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Abstract

The present study examines the impact of the Pacific-Japan (PJ) pattern on tropical Indo—Western
Pacific Ocean significant wave heights during the boreal summer season (June through August, JJA)
for the first time. The PJ pattern is a dominant teleconnection pattern characterized by meridional
propagating Rossby waves over the Western North Pacific (WNP) and East Asia. The strong
southwesterly monsoon winds prevail over the North Indian Ocean (NIO) during JJA inducing strong
wave heights in the mean state. The regression analysis of significant wave height anomalies on the PJ
index exhibits strong negative wave height anomalies over the Bay of Bengal (BoB), the tropical WNP
region and slightly weaker negative anomalies over the Arabian Sea (AS) due to a reduction in the
wind-wave growth. The weakening of wave heights in the BoB and WNP regions during PJ is
attributed to the anomalous low-level anticyclonic circulation accompanied by high sea-level pressure
anomalies over the BoB and WNP regions. The anomalous anticyclonic circulation opposes the mean
south-westerlies and reduces the wave heights over the N1O and WNP. Further, the composite analysis
of positive and negative PJ patterns display significant asymmetries in their signature on the wind and
wave parameters. Thus, our findings suggest that the WNP region's climate conditions strongly
modulate the NI1O's surface waves.

Keywords Significant Wave Heights, Pacific-Japan pattern, anomalous anticyclonic circulation, North
Indian Ocean, Western North Pacific.
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1. Introduction

The Indo-Western Pacific Ocean region is known for hosting several coupled air-sea processes
consisting of the Asian monsoon system maritime continent convection, and the warm pool region
(e.g., Webster et al. 1998, Chen et al. 2023). The Asian summer monsoon onset starts in May, with the
strong cross-equatorial flow off the Somali Peninsula. After that, the monsoonal winds eventually
prevail in the North Indian Ocean (NI1O) and the Western North Pacific (WNP) (e.g., Schott and
McCreary, 2001, Hu et al. 2022). During the boreal summer months (June through August; JJA), the
Indian monsoon is the dominant air-sea coupled system. In JJA, the Indo-western Pacific Ocean
experiences peak ocean surface gravity wave activity (e.g., Srinivas et al. 2020; Kaur et al. 2021). The
surface wind climate in the NIO is directly influenced by the summer monsoon circulation, and the
monsoon wind pattern over the Arabian Sea (AS) is particularly complex (e.g., Anoop et al. 2015).
Coastal and offshore infrastructures, navigation, and coastal dynamics are all impacted by monsoon
waves. Therefore, it is important to acknowledge the considerable impact of monsoon waves on the
coastal areas of these regions for various applications. Researchers indicate that wave heights in the
NIO can reach as high as ~6 m and that monsoon waves are a key driver of coastal erosion and flooding
events along the west coast of India (e.g., Kumar et al., 2006).

The tropical Indian Ocean (TIO) surface waves exhibit variability across different timescales
ranging from intraseasonal to interannual periods (e.g., Hemer et al. 2013; Srinivas et al. 2020; Remya
et al. 2020). In the interannual timescales, wave variability in the TIO is driven by potential factors
such as the Indian Ocean Dipole (I0OD), ElI Nifio Southern Oscillation (ENSO), and Southern
Oscillation Mode (SAM). Recent studies have shown that 10D impacts the AS surface waves (Anoop
et al. 2016), while ENSO's influence on global ocean waves (e.g., Hemer et al. 2010; Kumar et al.
2016). The 10D events alter the wind patterns which influence the generation and dissipation of surface
waves over the AS by changing the pressure gradient over the region (Anoop et al., 2016). The
significant wave height in the TIO is modulated by the swells coming from the Southern Ocean
generated by the westerlies over 40 — 60°S which have a strong connection with ENSO and SAM
(Remya et al., 2020). The swells generated by south-easterlies over the eastern TI1O, controlled by the
ENSO, also contribute to the significant wave height in the NIO Several studies have demonstrated
the influence of SAM on global ocean surface wave heights (e.g., Marshall. 2003; Hemer et al. 2010;
Marshall et al. 2018). All these climate modes modulate the winds and thereby the wave climate in the
TIO (e.g., Srinivas et al. 2021; Remya et al. 2020). Identifying the dominant climate modes that impact
the tropical Indo-Western Pacific Ocean surface wave variability is crucial. One of the important

