
  

                                                              ISSN 0252-1075 
                                                                                                                                                                                          TECHNICAL REPORT No.TR-05 

                                                                                                                                                                             ESSO/IITM/MM/TR/01(2020)/198 
              

R O A D M A P  F O R  I I T M  M O D E L
 

D E V E L O P M E N T              
T o w a r d s  S e a m l e s s  P r e d i c t i o n 

o f  M o n s o o n  w e a t h e r  a n d  c l i m a t e

G a i n  o f  2  d a y s  F o r e c a s t  a t 

S h o r t  r a n g e  t i m e  s c a l e s

I n d i a ’ s  f i r s t  E a r t h  s y s t e m  m o d e l 

s i m u l a t i o n  w i t h  2 x c o 2

P r e d i c t i o n  o f  A c t i v e / B r e a k 

C y c l e s  o f  M o n s o o n 

D e v e l o p m e n t  o f  w o r l d ’ s  b e s t 

s e a s o n a l  p r e d i c t i o n  s y s t e m  f o r  

M o n s o o n  f o r e c a s t i n g

      F E B R U A R Y  2 0 2 0

2 0 2 0  -  2 0 2 9



Description of Figures on Cover Page

Top left figure: Forecast skill (Peirce skill score) for 
different rainfall threshold values for day 1, day 3, 
and day 5 forecast of GFS system of MM for different 
resolutions (T1534 and T574).

Bottom left figure: Pentad 1 (P1) to pentad 5 (P5) 
forecast skill of IITM extended-range prediction sys-
tem and ECMWF operational system for different 
homogenous regions of India: the monsoon zone of 
India (MZI), northeast India (NEI), northwest India 
(NWI), and south peninsular India (SPI).

Top right figure: Spatial map of summer monsoon 
(JJAS) precipitation (mm day–1) anomalies in 2 × CO2 
experiment from IITM-ESM.

Bottom right figure: Taylor diagram showing the skill 
of ISMR prediction using reforecasts from the con-
trol run (CTL) and the developmental activities un-
der MM, namely, the revised microphysics (WSM6) 
along with revised convection (SAS2) and a modified 
radia-tion scheme, new cloud physics parameteriza-
tion (MC), the new snow model (SN) and MC togeth-
er (SN-MC), the revised convection parameterization 
scheme (SAS2), and SAS2 with a revised shallow con-
vection scheme (SAS2sc). The improvement in skill 
over the CTL run is notable in the experiments. The 
period of the hindcast is 1981–2010.

Suggested Citation: 
Roadmap to IITM model development towards seam-
less prediction of monsoon weather and climate, IITM 
Technical Report, ISSN 0252-1075, ESSO/IITM/MM/
TR/01(2020)/198, February 2020. 
https://www.tropmet.res.in/~lip/Publication/Technical-Reports/TR-5.pdf

                                                        



                                                                     ISSN 0252-1075 
Contribution from IITM 

Technical Report No.TR-05 
ESSO/IITM/MM/TR/01(2020)/198 

ROADMAP FOR IITM MODEL DEVELOPMENT
Towards Seamless Prediction of Monsoon Weather and Climate

2020-2029

-- by--
Modeling Groups at IITM

Corresponding E-mail: lip@tropmet.res.in
Phone: +91-(0)20-25904311

Indian Institute of Tropical Meteorology (IITM)
Ministry of Earth Sciences (MoES)

PUNE, INDIA
http://www.tropmet.res.in/



DOCUMENT CONTROL SHEET
 ---------------------------------------------------------------------------------------------------------------------------

 Ministry of Earth Sciences (MoES) 
Indian Institute of Tropical Meteorology (IITM) 

ESSO Document Number 
ESSO/IITM/MM/TR/01(2020)/198

Title of the Report 
Roadmap for IITM Model Development: Towards Seamless Prediction of Monsoon Weather 
and Climate - 2020-2029

Authors
Modeling Groups at IITM

Type of Document 
Technical Report 

Number of pages and figures 
47, 4

Number of references 
98

Keywords 
Model Development Roadmap, Short-range forecast, Extended range forecast, Seasonal fore-
cast, Climate change projections
 
Security classification 
Open 

Distribution 
Unrestricted 

Date of Publication 
February 2020

Executive Summary
One of the major objectives of IITM is to provide essential R&D services to the India Meteoro-
logical Department to improve the skill of their operational forecasts. The institute activities 
are always orchestrated in this direction and also this document. Encouraged by the results in 
the last ten years, particularly in model development, we have ventured into designing a road-
map for IITM model development to be taken up in  the next ten years. The primary goal of 
this roadmap is to develop a unified modelling framework for delivering seamless predictions 
of monsoon weather and climate. This outcome will be achieved by following a systematic ap-
proach to addressing various modelling issues noticed in the last ten years and initiating new 
strategies particularly in the dynamical core, data assimilation techniques and adding earth 
system modules in addition to improving the model physics.
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FOREWORD
Indian Institute of Tropical Meteorology started in November 1962, with an original mandate to provide 
basic R&D services to India Meteorological Department to improve the skill of their operational forecasts. 
To fulfill this mandate, Forecasting Research Division was setup in April 1963. While  interactions occurred 
between IMD and IITM in various areas,  major technology transfer that gave a quantum change to IMD’s 
forecasting capabilities occurred in mid-2010s, when models developed under the Monsoon Mission 
were operationalized by IMD. 

About eight years ago, the Monsoon Mission was launched to improve monsoon forecasts at all scales 
i.e. short, medium and seasonal scales using dynamical models. It was an ambitious and  comprehensive 
mission mode programme to build dynamical forecast systems across these scales. Its objective was 
also to engage and interact with research and academic institutions worldwide so as to have the best-
in-class forecast systems for monsoon predictions.  Indian Institute of Tropical Meteorology was the 
nodal implementing agency for this mission.  Till the launch of this programme, dynamical modeling 
was confined to few pockets within the country and seasonal predictions of monsoons were almost 
entirely based on statistical prediction techniques. The major successes of this mission are
(i) a seasonal prediction system based on a dynamical coupled model with very good skill for 
monsoons(perhaps the best) at a high resolution of 37km
(ii) a state-of-art multi-model ensemble system for extended range for predicting active-break 
cycles of monsoons, heatwavesetc
(iii) a global ensemble forecast system for short-range with the highest resolution (12 km).  All 
these achievements were possible due to the dedicated work done by the scientists of IITM in close 
collaboration with various institutes worldwide. 
 
These forecasting systems were handed over to India Meteorological Department and have been 
used by them with a remarkable degree of success. This success is a major motivating factor for us, the 
scientists at IITM. 

 In parallel, an Earth System Model (IITM-ESM) was also developed at the Centre for Climate Change 
Research of IITM. This model is now participating in CMIP6 and will contribute significantly to the next 
IPCC report.

Research has been conducted at IITM on almost every aspect for forecasting viz. data assimilation (to 
create very good initial conditions for both oceans and atmosphere) improvements in modeling especially 
on its weakest link i.e. prescription of clouds and its properties. The remarkable strides made by IITM in 
gaining expertise in modeling and data assimilation has been recognized by experts worldwide. Hence a 
comprehensive roadmap taking into account the requirements of IMD and also leveraging the expertise 
available within IITM was felt to be necessary. The Research Advisory Committee of IITM, comprising 
of experts from IMD, NCMRWF, IISc,etcand also from outside the country, while commending the work 
being done at IITM also felt that such a roadmap would be useful.  The contents of this document were 
reviewed by the RAC twice in successive years.

The document gives a view of future plans, taking into account the requirements of IMD, the expertise 
available at IITM and gaps in expertise that need to be filled. We propose to continue working on  
(i) cloud parameterization – where new techniques such as stochastic parameterization and 
scale-aware techniques will be used in conjunction with  data from observations gathered by IITM for 
improving the prescription of clouds;



(ii) data assimilation – some work has been done in the field of weakly coupled data assimilation 
in collaboration with University of Maryland, this would be taken further - a strongly coupled data 
assimilation technique based on Ensemble Kalman Filters is proposed; 
(iii) We are also working on other aspects of model physics such as land surface parameterization
(iv) A new feature being added to our coupled dynamical forecast system is incorporation of river 
runoff and hydrology in an interactive fashion – our model is one of the few seasonal forecast system 
to boast of this. 
(v)  We propose to initiate work on boundary layer modeling and radiation parameterization. 

