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Summary and purpose of document

This document reports on the activities of the ET-EPS and progress made with respect to EPS-based products, probabilistic forecasting methods, and applications, coordination with THORPEX/GIFS-TIGGE and with the SWDFP. 
Action Proposed  

The meeting is invited to review the actions and recommendations of the ET-EPS and make recommendations for issues to be raised or proposals to be made at the forthcoming CBS meeting.
Annex(es):

· Annex to paragraph 2.1 – ET-EPS Terms of Reference  
· Annex to paragraph 6.4– Guidelines on EPS and Forecasting

Reference(s):
- See links provided in text.
1
ET-EPS Meeting, 5-9 Oct 2009, Met Office, Exeter, UK. 

A summary of the meeting is provided here, and this paper is based heavily on the report from meeting, updated where appropriate. The full report of the meeting can be found at 
http://www.wmo.int/pages/prog/www/CBS-Reports/documents/FINALREPORT.doc 
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Taken at Met Office UK

1.1 Executive Summary

The meeting of the CBS Expert Team on Ensemble Prediction Systems (ET-EPS) was held at the Headquarters of the Met Office UK, 5 – 9 October 2009.  Mr Keith Groves, Director of Operations, Met Office UK, emphasized in his opening welcome the great importance that the Met Office places on the use of the EPS products in severe weather forecasting and in general forecasting and recognizes a large potential for use in many applications.  Mr Chen, representing WMO Secretary-General, explained the continuing importance that WMO is placing on the development and use of EPS for Members, for example as expressed at the 15th WMO Congress, sessions of Executive Council, and most recently at the 14th session of CBS (2009).  While a limited number of GDPFS Centres operationally run EPS, many NMHSs are exploring various applications, and others are seeking to build capacity for their forecasters to access and effectively use EPS products in their forecasting process as well as to deliver services that are based on probabilistic forecasting methods.  In particular, EPS application to support early warning of severe weather is of the highest priority, in contributing to disaster risk reduction.  

Significant progress has been made since the last meeting (early 2006) in terms of resolution, ensemble size, length of integration and frequency of forecast cycles.  The horizontal resolution is increased from about 90-110km to 50-70km for most global system while ECMWF is working towards 30-km.  The number of vertical levels is also increasing, and many centers have increased ensemble size, with the length of integration extending to 10 - 15 days at most centres.  Higher resolution regional EPS and those that focus on specific high-impact phenomena, post-processing products, and multi-centre ensembles continue to develop.  
The Chairperson has been acting as the principal liaison, on behalf of CBS, with the research activities of THORPES/TIGGE, which is exploring the concept of grand global ensemble methods.  The meeting was informed about the development and planning of a Global Interactive Forecast System, which could provide new products for operational use, for example via RSMCs and the Severe Weather Forecasting Demonstration Project.  

Many NMHSs, especially those of developing countries, do not have the computing facilities or capability to generate products from ensemble fields.  EPS outputs need to be calibrated and further post-processed into specific products required by “non-producing” NMHSs, and useful products could only be developed and produced by those centres that have the data processing or data transfer capacity to do so.  This could imply that RSMCs might act as the primary producers of national-level EPS products destined for their end-users, shifting from the present practice of EPS centres providing “raw” output datasets as basic construction material for NMHSs’ development and production.  

The application of EPS to predict severe or high-impact weather events is among the most important topics, e.g., the propagation of the weather forecasts into impact models.  The team also discussed the limitations of EPS in predicting severe events, that it is often difficult to provide adequate calibration or validation.   The Severe Weather Forecasting Demonstration Project (SWFDP), which emphasizes improving the access and effective use of EPS products, continues in the region of southern Africa, while started a new regional project for the South Pacific Islands.  As well, representatives from Japan, China, Morocco, India, and New Zealand, and the MAP D-PHASE project noted direct use of EPS in predicting severe or high-impact weather.  

The meeting developed a series of notes upon which guidance on how to use EPS in their routine forecasting process could be further developed for use by trainers and forecasters.  It agreed that this guideline could be further developed and improved if examples are provided as part of the guideline.  At the same time, it is recognized that further development of additional guidelines on other topics would be very useful to many forecasters, as EPS products are being introduced into forecasting centres.  

EPS-related guidelines would be beneficial for general forecasting, severe weather forecasting, development of EPS post-processing, and on how to focus training to better support the use of EPS products.   The meeting agreed to develop general guidelines, with the goal of elaborating the basic considerations relevant to each of these topics, and the initial texts and ideas for each of these topic areas were developed.    

Verification of EPS is a function of the designated Lead Centre (JMA).  Its implementation continues, with a renewed campaign to request input from all EPS producing centres.  The meeting reviewed the current standards in the Manual of the GDPFS and proposed an amendment, to be considered by CBS-Ext.(10).  

2
Terms of Reference of ET-EPS
2.1
The meeting reviewed the team’s Terms of Reference as adopted at CBS-XIV (2009), as well as other relevant matters identified at CBS-XIV and CBS-MG 10 (2009), and was satisfied that these terms of reference remain relevant for the team in its work.  The terms are annexed to this paragraph.    

3
Progress of operational EPS 

3.1
Much progress has been made by all the centres since the last meeting of the expert team (Feb. 2006).  In summary, the following general points were noted:  

1. Global Ensemble Prediction Systems (GEPS)

1.1
The Global ensemble systems have improved during the last a few years, in terms of resolution, ensemble size, length of integration and frequency of forecast cycles. The horizontal resolution is increased from about 90-110km to 50-70km for most GEPS while ECMWF is working towards 30km. The number of vertical levels is also increasing to between 28 and 70 levels. Many centers increased ensemble size and most systems have more than 20 members. The length of integration is 10-15 days at most centres.

1.2
While Singular Vector and Bred Vector methods are still widely used in generating initial perturbations, Ensemble Transform of BV, Ensemble Transform Kalman Filter and Ensemble Data Assimilation are also implemented in various centres.

