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Karnataka is a coastal state on the west coast of India along the Arabian Sea. The coast experiences a
harsh wave climate during the southwest monsoons. Most of the coast is facing problems due to coastal
erosion. Hence, in the present study, a numerical model has been set up using MIKE 21 Spectral Wave
(SW) module to predict the wave climate. The wave climate along the Indian domain is simulated by
wind speed datasets from Global Climate Model (GCM). Wind speed datasets from ERA-Interim is
initially validated against in-situ measurement which had a correlation of 0.93. A hindcast study spanning
26 years based on 38 GCMs from different modelling institutes was performed. A comparison of wind
speed datasets showed CMCC-CM RCP 4.5 wind projections were closer to ERA-Interim reanalyzed
dataset and was used to predict the wave climate. The performance of the MIKE numerical model driven
by CMCC-CM RCP 4.5 wind Belds showed a correlation greater than 0.7 when validated against in-situ
measurement. The numerical model simulations driven by wind speeds from CMCC-CM RCP 4.5 up to
the year 2070 showed a gradual increase in the significant wave height which is indicative of the eAects of
climate change on the wave climate along the Karnataka coast. The projected significant wave height for
2070, when compared with the present wave climate, indicated an increase in the range of 10–21% at the
six locations. The predicted wave pattern based on numerical simulations indicated a shift in the peak
values in the monsoon month of June along the coast. The predicted wave parameters with a 10-year
return period can be used for the design of coastal structures along the Karnataka coast.
Keywords. Wave climate prediction; MIKE21; CMIP5; ERA-Interim; Karnataka coast.

1. Introduction
Coasts are one of the critical zones as it hosts a
huge population and infrastructure. The predominant wind–wave interactions are of great importance to assess the dynamic ocean state. As winddriven waves aAect the coastal dynamics, assessing
the wind–wave characteristics is the key aspect to
solve marine engineering problems (Chowdhury

et al. 2019). The varying wind intensities and
directions aAect the wave parameters (Rusu et al.
2009). Ocean state forecast is gaining importance
as there are more frequent extreme wave conditions like tropical cyclones. The accurate prediction of wave climate including implications from
climate change is very much essential for the
coastal population, marine activities, and oAshore
constructions (Majumder et al. 2018). Coastal and
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oAshore structures have higher return period so as
to withstand for many years hence predicting the
future wave climate becomes essential.
In recent times, numerical models are developed
and are widely used for wave forecast studies
(Belibassakis and Karathanasi 2017). Third-generation wave models like the MIKE21 Spectral
Wave module aid in obtaining quick solutions for
coastal and oAshore engineering problems (Kulkarni et al. 2014; Pentapati et al. 2015; Sirisha et al.
2017). Numerical models are run for different scenarios incorporating climate change eAects
depending on the computational facility available.
The model performance is dependent on the quality
of input wind forcing and the parameters assigned
in the wave model. MIKE21 SW module has been
successfully used for the Indian Ocean region for
assessing and predicting the wave climate. Aboobacker et al. (2009) developed an oAshore spectral
wave model to study the spectral characteristics of
waves during monsoon and extreme events oA
Paradip coast. MIKE 21 numerical model was set
up to study extreme wave statistics for the Honnavar region by Teena et al. (2012). Remya et al.
(2012) performed wave hindcast experiments using
MIKE 21 SW model for the Indian Ocean region.
Pentapati et al. (2015) projected the impact of
climate change on the wave climate of the Bombay
high region. Wave hindcasting for the design of
Island structures in Lakshadweep island was performed using MIKE 21 SW (Kumaran et al. 2015).
As the east coast of India has a narrow continental shelf width, the sudden change in depth
causes coastal hazards during extreme events
(Aboobacker et al. 2009). Ocean wave characteristics are essential for the design of harbour, ships
and for preventing coastal disasters (Teena et al.
2012). Ruggiero et al. (2010) express their concerns
over changes in wave climate which will aAect the
operations in oAshore platforms as it increases the
risks of damage. Rajasree et al. (2016) emphasised
on accurate shoreline prediction to detect the
coastal hazard zones before coastal development
activities. Ocean wave hindcast and forecast are
essential for managing ocean construction and
naval operations (Remya et al. 2012). Ocean wave
climate will aAect coastal ecosystem and coastal
zone management policies (Chowdhury et al.
2019). Prediction of wave climate and long-term
wave analysis is essential for the analysis and
design of marine structures (Upadhyaya et al.
2020). The monsoons attract severe winds in the
North Indian Ocean domain. The surface winds
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blowing from June to November from the west
coast of the Indian peninsula are called the southwest monsoon. The climate variability along
Indian Ocean domain has not been properly studied until quite recent (Kamranzad and Nobuhito
2019).
Hence, the objective of the present study is to
predict the wave climate based on Global Climate
Model (GCM) wind datasets for the monsoon
months of June, July, August, and September for
the Indian domain (4S–30N, 40–95E). A globally accepted wind dataset called ERA-Interim
from European Centre for Medium-range Weather
Forecasts (ECMWF) is used for validating the
numerical model results. Additionally, future wave
climate is predicted based on the Coupled Model
Intercomparison Project (CMIP5) wind dataset.
Amongst the various CMIP5 model datasets, the
model with the least error and the highest correlation is selected as a dataset for wind forcing. A
sensitivity analysis was performed for the Indian
domain considering 38 different CMIP5 models.
From the hindcast analysis, the authors found
CMCC-CM, an Italian GCM model gave good
results for the Indian domain. The GCM winddriven MIKE 21 numerical models simulated significant wave heights are validated against in-situ
buoy measurements. The wave climate in terms of
significant wave height (Hs), mean wave period
(T01) and mean wave direction are simulated for
the future years up to 2070 for the Karnataka
coast. The wave parameters with 10 yrs return
period are obtained based on wave simulations at
six locations along the coast.