A new area where the expertise is almost absent is in the development of dynamical cores. To fill this 
gap, a two-pronged strategy has been adopted. Cubic octahedral  formulation will be used for a new 
dynamical core. This is a strategy that is also in the plans of ECMWF. Additionally an icosahedral based 
dynamical core is being developed in collaboration with IIT Kanpur and Japanese scientists. 
We also propose to experiment with the  use of emerging techniques such as AI/ML, embedding them  
inside the model and also for offline improvements. Also these models are computationally intensive. 
In the last decade, IITM has emerged as the biggest HPC centre in the country. All the developments 
in forecasting would not have been possible but for HPC infrastructure which has been generously 
supported by MoES. Today it boasts of the country’s largest supercomputer. It is necessary to recast our 
modeling framework to exploit computational technologies in an efficient fashion. We are initiating 
work on code improvements and optimization on various emergent platforms.

In short, what we are planning is a complete evolution of the current model based on CFS/GFS to a 
truly Indian model. Additionally we are also looking at application of the forecasts in various domains 
such as hydrology, agro-meteorology, renewable energy etc. 

Today IITM’s modeling has come of age. Our research has led to considerable improvements in quality 
of forecasts. The same is being recognized by researchers within the country and abroad. They have 
shown their willingness to work as equal partners in the endeavor to improve monsoon forecasts.  
Hence it is imperative that we have a comprehensive view of our modeling strategy in the form of a 
roadmap. Major modelling groups of the institute contributed to this report . This document is not one 
that is frozen but that which would evolve based on requirements of the country and  developments in 
research around the globe. This document would be a useful guide for us to channelize our research.  
Achieving the goals mentioned in this document would be a dream-come-true for us at IITM.

I would like to thank Ministry of Earth Sciences for its generous 
support but for which all this would not be possible. All the work 
done at IITM is completely supported by MoES.  I am particularly 
thankful to DrRajeevan, Secretary MoES, for his constant support, 
advice and encouragement.  I am grateful to all my predecessors 
who nurtured this institute and laid foundations for the successes 
that we are witnessing today. Last but not the least, I am thankful 
to all my colleagues at IITM who have made our institute a grand
 success story.               
                                                                                      Director,
                                                                                      Indian Institute of 
                                                                                      Tropical Meteorology,
                                                                                      Pune, India                                                   
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ACHIEVEMENTS
2010-19

Quantum leap in modelling and its development
1. From standalone low-resolution atmospheric modelling to state-of-the-art coupled modelling system 

comprising of coupled models and standalone models (12.5 km ensemble prediction system for short 

range forecasts, 38 km extended and seasonal forecasts and ~ 100 km climate projections).

2. Lead time for reliable short range forecasts increased by 2 days (from 3 to 5 days).

3. Reliable extended range predictions are provided up to 3 weeks lead time. 

4. Seasonal predictions of monsoon with unprecedented skill of  0.6 with 3 months lead.

5. First Earth System model from India is developed that is participating in CMIP6/ IPCC AR6.

6. Setup of air-quality, thunderstorm and fog forecasting systems with reliable forecasts with 24 hour 

lead time.

Model Development
1. High resolution models

2.  Ensemble prediction

3.  Convective parametrization (super, stochastic and deterministic)

4. Cloud microphysics

5.  Land surface parametrization

6.  Addition of aerosols and ocean bio-geo-chemistry

7.  Improved TKE parameterization

Applications
1.  Heat/Cold wave forecast at extended and seasonal time scales

2. Agriculture practices using, seasonal and extended range predictions

3.  Identification of hotspots of forest fires

4.  Wind/solar energy

5.  Health



The major Goal of this document is to set achievable targets 
for next 10 years in development of a next generation coupled 
seamless prediction system with unified modelling framework 
for making weather and climate predictions/projections. 
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HOW WAS IT POSSIBLE?
1. Existing senior scientists were supported by providing additional manpower.

2. More than 10 scientists with modelling experience were inducted.

3. Upgradation of HPC system from sub TF to multiple PF (~ 4PF).

4. Financial support in terms of focused research programs of MoES (Monsoon Mission, CCCR, SAFAR etc.).

5. Support from international centers like NCEP and other universities.

BOTTLENECKS
1.  Development work carried out in pockets and less coordination among different groups.

2.  Modelling  and observational groups’  interaction was very limited.

3. Model development/modification research in some modules was not initiated (e.g. boundary layer, 

radiation, sea-ice, ocean mixing and coupling).

4.  HPC resources and additional limited manpower. 
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ROADMAP OF MODEL DEVELOPMENT 



Global seamless coupled   
modelling system from days 
to centuries with highest
resolution.
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At present, IITM is engaged in following major 

modelling activities

1. Climate Projections (100s of years)

2. Seasonal Predictions (9 months)

3. Extended Range Predictions (4 week)

4. Short Range Predictions of Weather (10 days)

For all the above prediction/projection activities, 

IITM would like to develop a high resolution coupled 

framework from weather scale to climate scale with 

improved physics (emphasis on stochastic and 

scale aware parameterization), dynamics and also 

by including different components of the earth 

system. IITM realizes that it is imperative to constantly 

improve the data assimilations system to improve 

weather and climate predictions and IITM will strive 

to develop state of the art strongly coupled data 

assimilation system. 

The models to be developed over the next decade 

will be used for the following:

1. The climate projections at 25 km resolution globally.

2. Decadal prediction of monsoon at 100km resolution. 

3. The seasonal prediction at 25 km resolution.

4. Extended range prediction at 25 km resolution.

5.The weather prediction at 6 km resolution.

The above development would be an advancement 

from the existing 150 km resolution of IITM ESM to 25 

km global IITM ESM. From 38 km resolution seasonal 

and extended prediction to 25 km and from 12.5 km  

to 6 km  for 10 days weather prediction using global 

coupled weather prediction system.

In achieving the above goals, the developments 

that have taken place in physical parameterization, 

dynamical cores etc. at IITM and under monsoon 

mission, will be integrated in the modelling system.

Using data from IITM observational campaigns and 

field experiments, existing parameterization schemes 

will be constrained in making them more suitable 

for the region.

Ocean bio-geochemistry, interactive aerosols, river 

routing with interactive coupled hydrology, ocean 

waves etc. will be added to the present coupled 

model system.

The target would be to achieve the following:

1. More reliable climate projections with improved 

regional details.

2. Seasonal prediction with higher skill over 

homogeneous regions of India.

3. Higher skill of Extended range prediction for 

3rd and 4th week. 

4. Anomaly correlation of 0.7  for seven days 

forecast and better skill in capturing the extreme 

precipitation events.

Entrance be throwing he do blessing up. Hearts warmth in genius 

SUMMARY
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MODEL DEVELOPMENT ACTIVITIES
IITM is engaged in the development of state-of-

the-art prediction systems for tropical weather and 

climate in the scale of short range weather, extended 

range prediction, seasonal prediction and climate 

projection.

The modelling systems developed so far, have been 

successfully transferred to India Meteorological 

Department for enhancing the operational forecasting 

capability of the country. 

The present document provides the roadmap for a 

seamless model development to be accomplished 

by 2025 in the mentioned scales (short, extended, 

seasonal, decadal and climate) mostly with indigenous 

resources and systems and utilizing more Indian 

data in the assimilation as well as in improving the 

model parameterizations.

The development that will be achieved through 

this endeavor, will be transfered to IMD for making 

operational forecasts with improved skill and quality 

of the services to  society at all space and time scales.

The next generation IITM NWP Model is planned to 

be seamless in predicting/simulating short range 

weather, weekly weather, seasonal prediction, decadal 

and climate projections.

The short range forecast has been developed in 

deterministic and ensemble based probabilistic 

forecast (with 21 ensemble members) at 12.5 km 

horizontal resolution globally.

The extended range prediction system provides 

probabilistic prediction up to 4 weeks taking 11 

members each from GFST126 (horizontal resolu-

tion ~110 km), GFST382 (horizontal resolution~38      

km), CFST126 (horizontal resolution~110 km) and 

CFST382 (horizontal resolution~38 km). The grand 

ensemble of the forecast from the four models is 

used to generate the extended range prediction 

products.

The seasonal forecast system is being run every 

month for next 9 months with 45 ensemble members 

to generate dynamical monsoon forecast over the 

country at 38 km resolution.

The IITM Earth System Model (IITM ESM) has been 

used for the first time in the IPCC CMIP6 and the 

indigenously developed IITM ESM projections have 

been published in ESGF grid along with other global 

models. The resolution at which the IITM ESM has 

been run is T62 horizontal resolution of ~210 km. 