1.3
Two main approaches are employed to address Model Error. Some systems use a Multi-Model or Multi-parameterization ensemble approach. An increasing number oif centres are now introducing Stochastic Physics Perturbation Schemes.  Examples of these include the Tendency Perturbation scheme, Stochastic Kinetic Energy Backscatter and Parameter Perturbations. A different approach recently adopted by one centre is to couple all the ensemble members by stochastically perturbing the total model tendency with tendencies from other ensemble members. 

2. Regional Ensemble Prediction Systems (REPS)

2.1
Operational REPS is playing a rapidly increasing important role in NHMSs and Consortia. Currently, the horizontal resolution ranges from 32km to 10km, with up to 70 vertical levels. The ensemble sizes ranges from 15 to 24 and the forecast length ranges from 2 days to 5 days. Many REPSs take multi-model (including multi physics) approach, but single model with stochastic physics is growing in popularity. At some centers, the frequency of output has increased to 1 hour for the first 39 hours to meet the requirement of customers.

2.2
A few centres are also experimenting with convection-allowing ensembles with horizontal resolutions of 1-3km. None of these are operational at the current time, but will provide new opportunities in the next few years for probabilistic prediction of detailed weather such as convective precipitation and low visibility conditions which are not resolved by current EPS systems.

3.2
Some centres now consider that the resolution of global ensembles is approaching the level where within a few years it will be possible to nest convection-allowing ensembles directly in high-resolution global EPS, and the need for intermediate REPS will diminish. This is desirable since it reduces the errors introduced by boundary condition problems with REPS. 
3. High-impact special REPS 

3.1
Both GEPS and REPS are operated in the prediction of high-impact weather events. CMA and JMA both have a global Typhoon Ensemble system concentrating on the Western North Pacific Area. 

4. Post-processing of products

4.1
To provide better predictions, some centres conduct statistical post processing to their EPS products for bias correction and calibration of the pdf (probability density function). Bias correction is the most widely applied procedure, and an adaptive algorithm with Kalman Filter type weighting functions and the use of reforecast data make it more effective. At some centres, combination of an EPS with the corresponding high resolution deterministic prediction is operationally implemented, and statistical downscaling technique, with high resolution analysis as the reference, is used to provide forecast guidance at local scale. The Bayesain Model Averaging technique developed at the University of Washington is becoming quite widely used and is particularly well-suited to systems incorporating multiple models or parameterizations. Some more sophisticated techniques for calibrating the first and second moments of the pdf are also under development.
5. Multi-Centre ensembles: 

5.1
Most GREPS providers are participating in the TIGGE project under the WWRP THORPEX programme for research in multi-centre ensembles. The GIFS plans (see Agenda Item 5) are expected to lead to the development of more multi-system products from the TIGGE project which will be trialled in GIFS-RDPs.

5.2
The North American Ensemble Forecast System (NAEFS) has been in operation since 2006 and has shown significant benefit to its members and the international community. While it continuously increases the number of products for exchange, it will be expanded to include more GEPSs and start REPS data exchange. NAEFS can provide a framework of operational requirements and constraints within which new research must be conceived on one hand, and will offer a receiving end for any new methods developed based on the TIGGE data archive. 
3.2
The meeting noted that it would be useful to maintain a Web site providing information and guidelines on EPS systems and their use.  The meeting requested the Lead Centre for EPS Verification to consider whether this page could be hosted on the Lead Centre Web site.

4
THORPEX/TIGGE/ GIFS developments and plans 

4.1
THORPEX is a 10-year programme of research under the Commission for Atmospheric Science (CAS) World Weather Research Programme to accelerate the improvements in the accuracy of 1-day to 2-week high-impact weather forecasts for the benefit of humanity. A key component of THORPEX is the creation of the TIGGE (THORPEX Interactive Grand Global Ensemble) database. TIGGE is a database of forecasts from 10 operational or near operational global EPSs which provides a resource for research on the relative skills of different systems and in particular the potential for additional skill from the combination of ensembles in multi-system ensembles. The TIGGE project is guided by the GIFS-TIGGE working group which has been developing plans for the GIFS (Global Interactive Forecasting System).  The GIFS plans aim to transfer the benefits from the TIGGE ensemble research into operations. The Chair of ET-EPS attends the GIFS-TIGGE WG as an observer to represent the user needs of CBS.  (See: http://tigge.ecmwf.int .)

4.2
The ten production centres that are presently contributing EPS data to the TIGGE archives are:  ABoM (Australia), CMA (China), CMC (Canada), CPTEC (Brazil), ECMWF, JMA (Japan), KMA (Rep. of Korea), Météo-France (France), NCEP (USA), and Met Office (UK).  

4.3
The TIGGE database has been used to provide some intercomparison verification results between different EPSs. In general the ECMWF EPS is found to perform the best in a variety of scores. For example the meeting was shown RPSS (Rank Probability Skill Scores) for Z500 and Tropical Cyclone track errors.  A cluster of other EPSs with similar levels of performance are next best, and then there are a number of less good performers.  

4.4
Results from recent TIGGE research show a small potential benefit from multi-system ensembles. Most studies take the best-performing ECMWF EPS as a reference and consider whether the multi-system ensemble can outperform the ECMWF EPS A TIGGE multi-model composed of all single models does not provide significantly better forecast than the ECMWF EPS on its own.  However, combining only the three best single models (ECMWF, Met Office and NCEP) can improve the forecasts compared to the single ECMWF EPS, in particular for surface variables like 2-m temperature.  However one study by ECMWF has shown that if the ECMWF EPS is calibrated using reforecasts (which they generate operationally for the purpose of training calibration systems) then the calibrated ensemble forecasts are competitive with the multi-system ensembles- both techniques are similarly successful in reducing systematic errors and correcting for spread deficiencies.

