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Main Science Issues/Questions:

• Pathways, persistence, balance of freshwater 
• Physics of thin, fresh upper layer, lateral salinity gradients (fronts)
• Key processes of upper ocean stratifcation/mixing and balances
• Consequences of shallow, fresh upper layer and deep, warm 

subsurface layer for air-sea coupling

• Causes of unique near-surface air-sea gradients
• Surface fux algorithms/parameterisation
• Local atmospheric mixed layer/ABL stability, in relation to shallow-deep transition 

of organised convection*                           (*aircraf)
• Air sea fuxes and coupling diurnal to intraseasonal scales
     
Hypothesis and Approach:

Surface fresh layer infuences ocean dynamics, thermodynamics, air-sea fuxes 
and coupling

Synthesis of multi-scale observations and models      



61 Indian participants on Sagar Nidhi, 29 on Roger Revelle from: INCOIS NIOT  NIO  IISc  SAC  IIT BBS  IIT Madras  TIFR   PRL  
NRSC  NCAOR

Ph.D. students

Dipanjan Chaudhuri 
Sree Lekha J 
V. Thanga Prakash 
P. Vijay 
Dheeraj Varma
S. Ganga Prasath

Six Cruises

Formal start of project:  March 2014 (IISc); September 2014 (INCOIS)

Timeline



15.7 N

16.3 N

Two-ship work

Sagar Nidhi  Roger Revelle

Nov – Dec 2013



Eric D’Asaro  U Washington
Amit Tandon   U Mass
Louis St.Laurent  WHOI
Karan Venayagamoorthy Colo St.U
G.S. Bhat IISc 

18 Participants

Workshop “Bay of Bengal Upper Ocean Physics”  IISc. 9-21 July 2014

Science/Planning Meeting  Chennai. 15-18 December 2014   46 Participants



Surface fuxes, minimal fow distortion; subsurface observations with 2-3 
m vertical resolution.

Plan: Covariance fuxes for 6 months summer 2016. 

WHOI Flux Mooring

Deployed 18N 89.5E 9 Dec 2014   Sagar Nidhi 



SST    Air temp

Rain (mm/day)

Winds (m/s)

SW     LW  (W/m2) 

2014 2015

WHOI Mooring                     18N 89.5E                          9 Dec 2014– 13 Feb 2015



  

2010 2013

18N  89.5 E              S   1m   7m  

Annual total 1325 km3 1520 km3

Discharge data courtesy: Bangladesh Univ. Engg. Tech., Fabrice Papa

Ganga-Brahmaputra daily river discharge and salinity at 18N 89.5E 

River water at INCOIS Mooring 
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Aquarius SSS   18N INCOIS Mooring 1m salinity

Min and Max Salinity for the each day

Mooring 1m salinity

1 Jan – 22 Nov 2013

CC   0.89

Bias   0.07     RMSE 0.79 



  

24 Aug 
2013

03 Sep 18 Sep

05 Oct 23 Sep 28 Sep 

Pathway of river water:  Aquarius SSS and AVISO Geostrophic currents 
Aug-Oct 2013

Contour 29.7 psu
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Aquarius  sea surface salinity along 89.5 E



  

Aquarius SSS  along  18N 
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Small scale salinity gradients BoB Observatory 2013
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1-40 km fronts

Persistent front

18oN   2010 
Monsoon ISO

Salinity stays 
Stratified

Fronts



Salinity dominated sub-mesoscale (1-20 km) fronts  

 Baroclinic Rossby radius north Bay ~ 50 km;   1 psu ΔS or -2.3oC Δθ implies 0.075 kg/m3 
Δρ 





Slumping at sub-mesoscale fronts creates stratification

Downwelling on the dense side of the 
front and upwelling on the less dense side.

