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FOREWORD

Oceans, one of the most significant constituent of our planet Earth, till date remains the most unexplored of all
other earthly resources. With the advent of space-borne satellite instruments like altimeters, synthetic aperture
radar and scatterometer we are putting dedicated efforts for better understanding of ocean. SAMUDRA (Satellite
based Marine Process Understanding, Development, Research and Applications for blue economy) is a dedicated
programme in which we have made earnest efforts to address science questions on various themes including
coastal vulnerability, satellite based assessment of potential fisheries zone, satellite data assimilation for ocean
state analysis, developing altimeter observation based oil spill tracking, ocean renewable energy etc.

It is remarkable to note that, team SAMUDRA has come up with the wave atlas based on satellite observations and
numerical model. This atlas will be of great interest to the scientific community. | congratulate the team for their
endeavours.
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PREFACE

Oceanplays a vital role in modulating sustainabledevelopmentof our nation Thus,| SROG s
programSAMUDRA (SatellitebasedMarine ProcesdJnderstandingDevelopmentResearcland
Applicationsfor blue economy is formulatedto addressvariouscriticalities of the ocean Under

this project,satellitedataassimilationfor oceanstateanalysisis oneof the mostimportanttheme

Ocean surface at any given time and location contains wide range of waves with varying
amplitudes At the first cut, thereforean accuratewave prediction is most important for any
oceanographetdnder the above mentionedtheme, satellite altimeter observedsignificant wave
height from SARAL/AIltIKa, Jasor2 and Jasor3 has beenassimilatedin the numerical wave
model In this atlas, wave climatology from satellite altimeter and numerical model has been
presentedThe extremewave capturedby the dataassimilativewave modelduring cyclonesfrom
20142016hasbeendemonstrated hopethatthis atlaswill be usefulfor variousinstitutesworking

onthesametheme s
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Introduction

Surfacewavesare one of the most prominentfeaturesof oceanand its accurateestimationand
prediction is very important for various applicationssuch as naval operations,ship routing,
fisheries,designof marine structuresoffshoreindustriesetc. A wave atlas presentsbhasic wave
statisticsderivedfrom long-term wave data,which can be obtainedfrom numericalwave model
simulationsand spaceborne altimeter measuremenisAdvancesin oceanwave modelling have
resulted in the community standard third-generation models such as WAM, SWAN and
WAVEWATCH III. Accuracy of thesewave models can be improved by assimilating satellite
measuredvaveinformationinto the model thereby,makingit possibleto produceimprovedwave
estimationandprediction

This atlasis basedon WAVEWATCH Il version4.18 (WW3) simulations 17 yearsof WW3
simulations(from 2000to 2016 are usedto generateghe wave climatology, particularly over the
Northernindian Oceanregionat very high spatialresolution(10x10 km). Simulationsare carried
out by forcing the modelwith ERA-Interim winds obtainedfrom ECMWFE. Mergeddaily product
of wave heightsfrom AVISO for the periodfrom Sep,2009to Apr, 2017 s utilized for satellite
altimeter basedclimatology generationat 1x1 degreeresolution The data assimilation using
optimum interpolation techniqueis carried out for simulating waves during 2014 - 2016
SignificantWave Height (SWH) measurementisom Jasor2, Jasor3 and SARAL/Altika areused
for the assimilation Model simulationsare validatedwith the buoy observationobtainedfrom
Indian National Centre for Ocean Information Services(INCOIS). Inter-annual variability of
wavesand extremewavesdue to tropical cyclonesare also presentedrom the dataassimilative
wave model simulations Further,implementationof an ultra high resolution(2.5x2.5 km) data
assimilativewave model for the improved wave forecastover the Indian Oceanregion is also
presented

‘.