2. Methodology
2.1 Study area
India has a coastline of *7500 km divided along
both east and west coasts. Indian coast experiences
severe storms in the Bay of Bengal region and the
Arabian Sea during monsoon and post-monsoon
seasons (Dubey and Das 2013). Karnataka has a
coastline of about 320 km length which passes
through three coastal districts namely, Uttara
Kannada, Udupi, and Dakshina Kannada
(Bgure 1). These coastal districts cover an area of
about 1,91,791 km2 and have a population of
43,63,617 based on census data (Rani et al. 2015).
As per the vulnerability Atlas, Karnataka falls
under a moderate damage risk zone for wind and
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provides operational services including wind speed
data for the twentieth century (Dee et al. 2011).
One of their product ERA-Interim which provides
assimilated wind speed data updated monthly is
used in this study. The database provides real-time
wind speed closer to in-situ records and is widely
preferred by researchers around the globe (Jadidoleslam et al. 2016; Umesh et al. 2017; Ulazia et al.
2019). Anoop et al. (2014) found that ERA-Interim
spatial variability of significant wave height
was \ 10% during the monsoon period on the west
coast of India. For this study, daily wind speed
data with a grid size of 0.5 9 0.5 is downloaded in
Network Common Data format (netCDF). This
ERA-Interim dataset is validated against in-situ
measurements recorded by AD02 deployed oAshore
of the Goa coast (latitude 15.02N, longitude
69.01E). The measured daily wind speed shows a
good correlation with ERA-Interim dataset values
with a correlation coefBcient (R) of 0.93 and RMSE
of 1.29 m/s for the year 2011. The ERA-Interim
dataset can be considered as a reliable dataset
depicting wind speed variation (Bgure 2).
2.3 Comparison wind speed datasets

Figure 1. The study area of the Karnataka coast with key
locations along the coast.

