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Tropical cyclones, floods, droughts and thunderstorms are the major high impact sever weather events in India. Other smaller scale high impact weather events include heat waves and cold waves. The detailed discussion on various aspects of these events are discussed below. Salient features of various forecast demonstration projects undertaken in recent years are also presented and discussed.
1. Tropical cyclone

1.1.       Introduction 

Tropical cyclones (TCs) are the most devastating phenomena among all natural disasters, having taken more than half a million lives all over the world in the last five decades.  The extensive coastal belts of India are exposed to TCs, which originate in the north Indian Ocean (NIO) including the Bay of Bengal and the Arabian Sea every year. These TCs, which are accompanied with very heavy to extremely heavy rain, gales and storm surges   cause heavy loss of lives and properties. Considering these, the early warning system is a major component of TC disaster management. India Meteorological Department (IMD) monitors and predicts cyclonic disturbances over NIO and provides early warning services for management of the cyclone. Various components of early warning system for TC include (i) monitoring and prediction, (ii) warning organization, (iii) warning generation, presentation & dissemination, (iv) coordination with disaster management agencies, (vii) public education & reaching out and (viii) post-event review. All these aspects of the early warning system of TC are presented and discussed here with special emphasis on TC warning procedure and bulletins issued by IMD. 
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1.2. 
Organizational structure
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The Cyclone Forecasting Organization in IMD has a three-tier structure (Fig.1) to cater to the needs of the maritime states and other users. The complete Cyclone Warning Programme in the country is supervised by the Cyclone Warning Division (CWD) at Head Quarter Office of the Director General of Meteorology at New Delhi. The national and international coordination as well as liaison with the Central Government and other organisations is done by the Cyclone Warning Division located at the IMD HQ New Delhi, which also functions at Regional Specialised Meteorological Centre (RSMC)-TC and provides the Tropical Weather Outlooks and TC Advisories for the benefit of the countries in the world meteorological organization (WMO)/ economic and social cooperation 

for Asia and the Pacific (ESCAP) Panel region bordering the Bay of Bengal and the Arabian Sea, namely, Bangladesh, Maldives, Myanmar, Oman, Pakistan, Sri Lanka and Thailand. The Deputy Director General of Meteorology (Cyclone Warning) and Deputy Director General of Meteorology (Weather Forecasting) Pune monitor technical aspects and review the standard practices in the area of cyclone forecasting.

There are Cyclone Warning Centres (CWCs) at Visakhapatnam, Ahmedabad and Bhubaneswar that provide cyclone warnings in respect of the coastal regions of the maritime states in which they are located.  In addition, there are Area Cyclone Warning Centres (ACWCs) at Kolkata, Chennai and Mumbai that not only provide the cyclone warnings to their respective maritime states but also supervise the warning work of the CWCs under their jurisdiction. 

1.3.
Monitoring and prediction of TC
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The cyclone monitoring and forecasting aims at monitoring and providing information to the public and disaster management agencies on the following aspects:

a. The current location and intensity of the cyclone

b. Forecasting the intensity, direction and speed of the cyclone 

c. Time and location of landfall and coastal areas likely to be affected by gale force wind

d. Estimated height of tidal waves/storm surge

e. The part of the coast likely to be affected by tidal waves /storm surge and

f. Likely area to be affected by heavy/ very heavy/extremely rainfall.

The standard operation procedure (SOP) followed in IMD for monitoring and prediction of the TC over the NIO has been discussed in detail in the cyclone manual publish by IMD in 2003. It necessarily deals with determination of location and intensity along with other characteristics of the TC like associated sustained maximum wind, estimated central pressure, pressure drop at the centre, shape and size, radius of outermost closed isobar etc. 

with the available observations in the storm region. At present we have conventional observational network, automatic weather stations (AWS), buoy & ship Observations, cyclone detection radars and satellites. Dvorak technique with its international algorithm has been the mainstay of analysis, particularly of intensity of TCs. IMD has a network of 11 Doppler Weather Radars/Cyclone Detection Radars along the east and the west coast, which have about 400 km effective, range and is most useful in fixing the centre of the cyclone, when the system comes under their surveillance. The location and intensity of the system is determined based on (a) Synoptic, (b) satellite and (c) radar observations.  The average confidence level of locating the centre of the system over the NIO is about 50km.
In addition to numerical weather prediction (NWP) models, conventional synoptic technique continues to be in vogue for forecast of TC intensity, track and adverse weather. Quasi-Langrangian model (QLM) and multi-model ensemble (MME) technique based on five global and regional models are used for 72h TC track prediction.  The 24h track forecast error of IMD is about 140 km.
As operational practice, a check list is prepared for this purpose to take care of all the available information, which in turn helps in decision making process to determine the above characteristics of TC. 

1.4.
TC warning bulletins

The design of a TC warning system in IMD takes into consideration of the prevailing state of the meteorological science, the available technological means of communication, the built-up environment such as dwellings, socio-economic conditions, appropriateness of protective actions as well as the expectations of the society. To maximise relevance and effectiveness of the TC warning, strategies are formulated in respect of the design of the forecast, triggering mechanisms, coordination with disaster management agencies, warning products generation, presentation & dissemination.  Scientific and technological advances in TC forecasting are translated into effectiveness of TC warning. The forecast and warning operations and decision-making process is made by blending scientifically based conceptual models, meteorological datasets, technology and expertise. 