Current scenario of modelling 

systems at IITM
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The following development would be taken up 

towards the development of next generation IITM 

model.

Several non-hydrostatic models are now in use, having 

been largely developed in the past 10-20 years in 

response to exponential growth in computing power. 

Major non-hydrostatic models include the UK Met 

Office unified model (Davies et al., 2005; Staniforth 

and Wood, 2008), the Non-hydrostatic Icosahedral 

Atmospheric Model (NICAM), which was developed by 

Tomita and Satoh (2004), the NOAA Non-hydrostatic 

Icosahedral Model (Govett et al., 2010, NIM) and the 

Ocean-Land Atmosphere model (OLAM) (Walko and 

Avissar , 2008). Recently, GFDL has also developed 

a non-hydrostatic dynamical core on the cubed-

sphere (Putman and Lin, 2009) based on the work 

of Putman and Lin (2007). These models all make 

use of some sort of conservative finite difference or 

finite-volume formulation to ensure conservation 

of mass and adopt the Arakawa C-grid staggering 

(Arakawa and Lamb, 1977). Other non-hydrostatic 

models include the ECMWF model IFS (Wedi et al., 

2013) which makes use of the spectral transform 

method, and the semi-Lagrangian Canadian GEM 

model (Yeh et al., 2002). 

(RLL) grid, (including the UK Met office model), it is 

well known that the RLL grid suffers from conver-

gence of grid lines at the north and south poles. As a 

consequence, models using the RLL grid require the 

use of polar filters to remove instabilities associated 

with small grid elements, which can in turn severely 

damage performance on parallel systems. Many 

recently developed hydrostatic and non-hydrostatic 

models have tended away from this grid, instead 

using quasi-uniform grids such as the icosahedral or 

cubed-sphere grids. Several hydrostatic models are 

now built on the icosahedral grid. Non-hydrostatic 

models that use the icosahedral grid include NICAM, 

NIM and OLAM. The icosahedral grid has been shown 

to perform well on large parallel systems, but the 

non-Cartesian structure of the grid leads to difficul-

ties in organizing the grid within memory. Another 

choice of quasi-uniform grid is the cubed-sphere grid, 

which was originally developed by Sadourny (1972) 

and revived by Ronchi et al. (1996). It was later used 

as the basis for a shallow-water model by Rancic et 

al. (1996). Since then, shallow-water models have 

been developed using the cubed-sphere grid that 

utilize finite-volume methods (Rossmanith, 2006; 

Ullrich et al., 2010), multi-moment finite-volume 

(Chen and Xiao, 2008), the discontinuous Galerkin

The spectral element method was successfully 

extended to a full hydrostatic atmospheric model 

(the Spectral Element Atmosphere Model, SEAM)  

New dynamical core (GFS, CFS 

and IITM ESM)



Enhanced grid resolution would help to achieve better skill 
for  extreme precipitation events by resolving complex topog-
raphies. 
e.g. The Western Ghat
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(Fournier et al., 2004), which is part of the High-Order 

Method Modeling Environment (HOMME). HOMME 

incorporates both the spectral element and discon-

tinuous Galerkin methods, and has proven to scale 

efficiently to hundreds of thousands of processors. 

More recently, the GFDL finite-volume dynamical 

core has been modified to use a cubed sphere grid 

(Putman and Lin, 2007), and also has been demon-

strated to be very effective at high resolutions.

In India,  work on dynamical cores is completely 

lacking. In an atempt to rectify this lacuna it is 

proposed to create some expertise in developing 

dynamical cores and associated numerical methods. 

 on linear Gaussian grid with triangular truncation 

in the spectral domain, many challenges are being 

faced particularly in scaling the model in High 

Performance Computing (HPC) systems, the I/O issue, 

spectral truncation in Gaussian linear grid requires 

artificial damping of diffusion and even though the 

semi-lagrangian dynamical core allows larger time 

step to make the forecast run faster.

To get rid of the above mentioned issues related to 

dynamical core of a high resolution model, a Spectral 

Cubic Octahedral (TCo) framework has been planned 

for which developmental work has already been 

initiated to incorporate this grid into GFS. 

TCo grid efficiently handles all the issues mentioned 

above without any compromise in the forecast 

accuracy. It may be worthy to mention that all the 

ECMWF modeling systems are based on TCo framework. 

Figure 1 demonstrates the steps of making the TCo 

grid. 

As the GFS/GEFS T 1534 modelling system is based

Cubic Octahedral Grid Framework

This would be done in two steps

1. use a  new but existing dynamical core, and

2.  develop a new dynamical core.
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Figure 1. Generation of  Octahedral Grid (Ref: Wedi, 2014; ECMWF News Letter, 2015, 
Number 146)

The TCo grid actually shows much uniform mesh as compared to another realization in the finite volume 

as shown in Figure 2.

Figure 2: Primary mesh and effective grid spacing in finite volume framework (Smolarkie-
wicz et al. (2015), (left)) and cubic octahedral (right).

Figure 2 (adopted from ECMWF News Letter 146) demonstrates that the octahedral mesh (right) has 

a locally more uniform dual-mesh resolution than the mesh (left). Numerical simulation of an ideal-

ized baroclinic instability, conducted using IFS model on both the meshes showed the octahedral 

grid results in higher accuracy and substantially reduced unphysical flow distortions mainly as the 

approach depends on the underlying mesh which defines the shape of the elementary volumes 

around which the computations are made (ECMWF New Letter, No. 146, 2015). 
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Keeping in view above mentioned state-of-the-art 

technique, it is planned to develop the GFS model 

in cubic octahedral grid (TCo).

This development is being initiated indigenously and 

the first version of GFS @TCo765 (which is equivalent 

to TL1534) has been developed and a forecast for the 

whole June-July-August-September of 2019 has been 

completed. TCo grid due to more number of cubes 

in the tropical region increases the resolution of the 

model over the tropics than that in the extratropics 

without any additional resources.

In order to be consistent with the horizontal resolu-

tion, vertical levels will be increased.

Fig. 3: Icosahedral grids. Icosahedral grids for grid division levels of  0, 1, and 2 (top, 
from left to right), and 3, 4, and 5 (bottom, from left to right). (Satoh etal. 2014)

Under the Monsoon Mission Phase II, an innovative 

proposal has been approved to build the future GFS/

CFS in Icosahedral grid framework.

Many major modeling centers across the globe are 

presently using Icosahedral grid as the framework 

of NWP model such as NICAM of JAPAN, ICON of 

DWD etc.

To develop a high resolution numerical model suitable 

to run on an exascale super computer to simulate 

Earth system science problems. 

ICOSAHEDRAL DYNAMICAL CORE



The proposal will focus on understanding the basics 

of model development based on Icosahedral grid and 

investigation of numerical methods on this grid. It is 

proposed to develop an improved Dynamical Core 

(DC) in order to accelerate the execution of weather/

climate forecast models on an advanced super 

computer. In the long term, it is hoped to replace 

current traditional numerical weather forecast model 

with this improved model. More recently, the GFDL 

finite-volume dynamical core has been modified to 

use a cubed sphere grid (Putman and Lin, 2007), and 

has been demonstrated to also be very effective at 

high resolutions.

In India the efforts to work on dynamical cores is 

completely lacking. As a result it is proposed that some 

expertise will be created in developing dynamical 

cores and associated numerical methods.

Time Lines (Very Flexibl and Long term Goal) and 
Deliverables

It is expected that by the end of 2024 IITM would have 

developed some expertise to work on non-hydrostatic 

models with various complex grids and to run very 

high resolution models on highly parallel computers. 

Along with the horizontal resolution, we would like 

to increase the vertical resolution of the GFS/CFS 

model by increasing the levels from 64 to ~90 so 

that more levels are available in the stratosphere.

Modelling Clouds: Convective 

Parametrization and Microphysics

Present Status: Presently, the GFS/CFS and GEFS 

systems have a Revised Simplified Arakawa Schubert 

(RSAS) convective scheme (a mass flux based scheme) 

and Zhao-Carr (simple) microphysics scheme which 

only produces tendency of total cloud condensate. 

RSAS is based on cloud work function trigger and 

quasi-equilibrium closure which does not hold good 

at high resolutions (near grey zone) as in TL1534.

Future Plan on Convection Parameterization:(The 

convection schemes developed would be attempted 

in different versions of CFS/GFS for climate, seasonal, 

extended and short range forecasts depending on 

need and expense to run the model for specific 

applications).

