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Summary 

On May 23, 2021 a Very Severe Cyclonic Storm (VSCS) YAAS developed over the Bay 

of Bengal (BoB) that hit the Odisha coast to the south of Balasore with maximum sustained 

wind speed (MSW) of 75 kts on May 26, 2021. Cyclone was continuously monitored in 

the real-time and forecasts were generated using a combination of satellite observations, 

statistical and dynamical models at Space Applications Centre (SAC/ISRO), Ahmedabad. 

Post-landfall effects of cyclone on coastal zone and resources, agricultural crops, forest 

regions, inland water inundation, and ocean primary productivity were analysed using in-

situ observations, satellite data and numerical models. The role of satellite data in 

understanding different processes related to cyclone has been brought out in this report. 

Accurate predictions of cyclogenesis, intensification and landfall as well as the prediction 

of ocean state helped in saving many lives, due to appropriate measures by disaster 

management authorities. 

The genesis potential parameter (GPP) using NCEP-GFS data showed the signatures of 

tropical cyclogenesis in BoB on May 20. Once declared as a tropical storm by IMD, 

prediction of cyclone track and intensity were made at SAC using in-house dynamical-

numerical modelling system comprising of SAC-Lagrangian Advection Model and 

Hurricane Weather Research Forecast (HWRF) model. These real-time predictions were 

validated using observations from India Meteorological Department. The 24 hour lead time 

prediction error in landfall position and time was about 19 km and 6 hour (early), 

respectively. Apart from this, cyclone structural parameters and rapid changes in the inner 

core of TC were estimated using INSAT-3D data. The surface wind speed derived from 

SMAP satellite was also analyzed to study cyclone wind asymmetry.  

Since the cyclogenesis takes place over oceans, the ocean heat and associated features are 

important parameters for cyclone predictions. Warm (positive) SST anomaly (~ 2 0C) was 

observed in the central Bay of Bengal in the observations from INSAT-3D and GHRSST. 

Correspondingly there was high positive TCHP anomaly ((~ 60kJ/cm2) seen in the satellite 

data assimilative numerical ocean model outputs. Real-time in-house simulations from 

Advanced Circulation Model (ADCIRC) and Simulating wave nearshore (SWAN) 
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predicted high storm surge and severe inundation in the low-lying areas of Sundarbans. 

These simulations were validated using the tide gauge data at Dharma port. The wave 

model WAVEWATCH-III predicted high cyclonic wave height up to 5.6m.  

Precipitation during Yaas was well captured by H-E rainfall algorithm based on INSAT-

3D satellite measurements. Tropical cyclone (TC) rain structure was captured well from 

genesis to dissipation. High-intensity rain was recorded on 25th and 26th May 2021, when 

YAAS achieved its óvery severe cyclonic stormô status. The rainfall estimates were 

validated using surface based rain gauge observations over three states (Odisha, Jharkhand 

and West Bengal). Heavy rain from Yaas created flood like situation in the coastal districts 

of Orissa and West Bengal. It also impacted Jharkhand, Bihar and Eastern parts of Uttar 

Pradesh.  

In this report, various hydrological aspects are also analyzed with the help of remote 

sensing dataset with the aim of potential identification of most vulnerable areas for flood. 

The cyclone induced flood inundation probability was derived by making use of in-house 

developed SACHYDRO hydrological model. Surface inundation after Cyclone Yaas in the 

Eastern Coast of India was mapped using Sentinel-1, C band SAR data at a 10 m resolution. 

AMSR2 36GHz MPDI based flood index maps were generated for Cyclone Yaas during 

27-28 May 2021. Sentinel-2 multispectral dataset were analysed to understand the changes 

in the turbidity due to cyclone. 

Remote sensing based data analysis was carried out to study the upwelling and impact of 

cyclone on Ocean biological productivity in central BoB and off Odisha coast using OCM-

2 data. It was observed that upwelling velocity during cyclone Yaas was 4-6 m/day and 

dropped to less than 1 m/day in the post landfall week. SST data analysis showed decrease 

of up to 1.80C. A localized patch of 200-250 percent enhanced chlorophyll concentration 

was observed near Chilka, which extended offshore up to 100 km, which, subsequently 

dissipated and thus absent in 8-day composite image of 2-9 June 2021. This increased 

chlorophyll concentration was observed left of the track in 8-day composite image and 

extended from coast to offshore waters and appears to be in the direction of surface 

currents. Thermocline displacement of up to 24m was observed along cyclone track. 
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The damage to agricultural crops and forest region due to cyclone YAAS was assessed in 

the coastal regions of Odisha and West Bengal using microwave and optical sensors data. 

The systematic data from optical Mx and SAR instruments in the form of Analysis Ready 

Data and polarimetric signatures at 10m spatial resolution at 6-day interval from twin 

satellites of Sentinel-1A/1B and Sentinel-2A/2B were analyzed and used for damage 

detection and mapping affected areas with various levels of possible disturbances. 
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1.1. Introduction  

Tropical cyclones (TCs) are one of the most violent weather manifestations that include 

number of different hazards like storm surge, flooding, extreme winds, torrential rains, 

thunderstorms, and lightening and cause devastation along the coastal regions. Each year 

tremendous economy losses and deaths are caused by the TCs throughout the world. To 

overcome/reduce such losses, the accurate prediction of TC formation, is required so that 

precautionary measures can be taken. TC formation involves interaction between synoptic 

scale as well as the mesoscale process. The North Indian Ocean (NIO) is a potentially 

energetic region for the development of TCs. Prediction of the development of any cyclonic 

system in the NIO is being done as a regular exercise at Space Applications Centre, 

Ahmedabad (SAC-ISRO) using the indigenously developed algorithms. Once the system 

is developed, prediction of its track and intensity are generated in real-time and 

disseminated through a web based application ñSatellite based cyclone observation and 

real-time prediction over Indian oceanò (SCORPIO) (https://mosdac.gov.in/scorpio), 

available on the MOSDAC portal (https://mosdac.gov.in). The similar exercise was 

performed during the formation of TC YAAS, and discussed in the present report.  

1.1.1 Brief overview of TC YAAS 

Tropical cyclone YAAS was a second tropical cyclone of the year 2021 that formed in the 

North Indian Ocean. It was developed from a low-pressure system formed over east central 

Bay of Bengal (BoB) in the morning (0830 IST/0300 UTC) of May 22, 2021. Under 

favorable environmental conditions, it concentrated into a depression over east central BoB 

in the noon (1130 IST/0600 UTC) of May 23, 2021. It moved northwestwards and 

intensified into a deep depression (DD) over east central BoB in the midnight (2330 

IST/1800 UTC) of May 23. It turned into the cyclonic storm in the early morning (0530 

IST/0000 UTC) of May 24 over the same region and named by IMD as TC óYAASô. 

Thereafter, it moved north-northwestwards, attained a peak intensity of 75 kts, and lay 

centered over northwest BoB about 30 km east of Dhamra Port, Odisha during early 

morning (0530 IST/0000 UTC) of May 26. It Continued moving north-northwestwards, 

and crossed north Odisha coast near latitude 21.35°N and longitude 86.95°E, about 20 km 

to the south of Balasore as a VSCS with maximum sustained wind speed (MSW) of 75 kts 

gusting to 85 kts (130 -140 kmph gusting to 155 kmph) between 1030-1130 IST(0500-

https://mosdac.gov.in/scorpio
https://mosdac.gov.in/


          Prediction and Monitoring of Cyclone  

Tropical cyclone YAAS                                                  -3- 

0600 UTC) of 26th May (IMD report , 2021). The best track of TC YAAS provided by 

India Meteorological Department (IMD), Delhi with its intensity categories is shown in 

Fig.1.1. The IMD classification of cyclone categories is given in Table 1.1. 

Table 1.1: IMD classification of categories of cyclonic system 

System Associated wind speed (knots ) 

Low pressure area <17 

Depression 17-27 

Deep Depression 28-33 

Cyclonic Storm 34-47 

Severe Cyclonic Storm (SCS) 48-63 

Very SCS (VSCS) 64-85 

Extremely SCS (ESCS) 86-119 

Super Cyclonic Storm(SuC) >119 

Cyclone name ñYAASò, was given by Oman. As per global convention, the thirteen 

countries that make up the Indian Ocean RegionðBangladesh, India, Iran, Maldives, 

Myanmar, Oman, Pakistan, Qatar, Saudi Arabia, Sri Lanka, Thailand, United Arab 

Emirates, Yemen ðhave drawn up a list of names for tropical cyclones, which are assigned 

serially with the alphabetic order of the nationôs name. The word ñYAASò has its origin in 

the Persian language and means the flower jasmine in English. 