climate modes over the Indo-Western Pacific region is the Pacific-Japan (PJ) pattern, which is a low-



level circulation variability mode in the WNP region (Nitta, 1987; Kosaka 2021, Noh et al. 2021, Hu
et al. 2024). This mode is known to have a significant impact on atmospheric circulation and rainfall

over the Indo-western Pacific region (Xie et al. 2016; Srinivas et al. 2018, Hu et al. 2024).

The Indian Ocean-Western Pacific variability plays an important role, especially in the regional
climate. Many recent studies have highlighted the interaction between the PJ pattern and Indian Ocean
Sea Surface Temperatures (SST) (e.g., Kosaka et al. 2013; Srinivas et al. 2018; Chowdary et al., 2019,
Kosaka 2021) and this association is referred to as the Indo-Pacific Ocean Capacitor (IPOC) mode
(Xie et al. 2016, Du et al. 2022). The boreal summer SST warming in the NIO, the anomalous
anticyclonic circulation over the WNP, and SST cooling in the WNP during boreal spring and early
summer are essential parts of IPOC (Xie et al., 2016) and PJ pattern (Kosaka et al. 2013). Previous
studies highlighted the PJ pattern as the dominant mode of climate variability in the WNP during JJIA
is known to have a significant impact on atmospheric circulation and rainfall, as well as on the ocean
circulation (e.g., Nitta 1987; Huang and Sun 1992; Kosaka et al. 2013; Kubota et al. 2016; Srinivas et
al. 2018, Hu et al. 2024). The PJ pattern features a meridional dipole structure in lower-tropospheric
circulation and precipitation anomalies with the tropical and midlatitude WNP lobes (Nitta 1987;
Kosaka and Nakamura 2010) and provides a crucial link between the tropics and midlatitudes. The
positive PJ pattern is significantly correlated with the decay phase of El Nifio (e.g., Sun et al. 2010;
Xie et al. 2016, Kosaka 2021). On the other hand, the negative phase of the PJ pattern causes droughts
and heat waves in the midlatitudes with enhanced tropical cyclone activity over the WNP region (e.qg.,
Kosaka et al. 2013).

For the recent three decades, the PJ has been known to well correlate with ENSO in the
preceding boreal winter and Indian Ocean SSTs in the concurrent summer (e.g., Kubota et al. 2016,
Hu et al. 2024). The positive phase of PJ enhances the summer monsoon rainfall over the southern and
northern parts of India through northeastward atmospheric Rossby wave propagation from the tropical
WNP, while the negative phase suppresses the precipitation (e.g., Srinivas et al., 2018; Hu et al. 2024).
It is found that the positive rainfall band over north India is due to anomalous low-level moisture
convergence in the north-western edge of the westward propagating atmospheric cold Rossby wave as
a response to suppressed convection over the tropical WNP region associated with the PJ pattern. This
highlights the importance of the atmospheric pathway that connects the PJ and NIO circulation.
Though the PJ pattern has a profound impact on the Indian summer monsoon, there is no study
depicting the influence of the PJ pattern on the NIO surface waves. Thus, the present study addresses
the PJ influence on the Indo-Western Pacific Ocean wave heights. The rest of the paper is organised

as follows: Section 2 outlines the data used for analysis, as well as the methodologies. In Section 3,



we examine the PJ mode influence on the Indo—Western Pacific Ocean surface waves and changes in
the mean-state climatology. Section 4 features the positive and negative PJ patterns asymmetrical

response of wind and waves. Finally, in Section 5, we summarise the key takeaways from our analysis.
2. Data and methods