TIGGE in Ensemble flood forecasting 

4.5
A case study has illustrated how the TIGGE multi-system ensembles can be used to generate flood predictions (Pappenberger et al., 2008). Early and effective flood warning is essential to initiate timely measures to reduce loss of life and economic damage. The availability of several global ensemble weather prediction systems through the TIGGE archive provides an opportunity to explore new dimensions in early flood forecasting and warning. TIGGE data has been used as meteorological input to the European Flood Alert System (EFAS) for a case study of a flood event in Romania in October 2007.  Results illustrate that awareness for this case of flooding could have been raised as early as 8 days before the event and how the subsequent forecasts provide increasing insight into the range of possible flood conditions. This first assessment of one flood event illustrates the potential value of the TIGGE archive and the grand-ensembles approach to raise preparedness and thus to reduce the socio-economic impact of floods.

4.6
Operational medium-range flood forecasting systems are increasingly moving towards the adoption of EPS to drive their predictions.  A review of the state of the art in this field, with a discussion of the scientific drivers of this shift towards ensemble flood forecasting and discuss several of the questions surrounding best practice in using EPS in flood forecasting systems, has been completed (Cloke and Pappenberger [ECMWF Technical Memorandum 574]). This work also discusses remaining key challenges in using EPS weather forecasts in hydrology in the future.

4.7
Ensemble hydrological prediction is developed under a programme called HEPEX. A recent proposal supported by WWRP has suggested a new THORPEX project on hydrological ensembles in collaboration with HEPEX called THEPS, and can be found at: 

 http://hydis8.eng.uci.edu/hepex/THEPS/Proposed_HEPEX_THORPEX.pdf 

4.8
Operational coastal flood forecasting due to storm surge is also increasingly making use of EPS. Operational storm surge EPS is in use in the UK and the Netherlands to provide probabilistic surge risk out to at least 5 days ahead. 
Global Interactive Forecasting System (GIFS)

4.9
The GIFS strategy developed by the GIFS-TIGGE WG and supported by the Chair ET-EPS is to develop GIFS through a number of small targeted projects to address the needs of society for improved high-impact weather forecasting. The WG has followed the concept of the SWFDP in cascading forecast information from the developed centres to the most vulnerable nations. The GIFS plan includes the development of new tools from TIGGE concepts, such as multi-system ensemble forecasts of tropical cyclone tracks as recently demonstrated in the T-PARC experiment of THORPEX.  A second area of priority is the prediction of heavy precipitation and strong winds.  
TIGGE-LAM
4.10
The TIGGE-LAM working group aims to create a similar database to TIGGE for regional EPS to investigate the benefits of multi-model ensembles. This approach has limitations for providing an operational service to WMO Members due to the limited overlap of systems in most regions of the globe, and in particular in the less-well resourced parts of the World. The ET-EPS meeting reconfirmed the statement made at CBS-XIV (paragraph 6.3.30):  “… the Commission felt its interest in multi-model ensembles should focus on global EPS at the present time, while monitoring progress of research results of EPS formulations of Limited Area Models.”

4.11
The ET-EPS meeting endorsed the strategy which has been followed by the Chairperson and expressed its appreciation to Mr Mylne for representing the perspective of operational EPS production in the TIGGE research programme.  

Use of TIGGE-GIFS by NMHSs

4.12
Mr Gerald Fleming, Chairperson of the CBS PWS programme, confirmed the difficulty for NMHSs of simply making ensemble fields available in real-time for downloading.  Many NMHSs, especially those of developing countries, do not have the computing facilities or capability to generate products from ensemble fields even if they were made available.  EPS outputs need to be calibrated and further post-processed into specific products required by “non-producing” NMHSs. Ideally these products should be designed for individual NMHSs, following consultation with their respective users on their needs and decision criteria.  

4.13
By nature of the large datasets and computing requirements associated with EPS likely EPS-based products could only be developed and produced by those centres that have the data processing or data transfer capacity to do so (major NWP centres, e.g. many RSMCs).  This approach could challenge our present structures in a very fundamental manner as it implies that global or regional NWP centres might act as the primary producers of national-level EPS products destined for their end-users, shifting from the present practice of EPS centres providing “raw” output datasets as basic construction material for NMHSs’ development and production.  

4.14
The ET-EPS meeting endorsed the idea of the GIFS developing as a cascading structure in which a small number of global centres would run global EPS, and then a number of regional centres or consortia would run regional LAM-EPS for regions of the globe (using the global ensembles for boundary conditions) and provide products to NMHSs in the region
4.15
There is an ongoing need for further research to develop improved tools for severe weather prediction. For example there is a need for the development of diagnostics to aid the identification of the potential for severe convective events from global EPS fields, particularly in the Tropics. Another area is the calibration of EPS forecasts, particularly for variables with non-normal distributions such as precipitation. There is scope for much research in the ability of EPS to provide useful predictability for tropical phenomena such as monsoon circulations, the MJO, Easterly Waves etc.  The TIGGE database provides an ideal resource for the development of such tools and for the examination of case studies.

5
EPS in severe weather forecasting, including SWFDP
5.1
The Rapporteur on Applications of NWP to Severe Weather Forecasting (Jean-Marie Carrière, France), has provided many examples of EPS-based probabilistic products, both to help forecasters to better understand or develop a sense of confidence in the NWP/EPS predictions of hazardous conditions, as well as guidance for specific users of meteorological forecasts (e.g. hydrology for flooding, coastal protection from surges, heat wave for health).  

5.2
Several members of the ET showed examples of EPSs being used effectively to support prediction of severe or high-impact weather events. Examples included the propagation of the weather forecast into impact models, for example a recent case where an ensemble was couple to a storm surge model and provided useful probabilistic warnings of a major storm surge event in the North Sea. 