At the present resolution of GFS/GEFS i. e., at 12.5 

km or higher resolution in future (~6 km), the scale 

would fall within the grey zone where the quasi-

equilibrium approximation would not hold good. 

As a remedy to this and as suggested by Arakawa 

(2004), Arakawa and Wu, (2012) and Wu and Arakawa 

(2013), all the physics needs to have scale-aware 

framework and unified approach.  As the cloud and 

convection is one of the most important process 

modulating  precipitation, heating, wind circulation 

etc., the existing trigger and convective mass flux

Model Vertical Resolution
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estimate will be improved by constraining the model 

with Indian observations. Additionally, scale-aware 

convection parameterization schemes will be utilized 

for higher resolution model in particular.

To reduce the deterministic approach in GFS, the 

GFS version with stochastic multicloud-multiscale 

physics and unified turbulence-cloud-convection-

radiation with a higher order closure scheme will 

be developed.

As a future development strategy, the stochastic 

multi-cloud parameterization will be constrained 

with Indian observations and also, machine learning 

approach of convective parameterization will be 

applied in CFS/GFS to reduce the uncertainties 

from parameterization. In place of  Stochastic total 

tendency perturbation (STTP), Stochastically Perturbed 

Parameterization Tendencies (SPPT) will be used in 

assimilation. Stochastic parameterization will be 

used in unified manner in physics parameterization.

Cloud Microphysics 

Parameterization Development

Cloud Microphysics-1 

Present status: As the high resolution model needs 

to have a better representation of grid scale cloud 

processes or the cloud microphysics for improved 

stratiform rainfall distribution, an attempt has 

been made to add a more physically based cloud 

microphysics scheme incorporating six classes of 

hydrometeors (WSM6) and utilizing the CAIPEEX 

data to further improve the scheme. 

Major development has been made in CFS in changing 

the cloud water to rain water conversion parameter 

based on the critical threshold radius of cloud droplet 

based on CAIPEEX. 

The modified CFS (CFSCR) is found to have an improved 

mean state, better annual cycle, improved fraction

of convective and stratiform rain and convectively 

coupled tropical waves (Abhik et al. 2017). The 

improved model CFSCR with resolution of T126 is 

also found to show an improved skill of precipitation 

forecast and much improved variability (variance) 

of monsoon rain as good as the CFSv2 T382 (Rao et 

al. 2020).

This shows the importance of improving physics being 

constrained by Indian data in improving the model 

skill. The modified scheme of WSM6 has also been 

added now in GFS and the model shows improved 

forecast of extremes in short range as well.

Presently, CFS/GFS has a simple cloud microphysics 

which generates the tendency of total condensate 

and does not represent all the cloud processes 

realistically. Hence, there is a need to improve the 

cloud microphysics parameterization. 
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This approach thus, shows the fidelity of the newly 

developed scheme in application for seasonal as 

well as short range high resolution forecast system

Future development: In addition to WSM6, a PDF 

based unified turbulent-convection-cloud micro-

physics parameterization (Cloud Layers Unified By 

Binormals) would be developed for improving the 

high resolution model forecast of GFS.

Cloud Microphysics -2

The observations indicate that the ratio of convective 

and stratiform rain is strongly linked to organization 

of the MISO (Hazra et al., 2015, 2017a,b; Kumar et al., 

2017). By using some recent observations from Cloud 

Aerosol Interaction and Precipitation Enhancement 

Experiment (CAIPEEX), the existing cloud microphysics 

scheme in the CFSv2 is being modified to improve 

the inadequacy of the model in simulating the 

mixed phase hydrometeors. Various microphysical 

processes (such as conversion of cloud water to rain 

water, cloud water to ice and snow, snow to rain 

water, etc.) and modification of partitioning of cloud 

water and ice in the convective scheme have been 

carried out (Hazra et al., 2017b). The physically based 

modified convective microphysics (MCM) scheme 

is implemented in the standard NCEP CFSv2 model 

(MPHY). The amplitude and spacetime spectra of 

MISO are improved in association with improved

high cloud fraction and convective to stratiform 

ratio in the MPHY version of the CFSv2. This resulted 

in much improved simulations of the ISM rainfall, 

monsoon onset, the annual cycle and skill (Pokhrel 

et al., 2018). It is also revealed that skill of ISMR in 

the new version of CFSv2 improved from 0.56 (in 

control) to 0.71 (Saha et al., 2018). 

Proposed Changes and their expected benefits: Efforts 

are on to further improve the invigoration of lows, 

depressions, etc. (i.e., synoptic events) through cloud, 

convection and land-surface feedback. For this purpose, 

convective microphysics (e.g., conversion of cloud 

water to rainwater, partitioning cloud water/cloud 

ice and entrainment mixing processes in cumulus 

parameterization) and stratiform macrophysics and 

microphysics (e.g., all microphysical conversion rates/

tendency equations) will be targeted. This targeted 

development may be helpful to improve synoptic, 

higher MISO and lower MISO scale of Indian summer 

monsoon, which will finally impact on the skill of 

ISMR prediction. Such improvement in synoptic 

scale activity would be beneficial for improving the 

stimulation of extreme events (e.g., heavy rainfall 

events, thunderstorms, cyclones, etc.).  Furthermore, 

dynamical downscaling (based on CFS and WRF) 

will be taken care of with better understanding of 

the interaction among aerosol, dynamics, and cloud 

microphysics on extreme events (e.g., heavy rainfall 

events, thunderstorms, cyclones etc., Hazra et al., 
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2013, 2017c). The research on the role of aerosol 

indirect effect in the process of invigoration of 

precipitation with a seamless coupled climate model 

for the monsoon and extreme events is crucial. 

Improved understanding of the role of cloud-land-

atmosphere interactions and better microphysical 

process rates for ISMR.

Methodology to achieve the proposed changes: 

Basic research is on to understand cloud processes 

with the available observed and reanalysis data. To 

validate the hypothesis on basic understanding, 

several model sensitivity experiments (both freerun 

and hindcast) will be carried out. Modification/

development will be carried out on the convec-

tive microphysics (e.g., conversion of cloud water 

to rainwater, partitioning cloud water/cloud ice 

and entrainment mixing processes in cumulus 

parameterization) and stratiform macrophysics 

and microphysics (e.g., all microphysical conversion 

rates/ tendency equations). Observation from field/

in-situ experiments will provide important data for 

cloud microphysics and aerosols which will help in 

the study of convective-microphysical processes in 

coupled climate model.  Therefore, guidance from

the observations and lessons taken from cloud-

resolving modelling over larger and smaller domains 

will help us for sensitivity experiments in coupled 

climate model. The interaction between diabatic

heating and large-scale dynamics and the vertical

structure are important and need to be investigated 

for the ISO and MJO. Therefore, we wish to progress 

model’s quantitative precipitation (stratiform 

and convective) and temperature by improving 

convective microphysical processes although these 

processes are associated with complex precipitation 

formations. The physically based developed cloud 

parameterization scheme can be further tuned by 

the ‘critical’ variables based on observation/labora-

tory experiments in various resolutions of coupled 

climate models for the seamless prediction system.

Current Status: Currently eddy-diffusivity counter 

gradient (EDCG) planetary boundary layer (PBL) and 

Rapid Radiative Transfer Model for GCMs (RRTMG) 

have been used in operational GFS.

Future Development: In tune with the latest cloud 

and convective schemes, we will be utilizing the 

scale-aware PBL and Radiation scheme in the high 

resolution GFS.

Modelling Boundary Layer and 

Radiation

Modelling Land Surface and Snow

Present status: A significant part of the ISMR varia-

bility is linked with the complex nonlinear feedback 

between land and atmosphere, and some of these
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feedbacks are yet not completely understood/

incorporated in the state-of-the-art CGCMs/AGCMs. 

The slowly varying land surface conditions (soil 

moisture, vegetation, snow etc.), which are sources 

of seasonal predictability of ISMR, act as the lower 

boundary forcing for the atmosphere.  Many previous 

studies have pointed out that the regional feedback 

between land surface and atmosphere through the 

variability of soil moisture affect the ISMR variability 

(e.g., Ferranti et al., 1999; Douville et al., 2002; Koster 

et al., 2004; Saha et al., 2011, 2012). Also, the remote 

land surface conditions, i.e. the heat-low regions 

(Iran, Afghanistan, north-west Pakistan) play impor-

tant role on the performance of the ISMR (Ramage, 

1966; Parthasarathy et al., 1992; Rodwell and Hoskins, 

1966; Sikka, 1997; Bollasina and Ming, 2013; Rai et 

al., 2015). Furthermore, the Eurasian snow cover has 

been recognized as one of the important sources of 

predictability of the ISMR, which causes memory 

in the soil through moisture from melting of snow 

during spring (Hahn and Shukla 1976; Vernekar et al. 