At national level, cyclone warning is furnished on a real time basis to the Control Room in the Ministry of Home Affairs, Government of India, besides other Ministries & Departments of the Central Government. This Division provides cyclone warning bulletins to Doordarshan and All India Radio (AIR) at New Delhi for inclusion in the National broadcast/telecast. Bulletins are also provided to other electronic and print media and concerned state Governments. RSMC which works at IMD’s HQ at New Delhi, provides the Tropical Weather Outlooks and TC Advisories for the benefit of the countries in the WMO/ESCAP Panel region bordering the Bay of Bengal and the Arabian Sea, namely, Bangladesh, Maldives, Myanmar, Oman, Pakistan, Sri Lanka and Thailand.

The ACWCs/CWCs issue warnings to ships in the high seas, ships in coastal waters, ports, fishermen, government officials and the general public regarding adverse weather likely to be experienced in their respective areas. The bulletins and warnings issued by ACWCs/CWCs for their respective areas of responsibility includes (i) 
Sea area bulletins for ships plying in High Seas, (ii) 
Coastal weather bulletins for ships plying in coastal waters, (iii) Bulletins for Global Marine Distress and Safety System (GMDSS). Broadcast through Indian Coastal Earth Stations, (iv) Bulletins for Indian Navy, (v) Port Warnings, (vi) Fisheries Warnings, (vii) Four stage warnings for Central and State Govt. Officials, (viii) Bulletins for broadcast through AIRs for general public, (ix) Warning for registered users, (x) Bulletins for press, (xi) Warnings for Aviation (issued by concerned Aviation Meteorological Offices), (xii) 
Bulletins for ships in the high seas through Navtex Coastal Radio Stations.

The most important warning for disaster management is the one issued to government officials under a four-stage warning system. The First Stage warning known as "PRE CYCLONE WATCH" issued 72 hours in advance contains early warning about the development of a cyclonic disturbance in the NIO, its likely intensification into a TC and the coastal belt likely to experience adverse weather. The Second Stage warning known as "CYCLONE ALERT" is issued at least 48 hrs in advance of the expected commencement of adverse weather over the coastal areas. It contains information on the location and intensity of the storm likely direction of its movement, intensification, coastal districts likely to experience adverse weather and advice to fishermen, general public, media and disaster managers. The Third Stage warning known as "CYCLONE WARNING" issued at least 24 hours in advance of the expected commencement of adverse weather over the coastal areas. These warnings give the latest position of cyclone and its intensity, likely point and time of landfall, associated heavy rainfall, strong wind and storm surge alongwith their impact and advice to general public, media, fishermen and disaster managers. The Fourth Stage of warning known as "POST LANDFALL OUTLOOK" is issued at least 12 hours in advance of expected time of landfall. It gives likely direction of movement of the cyclone after its landfall and adverse weather likely to be experienced in the interior areas. All the above warnings are issued by ACWCs/CWCs/and CWD.

Different  colour codes are being  used since post monsoon season of 2006 at different stages of the cyclone warning bulletins (cyclone alert-yellow, cyclone warning-orange and post landfall outlook-red), as desired by the National Disaster Management.

1.5.
Cyclone Warning Dissemination
Cyclone warnings are disseminated through a variety of communication media, such as, radio, television, print media, telephones, fax, telex, telegrams, police, wireless network, website, e-mail, SMS and interactive voice response system (IVRS). A specially designed Cyclone Warning Dissemination System (CWDS) which works via the INSAT Satellite provides area-specific service even when there is a failure of conventional communication channels. A set of 252 analog and 100 digital CWDS receivers have been employed in vulnerable coastal areas in the east and west coast of India.

1.6.
Disaster Management

Interaction with National Disaster Management Authority and National Disaster Management, Ministry of Home Affairs, Govt. of India to provide timely information and warnings for emergency support services as another responsibility. IMD has established linkages/institutional arrangements with disaster management agencies both at the centre and in the states. During normal weather conditions four bulletins are transmitted to Control Room of National Disaster Management Division (NDM). In a case of depression develops over NIO which has the potential to affect Indian coast, special bulletins, five times day are issued to NDM based on observation of 0530, 0830, 1130, 1730 and 2330 hrs IST . When the system intensifies into a cyclonic storm, the cyclone warning bulletins are every three hourly. When the system weakens or not going to affect Indian coast, a de-warning message is also issued.    The cyclone warning bulletins are also passed on to State Government Authorities/District Collectors who are in constant touch with Cyclone Warning Centres. The centres and local committees consisting of various departments dealing with disaster management issues meet at the time of crisis and take necessary follow up actions.

In order to give information on the damage potential of TCs, IMD has prepared a brochure "Damage Potential of TCs". It contains a table showing the impact of TCs and suggested actions. This will benefit crisis managers and the public administrators.