5.3
Extreme events are often predicted towards the extreme end of the forecast pdf, and it is therefore essential to take account of low probabilities of severe events in order to make effective use of the forecasts and ensure that warnings capture the more extreme events. To be fully effective, this requires a fundamental change of thinking whereby alerts, watches and even warnings become more probabilistic in nature to represent the risks associated with high-impact weather and related phenomena. Effective communication of the meaning of low probabilities of high-impact events is essential to ensure effective use. This requires a close discussion with users and stakeholders to create an effective balance between capturing extreme events while avoiding excessive “false alarms” generated by low probability alerts.
5.4
The ET also discussed the limitations of EPS in predicting severe events, and noted in particular that some extreme events cannot be adequately represented by the models, especially in global EPS. It noted also that it is often difficult or impossible to provide adequate calibration or verification of capabilities for extreme events due to the small data samples for such rare events. 

5.5
One approach to severe weather which has been used very effectively for Tropical Cyclones is the tracking of cyclones in EPS forecasts to provide a distribution of TC tracks and resulting strike probability forecasts. This approach is widely used and was demonstrated using multi-model ensembles in the THORPEX T-PARC experiment.
SWFDP 
5.6
Mr Ken Mylne (Chair ET-EPS) attended the Steering Group Meeting of the SWDFP in Geneva 22-26 Feb 2010. This meeting was held to coincide with a meeting of the TIGGE-GIFS WG and a joint session was included. It was agreed that the SWFDP would provide a user requirement for the development of new GIFS products based on TIGGE data, and also a testbed for the operational use of such products. (It should be noted that earlier plans for specific GIFS-RDP demonstration projects to be modelled on the SWFDP were replaced and it was agreed that GIFS work should be integrated within the existing SWFDP framework.) The report of the SWFDP SG meeting is at http://www.wmo.int/pages/prog/www/CBS-Reports/documents/SG-SWFDP-3_FINALREPORT.doc 
5.7 
The two groups agreed to take advantage of existing and planned activities, infrastructure and experience, and wherever possible, GIFS developments be trialled in conjunction with CBS regional SWFDPs. They also agreed on collaborating arrangements to formally establish liaison between the SWFDP and GIFS developments.  The PSG agreed to better reflect this collaboration in the SWFDP Guidebook on Developing Regional Subprojects.  

5.8 
EPS continues to be a critical component of the guidance data provided to SWFDP sub-projects from the global centres. The sub-projects in Southern Africa and the South Pacific are both supplied with EPS data by both ECMWF and the UK Met Office. The use of EPS data is included in plans for the SWFDP sub-project being initiated in SE Asia, and the UK Met Office has expressed support for the proposal for a new sub-project in E. Africa which would include the provision of EPS data.
 5.9
The SWFDP has been widely acclaimed as a highly successful project and a model for effective collaboration and support for the less-developed NMHSs in the protection of life and property in their areas of responsibility. As a result it is planned to present a detailed session on the SWFDP at the forthcoming CBS Technical Conference ahead of the CBS Meeting in November 2010 in Namibia. Mr Ken Mylne (Chair ET-EPS) has been asked (informally at this stage) to represent the roles of global producing centres at this meeting. 
SWFDP Training

5.10
Training workshops carried out as part of the SWFDP sub-projects have proved one of the most effective ways of providing training on the use of EPS. A key reason for this is that the training is provided in conjunction with ongoing access to operational EPS data, which means that the training can be exploited and reinforced when the trainees return to their normal working environments. It also provides them with a source of data with which to spread that training to colleagues within their own organizations.
5.11 
A key concern for the future continuing success of the SWFDP sub-projects, particularly as they transition to ongoing fully operational services, is the maintenance of regular and updated training. Training for new sub-projects has so far been provided on an annual basis with central funding from WMO, but as more projects are supported and the existing projects continue, the resources to provide this, both financial and human, will become increasingly stretched. Annual training is considered critically important, both to update the training on new systems and capabilities, and most importantly to train new forecasters coming into the roles of using the services. It has been proposed that this ongoing training should become the responsibility of the Regional Associations, but there remains concern about whether the RAs will have the resources to ensure this. As a result the SG noted that the CBS Management Group (June 2009) recommended that the chairpersons of the OPAG-DPFS and OPAG-PWS coordinate the development of a strategy and suitable supporting documentation related to SWFDPs with the intention of recommending to EC-LXII (2010) a new WMO programme and budget element, within the WWW Programme, and carried forward to Congress (Cg-XVI, 2011).  
B08RDP - EPS in Severe Weather Forecasting

5.12
The use of mesoscale EPS systems for prediction of severe weather was demonstrated in a WWRP FDP during the Beijing Olympic Games. Six mesoscale ensemble forecasting systems from different weather prediction centers participated in B08RDP. Each participant developed its own MEPS and ran in a common configurations of domain (Beijing and around area) and same resolution, and provided products. 
5.13
The China Meteorological Administration (CMA) acted as sponsor of B08RDP Achievement are summarised as follows:

· CMA was responsible for data collecting, decoding, distributing, and establishing the platform for weather forecasts. A number of scientific issues related to the development of MEPS also were explored : 
· different initial perturbation techniques were used in this project, and relative merits of these strategies were investigated; 
· efforts to present the uncertainties in the lateral boundary conditions of MEPSs were made; 
· the different strategies for representation of model errors were tested; 
· the data assimilation systems and numerical models for all participants have been upgrading during B08RDP. 
· the bias correction techniques were used in the ensemble products to provide with reliable products to forecasts.
· B08RDP has been providing with probability products for meteorological office in real time. B08RDP MEPSs caught almost all major precipitation processes in Beijing area in 2008 and successfully demonstrated the importance of MEPS for the prediction of high impact weather. 
· The verifications of MEPSs and inter-comparison of different MEPS were carried out, showing the advantages of MEPS over GEPS for the predictions of surface variables, and skill improvement of ensemble forecasts versus control runs. A series of training had been done to make forecasters familiar with the ensemble products. 
· During B08RDP, mesoscale ensemble products were applied to daily forecasts. Synoptic verification of MEPSs in the viewpoint of forecaster showed that useful and valuable forecasting information were made by MEPSs during the Olympic Games. The appendices of this report provide more detailed information of each B08RDP MEPS.