cyclones with a probable maximum storm surge
height of 4.5 m (Guidelines 2010). Dakshina Kannada and Udupi districts have regularly faced
problems related to coastal erosion. The coast
experiences a harsh wave climate during monsoon
months from June to September (JJAS) with winds
predominate in south-west and west direction. The
Indian Ocean domain is aAected by the southern
Indian Ocean swells during the month of June to
September (Sabique et al. 2012). In this study, six
different locations along the Karnataka coast are
chosen to study the wave climate during monsoons
(JJAS) and are highlighted in Bgure 1.
2.2 Data collection
The study is based on wind-induced waves where
wind Belds play a critical role in wave climate
predictions. The advancements in data assimilation techniques have seen improvements in GCMs
which capture air–sea interactions (Komori et al.
2018). The gridded reanalyzed wind data is taken
from the ERA-Interim dataset of the ECMWF.
ECMWF is an independent organization that

Coupled Model Intercomparison Project 5
(CMIP5) is a group of different model developing
agencies around the globe. The wind data in terms
of forecasts from 2006 and hindcasts are provided
along with other modelled products. Intergovernmental Panel on Climate Change (IPCC) also uses
these products for reporting climate change eAects
(Pachauri et al. 2014). The different modelling
groups may perform experiments with Atmosphere–Ocean General Circulation Models or Earth
System Models in different time-scales with varying spatial resolution (Taylor et al. 2012). An
assessment study of hindcast from 1980 to 2005 (26
yrs) wind datasets of 38 different modelling institutes has shown CMCC-CM had a good correlation
with the ERA-Interim dataset for the Indian
domain. The Taylor plot is a graphical representation of the correlation coefBcient values which
are marked along the quarter circle. Both X-axis
and Y-axis represent standard deviation and the
semi-circles represent the centered root mean
square difference values (Taylor 2001). The legends
indicate the 38 different CMIP5 models with the
ERA-Interim dataset (marked as a red block). The
plot clearly shows that amongst the 38 different
CMIP5-GCMs, CMCC-CM matches well with
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Figure 2. Daily mean wind speed variation at AD02 in comparison with ERA-Interim values.

a spatial resolution of 0.7590.75 for RCP 4.5 and
RCP 8.5. CMCC-CM for RCP 4.5 wind projections
follows the current (2006–2012) wind speed pattern
as shown in Bgure 4. Hence, in this study wind
speed projections, zonal (U10), and meridional
(V10) components (wind speeds at 10 m above the
sea level) for the future up to the year 2070
corresponding to RCP 4.5 are considered.
Figure 4 shows that the variation of daily mean
wind speed is temporally captured by the CMCCCM RCP 4.5 data indicating severe monsoon season. There are few outliers present as the variation
captured are corresponding to daily wind speed
estimates. However, the values are normally distributed across the months in both datasets. The
maximum mean daily wind speed of 7.6 and 8.1
m/s is observed in ERA-Interim and CMCC-CM
RCP 4.5 projections, respectively. CMCC-CM
predictions are slightly on a higher side when
compared to ERA-Interim dataset as RCP 4.5
scenario takes into account the concentration of
CO2 emissions of future.
2.4 Data processing
Figure 3. Taylor plot of historical wind speed for 38 different
CMIP5 dataset values compared against ERA-Interim dataset
for the Indian domain.

ERA-Interim wind speeds. Statistical analysis
showed a correlation of 0.96, standard deviation of
1.25 m/s and RMSD of 0.3 m/s with respect to
ERA-Interim values (Bgure 3).
The projections in terms of representative concentration pathways (RCPs) are scenarios that
help in predicting trajectories of the future climate.
Euro-Mediterraneo sui Cambiamenti Climatici,
Italy is one such CMIP5 climate modelling institute with a GCM model named CMCC-CM. They
provide projections for wind speed up to 2100 with

The huge dataset of raw wind data has to be
processed before using it as input for numerical
modelling. Processing of this huge data of wind
speed is performed using the FERRET tool by
National Oceanic and Atmospheric Administration
(NOAA) which works in the Ubuntu platform.
FERRET is a versatile tool that can analyze,
process, and visualize climate data. The downloaded data in netCDF format is imported to
FERRET and is re-gridded, followed by exporting
the data into the required format in terms of U10
and V10 components which correspond to eastward
and northward winds (in m/s), respectively. The
data is then converted into .dfsu form which has
been imported to MIKE numerical model.
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Figure 4. Variation of daily mean wind speed values of ERA-Interim and CMCC-CM RCP 4.5 dataset.