We utilize the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERAD),
the fifth-generation ECMWF reanalysis that replaces the ERA-interim reanalysis (Hersbach et al.,
2020). ERA5 merges model data with observations from around the world using the laws of physics
and data assimilation techniques to provide a complete and consistent global dataset. It offers hourly
estimates for a large number of quantities related to the atmosphere, ocean waves, and land surface
with a horizontal resolution of 0.25°x0.25° for the atmosphere and 0.5°x0.5° for ocean waves. Here,
we use the monthly averages of significant wave height (Hs), wind-seas (Hsw), swell wave heights
(Hss), mean wave period (Tp), wind wave period (Tpw) and swell wave period (Tps) from ERAS data
from 1959-2021 with a horizontal resolution of 0.5°x0.5°. In addition, we also obtained the atmospheric
parameters such as surface zonal and meridional wind components, and mean sea level pressure (SLP).
To understand how wind energy is transferred into waves, we use the normalized energy flux transfer
into waves from ERAS. A positive flux indicates a flux into the waves, and it has units of W/m2,

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

An empirical orthogonal function (EOF) analysis was applied on 850 hPa relative vorticity
anomalies over 0°-60°N, 100°-160°E during the boreal summer season (JJA) to extract the PJ pattern
as the dominant mode of lower-tropospheric circulation variability over the WNP and East Asia
regions. This methodology corroborates with studies by Srinivas et al. (2018), and Kosaka et al. (2013),
albeit with a focus on the interannual variability of seasonal-mean anomalies. Statistical methods such

as correlations, regressions and composite analysis are used.
3. The PJ influence on the tropical Indo-western Pacific Ocean surface waves

Many past studies show that the PJ influences the Indian summer monsoon rainfall, TIO SST and low-
level circulation (e.g., Kosaka 2021; Srinivas et al. 2018). For the first time, we explore the PJ impact
on Indo-western Pacific Ocean surface gravity waves during JJA. Before, proceeding with the
understanding of the relationship between PJ and ocean waves, we benchmark the climatological
mean-state features of surface winds and ocean wave parameters in the tropical Indo-western Pacific
region during JJA. Figure 1 shows the seasonal means of surface wind, Hs, Hsw and Hss, and their
wave periods during JJA. The predominant southwesterly monsoon winds with a speed of more than

10-12 m/s in the AS and 8-10 m/s over the Bay of Bengal (BoB) cover the entire NIO, resulting in



mean wave heights of more than 3m and 2m over the respective regions (Fig. 1a, b). In AS, the strong
winds are due to the southwest monsoon winds driven by the pressure gradients between the Indian
Ocean and the Indian land mass. Hs is mostly dominated by the wind-sea, with a minimal contribution
from the swells over AS, whereas in BoB the contribution of seas and swells are almost equal in JJA.
Tp ranges from 8 to 10s in AS, which is shorter when compared to the rest of the basin (10-11s),
indicating the dominance of the wind-sea (Fig. 1c). Previous studies have demonstrated a strong
correlation between surface wind and wave conditions over the AS during boreal summer months, as
these regions are sheltered from distant swells and are dominated by wind waves locally (e.g., Anoop
et al. 2016). The tropical Southern Indian Ocean displays mean wave heights ranging from 3-4m with
a wave period of more than ~10s, suggesting the propagation of swells from the southern Indian Ocean
(Fig. 1b-d). Recent studies have shown that Southern Ocean swells are one of the important factors
affecting the wave climate of NIO (e.g., Remya et al., 2016; Sreejith et al. 2023). They also reported
that SAM is the strongest mode of variability which alters the strength and distribution of southern
swells and also influences the behaviour and distribution of NIO swells. Another potential source of
generating swells is easterly Jets located at 20°S which peaks during boreal summer. The BoB is most
affected by swells compared to AS due to the direction and orientation of swell propagation from the
south. The WNP exhibits lower wave heights due to weak climatological northeasterly winds (Fig. 1a).
During the In boreal summer months, the TIO surface waves exhibit profound interannual variability

and stronger magnitudes, primarily induced by wind changes (e.g., Srinivas et al. 2020).

