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Abstract:

Analysis of 50 years of hourly significant wave heights of the Indian Ocean between 30°N and 60°S
is carried out and linear trends of mean significant wave heights and maximum significant wave
heights are obtained on annual, seasonal and decadal scales. The significant wave heights (SWH)
are obtained from a third-generation spectral wind-wave model forced with six-hourly NCEP-NCAR
winds over the Indian Ocean. These SWHs are validated with measurements available in the north
Indian Ocean and the correlation coefficient is more than 0.87. The climatology obtained from the
spectral wind wave model matches well with the climatology reported in the literature using other
models and satellite-based datasets. The maximum SWH ranged from 0.25m to 22.5m with the max-
SWH exceeding 7m South of 30°S, and greater than 13m between 45°S-55°S and 50°E-95°E. In the
Northern Indian Ocean (N10), max SWH reached 5.5m in the central Bay of Bengal and over 8m in
the western Arabian Sea. The annual trend of the mean SWH showed an overall positive trend in the
Indian Ocean, except in the west BoB, northwest Arabian Sea, and a part of the central Indian Ocean.
The maximum SWH also followed an overall similar positive trend as that of mean SWH albeit with
a prominent negative trend in the BoB, southeastern and northwestern Arabian Sea. There was a
significant difference in the SWH trend between the seasons both spatially and temporally for all
other decades. However, the maximum SWH showed highly varying trends for all the seasons and
decades. The variation in the mean SWH decadal trend showed greater variation in the lower
latitudes compared to the higher latitudes.

Keywords: Significant wave height, NCEP-NCAR winds, trend estimates, North Indian Ocean,
decadal trends, MIKE21



Introduction:

The Indian Ocean covers approximately 20% of the water on the surface of the earth (Eakins and
Sharman, 2010) and is unique as compared to the other oceans due to the monsoon wind system
reversal which plays a major role in changing the wind-wave climate. As far as the variability of
wind speed is concerned it is reported to be higher in the North Indian Ocean compared to the
Southern Indian Ocean. However, the climatological ranges of wind speed and total significant wave
height are higher in the Southern Indian Ocean. The North Indian Ocean (NIO) has a significant
influence on the industrial, scientific, and engineering fields of the Indian Ocean Rim countries. The
NIO plays a significant role in the rainfall of South Asia’s coastal areas (Clark et al., 2000). It is vital
to know the long-term variations in the wind and wave parameters while understanding the coastal
environment. Only short-term wind and wave records based on in-situ measurements are available in
the Indian seas (Glejin et al., 2013, Kumar, 2006, Premkumar et al., 2000, Sajiv et al., 2012).
Because of the sparse measured wave data, the numerical model-derived wave data gains significant
importance. Many numerical wave prediction studies for the Indian Ocean region have been carried
out using Scatterometer winds (e.g., Bhatt et al., 2005, Bhatt et al., 2004, Muraleedharan et al., 2009,
Swain et al., 2004, Vethamony et al., 2006) while the nearshore wave parameters for coastal regions
of India have been estimated using spectral wind-wave models (e.g., Aboobacker et al., 2009).
Estimation of the trends of wind waves in the NIO is the primary focus of this study. It is observed
that the Arabian Sea shows high wind speed and wave conditions due to the monsoons (Kumar and
Anand, 2004, Kumar and Sajiv Philip, 2010, Young, 1999). Whereas, the Bay of Bengal (BoB) is
generally prone to cyclonic events which cause significant inter-annual variations in the wave

parameters.

Many studies have been carried out on the wave climate variations, especially in the North Atlantic
and the North Pacific regions (e.g., Allan and Komar, 2000, Caires and Swail, 2004, Carter and
Draper, 1988, Gulev and Grigorieva, 2004, Soomere and R&d&dmet, 2011, Vanem and Walker, 2013).
Limited studies on wave height trends are available for regions of Persian Gulf (Vieira et al., 2020)
and Red Sea (Shanas et al., 2017). Although studies on regional However, very few studies exist on
the NIO (e.g., Kerkar et al., 2020, Shanas and Kumar, 2015). Wind and wave conditions are
significantly impacted by climate change and climate variability. Studies indicate that wave heights
have increased over the last few decades over a large area of the North Atlantic and the Norwegian
Sea, with high inter-annual variability (Woolf et al., 2002). Using a 45-year ECMWF-ERA-40
reanalysis wave data and 15-year satellite altimeter records, Hemer et al. (2010) assessed the

southern hemisphere’s inter-annual wave climate variability. Young et al. (2011) used satellite



altimeter data over 25 years (1985-2009) to assess the significant wave height (SWH) trends in the
Pacific Ocean and found that there is no statistically significant trend in the mean monthly values.
However, a clear statistically significant trend of increasing wave height at high latitudes was
observed but for the upper tail of the wave distribution; moreover, large neutral conditions were
observed in the equatorial regions (Young et al., 2011). In the East and North Atlantic, the wave
height has shown an increasing trend over the last few decades with high inter-annual variability

during winter (Bacon and Carter, 1991).

Globally many studies have described wave height trends, e.g., based on voluntary observing ship
data (e.g., Gulev and Grigorieva, 2004, Gulev and Grigorieva, 2006), satellite-based observations
(e.g., Young, 1999, Young et al., 2011), and hindcast models based (e.g., Cox and Swail, 2001,
Dobrynin et al., 2012, Wang and Swail, 2006). Future global projections which take into account the
21% century carbon emission scenarios are also studied (e.g., Hemer et al., 2013, Semedo et al.,
2011). The projected changes in the annual mean wave heights are influenced by future climatic
scenarios, resulting in increasing trends in the Southern Ocean and decreasing trends in the
subtropics (e.g., Hemer et al., 2013, Wang et al., 2014). Long-term trends of SWH are reported
globally and regionally (e.g., Semedo et al., 2011, Young et al., 2012, Young et al., 2011), while

similar long-term SWH trend studies in the NIO are limited.