1995; Sankar-Rao et al. 1996; Kripalani and Kulkarni 

1999;  Bamzai and Shukla 1999; Liu and Yanai 2002; 

Fasullo 2004;  Saha et al. 2013, 2016; Ghosh et al. 

2019  TAAC). Historical land-use land-cover changes 

have resulted into changes in the mean monsoon 

rainfall (Takata, 2009; Krishnan et al., 2015; Halder 

et al., 2015), surface temperatures and moderate 

rainfall events ( Halder et al., 2015).

A multilayer complex snow scheme, implemented 

in CFSv2 (Saha et al., 2017) shows promising results 

in simulating ISMR and its global teleconnections 

(Saha et al., 2018; Sujith et al., 2018). Rai and Saha 

(2017) highlighted the need for improvements in the 

parameterization of snow/sea-ice albedo scheme 

for a realistic simulation of surface temperature. 

Four different albedo schemes are implemented 

and evaluated in CFSv2/Noah (Rai et al., 2018). 

Another important area, which affects monsoon 

rainfall is vegetation and its evolution throughout 

the season.  However, vegetation dynamics is poorly 

represented in the model. Effects of irrigation on the 

local climatic conditions including  pre-monsoon 

rainfall and its effects on the rainfall during onset 

phase of the monsoon are not clearly understood. A 

large part of the ISMR is due to weather conditions 

on synoptic and intraseasonal time scale, which 

have very complex interactions with vegetation and 

soil moisture that are not understood clearly (e.g., 

Ferranti et al., 1999; Douville et al., 2002; Koster et 

al., 2004; Saha et al., 2011, 2012). It is also important 

to understand the role of land surface processes on 

the boundary layer convection and rainfall.

Proposed Changes and their expected benefits: 

1. Improvements in vegetation scheme of Noah/

CFSv2 may improve the local feedback, which in 

turn may improve mean and variability of the ISMR. 

2. At present, model does not consider effect of irriga-
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tion on the local convection and rainfall. However, 

irrigated land over India is quite large and may 

potentially affect the ISMR mean, variability and 

predictability.  Irrigation scheme will be implemented 

and tested in Noah/CFSv2.

3. As land surface processes are intimately linked 

with boundary layer convection, improvements in 

the boundary layer scheme over land region will 

be needed.

Methodology to achieve the proposed changes:  

Basic research on understanding the processes on 

each of the above points will be carried out. The 

best available observed and reanalysis data will be 

used to understand the processes. To validate the 

hypothesis on basic understanding, several model 

sensitivity experiments will be carried out.

The basic research and model development will be 

carried out side-by-side and each topic is expected 

to take about one and half to two years.

 I) Vegetation scheme, irrigation 2019-2021;

 II) boundary layer scheme and convection 2022-2023.

Multi-Physics Ensemble Prediction 

System

A seamless multi-model multi-physics ensemble 

forecast strategy for extended range prediction is 

proposed based on the newly developed coupled

and its atmospheric component models which will 

be run in seamless nature i.e.  for the first 15 days are 

at T574 (23 KM) and the next 17 days are with T382 

resolution. This seamless prediction system will fill 

the gap between weather and climate forecasting 

in addressing the sub-seasonal to seasonal (S2S) 

time scale. Further for creating ensembles along-

with perturbed initial conditions different physics 

combination of convective and micro-physics options 

are sorted out. It is expected that this new strategy 

of seamless prediction with the newly developed 

model will improve the skill for extended range 

prediction in 3rd and 4th week.

Downscaling and AI/ML 

techniques to improve the spatial 

representation of predictions

There has been a constant demand for location 

specific  and high resolution area averaged informa-

tion from weather and climate forecasts. In order to 

address these issues, we wish to develop tools either

based on dynamical downscaling or AI/ML methods 

to improve the spatial representations of weather 

and climate forecasts. Recently, it has been shown 

that dynamical downscaling using coupled regional 

WRF model has improved spatial representation 

of seasonal forecasts and its statistics. 
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On the other hand, statistical downscaling has shown 

considerable improvement in representation of 

extended range forecasts at finer spatial scales. It is 

proposed to utilize these well-established methods 

to downscale the seasonal and extended range 

forecasts to finer spatial scales and provide better 

forecasts. In addition to these traditional methods, 

fast evolving AI/ML methods will also be explored to 

improve the spatial representation of the forecasts.  

Developing a coupled version of 

GFST1534

As the genesis of weather systems is inherently linked 

with the Ocean state, it is planned to develop a coupled 

version of GFSV14 TL1534 by coupling MOM5/MOM6 

version of the ocean model to particularly help in 

tropical cyclone forecast. An initial attempt has been 

made in forecasting tropical cyclones with CFST574 

and comparing it with CFT382 and CFT126. 

The experiment has showed improvement of  TC

The seamless prediction 
with the use of AI/ML would 
make a paradigm shift from 
the existing approaches. 

precipitation and intensity in the higher resolu-

tion coupled version of the model.

Development of a machine 

learning module (in FORTRAN)

to be used with ESMF

This module can be used in any parameterization 

where we can learn from observations on real time. 

Examples are data assimilation, assumed closure 

assumptions in parameterization, any other fixed 

relationships which can be made dynamic,etc. 

Coupled version of GFS 
T1534 would be one of 
the most important dev-    
elopment as ocean cou-
pling at high resolution 
would significantly help     
in enhancing the skill of 
prediction of cyclonegen-
esis and also the intensity 
which  are the major bot-
tle necks in the current 
models for cyclone   
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This is described in the schematic diagram:

Fig 4. Schematic of  implementation of  online ML module in GFS/CFS EMS F.

1 7  |  I I T M  M O D E L L I N G  R O A D M A P



A weakly coupled LETKF ocean atmospheric coupled 

Data Assimilation System for CFSv2 have been devel-

oped and implemented at IITM. OSSE (Observation 

System Simulation Experiments) at T62 resolution 

for weakly coupled CFS-LETKF has shown signifi-

cant influence of observations in improving the 

ocean and atmospheric analysis. In the optimized/

benchmarked  weakly coupled CFS-LETKF systems 

all the ensembles run in parallel. The run time for 06 

hour integration (model+ assimilation) is decreased 

from 50 minutes to 6 minutes with optimization. 

Using weakly coupled data assimilation (WCDA) 

system - CFS-LETKF, we prepared the ocean and 

atmospheric analysis for the years 2000 and 2009 at 

T126 (40 ensembles) with a possibility to generate 

real time ocean-atmospheric initial conditions for 

operational monsoon prediction at various time 

leads.  Preparation of analysis for subsequent years 

is under progress.The CFS LETKF WCDA system was 

installed on HPC Pratyush.

CFSv2 seasonal hindcast runs using the new WCDA 

ocean and atmospheric initial conditions are prepared 

for the years 2000 to 2007, and is under progress for

subsequent years.

Strongly coupled LETKF ocean atmospheric coupled 

data assimilation system for CFSv2 has been imple-

mented on HPC AADITYA. Sensitivity runs are under 

progress for tuning the localization, covariance 

inflation, etc. with an inclination to prepare the best 

ocean-atmospheric initial conditions for monsoon 

prediction. 

Near future targets (within 3 years) and strategy

1. Benchmarking and preparing analysis from weakly 

coupled CFS LETKF ocean-atmospheric coupled data 

assimilation system with 40 ensembles, starting 

from year 2000.

2. Preparing analysis from weakly coupled CFS LETKF 

with 40 ensembles, starting from year 2000 at T126 

resolution.

3. Benchmarking strongly coupled CFS LETKF ocean 

atmospheric data assimilation system, with 40 

ensembles.

4. Analysing results from (2) and continuing (3).

5. a. Tuning the strongly coupled LETKF data assimi-

lation such as fixing vertical localization length, 

covariance inflation etc.

b. Comparing and contrasting the analysis error 

statistics between weakly coupled LETKF analysis and 

other uncoupled ocean and atmospheric reanalysis.