Figure 2 presents the PJ pattern extracted by applying the EOF analysis on 850-hPa relative
vorticity anomalies in the WNP region during JJA. The method employed in this study has been
extensively described and used in prior research (e.g., Nitta 1987; Kosaka et al. 2013; Kuboto et al.
2016; Srinivas et al. 2018). The leading EOF pattern identified a tripole pattern with positive vorticity
anomalies extending from the equator to 10°N and in the mid-latitudes (25°-45°N), with negative
vorticity anomalies observed at 10°-25°N in the WNP (Fig. 2a). The correlation of the corresponding
leading principal component of relative vorticity with Hs and surface winds reveals an anomalous
anticyclonic circulation over the tropical WNP region and north-easterlies in the northern AS and
south-westerlies in the southern AS are noted, as part of the PJ pattern (Fig. 2b). The Hs anomalies
display a strong negative correlation over WNP and NIO, and a positive correlation in the south-
western Indian Ocean regions. Previous studies have shown a significant correlation between the PJ
pattern and El Nifio decaying and developing La Nifia phases (Srinivas et al. 2018; Xie et al. 2016;
Kosaka et al. 2013; Kosaka and Nakamura, 2010). The simultaneous correlation between PJ and

Nifi03.4 is -0.31, which is significant at the 95% confidence level. The negative Hs anomalies in the



WNP and BoB regions are attributed to the anomalous anticyclonic circulation over these regions. The
anomalous north-easterlies in both regions lead to a reduction in wind speed, which, when combined
with the mean south-westerlies, hinders wave growth over NIO. The PJ pattern significantly impacts
interannual variability in the WNP, South Asian, and East Asian summer monsoons. This pattern is
linked to anomalous convection over the maritime continent, which generates a Rossby wave response
and an anomalous low-level cyclonic circulation extending northwestward from the forcing (Matsuno
1966; Gill 1980). The enhanced convection over the maritime continent induces enhanced convection
over the NIO via the warm Rossby wave (e.g., Srinivas et al. 2018; Hu et al. 2024). Furthermore, the
anomalous surface easterlies along the southern flank of the cold Rossby wave weaken the prevailing
monsoon westerlies over the summer N1O and warm the SST by reducing the latent heat flux (e.g., Du
et al. 2009, 2022; Xie et al. 2009; Chowdary et al. 2017; Darshana et al. 2022). Consequently, the
easterly wind anomalies in the WNP and NI1O regions are strongly associated with the tropical WNP
anomalous anticyclone as a part of the PJ pattern (Fig. 2a, b). Recent studies suggest that the NIO
surface waves experience significant changes in different time scales, they are influenced by Indo-
Pacific climate modes (Remya et al. 2020; Srinivas et al. 2021; Kumar et al. 2019). The identification
of new sources of variability is pivotal for wave forecasting around Indian Ocean rim countries, in

addition to the well-known interannual climate modes.

Figures 3 and 4 illustrate the regression patterns of wave parameters Hs, Hsw, and Hss, and
their corresponding wave periods, in relation to the PJ index respectively. The analysis reveals that Hs
display significant negative anomalies in the WNP and BoB regions, while insignificant anomalies are
observed in the AS (Fig. 3a). Interestingly, the Tp exhibits contrasting characteristics in WNP and
BoB, with negative anomalies in WNP and positive anomalies in BoB, accompanied by insignificant
positive anomalies in AS (Fig. 4a). To explain the contrasts in wave periods, features in the BoB and
WNP, it is beneficial to analyze the Hsw and Hss regression patterns (Fig. 3b, c). Hsw reveals
significant negative anomalies in the WNP region, as well as in the NIO (Fig. 3b) suggesting the
reduction in the wind wave growth in the WNP. The positive PJ events lead to the development of the
northeasterly anomalies in the WNP and BoB regions as a part of anomalous anticyclonic circulation
(Fig. 5a). The positive SLP anomalies support the strengthening of the north-easterlies in the southern
flank of the anomalous anticyclonic circulation in the WNP and BoB (Fig. 5b). These anomalies during
a positive PJ result in the reduction of mean wind speed and subsequently decrease the wind-wave
growth in the BoB and WNP regions. Hsw is supported by the significant negative anomalies in the
Tpw in both WNP and NIO regions, similar to Hsw (Fig. 3b, 4b). The anomalies of normalized vertical