1.7.
Public education and reaching out

Public education about the early warning of TC is most essential to minimize the loss of lives and properties. IMD, as a part of the pre-cyclone exercise, conducts awareness campaign through radio & TV talks, news paper articles and popular lectures on TC forecasting and warning system through various Govt. and non-Govt. agencies twice a year, in the months of April and September. In addition, National Disaster Management Authority also conducts these campaigns in regular interval. A preparatory meeting is also conducted under the chairmanship of the chief secretary of each maritime state, where all the updated information on monitoring, prediction and warning techniques are provided by IMD. At the central level such meeting are also conducted by National Disaster Management, Ministry of Home Affairs. National Institute of Disaster Management also conducts training in regular intervals on various aspects of cyclone disaster management. During TC period, apart form all kinds of warning dissemination as mentioned in warning dissemination section, regular media briefings and press releases are also by IMD.

1.8.
Post-event review

AS a part of post cyclone exercise, the area affected by the TC is surveyed by IMD and a consolidated report is prepared with respect to the characteristics of the TC, associated adverse weather, and damage, receipt of warning bulletins by the disaster management authorities and general public etc. A preliminary report is prepared within about a week after the TC and made available to users and general public through IMD’s website.  Further, the operational exercise is reviewed for all the systems once in year by committee of experts in the annual cyclone review meeting of IMD, usually held in January/February.

1.9.
Problems and perspective

The NIO is a data sparse region for monitoring and prediction of TC. However, there is scope for improvement, as evident from the recent past cases, due to existing and proposed buoy network over the NIO, ongoing modernization plan of IMD resulting in improved observational system like DWR and AWS along the coast, improved modeling technique with installation of high power computing system, ongoing forecast demonstration project on landfalling cyclone over the Bay of Bengal. Also sea surface wind will be available with launching of OCEANSAT and better satellite observations with more derived products will be available with the launching of INSAT-3D. Other thrust areas of IMD include (1) improvement in scientific understanding, (2) improvement in forecast techniques and warning generation & presentation, (3) improvement in telecommunication measures and (4) collaboration with research institutions. 

1.11
Forecast Demonstration Project (FDP) on Landfalling Tropical Cyclones over the Bay of Bengal
1.11.1
Background


Currently in India, extensive operational mode activities are in place involving a range of global(T-254), regional(LAM and QLM),  and meso-scale(MM5, ETA, WRF/HWRF) models for generating short(up to 48-72hrs in advance) and medium range (3-7 days in advance) forecast products for use in the prediction of tropical cyclone genesis, intensification, movement and landfall characteristics.  Continuous assimilation of all available land based, ocean based and space based observations is carried out at the NCMRWF and regional scale assimilation is carried out at NCMRWF and IMD for generating most representative 3-D atmospheric fields for forcing the regional and meso-scale models.


Extensive performance evaluation and numerical experimentation studies carried out by the operational, R & D and academic groups on tropical cyclone forecasting over the Indian seas of Bay of Bengal and Arabian Sea have concluded that the large tropical cyclone track and intensity forecast errors are due to lack of critical observations from the cyclone core environment. Hence, it is strongly believed that the establishment of necessary aircraft probing of cyclone (APC) facility for generating data from the cyclone core environment can successfully address this critical data gap in cyclone intensity and track forecasting.


The past few years elsewhere in the world have seen huge technological advancements to observe the inner core, both through in situ means, and by remote sensing. Advanced high resolution global and meso-scale assimilation-forecast systems have been implemented. Capabilities to assimilate data from non-conventional observational platforms (satellite, radar) have been developed. 

1.11.2.
Recent initiatives for FDP Planning

Keeping in mind the nature and scale of the programme that needs to be supported with adequate funding, an appropriate project management structure is put in place to ensure the deliverables to get fully integrated with the operational cyclone forecast systems.  

1.11.3.
Key Scientific Objectives and Goals for FDP
i) 
To demonstrate the ability of the Numerical Models using enhanced observation over the region including the measurements from the dropsonde’s over the periphery of the cyclone and to assess overall accuracy limits in terms of the cyclone track, intensity and landfall for one to two seasons.

ii) 
To incorporate modification into the models which could be specific to the Bay of Bengal based on the in-situ measurements and following the actual track through Satellite and Radar observations.

1.11.4.   Programme

A Forecast Demonstration Project (FDP) on landfalling tropical cyclones over the Bay of Bengal has been taken up. It will help us in minimizing the error in prediction of tropical cyclone track and intensity forecasts. The programme has been divided into three phases 

(i) Pre- pilot phase
: 
Oct-Nov. 2008, 2009

(ii) Pilot phase 
:
Oct-Nov. 2010, 2011 

(iii) Final phase 
:
Oct-Nov 2012

During pre-pilot phase (15 Oct- 30 Nov. 2008 and 2009), several national institutions participated for joint observational, communicational & NWP activities, There were four intense observation phase (IOP) conducted during 2008 in association with four cyclones. However, there was no intense observation period during the pre-pilot phase 2009, as there was no cyclonic disturbance over the Bay of Bengal during this period. The daily reports prepared during this period will be helpful to find out  the reasons for suppressed cyclogenesis over the Bay of Bengal during 15th Oct. to 30th November 2009.

1.11.5.  Coordination with international agencies


RSMC, New Delhi requested the ESCAP Panel, SAARC and BIMSTEC countries for participation in the FDP over the Bay of Bengal programme of India and solicited their cooperation in the real time exchange of data (surface, upper air and special observations) for their utilization in the generation of most representative meso-scale analysis fields over the Bay of Bengal and its neighbourhood for generating improved quality of track, intensity and landfall of tropical cyclones. All the WMOO/ESCAPE Panel countries are also participating in this programme.