 
Figure 1.1: Three-hourly IMD best track of TC YAAS with its intensity.  
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1.2 Cyclogenesis Prediction  

The prediction of tropical cyclogenesis (TCG) of cyclonic systems that develop in the NIO 

is being done at SAC using in-house developed technique. This technique is based on wind 

pattern matching of the scatterometer derived surface wind observations and provides 1-4 

days advance TCG prediction (Jaiswal and Kishtawal, 2011; 2013). During cyclone active 

months of the NIO i.e. April-June and October-December, the cyclogenesis prediction 

technique is regularly run to detect the earliest signatures of any possibility of cyclonic 

activity in the Bay of Bengal (BoB) and Arabian Sea (ARB) region. Due to unavailability 

of SCATSAT-1 satellite data, this technique could not be run and the cyclogenesis of TC 

YAAS could not be predicted. The model forecasts can be examined to investigate the 

signatures of tropical cyclogenesis. Advanced prediction of tropical cyclogenesis based on 

model forecasted parameters is discussed in the next section. 

1.2.1 Prediction of cyclogenesis using Genesis Potential Parameter  

A cyclone genesis parameter, termed the genesis potential parameter (GPP), for the Indian Sea was 

proposed by Kotal et al. 2019. The parameter is defined as the product of four variables, namely 

vorticity at 850 hPa, middle tropospheric relative humidity, middle tropospheric instability, and the 

inverse of vertical wind shear. The variables are calculated using the National Centers for 

Environmental Prediction (NCEP), USA, reanalysis data, averaged within a circle of 2.5° radius 

around the centre of cyclonic system. The GPP, at early development stage of a cyclonic storm 

provides a useful predictive signal for intensification of the system.  
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Where, 850z  is low level relative vorticity (at 850 hPa in 10-5 s-1), S is vertical wind shear 

(between 200 and 850 hPa in s-1), RH is the mean relative humidity (between 700 and 500 

hPa ) and I is middle-tropospheric instability (temperature difference between 850  hPa and 

500 hPa). All the variables are estimated by computing the grided values and averaging it 

over an area of radius 2.50. The maximum value of GPP in the NIO region was compared 

to the pre-determined threshold value for cyclogenesis. The threshold value to detect 
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cyclogenesis was determined by maximizing the probability of detection (POD) and 

minimizing the false alarm ratio (FAR). POD is the ratio of the total number of detected 

TC formation and total number of formed cases and FAR is the ratio of the total number 

of predicted TC formation that does not occur (develop) and total number of non-developed 

cases. For threshold determination, GFS analysis fields, during nine TCs formed in the 

NIO during the period 2009-10 and 100 non-developed cases were analyzed. The GPP was 

estimated using the 850 hPa wind fields, deep vertical wind shear (850-200 hPa), warm 

core (850-500 hPa), and mean relative humidity (700-500 hPa). The TC formation has been 

determined by varying the different threshold values of GPP, which are obtained by 

minimum of the maximum values of GPP using the GFS analysis fields on the day of TC 

formation of all cyclones. These thresholds have also been used to predict the TCG by the 

GFS analysis fields of 100 non-developed cases. The optimum threshold values for GPP 

was found as ñ2ò which is then used to identify the TCG in GFS forecasted fields (Singh 

et al., 2013). The GPP value was computed in NIO with the GFS data prior to the formation 

of TC YAAS to detect its cyclogenesis signatures. The spatial plots of GPP with the 

required parameters used in GPP computations (as given in Eq. 1) are shown in Fig. 1.2 

for 00 UTC and 12 UTC forecasts of GFS on 20, 21 and 22 May 2021. The maximum GPP 

values for all analyzed forecasts are summarized in Table 1.2: 

Table 1.2: Maximum GPP computed in BoB region before formation of TC YAAS 

Date 
00 UTC 

20 MAY 

12 UTC 

20 MAY 

00 UTC 

21 MAY 

12 UTC 

21 MAY 

00 UTC 

22 MAY 

12 UTC 

22 MAY 

Maximum 

GPP 
2.18 3.80 3.98 5.86 8.09 9.32 

 The values of GPP are increasing, which shows the strengthening of cyclogenesis 

conditions. 
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Figure 1.2: Spatial plot of parameters responsible for cyclogenesis and GPP values for 00 

and 12 UTC of 20, 21 and 22 May 2021. 

1.2.1 Prediction of cyclogenesis using Scatterometer Data 

A technique has been developed at SAC for cyclogenesis prediction using scatterometer 

data. This technique is based on the premise that there is some similarity between the low-

level wind pattern of the developing systems, which can be detected and used to identify 

the developing and non-developing low-pressure systems. In this technique, the real-time 

observed winds are matched to the wind patterns archived within the database of all 
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developed systems in the past and the most similar wind pattern was selected. This 

similarity was quantified using a matching index as given in the following expression. 
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where A  and B  represents the mean value of the complex vectors A and B respectively. N 

is the dimension of vector A (or B) and A and B are the complex numbers formed using the 

wind vectors [for example A = (u+iv)]. 

If the matching index value is found to be greater or equal to some pre-defined threshold 

values (0.6 for NIO), the cyclogenesis is predicted. The scatterometer data of QuikSCAT 

and OSCAT were used in the development and testing of the algorithm (Jaiswal and 

Kishtawal, 2011; 2013). During the years 2010-13, OSCAT data was used for the real-time 

cyclogenesis prediction using the above-discussed approach. In the year 2014 the OSCAT 

stopped working and thereafter the surface wind observations from RAPIDSCAT were 

being used in the real-time prediction of TCG in NIO at SAC. SCATSAT1 (Scatterometer 

Satellite1) satellite was launched on 26th September, 2016 to provide weather forecasting, 

cyclone prediction, and tracking services to India. The SCATSAT-1 data was being utilized 

operationally in the real-time for TCG prediction. Recently this satellite stopped working 

and due to unavailability of any other satellite data with such wider swath, the above 

technique could not be used for the TCG prediction. However, the passes of NASA 

scatterometer ASCAT onboard metopA, metopB and metopC were processed to get the 

signature of low-level wind circulation. Due to the narrow swath of ASCAT (unlike 

OSCAT, SCATSAT-1 and QuickSCAT), there is a least possibility to capture the complete 

low-level wind circulation in a single pass, thus the above discussed technique cannot be 

applied over ASCAT dataset. The earliest signatures of low-level circulation were found 

on all the three ASCAT passes of May 23. Wind vectors overlaid on the wind speed (m/s) 

by the passes of ASCAT from metopA, metopB and metopC during the genesis of TC 

YAAS are shown in the Fig. 1.3. The strong circulation can be seen in all these passes, 

which may indicate to the development of this circulation into a tropical cyclone. 



          Prediction and Monitoring of Cyclone  

Tropical cyclone YAAS                                                  -8- 

 

Figure 1.3: Wind vectors overlaid on the wind speed (m/s) by the passes of ASCAT from 

metopA (top left), metopB (top right) and metopC (bottom left and right) during the genesis 

of TC YAAS.  
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1.3. Cyclone Track and Intensity Prediction  

A system has been developed in SAC for monitoring, analysis and prediction of tropical 

cyclones over the Indian Ocean. The results of analysis and prediction are disseminated 

through SCORPIO web-portal linked to MOSDAC server. After the formation of tropical 

cyclone over the Indian Ocean, track predictions are carried out using three different 

models. (a) indigenously developed Lagrangian advection cyclone track prediction model 

(LAGAM), (b) Hurricane Weather Research and Forecasting (HWRF), a coupled land-

ocean-atmosphere model customized for Indian ocean region, and (c) WRF model, used 

for daily real-time predictions of all-India weather at 5 km resolution. The HWRF model 

is used for prediction of tropical cyclone intensity. The track and intensity prediction of 

cyclone YAAS was initiated on MAY  23, 2021 and were continued until cyclone made 

landfall. Real-time track prediction of cyclone YAAS by SAC-Lagrangian advection 

Model, WRF and HWRF models are discussed in the following sections. 