energy flux also display significant negative anomalies over the maritime continent and BoB regions



supporting the reduction of Hsw response to PJ (Fig. 5¢). Furthermore, the energy flux anomalies are
significantly positive over equatorial central Pacific, suggesting that the energy transfer into waves
through easterly wind forcing over there. These positive energy flux anomalies in the central Pacific
support that the PJ pattern is strongly associated with the decaying phase of El Nifio or developing La
Nina (Xie et al. 2016, Kosaka 2021).

The regression patterns of Hss and Tps show negative anomalies in the WNP region (Fig. 3c
and 4c). The difference in the regression pattern of swell anomalies suggests that the WNP and NIO
regions exhibit varying wave characteristics. This can be confirmed through an analysis of the
climatological fields in the Indo-Western Pacific region (Fig. 1). For instance, an examination of the
climatology of Tp during JJA reveals that the WNP region experiences waves within the range of 4-8
s. This range is indicative of the dominance of wind-sea and the presence of young swells in the region.
In contrast, the N1O experiences waves with a period of 8-12 s, which is indicative of a mixed sea state
with both wind-sea and long-period swells. The dominance of the Southern Ocean swells approach to
NIO, especially in the BoB is a well-established fact that has been addressed in numerous past studies
(Sabique et al, 2012, Remya et al, 2012, Zheng et. al, 2018). Consequently, the reduction in wind speed
and associated reduction in wind-sea growth leads to the dominance of long-period swells in the NIO,
causing positive anomalies in the wave period. On the other hand, in the WNP region, primarily
dominated by local winds and waves, positive PJ-induced weaker winds resulted in a reduction in wave

growth (Fig. 3a, 5a). The reduction is reflected in both Hs and Tp anomalies.

In short, a positive PJ pattern results in a net reduction of wind-driven wave growth in the Indo-
Western Pacific region. This reduction in the wind-sea leads to increased dominance of the swell in
the BoB region. The regression analysis is utilized to elucidate the impact of positive PJ. The study by
Srinivas et al. (2018) showed the impact of the PJ pattern on Indian summer monsoon rainfall through
air-sea interactions in a coupled model. They carried out a sensitivity experiment to excite the idealized
PJ pattern by imposing the negative SST anomalies in the tropical WNP using a coupled model. In the
control simulation, there is no signature of the PJ pattern which means no presence of anomalous
anticyclonic circulation over tropical WNP (Figure not shown). The difference between the control
and experiment runs shows the presence of anomalous anticyclonic circulation with reduced surface
wind speed anomalies in the WNP and BoB regions (See Fig. 7 in Srinivas et al. 2018). This advocates
that the PJ pattern directly influences the significant wave height anomalies over WNP and BoB
regions (Figure not shown). Although direct sensitivity tests for the ocean wave model simulations are
not included, the coherence of our findings with previous studies provides confidence in the robustness

of the presented analysis. However, the response of wave heights to positive and negative PJ remains



unclear from the regression analysis alone, necessitating an exploration of the asymmetrical or
symmetrical patterns associated with these phenomena. Thus, in the following section, we have
conducted a composite analysis to investigate the asymmetry/symmetry patterns during negative and
positive PJ.