6
Developing guidance for forecasters 

6.1
The ET-EPS meeting discussed the use of EPS products by forecasters, and concluded that very little guideline information has been developed, for probabilistic forecasting.  It is also generally recognized that while many forecasters have developed their own methods through substantial experience, many other forecasters have little experience and are inadequately prepared to use EPS products. Even in countries with very good access to EPS products forecasters often remain committed to the traditional “deterministic” approach to forecasting – this is commonly driven by the desire from end-users for categorical decision-making despite the presence of uncertainty.  Additionally, it was noted that guidelines for forecasters should be based on objective verification results and consistent with EPS concepts and design (e.g. assumptions). 

6.2
Many forecasters have not been educated or trained adequately in probability and EPS concepts, production and products.  Understanding statistics and probability science should be reinforced.  It is important to include EPS training in continuous learning programmes as well as the initial training for new forecasters.  At the same time, many forecasters in EPS producing centres have greater experience in the use of EPS products, with particular expertise on how to apply EPS products to severe weather forecasting.  Transfer of knowledge and skills have taken place through dedicated training events and through the SWFDP regional projects.     

6.3
The meeting noted that CBS had adopted the “Guidelines on using information from EPS in combination with single higher resolution NWP forecasts” which the ET-EPS had developed, which can be found on the WMO Web site at: 
http://www.wmo.int/pages/prog/www/DPFS/Documentation/Guidelines_ET-EPS2006.pdf 
6.4
The meeting further agreed that there is a need for further general guidelines on the use of EPS, and agreed to take the lead in producing such guidelines. The meeting agreed to develop general guidelines, with the goal of elaborating the basic considerations relevant to each of these topics.   The initial texts for each of these topic areas are found in the annex to this paragraph. It should be noted that no further progress with developing these guidelines has been made since the meeting, and there is a need for dedicated resources to complete this task. 

6.5
The PWS programme has already developed the “Guidelines on Communicating Forecast Uncertainty” (2008, WMO/TD No.1422), which is available on the WMO Web site at:  
http://www.wmo.int/pages/prog/amp/pwsp/documents/TD-1422.pdf  
7
Verification  

7.1
JMA is the lead centre for EPS verification. The number of centres providing verification data to the site has improved in recent months and now includes JMA, ECMWF, CMA, KMA and CPTEC. However a number of global centres still have difficulty in supplying the required verification data. There were two main reasons for this:

· lack of resources

· inability to calculate required events (now defined in terms of standard deviation from climate mean or percentiles of climate distribution)
7.2
Possible solutions to improve the situation have been suggested:
· add CRPS score to the list of required verification. This is becoming a more common summary measure at several centres and is therefore already available for at least some parameters from more centres than currently supply results. Also it does not rely on a detailed model climate distribution. It should be noted that the CRPS for a deterministic is equal to the mean absolute error and therefore allows a comparison between performance of probability and deterministic model

· use of the TIGGE database. In principle it is possible for one or more centres to use the TIGGE archive to calculate verification scores for all participating EPSs. This has the following advantages:

· consistent verification procedure for all systems; even with detailed guidelines it can be difficult to ensure consistent verification. This could be particularly important for verification of surface weather parameters against observations

· the climate quantiles and standard deviation fields could be provided from one centre that already has these and used for those centres that do not have this information available

· it would resolve the resource issue for the EPS providing centres. However, it would require significant resources to develop the system and perform the initial verification, and then to maintain the system for routine verification updates.
7.3
Difficulties of precipitation verification - no centre provided results for precipitation.  Reason is difficulty of verification against observations, including observation quality control, differences in reporting practice (accumulation period 06-06 UTC, 12-12 UTC etc).  An alternative that would allow some comparison of precipitation scores is to use a short-range forecast as a proxy precipitation analysis.  This may be more straightforward for centres to implement.  An alternative is for one centre to maintain a global set of synoptic precipitation observations and to verify the EPS precipitation fields from all global centres, possibly using the TIGGE archive to retrieve the EPS data. 

Amendment to the Manual on the GDPFS

7.4
The ET-EPS meeting recommended that the following texts be added to the appropriate place in the current text of the Manual (Vol. I – Global Aspects, Part II, Attachment II.7, Table F, section III – Standard Verification Measures of EPS): 

· (a new note at end of EPS Verification section: “In the case of CRPS, centres are encouraged to submit this for both EPS and the deterministic (control and high-resolution) forecast as well - CRPS for deterministic forecast is equal to the mean absolute error.”

· (last bullet in “List of Parameters”, following the sentence referencing the GCOS list of surface stations: “Verification of precipitation may alternatively be against a proxy analysis, i.e. short-range forecast from the control or high-resolution deterministic forecast, e.g. 12-36h forecast to avoid spin-up problems.” 
Principles for verification of short-range EPS (grid spacing < 10km)

7.5
The development of EPS for very high-resolution EPS is in the early stages of research, and appropriate methods of verification are still very much an area of active research. However a few principles can be suggested:

· Since upper air parameters will hardly be distinguishable from those of the driving EPS, the verification will concentrate on parameters connected to local weather elements: precipitation, cloudiness, 2m temperature, 2m dew point, wind speed, wind direction, wind gusts.

· Point observations of temperatures and winds are verified against the closest representative gridpoint.

· Point observations of rainfall and cloudiness can be verified against an aggregation of gridpoints surrounding the observation point. The aggregation can for instance be the mean value (upscaling) or the probability to exceed some threshold (neighbourhood method).

· Observed fields of precipitation (radar) or cloudiness (satellite) can be verified using fuzzy verification techniques (e.g. upscaling, fraction skill score).