2. Thunderstorms
2.1. Introduction

Most dominant feature of the weather during the pre-monsoon season (April-May)  over the eastern Indo-Gangetic plain and NE India is the outburst of severe local convective storms, commonly known as Nor’westers or ‘Kal Baisakhi. Nor’westers are mesoscale convective systems, which can develop under large scale envelope of the seasonal low-level trough over West Bengal –Bihar – Jharkhand belt with a possible embedded low pressure area. This large scale environment has moist low level southerly to southwesterly flow over the region and divergent flow aloft associated with waves in the upper tropospheric westerlies and the sub-tropical jet stream. 

Nor’westers are known to develop from a variety of mesoscale convective structures as they mature to meso α scale (200-1000 km and 6 hours) systems. 
2.2.
FDP on Severe Thunderstorm Observations and Regional Modeling (STORM) 

2.2.1. Background
Earliest studies on Nor’westers date back to late 1920’s to early 1940’s. In fact three field experiments were conducted by the India Meteorological Department (IMD) during 1928, 1941 and 1944 to understand their formation and to facilitate for their better prediction. In the experiment in 1944, IMD had established a special network of meteorsonde and pilot balloons. It is note worthy that all these experiments were conducted to understand severe thunderstorms in India much before the famous thunderstorm project in USA in 1949. Several important features about time of development, movement and distribution of thunderstorms were determined in these very early campaigns. In 1950’s to 1970’s with the establishment of weather radar at Kolkata, the phenomenon was critically monitored and investigated regularly using available radar data.
The atmospheric science community in India launched a field campaign to understand the mechanism of genesis, development and decay of pre-monsoon severe thunder storms known as Nor’westers for the recent years in a pre-pilot/pilot campaign mode. All efforts started with the approval of the National Programme entitled, ‘Severe Thunderstorm Observations and Regional Modeling (STORM)’ by the Program Advisory Committee of the Atmospheric Science that works under the Science and Engineering Research Council of the Department of Science and Technology, Government of India, in the year 2005. The STORM program is conceived as a multidisciplinary nationally co-ordinated research and development programme and has been carried out as a multi-year observational-cum modeling campaign with an objective to build appropriate operational early warning systems for highly damaging severe thunderstorms over eastern and  northeastern parts of India. Subsequently, the program was transferred to the newly created Ministry of Earth Sciences (MoES), to which some of the Atmospheric Science activities are transferred from DST. The Program Implementation Committee (PIC) of the STORM was reconstituted by MoES in 2008.

2.2.2.
Pilot Experiment – 2006

First STORM pilot experiment was conducted during 13 April to 31 May, 2006. For this experiment 10 AWS were installed by Calcutta University with the project funding from DST. Additional upper air observation stations became operational during this campaign with 3 DigiCORA GPS Sondes (courtesy Ministry of Defense) taking upper air observations from Kalaikunda, Panagarh and Purulia Air Force Stations and the DRDOs PXE, Chandipur extending support involving their upper air observational ascents in addition to surface observations. The IMD has taken regularly 06 UTC upper air radiosonde/rawinsonde ascents from Kolkata, Bhubaneswar, Ranchi and Patna. To the extent possible, throughout the campaign period (except for short duration), Doppler Weather Radar(DWR) of Kolkata was operated round the clock and provided very useful data on genesis and propagation of intense convective storms. The INSAT and METEOSAT hourly imageries and INSAT cloud top temperature data were also critically examined.

During this phase of the experiment, supercell thunderstorms were present on a few days, particularly close to coastal regions of Orissa and West Bengal. However, Meso Convective System (MCS) or Meso Cloud Complexes (MCC) have not been clearly noticed, but it does not preclude their existence. The usual tracks of the thunderstorms are from NW to SE direction, but movement along other tracks such as W to E, SW to NE, or NE to SW direction have also been noticed.

For this entire STORM Pilot 2006 period, weather summary was prepared and distributed regularly. All the data collected under this programme was distributed to all participating agencies and universities having atmospheric science programme and interested in pursuing research in this area of importance to India.

2.2.3.
Pilot Experiment – 2007

Based on the meeting of the STORM PIC held in Kolkata during 1 and 2 September, 2006 an expanded 2nd Pilot experiment was conceived for the Pre-Monsoon Season of 2007 with a focus on two regions - (i) West Bengal, Orissa, Jharkhand & Bihar and (ii) the neighboring 7 NE Indian states (Assam, Arunachal Pradesh, Manipur, Meghalaya, Mizoram, Nagaland and Tripura) respectively.