4. The PJ asymmetries impact on wind and waves

The positive PJ pattern is closely related to atmospheric and oceanographic variations such as active
phases of the Madden—Julian Oscillation (Madden and Julian 1971), warm SST anomalies over
tropical WNP and the La Nifia conditions in the equatorial eastern Pacific region (e.g., Zhu et al. 2020).
In contrast, the negative PJ pattern is associated with preceding TIO basin-wide SST warming caused
by the post-El Nifio events (Xie et al. 2009; Kosaka 2021) and local negative SST anomalies (Wu et
al. 2010). Li et al. (2020) suggested that the periodicity of intraseasonal oscillation could regulate the
periodicity of the PJ pattern, indicating a collaborated effect of the ENSO and the intraseasonal
oscillation on the formation of a PJ pattern. Thus, the formation of a PJ pattern is closely tied to the
tropical atmospheric and oceanographic variabilities. Recent studies have shown that the positive and
negative phases of ENSO and 10D display significant asymmetries in their amplitude, phase and
durations (e.g., An et al. 2004, 2023, Srinivas et al. 2022). Likewise, the positive and negative phases
of PJ also display asymmetries in their formations, amplitudes and low-level circulation variability
over WNP (Takemura and Mukougawa, 2022). However, the response of the ocean surface waves to
PJ phases has not been studied earlier. Thus, we explore the wave heights and wave periods during the
positive and negative phases of the PJ pattern, and their asymmetries in the Indo-Western Pacific

Ocean regions during JJA.

Figures 6 and 7 show the composites of mean wave height and wave period anomalies,
including seas and swell patterns during the positive and negative phases of PJ. The composite analysis
of the positive PJ phase of Hs and Tp reveals a pattern similar to the regression analysis of PJ (Fig. 6a
and 7a). WNP shows negative anomalies in both Hs and Tp, linked to the anticyclonic circulation
anomalies opposing the mean flow during JJA (Fig. 8a, 1a). In a post-El Nifio summer, the NIO is kept
warm by the anomalous easterlies on the south flank of the anomalous anticyclonic circulation over
WNP, which opposes the prevailing southwest monsoon and reduces the climatological south-
westerlies (Du et al. 2009). BoB shows a negative anomaly in Hs and a positive anomaly in Tp
indicating the wind-sea reduction caused swell domination. Hs negative anomaly extends to some parts
of AS similar to the regression patterns (Fig. 6a, 3a). Hsw also displays negative anomalies which
corroborates with Hs, mostly in the southern Bay (Fig. 6b). The normalized energy flux into waves

also displays negative anomalies in conjunction with Hsw over there (Fig. 8c). Furthermore, Tpw
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anomalies support the positive Hsw anomalies over BoB indicates the wind sea growth (Fig. 7b). On
the other hand, the swells display weaker positive anomalies which indicate the advancement of

Southern Ocean swells (Fig. 6c, 7c).

The composite analysis of PJ negative years shows prominent anomaly patterns of Hs and Tp
compared to PJ positive years (Fig. 6d, 7d). This means that the cyclonic circulation pattern in the
WNP is stronger and enhances the wave growth in both WNP and NIO regions, and is supported by
positive anomalies of Tp in WNP and negative anomalies of Tp (due to mixed sea state; wind-sea
growth leads to a reduction in the Tp) in NIO (Fig 8b, 7d-f). The composites of Hsw show strong
positive anomalies and a weaker positive contribution of Hss coinciding with the Hs anomalies
suggesting the response to local mixed sea-state in BoB (Fig. 6d-f). Similarly, Tpw shows strong
positive anomalies and Tps also show weaker positive anomalies which oppose the Tp anomalies
suggesting wind sea domination and weaker positive swell contribution over BoB (Fig 7d-f). Thus,
our analysis highlights that wave heights and periods display asymmetries over NIO and WNP regions

during the positive and negative PJ years.