The projected wind-wave climate in the Indian Ocean based on the satellite observation shows an
increasing trend both in wind speeds and wave heights in the North Indian Ocean and the Southern
Indian Ocean (Bhaskaran et al., 2014). Satyavathi et al. (2016) showed that there is an increase in
the SWH within a range of 7% to 45% along the Indian coast based on GCM model data. Gupta et
al. (2015), using satellite altimeter data, analysed two transects, one for the Arabian Sea and the other
for the BoB and observed an increasing trend in the past two decades. The changes in SWH and
wind speed were studied using altimeter data by categorizing the Indian Ocean into six zones for the
period of 17 years from 1993 to 2010 revealing an average variation of SWH, and stable wind speed
(Kumar et al., 2013). Shanas and Kumar (2015) using 34 years of ERA-I reanalysis data revealed a
declining trend for the annual mean and extreme wind speed and a positive trend for the 90"
percentile of SWH. Anoop et al. (2015) used 34 years of ERA-I reanalysis data and showed an
increasing SWH trend (>1 cm/year) in the northern N1O. Hithin et al. (2015) using satellite altimeter
data showed a negative trend (2.66 cm/year) in the maximum SWH and a positive trend (0.63
cm/year) in the mean SWH at a deep-water location in the central Arabian Sea. Patra and Bhaskaran
(2016) inferred that the waves in the BoB show contrasting trends, although the overall trend in the

NIO is positive. It is seen that different studies within NIO showed different trends based on the



duration of the data considered. There is a need to look at these trends in comparison with a longer
database and record the changes if any. The present work attempts to look at the SWH trends using
50-year hindcast SWH data generated on similar methods in the literature. The differences in the
SWH trends considering various database lengths reported in the literature and the decadal variations

in the SWH trends which hitherto wasn’t addressed enough are the main focus of this work.
Data and Methods

A well-calibrated third-generation wind-wave model can be used to hindcast the wave climate over a
longer period (e.g., Sterl et al., 1998, Wang and Swail, 2002). Owing to scanty wave measurements
in the NIO, a wave hindcast database is generated and used to establish wave climate and study the
SWH trends over different scales. Earlier studies on the SWH variability in NIO based on the
hindcast wind wave model data use a maximum of 34 years using the ERA-1 database (e.g., Anoop
et al., 2015, Shanas and Kumar, 2015). Decadal variations in the SWH trends from the limited 34-
year wave data are not reported. In the present work the SWH trends (annual, decadal, seasonal) in
the NIO are presented from 50 years (1971-2020) waves generated using a third-generation spectral
wind-wave model MIKE-SW (DHI, 2012). The wave model results have been validated with the
available measurements and the long-term trends in SWH have been assessed, which is the primary

objective of this paper.
Numerical model

The third-generation spectral wind-wave model, MIKE-SW, is based on unstructured mesh and
simulates the growth, transformation and dissipation of wind-generated swells and waves in the
offshore and coastal areas (DHI, 2012). MIKE-SW includes the following physical phenomena a)
wave growth by the action of wind, b) non-linear wave-wave interaction, c) dissipation due to white-
capping, d) dissipation due to bottom friction, e) dissipation due to depth-induced wave breaking, f)
refraction and shoaling due to depth variations, g) wave-current interaction, and h) effect of time-
varying water depth and flooding and drying. The basic conservation equations are formulated in

either Cartesian or Polar or Spherical coordinates.

The spectral-energy balance equation, which describes the development of the surface gravity wave
field in space and time, forms the mathematical foundation of all numerical wave prediction models.
Wave models solve this equation using different numerical methods. The energy balance equation is
given (WMO, 1998) as,

E+v.(cE)=5 (1)



Where: E is the action density and is a function of (f, 6, x, and t), f is frequency, 0 is the direction of
propagation, t is the time, X is space, and Cg is the deep-water group velocity. The source term ‘S’
expressed on the right-hand side of the equation is given by,

5=35; +5n!+5d3+5bor+ssurf (2)

n

The source-sink mechanisms describe the wind input term (Sin), the non-linear wave-wave
interaction (Sn)), wave energy dissipation due to white capping (Sds), dissipation due to bottom
friction, and dissipation due to depth-induced wave breaking (Ssurf). The source functions Sin, S,
and Sgs are as per Komen et al. (1994). The wind input source term represents the momentum
transfer by the winds to the free surface of the ocean, based on Janssen (1989, 1991). The non-linear
wave-wave interaction source function is approximated by the DIA approach (Hasselmann and
Hasselmann, 1985). The Sgs is modelled as per Hasselmann (1974) and Janssen (1989), while Spot is
modelled using the approach of Johnson and Kofoed-Hansen (2000). A detailed description of the
wave model and various source functions is available in the MIKE SW scientific document (DHI,
2012). MIKE-SW wind-wave model has been used to simulate waves in the Indian Ocean (e.g.,
Kerkar et al., 2020, Patra and Bhaskaran, 2016, Remya et al., 2014). MIKE-SW is employed to

assess wave climates both in the offshore and coastal areas.
Model domain and inputs

The wave model domain considered in this work covers the region between 60°S-30°N and 20°E-
115°E comprising the Indian Ocean (Fig 1a). The consideration of this domain was necessary to
account for the swells generated and propagating from the Southern Ocean, as the swells from the
southwest or south directions strongly influence the wave climate along the west coast of India. The
spatial resolution used in the coastal waters is 0.25° and for the rest of the region varied between 1°
and 2°. The Earth Topography and Bathymetry version 2 (ETOPO2) data obtained from the
National Geophysical Data Centre, USA, for deep water and DHI coastal mapping data (MIKE
CMAP) for the coastal region were used to generate the bathymetry. The accuracy of the wave
hindcast is mainly dependent on the accuracy of the input winds (Holthuijsen et al., 1996) and
NCEP/NCAR reanalysis wind data (NCEP/NCAR, 2015) was used as input to the wave model.
These wind data are available at six-hourly mean zonal (east-west) and meridional (north-south)
surface wind components, at a resolution of 2.5°x2.5°. The NCEP/NCAR reanalysis wind consists of
output from a high-resolution atmospheric model. The NCEP/NCAR model is run using

observations collected from surface and upper air stations and satellite observation platforms, which



are routinely used for climate change simulations when measured wind records are not available
(Mujumdar and Ghosh, 2008).