DATA ASSIMILATION

Weakly/strongly coupled LETKF 

ocean atmospheric coupled Data 

Assimilation System for CFSv2
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6. Based on the analysis (i.e. results from 4), providing 

weakly coupled CFS LETKF ocean – atmospheric 

initial conditions (2000 to 2017) for hind cast experi-

ments with CFS.

7. Preparing analysis from strongly coupled CFS 

LETKF with 40 ensembles, starting from year 2000.

8. Developing an ensemble singular vector (as in 

Yang and Kalnay, 2014) additive inflation method 

for enhancing ensemble spread, and continuing (7).

9. a. Comparing and contrasting the CFS forecast 

error characteristics  (results from 6) which used ICs 

from weakly coupled DA, with hindcast runs from 

uncoupled ICs .

b. Adapting (8) as an additive covariance inflation 

for both strongly and weakly coupled CFS LETKF; 

and analysing the results from (7).

10. Based on the analysis (i.e. results from 7),  providing 

strongly coupled CFS LETKF ocean – atmospheric 

initial conditions (2000 to 2018) for hind cast experi-

ments with CFS.

11. Testing the method developed in (8) as additive 

inflation for both weakly and strongly coupled CFS 

LETKF systems for limited number of years.

12. Comparing and contrasting the analysis error 

statistics between weakly and strongly coupled 

LETKF systems (results from 6 and 10).

13. Attempting to make analysis (repeating 7 and 

10) at higher resolution, T382 or more with both

strongly and weakly coupled CFS LETKF systems.

14. Comparing and contrasting the CFS forecast 

error statistics (results from 6 and 10) which used ICs 

from weakly and strongly coupled data assimilation 

at T126 + continuing (13).

15. Based on the results from (14), taking necessary 

steps/adaptations to make the weakly/strongly 

coupled CFS LETKF systems for operational usage.

16. Based on the results from 11, preparing the 

analysis from both strongly and weakly coupled 

data CFS LETKF data assimilation system at higher 

resolution (T382 or more) starting from year 2000.

Targets (tentative 3-8 year period) and strategy

1. Adapt and implement the state of the art time to 

time evolving coupled assimilation techniques such 

as hybrid filters for monsoon prediction at various 

time leads.

During recent time, the coupled assimilation with 

advanced data assimilation techniques has under-

gone a revolutionary improvement. Hybrid data 

assimilation techniques are evolving with better 

prediction skills and lower computational costs. 

However, it is highly essential to adapt and imple-

ment the evolving techniques from time to time. In 

addition to implementing new techniques, a vigorous 

analysis is needed to be carried out to check the 

compatibility of new techniques for operational 

monsoon prediction at different time leads.
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2. Satellite data assimilation such as radiances, precipi-

tation, SSHA etc.; identify and adapt the system for 

assimilating new state variables.

There has been an unprecedented improvement 

in availability of ocean and atmospheric data from 

satellites. Unlike conventional atmospheric data, 

the majority of ocean data derived from satellites 

are limited to air-sea boundaries. Strategies are 

needed to build assimilation of satellite data like 

radiances, precipitation, SSHA etc.  The LETKF system 

is compatible for incorporating the assimilation of 

new satellite derived variables to the model state 

variables by modelling the observation operator. 

However, it is essential to examine and tune the 

sensitivity of the model and assimilation system 

to the new data type by checking its influence on 

dynamics and other state variables.

3. Decrease the computational costs for opera-

tional system by implementing the state of the art tional system by implementing the state of the art 

techniques like climatological augmentation, running techniques like climatological augmentation, running 

in place,  etc.in place,  etc.

 It has been a well-established fact that increasing  It has been a well-established fact that increasing 

the number of ensembles will decrease the forecast the number of ensembles will decrease the forecast 

error covariance by incorporating the principal modes error covariance by incorporating the principal modes 

of error growth at higher degrees of freedom.of error growth at higher degrees of freedom.

However, the availability of computational resources 

limit the number of ensembles.  A limitation of 

ensemble methods is that the rank of their flow-

dependent background-error covariance estimate, 

and hence the space of possible analysis increments, 

is limited by the number of forecast ensemble 

members. A secondary approach is that the rank 

of background-error covariance can be boosted by 

augmenting the ensemble members. The additional 

ensemble members added to the forecast ensemble 

at analysis time are created by adding a collection 

of ‘climatological’ perturbations to the forecast 

ensemble mean (Kretschmer et al., 2015). These 

perturbations are constant in time and provide state 

space directions, possibly missed by the dynamically 

forecasted background ensemble, in which the analysis 

increment can correct the forecast mean based on 

observations. As the climatological perturbations are 

calculated once, there is negligible computational 

cost in obtaining the additional ensemble members 

at each analysis cycle. 

Another scheme is proposed to accelerate the spin-up 

of EnKF by applying a no-cost Ensemble Kalman 

Smoother, and using the observations more than 

once in each assimilation window during spin-up in 

order to maximize the initial extraction of information 

(Kalnay et al., 2010). It is shown that with the new 

“running in place” (RIP) scheme, the LETKF spins-up

and converges to the optimal level of error faster 

than 3D-Var or 4D-Var even in the absence of any 

prior information.

4. Identify the role of Indian - ocean and atmospheric 

observational networks in improving the monsoon
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prediction by using EFSO and Proactive Quality 

Control techniques, to create the best reanalysis and 

forecasts product for Indian mainland ocean region.

Recently, the Indian ocean (as well the Indian main 

land) regions have evidenced a major stride in 

ocean and atmospheric observational networks. The 

wealth of these observations will have a proactive 

importance when successfully utilized  for opera-

tional forecasts as well as research. In addition, the 

relative role of  different observational networks is 

needed to be quantized to build the best opera-

tional forecast system and research products from 

coupled models. Hence, it is  essential to build a 

systematic strategy to quantize the relative role of 

different observational networks. Furthermore,  this 

strategy will lay a bencmark  in  planning the  future 

observational networks.

The state of the art techniques like EFSO (Ensemble 

Forecast Sensitivity to Observations - Kalnay et al., 

2012) and proactive quality control (Ota et al., 2013, 

Hotta, 2014) will be utilized to quantize the relative 

role of different observational networks with an 

ultimate goal to improve the seasonal andsub-seasonal  

monsoon forecast from coupled assimilation. The

system will be very useful to create the best reanalysis 

and forecast products for Indian mainland and Indian 

ocean region .

Present status: The GDAS system operational at 

NCMRWF does not have a land data assimilation 

capability.

Proposed Changes and their expected benefits:

The Global Land Data Assimilation System (GLDAS) 

obtained from GSFC-NASA in collaboration with NCEP 

will be setup to assimilate snow and soil observations 

in order to improve the model initialization. GLDAS 

is based on LETKF assimilation techniques and has 

the capability to assimilate soil moisture and snow 

cover/depth. The changes will influence the forecasts 

across scales (from short range to seasonal).

Methodology to achieve the proposed changes: 

Different sources of satellite observations/assimila-

tion systems are being explored to be fed to GLDAS 

for assimilation.

Land data assimilation

The coupled data assimila-
tion and land data assimila-
tion will be a breakthrough 
development and a major 
component in the seamless 
prediction system of IITM.
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OCEAN MODEL DEVELOPMENTS

Towards Improving Air-Sea 

interactive Fluxes in Seasonal 

Prediction Framework

Present Status:Present Status:

Studies by Wu, Kirtman and Pegion (2007); Pokhrel Studies by Wu, Kirtman and Pegion (2007); Pokhrel 

et al. et al. (2012) have shown that the Climate Forecast (2012) have shown that the Climate Forecast 

System (CFS) model simulations have large biases System (CFS) model simulations have large biases 

in Latent Heat Flux (LHF; hence net heat flux) in the in Latent Heat Flux (LHF; hence net heat flux) in the 

equatorial Indian Ocean-western Pacific, eastern equatorial Indian Ocean-western Pacific, eastern 

equatorial Pacific, eastern tropical North Pacific, equatorial Pacific, eastern tropical North Pacific, 

equatorial Atlantic, north of equatorial Atlantic, and equatorial Atlantic, north of equatorial Atlantic, and 

in the western boundary current regions of Kuroshio in the western boundary current regions of Kuroshio 

and Gulf Stream. The difference of mean LHF in these and Gulf Stream. The difference of mean LHF in these 

regions exceeds 30 Wm-2. In trade wind belts, the regions exceeds 30 Wm-2. In trade wind belts, the 

CFS produces smaller LHF, especially in the South CFS produces smaller LHF, especially in the South 

Pacific where the difference reaches about 20-30 Pacific where the difference reaches about 20-30 

Wm-2. Wu, Kirtman and Pegion 2007 suggest that Wm-2. Wu, Kirtman and Pegion 2007 suggest that 

the components of Qnet have large components the components of Qnet have large components 

of high frequency variations driven by atmospheric of high frequency variations driven by atmospheric 

internal dynamics which drives the ocean dynamics internal dynamics which drives the ocean dynamics 

in the coupled model. The errors in surface fluxes in the coupled model. The errors in surface fluxes 

computation result in wrong feedback between computation result in wrong feedback between 

atmosphere and ocean over the tropical Indian atmosphere and ocean over the tropical Indian 

Ocean. Wrong SST-flux feedback contributes to the Ocean. Wrong SST-flux feedback contributes to the 

development of unrealistic SST anomalies which development of unrealistic SST anomalies which 

might might be responsible for model’s failure towards 

the different ocean-atmosphere coupled processes. 