Pollard Regier 1991

FRONTS



WOA13   BoB 87-93E 17-19N   Arctic 166-160W 69-71N

SSS SST

ΔS 50m-1m

ΔT 50m-1m

Timmermans Winsor 2013Glider 120 m horizontal resolution 

Arctic salinity stratification



   Slumping at fronts creates shallow stratifcation

Timmermans Winsor 2013



300 kHz over the side Acoustic 
Doppler Current Profiler (ADCP)

resolution 270 m  2 m, 6-80 m 

OMM  Sagar Nidhi  Aug-Sep 2014

Underway CTD



  

4m UCTD salinity and 6m ADCP currents 
along ship track at 4-5 knots

1850 km    26 Aug – 4 Sep 2014

Summer SN88 cruise track decided in real time based on satellite (SSH, currents, SSS) 
and model inputs
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1800 km of underway CTD at 4-5 knots; total 1880 profiles

0-560 km : profile every 3 minutes, 470 m horizontal res; 1 m vertical res
560-1800 km : profile every 10 minutes, 1370 m horizontal res;



  

Mixed layer depth     σmld - σ4m > 0.03 kg/m3          

Brunt Vaisala Frequency   N2  =  -g/ρ (dρ/dz)  (1/s2)



  



  

N2

S2

Brunt Vaisala Frequency   N2  =  -g/ρ (dρ/dz)                  1/s2

Shear squared                    S2   =    ((∂u/∂z)2+(∂v/∂z)2)      1/s2

Along track distance (km)

Mixed layer depth     σmld - σ4m > 0.03 kg/m3



  

Reduced Shear  = S2 - 4N2
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Reduced shear < 0  means Richardson number > 0.25    – stable

Reduced shear > 0  means Richardson number < 0.25    – unstable
 



  

17 fronts marked in red with scales in kilometers

Size of front (kg/m3) Number Scale (km) Number

size < 0.3 1 <10 6

0.3 < size < 0.5 5 10-20 6

size > 0.5 11 20-25 5



  

Along track distance (km)

Signature of an upwelling eddy              28 - 30  August 2014         

σ 
kg/m
3

AVISO SSH, geostrophic currents show cyclonic eddy.  3 m uctd salinity plotted along shiptrack shows fresh water trapped inside the eddy.

Front 1

Front 2



  

Distance (km) Distance (km)σθ (kg/m3)Distance (km)

Brunt Vaisala Frequency (N2 )3m   σθ
σθ (kg/m3)

Front 1

Front 2



  
Shallow mixed layer under 14 out of 17 large fronts 

Size of front (kg/m3) Number Scale (km) Number

size < 0.3 1 <10 6

0.3 < size < 0.5 5 10-20 6

size > 0.5 11 20-25 5
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Potential density at 4m and current anomaly at 6m depth

Dynamics at Fronts



   Lagrangian Float SN88

Acceleration package, GPS and Iridium 
antennas, 3 CTDS, 600 kHz ADCP, PAR, Ed490

The Lagrangian Float (APL, U. Washington) has
 the same density and compressibility as sea water







Surface buoyancy ~0, strong shear in the mixed layer 

At ML top, Rig<1, turbulent mixing responsible for SST-Ta ~0 ?
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OMM Cruise SN88
Sep 02, 1050 IST

Stratifed shear layer (blue 
regions) may be unstable, 
leading to vertical mixing. The 
layers are less than 200 m in 
size. 

Most numerical models may not 
resolve the unstable layers.   

Radiosonde



  

In Progress

Science:

Internal waves and tides; inertial oscillations, Ekman flow and vertical 
momentum transport in the upper ocean

Variability of upper ocean stratification and shear from hours to years

Turbidity, ocean optics and heat balance

Instruments:

Sea Glider and WHOI Met Sensors ordered

Lagrangian float, Wirewalker being ordered



Slope   -3/2

(α/β)
25m 

= 0.4189

R = 0.63

Salinity stratification versus temperature inversion, winter 2010 and 2013 
Temperature inversion of 3ºC requires a minimum salinity stratification of 2 psu

Many open problems



  

Work Plan upto May 2016

4 Cruises: 

Sagar Nidhi Aug-Sep 2015, Roger Revelle  Aug-Sep 2015
River plume along the western boundary, near surface stratification, surface fluxes, atmospheric 
boundary layer and monsoon air-sea interaction

Sagar Kanya January 2016
Upper ocean variability and mixing in the northwest Bay

Sagar Nidhi April 2016
Spring western boundary current and deployment of WHOI mooring

Training of Scientists/Engineers and PhD students on gliders, 
moorings, Lagrangian float and wirewalker in the US and in India
e.g. glider deployment, assembly, piloting, communication, software and data analysis; glider 
control lab at INCOIS Hyderabad.