The half sum of the composite positive and negative PJ years is used to measure the PJ
asymmetries, similar to the study by Srinivas et al. (2022), for the asymmetrical behaviour of ocean
waves and other parameters. Figure 9 shows the PJ asymmetries of surface wind, mean significant
wave heights, wave periods and normalized energy flux transfer into waves during JJA. Hs shows
significant positive anomalies over NIO and WNP regions suggesting the dominant signature of the
negative PJ pattern (Fig. 9a). Tp displays strong positive anomalies over the southern tip of India and
the eastern equatorial Indian Ocean region in response to the anticyclonic circulation anomalies with
high sea-level pressure adjacent to there (Fig. 9¢). Interestingly, the asymmetry pattern in the Tp shows
positive values in the BoB, suggesting the positive phase's stronger influence on Tp. Notably, the
increase in Tp during the positive phase due to the abundance of swells of long wavelength was much
higher than its decrease during the negative phase when wind seas were prevalent (Fig. 9b). The PJ
asymmetries imply that the negative PJ phase anomalous cyclonic circulation is strong compared to
the anomalous anticyclonic circulation during the positive phase and strengthens the mean wind state
during JJA over AS (Fig. 9c). The cyclonic circulation and negative SLP asymmetry in the WNP
suggest that the negative phase's imprint is stronger than its positive counterpart over tropical WNP.
The asymmetrical behaviour of normalized energy flux anomalies to the PJ pattern shows a peculiar
dipole pattern on the eastern TIO with negative anomalies on the equator and positive anomalies in the
south of the equator (Fig. 9d, 8c). Furthermore, it shows a weaker positive energy flux anomaly over

NIO in response to the negative PJ phase. Overall, our analysis suggests that the negative PJ phase is



enhancing the wave growth in the Indo-Western Pacific region, the negative PJ impact on the wave is

more important than its counterpart.
5. Summary and Conclusions

This study investigates the impact of the PJ pattern on ocean surface waves in the Indo-western Pacific
region during the boreal summer season. Previous research has highlighted the influence of the PJ
pattern on various atmospheric and oceanic phenomena, including Indian summer monsoon rainfall,
TIO SSTs, and low-level circulation. For this first time, here we explore its impact on ocean surface
gravity waves using ERADS reanalysis data. The study examined the climatological mean-state features
of surface winds and ocean wave parameters in the tropical Indo-western Pacific region during JJA.
The analysis reveals strong southwesterly monsoon winds over NIO, leading to significant mean wave
heights over this region (e.g., Anoop et al. 2016). Wind-sea dominates wave heights in the AS, while
both wind-sea and swells contribute equally in the BoB (e.g., Remya et al. 2012). The EOF analysis
of 850-hPa relative vorticity anomalies is used to extract the dominant low-level circulation mode over
the WNP, which is the PJ pattern during JJA (Nitta, 1987; Kosaka et al. 2013; Srinivas et al. 2018).
The PJ pattern exhibits significant correlations with ocean surface wave parameters, particularly
showing negative wave height anomalies in the WNP and BoB regions. The regression of the PJ pattern
on the significant wave height anomalies over the Indo-western Pacific region shows negative wave
height anomalies in the WNP and BoB regions (Fig. 10). This weakening of wave heights is caused
by the anomalous anti-cyclonic circulation over the tropical WNP and BoB regions (Fig. 10, red
elliptical circle). The northeasterly wind anomalies (curved black arrow) in the southern flank of the
anomalous anticyclonic circulation suppress the mean southwesterly winds (grey/white vectors) over
the NIO and WNP regions. Thus, it results in the reduction of wind-sea growth and decreases total
wave height anomalies over there. The regression analysis shows that the PJ mode negatively
influences wind seas over the BoB and has minimal influence on swells over the NIO. Further, it also
showed a considerable negative influence on total significant wave height anomalies over the BoB. By
performing composite analysis, we found that the anticyclonic wind pattern in the WNP region during
the positive phase of the PJ induces anomalous north-easterlies in the BoB and weakens the southwest
monsoon winds. The weakening of southwest monsoon winds results in a reduction in wind seas and
dominance of swells in the BoB. The abundance of swells in the BoB increases the total wave period
up to 0.4 s. It is found that the negative PJ pattern induces anomalous southwesterlies over the BoB
which strengthens the mean monsoon winds. The stronger winds in the BoB produce wind-seas which
results in an elevation of total SWH up to 0.16 m. Generally, the significant wave heights reach up to