Model Description

WAVEWATCH Il is a third -generation wind-wave spectral model developed at NOAA/NCEP
with better response to long-range swell propagation and new physics parameterization
schemeswith capabilities to take large-scale wave-current interaction. It solvesthe random
phase spectral action density balance equation for wave number-direction spectra, which in
spherical coordinate is;

O p T T Lt Y
- =W Al O — U0 =B ——0 -
10 AT% % = ot o1 —
o OAT-O 7Y t is time; A is longitude; B is latitude; |sv\jvave direction; N is the wave action
%0 Y density spectrum in five dimensions § Asghhk, , t); k is the wave number; the
overdot symbol denotesthe waveaction propagation speedin j Ashk, ) space Cg
O OELE 7Y is group velocity; 5 B and 5 Aare current components; R is radius of earth; ¢ is
= YA T % relative frequency; Sis the total of source/sink terms.

G O A%A T -6 In deepwater, term Sis,
I Y S= Sin +Snl + Sds

where Sin is wind-wave interaction term, Snl is non-linear wave-wave interactions
term and Sdsis dissipation term.
In shallow water, additional processeshaveto be considered, most notably wave-

bottom interactions (Sbot) and depth-induced breaking (Sdb).




Model Configuration

-7000 -6000 -5000 -4000 -3000 -2000 -1000
Depth (m)

Details of
area

0

WW3 multi-grid model nesteddomainswith
two-way interaction

It consistsof three grids with varying spatial
resolutions including a Global grid, Indian
Oceangrid anda Coastalgrid

Bathymetryis takenfrom ETOPQL
Shorelinedatais from Global Self-consistent
Hierarchical High resolution (GSHHS)
database

Spectrumis discretizedwith 29 frequencies,
rangingfrom 0.0350to 0.5047Hz with 1.1 Hz
incrementfactor and 24 directionswith a 15
degredancrement

and
0.59°%0.5° 50°S to 29N & 20°E to 120°E spatial
resolution
of each
0. 10,1 N0 29N & 6T E 090 gris
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Satellite Data used for Assimilation

Jason2 OceanSurfaceTopographyMissionis a follow-on missionto JasoRrl. It waslaunchedat an
altitude of 1336km and66-degreeinclination anglewith a repetivity of 10 dayscovering95% of ice-
freeoceansThealtimeteris a dualfrequencyoneoperatingat a nominalfrequencyof 13.6 GHz in Ku-
bandand5.3 GHzin C-band

Jasonr3 is ajoint missionby NASA, NOAA, CNESandEUMETSAT launchedon Januaryl7, 2016 It
Is in line with Jasor2 andis placedat an elliptical orbit with an inclination of 66.05 degreewith a
perigeeof 13317 km andapogeeof 13437 km.

SARAL, a joint ISRO-CNES mission, consistsof payloadsthat include Kai band high frequency
altimeter (AltiKa). The satellite orbit is sunsynchronouswith an inclination of 98.55-degreeat an
altitude of 814 Km. It hasa repeatcycle of 35 days Becauseof the high frequency,it hasvery low
footprint sizeandhenceas moresuitablefor coastalstudiesincludingassimilationin coastaimodels

In the presentork, all thesethreealtimetermeasuredWH areassimilatedn the WW3 model

) £ /2 ‘- !\ - < ‘ »
Jason-2 Jason-3 SARAL/AltiIKa
~-¥ N -
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Assimilation Scheme

The assimilationaimsfor bestrepresentatiomf the true wavefield by distributing observeddatainto
the model wave field. Optimal Interpolation (Ol) techniquehas beenusedfor the assimilationof
altimetermeasured8WH into the WW3 model Here,the analysisfield of SWH, @ is calculatedas,

@ W O00(060 YY) [w aOv]
where,® is the backgroundstateandw is the observedstate 0 is the backgrounderror covariance

matrix and’Y is the observatiorerror covarianceOis theinterpolationoperatomwhich mapsthe model
ontoobservatiorspace

0 is estimatedusingthe formulation,in which the covariancebetweenany two points separatedy a
distanceXXis assumedo havea Gaussiarspatialdistribution,

0 Qaln (19 |
whereo is themodelerrorvarianceandais the estimateof correlationspatialscaleof modelerror.
Observatiorerrorsaregenerallyassumedo bespatiallyuncorrelatecandcanbewritten as,
Y wO

wherew is the variancevaluefor altimeterSWH and Qs an m by m identity matrix (m is the number
of observations)

Analysiswavespectrum O ("®-), where Qis frequencyand—is direction,hasbeencalculatedfrom
the analysismeanparameter,’Yw 'O by scaling the backgroundmodel spectra™O ("(B— using the
following equation

"0 (fﬁl% (_)

"O ('3 where,"Y® O is the background model predicted SWH
~— T — : _
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AVISO merged altimeter data

Global monthly mean SWH (m) for 2017

Merged multimission daily gridded
product at Ax 1Aresolution

Satellite Altimeters considered

Jasonr?