Wave height trends

SWH trends over the entire Indian Ocean are estimated to ascertain general trends of the annual
mean SWH and annual maximum SWH. These trends are compared with the results available in the
literature. Hourly SWH data for 50 years (1971-2020) are considered to obtain the respective mean
SWH and maximum SWH for annual, decadal and seasonal (together referred to as periods). The
SWH for each of these periods are subjected to least squares fit regression analysis and the slope of
the least square fit line is considered as the SWH trend. Further, the Thiel-Sen non-parametric
estimator (Gilbert, 1987) also known as Sen’s slope, Kendall robust line-fit, single median, Kendall-
Thiel robust line, etc. is also computed for the data to obtain an unbiased SWH trend for the different
periods. Sen’s slope trend is used to discuss the SWH trend variations in the study region. The

advantage of Sen’s slope is that the SWH trends are not skewed by the outliers in the data.

The annual mean SWH refers to the mean of the hourly SWH values over one year. The annual
maximum SWH refers to the maximum of the hourly SWH values over one year. The decadal mean
SWH refers to the mean of the hourly SWH values over one decade and similarly, the decadal
maximum SWH refers to the maximum of the hourly SWH values over one decade. Similarly, the
seasonal mean and maximum SWH are also computed for the three different seasons viz., southwest
monsoon (June-September referred to as JJAS), northeast monsoon (October-January referred to as
OND)J) and fair-weather (February-May referred to as FMAM).

Results and discussion:
Model validation

The model results are validated by comparing the model-derived hourly SWH with in situ measured
SWH data available in the Indian Ocean for one year. A comparison of SWH was carried out at
seven locations (Fig 1b) covering both the Arabian Sea and the Bay of Bengal (BoB). The model-
derived SWH compared well with the measured buoy SWH for both the Arabian Sea and the BoB
locations (Table 1). The coefficient of correlation (CC) between the measured and the modelled
SWH for the location ADO2 in the Arabian Sea was 0.95, whereas, the RMSE was 0.64, and the bias
was 0.5 for this location. Similarly, for the location BD11 in the Bay of Bengal, the CC between the
measured and the modelled SWH was 0.87, RMSE was 0.4, and Bias was 0.16 (Fig 2). Overall, the
model results showed a good comparison with the in situ measurements, indicating that the model-

derived SWH can be used with a higher degree of confidence in the analysis.
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SWH variations

The 50-year mean SWH varied from between 0.01m to 5.88m (Fig. 3). The region south of 30°S
shows a remarkable increase in the mean SWH with SWH values above 3.5m with higher values
(>5m) occurring in the region between 45°S-55°S and 75°E-100°E, whereas, the Northern Indian
Ocean (NIO) region has a mean SWH of less than 2.5m with the annual mean SWH was less than
1.5m along the west and east coasts while it was around 2 to 2.5m near the Lakshadweep Islands and
Maldives. The majority of the central Arabian Sea and central BoB showed a mean annual SWH of 2
to 2.5 m.

The 50-year maximum SWH varied between 0.25m and 22.5m (Fig 4). The region south of 30°S
shows maximum SWH values above 7m with SWH values >13m occurring in the region between
45°S-55°S and 50°E-95°E. The Northern Indian Ocean (NIO) region showed a maximum SWH of
about 5.5m in the central Bay of Bengal and above 8m in the western Arabian Sea. Along the west
coast of India, the maximum SWH were below 4m in the northern latitudes (above 17°N) and less
than 3m in the southern latitudes (between 8°N and 17°N), whereas along the east coast in the

northern latitudes the mean SWH was less than 2m while in the southern latitudes.

The variation in the mean SWH and maximum SWH obtained are consistent with results reported by
Naseef and Kumar (2020) wherein the strongest SWH is seen in the region 48°-52°S and 89°-93° E.
Also, the higher SWH in the Arabian Sea compared to the BoB is consistent with Anoop et al (2015)
where it is shown that the peak magnitude of SWH over the Arabian Sea in the western region is
higher than that in the Bay of Bengal.

Decadal variations of mean SWH:

The SWH mean over each decade in comparison with the preceding decade showed that the second,
third and fourth decadal mean is, in general, greater than the previous decade (i.e., first, second and
third decades respectively) in the NIO, however, the fifth-decade mean is observed to be less than the
fourth-decade mean (Fig 5a-d). However, the mean SWH in the central and south-central 10 showed
a variation that is different than NIO. The south-central 10 showed that the second decadal mean is
lower than the first decadal mean (Fig. 5a). Similar differences are seen along the central and
northeast coast of India, the central Persian Gulf, the north-western coast of India, northern Sri Lanka
and region between the African continent and Madagascar. In contrast to the difference between D1
and D2, the difference in the decadal mean SWH between D2 and D3 showed that the Persian Gulf,
and the northeast region above Madagascar, showed a prominent decrease in the D3 decadal mean
SWH whereas all over the 10 the D3 mean was greater than D2 mean (Fig.5b). While the D3 decadal



mean SWH was in general higher than D2, the D3 mean was observed to be lower than D4 mean
SWH almost all over the 10 except central and northern Persian Gulf, Gulf of Aden, the northwest
region above Madagascar and Somalia coast, and southeast coast of India (Fig.5¢). In contrast to
decadal mean SWH difference between the previous decades being on the negative which meant that
the mean SWH was consistently increasing every decade till D4, the D5 mean SWH showed lower
values resulting in a contrasting positive difference between D4 and D5 mean SWH all over the 10

except west-southwest of Madagascar and south-central 10 between 25-45 S and 40-90 E (Fig.5d).
Decadal variations of maximum SWH:

Though there was a clear indication of the overall changes in the decadal mean SWH between each
of the decades, the decadal differences for the maximum SWH are not similar to the differences in
the mean SWH (Fig.6a-d). The difference between maximum SWH for the first two decades D1 and
D2 showed that the Arabian Sea, northeast BOB, South Andaman Sea, east African coast, Southern
Ocean, and south-central 10 had lower max SWH during D2 (maximum difference up to 3m)
whereas the rest of the 10 had higher maximum SWH (maximum difference up to 1m) (Fig. 6a). The
difference between D2 and D3 more or less opposite pattern compared to D1-D2 with maximum
differences being up to 3m (Fig. 6b). The D3-D4 differences in maximum SWH during D4 being less
by about 3m in the eastern Arabian Sea, southeast BOB, region between Madagascar and Africa
coast, most region between 5S and 10S till 75E, and along east-central 10, while remaining region
of 10 exhibited higher maximum SWH during D4 (Fig. 6¢). The maximum SWH during D5 was
higher by about 5m along the region between 10S-35S and by about 1 to 3m in majority of the 10
except along the southern ocean and eastern and central BOB, and south of Indian peninsula
(Fig.6d).

Annual Trends

Trends of SWH using linear regression for all of the fifty years are shown in Fig.7 for mean SWH
and Fig. 9 for maximum SWH, while the trends computed using the Thiel-Sen approach (Sen’s

slope) are shown in Fig.8 for mean SWH and Fig. 10 for maximum SWH.
Linear annual mean SWH trends

The region below 15°S showed a positive trend in mean SWH up to 2cm/year (Fig. 7). The regions
above Madagascar (12°S till 3°S; 40°E to 51°E), off north Somalia and inside the Persian Gulf
showed a negative trend not exceeding -2.5mm/year. The majority of the central and eastern Arabian
Sea and Bay of Bengal showed a positive trend (0 to 8mm/year). Along the west coast of India, an

overall positive trend is observed (4.9mm/year) except inside the Gulf of Kachchh wherein it was a
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negative trend of the order of -1.5mm/year. In the Bay of Bengal, overall it showed a positive trend
with a maximum positive trend of about 6.9mm/year inside the Gulf of Mannar. However, along the
east coast of India, the trends varied between -1.9 mm/year to 6.1mm/year, the negative trends being
in the central and northern coastal stretches. and Eastern Arabian Sea showed negative trends up to -

1.5 cm/year.
Sen’s-slope based annual mean SWH trends

The region below 15°S showed a positive trend in mean SWH up to 2cm/year (Fig. 8). The regions
above Madagascar and east of Madagascar (10°S till 10°N along the African coast; 11°S to 22°S in
the central Indian Ocean; and between 40°E to 94°E), showed a negative trend not exceeding -
2.6mm/year. The majority of the central Indian Ocean, eastern Arabian Sea and eastern Bay of
Bengal showed a positive trend (0 to 6mm/year), whereas along the east coast of India, an overall
negative trend is observed (-1.5mm/year). Inside the Gulf of Kachchh and Gulf of Khambhatt,
negative trends were observed of the order of -0.6mm/year. Whereas, inside the Gulf of Mannar it

showed a positive trend with a maximum positive trend of about 3.3mm/year.
Linear trends for annual maximum SWH

The region below 20°S showed a positive trend in maximum SWH between 9mm/year and 6¢cm/year
(Fig. 9) except for the region bound between 37°S-41°S; and 82°E-86°E where the trend is found to
be negligible. The region above 20°S to 10°S (south-central Indian Ocean) showed a negative trend
not exceeding lcm/year while the region between 10°S and 8°N (central Indian Ocean) and the
majority of the central and western Arabian Sea showed a positive trend (0 to 1cm/year). Along
Maharashtra, Tamil Nadu and Andhra coasts, a positive trend is observed while the rest of the Bay of
Bengal and Eastern Arabian Sea showed negative trends up to -1.5 cm/year. The region below Sri

Lanka 6°N and 1.5°N; 75°E-85°E showed a negative trend not exceeding -3.5 mm/year.
Sen’s-slope based annual maximum SWH trends

Trends based on Sen’s slope showed similar trends to the linear trend estimates in the Southern
latitudes of the Indian Ocean however, the trends were between 0 and a maximum of 5-7 cm/year
(Fig. 10). The south-central Indian Ocean showed a prominent negative trend not exceeding -1.5
cm/year, while the central Indian Ocean and western Arabian Sea showed positive trends of the order
of Imm/year while the central Arabian Sea showed an increased positive trend of the order of 2
cm/year. Similar to the linear trends, Sen’s slope showed a predominant negative trend in the Bay of

Bengal (maximum 1.8 cm/year) except along the coast up to 15°N where positive trends are seen.



The linear trends and Sen’s-slope trends showed similarities in the majority of the areas. However,
Sen’s slope is a better value than a linear trend, further discussions are restricted to Sen’s-slope

trends.
Decadal variation
Mean SWH decadal trends

Decadal trends, wherein the mean SWH over each decade and the maximum SWH over each decade
are estimated and compared. Although, it is understood that a change in the starting date for the first
decade can bring in huge differences between each subsequent decade. For example, the decadal
trend between 1971-1980 and 1975-1984 will not be the same in general. Nevertheless, in this paper
five decades starting with 1971 viz., 1971-1980 (D1), 1981-1990 (D2), 1991-2000 (D3), 2001-2010
(D4) and 2011-2020 (D5) are considered for comparison.

The mean SWH trends during D1 showed a negative trend over the majority of the Indian Ocean
region. However, two distinct regions in the Southern Ocean (region 1: 35°S to 50°S & 26°E to 75°E
and region 2: 45°S to 50°S & 75°E to 110°E), one in the central and one in the southeast Bay of
Bengal showed positive trends, two in the below bound between 26°E and to 45°S (Fig. 11a). The
next decade during D2 showed an opposite trend scenario wherein the majority of the Indian Ocean
showed a positive trend except western coastal stretches along the southern African coast, north-
western Arabian Sea off Oman coast and Persian Gulf (Fig. 11b). The mean SWH trends during the
decade of D3 showed mixed trends, the southern Indian Ocean below 25°S showed predominant
positive trend except the south African coast. A negative trend is observed above in the western half
of the Indian Ocean and the Andaman Sea whereas the central and eastern parts of the Indian Ocean
showed a predominantly positive trend, except along the Andaman Sea, central west coast of India,
central & south-eastern coast of India, and north-east coast of Sri Lanka (Fig. 11c). The fourth
decade D4 showed a contrastingly positive trend in the Indian Ocean except Persian Gulf, east coast
of India, central Bay of Bengal and north-east Arabian Sea (Fig. 11d). And the fifth decade D5
showed negative trend in the majority of Indian Ocean except along central African coast, eastern

Indian ocean, southern Persian Gulf and mouth of Persian Gulf (Fig. 11e).