Training and implementation process models and regional ocean 
models for intepretation and synthesis. Visits for collaborative science

Winter School at INCOIS
 



  

 Phailin Track 8-13 October 2013, NIOT mooring BD10. 
NBoB has three moorings at 18N (inset); Argo float 
2901335 30 Sep-20 Oct 2013 (inset)

Mean sea level pressure and wind speed at Gopalpur

“Very Severe Cyclonic Storm Phailin: A Report”
Cyclone Warning Division IMD Oct 2013

Surface pressure (hPa) and wind speed (knots) 
NIOT Buoy BD10 (88E 16.5N)

Cyclone Phailin
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Pre-storm Post-storm

BD09 89.67 E 17.88 N

Hourly wind stress from BD09. Profiles of potential temperature, salinity and potential density 
before (3-8 Oct) and after (16-21 Oct) the storm. SSS increases by 1.6 psu.

Post monsoon cyclones in the north Bay of Bengal do not cool SST 
(Sengupta et al. 2008, Singh et al., 2012, Balaguru et al., 2013, Vincent et al., 2013)



Hourly wind stress and salinity from moorings. SSS increases by 1.5 psu

Vertical mixing: Cyclone Phailin



  

Hourly wind stress, stability (N2=-(g/ρ)(∂σ
θ
 /∂z), shear-squared (S2=((∂u/∂z)2+(∂v/∂z)2)), and reduced shear (S2-4N2) 

from NIOT mooring BD09.                                                    Zero reduced shear means Richardson number = 0.25

Shear induced turbulent mixing deepens mixed layer



Post-storm (16-21 Oct) minus pre-storm (3-8 Oct) Microwave SST and  Sea Surface Salinity



ρ (85-90 E) in Observations (top left) and ocean models forced by CORE II fluxes



  

dρ/dz in Observations (top left) and ocean models forced by CORE II fluxes



  



  

BD09 89.67 E 17.88 N

a

b
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d

Hourly wind stress, potential temperature, salinity and potential density from NIOT mooring BD09

Storm induced vertical mixing to at least 50 m



BD09 89.67 E 17.88 N

a

b

c

d

u = vector current average 
over the  mixed layer.

WE=∫ τ . u dt WE = 5500 J/m2

∆KE
50

 =  410 J/m2

∆KE
75

  = 670 J/m2

∆KE
100

 = 2200 J/m2 

∆PE50 = 3360 J/m2 ∆PE
75

= 4360 J/m2 ∆PE
100

= 3300 J/m2

Hourly a) wind stress. b) Enery input (WE) from wind to ocean mixed layer. c) Kinetic energy 
(3-21 October mean current removed) of the upper 100 m.  d) Potential energy of the upper 50 
m. The change in Wind energy (input of the energy by the wind stress), change in kinetic 
energy and change in potential energy due to the storm are mentioned in the pannels.

Change in wind energy apparently balances change in potential and kinetic energy.

Post-stormPre-storm



50-200 km

From   Amit Tandon



  

ζ/f  AVISO 
geostrophic velocities  

28-30 Aug  2014

ζ/f  from ADCP along ship track (above; red) 

AVISO   ADCP  30m 

ζ/f  

O(0.1-0.2) on 100 km scales

O(1) on 10-20 km scales



       Bay of Bengal: Looking for 1-20 km fronts

Underway CTD Sagar Nidhi  Nov 2013; resolution 300 m  1 m, 4-100 m 



Discussions onboard Sagar Nidhi  Cruise SN082 Nov-Dec 2013         
  Real-time guidance from remote sensing



Revelle Nov 2013

!!



   Lagrangian Float

Profles following density surfaces, endurance upto 100 days on each deployment, remotely 
programmable.