JasoRr3 T — s
Sentinel-3A January 2017 &7 s
Cryosat2

SARAL/AIt|Ka 0.5 075 1 1.25 1.5

Data are cross calibrated using
OSTM/Jasof? as a reference mission

Daily merged SWH data product for the
period from Sep, 2009 to Apr, 2017 is
used for the atlas

~July2017
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Monthly climatology of SWH (m) and Direction

The SWH (m)
climatology for
Januaryi March from
AVISO (20092017)
and WW3
simulations (2000
2016)

The climatological
pattern of SWH is
similar in both
AVISO and simulated
data sets

During JarMatr,
eastern side of Indian
Ocean exhibits high
wave conditions

January

February

March



Monthly climatology of SWH (m) and Direction
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Monthly climatology of SWH (m) and Direction

AVISO WW3
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Monthly climatology of SWH (m) and Direction

The SWH (m)
climatology for
OctoberDecember
from AVISO (2009
2017) and WW3
simulation (2000
2016)

October

During post
mMonsoon season

November

|

ha ~a = 75 —> —> > =

(Oct-Dec), Bay of
Bengal has higher
wave condition as
compared to the
Arabian Sea due to
cyclonic activities.
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Monthly climatology of Primary Swell Height (m)
andDirection from WW3
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for JanuaryJune from WW3 simulations (20#D16)

High resolution (10x10km)

gradually the

the swells are less. From yynensoon months of April and May

Arabian sea starts receiving swell from southern Indian Ocean.

During JanuaryMarch




Monthly climatology of Primary Swell Height (m)
andDirection from WW3
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resolution (10x10km) climatology of Primary Swell Wave Height (m) with Primary Swell
Direction for JulyDecember from WW3 simulations (20Q016)

High

to the impact of south west monsoon.

of India due

the swells are highest in west coast

In July,




Monthly climatology of Mean Wave Period (s)
from WW3
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High resolution (10x10km) monthly climatology of Mean Wave Period (sec) for Jaduaeyfrom WW3
simulations (2002016)




Monthly climatology of Mean Wave Period (s)
from WW3
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High resolution (10x10km) climatology of Mean Wave Period (sec) forDelyember from WW3
simulations (2002016)




Monthly climatology of SWH (m) and Directien
Global
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Monthly climatology of SWH (m) and Directien
Global
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Monthly climatology of SWH (m) and Directien
Global
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Time-series of baswaveraged SWH (m) over
ArabianSea and Bay of Bengal

Arabian Se Bay of Bengal
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Time-series of basin averaged SWH (m) over Arabian Sea (AS) and Bay of BBogalf{om
WW3 simulations (2002016)

Waves in Northern Indian Ocean region have a clear seasonal cycle with maxima during the
monsoon month of July. AS has more variability compared to ttéoBf SWH i n AS
of year 2006, 2007, 2014 and 2015 are notably more.
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Monthly trend of SWH (m/year) for Janualune from WW3 simulations (20#D16)

Noteworthy reducing trend up to 4cm/year is observed for the month of May over Arabian Sea



Monthly Trends in SWH (m/year) from WW3
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Monthly trend of SWH (m/year) for Jupecember from WW3 simulations (20Q016)

A decreasing trend of-8cm/year is noticed for the month of August over Bay of Bengal and an
increase up to 4cm/year is observed for the month of September over Arabian Sea







Validation of WW3 model simulated SWH (m) with
MooredBuoy observations

Control Run w/o assimilation Assimilated Run

| Corr:0.94 . Corr:O..96
RMSE: 0.24m RMSE: 0.21m

1 SI:0.19 _ S_I:O..17
| Bias:-0.07m _ Bias:-0.02m

WW3 SWH (m)

1.5 z 2.5 3 35 X ' 1.5 z 2.5 3 35
Buoy SWH (m) Buoy SWH (m)
Validation of SWH performed using the available buoy (AD09, CB02 and CB03 ) observations for 2016.