1.3.1 Real-time track prediction using SAC-Lagrangian Advection Model 

SAC-Lagrangian Advection model is dynamical framework based computationally 

efficient model (Singh et al, 2011; 2012). It requires the high resolution 00 5.05.0 ³  forecasted 

atmospheric winds and temperature from Global forecast System (GFS), which is global 

numerical weather prediction model, run by NOAA, and the initial position of cyclone, 

which is obtained from Joint Typhoon Warning Centre (JTWC) for track prediction. 

Cyclone track prediction is provided using this model upto 96 hour with 6 hour interval. 

As a first step, the steering flow has been computed for every 6-hour forecast interval up 

to 96 hours, using the analysis as well as forecast wind fields data at 21 pressure levels 

(100-1000 mb) by the weighted average scheme. The weight for each level was assigned 

by estimating the potential vorticity (PV) which is adapted from the study by Hoover et al., 

2006. Then a cyclonic vortex is removed using a synthetic cyclone, which is constructed 

by using the vorticity equation (Chan and Williams, 1987): 

0)(. =+Ð+
µ

µ
fV

t
z

z  

Where ɕ is the vorticity and f = ɓy+f0. Here y denotes latitudinal displacement, f0 is the 

value of coriolis parameter at y = 0 and ɓ is the rate of change of coriolis parameter with 
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latitude. In case of axisymmetric vortex, the velocity is calculated using the equation (Chan 

and Williams, 1987): 
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Where mV  and mr  denote the maximum value of tangential velocity and the radius at which 

mV  occurs, respectively. This synthetic cyclone was used to remove the existing cyclonic 

wind fields present in the steering flow to achieve the residual steering current. To avoid 

the discontinuity of wind fields due to removal of cyclonic circulation, tapered weights W 

(k) are used for generation of residual flow fields. Now, resulting steering flow that is 

obtained after removing the cyclonic vortex from steering flow is used in Lagrangian 

Advection Model to forecast cyclone track. The computation for the trajectory of cyclone 

(or cyclone track) is initiated by interpolating the steering wind from model grid points to 

the initial location of cyclone (Brand, 1981). The real time predicted tracks for cyclone 

YAAS have been shown in Fig. 1.4. 
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Figure 1.4: Track prediction of cyclone YAAS for different initial conditions by SAC-

Lagrangian advection model (Real- time generated products).  
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1.3.2 Track error analysis of Lagrangian Advection Model  

The real time predicted tracks of cyclone YAAS by SAC-Lagrangian Advection Model for 

different initial times have been shown with the observed track of IMD in Fig. 1.5. The 

track forecast error for all the forecasts were computed w.r.t IMD observed track positions. 

The error values have been summarized in Table 1.3. IMD reported the landfall point of 

cyclone YAAS near Balasore, Odisha (landfall point: 21.35 N, 86.95 E) between 0500 and 

0600 UTC (IMD, Report). The landfall position error for all the forecasts have been 

computed and reported in the Table 1.4. For 24-hour lead prediction, the landfall position 

error of Lagrangian advection model was found as ~19 km and landfall time error was ~6 

hour. 

 
 Figure 1.5: IMD best track and real-time predicted track of cyclone YAAS by SAC-

Lagrangian advection model for different initial time (23-MAY -00Z, 24 MAY -00Z, 24 

MAY -06Z,  25 MAY -00 Z, 25 MAY -06Z). 
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Table 1.3: Track Forecast Error (km) of SAC-Lagrangian Advection track prediction 

Model w.r.t IMD observed track positions 
FCST Initial 

time 

 

 

FCST Hour 

00 UTC 

23 MAY 

00 UTC 

24 MAY 

06 UTC 

24MAY 

00 UTC 

25 MAY 

06 UTC 

25 MAY 

Mean 

Error  

6 54.74 74.23 109.47 10.06 44.04 58.51 

12 97.64 155.93 132.56 30.35 100.58 103.41 

24 123.93 208.98 199.75 18.72 72.78 124.83 

36 153.78 126.62 177.13 79.83 51.79 117.83 

48 117.46 60.00 66.29 126.00 126.41 99.23 

72 65.61 226.12 113.13   134.95 

96 52.95     52.95 

 

Table 1.4: Landfall Prediction Error (km) of SAC-Lagrangian advection track prediction 

Model for TC YAAS. 

Forecast Time/Date Landfall  Time/Date/Location Landfall Error  

Date  Time Date  Time Long Lat Location Error 

(km) 

Time Error 

(Hrs) 

23MAY 00 UTC 26MAY 09 UTC 87.27 21.54 39.28 +5 hour  

24MAY 00 UTC 25MAY 21 UTC 86.99 20.79 62.40 -8 hour 

24MAY 06 UTC 25MAY 16 UTC 86.86 21.23 16.27 -13 hour 

25MAY 00 UTC 26MAY 08 UTC 87.33 21.50 42.73 +2 hour 

25MAY 06 UTC 26MAY  23 UTC 86.84 21.21 19.29 -6 hour 

Cyclone landfall (IMD): Latitude: 21.35, Longitude 86.95 at 04 UTC 26 MAY  

 



 Prediction and Monitoring of Cyclone  

Tropical cyclone YAAS                                                  -14- 

1.3.3 Cyclone Intensity Prediction  

For cyclone intensity prediction numerical weather prediction model WRF and HWRF are 

utilized. WRF model is regularly run at SAC, its output are analyzed to get cyclone related 

parameters.  

The HWRF model is a primitive-equation, non-hydrostatic, coupled atmosphere-ocean model 

with an atmospheric component that employs the Non-hydrostatic Mesoscale Model (NMM) 

dynamic core of the WRF model (WRF-NMM), with a parent and two nest domains (Biswas 

et al. 2018). The parent domain covers roughly 77.20 x 77.20 on a rotated latitude/longitude E-

staggered grid. The location of the parent domain is determined based on the initial position of 

the storm provided by NHC/Joint Typhoon Warning Center (JTWC). The middle nest domain, 

of about 17.80 x 17.80, and the inner nest domain, of about 5.90 x 5.90, move along with the 

storm using two-way interactive nesting. The stationary parent domain has a grid spacing of 

0.0990 (about 13.5 km) while the middle nest grid spacing is 0.033Ǔ (about 4.5 km) and the 

inner nest grid spacing is 0.011Ǔ (about 1.5 km). The dynamic time steps are 30, 10, and 3.33 

s, respectively, for the parent, middle nest, and inner nest domains. Starting 2018, all the basins 

have their model top at 10 hPa and 75 levels are used.  

HWRF v4.0a includes a scale-aware Arakawa-Schubert scheme for cumulus parameterization 

and a Ferrier-Aligo cloud microphysics package for explicit moist physics. The Global 

Forecasting System (GFS) Eddy-diffusivity Mass flux scheme is used for the planetary 

boundary layer, along with the modified Geophysical Fluid Dynamics Laboratory (GFDL) 

surface layer scheme. The Monin-Obukhov scheme is used for surface flux calculations, which 

employs an improved air-sea momentum flux parameterization in strong wind conditions. The 

Noah land surface model is used to represent the land surface for calculating the surface fluxes 

and the amount of upwelling radiation at the lower atmospheric model boundary. Radiation 

effects are evaluated by the Rapid Radiative Transfer Model for General Circulation Models 

(RRTMG) scheme, which includes diurnal variations and interactive effects of clouds. The 

HWRF physics operational suite also includes parameterization of dissipative heating. The 

time integration is performed with a forward-backward scheme for fast waves, an implicit 

scheme for vertically propagating sound waves, and the Adams-Bashforth scheme for 

horizontal advection and for the Coriolis force. In the vertical, the hybrid pressure-sigma 

coordinate is used. 
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The NCEP Global Forecast System (GFS) analysis is used to generate the initial conditions 

(ICs) for the hurricane model parent domain in the operational configuration. 