Figure 5. Bathymetry of the Indian Ocean domain considered for the study.

2.5 Numerical model
MIKE 21 is a computer third-generation programmed tool for 2-dimensional wave modelling
and simulation developed by the Danish Hydraulic
Institute (DHI), Denmark (Natesan et al. 2015;
DHI 2007). The tool comprises of unstructured
Cexible mesh that works under a cell-centred Bnite
volume solution technique is adopted in MIKE 21.
Cell centred Bnite volume solution is based on the
linear triangular elements, which perform spatial
discretization of differential equations of wave
action (equation 1). An area with extensive details
can be represented by small elements in the mesh
and areas with lesser details can be large elements
(Manson 2012).

oN
S
þ rð#N Þ ¼ ;
ot
r

ð1Þ

where N or N(r, h) is wave action density spectrum, r is the relative angular frequency = 2pf, f is
wave frequency in Hz, h: the direction of wave
propagation, r: spatial operator, #: wave propagation velocity, S: energy source function expressed
as S = Sin + Snl + Sds + Sbot + Ssurf (Sirisha et al.
2015).
The numerical model is developed using MIKE
21 software based on the processed GCM wind data
as input for the study domain. The wind data in
the form of wind speed (m/s) is the input that
provides wave climate after simulation. The
numerical model accuracy is dependent on the
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bathymetry used, the bathymetry for the Indian
domain is extracted from the CMAP module of
MIKE (Bgure 5). A coarser mesh of the order of 100
km is created for the oAshore region and the
nearshore regions had Bner mesh with sizes in
meters. ReBnement in nearshore bathymetry is
achieved by using digitized local survey data. The
calibration parameters like wave breaking are set
to 0.7, bottom friction is as per the Nikuradse
roughness value of KN = 0.04 m with current friction of 8. White capping is the most sensitive
parameter speciBed as coefBcients Cdis = 1.7 and
ddis = 0.7. As the measurements correspond to
near-shore triad wave interaction is considered.
JONSWAP fetch growth expression has been used
to compute the initial conditions in the wave
model. As the southern Indian Ocean swell are
predominate in the Indian Ocean, swell eAects are
considered with a peak wave period of 8 sec and a
significant wave height of 1.5 m is assigned at the
southern boundary (Aboobacker et al. 2011). The
mean direction of swell waves is considered as
southwest direction as the simulations are for the
monsoon period (Glejin et al. 2013).
The integral parameters to be obtained from the
numerical model using MIKE 21 in the present
study is significant wave height, mean wave period,
and mean wave direction. The simulation of waves
will be achieved by running a numerical wave
model forced by wind speeds derived from ERAInterim for comparison, and CMCC-CM dataset
for future predictions.

September (JJAS). The wave parameters like
significant wave height (Hs), mean wave period
(T01) and mean wave direction obtained are
discussed in this section.

3.1 Validation
In-situ measurements recorded with the help of
instruments mounted with different sensors are
considered as reliable data. In-situ buoy measurements are spatially Bxed with high time scale
density (Kumar et al. 2013). Location-speciBc
measured data of ocean parameters are sparse.
Hence, quality-checked short-term measurements
recorded at a particular location is feasible for
validating the numerical model. In this study, the
in-situ data recorded at Karwar at every 30-min
interval corresponding to latitude 14.82N and
longitude 74.08E is procured from Indian National
Centre for Ocean Information Services. Wave rider
buoy measurements recorded at the nearshore
region of Karwar for the year 2011 are used in this
study. The wave parameters considered for validation are Hs and T01 for JJAS months. Based on
the statistical measures adopted, a comparison
between the numerical model simulation and buoy
measurement is shown in table 1. The formulas of
these statistical quantities bias, root mean-square
error (RMSE), scatter index (SI) and correlation
coefBcient (R) are as shown below:
Bias ¼

3. Results and discussion

N
1X
ðM i  B i Þ;
n i¼1

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u N
X
1u
RMSE ¼ t
ðM i  B i Þ2 ;
n i¼1