Probabilities can also be derived from deterministic small scale models. A PDF extracted from the statistics over neighbouring gridpoints can be built. This PDF can be verified in a probabilistic way. These scores should be compared with the corresponding scores resulting from the EPS in order to show the eventual added value of the EPS.
8
Review of EPS aspects of the Manual on the GDPFS 

8.1
The meeting reviewed the relevant sections of the Manual on EPS (WMO-No. 485, Supplement 11) and proposed only the agreed changes to the verification requirements (see item 7).  
Annex to paragraph 2.1 – ET-EPS Terms of Reference  

ET-EPS Terms of Reference (October 2009)

The following terms of reference for the CBS Expert Team on EPS were reviewed and accepted at the meeting, unchanged from those adopted at CBS-XIV (Dubrovnik, 2009): 

a) Provide advice on EPS in relation to probabilistic forecasts in the context of short- and medium-range EPS products, focusing on applications concerned with all aspects of the EPS systems which forecast the weather on a daily basis;

b) Review progress on EPS and its application to severe weather forecasting including progress on multi-centre ensembles and on regional model based EPS, and prepare ways to make best operational usage of these developments;

c) Propose guidance for the generation of EPS products (e.g. EPS-grams, presentation of cyclone tracks and strike probabilities, hazard maps, calculation of probability, calibration methodologies, etc.) to ensure compatibility of EPS products supplied to WMO Members by different centres;

d) Develop education and training material for forecasters including rationale of concepts and strategies of EPS, and on the nature, interpretation and application of EPS products; 

e) In consultation with the Coordination Group on verification, review verification system for EPS products and provide guidance on the interpretation of verification; 

f) Support the further development of the Lead Centre on Verification of EPS by reporting on verification measures and determining the best way of presenting skill of ensemble forecasting systems.  Provide relevant software to NMHSs through the Lead Centre Website; 

g) To review the Manual on the GDPFS (WMO-No. 485) and propose updates as necessary concerning EPS; 

h) Develop specifications for the introduction of probabilistic information into products from RSMCs with geographical specialization; 

i) Participate in THORPEX Working Groups:

(i) To ensure that the proposed GIFS (Global Interactive Forecast System) is suitable for operational implementation and application;

(ii) To review progress on the use of EPS for targeting of observations.
Annex to paragraph 6.4– Guidelines on EPS and Forecasting

I.  General points

· An EPS is only as good as the model(s) it uses.

· If a model is unable to represent certain phenomena, the EPS will also be unable to represent it.

· An EPS will share any systematic biases of the model used.

· Ensemble best represents uncertainty in resolved variables

· Upper-air usually more skilful than surface 

· Surface parameters affected by sub-grid scale uncertainty

· How to combine deterministic forecast with ensemble/probabilistic?

· Relative capabilities of ensemble members compared to hi-res/control

· Can a forecaster improve the distribution by re-weighting members (e.g. hi-res) or rejecting some members?

· Forecasters may think that some members are unrealistic

· Can we eliminate some members on the basis of recent observations or pick a “best member”?

· PERHAPS, for certain aspects of the forecast over very short-period forecasts 

· NOT for longer period forecasts

· Recommend that forecaster should use the whole distribution in a probabilistic approach

· Decision-making with uncertainty – cost-loss

· Presentation methods for effective communication (e.g. PWS Guidance Notes)

To be expanded by: Gerald

· Different predictability range of convective cells, mesoscale structures, synoptic structures (fronts), large scale synoptic features (ridges, troughs,…).

· Predictability can be different from day to day and place to place.

· Strengths and weaknesses of the models/ensembles have to be known (proper verification: stratification by threshold, weather classes,…) ( text easily available to the forecaster.

· Verification of multiple thresholds to be available

· Summary doc of strengths and weaknesses by season

· Description of each product easily available.

· Be careful with “end of chain” parameters (precipitation, cloudiness,…)

· Show upper air features not only weather elements – environment/precursors for high-impact weather developments

The use of EPS (and other probabilistic tools) opens the possibility of issuing two different types of forecast, fully probabilistic, or deterministic with supplementary uncertainty information. Which type we use affects who makes decisions from the forecast. In general the use of fully probabilistic forecasts allows each user to tailor their decision to their specific needs (eg using cost-loss estimation), and is therefore strongly encouraged.

II.  Issue probabilistic forecasts ( the end user takes decision

· Calibrated, bias corrected forecast can be directly issued to the end user (low cost).

· This approach allows for the possibility of issuing automated forecasts for many locations and users.

· Use of fully probabilistic forecasts based on ensemble members retains consistent correlations between different weather variables and also different locations (e.g. the correlation in temperature between two locations).
· Direct model output (DMO) from ensembles should be used with care, as it may not provide reliable probabilistic forecasts, but will often nevertheless provide valuable information. In some cases use of DMO may be essential where there is no calibration system in place – calibration is difficult for certain variables such as precipitation, or where adequate observations are not available.

· Production by the forecaster: can rely on calibrated EPS and/or generate probabilistic forecasts using subjective methods, with or without an EPS, (using experience, analogues,…). Forecasters may be able to correct for some known system biases or model weaknesses, but in many cases it is not clear that forecasters can add significant value.

· In general it is recommended that where probabilities are indicated for significant high-impact weather, a forecaster-written comment or warning should be added.

III.  Issue deterministic forecasts (incl. warnings) ( the forecaster takes decision

If you issue a deterministic forecast, it should be augmented by a statement of the confidence of this forecast. The confidence will not always be the same for all elements of the same forecast – confidence indices, if used, are best provided separately for each variable. 

The best approach will depend on the predictability as indicated by the ensemble spread:

· Small spread in the ensemble (good predictability)

· In this case it may be reasonable to offer more detail in the forecast.

· Take the control, the high resolution control, the ensemble mean or the median as a guide (with due regard for the need for calibration or bias correction).

· Spread may often differ between model variables so small spread in one parameter does not guarantee confidence in all aspects of the forecast.