The first and last decades i.e., D1 and D5 showed predominant negative trends while the second and
fourth decades showed predominantly positive trends, while the third decade showed mixed trends.
This shows that in the cycle of 50 years, the trends change from positive to negative and negative to

positive at decadal intervals.

10



Maximum SWH decadal trends

The maximum SWH trends over the decadal scale showed varying trends over different decades. The
decade D1 showed a predominant negative trend in the central Indian Ocean, eastern Arabian Sea,
Persian Gulf, Gulf of Aden and the major portion of the Southern Ocean. However, the eastern
Indian Ocean, African and Middle East coasts and south-east of the Southern Ocean and the Bay of
Bengal, exhibited positive trends (Fig. 12a). The next decade D2 showed a different trend compared
to the previous decade wherein the majority of the Southern Ocean, Bay of Bengal, eastern & central
Arabian Sea, Persian Gulf, Gulf of Aden and western half of the central Indian Ocean exhibited
positive trends and the western Arabian Sea, eastern half of the central Indian Ocean and central
African coast exhibited negative trends (Fig. 12b). The third decade D3 had a contrasting trends in
comparison with the previous two decades. The majority of the western half of the central Indian
Ocean including the coastal regions of the African continent, Bay of Bengal, showed negative trends
while the Arabian Sea, eastern and southern parts of the central Indian Ocean showed positive trends
(Fig. 12c). The subsequent decade D4 showed positive trend for the western half of the Indian
Ocean, the region of roaring 40s, eastern Indian Ocean and the Bay of Bengal, whereas the north-
western and south-eastern regions of Arabian Sea and central-eastern half of the Indian Ocean
showed negative trends (Fig. 12d). The trends for the decade D5 showed a positive trend for the
majority of the Indian ocean, and the Arabian Sea. The regions along the Oman coast, northern
Persian Gulf, Gulf of Aden, east coast of India, western and south-eastern parts of the Bay of Bengal,
the eastern part of the central Indian Ocean and the Southern Ocean below 50°S showed negative
trends (Fig. 12e).

Comparing the first two decades, the maximum SWH trends appear to be progressing eastward. The
trends that were positive in the limited western region of the Indian Ocean during D1 propagated
towards the east and increased the extent of positive trends along the western region in the D2
decade. There is a reversal of trends between the D2, D3 and D4 decades wherein the positive trends
became negative and vice versa in these three decades. However, such a reversal of the trends is not

seen hetween the D4 and D5 decades.
Mean SWH trends along 55E & 90E

To further investigate the mean SWH trends over different decades, zonal variation along two
meridional transects of 55E (representing western 10) and 90E (representing eastern 10) are

investigated over different decades.

SWH trends along 55E:
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The mean SWH trend for the 55E transect for the five-decade mean (Fig. 13a) showed alternating
negative and positive values in the northern Arabian Sea till the Equator, then it followed a negative
trend till 10S (-0.21cm/yr) and changed to positive trend southward with the largest positive trend
being at 55S (1.39cm/yr). The first decade D1 (1971-1980) showed negative trends till 35S and
thereafter showed positive trends till 45S and again showed negative trends till 55S. The second
decade D2 (1981-1990) showed significantly positive trends in the overall Indian Ocean with an
increasing trend towards southern latitudes (0.86 cm/yr at 25N to 7.5 cm/yr at 55S). The third decade
D3 (1991-2000) showed negative trends till 20S (0.27 to 2 cm/yr) and showed positive increasing
trends (0.24 cm/yr at 25S to 6.2 cm/yr at 45S) and further reduced to 2.8 cm/yr at 55S. The fourth
decade D4 (2001-2010) showed increasing positive trends till 30S (1.03 cm/yr at 15N to 4.14 cm/yr
at 35S) and further showed decreasingly positive trends till 55S (2.4 cm/yr; 1.8 cm/yr at 50S). The
fifth decade D5 (2011-2020) showed negative trends all over the region except around 55S (0.74
cm/yr). During this D5 decade, the negative trends increased southwards between 25N (-0.21 cm/yr)
and 15N (-1.3 cm/yr) and at the equator the trend value was negligible and further increased

negatively till 45S (-2.9 cm/yr) and changed the direction to positive trend at 55S (0.74 cm/yr).

Along the 55E transect, the mean SWH trends in the northern Arabian Sea (25N) for all decades as
well as for the mean showed a negative trend of the order of 0.21 to 0.48 cm/s, while the largest
variation was between -2.9cm/s and 6.4cm/s was seen at 50S. The region of 45S is found to be a
region beyond which the trends change rapidly in opposite directions for the first, third and fifth
decades, whereas for the fourth decade, the turning point for the reversal of the trend was 35S and for

the second decade there was no reversal of trends.
SWH trends along 90E:

The mean SWH trend for the 90E transect (Fig. 13b) for the five-decade mean showed positive
values in the BoB till 5S (0.04 cm/yr), then it followed a negative trend till 20S (-0.08 cm/yr) and
changed to positive trend southward with the largest positive trend being at 55S (1.65 cm/yr). The
first decade D1 (1971-1980) showed negative trends from 25N (-1.02 cm/yr) till the equator (-0.2
cm/yr) and thereafter showed slight positive trends till 10S (0.26 cm/yr) and again showed negative
trends till 20S (-2.48 cm/yr), thereafter showed increasing positive trends till 55S (4.76 cm/yr). The
second decade D2 (1981-1990) showed significantly positive trends in the overall Indian Ocean with
an increasing trend towards southern latitudes (0.58 cm/yr at 15N to 5.9 cm/yr at 55S). The third
decade D3 (1991-2000) showed a decreasing trend from 20N (0.53 cm/yr) to 10N (-0.23 cm/yr) and
then an increasingly positive trend from 10N to 40S (2.78 cm/yr), further showed a reversing trend

till 45S (0.08 cm/yr) before showing positively increasing trends till 55S (7.7 cm/yr). The fourth
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decade D4 (2001-2010) followed a similar trend as that of D3, wherein alternating increase and
decrease in trend is seen till 15S. However, from 15S to 35S increasing trend and a decreasing trend
till 45S and a further increasing trend till 55S (6.47 cm/yr). The fifth decade D5 (2011-2020)
showed negative trends all over the region with maximum negative trends varying between -1.18
cm/yr (55S) and -3.6 cm/yr (35S), while the region between 30S and 20N showed a negative trend

between -2.2 cm/yr and -1.2 cm/yr.

Along the 90E transect, the mean SWH trends in the BoB (25N) for all decades as well as for the
five-decade mean varied between -1.97 cm/yr to 2.57 cm/s, while the largest variation was between -
1.18 cm/s and 7.72 cm/s was seen at 55S. The region between the 40S and 45S is found to be a
region beyond which the trends change rapidly in opposite directions for the first, third and fourth
decades, whereas for the fifth decade, the turning point for the reversal of the trend was 35S and for
the second decade there was no reversal of trends.

The satellite altimeter-based daily maximum SWH data shown by Gupta et al. (2015), wherein two
transects, one for the AS and the other for the BoB showed (i) an increasing trend in the two decades
(1992-2012) and (ii) a pronounced increase in the SO basin especially between 45S and 55S. The
studies of Gupta et al (2015) support the present study results which also show that the SWH trends
between the decades D2 and D3 showed an increasing trend in the northern latitudes as well as

pronounced variation in the SWH trend in the southern latitudes (Fig. 13a and Fig 13b).
Seasonal Trends

Seasonal wave heights are used to analyse the temporal variability. The NIO is largely seasonal with
energetic waves during June-September and relatively calm conditions during the rest of the year.
Trend analysis for SWH for different seasons is carried out considering three seasons, viz., (1) Pre-
monsoon [FMAM: February-May], (2) Monsoon [JJAS: June-September] and (3) Post-monsoon
[ONDJ: October-January]. The trends of SWH (mean and maximum) for each of the three seasons
and each of the five decades are inter-compared. Further, the trends between the seasons within each

decade are also discussed.
Seasonal trends of mean SWH

FMAM: During the first decade D1 (Fig. 14a), the southern Indian Ocean below 25S, the eastern
Indian Ocean including central and southern BoB and the region adjoining Madagascar showed
positive trends for mean Hs, while negative trends were observed in the majority of the Arabian Sea,
the region between 15S and 25S, along the African coastal waters and northernmost regions of BoB.

During the second decade D2 (Fig. 14b), there was a positive trend in the entirety of the Indian
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Ocean except for a small region in the westernmost Persian Gulf and along the African coast west of
Madagascar. During the third decade D3 (Fig. 14c), the majority of the Indian Ocean showed a
positive trend while the regions between 15S and 45S showed patches of alternating negative trends.
The decade four D4 (Fig. 14d) showed a positive trend over the entire Indian Ocean except in the
Persian Gulf and interior region of the Gulf of Aden. Whereas during the fifth decade D5 (Fig. 14e),
the majority of the Indian Ocean showed a negative trend except the region between 25S and 45S in
the south-eastern Indian Ocean, the region below 40S in the South-western Indian Ocean, alternating
patches in the central Indian Ocean and small parts of Arabian Sea.

JJAS: The majority of the Indian Ocean showed negative trends during D1(Fig. 14f). However, the
south-eastern region of the Southern Ocean, region bounded by 45S-30S and 35E-60E, eastern BoB
and southeast coast of India, south of the equatorial Indian Ocean between 0-15S and 80-100E, and
small parts of south-western Arabian Sea and the region between Madagascar and African coast
showed positive trends. During D2 (Fig. 14g), the majority of the Indian Ocean showed positive
trends. However, the Bob, Arabian Sea, region between Madagascar and the African coast and south
of the African coast showed negative trends. During D3 (Fig. 14h), a major portion of the western
Indian Ocean including the Arabian Sea, Persian Gulf, and central and eastern BoB showed negative
trends while the eastern half of the Indian Ocean, Gulf of Aden, and north-eastern BoB showed
positive trends. During D4 (Fig. 14i) the majority of the Indian Ocean showed a positive trend except
for small regions in the southern Indian Ocean (40S-50S & 45E-80E; 15S-20S & 85E-110E),
southwest BoB and south-eastern coast of India. During D5 (Fig. 14j), the majority of the Indian
Ocean showed negative trends. The following regions showed positive trends: The Persian Gulf, the

western region of the Equatorial Indian Ocean, the central Indian Ocean and the Southern Ocean.

ONDJ: During D1, most of the region south of 5S, the region between Oman and northwest India
and along the southeast coast of India showed a positive trend. Most of the Arabian Sea, BoB, east
central I0OB and region between the 40S and 55S showed negative trends (Fig. 14k). During D2 (Fig.
141), the eastern half of the Indian Ocean including BoB, the western Indian Ocean along the African
and UAE coast, and the Southern Ocean south of 42S showed positive trend while the Eastern and
northwest Arabian Sea, southcentral 10 southern African coast showed negative trends. The majority
of the Indian Ocean exhibited positive trends during D3 (Fig. 14m) while patches along the 40S,
15S, northwest region between Madagascar and the African coast, Persian Gulf and Gulf of Aden
showed negative trends. During D4 (Fig. 14n), the entire Indian Ocean showed a positive trend
except for small regions of the Gulf of Aden, the central Persian Gulf and the region between 45S-
50S and 70E-75E. During D5 (Fig. 140), almost the opposite of Decade 2 is observed wherein the
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eastern half of the 10, coastal Africa, and northeast Arabian Sea exhibited negative trends while the

western half of 10, south-western Southern Ocean showed positive trends.
Seasonal trends of maximum SWH

The trends of maximum SWH for different seasons showed varied likeness with that of the mean Hs.