The STORM Pilot field phase 2007 was completed successfully. In the present field phase, area of the field observations was extended to include all the seven north eastern states of India into the region observed in 2006. The Intensive Observation Periods for the two regions were declared separately, depending upon the prevailing synoptic situation. A total of 15days were declared IOP days for the eastern region and 19days for the Northeastern States, out of which only 3 days in eastern India the forecast was contrary to expectation and in NE India 3days reported very less rainfall indicating reasonable assessment of occurrence of severe weather. The frequency and vigor of squalls reported in April 2007 from eastern region of India and the seven NE states of India was nearly same. However in the month of May 2007, the occurrence of squalls were higher from the eastern region, but frequency of rainy days was higher from the NE states. The squalls reported during the period were mostly of low and moderate intensity with intense squalls (Wind speed>50kts) accounting for only 5% of the total number of squalls reported. Moreover northwesterly squalls have dominated the project area. The preferred time of occurrence of squalls in the NE region is in the night or early morning. In the current year, the intensity of the most severe storms was comparatively lower than that observed in 2006. Over the NE states, the number of squall days decreased from April to May, mainly due to penetration of monsoon current into Tripura, Meghalaya, Manipur region from Myanmar. Super cells or mesoscale convective complexes were also rarely observed.

It was observed that about 50% thunderstorm were well organized while remaining were sporadic in nature. The convectional track of these thunderstorm were from NW to SE predominately, with 1-2 were found to have super-convective cells. 

2.2.4.
Pilot Experiment – 2009

· Monitored the life cycle of all Nor’westers that developed over Bihar, Jharkhand, Orissa and West Bengal region and the seven NE Indian states during pre-monsoon  season of 2009 by maximizing the surface and upper air observational support.

· Evolved strategies for critically examining systems of large scale, synoptic scale and mesoscale aspects of the Nor’wester environment, planetary boundary layer processes, convective dynamics, cloud microphysics and electrification for better understanding of atmospheric processes during different stages of convective development based on DWR data over Kolkata and around Guwahati areas. 

· Determined temporal and spatial distribution of lightning over the two regions in Nor’wester season by involving IITM, Pune Group over Kolkata region and Yogi Vemana University, Kadapa group over Guwahati to work alongside IMD offices that extended all necessary logistical and operational support. 

· Launched activities for modeling mesoscale convection over the region and validate available single column and cloud resolving models with the data to be collected during the Pilot Experiment – 2009 in the large scale background of low-level flow from Bay of Bengal and upper tropospheric sub-tropical westerly jet stream.

2.3.
SAARC STORM Programme Activities in 2009

Considering the importance of thunderstorms over the whole SAARC region, the 1st meeting of the Cordination Programme Committee ( CPC ) held at IMD, Delhi during 13-14 April 2009 recommended that the STORM programme be renamed as SAARC STORM, and a Pilot field experiment be conducted in a coordinated way with the  4 countries (Bangladesh, Bhutan, India and Nepal) to study Nor’westers during 1-31 May 2009 . Accordingly, a Pilot experiment was conducted to collect intensive field observation in the four countries in a coordinated way in May 2009. 

STORM advisories based on synoptic features and NWP products were made by IMD, Delhi on every Monday, Wednesday and Friday, and communicated to SMRC during the Pilot experiment – 2009. It also declared IOPs for India, Bangladesh, Nepal and Bhutan. A SAARC STORM Team was setup at SMRC, which received the advisories from IMD, discussed the situations, and communicated to the participating countries. A DVD containing observations collected during the Pilot field experiment 2009 has been made and has been distributed to all the member states and archived in the STORM data bank for future research by the scientific community in this field.

The 2nd meeting of the CPC of SAARC-STORM was held during 2-3 August 2009 at SMRC, Dhaka with IMD and ISRO participation besides representatives from Bhutan, Nepal and Bangladesh. The meeting discussed in detail, the plan for enhancing the observation  network in the STORM programme region.

3.
Flood and drought
Forecasting of high impact severe weather events is a challenging task in the whole of south Asia where systems such as monsoon depression, tropical cyclone and local severe storm constitute a major convective system affecting a large population. There is a pressing need in operational scenario to provide forecasts in a meaningful and quantitative way of these events with greater accuracy. The problem has wide range of applications starting from farming operation to flood forecasting and has direct relevant to economy of the region.

The heavy rainfall related floods usually occurs in India and neighbouring countries  uring the monsoon season (June-September). The proper monitoring and prediction of rainfall helps in flood and drought management. Apart from various observational platforms like ground based observational network, satellite and Radar, various NWP models are used in IMD for rainfall prediction. It includes various global, regional and meso-scale models and MME technique.
3.1.
Rainfall Monitoring :

IMD has been monitoring district-wise rainfall on real time basis. Over 500 surface observatories of IMD record daily rainfall in addition to about 5,000 rain gauge stations controlled by State Govt: authorities. At present, about 2,900 rain gauge stations of both IMD as well as State Govt. agencies report daily rainfall data on real time under the District-wise rainfall Monitoring Scheme (DRMS), which is a regular operational activity of IMD. Daily station-wise rainfall data is collected, compiled, checked and processed at the Meteorological Centres of IMD. The district-wise processed rainfall data is transmitted to the Hydromet. Division of IMD at New Delhi for preparation of periodical rainfall statistics mainly district/ meteorological sub-divisional/country as whole, rainfall realized and its departure from long term average for week and season. The output is available both in tabular and pictorial form for the benefit of planners, policy makers, agricultural scientists. Civil and irrigation engineers, research scholars etc and is also available on IMD’s website.