The SWH from assimilated run is found to be statistically improved as compared to the control run at t
buoy locations. The RMSE is 0.21m for assimilation making skill score of assimilation is ~14%.

List of buoys used for validation




Validation of WW3 model simulated Mean Wave
Period (s) with Moored Buoy observations

Control Run w/o assimilation Assimilated Run

1 Corr:0.59 . 51 Corr:0.635

1 RMSE: 1.34s i 1 RMSE: 1.17s
1S1: 0.154 1 Sl: 0.135
1Bias: 0.25s = 1 Bias: 0.124s

WW3 MWP (s)
WW3 MWP ()

6 65 7 7.5 8 &5 % @5 10 105 11 115 12 12.5 6 65 7 5 8 B5 5 95 10 105 11 116 12 1.5

Buoy MWP (s) Buoy MWP (s)

Validation of Mean Wave Period (s) performed using the available buoy (AD09, CB02 and CB03)
observations for 2016

The wave period from assimilated run is found to be statistically improved as compared to the control r
the buoy locations with a skill score ~12%




Inter-annual variability of SWH (m) and Direction

from DA WW3
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Hand holding for operational implementation of

DA WW3 at INCOIS
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INCDIS
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incois.gow.in E

ESSO - Indian National Centre for Ocean
Information Services

Hindi | Home | Annual Reports | Vacancies | Tenders | Library | Feedback | Sitemap | Contact Us

Modelling & Research ‘

Organisation = Services = Data & Information = Ocean Observations

Satellite Oceanography | ITCOocean

& Ocean State Home Ocean State Forecast Experimental Forecast

Forecast Feedback
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10x10 km WW3 with
Jasonr2 /3 and SARAL
Data Assimilation
using optimum
interpolation technique
implemented at
INCOIS, Hyderabad
for operational use




Extreme Waves (SWH in meters and Direction)
from DA WW3 during the Cyclones from 2042016

Name:Nanauk
Life time: June 1Q4, 2014

Name:Hudhud
Life time: October 14, 2014 |

Name:Roanu
Life time: May 1722, 2016
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Satellite images are fromdalpangThermal Infra Red)



Extreme Waves (SWH in meters and Direction)
from DA WW3 during the Cyclones from 2042016
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Step Forward on Data Assimilative Wave Modelling

at Ultra High Resolution

x DA WW3 hasbeenconfiguredwith a very high resolution(2.5x2.5 km) coastaldomaincoveringthe

entireEEZ of India.
x  SWH observationdrom SARAL/AltiIKa, Jaso2 and JasoB are assimilatedinto the Indian and NIO

domainsof the modelusingOl technique
x Forecastingsystemusesl0Om analysisandforecastwind component®btainedfrom NCMRWF asthe

forcingfield

Grids

Indian Ocean 0.59%0.5° -50°St0 32°N & 20° E to 130° E Detalls_ of area covered ?‘nd spaﬂal
resolution of model configuration

NIO 0.19x0.1° 0°t0 31°N & 31°E to 114° E
Coastal (Covering
EEZ) 0.025%x0.025° 3.69 N to 24°N & 65.5° E to 95.8° E

Impact of assimilation in terms of percentage improvement in SWH F/C

Validation is performed with
the available buoy (ADOG,
ADO7, ADO09, BDO08, BD11],
BD14, CB04 and CBO06)
measurementdor the period
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Dissemination of Wave Forecast

< C @ D% mo ov.in v U % v IND =
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Lo x Ultra high resolution5- day wave forecastsare

beingdisseminatedhroughLIVE MOSDAC

x Customized dissemination through OCEAN
EYE for ShippingCorporationof India (SCI)

x [Forecastare also being transferredto other
usershroughMOSDAC

WW3 at Ocean Eye

F0SDAC/SAC/ISRO

WW3 at MOSDAC LIVE

This atlas is available at

Data and more analysis is available at