Some decades showed similar trends and for some decades it showed a different trend.
FMAM:

During D1 (Fig. 15a), negative trends were seen predominantly in the Arabian Sea including the
Gulf of Aden, the eastern half of BOB, a major portion of the eastern half of the Indian Ocean below
15S and the south-western part of the Southern Ocean, South of Madagascar. Positive trends are seen
in the western Bay of Bengal, the central Indian Ocean below 10N, the south-eastern region of the
Southern Ocean and the Persian Gulf. However, positive trends are seen in the entirety of the Indian
Ocean with small regions around Madagascar and the eastern part of the central Indian Ocean during
D2 (Fig. 15b). During D3 (Fig. 15c¢), the majority of the western Indian Ocean between 10N and 45S
showed negative trends while the eastern half of the Indian Ocean, Arabian Sea and BoB and
southern region of Southern Ocean showed positive trends. Whereas, during D4 (Fig. 15d), positive
trends are seen in the BoB, Arabian Sea, and the whole of the Indian Ocean except the southeastern
part between 30S and 50S. The eastern region of the Andaman Sea, Persian Gulf and Gulf of Aden,
central Arabian Sea and northwest region of Madagascar showed negative trends. During D5, the
region along the African coast, south-eastern Southern Ocean, eastern Andaman Sea, east coast of
India, interior regions of the Gulf of Aden and Persian Gulf showed negative trends while a majority

of the central, eastern and south-western Indian Ocean showed positive trends (Fig. 15¢).

JJAS: During D1 (Fig. 15f), the region along the African coast, south-eastern Southern Ocean,
eastern Andaman Sea, BoB, interior regions of the Persian Gulf, south-western Arabian Sea, and
eastern part of central Indian Ocean showed positive trends while a majority of the Indian Ocean,
eastern Arabian Sea and Gulf of Aden showed negative trends. During D2 (Fig. 159), positive trends
were seen in the Persian Gulf, Gulf of Aden, eastern-central and south-western Arabian Sea, eastern
and central BoB, central 10 below the equator up to 15S and Southern Ocean (below 35S in the
western region and 50S in the eastern region). Negative trends were seen in a majority of the central
(15S to 45S) and eastern 10, western Arabian Sea, eastern BoB, Andaman Sea and south-western
Southern Ocean. During D3 (Fig. 15h), contrasting trends were seen in the Arabian Sea and BoB,
while BoB showed negative trends, Arabian Sea exhibited positive trends. The western half of the

central 10 and the region below 45S between 50E and 100E showed negative trends whereas the
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majority of the central, eastern and western 10 showed positive trends. In contrast to D3, during D4
(Fig. 15i) the western half of the 10, and the south-eastern part of the Southern Ocean, BoB, central
and western Arabian Sea showed positive trends while the eastern half of the 10 barring the Southern
Ocean showed negative trends. During D5 (Fig. 15j), the western Arabian Sea, western BoB,
Andaman Sea, the southwest region along Africa, the Southern Ocean region below the 50S, and
central-eastern 10 showed negative trends while the Arabian Sea, central western 10 and the region

between and 55S on the eastern 10 showed positive trends.

ONDJ: Positive trends were seen during D1 (Fig. 15k) in the Southern Ocean region below the 50S,
central 10 between the equator and 15S, the southern region below India and Sri Lanka, south-
eastern BoB and south central 10. The remaining region comprising of majority of the western
Indian Ocean, south central Indian Ocean, Arabian Sea, and central and eastern BoB showed
negative trends. During D2 (Fig. 15l), the majority of the region comprising the central Indian
Ocean, south-eastern BoB and Arabian Sea showed negative trends. A major portion of the Southern
Ocean, east-central 10 and region around Madagascar showed positive trends. The trends in D3
were similar to the D2 for a major portion of the 10 below the equator. However, in the northern 1O,
Arabian Sea (western and central) and eastern BoB showed positive trends while central and western
BoB showed negative trends (Fig. 15m). During D4 (Fig. 15n) majority of the study region showed
positive trends except for small portion in the southern regions below 35S, Persian Gulf and Gulf of
Aden which showed negative trends. During D5 (Fig. 150), the Arabian Sea (excluding the central
region), the western 10 (excluding the region along the African coast between central Somalia and
Mozambique), and northern BoB showed a positive trend. While the eastern half of 10, BoB, and

region along the African coast showed a negative trend.

Caires and Swail (2004) analysed the global mean SWH trends, seasonal SWH trends and extreme
SWH trends for 40 years (1958-2001) of reanalysis data. Their results were restricted to trend values
greater than or less than 1 cm/year for all the SWH considered (i.e., mean, 90" percentile and 99"
percentile). There is not much of a variation seen in the Indian Ocean except a negative trend in the
eastern Arabian Sea during July-August-September and a predominant positive trend in the Southern
Ocean for all of the seasons. The present work showcases trend variation for values less than 1
cm/year and therefore the subtle variations in the trends over the Indian Ocean can be seen in detail,
similar to the recent results of Sreelakshmi and Bhaskaran (2020) who used the ERA-5 dataset for 45

years.
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Conclusions:

The mean SWH ranged from 0.01m to 5.88m. South of 30°S, the mean SWH surged, surpassing
3.5m, and peaking (>5m) from 45°S-55°S and 75°E-100°E. The Northern Indian Ocean (NIO),
including the Central Arabian Sea and Central Bay of Bengal both displayed a mean annual SWH of
2 to 2.5m, while along the coasts the SWH dropped to less than 1.5m. Whereas, the maximum SWH
ranged from 0.25m to 22.5m. South of 30°S, max SWH exceeded 7m, with peaks >13m between
45°S-55°S and 50°E-95°E. In the Northern Indian Ocean (NIO), max SWH reached 5.5m in the
central Bay of Bengal and over 8m in the western Arabian Sea. The SWH climatology findings align
with Naseef and Kumar (2020), highlighting the strongest SWH in the 48°-52°S and 89°-93°E
regions. Similarly, the Arabian Sea exhibited higher SWH compared to the Bay of Bengal,
particularly in the western Arabian Sea, as noted by Anoop et al (2015).

