
causes a decline of mean south-westerlies in the NIO. The diminished westerly wind anomaly in the
NIO (anomalies < 1.5 m/s) propagates to the north-east towards the Pacific, while it gets intensified
in the SCS and western EPO (Fig. 4 e-g). The winds in the 1O rapidly decrease in phases 5 and 6
(Fig. 4 e-f). From phase 7 onwards the transition to easterlies starts in the southern AS (Fig. 4 g).
This implies that the effect of EI Nifio-BSISO co-occurrence causes a reversal in wind direction

(north-easterlies to south-westerlies) earlier than during the independent BSISO occurrence.

The changes in wind patterns are seen in the anomalies and propagation of wave parameters.
In phase 1, a strong core of negative Hs anomaly (>1 m) is seen over the AS, which enlarged and
intensified in phase 2 (Fig. 5 a-b). From phase 2 to 4 (Fig.5 b-d) negative anomaly showed a weak
eastward propagation than the neutral ENSO-BSISO phase. In phase 4, a strong positive Hs anomaly
is seen at the tip of India due to the wind intensification (Fig. 5 d). Positive Hs anomalies start to
show up early in the AS and BoB due to the effect of EI Nifio in phase 5 (Fig. 5 e) and prevail all
over the NIO, SCS and maritime continent by phase 6 (Fig. 5 f). Maximum Hs anomaly (1 m) occurs
at the Sri Lankan coast in phase 4. The Hs in the AS is less than that in the BoB in these phases.
Kumar et al. (2019) also observed that Hs is relatively low during El Nifio years in the AS. Negative
anomalies start to appear in the AS in phase 7, which intensifies and shifts northward from phase 8
(Fig. 5h). Maximum Hs is seen in the SCS along Vietnam and south-east China coast in phase 6 even
though the winds are weak, which reveals the swell dominance in the SCS. Many researchers have
noted disagreement between wind and Hs conditions due to the dominance of swell in the SCS (Chu
et al. 2004; Su et al. 2017). From all these earlier studies and our observations, SCS can be

considered as a hotspot during ENSO-BSISO combined activity. The maximum value of Hs (> 1m)



is observed in the SCS in phase 6 (Fig. 5 f) due to the intensified south-westerlies in that region
catalyzed by the combined El Nifio-BSISO effect.

The Tm anomaly during El Nifio displayed significant variation from the neutral ENSO phase.
Strong positive anomalies observed during neutral ENSO-BSISO phases 1 and 2 over AS and
southern BoB (Fig. 2 i-j) are absent during EI Nifio-BSISO co-occurrence (Fig. 5 i-j) because of the
reduction in north-easterly wind anomaly. Instead, negative T anomalies (~1.5 m) are visible over
the AS and central equatorial 10 in phase 2 (Fig. 5 j) due to the effect of El Nifio on BSISO. The Tm,
shows a negative anomaly in AS, BoB and WNP in the first 4 phases. The reason for this negative
anomaly in the AS and BoB is that the reduced negative north-easterly wind anomalies in the 2"
phase (Fig 5 j) and the positive south-westerly anomalies in the 3 and 4 phases (Fig 5 k-1), supplies
more energy to the higher frequencies. While in the WNP, the energy to the higher frequencies is
supplied by the positive north-easterly anomaly in the first 4 phases (Fig 5 i-1). From phase 5 to 7 the
reduction in positive south-westerly anomaly reduces the Tm by reducing the swell propagation
towards AS and BoB. Strong positive Tm anomaly in the AS and BoB observed in the 1% and 2"
phases of neutral ENSO-BSISO (Fig 2 i & j) condition is only visible in phase 8 of El Nifio-BSISO
condition in the south-eastern AS and southern BoB (Fig. 5 p). This is due to the negative energy
flux into the waves in all these phases (Fig. 1 i-j & Fig. 4 p). Overall the out of phase relationship
between the wind and Tm anomaly is visible on the AS, BoB and WNP, yet it is weak compared to
the neutral ENSO-BSISO phase due to the lower swell domination by the reduced wind. In the SCS,
it shows in phase relationship with the wind anomaly and overall Tr positive anomaly is reduced due

to the reduction in the south-westerly wind.

The pattern of energy flux into the waves is more complex in El Nifio-BSISO co-occurring
time (Fig. 4 i-p). A slight positive anomaly in energy flux in the northern AS, in phases 1 and 2 (Fig.
4 i-j), leads to positive Hsw (Fig. 6 a-b) and reduced Hss (Fig. 6 i-j). The maximum energy flux is seen
in phases 3 and 4 in the southern BoB and southern tip of India (Fig. 4 k-1) enhances the wind-seas
and thereby Hsw (Fig. 6 c-d).