Recent study by Pradhan et al. 2016 has observed 

that most of the state-of-the-art coupled models 

have failed to simulate air-sea coupling properly, 

particularly over tropical Indian ocean. The enhanced 

air-sea coupling in recent decade leads to frequent 

occurrences of Indian Ocean Dipoles (IODs) over 

the Indian ocean.  Similar to IOD, other coupled 

phenomena like El-Nino Southern Oscillation 

(ENSO) and Madden-Julian Oscillation (MJO) over 

different ocean basins evolve as a result of air-sea 

interaction. Air-sea interaction involves exchange 

of momentum and heat fluxes across the ocean-

atmosphere boundary layer. One of the reason for 

models’ failure as mentioned in the study is the 

erroneous relation between the net heat flux from 

the ocean and the sea surface temperature (SST) over 

the Indian ocean. For improving ocean-atmosphere 

coupling, the air-sea exchange of momentum and 

heat fluxes has to be accurate enough, at least at 

diurnal scale. Therefore, more focus will be towards 

improving air-sea interactions in Monsoon Mission 

model used for operational monsoon forecasts by 

improving accuracy in turbulent flux estimation 

and accounting the factors modulating the air-sea 

boundary layer fluxes. Two methodologies (latest 

bulk algorithm and wind-wave interactions) are 

proposed and discussed in the following sections
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towards achieving this goal.  Fairall et al., 1996 have addressed the problem by 

adding two corrections known as cool skin and warm 

layer corrections in COARE algorithm. The surface 

of the ocean experiences cooling due to combined 

effect of sensible heat, latent heat and outgoing 

long wave radiation. The cooling is confined to 

upper few mm of the ocean. The cool skin is almost 

always present and is of the order of 0.1-0.5 K. The 

solar radiation incident on the ocean surface is 

mostly absorbed within the upper few meter. The 

diurnal variation in the upper ocean is significant in 

magnitude. The upper ocean becomes stably strati-

fied due to solar heating exceeding the cooling due 

to long wave radiation and turbulent heat transfers. 

Also, the stratification may suppress the shear driven 

mixing. The stable layer now is detached from the 

turbulent layer beneath it and accumulates heat 

and momentum flux over it. The layer to which 

the heat and momentum are limited is known as 

diurnal warm layer (warmer than the layer below). 

The temperature in the layer can be of the order of 

3K. The old bulk algorithm in CFS doesn’t account 

for the corrections for skin temperature and hence 

doesn’t properly account air-sea interactive fluxes. 

The COARE algorithm is one of the widely used bulk 

methods for the computation of momentum and 

heat fluxes from the near surface meteorological 

measurements, since its inception in 1996. Further 

improvements introduced for enhancing the accuracy

Incorporating latest bulk 

algorithm

The latent heat, sensible heat directly depends on 

the sea surface temperature and also modulates the 

sea surface temperature through feedbacks. Incor-

rect value of SST also leads to inaccurate longwave 

radiations. The surface stress depends on the stability 

of the surface layer, which is significantly controlled 

by the interfacial temperature. So the accuracy of 

the flux algorithm and hence the ocean-atmosphere 

coupling greatly depends on the true value of the 

sea surface temperature. Prior studies have quanti-

fied the errors in heat fluxes to be of the order of 100 

Wm-2 introduced by the inaccuracy of SST. Fairall et 

al. 1996 have reported that to limit the uncertainty 

in fluxes within 10 Wm-2, the accuracy required in 

SST is 0.2 K.  However, the measurement made by 

most of the temperature sensors does not represent 

the true interfacial temperature or the ocean skin 

temperature as they are placed at some depth below 

the surface ocean. Also, the coupled models predict 

temperatures at some depth beneath the surface, 

because of the limitation in vertical resolution. There-

fore, the measured or simulated temperatures have to 

be corrected by incorporating the surface processes 

to estimate the true value of the skin temperatures.
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and efficiency of estimation of fluxes. 

The latest version of the bulk model (COARE 3.0; Fairall The latest version of the bulk model (COARE 3.0; Fairall 

et al.et al., 2003) has a very good accuracy of 5% in weak , 2003) has a very good accuracy of 5% in weak 

or moderate wind conditions and 10% in strong wind or moderate wind conditions and 10% in strong wind 

conditions. Even if COARE 3.0 has proved its good conditions. Even if COARE 3.0 has proved its good 

skill in the computation of flux, present-day coupled skill in the computation of flux, present-day coupled 

models (including CFS) are still continuing with old models (including CFS) are still continuing with old 

bulk algorithms and hence poor coupling between bulk algorithms and hence poor coupling between 

ocean and atmosphere. The COARE algorithm was ocean and atmosphere. The COARE algorithm was 

developed with the aim to limit the uncertainty in developed with the aim to limit the uncertainty in 

surface fluxes within 10%. The improvements made surface fluxes within 10%. The improvements made 

could take into account the large temperature gradient could take into account the large temperature gradient 

at the surface and low wind conditions. at the surface and low wind conditions. 

 In the weak wind conditions, the instability is 

dominated by convective forcing and similarity 

theory holds good for the boundary layer character-

istics (Lombardo and Gaegg, 1989). In strong wind 

conditions, the surface layer is dominated by wind-

generated shear and wave motions. The wind stress 

and wave-current interaction can generate turbu-

lence in the upper ocean. Indeed, the atmospheric 

and oceanic boundary layers differ from each other 

significantly in presence of high winds and waves. 

The wind stress can create vertical shear in ocean 

current and waves, which then interacts to produce 

Langmuir circulations. The turbulence dissipation is 

enhanced in presence of Langmuir circulations and 

sometimes surface wave breaking and  under this 

enhancement similarity theory doesn’t hold good.

The interaction among  winds, surface waves, and 

currents alters the exchanges of momentum and 

heat between the atmosphere and ocean. Surface 

gravity waves are generated when wind flow causes 

stress over ocean boundary layer. When these waves 

dissipate by breaking, they impart momentum and 

energy into the ocean. The flux across the boundary 

and drag coefficient are modified in the presence 

of high wind and waves. In Langmuir circulation, 

Stokes drift due to Lagrangian mean wave velocity 

induces a vortex force, which impacts the heat and 

momentum budget of upper ocean. Waves can create 

wind eddies which control the atmospheric fluxes 

Incorporating Impacts of 

Wind-Wave-Current Interactions 

The ocean surface dynamics is significantly different 

from the bulk ocean because of the small scale turbu-

lent motions and frequently mixed surface layer. The 

stability and structure of ocean are modulated by 

processes which can either be buoyancy driven or 

wind-driven circulations. The convective heating or 

cooling at the surface layer can modulate buoyancy 

in the upper ocean which then can generate small-

scale turbulent mixing. The turbulence dominated 

by wind can be generated either due to the stress 

caused by wind shear or through circulations driven 

by wind-wave-current interactions.
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in the lower boundary. Therefore, the inclusion of 

wind-wave-current interactions is important to 

improve the air-sea coupling in the global coupled 

model.  

The proposed work can be summarized as follows:

1. Implementing COARE 3.0 in CFSv2 for accurate 

and efficient estimation of surface heat fluxes (6-12 

months).

2. Parameterization scheme for wind-wave-current 

interaction will be chosen based on the earlier 

studies by Qiao et al. (2004) and Breivik et al. (2015). 

Qiao et al. (2004) follows improving SST and heat 

budget by improving parameterization of wave 

induced turbulent dissipation. Breivik et al. (2015) 

have tried to include the wave effects by including 

parameterization for roughness length, Stokes-

Coriolis interaction and turbulent energy by breaking 

waves. The inclusion of wave effects is expected to 

improve surface layer momentum, heat budget and 

SST biases.  The selected parameterization scheme 

will be implemented in CFS, which is planned to be 

carried out in 18 months.