Participants in Roger Revelle and Sagar Nidhi cruises and IISc. Workshop

Dr. Girish Kumar, Mr. Nimit, Mr. Muthukumar, Mr. D. Gowthaman, Mr. S. K. Mozamil, Miss. Manita Chouksey, Mr. R. 
Shivaprasad, Dr. Aneesh Lotliker, Mr. Dinesh Kumar, Dr. Hari Kumar, Mr. Dipanjan Chaudhuri , Ms. J. Sreelekha ,Mr. 
Midhun Madhavan, Ms. Lekshmi  Ravishankar , Mr. R. Kumaraswami, Mr. Kesava Kumar ,Mr. Vivek,Mr. Sheik 
Meeran, Dr. Satya Prakash, Mr. Praveen Kumar, Mr. Durga Rao, Ms. Smitha Ratheesh, Mr. Jagadeesh Kadiyam, Ms. 
Simi Kennady, Dr. Ajith Kumar, Dr. Rajani Mishra, Ms. Divya Panicker, Mr. S. Ravichandran, Mr. R. Viswanadham, Mr. 
N. L. Dheeraj Varma, Mr. David Nagarathinam , Mr. P. Vijay, Mr. Thangaprakash, Mr. C. K. Sherin, Mr. D. Bhaskara 
Rao, Mr. Atul Kumar Yadev, Mr. Aditya Choudhary, Mr. Srinivasa Gopalakrishnan, Mr. Murugesh Pothikasalam, Mr. 
Abhisek Chakraborty, Mr. Anjaneyulu. C, Mr. Ganga Prasath, Mr. Hani Talamala, Mr. Jagadeesh . K,  Mr. Nihar Paul, 
Mr. Phanindra Reddy, Mr. Sunil Kumar . Ms. K, Vimala .J, Ms. Sridevi .B

INCOIS  16  NIOT  11 NIO  8  IISc  5 SAC  4 IIT BBS  4 IIT Madras  3 TIFR 3  PRL  2                                        Total 
 56 Participants

4 Ph.D. students
Dipanjan Chaudhuri – IISc Bangalore
Sree Lekha J – IISc Bangalore
V. Thanga Prakash – INCOIS Hyderabad
P. Vijay – INCOIS Hyderabad

6 Cruises, 1 workshop, 1 Science/Planning Meeting
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JJASO   2013

Qnet

Mean  ΔS15m-1m   0.38   0.7
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Ganga-Brahmaputra daily river discharge and TRMM daily rainfall average north of 17N 

2001-2013 climatology

Discharge data courtesy: Bangladesh River Service, Fabrice Papa

1325 km3 1325 1250 1520

1060 1150 1140 1250



Three moorings 200 km to the right of the cyclone track:

NIOT BD09      89.67o E 17.88o N    hourly data
                           
NIOT BD08      89.67o E 18.17o N    hourly data

INCOIS             89.5o E 18o N          10 minute data

Data:

One mooring under the cyclone track:

NIOT BD10      88o E 16.5o N         hourly data

Argo float 2901335                        3-5 hour sampling 

TMI/AMSRE Merged Microwave SST            0.250   daily 

Aquarius Sea Surface Salinity                          10  daily



Hourly a) wind stress. Band-passed (30-46 hours) near-inertial b) salinity c) temperature d) zonal 
velocity from mooring BD09. 

Large near-inertial oscillations is present in both salinity and temperature below 50 m. 
Strong near-inertial signal is present below 50 m but not in the upper 50 m. 



BD09 88.67 E 17.88 N

Wind energy (WE)

Kinectic energy 
upto 50 m 

Kinectic energy 
upto 75 m 

Kinectic energy 
upto 100 m 

Inertial energy input and change in inertial kinetic energy. Because the intention is to focus on the 
change in energetics of response to the storm, the initial (3-8 October) wind energy and kinetic 
energy has been subtracted from the observed record at BD09 from respective quantity.

Inertial kinetic energy upto 100 m exceeds the inertial wind energy input after 17 October. 

WE=∫ τ . uI dt u
I
 = vector inertial current average over the  mixed layer.

Change WE (post-storm minus pre-
storm)= 1500 J/m2



From  Eric D'Asaro



  



  

18N

18N NIOT

NIOT

18N

NIOT

27 km

    No semidiurnal tidal peak in velocity (u,v) at the INCOIS mooring at 18N, but 
significant tidal energy at the NIOT mooring, 27 km away. 

Variance-preserving 
spectra of currents
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