3.2. 
Rainfall prediction

 
IMD has got a three tier rainfall prediction system at national, regional and state level. The rainfall forecast for as small as district as unit is provided by state level offices to disaster management agencies. 
3.2.1.
NWPand Multi-modelEnsemble (MME)Prediction System:

Currently, IMD (India Meteorological Department) runs a number of regional NWP models in the operational mode. IMD also makes use of NWP Global model forecast products of other operational centres, like NCMRWF T-254, ECMWF, JMA, NCEP and UKMO to meet the operational requirements of day to day weather forecasts. 
There has been a long demand from the user community for district level quantitative weather forecasts in short to medium range tme scale. As a major step, IMD started issuing district level forecasts from 1 June 2008 for meteorological parameters such as rainfall, maximum and minimum temperature, relative humidity, surface wind and cloud octa up to 5 days in quantitative terms, as required for the Integrated Agro-advisory Service of India. These forecasts are generated through Multi-model Ensemble (MME) system making use of outputs of Global models of NCMRWF, UKMO, ECMWF, JMA, and NCEP. For developing the MME,pre-assigned grid point weight for each model at each grid is determined based on the past performance of these models (on the basis of regression co-efferent between observed (analysis) and forecast value). The district level forecasts are made available on the national web site of IMD. 
A dynamical statistical technique is developed and implemented for the real-time cyclone genesis and intensity prediction. MME technique is also developed for cyclone track prediction and the procedure is found very encouraging to handle operational cyclone forecasting work in a more efficient manner. Number of experiments are carried out for the processing of Doppler Weather Radar (DWR) observations to use in nowcasting and mesoscale applications. The procedure is expected to be available in operational mode soon. Various multi-institutional collaborative Forecast Demonstration Projects (FDP)such as, Weather Forecast System for Commonwealth Games 2010, Land falling Cyclone, Fog Prediction etc.are initiated to strengthen the forecasting capabilities of IMD. 

In view of growing operational requirements from various user agencies, there is a need for a seamless forecasting system covering now-casting to medium range user specific forecasts. A major problem in the use of NWP model over the tropics is the near absence of data over the large oceanic region. Particularly, for a tropical country like India where high impact mesoscale convective events are very common weather phenomena, it is necessary to have good quality high density observations both in spatial and temporal scale to ingest into assimilation cycle of a veryhigh resolution non- hydrostatic mesoscale model. In view of the importance of these data in the tropical numerical weather prediction, IMD has been in the process of implementing a massive modernization programme for upgrading and enhancing its observation system. From this modernization programme good quality observations (both conventional and non conventional)are expected to be available on the mesoscale both in space and time by means of Doppler Weather Radar (DWR), Satellites (INSAT-3D Radiance), wind profilers, meso-network (Automatic Weather Stations), buoys and aircrafts in the real time mode to ingest into the assimilation cycle of global, regional and mesoscale NWP models, with the use of advanced telecommunication system.

Currently, under the modernization programme, IMD is in the process of commissioning a state of the art High Performance Computing (HPC) system with a peak performance of 10 TF at IMD HQ., 1 TF at IMD Pune along with high end servers of 100 GF capacities to 12 major meteorological centers for global and regional NWP modeling, particularly for the regional database management, mesoscale data assimilation and high resolution local area model.

With the availability of new observations and infrastructure from the modernization programme of IMD, future Weather Forecasting System of IMD would be as briefly given below:

(a) Now-casting and Mesoscale Forecasting System (valid for half hour to 24 hours) 

· Processing of Doppler Weather Radar (DWR) observations at a central location (NHAC) to generate 3 D mosaic and other graphics products for nowcasting applications.

·  Enhancing mesoscale forecasting capability of local severe weather by providing 3 hourly area specific rainfall and wind forecasts(up to24 hours) at the resolution of 3 km from ARPS with the assimilation(hourly intermittent cycle) ofDWR, AWS, wind profiler sand other conventional and non-conventional observations.

·  Implementation of dynamical Fog prediction model for visibility forecasting at the major airports of India.

(b) Regional Models for Short Range Forecasting System ( valid up to 3 days)
· 72 hours forecasts from WRF model with 3 nested domains (at the resolution of 27 km, 9 km and 3 km). The nested model at the 3 km resolution would be operated at the Regional/State Met Centres at 6 hours interval with 3 DVAR data assimilation. 

· 72 hours forecasts from MM5 model with 2 nested domains (at the resolution of 27 km and 9 km) at 12 hours interval with 3 DVAR data assimilation. 

· For Cyclone Track Prediction, 72 hours forecast from Quasi Lagrangian Model (QLM) at 40 km resolution at six hours interval; WRF (NMM) at 27 km resolution with assimilation package of Grid Statistical Interpolation (GSI).

· For Cyclone track and intensity prediction: multimodel ensemble technique and application of dynamical statistical approach for 72 hours forecasts, forecast would be updated at 12 hours interval.

· Development of multimodel ensemble technique for probabilistic forecasts of district level heavy rainfall events.

(c)Global model for Medium range Forecasting (valid up to 7 days)
· NCEP Decoding System / MFI CIPS interface.

· Global Data Assimilation System (GDAS),six hourly cycle

with GSI (Grid Statistical Interpolation).