Numerical Experiments and Data Used 

The HWRF4.0a model, used in the present study, is obtained from the NCEP website 

www.dtcenter.org. The model is installed and evaluated for its default configuration for NIO 

tropical cyclones. The present study summarizes the results of TC BULBUL for three different 

initial conditions i.e. 00 UTC 23, 24 and 25 MAY. The NCEP Global Forecast System (GFS) 

analysis and forecasts (0.250 x 0.250) have been used to provide the initial and lateral boundary 

conditions. All the three experiments were performed in the uncoupled ocean mode and without 

the data assimilation module.   

The intensity of simulated cyclone from different experiments is evaluated in terms of the 

maximum sustained wind speed (MSW). The real time intensity prediction of cyclone for all 

initial conditions (00 UTC 23-25 MAY ) was provided on the SCORPIO web-portal (Fig. 1.6).  

 
Figure 1.6: Real time forecast of cyclone intensity by HWRF model. 

 

http://www.dtcenter.org/
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1.3.4 Error analysis of the intensity prediction by HWRF model 

The model simulated intensity of cyclone YAAS for different initial conditions are presented 

in Fig. 1.7 along with real-time intensity estimates of IMD. The error in model-simulated 

intensity (MSW) with respect to the IMD estimated MSW for all initial conditions are 

presented in Fig. 1.8. The results suggest that the model overestimated the intensity for all 

forecast hour w.r.t. initial condition of 00 UTC 23 MAY. This may be due to the reason that 

cyclone was not formed on 23 May; it was in a depression stage, that may lead to less accurate 

wind structure simulations. However, the forecasts initiated on 00 UTC 24 and 25 MAY, are 

relatively close to the observed intensity values by IMD.  

 
Figure 1.7: Cyclone intensity simulated by HWRF model for different initial conditions with 

IMD estimates. 

 
Figure 1.8: Cyclone intensity error by HWRF model w.r.t. JTWC observed intensity estimates 

for different initial conditions. 
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1.4 Ship Avoidance Region Advisories  

For vessels at sea, avoiding the 34-knot wind field of a tropical cyclone is paramount. Based 

on operational HWRF model, 34-knot wind radial distances the graphical inputs of ship 

avoidance region were generated for cyclone and disseminated through SCORPIO server. The 

real-time generated ship avoidance region advisory products are shown in Fig. 1.9. 

Figure 1.9: Ship avoidance region forecast advisories generated at 00, 06 UTC of 23-25 MAY 
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1.5 Analysis of INSAT-3D and INSAT-3DR observations during TC YAAS 

Indiaôs two meteorological geostationary satellites viz., INSAT3D and INSAT3DR provides 

coverage over India and surrounding regions including the oceans. INSAT-3D/3DR are 

meteorological satellite of ISRO, an exclusive next generation mission designed for enhanced 

meteorological observations and monitoring of land and ocean surfaces for weather forecasting 

and disaster warnings. INSAT-3D and INSAT-3DR both have two meteorological payloads, 

an Imager (with 6 channels) and a Sounder (with 18 infrared channels and a visible channel for 

daytime cloud detection). The Imager has capability of taking observations of full earth-disk 

from geostationary orbit in one visible channel (VIS, 0.55-0.75 µm) and five infrared (IR) 

channels: Shortwave infrared (SWIR, 1.55-170 µm), Mid-wave infrared (MIR, 3.8-4.0 µm), 

Water Vapor absorption channel (WV, 6.5-7.1 µm), and two split-window thermal infrared 

channels (TIR1,10.2-11.2µm and TIR2,11.5 to12.5 µm). The observations from VIS and SWIR 

channels are available at 1 km x 1 km ground resolution at nadir, whereas MIR, TIR1, and 

TIR2 has resolution of 4 km x 4 km. The WV channel has coarser resolution of 8 km x 8 km 

at nadir. The sub-satellite points of INSAT3D and INSAT3DR are at 820 E and 740 E, 

respectively. Enhanced resolution and multi -spectral capability of INSAT-3D/3DR imager and 

sounder instruments provide unique opportunity to observe the development and intensification 

of tropical cyclones. One of the essential ingredients to the intensification of tropical cyclones 

is vigorous convection with associated latent-heat release through condensation processes. 

Identifying and quantifying active convection in geostationary satellite images can be 

potentially useful to the prediction of cyclone intensification. The coverage of cyclone YAAS 

by TIR-1 and visible channels of INSAT-3D satellite on 06 UTC 25-MAY -2021 are shown in 

the Fig. 1.10. 

 
Figure 1.10: Coverage of cyclone YAAS by TIR-1 and visible channels of INSAT-3D satellite 

on 06 UTC 25-MAY -2021.  
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1.5.1 Cyclone structure observations using INSAT3D satellite data 

Cyclone structural parameters are estimated using INSAT3D observations from different 

channels. Cyclone centric products from INSAT-3D imager channels are genertaed to visulaize 

cyclone structure viz., its center, temperature of eye and its environment. Radius of Maximum 

Winds (Rmax) is one of the most critical parameters that determine the tropical cyclone wind 

structure. This information is often required to assess the area of damage after the landfall of 

cyclone. The radius of maximum winds is normally very small (~ 30 km) compared to the size 

of cyclone, but can vary in a large range under specific circumstances. In infrared satellite 

images, the central region of cyclone is mostly obscured by high level cirrus clouds that cause 

difficulty in precise identification of Rmax. High resolution observations from Visible and 

SWIR channels provide unique opportunity to identify the cloud structure near the center of 

cyclone. A procedure has been developed to produce cyclone centric products from each half 

hourly image of INSAT3D satellite.  These images are very useful to study the structural 

changes in the core of tropical cyclone. A sample product generated on 0830 UTC 25 MAY , 

2021 have been presented in the Fig. 1.11.    

 
Figure 1.11: Cyclone Centric product generated using INSAT-3D imager channel. The nine 

panels shows (a) TIR1 BT, (b) TIR2 BT, (c) WV BT, (d) MIR BT, (e) Vis Albedo, (f) SWIR 

radiances, (g) TIR1 BT Contours, (h) TIR1 BT BD enhanced, and (i) TIR1 BT NHC enhanced 

images. 
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1.5.2 Cyclone Geo-location 

TC YAAS was continuously observed by the half hourly acquisition of INSAT-3D satellite. In 

half hourly TIR imageries of INSAT 3D satellite the center location of cyclone was estimated 

by center determination algorithm developed at SAC. The results were disseminated through 

SCORPIO web-server. One of the sample products generated in the real-time has been shown 

in the Fig. 1.12. 

 
Figure 1.12: Cyclone center estimation using INSAT-3D TIR1 data. The four panels show a) 

INSAT-3D TIR1 raw image, (b) TIR1 BT contours, (c) BT calibrated image, and (d) cloud 

height (km). 

  



 Prediction and Monitoring of Cyclone  

Tropical cyclone YAAS                                                  -21- 

1.5.3  Cyclone Intensity estimation using ADT with INSAT-3D data 

Advanced Dvorak Technique (ADT) was originally developed within the Man computer 

Interactive Data Access System (McIDAS) architecture. The algorithm utilizes McIDAS 

library functions and routines to ingest infrared satellite data, display textual and graphical 

results, read various input data files, and write various output files. The ADT version 8.2.1, 

software package has been obtained from CIMSS and is installed in the ñNon-McIDASò mode 

(Jaiswal et al., 2021). The modules to ingest INSAT-3D satellite data in the software (version 

8.2.1) are developed at Space applications Center (SAC-Ahmedabad, ISRO). The ADT was 

run in offline mode to estimate intensity values of TC YAAS using INSAT3D satellite data 

(SAC_ADT). ADT is run operationally for all global cyclones using half-hourly images of geo-

stationary satellite images by CIMSS and provided at their web page in the near real time. 

SAC_ADT values were compared with the operational values of intensity obtained from the 

ADT run at CIMSS (CIMSS_ADT) and the real-time intensity values provided by IMD (Fig. 

1.13). The error analysis were performed and the results shows that intensity of cyclones using 

INSAT-3D data by ADT are comparable to CIMSS_ADT and the best track estimates. 

However, there is an underestimation during 12 UTC 24 MAY to 06 UTC 25 MAY. The peak 

intensity of cyclone YAAS as observed by IMD (75 knots) was estimated as 70 knots by 

SAC_ADT between 18 UTC 25 MAY to 00 UTC 26 MAY.  