Both the Hss and Hsw in the AS exhibit a significant reduction in AS and BoB compared to the
neutral ENSO-BSISO phase due to the reduction in south-westerlies. Phases 1 to 4 are characterized
by negative Hss and Hsw anomaly in AS and northern BoB (Fig. 6 a-d & i-l) due to the negative
north-easterly wind anomalies, whereas phase 5 and 6 shows a positive anomaly in both (Fig. 6 e-f &
m-n) due to the positive south-westerly wind anomalies. Amrutha et al. (2015) observed that
intermediate period waves with peak wave periods between 6s and 12 s dominate the central west

coast of India. Also, earlier studies (Kumar et al. 2000; Aboobacker et al. 2011) observed that the
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direction of swell in the eastern Arabian Sea is south-west. Hence, due to the drop in south-westerly
winds, the northern and north-western AS shows negative Hss in all the phases. The lower south-
westerlies reduce the deflection of swell propagation towards the north-west direction and more
swell propagates towards the east. Hence, the swell height is positive in the Maritime continent and

southern BoB in phases 4 to 7 (Fig 6 I-p).
3.3  Co-occurrence of La Nifia with BSISO

Fig. 7 explains the change in wind speed and direction in the peak La Nifia-BSISO co-
occurring days. The effect of La Nifia enhances the south-westerly wind in NIO. As a result, a
notable decrease in the negative anomaly in north-easterly winds compared to the neutral ENSO-
BSISO phase at NIO occurs in the first 4 phases (Fig. 7 a-d). In the WNP, weak easterly winds
followed by phase 1 are intensified in phase 2 (Fig. 7 a-b). This strong easterly wind is due to the
flow from the eastern Pacific to the low pressure over the WP during La Nifia as a response to the
high SST anomalies. In 2" phase, the easterly winds are with higher speed (>3.5 m/s) over the WNP.
From phase 3 onwards the south-westerlies start to prevail in the southern AS. From phases 5 to 8
south-westerlies prevail with strong northward and weak eastward propagation as seen in the neutral
ENSO condition (Fig. 7 e-f). Interestingly, the south-westerlies continue to prevail in phases 1 and 2
with a low intensity over the NIO due to the enhancement of wind. Hence, the effect of La Nifia
delays the effect of BSISO north-easterly winds in both the NIO and WNP.

The Hs anomaly is weakened in La Nifia-BSISO phase 1 to 5 (Fig. 8 a-e). The negative Hs
anomaly due to north-easterlies starts to dominate only in phase 2 in the AS, BoB and SCS (Fig.8 b).
In phase 1 a strong positive Hs anomaly (~4 m) is seen in the ECS (Fig.8 a) due to the intensified
wind (Fig.7 a). In phase 3, the negative anomaly from the AS and BoB shift to the east and gets
intensified in the SCS and WNP in phase 4 (Fig. 8 c-d), while the positive anomaly starts to
propagate in the northeast direction in the AS and BoB. Positive Hs anomaly picks up over the NIO
at a slower pace than neutral ENSO-BSISO time due to the suppressed winds in phases 3 and 4 (Fig.
7 c-d). Positive Hs shows fast north-eastward propagation than neutral ENSO conditions. Positive Hs
anomaly is highly intensified (>1m) in the SCS in phase 7 (Fig. 8 g). The SCS showed a high Hs
anomaly during La Nifia-BSISO time in phase 8 (Fig. 8 h) than the neutral-ENSO condition (Fig. 2

h) due to the reduced action of north-easterly winds on the south-westerlies.

Strong positive T anomalies in phases 1, 2, and 8 during the Neutral ENSO-BSISO phase
(Fig. 2 1, ] & p) were replaced by negative anomalies during La Nifia-BSISO phase (Fig. 8 i,] & p)

due to the abatement in negative wind anomaly. Similar to the neutral ENSO-BSISO, the out of
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phase relation between wind and Tr is present in the AS, BoB and WNP and in phase relation in the
SCS. From phase 3 to 7, a positive Tm anomaly is present in the maritime continent and eastern
equatorial 10 (Fig. 8 k-0). This can be due to high period wave propagation because of the
intensified south-westerly wind. Maximum T anomaly (>2 s) occurs in the ECS in phase 2 on the

account of strong wind activity (Fig. 8 j).