· Global Forecast System (GFS)T-382

· Multimodel Ensemble baseddistrict level forecasts

In India, National Center for Medium Range Weather Forecasting (NCMRWF) at Noida, provides daily weather forecast based on the NWP models for the benefit of the farmers and other user community. The short range (1-3 days) prediction of the high rainfall spells of monsoon is of utmost importance for issuing the warning about catastrophic floods, disruption of transport over the regions and to take necessary measures to reduce the damage to life and property.
3.3.
Role of India Meteorological Department (IMD) through Flood Meteorological Offices (FMOs) in Flood Forecasting:

Flood Forecasting in India is jointly carried out by the coordination of two organisation IMD under Ministry of Earth Sciences (MoES) and Central Water Commission (CWC) under Ministry of Water Resources (MoWR). IMD has established 10 FMOs and CWC 20 Central Flood Forecasting Division (CFFD) in flood prone river basins of India. This scheme has an exclusive network of 380 part time rainfall station (FMO Stations) reporting rainfall on real time basis during flood season (generally from 15th May to 15th October) in addition to other rainfall observatories. The main work of FMOs is to issue QPF. 7 FMOs are co-located with the Meteorological Centres (MCs) which are issuing general weather forecast and prepares all related weather charts which are also utilised by FMOs for issuing QPF. 3 FMOs are not co-located with MCs, so prepares all weather charts also in addition to rainfall chart and require more officers / staff. A total of 4085 QPFs were issued by all the ten FMO:S during the flood season of 2008.

3.3.1.
Activities of FMOs:

(a) Collection of Rainfall Data:

Each FMO collect rainfall data from FMO stations, IMD departmental station and

other selected state raingauges from where data is received on real time basis. The rainfall data is observed at 0830 as per WMO norms i.e, 03 UTC/0830 hr. 1ST. This data is used to compute daily areal rainfall catchments/sub catchments under the jurisdiction of FMO during Flood season which generally from 15th May to 15th October.

(b)Flood Met Bulletin:

Each FMO during flood season issue daily Hydro-meteorological Bulletin to CFFD for all sub catchments. The Hydrometeorology Bulletin containing the information which are as under:

(i) Quantitative Precipitation Forecast (QPF).

(ii) Prevailing synoptic situation in the region.

(iii) Basin-wise areal rainfall.

(iv) Station-wise significant rainfall during past 24 hrs (>5 cm).

(v) Heavy rainfall warning in the next 24 hrs. QPF when issued and watch round the clock and modify QPF during flood alert.

(c) Quantitative Precipitation Forecast (QPF):

The QPF are to be issued in the following eventualities:

(i )During Flood Alert notified by CFFDs.

(ii) During the weather situation when there is expectation of significant rainfall leading to floods. During the Flood Alert period, FMO keeps watch round the clock.

(iii) The QPF are to be issued sub basin wise and it is valid for next 24-hrs, being revised 12-hrs if situation demands. The QPF are to be issued in the following ranges:

	S.No. 


	Rainfall in mm  

	1.
	1-10

	2.
	11-25

	3.
	26-50

	4.
	51-100

	5.
	>100 .


(d) During non flood season FMOs carryout the following work.

(i) Inspection

(ii) Data entry

(iii) Preparation of annual Flood Report

(iv) Training 

3.4. Continental Tropical Convergence Zone (CTCZ) FDP
Recognizing the importance of climate research, in terms of the scientific challenge as well as practical importance in a country whose fortunes are still tied to the vagaries of the monsoon, the Indian Climate Research Programme (ICRP) was launched in 1996. ICRP envisaged a concerted effort at harnessing the considerable resources in the country, in terms of developed expertise and infrastructure as well as funding, which was considered to be essential for making significant contributions in this challenging field. One of the major objectives of ICRP is understanding the variability of the monsoon and the oceans (particularly the Indian Seas and equatorial Indian Ocean) over a range of time-scales, by a multi-pronged approach involving analysis of existing observations, development and implementation of new surface based and space based observational techniques, special observational experiments in critical regions such as the Bay of Bengal and the Indian monsoon zone and development and investigation of a hierarchy of models of the atmosphere and coupled atmosphere-ocean systems. There have been major achievements on all these fronts in the last decade. In particular, the conception, planning and successful implementation of ambitious observational programmes such as the Bay of Bengal Monsoon

Experiment (BOBMEX) in 1999 and Arabian Sea Monsoon Experiment (ARMEX) in 2002 and 2003 would not have been possible without the ICRP. ICRP has been a multiinstitutional

programme under the leadership of the Department of Science and Technology with major contributions from the Department of Ocean Development and Department of Space (and the organizations/institutes under each), the Indian Air Force (IAF), the Indian Navy (IN), as well as scientific institutions such as the National Institution of Oceanography under CSIR, Naval Physical and Oceanographic Laboratory under the DRDO, Indian Institute of Science, Indian Institutes of Technology and various universities. 

Understanding and prediction of tropical convection/rainfall is now considered to be the most challenging problem in atmospheric science. Several international programmes focusing on tropical convection over the oceans and monsoonal regions of the world are commencing in the next couple of years. After the successful completion of BOBMEX and ARMEX, under the Indian Climate Research Programme, the science plan for the next programme viz. CTCZ programme which focuses on understanding the variability of convection/rainfall over the Indian monsoon zone has been brought out.