The annual trend of the mean SWH showed an overall positive trend in the Indian Ocean, except in
the west BoB, northwest Arabian Sea, and a part of the central Indian Ocean. The maximum SWH
also followed an overall similar positive trend as that of mean SWH albeit with a prominent negative
trend in the BoB, southeastern and northwestern Arabian Sea. The decadal mean SWH over the
decades generally increased in the North Indian Ocean (NIO), with the second (D2), third (D3), and
fourth (D4) decades surpassing their respective preceding decades. However, the fifth decade (D5)
saw a decrease compared to the fourth. In the Central and South Central Indian Ocean, the pattern
differed wherein the second decade had a lower mean than the first. Contrary to the difference
between D1 and D2, the D2 to D3 mean SWH showed a notable decrease in the Persian Gulf and the
northeast region above Madagascar. Across the 10, the D3 mean SWH was generally higher than the
D2 mean. While the D3 mean SWH was higher overall than D2, it was lower than the D4 mean
SWH except in the western 10, and southeast coast of India. However, in contrast to previous
decades, where mean SWH consistently increased, the D5 mean SWH showed lower values
throughout the 10, except for a smaller region in the west-southwest of Madagascar and south-
central 10 between 25-45 S and 40-90 E. The variations in the mean SWH decadal trends showed an
alternating positive and negative trend at decadal intervals starting from D1 (1971-1980). Whereas,
the maximum SWH decadal trends between D2 to D4 showed alternating decadal trends but the last

decade D5 did not show a reversal in comparison with D4.

The variation in the mean SWH decadal trend showed greater variation in the lower latitudes
compared to the higher latitudes. The seasonal trends of mean SWH showed that the fourth decade
showed an overall positive trend for the majority of the region for all three different seasons

considered. Apart from the second and fourth decades for the FMAM season being similar, there
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was a significant difference in the SWH trend between the seasons both spatially and temporally for
all other decades. However, the maximum SWH showed highly varying trends for all the seasons

and decades.
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Table Captions

Table 1: Error statistics estimated between the measured and the modelled SWH in the Indian

Ocean

Location Latitude Longitud Bias RMSE  Scatter Index Correlation
(°N) e (°E) Coefficient

ADO2 15.01 68.98 0.50 0.64 0.33 0.95

ADO6 19.00 66.97 0.49 0.63 0.37 0.94

BD11 13.54 84.02 0.16 0.40 0.25 0.87

BD14 8.16 85.54 0.4 0.52 0.27 0.87

DS02 10.84 72.51 0.6 0.68 0.54 0.88

MB12 17.49 89.92 0.56 0.62 0.52 0.90

SW02 17.36 70.70 0.34 0.57 0.35 0.95
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Figure Captions

. 1. (a) Location map showing study region and model domain (showing different regions: BOB,

Gulf of Mannar, Arabian Sea, Gulf of Kachchh, Gulf of Khambhatt, Andaman Sea, Persian

Gulf, Gulf of Aden, central 10, southeast 10, southwest 10, Southern Ocean, Madagascar,
Somalia, Africa), (b) locations of wave buoys used in model validation

. 2. Comparison plots of measured (y-axis) and modelled (x-axis) SWH for different locations in
the north Indian Ocean. See text and table for details of locations and the correlation
coefficients

. 3. Comparison plots of measured (y-axis) and modelled (x-axis) SWH for different locations in
the north Indian Ocean. See text and table for details of locations and the correlation
coefficients

4.

Maximum SWH over the 50 years

. 5. Difference between the mean SWH of decades (a) D1 and D2 (b) D2 and D3 (c) D3 and D4
and (d) D4 and D5

. 6. Difference between the maximum SWH of decades (a) D1 and D2 (b) D2 and D3 (c) D3 and
D4 and (d) D4 and D5

.
. 8.
9.
10.
11,

.12,

Trends of Mean SWH for 50 years using linear regression
Trends of Mean SWH for 50 years using Thiell-Sen’s slope approach
Linear trends for maximum SWH for 50 years

Sen’s slope trends for maximum SWH for 50 years

Trends of mean SWH for (a) decade D1, (b) decade D2, (c) decade D3, (d) decade D4
(e) decade D5

Trends of maximum SWH for (a) decade D1, (b) decade D2, (c) decade D3, (d)

decade D4 and (e) decade D5

13.
14.
15.

Mean SWH trends along (a) 55E, (b) 90E
Seasonal mean SWH trend SWH trend for different decades and different seasons
Seasonal maximum SWH trend for different decades and different seasons
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Fig. 1. Location map showing study region and model domain (showing different regions:
BOB, Gulf of Mannar, Arabian Sea, Gulf of Kachchh, Gulf of Khambhatt, Andaman
Sea, Persian Gulf, Gulf of Aden, central 10, southeast 10, southwest 10, Southern
Ocean, Madagascar, Somalia, Africa), (b) locations of wave buoys used in model
validation
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Fig. 2. Comparison plots of measured (y-axis) and modelled (x-axis) SWH for different
locations in the north Indian Ocean. See text and table for details of locations and the
correlation coefficients
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(a) (b) (c) (d)
Fig. 5. Difference between the mean SWH of decades (a) D1 and D2 (b) D2 and D3 (c) D3 and D4 and (d) D4 and D5
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Fig. 6. Difference between the maximum SWH of decades (a) D1 and D2 (b) D2 and D3 (c) D3 and D4 and (d) D4 and D5
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Fig. 8. Trends of Mean SWH for 50 years using Thiell-Sen’s slope approach
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Fig. 9. Linear trends for maximum SWH for 50 years
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Fig. 10. Sen’s slope trends for maximum SWH for 50 years
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