6m on the Indian coast during the Indian summer monsoon season and in addition to this, elevation
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induced by the negative PJ mode might cause more devastation in the coastal region. The further
analysis investigated the asymmetry in positive and negative phases of the PJ pattern impact on ocean
surface waves. The positive phase is associated with reduced wind-driven wave growth and increased
dominance of swells in the BoB, while the negative phase enhances wave growth in the WNP and NIO
regions. Composite analysis reveals asymmetry between positive and negative PJ phase impacts, with
the negative phase exhibiting a stronger influence on ocean surface waves, suggesting a more
pronounced influence of cyclonic circulation and negative SLP anomalies. Understanding the
asymmetrical/symmetrical behaviour of the PJ pattern and its impact on ocean surface waves is
essential for improving seasonal predictive capabilities and wave forecasting around the Indo-Western

Pacific rim countries, complementing existing knowledge on interannual climate modes.
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Tables

Acronym Abbreviation

AS Arabian Sea

BoB Bay of Bengal

ENSO El Nifio Southern Oscillation
EOF Empirical Orthogonal Function
Hs Total significant wave height
Hss Swell wave height

Hsw Significant wave height of wind-sea
10 Indian Ocean

10D Indian Ocean Dipole

IPOC Indo-Pacific Ocean Capacitor
JJA June-July-August

NIO North Indian Ocean

PJ Pacific-Japan

SAM Southern Annular Mode

SLP Sea level pressure

SST Sea surface temperature

TIO Tropical Indian Ocean

Tp Total wave period

Tps Swell wave period

Tpw Wind wave period

WNP Western North Pacific

Table 1. List of abbreviations used in the study.
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Figure 1. The JJA climatology of (a) surface winds (shaded and vectors; m/s), (b) significant wave
height (Hs; shaded, m) and mean wave period (Tp; contours, s). Panels (c), and (d) are significant
wave heights of wind waves (Hsw; shaded, m) and total swells (Hss; shaded, m) along with their mean

wave periods (contours, s) respectively.
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Figure 2. (a) Spatial pattern of Empirical Orthogonal Function first mode (EOFL1) of relative vorticity
at 850 hPa (10 s1), (b) corresponding first principal component (PJ index) correlation with Hs
(shaded) and surface wind (vectors) anomalies, and (c) normalized time series of PJ index. The dashed

lines show the + 1 standard deviation of the PJ index.
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Figure 3. Regression of (a) Hs (m), (b) Hsw (m) and (c) Hss (m) anomalies on PJ index. Contours

show significance at a 95% confidence level.
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Figure 4. Regression of (a) Tp (s), (b) Tpw (s) and (c) Tps (s) anomalies on PJ index. Contours show
significance at a 95% confidence level.
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Figure 5. Regression of (a) surface wind speeds (shaded and vectors, m/s), (b) mean sea level pressure
(hPa), and (c) normalized energy flux transfer to wave (dimensionless) anomalies. The green contours

and vectors show significance at a 95% confidence level.
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Figure 7. JJA composites of (a) Tp (s), (b) Tpw (s) and (c) Tps (s) anomalies during the positive phase
of PJ mode. (d) - (f) same as (a) — (c) but for its negative phase.
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Figure 8. JJA composites of (a) mean sea level pressure (shaded, hPa) and surface winds (vectors,
m/s) during positive PJ and (b) negative PJ years. (c) — (d) same as (a) — (b) but for normalized energy

flux into wave anomalies (dimensionless).
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Figure 9. JJA average of PJ asymmetries (half sum of the positive PJ and negative PJ years
composites) in (a) Hs (shaded, m), (b) Tp (shaded, s), (c) mean sea level pressure (shaded, hPa) and

surface wind (vectors, m/s) and (d) normalized energy flux (dimensionless) anomalies.
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Figure 10. Schematic diagram that shows the PJ impact on Indo-western Pacific significant wave
heights. The colour shading represents the Hs anomalies and vectors (black) are surface wind
anomalies over the Indo-western Pacific region. The mean south-westerly winds are marked as
white/grey vectors. The elliptical red circle shows the anomalous anticyclonic circulation over the BoB
and WNP regions. The southern flank of the anomalous anticyclonic circulation induces the north-
easterlies which oppose the mean south-westerlies resulting in the weakening of the wave heights over

the WNP and BoB regions in response to the PJ pattern.
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