3. The status of Near Inertial Wave will be checked 

in CFS w.r.t. its amplitude and its phase spectrum. 

Three sensitivity runs are planned to be carried out 

following Jochum et al. (2013), 

(1) with parameterization for boundary layer only,

(2) with parameterization below the boundary layer 

only and 

(3) including both (1) and (2).

The sensitivity runs will be accessed w.r.t. improving 

SST, flux biases through NIW induced mixing, solving 

double ITCZ problem in coupled model. This exercise 

is planned to be completed within 12 months. 

Modelling of Land Hydrology and 

River Runoff

Present status: Presently, the CFS uses a climato-

logical mean state discharge values to the ocean, 

which is of course, not appropriate. A new routing 

model component has now been added to CFS in 

order to pass realistic discharge values to the ocean. 

Another Variable Infiltration Capacity (VIC) based 

implementation is also being tested.

 Proposed Changes and their expected benefits: The 

realistic representation of these freshwater fluxes 

to the ocean is expected to improve the oceanic 

biases, which in turn must lead to a more realistic 

representation of the coupled ocean-atmosphere 

interactions in the coupled model. Sensitivity of 

the seasonal prediction skill to these changes will 

also be tested. 

Methodology to achieve the proposed changes: 

The development is being done in-house using 

the hydrology and routing models available from 

University of Washington.

Verification Strategies on improvements: Verification 

will be done using the standard seasonal prediction 

framework against the control run and observations.
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 » Code Optimization exercises is a continuous process and on our new HPC system we have installed 

intel and Cray compilers. A study had been carried out to test the suitability and these 2 compilers and 

their optimizations to run the codes faster.

 » Efforts to improve the scaling of the CFS together with other general models were carried out by HPC 

team.

 » The results of Optimization and scaling are available at http://pratyush.tropmet.res.in/models/models.

php

 » It is proposed to convert these codes to complete Fortran 90 and incorporate openmp threads wherever 

possible to achieve better scalability.

 » Maintenance of the codes will be done through SVN.  

CODE OPTIMIZATION, MAINTENANCE
AND SCALING 

(FOR ALL THE SPACE AND TIME SCALE PREDICTION)
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TARGETS

Targets for Next Generation IITM 

ESM

During the next 5-6 years, it is planned to undertake 

the following scientific research and model develop-

ment activities at the CCCR:

Increased Resolution of IITM-ESM: T62 -> T126

Downscaling of IITM-ESM: T126 coupled -> T574 

(stand alone AGCM)

Reliable assessments of the impacts of climate change 

on: Monsoon hydrological cycle, regional weather 

and climate extremes, sea-level changes in the global 

and Indian ocean, marine primary productivity and 

ocean biogeochemical processes, the global and 

Himalayan cryosphere. 

Separating the roles of natural and anthropogenic 

forcing on the global climate system, atmosphere-

ocean coupled phenomena and the monsoons, and 

providing reliable assessments of the South Asian 

monsoon precipitation response to climate change.

Aerosol forcing, Climate and Monsoons: IITM-ESMv2 

incorporates the direct radiative effects of aerosols, 

both natural (e.g. dust, sea-salt, volcanic emission 

etc.) and anthropogenic (sulfate, nitrate, organic 

carbon, black carbon, etc on the climate system. It 

is planned to investigate the role of aerosol forcing 

on the global 

climate and the Asian monsoon.

Land use and land cover changes: The IITM-ESMv2 

has capabilities to address the effects of land use 

and land cover changes (LULC) on the climate 

system. This is of particular interest to the Asian 

region which has undergone major changes in forest 

cover, agricultural land and vegetation types since 

pre-industrial times. The IITM-ESMv2 provides a great 

opportunity to investigate the role of LULC on the 

regional monsoon precipitation pattern.

Response of Atlantic Meridional Overturning Circula-

tion (AMOC) to global warming: Realistic representa-

tion of AMOC is an essential ingredient in climate 

models in order to study long-term climate variability 

on decadal, centennial and longer time-scales. 

The IITM-ESMv2 has significant improvements in 

simulating the AMOC and polar sea-ice distribution 

and therby provides a great opportunity to quantify 

the impacts of global warming on the polar ice caps 

and the strength of the AMOC. These impacts can in 

turn affect the global climate, including the Asian 

monsoon, through alterations in the large-scale 

atmospheric and oceanic circulation patterns. The 

AMOC sensitivity experiments will require model 

simulations extending over at least a few thousand 

years, which is realizable in the next 4-5 years using 

the latest multi-petaflop high-performance computing 

(HPC) facility at IITM, Pune.
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Paleo-climate modelling: In the coming 5-6 years, 

we plan to conduct paleo-climatic modeling studies 

using the IITM-ESM to understand the past varia-

tions of the Asian and Indian monsoons during the 

last 20000 years (from the Last Glacial Maximum 

through the Holocene). The modeling experiments 

will focus on the influence of the Sun-Earth orbital 

variations on the Earth’s climate and monsoons and 

these simulations should provide key insights into 

the understanding of the future evolution of the 

Asian monsoon climate in a warming world.

High-resolution climate change projections: In the 

next 3-5 years, it is planned to generate global high-

resolution (grid size ~ 27 km) climate change simula-

tions and future projections using the atmospheric-

only component of the IITM-ESMv2. High-resolution 

climate change projections are crucial for assessment 

of changes in weather and climate extremes, changes 

in mean monsoon summer precipitation and extreme 

precipitation occurrences, which are generally not 

captured by low-resolution models. The construction 

of surface boundary conditions (SST and sea-Ice) for 

the high-resolution atmospheric-only (IITM-ESMv2-

HR-Atmos) model would be based on bias-corrected 

SST and sea-ice fields obtained from the coarse 

resolution IITM-ESMv2 simulations. High-resolution 

climate change projections also serve as important 

inputs to drive other modeling applications e.g., 

hydrology, glaciers agriculture, forest fire, health, etc.

health, etc.

Tropical and monsoon precipitation: Although the 

IITM-ESMv2 shows some improvements in capturing 

the mean summer monsoon precipitation over the 

Indian region as compared to ESMv1, there is a 

need to further improve the realism of simulating 

the Intertropical Convergence Zone (ITCZ) and 

monsoon precipitation distribution over the Indian 

and Asian monsoon land region and the adjoining 

Indo-Pacific oceanic areas; as well as the humidity 

fields and large-scale tropical divergent circulations 

(Swapna et al. 2018). Focused activities will be taken 

up to address these scientific issues during the next 

few years.

Next generation IITM-ESM: Finally, we envisage 

the development of the next generation IITM-ESM, 

beyond the next 5 years, having a new dynamical 

core, interactive aerosols, atmospheric chemistry, 

and carbon cycle. The next generation IITM-ESM is 

intended to serve as a community model for further 

model developments, climate change studies and 

assessments and monsoon prediction across different 

time-scales.

Targets for Decadal Prediction

Decadal predictions of monsoon will be initiated 

and hindcasts will be carried out in next 2-3 years.

Targets for Seasonal Prediction

Seasonal prediction with higher skill over homoge-

neous regions of India.
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Targets for Extended Range Prediction

Higher skill of Extended range prediction for 3rd 

and 4th week.

Targets for short range prediction

Higher skill (~0.7 anomaly correlation) with seven 

days forecast and higher skill in capturing the extreme 

precipitation events with longer lead time.

RESOURCES REQUIRED
In order to achieve the targets specified in this 

document, following resources are anticipated.

Manpower: Manpower presently at IITM is dwindling 

due to superannuation of several senior scientists. By 

2022, at least 10-15% of employees will be superan-

nuated. In addition to this, in some areas the expertise 

is presently not available in India/IITM. Hence, new 

recruitment of scientists with required expertise 

at different levels is highly required to realize the 

targets proposed in this document.

Computational Resources: As per the estimate of 

IITM for the next 5 years, the computational require-

ment is up to 60 PF for carrying out the proposed 

activities in this document.

Dedicated Financial support:  As was envisaged earlier 

(2010-19) some of the activities could be achieved 

due to full support of the MOES and similar support 

is required to realise the deliverables listed in this 

document from MOES.
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Final outcome: A unified modelling framework for 
delivering seamless predictions of monsoon weather and 

climate.
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