It involves special observations as part of a field campaign in addition to analysis of existing data from conventional platforms as well as satellites, buoys, ARGO floats; and theoretical studies with process models as well as complex atmospheric general circulation models. Special efforts will be made to elucidate the nature of the cloud systems over land and measure critical components of water and heat balance in selected basins/watersheds to gain insight into genesis of cloud systems and their propagations over land and understand the impact of land surface processes. As there are strong links between the variation in monsoon rainfall and convection over the surrounding oceans, it is very important to conduct special observations over the critical regions of the oceans and analyze

the data from ocean based platforms such as buoys, ARGO floats, etc. Since a large component of the observational programme is land-based, the India Meteorological Department, with its existing dense network of stations and planned surface based expansions with AWSs, DWRs, high resolution radiosondes and automatic raingauges along with its satellites, is expected to play a lead role in the CTCZ programme.

The infrastructure installed for the STORM project which is underway will yield data which are very useful for the CTCZ programme. Megha-Tropiques & INSAT 3D - satellites will provide data on clouds, water vapour, vertical profiles of temperature & humidity, etc. These also need ground validation sites. One of the land Cal-Val sites for these satellites can be in the CTCZ area, which will provide comprehensive measurements of several critical parameters. Thus, collaboration with the Megha Tropiques programme will add enormously to the data collected in the CTCZ campaign. The special programme of cloud observations planned by the Indian Institute of Tropical Meteorology which involves aircraft observations over the CTCZ area, will also make important contributions to the CTCZ programme. For observations on the surrounding oceans, the contribution of the ocean institutions in the country is extremely important. The IAF and Indian Navy also have extensive facilities. IAF has a major modernization plan that includes AWSs and DWRs in CTCZ area. Thus, IAF and Indian Navy can also make important contributions. ISRO's IGBP Programme is providing and will continue to give extensive data on aerosols. Also, we can take advantage of their satellite validation programmes/sites. Thus, just like the earlier programmes BOBMEX and ARMEX under the ICRP, the CTCZ programme will have to be multi-institutional with major contributions from the Department of Science and Technology, the Ministry of Earth Sciences (and its organizations/institutes), Department of Space (and its organizations/institutes), IAF, Indian Navy as well as scientific institutions such as the National Institution of Oceanography, IISc, IITs and universities. The CTCZ programme is a multi-year program beginning its pilot phase in the monsoon season of 2009.

4.
Indian THORPEX campaign

THORPEX (The Observing System Research and Predictability Experiment) programme under WMO is an international research programme to accelerate improvements in the accuracy of 1- day to 2-week high-impact weather forecasts. These improvements will lead to substantial benefits for humanity, as we respond to the weather related challenges of the 21st century.

THORPEX establishes an international framework where virtually every national of the world can participate in developing of a global interactive weather forecasting system. There are several regional THORPEX programmes like- T-PARC (THORPEX Pacific Asian Regional Campaign), THORPEX-Africa, China-THORPEX, etc. with scientific aims relative to their regional requirements.

Indian THORPEX is planned with following objectives.
To improve the accuracy of track and intensity prediction of North Indian Ocean (Bay of Bengal and Arabian Sea) cyclones. The time-scale of track prediction (1- 5 days) fits in the time-scale of high impact weather events covered under THORPEX. FDP-Cyclone which has similar objectives can become part of Indian THORPEX.

To improve the accuracy of forecasts of local severe storms that affect major parts

of India and neighbouring countries during pre-monsoon, viz., Thunderstorms/ Nor’westers, Hail, Andhi etc. The timescale of predictions of these high impact weather events (about 1day) fits in the time-scale of weather events covered under THORPEX. Thus STORM could be integrated into Indian THORPEX.

Monsoonal flood/heavy rainfall is another high impact weather event that affects India during monsoon. 1-5 day predictions of these weather events require higher accuracy. Indian programmes like CTCZ & CAIPEEX have similar objectives as THORPEX.

In addition to above, other high impact weather events that severely affect India are Heat Wave, Cold Wave etc, that are predictable with lead time of 1-7 days. Indian THORPEX can have a component with an aim to achieve higher accuracy in the prediction of these weather events. 

Active and break spells of monsoon, drought etc. (which are predictable with lead time of 5-15 days) could also be covered under THORPEX programme.

Thus Indian THORPEX is aimed to be an umbrella programme enveloping many

regional programmes like FDP-Cyclone, CTCZ, CAIPEEX, STORM, ERFS etc. to achieve higher accuracy in the forecasts of almost all high impact weather events that affect India during different seasons.

INDIAN THORPEX shall have three basic sub-programmes, namely, (a) To improve the predictability of high impact weather events. (b) To improve the observational network to

achieve (a) above. (c) To develop data assimilation strategies and develop improved ensemble prediction system to achieve (a).

Initially, the Indian THORPEX shall focus on the following:

1. 
To use the predictions of high impact weather events provided by TIGGE (THORPEX Grand Global Ensemble) for Indian region.

2. The real-time Indian data will be provided for assimilation into TIGGE models for improvement of forecast over the Indian region.

3. The observational data collected during the campaigns may be shared with International community as per our data policy.
Fig.1. Cyclone warning organization of IMD





Fig.2(a). INSAT imagery of cyclone, PHYAN





Fig.2(b). DWR, Kolkata imagery of cyclone, AILA
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