 
Figure 1.13: Intensity estimated by ADT using INSAT3D satellite data (SAC_ADT), CIMSS 

operational ADT (CIMSS_ADT) products and real-time observed values of IMD (IMD) during 

life time of TC YAAS.  
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1.6 Tropical cyclone YAAS observed by INSAT-3DR Rapid Scan Data 

The rapid scan images from geostationary satellites have been proven to be useful tools in 

weather applications like the derivation of atmospheric motion winds, analysis of wildfires, 

convective initiation nowcasting, and identification of overshooting convective cloud tops. 

These images are useful for monitoring the convective features of storms that evolve on shorter 

time scales i.e. less than 15 or 30-minutes (Dworak et al. 2012; Cintineo et al. 2013). Several 

unique signatures have been identified within satellite imagery of severe convective storm tops, 

which include rapid cloud-top cooling (Cintineo et al. 2013), overshooting tops (Dworak et al. 

2012), above-anvil cirrus plumes (Levizzani and Setvák 1996), the cold ring (Setvák et al. 

2010) etc.  

The Indian geostationary satellite INSAT3DR is being operated in rapid scan operation mode 

during high impact weather activities like TCs to capture the images in every 4-minutes 

interval. These satellite observations may be helpful in observing the rapidly changing features 

over TCs and thus determining its movement, structure and intensity. The atmospheric motion 

winds generated using rapid scan images during tropical cyclone time shows potential for 

providing very good quality winds information over Indian Ocean by increasing the amount of 

wind data availability and by capturing atmospheric movement that are too short-lived to be 

depicted by routine 30-minute scans. During the very severe TC YAAS, in the Bay of Bengal 

during 24-26 May 2021, the INSAT3DR satellite was operated in rapid scan mode. This TC 

was developed near the North Bay region and made landfall at the Odisha coast after achieving 

severe tropical cyclone category. The visual animation of TIR1, WV, visible and differenced 

ñTIR1-WVò imageries over TC were also extensively analysed to observe the deep convective 

cloud-top movement, out flow characteristics and other structural features. The pattern of large-

scale circulation around cyclone is also analysed by using atmospheric motion winds in rapid 

scan mode.  

The differenced BT (IR-WV) values of two channels during the entire life of cyclone was 

computed and analyzed (Fig. 1.14). These images well represents the asymmetric clouds within 

eyewall and inner core region of TC. The presence of over shooting clouds at some locations 

is found rapidly changing as it alters in the next 4 minute imageries. The deep overshooting 

clouds (blue in colour, with differenced BT <-200C) were observed in the southern part of the 

eyewall whereas the low clouds (red in colour, with differenced BT close to 0 0C) were present 

in the norther part. The extent of differenced BT was found to be changing in every 4 minute 

images.  
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Figure 1.14: Asymmetric clouds within inner core region of TC YAAS during its peak 

intesnity stage 1802-1858 UTC 25 May 2021. 

The INSAT3D rapid aquision images shows the rapidly changing pattern within inner core 

region of cyclone.  



 Prediction and Monitoring of Cyclone  

Tropical cyclone YAAS                                                  -24- 

1.7 SMAP satellite observation over TC YAAS 

Soil Moisture Active Passive (SMAP) is a United States environmental research satellite 

launched on 31 January 2015. The SMAP observatory includes a dedicated spacecraft and 

instrument suite in a near-polar, Sun-synchronous orbit. The SMAP measurement system 

consists of a radiometer (passive) instrument and a synthetic aperture radar (active) instrument 

operating with multiple polarizations in the L-band range. The combined active and passive 

measurement approach takes advantage of the spatial resolution of the radar and the sensing 

accuracy of the radiometer. The observations from L band radiometers, being in low frequency 

are uncontaminated by rain.  

SMAP provides two wind speed products e.g. (i) Near-Real Time (NRT) wind speed and (ii) 

Final wind speed product. The NRT wind processing uses ancillary fields of shorter latency 

but lower quality. A final wind Speed version, reprocessed with a 1-month delay, which uses 

higher quality ancillary data. Additionally, SMAP also provide Tropical Cyclones (TC) ASCII 

files with SMAP 10-min maximum-sustained winds (in kn) and wind radii (in nm) for the 34 

kn (17 m/s), 50 kn (25 m/s), and 64 kn (33 m/s) winds for each SMAP pass over a TC in all 

tropical ocean basins. The wind speed from NRT product of SMAP over TC YAAS has been 

shown in the Fig. 1.15. There was only one pass of SMAP over the TC YAAS 01 UTC 24MAY. 

The maximum intensity observed by SMAP was 25.82 m/s (50 knots). The high asymmetric 

winds were observed over southern region of cyclone. 

 
Figure 1.15: Wind speed over TC YAAS (01 UTC 24 MAY 2021) observed by SMAP 

satellite (NRT product). 
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1.8 Forecast Dissemination through web portal SCORPIO/MOSDAC 

Satellite based cyclone observation and real-time prediction over Indian ocean (SCORPIO) 

(https://mosdac.gov.in/scorpio) is a web based application designed to provide Web-GIS 

available on the MOSDAC portal (https://mosdac.gov.in). It works as a decision support 

system to support the disaster management system. For cyclone YAAS, the scorpio website 

was updated in the real-time with following information: 

¶ Cyclone track prediction  

¶ Cyclone intensity prediction 

¶ Ship avoidance region due to cyclonic winds 

¶ Cyclone center estimation product using INSAT 3D data 

¶ Cyclone centric images genetrated using INSAT3D imager channels 

¶ ADCIRC based Storm surge forecast as animatef Gif 

¶ Coastal Inuncdataion as jpeg image 

¶ Coastal Inundation as GIS layer along with other thematic layers to aid the Decision 

Support system 

¶ Tropical Cyclone Heat Potential anomaly as GIS layer along with other thematic layers 

The webpage of scorpio web-portal during cyclone YAAS has been shown in the Fig. 1.16.  

Figure 1.16: Cyclone YAAS forecast products disseminated through webserver SCORPIO. 

 

 

https://mosdac.gov.in/scorpio
https://mosdac.gov.in/
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1.9 Coverage of cyclone YAAS by media 

Due to the advancement in cyclone prediction models the alerts were timely generated for 

cyclone YAAS and government took the preventive measures. Cyclone track and intensity until 

the landfall was continuously broadcasted via media channels, which made the wide publicity 

and awareness among the people. The personal interviews and live press conferences from 

IMD for the updates of cyclone YAAS was telecasted during the whole day as cyclone was 

approaching the coast of Odisha. The timely information saved the human loss and result the 

better preparedness to overcome the post-cyclone impacts. The media reports were providing 

the updates based on the foreign weather agencies as well as the India Meteorological 

Department. 

1.10  Conclusions 

The real time predictions of cyclogenesis, track and intensity of cyclone YAAS have been 

discussed in this report. The real time generated forecasts were disseminated through 

SCORPIO web-portal linked with MOSDAC site (www.mosdac.gov.in).  

The Cyclogenesis signatures of TC YAAS was detected earliest on 20th May by GFS based 

Genesis Potential parameter. The track and intensity prediction of cyclone based on dynamical 

and numerical models viz. SAC-Lagrangian Advection Model and Hurricane Weather 

Research Forecast (HWRF) model, were provided continuously till cyclone made landfall. The 

real time forecasts were compared to the real-time observed estimates obtained from India 

Meteorological Department and Joint typhoon Warning Centre (JTWC). The error analysis for 

all the forecasts have been performed and presented in the report. The landfall position and 

time forecast error in 24 hour was about 19 km and 6 hour (early), respectively. The INSAT-

3D visible and infrared data were analyzed to retrieve cyclone structural parameter viz., center. 

INSAT3D TIR-1 data was used in ADT to estimate cyclone intensity. INSAT3DR TIR-1 and 

water vapor images were processed to generate the differenced image (TIR-1 ïWV) to study 

the rapid changes in the inner core of TC. The surface wind speed of SMAP satellite was also 

analyzed to study cyclone wind asymmetry.  Our plans consist of utilizing multi-satellite multi-

sensor approach to retrieve key parameters of tropical cyclone e.g. accurate location, surface 

wind structure, asymmetry, and size of cyclone, and develop methodology to assimilate this 

information in NWP models for improving the prediction of cyclone track and intensity. It is 

also planned to utilize key satellite observations of atmospheric and oceanic parameters to 

improve the accuracy of the prediction of location and intensity of cyclone at the time of its 

landfall.     

http://www.mosdac.gov.in/


 Prediction and Monitoring of Cyclone  

Tropical cyclone YAAS                                                  -27- 

References 

1. Cintineo M. J., Pavolonis J., Sieglaff M., and Heidinger A. K. (2013): Evolution of 

severe and nonsevere convection inferred from GOES-derived cloud properties. J. 