· Good synoptic scale predictability does not always mean predictability in surface weather variables such as temperature or convective precipitation.

· Forecaster should still take account of uncertainty in parameters not resolved by the model.

· Large spread in the ensemble (poor predictability)

· Take most representative member of the ensemble (e.g. most populated cluster or mode of pdf) as a guide to the most probable outcome

· Note that the most representative ensemble member may not give the most probable value for each weather element (e.g. most probable temperature at a location may not be correlated with the most probable precipitation amount.)

· Avoid giving too much detail in the forecast

· Communicate that there is uncertainty.

· Encourage users to follow forecast updates.

· Take into account extremes of the EPS and of the high resolution control

· Communicate clearly the risks and impacts associated with worst-case scenarios alongside the most likely outcome.

· Encourage users to be prepared for worst-case scenarios, but without over-reaction.

· Make a careful evaluation of the possible evolutions of the synoptic situation and their potential impacts.

· Take into account the behaviour of models.

· The high-resolution control may be better able to represent certain high-impact events.

· In the short range (12 - 18 hours), it may be possible to take into account the latest observations (3-6 hours into the forecast) in order to choose a scenario or a member of the ensemble.

· For example, a rapidly evolving cyclone may be best predicted by the member with the best position after a few hours.

· ONLY in the very short-range!

· Be aware that future evolution will be influenced by features coming from upstream. This makes member selection for forecasts beyond ~24h impossible.

Taking decision

· The choice of making a deterministic forecast for a specific event to occur or not has to be taken with some knowledge of the cost / loss ratio of the end user. This ratio can be assessed by a survey or a direct discussion with the end user.

In general, uncertainty has to be communicated in every circumstance, preferably by using the PWS Guidance (WMO TD-1422).

IV  Special considerations for the use of EPS for severe weather prediction

· A well structured NMHS warning system should have appropriate thresholds, lead-times and level of service agreed with users.  

· Types of warnings; regions; thresholds (severity/impact and probability)

· Risk = Impact*Probability

· A good warning system is one that will be easily understood by users, with standard thresholds adhered to by forecasters. 

· A good warning system will require feedback from users to NMHSs. The NMHSs in turn should give feedback to producers enabling them to design appropriate products.

· Provides a guide to the EPS and NWP products required to deliver 

· Severe or high-impact weather events occur on a wide range of scales in space and time, from Tropical cyclone, extratropical cyclone, monsoon system at the large scale, to smaller scale systems such as local severe storms, orographic rain, thunderstorms and tornados.

· Must take account of different predictabilities of different types of events (e.g. do not try to predict a thunderstorm 3 days in advance)

· EPS can only predict severe events which the model can resolve

· Sometimes can identify pre-cursor conditions for severe developments

· EPS are a powerful tool in predicting severe weather events. However, EPS can only predict severe weather which the model(s) can resolve:

· Numerical Weather Prediction has limitations in explicitly resolving smaller scale phenomena, which leads to under-estimation of extreme events likelihood within EPS.

· Lower resolution EPS (Global) is less likely to be able to resolve details of an extreme event

· Regional EPS, which usually has higher resolution, should have less outliers (Observed severe events not forecasted within the spread).

· The majority of extreme events will be predicted at the high end of the ensemble distribution.  

· Therefore forecasters and users should not ignore low probability events, especially when those events are very rare. 

· For example, ignoring probabilities below 20% or even 10% could result in missing the most important events signalled by the EPS.

· Must communicate clearly the risk of “false alarms” with low probability warnings – these are actually a correct feature of low probabilities.

· Expect probability to increase closer to the event – usually but not always

· An extreme event may also be forecast essentially correctly, but with errors in location or timing.

· Synoptic interpretation (e.g. weather feature tracking, use of analogues) or statistical downscaling tools are ways to add skill to the basic (Global) EPS.  

· Note that statistical methods require large data samples for training, and may not be well-suited to rare or extreme events. 

· Cyclone tracking products (for both tropical and extra-tropical cyclones) can provide a useful summary of the development of high-impact storms.

· There is potential for development of more feature-based diagnostics for poorly resolved severe weather systems.

· The Extreme Forecast Index (EFI) can be a useful tool in alerting forecasters to a potential severe event.

· EFI does not provide explicit probabilities of specific events, and should be interpreted in conjunction with other tools.

· Currently only a small number of systems can provide an EFI due to the need for a model climatology.

· Regional EPS may better represent local features such as orographically enhanced precipitation or small scale extreme events by dynamical downscaling of the global EPS. 

· Production of verification highlighting the skill and limitations of EPS is important.  

· Users of EPS should be aware of those limitations and strengths.  

· However, due to the rarity of most extreme events it is often impossible to provide reliable (or statistically valid) verification of probabilistic performance. It may be necessary to extrapolate from the verification of less-severe events.

· Given the diminishing of the EPS skill with increasing lead time, latest available products are generally given higher credibility.  However, previous runs of an EPS may still provide useful information about a rare event because of the lack of spread (limitation in the sample size).    

V.  Forecaster Training

Training should include:

· NWP basics, capabilities, strengths and weaknesses e.g.

· Dynamically resolved and parameterised variables

· Parameterizations and sub-grid scale processes

· Observations and data assimilation.

· Motivation for probabilistic forecasts – chaos theory and its impact.

· Statistical background theory and approaches.

· Aims of initial condition and model perturbations.

· Standard ensemble verification tools and their meaning.

· Explanation of basic meaning of products (e.g. lines on chart).

· Methods of post-processing and their impacts.

· Practical training is really only useful when an NMHS has access to operational EPS data, the operational time to use it and the products and tools to make direct use of it.  

· Benefits of training which is not reinforced by operational practice are rapidly lost.

· Provision of training in conjunction with a demonstration project such as the SWFDP can help to ensure that the training is reinforced and consolidated by the provision of relevant operational EPS data. 