The suppressed wind over the NIO during La Nifia is evident on the Esw. The strong negative
Eswanomaly occurred during the Neutral ENSO-BSISO phases 1 to 3 (Fig.1 i-k) diminished in the La
Nifa-BSISO phase (Fig.7 i-k). The maximum Esy occurs in the WNP in phase 2 due to the increased
convective activity and easterly wind because of La Nifia (Fig.7 j). High wind flux in the SCS during

phase 6 to phase 8 (Fig.7 n-p) implies the increased Hs over that region (Fig.8 f-h).

In general, both Hss and Hsw are enhanced in the La Nifia-BSISO phase than the other two
ENSO and BSISO co-occurring phases. Similar to the wind pattern, negative anomalies of both Hss
and Hsw get weakened during La Nifia in phases 1 to 4 (Fig.9 a-d & i-1). From phase 5 to 7, strong
south-westerly generated wind-seas and swell are present over the AS and BoB (Fig. 9 m-0). The
WNP shows an overall reduction in swell than the neutral ENSO- BSISO phase due to the reduced
generation of wind-seas and swells in the NP due to the decreased wind.

4 Conclusions

The BSISO independent occurrence is characterised by negative north-easterly anomalies
from phase 1 to 4 and positive south-westerly anomalies from phase 5 to 8. Both these anomalies
follow a north-eastward propagation pattern as a response to BSISO. When BSISO combines with El
Nino, the north-easterly wind is enhanced. On the other hand, the south-westerly wind is enhanced
when it combines with La Nifia. The effect of El Nifio-BSISO co-occurrence causes a reversal in
wind direction (north-easterlies to south-westerlies and vice versa) earlier than independent BSISO
occurrence. La Nifa-BSISO combined activity strengthens the easterlies in the WNP due to the

convection over the maritime continent and suppresses the easterlies in the NIO.

Due to the change in the surface wind, during El Nifio-BSISO (La Nifia-BSISO) co-
occurrence, the negative (positive) anomalies of Ws and Hs shows more intact north-eastward
propagation during phase 1 to 4 (phase 5 to 8) while the propagation of positive (negative) anomalies
are disrupted. The ENSO makes a prominent variation in Hs when co-occurring with BSISO. The
maximum positive anomaly of Hs is observed in the EIO, southern tip of India, maritime continent
and the coastal regions of Philippines and Vietnam during El Nifio-BSISO co-occurrence. While the

La Nifia-BSISO combined activity increases Hs in the central-western and north-eastern coast of
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India and western coast of Bangladesh during phase 6. These increasing wave heights are important
since the anomalous increase in wave height can escalate the wave power and thereby can cause

erosion and coastal flooding.

Tm shows an out of phase relationship with the wind in AS, BoB and WNP, which indicates
the dominance of swell over these regions. The in-phase relationship between Hs and Tr in the SCS
in all the ENSO-BSISO phases indicates that wind-activated wind-seas and swells dominate SCS.
Hss and Hsw are maximum in the SCS during the El Nifio-BSISO phase. Swell height is high over the
BoB, maritime continent, WNP from phases 5 to 8 in all ENSO conditions highlighting the

propagation of SIO swells to that region.

The SCS is a very dynamic region due to the action of surface forcing from both the 10 and
WNP. Rapid changes in the wind system lead to the sudden change in wave parameters in the SCS.
Being a semi-enclosed sea, the maximum and minimum peaks of Hs anomalies that occur in the SCS

makes the coastal region around it highly vulnerable to the resulting effects.

The difference in the values of wave parameters observed during BSISO independent activity
and the ENSO-BSISO combined activity indicates the need for studies on the impact of the
combination of different atmospheric oscillations on the ocean surface waves. Since both intra-
seasonal and inter-annual oscillations individually cause significant changes in wave climate, the

combined action of these two can cause pronounced changes and this needs to be assessed.
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Table 1. Number of days under each combination of ENSO — BSISO phases for the period 1979-
2018 over the season JJAS

BSISO Phase ENSO - Neutral El Nifio La Nifa
1 111 68 27
2 89 64 24
3 104 76 48
4 126 74 58
5 113 68 32
6 105 75 30
7 115 78 39
8 129 84 53
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Fig. 6 Daily anomaly composites of significant height of wind-seas (left column) and significant
height of swells (right column) for El Nifio - BSISO combined phase over JJAS season during the
period 1979-2018
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