Appl. Meteor. Climatol., vol. 52, 2009ï2023.  

2. Chan, J. C. L. and Williams R. T. (1987): Tropical cyclone movement and surrounding 

flow relationship. Mon Wea Rev 110:1354-1374. 

3. Dworak, R., Bedka K. M., Brunner J., and Feltz W. (2012): Comparison between 

GOES-12 overshooting top detections, WSR-88D radar reflectivity, and severe storm 

reports. Weather and Forecasting, Vol. 27, 684ï699. 

4. Hoover, B.T. and Morgan M.C. (2006). Effects of cumulus parameterization on tropical 

cyclone potential vorticty structure and steering flow.  Preprints of the 27th AMS 

Conference on Hurricanes and Tropical Meteorology. April 23-28 Monterey, CA, paper 

8B.5.  

5. Jaiswal, Neeru and Kishtawal, C. M. (2011): Prediction of tropical cyclogenesis using 

scatterometer data, IEEE Transaction on Geoscience and Remote Sensing, vol. 49, 

Issue 12, pp. 4904 -4909. 

6. Jaiswal, Neeru and Kishtawal, C. M. and Pal, P. K. (2013): Prediction of Tropical 

Cyclogenesis in North Indian Ocean using Oceansat-2 scatterometer (OSCAT) winds. 

Meteorology and atmospheric Physics, Vol. 119, pp. 137-149. DOI: 10.1007/s00703-

012-0230-8.   

7. Jaiswal Neeru, Kaushik Nitesh and Varma A. K. (2021): Advanced Dvorak Technique 

for Tropical Cyclone Intensity Estimation using INSAT-3D Satellite Data. SAC-

Report:  SAC/EPSA/AOSG/ASD/SR/05/2021. 

8. Kotal, S.D., Kundu, P.K. and Roy Bhowmik, S.K. (2009): Analysis of cyclogenesis 

parameter for developing and non-developing low pressure systems over the Indian 

Sea, Nat. Hazards, 50:389-402 

9. Kossin, J. P., Knaff, J. A., Berger, H. I., Herndon, D. C., Cram, T. A., Velden, C. S., 

Murnane, R. J. and Hawkins, J. D. (2007): Estimating Hurricane Wind Structure in the 

Absence of Aircraft Reconnaissance. Weather and Forecasting, 22, 89-101.  

10. Singh, Sanjeev Kumar, Kishtawal, C.M. and Pal, P.K. (2011): Track Prediction of 

Indian Ocean cyclones using Lagrangian Advection Model. Natural Hazards DOI 

10.1007/s11069-012-0121-9. 



 Prediction and Monitoring of Cyclone  

Tropical cyclone YAAS                                                  -28- 

11. Singh, S. K., Kishtawal, C. M., Singh, R. Jaiswal, Neeru and Pal, P. K. (2012): Impact 

of Vortex-Removal from Environmental Flow in cyclone Track Prediction using 

Lagrangian Advection Model. Meteorology and Atmospheric Physics, 117,103ï120. 

DOI 10.1007/s00703-012-0198-4 

12. Singh, S. K., Jaiswal Neeru, Kishtawal, C. M., Singh R., Pal., P. K. (2013): Early 

detection of cyclogenesis signature using global model products, IEEE Transactions on 

geoscience and remote sensing 52(8), 5116-5121. 



   

Tropical cyclone YAAS                                                  -29- 

 

 

 

 

 

2. Tropical Cyclone óYAASô: Research and 

Operational activities from ocean perspective 

Anup Kumar Mandal , Seemanth M., Jishad M., Suchandra Aich 

Bhowmick and Neeraj Agarwal 

 

 

 

  



Research and Operational activities from ocean perspective 

Tropical cyclone YAAS                                                  -30- 

2.1 Introduction  

India has an extensive coastline; therefore, a significant portion of its sustainable development 

depends on the ocean conditions. The subcontinent is surrounded by Indian Ocean and is 

vulnerable to devastations from tropical storms and cyclones. The ruinous impact of tropical 

cyclones (TC) is much more pronounced in the east coast of India, as compared to the west 

coast. The Bay of Bengal (BoB) is an enclosed ocean basin, and is a part of the north Indian 

Ocean. The distribution of tropical storms/cyclones in BoB is bimodal. Peak cyclonic activity 

is noticed during the post monsoon months of September to December and the secondary peak 

is during premonsoon months from April to June. For BoB, seasonal and intra-seasonal 

variability in both ocean and atmosphere plays key role in genesis, intensification and 

movement of tropical cyclones. In this report, we present a detailed research and operational 

activity carried out at SAC (ISRO), on the pre-monsoon cyclone YAAS, which evolved over 

Bay of Bengal on 23rd May 2021. 

2.2 Cyclone induced Sea Surface cooling and density changes in the ocean 

Daily Sea Surface Temperature (SST) data from the INSAT -3D, which is based on 30 min 

SST observations, and GHRSST have been used for this study. Indian satellites for met-ocean 

applications, INSAT-3D and INSAT-3DR (both are in geostationary orbit) having a six-band 

imager paired with a 19-band sounder. SST is derived with a spatial resolution of 4 km from 

split thermal window channels (10.2- 11.3mm and 11.5 ï12.5mm) during daytime and using 

additional mid-IR window channel (3.7 ï 4.1mm) during night time over cloud-free oceanic 

regions (Gangwar and Thapliyal, 2020; Walton et al., 1998). Both the satellites provide images 

at every 30-minute inter-satellite temporal difference of around 15 minutes. So effectively, we 

get an SST image at high temporal resolution (every 15 minutes) that has a definite advantage 

(Agarwal et al., 2019) over polar-orbiting sensors, which only provide observations in a 

specific region two times a day. In this study, thermal fronts are computed using the daily 

averaged image of SST from INSAT-3D. The SST data sets were downloaded from MOSDAC 

(Meteorological and Oceanographic Satellite Data Archival Centre, https://mosdac.gov.in/).  

The Group for High-Resolution Sea Surface Temperature (GHRSST) data merges SST 

observations from all kinds of available sources. It is a merged SST product, which includes 

SST from all the available microwave and infrared sensors. The Level-4 (L4) product is 

generated using various objective analysis techniques to produce gap-free SST maps over the 

global oceans.  The SST product used in this study is generated by Jet Propulsion Laboratory 
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(JPL) using an optimum interpolation approach on a global 0.011o grid (Reynolds et al., 2007). 

This is version 4 multiscale ultrahigh resolution (MUR) product that has inputs from all 

possible sources of SST such as NASA Advanced Microwave Scanning Radiometer-EOS 

(AMSRE), the Moderate Resolution Imaging Spectroradiometer (MODIS) on the NASA Aqua 

and Terra platforms, the US Navy microwave WindSat radiometer and in situ SST observations 

from the NOAA iQuam project. GHRSST SST Products blended from multiple satellites or 

multiple passes of satellites. The data downloaded from (https://podaac-

tools.jpl.nasa.gov/drive/files/allData/ghrsst/data/GDS2/L4/GLOB/JPL/MUR/v4.1). The sea 

surface salinity (SSS) datasets are available at NASA Physical Oceanography Distributed 

Active Archive Center (PO.DAAC) (http://podaac.jpl.nasa.gov). The eight-day averaged 

SMAP L3 product having spatial resolution of 0.250 × 0.250 have been used for this study. 

The eight-day product is created by averaging eight days of L2 data. 
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Figure 2.1a: The SST data from INSAT and GHRSST before, during and after Yaas Cyclone.  