The numerical model developed is validated using
in-situ measurements before using it for simulating
future wave climate. The southwest monsoon
winds are predominant along the Karnataka coast,
hence the numerical model is simulated for the
monsoon months of June, July, August, and

SI ¼

RMSE
;
B

ERA-Interim
CMCC-CM˙RCP 4.5

Parameter
Hs
T01
Hs
T01

Bias
0.42
0.63
0.38
0.43

m
sec
m
sec

ð3Þ

ð4Þ

Table 1. Comparison of simulated wave climate with in-situ measurements.
Dataset

ð2Þ

RMSE

SI

R

0.7 m
0.84 sec
0.61 m
0.6 sec

31%
19.6%
29%
15.5%

0.79
0.68
0.82
0.71
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Figure 6. Comparison between in-situ measurements and simulated significant wave height.
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Figure 7. Comparison between in-situ measurements and simulated wave period.

Table 2. Simulated wave climate at six locations.
Location details

Sl.
no.

Location

1
2
3
4
5
6

Karwar
Honnavara
Bhatkala
Kundapura
Udupi
Mangaluru

Wave parameters with 10-yr return period

Latitude (N)

Longitude (E)

Hs (m)

T01 (sec)

14.82
14.28
14.00
13.64
13.42
12.95

74.08
74.42
74.50
74.61
74.67
74.79

4.72
4.32
4.48
4.12
4.19
5.13

9.32
8.61
8.57
8.92
8.67
9.72

PN


i¼1 ðM i  M ÞðB i  BÞ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
R ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PN
PN
 2
2
i¼1 ðM i  M Þ
i¼1 ðB i  BÞ

ð5Þ

where Bi indicates buoy measurements and Mi
indicates simulated measurements, M and B are
the mean values and n is the number of observations (Sabique et al. 2012).
The statistical measures indicate that the modelled wave parameters quantitatively match well
with the buoy measured data. The CMCC-CM
RCP 4.5 modelled parameters perform slightly
better than the ERA-Interim dataset. The statistical parameters are within the permissible range.
The bias and error values are low, SI is close to 30%

Water
depth (m)
8
8.5
8.2
9.5
11
7.5

and R is in the range of 0.7–0.8. From Bgures 6 and
7, we can observe that the MIKE simulations
slightly overestimate the wave parameters in
comparison with in-situ measurements.
The validation results indicate the wind projection from ERA-Interim follows the in-situ
measurement trends. From Bgures 6 and 7, it
can be observed that the CMCC-CM RCP 4.5
simulations of CMIP5 are higher than ERA-Interim simulations. Hence, for the predictions of
wave climate along the Karnataka coast, the
numerical model will be forced by wind speeds
provided by CMCC-CM for RCP 4.5 and the
values are on the conservative side from the
design point of view.
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Figure 8. The wave rose diagram for the monsoon months of the year 2030 at six locations.

The future wave predictions at six different
locations (table 2) along the Karnataka coast are
performed for the monsoon period and the wave
rose diagrams are plotted for the year 2030. Further, location-wise monsoon wave patterns are
plotted for the year 2050.
The MIKE numerical model is used to predict the
wave climate based on CMCC-CM RCP 4.5 up to

the year 2070. Based on the simulated wave, climate
significant wave height and wave period with a
10-year return period are evaluated. The results
obtained at six locations are tabulated in table 2.
Amongst the six locations studied, the southern district Mangaluru showed a higher significant wave
height of 5.13 m and a wave period of 9.72 sec for a
10-year return period. The higher values might be a
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Kundapura
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Figure 8. (Continued.)

result of shallow water depth in the Mangaluru
region. These values will be essential while designing
the coastal structures at these locations.
3.2 Simulated wave climate during the monsoon
of 2030
The wave rose diagrams across the monsoon
months of 2030 are plotted (Bgure 8) location-wise.

The wave climate is harsh in July and restores to
calm conditions in September. The predominant
wave direction is southwest owing to the wind
direction during monsoons.
The month of June experiences a wave climate with
significant wave heights (Hs) above 1 m. Figure 8
clearly indicates that the majority of Hs is in the range
of 1–2 m. Overall the Hs above 4 m is not recorded in
the locations for June with an exception of Mangaluru.
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Figure 8. (Continued.)