The circles are indicating the path of Yaas cyclone and red circle is pointing cyclone position.  
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Figure 2.1b: TCHP anomaly (kJ/cm2) over BoB as observed on 22nd May 2021 using Modular 

Ocean Model (MOM3) 

The spatial plot of the INSAT SST and GHRSST before, during and after Yaas is shown in 

Fig. 2.1a. Fig. 2.1b shows the tropical cyclone heat potential (TCHP) anomaly calculated using 

the temperature and salinity profile simulated from data assimilative modular ocean model 

(MOM3) operational in- house at the Space Applications Centre.  On May 20, the ocean was 

very warm having a high temperature >30 0C in the central BoB. Correspondingly, TCHP 

anomaly as seen from model simulations were high positive (40-80 kJ/cm^2), making the 

oceanic conditions conducive for cyclogenesis. A deep depression was formed at 16oN; 90.5oE 

on 23rd May. Later, the system further intensified as it turned to the northeast, becoming a 

severe cyclonic storm on May 24. Yaas moved northeast ward, strengthening to a Category 1-

equivalent tropical cyclone and to a very severe cyclonic storm on May 25. On May 26, Yaas 

crossed the northern Odisha coast and further weakened inland while turning north-

northwestwards. 
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The INSAT SST data has been analysed for May 2021 to understand the pre-cyclonic 

conditions and the Hovmöller plot of SST anomaly is shown in Fig. 2.2.  Fig. 2.2 shows a high 

temperature anomaly (+1.2 0C) just before the formation of cyclone (on 21 and 22 May 2021). 

The SST data from INSAT is missing at 80-850N during 23-25 May due to the cloud cover. 

SST reduced rapidly after the passage of cyclone and the cool SST prevailed until the end of 

May 2021. 

 
Figure 2.2: The SST Anomaly during May 2021 that showing a high temperature anomaly 

(+1.20C) prior to the formation of Yaas. The magenta arrow is showing the duration of cyclone 

Yaas.  

The time series of INSAT SST data from 160N; 860E for April ïMay months for 2019, 2020 

and 2021is shown in Fig. 2.3.  Interestingly, Fani, Amphan and Yaas cyclones were formed in 

the same season of 2019, 2020 and 2021, respectively. Fani originated as a tropical depression 

on April 26, 2019, and dissipated on May 4, 2019. The temperature was about 30 0C during 

April and decreased rapidly (by 3 0C) after Fani Cyclone. In 2020, cyclone Amphan originated 

as a tropical depression on May 16 and dissipated on May 21, 2020. The temperature was about 

30 0C on May 15 and declined after cyclone. For Yaas, The SST has drastically reduced by 

about 2.25 0C after the pass of cyclone.  
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Figure 2.3: The SST data during April and May from 2019-2021 from 160N; 860E.  The arrows 

are indicating the duration of cyclones Fani, Amphan and Yaas from 2019, 2020 and 2021, 

respectively.  

Fig. 2.4 shows the snapshot of daily averaged SST, 8-day averaged SSS and estimated density 

for 20th May 2021 and 28th May 2021, i.e. prior to cyclone. Large scale, low salinity features 

(< 32 psu) in the central Bay of Bengal can be clearly seen in the sea surface salinity image for 

20th May 2021. This low salinity results in strong surface stratification, which results in surface 

heating due to high solar insolation. This can be clearly seen in the SST image in the central 

Bay of Bengal, where large scale warming (~ 32oC) can be seen consistent with the low salinity 

region. Hence, it can be seen that the ocean surface conditions were conducive for the formation 

and sustainability of cyclone in the region. The seas surface density is also low as compared to 

the surroundings in the region. 

After the passage of cyclone, surface becomes cool and saline due to Ekman pumping 

associated with high cyclonic winds. There is a drastic change in the physical properties after 

the passage of cyclone, which can be seen in the SST, SSS and density difference maps post 

and pre cyclone. There is a temperature drop of ~ 3oC from 20th to 28th May, while the salinity 

increases by ~ 1psu, due to which the density increases by ~ 2 Kg/m3. 

Density changes are associated with both salinity and temperature changes, surface cooling and 

salinification can increase the density, however, which physical parameter (SST or SSS) 

contributed more to changes in density is not known. 

Density changes were computed in two ways, one by keeping fixed SST  and another, by 

keeping fixed SSS (both corresponding to 20th May) in order to assess the individual 

contribution of SST and SSS in density change and the results are shown in Fig. 2.4 and 2.5, 

respectively. It can be clearly seen that density changes (> 50 %) resulted mainly due to cooling 
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of SST, while the salinity changes resulted in only marginal change (~ 15%) in the total density 

changes. 

 

Figure 2. 4: Maps of (upper panel) Surface temperature (oC), (middle panel) salinity (psu) and 

(lower panel) density (Kg/m3) during (a,d,g) pre-cyclone (20/05/2021) and (b,e,h) post-cyclone 

(28/05/2021). The differences (post ï pre cyclone) are in c, f and i, respectively 

 
Figure 2.5: Density using temperature and constant salinity from 20/05/2021 (a-c) and salinity 

and constant temperature from 20/05/2021 (d-f) pre (20/05/2021), and post (28/05/2021) 

cyclone Yaas and the difference, respectively. 
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2.3 Operational Activities 

Accurate prediction of Ocean state has paramount importance for different applications such 

as naval operations, ship routing, tourism, fisheries, port and harbour construction, offshore 

industries, disaster management etc. This becomes more relevant when there occurs an extreme 

weather event like a tropical cyclone. Storm surge induced coastal inundation maybe 

considered the worst disaster caused by a cyclone. Here at SAC, storm surge forecast is being 

generated whenever there is a tropical cyclone occurs in the North Indian Ocean region. 

Recently, an early warning system for coastal inundation forecast due to tropical cyclone along 

the east coast of India has also been established (Mandal et al., 2020). In addition, forecasting 

of extreme waves induced by strong cyclonic winds is also very important for different 

applications. A very high resolution data assimilative wave forecasting system is operational 

at SAC since 01st June 2018 (Seemanth and Suchandra, 2018). Routine wave forecasts 

generated from this system are operationally disseminated to different stake holders through 

MOSDAC. Storm surge and inundation forecasts are also disseminated through MOSDAC, 

whenever there is a tropical cyclone. Moreover, a 3-dimensional ocean circulation model is 

also operational at SAC which provides six hourly forecasts of ocean state parameters for next 

120 hours at a horizontal resolution of 0.1° in the North Indian Ocean region. Operational 

activities carried out at Oceanic Sciences Division during the tropical cyclone óYAASô are 

discussed in the following sections. 

2.3.1. Storm surge forecast for YAAS cyclone 

The storm surge forecast was generated using state of the art coupled ADCIRC+SWAN model. 

The ADCIRC model discretizes the shallow-water equations using finite element methods 

defined on unstructured meshes (Luettich and Westrink 2004). The shallow-water equations 

are derived from the incompressible Navier-Stokes equations while assuming hydrostatic 

pressure and solve for surface water elevation and surface water currents. The accurate 

description of coastal geometry is much needed for storm surge forecasts. For this, ETOPO-2 

global relief model data was used to prepare the mesh for storm surge simulations. The mesh 

has 11023 no of computational nodes. The spatial resolution near land is 1km and 60km in the 

open ocean. ADCIRC model is primarily forced by tides, winds and wind-waves; during a 

cyclone, wind stresses are the dominant forcing. Coupling of the ADCIRC model with a wind 

wave model for capturing wave-induced setup has been established (Dietrich et al. 2011). The 

code has been parallelized for distributed memory and multicore computers and has been 

demonstrated to achieve excellent scalability on these platforms (Dietrich et al. 2011).  
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In SAC, we have used NCMRWF 0.25° spatial resolution winds as primary forcing. The 

ADCIRC+SWAN model was run for 10 days to accomplish model spin up. After that storm 

surge forecast was generated using NCMRWF 0.25° forecast wind fields. The model was run 

on SAC HPC facility using 288 cores which takes about 30 minutes to complete.  

After IMD declared cyclogenesis in the Arabian sea on 23 May 2021, storm surge forecasts 

were generated. The forecast files were generated from 23 May 2021 till 25 May 2021 and 

updated daily. The NCMRWF forecast winds for 23 May 2021 was indicating landfall of 

cyclone YAAS on 26 May 2021 09UTC. During landfall the peak surge height forecast was 

around 3.5m near Digha region. The forecast wind from NCMRWF model on 24 May 2021 

was indicating landfall again on 26 May 09UTC. Peak storm surge forecast for 24 May 2021 

was about 3.5m-4m during Digha and Sagar Island areas. The storm surge forecast for 25 May 

2021 is shown in Fig. 2.6a. From Fig. 2.6a, it is observed that the peak surge height was around 

4m during landfall and about 3.5-4m just after landfall near Contai and Sagar Island region. 

Surge residual is the difference between model storm tide and model predicted tide. The surge residual 

validation is carried out at Dhamra port (86.95°E, 20.78°N) using tide gauge observation 

provided by INCOIS (Fig. 2.4b). The correlation coefficient between the forecasted surge 

residual and observed surge residual is 0.9.   

Figure 2.6a: Storm surge forecast starting from 25 May 2021 00UTC 
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Figure 2.6b: The surge residual comparison with tide gauge observation provided by Dhamra 

port (86.95°E, 20.78°N)  

The NCMRWF forecast winds from 23 May 2021 consistently showed landfall near West 

Bengal-Odisha border which lead to the fact peak value of storm surge came around Contai 

location in most of the forecasts. In the Fig. 6b, we have subtracted tide and therefore it is storm 

surge level without tide. These forecasts were disseminated via MOSDAC.  

2.3.2 Coastal inundation forecast 

Coastal inundation occurs as a result of high storm tide during the landfall of a cyclone when 

the seawater enters in the low-lying areas near coastline. For effective coastal inundation 

forecast, coastal geometry must be well represented along with creeks, river-delta, islands etc. 

It must be also noted that for coastal inundation forecast a very high resolution mesh (near 

coast) is much needed so that the low lying areas are properly spotted. Coastal inundation 

forecast was generated in coupled ADCIRC+SWAN model using 100m fine resolution (near 

coast) mesh. The total water elevation as a combined effect of storm surge, wind waves and 

tides are simulated using NCMRWF 0.25° resolution forecast winds as primary forcing. This 

methodology was already verified for several past cyclones (Mandal et. al. 2019). 
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Figure 2.7: Coastal inundation forecast for 23 May 2021 

The coastal inundation forecast for 23 May 2021 is shown in Fig. 2.7.  From Fig. 2.7, it is seen 

that maximum storm tide was around 4m near Contai, 3.5m near Haldia and 4.2m near 

Sundarban area. Inundation was also forecasted in many low lying areas. Out of which 

maximum inundation was observed for three locations; 3.6km near Sutahata (Haldia), 0.5km 

near lothian Island and several other locations in Sundarban area.  

 
Figure 2.8: Coastal inundation forecast for 24 May 2021 

Coastal inundation forecast for 24 May 2021 is shown in Fig. 2.8. From Fig. 2.8, it is observed 

that maximum storm tide is around 4.5m near Contai and Sagar Islands, 3.5m near Haldia and 
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3.8m near sundarban areas. Maximum inland extent of coastal inundation is around 3.8km near 

Sutahata (Haldia), 4.5km near Kumbhigari, 1km near Bakkhali, and around 2.5km near several 

places in Sundarban area.The coastal inundation forecasts were dissiminated via MOSDAC.  

 
Figure 2.9: Coastal inundation over interactive platform hosted on MOSDAC 

Another coastal inundation product, prepared in GEOTIFF format was aslo dissiminated via 

MOSDAC, where user can zoom on a ñstreet mapò and check the corresponding coastal 

inundation as shown in Fig. 2.9. This product is available at dm.mosdac.gov.in/scorpio1/. 

The summary of maximum storm tide, significant wave height and horizontal extent of coastal 

inundation are shown in Table 2.1.  

Table 2.1. Summary of Storm tide height, significant wave height and horizontal extent of 

coastal inundation forecasts 

Forecast 

date 

Expected 

Landfall 

time 

(in UTC) 

Storm tide height during 

landfall (in m) near 

Significant Wave height 

during landfall (im m) 

near 

Horizontal extent of coastal 

inundation during landfall (in km) 

near 

Digha Contai Sagar 

Island 

Digha Contai Sagar 

Island 

Sutahata 

(Haldia) 

Kumbhigari 

(Orisha) 

Sundarban 

areas 

23/05/2021 26 May 

09z 

3.5 3.8 3.8 1.8 2.8 1.8 3.6 0.5 0.5-1 

24/05/2021 26 May 

09z 

3.5 4.0 4.0 2 2.5 2.0 3.8 4.5 2.5 

25/05/2021 26 May 

08z 

3.5 4.0 4.0 2 2.5 2.0 3.8 4.5 2.5 

2.3.3 Extreme wave prediction during óYAASô 

SAC operational wave forecasting system is based on WAVEWATCH III (WW3) model. It 

uses 10m analysis and forecast wind components obtained from the National Centre for 

Medium Range Weather Forecasting (NCMRWF) as the forcing field. The operational wave 

model runs one time in a day at the 0000 UTC model cycle and start with a 24 hour hindcast 
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for the previous day (using previous dayôs analysis winds). In order to improve the 

predictability of the model, SARAL/AltiKa, Jason3 and Sentinel measured wave heights are 

being assimilated into this 24-hr hindcast cycle. Updated model initial condition at the 24th 

hour of previous day (0000 UT of current day) is used for initialising the next 5 days (120 

hours) forecast. Model forecasted wave parameters such as significant wave height (SWH), 

mean wave direction, swell height, swell direction and mean wave period are disseminated 

through LIVE MOSDAC (https://live.mosdac.gov.in/) and OCEAN EYE 

(https://mosdac.gov.in/sci/). For detailed description of the wave forecasting system, see 

Seemanth and Suchandra (2018). 

WW3 simulated analysis fields of SWH during different development stages of óYaasô cyclone 

is shown in Fig. 2.10. As per IMD records, the deep depression over east central Bay of Bengal 

intensified into cyclonic storm óYaasô at 00 UTC of 24th May, 2021.  During this period, 

maximum wave height simulated was ~5.5m (Fig. 2.10a). By 21 UTC on the same day, it 

further intensified into a severe cyclonic storm. SWH during this period (00 UTC of 25th May 

2021) is also increased to ~8.5m in the northern Bay of Bengal (Fig. 2.10b). óYaasô then moved 

north-northwestwards and continued to intensify into a very severe cyclonic storm by 12 UTC 

of 25th May 2021. SWH up to ~9m is noticed in the northern bay during this time (Fig.2.10c). 

By 18 UTC on that day, óYaasô showed its maximum intensity with a maximum sustained 

surface wind speed of ~130-140 kmph (as per IMD record). Northern Bay of Bengal became 

very rough during this period with a wave height of ~9.2m (not shown). By 06 UTC of 26th 

May 2021, óYaasô moved north-northwestwards and crossed north Odisha coast around 

Latitude 21.35°N and Longitude 86.95°E, about 20 km to the south of Balasore as a very severe 

cyclonic storm. The maximum wave height during this time was ~5.5m in the northern part of 

Bay of Bengal and it generated waves of height ~2-2.5m along the Odisha coast (Fig. 2.10d). 

Fig. 2.11 shows the time-series evolution of model simulated SWH at different coastal 

locations along the east coast of India during óYaasô. At Dhamra coast, located south of the 

landfall location, the wave height was <0.8m till 24th May 2021. Then the SWH gradually 

increased up to ~2m during 18th UTC of 25th May 2021, i.e. 12 hours before the landfall of 

cyclone. It then reduced to ~0.7m by 29th May 2021. At the Digha coast (north of cyclone 

landfall region), maximum SWH of ~1.8m is simulated during the landfall of cyclone. Along 

the southern coast of Sagar island, the sea was more rough with a maximum SWH of ~2.7m 

during the landfall of cyclone. During non-cyclonic period, wave height over this region was 

<1.3m. Southern part of Sundarban region experienced higher waves from 24th May 2021 and 
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it reached up to ~4m, 12 hours before the landfall. It then gradually reduced to ~1.3m by 29th 

May 2021. 

 
Figure 2.10: WW3 simulated analysis fields of SWH (m) and forcing wind vectors during 

Yaas. The red cross mark indicates the location of wave rider buoy at Visakhapatnam. 

 
Figure 2.11: Time-series evolution of model analysis SWH at different coastal locations along 

the east coast of India during Yaas. 














































































