With the arrival of the monsoon, the month of
July experiences a harsh wave climate along the
Karnataka coast. The Hs above 1 m are recorded
in all the locations with maximum values of 4.38,
3.89, 3.99, 3.72, 3.78, and 4.86 m recorded at
Karwar, Honnavara, Bhatkala, Kundapura,
Udupi, and Mangaluru, respectively, for the year
2030. The predominant wave direction is

southwest with a small per cent of Hs of the range
of 1–2 m in the west direction. The maximum Hs is
observed in July in all the locations during the
monsoon period.
In August, the coast is exposed to waves ranging
from 0.5 to 3 m. Except for Mangaluru, the other
locations experience about 15% of Hs below 1 m.
However, the majority of Hs is in the range of

J. Earth Syst. Sci. (2021)130:210
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Figure 9. The wave climate for the year 2050 at different locations along the Karnataka coast.

1–2 m. A small per cent of waves are observed in the
west direction in locations Udupi and Mangaluru.
The wave climate is the calmest in September
in all six locations with wave heights not
exceeding 3 m. More than 42% of wave climate is
\1 m in locations like Karwar, Honnavara and
Bhatkala.
3.3 Variation of wave parameters along
Karnataka coast for the year 2050
The wave parameters in terms of significant wave
height, mean wave period and wave direction at

every 30-min interval are simulated using MIKE 21
numerical wave model. The wave climate is predicted up to 2070. The typical monsoon wave climate variation is extracted at six locations for the
year 2050.
From Bgure 9, it is clear that the mean wave
direction is predominant in the southwest direction
during monsoons. This daily predicted wave climate can be used for eAective coastal management.
Locations like Karwar, Bhatkala and Mangaluru
experience higher waves during monsoons. Locations like Honnavara, Udupi and Kundapur have
comparatively lesser intense wave climate.
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Figure 9. (Continued.)

The maximum significant wave heights predicted for the year 2050 are 4.66, 4.24, 4.47, 4.11,
4.02 and 4.53 m at Karwar, Honnavara, Bhatkala,
Kundapura, Udupi, and Mangaluru locations,
respectively. When we compare these wave height
predictions of 2050 with the predictions of 2030,
there is an increase in significant wave heights by
6.26%, 8.89%, 11.94%, 10.35%, 6.39% and 3.32%,
respectively, in the six locations. There is a shift in
the peak wave climate from July to June month
based on the comparison between the wave climate
plots of 2030 and 2050. Overall percentage increase

in significant wave heights when the future predictions of 2070 are compared with the present
predictions of 2020 are 10.49%, 12.50%, 21.38%,
19.15%, 11.61% and 13.03%, respectively, at six
locations.

4. Conclusion
Wave climate data is essential for the design and
analysis of marine structures. Future wave climate
for the required return period can be simulated

J. Earth Syst. Sci. (2021)130:210
using this numerical model for the Karnataka
coast. The significant wave height values increase
in the range of 3–12% at the studied locations as
shown in the Bgures plotted for the year 2030 and
2050. The wave climate is simulated based on the
GCM wind forcing from CMCC-CM for RCP 4.5
which incorporates possible climate change eAects.
A numerical model-based prediction of wave
parameters at six locations along the Karnataka
coast is achieved from this study. GCM predictions
from CMCC-CM RCP 4.5 of CMIP5 is an eAective
dataset for simulating wave climate along Karnataka coast. Based on the wave climate projections numerically simulated from 2021 to 2070, the
following conclusions can be drawn:
• The predominant wave direction is southwest at
an inclination varying between 200 and 230
along the Karnataka coast.
• The maximum significant wave height of 5.13 m
is predicted along the Mangaluru coast for a
10-year return period.
• The coast at present experiences a severe wave
climate in the month of July which is expected to
shift to the month of June in future.
• The increase in significant wave height is
predicted to be in the range of 10–21% in the
future.
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