· Learning Through Doing – The training of forecasters in the use of EPS guidance should be a practical experience using tools which are as close as possible to those used in operations.  

· Web based tools can be ideal in training, as they can be used on any workstation system through a standard browser to ensure continued access afterwards. 

· During training case studies should be worked through showing the appropriate use of EPS guidance, both in routine and severe weather scenarios.

· In the relatively new area of EPS, periodic training is expected to generate the best benefit.  Forecasters require time to build experience in using this guidance followed by further training to reinforce key concepts.  It would also be of benefit if various NMHSs could share their experience with EPS.    

VI.  EPS Post-processing

The aim of this guidance is to provide explanation and advice for post-processing using statistical and dynamical approaches to improve EPS outputs. There are numerous approaches and the paragraphs below capture some of the most common. Some methods are quite generic and may be best applied by EPS producers at source, while others are quite specific to applications and may be better applied specifically for individual users.

1. Statistical post-processing

Generally speaking statistical post-processing is needed in order to correct systematic errors in models and thereby add value to direct NWP model output. These errors are particularly important for surface parameters (2m temperature, 2m humidity, 10m wind speed, precipitations, total cloudiness, …) and are linked to local conditions.

More precisely, statistical post-processing is used to:
· Remove systematic biases 

· Kalman-filter and other adaptive methods are recommended to allow the corrections to be automatically updated to account for model changes (upgrades) and changes in the season.

· Quantify uncertainty not represented directly by the EPS

· Predict what model does not represent explicitly (eg low visibility)

· Produce site-specific forecast

· Assist forecasters : « First guess » for expected local conditions

· Adjust ensemble spread

1.1 Bias correction of the First Moment of the PDF (Probability Density Function)

This post-processing is similar to MOS (Model Output Statistics) methods applied for single models, but with some important differences. For ensembles, it is well known that a traditional MOS which is trained specifically for each forecast lead-time will lead to a significant decrease of the ensemble spread at longer lead times. Instead, it is recommended to use a pseudo-perfect prognosis approach. This method is based on the use of MOS statistical models computed over the first 24h of the forecast and then applied to the corresponding steps during at all forecast lead-times.

· In the case of single-model ensembles (ie the same model is used for all of the members, even where model perturbations are implemented) the same statistical model should be applied to all of the members  . 

· In the case of multi-models ensemble (ie where different models are used to build the pdf, or systematically different model versions are applied, e.g. different parameterization schemes) specific statistical models should be trained and applied for each model version. 

In either case the development of these statistical models need a training set of model outputs (predictors) and observations (predictands). In the case of adaptive methods such as the Kalman filter this training set is updated continuously from the daily forecasts. 

The “observations” can be either site-specific observations or may be high-resolution analyses.  In the case of site observations the statistical post-processing will lead to local forecasts (ie at each site specific point where observations are available). When analyses are used the end product is a bias-corrected and downscaled gridded forecast.  

It should be noted that when different weather variables are independently bias-corrected, some of the correlation between variables represented by the different ensemble members may be lost. For this reason forecasters may prefer to view direct model outputs.

1.2 Calibration of higher Moments of the PDF

· Bias removal for the second moment of the pdf. is often known as the “calibration” post-processing. It aims to improve the reliability of the probabilistic forecast. Therefore this kind of post-processing is specific to ensemble prediction systems and is particulaly important to give confidence on probability forecast. A method developed at the University of Washington is now considered as one of the best to deal with this issue. This method, called “Bayesian Model Averaging” is based on specific statistical laws (eg normal laws for temperature). As for the first moment bias correction, calibration is based on local conditions and often needs observations or high quality reference.

· A number of other methods are under development which attempt to calibrate both the first and higher moments of the pdf to optimize the complete distribution.

The above methods are commonly applied to variables such as temperature and wind-speed. Variables such as precipitation are more difficult to correct due to the nature of the pdf and the local variability of observations. Some specific approaches are under development, but post-processing methods are at present less successful and may not improvge significantly over raw model outputs.

It has to be said that statistical process present limitations especially in case of severe events. The main reason for this fact is that observations of these kinds of events are rare. Therefore it can not be expected to provide significant improvement for the raw forecast in this case and probabilities given by ensemble can not be considered as reliable. As a consequence, the human expertise is particularly important and it is recommended to give particular attention on the comparison between the usual ensemble behavior and the forecast pdf (see §3).

2. Dynamical downscaling

Dynamical downscaling may be defined as the use of a higher resolution limited-area NWP model to add detail forced by topographic detail and to resolve fine-scale processes such as convection. Ideally all ensemble members will be downscaled, but where cost constraints prevent this a selected set of members may be downscaled. In downscaling the analysis, boundary conditions and perturbations are taken directly from the lower resolution EPS members. Care must be taken to ensure that the downscaling is appropriate to ensure good performance of the high-resolution model, e.g. appropriate ratios of grid sizes, rate of updating of boundary conditions etc.  The model performance should be carefully tested over the domain.

A one-dimensional model could also be used for specific forecast (eg 1D fog models for airports).

3. Clustering techniques

Classification process can be used to synthesize the huge amount of information contained in ensembles especially for the most populated ensembles. Different kinds of classifications can be implemented :

· Clustering attempts to identify some significantly different solutions among the ensemble members and to gather the other members closer to these solutions.  

· The tubing classification identifies the closest members from the ensemble mean (the so-called “central cluster”) and the farthest ones (tube extremes). 

· Classification of forecasts by matching ensemble members to a defined set of flow regimes, for example the Grosswetterlagen types defined for central Europe.

It is recommended that such classification methods may be useful in condensing the information in the EPS. . 

Use of Reforecasts

Recent research has shown that calibration of ensemble forecasts using historical sets of “reforecasts” – forecasts run from sets of historical cases initiated from reanalyses – can be very effective in improving the quality and reliability of probabilistic forecasts. Such reforecasts provide a better dataset for training of statistical post-processing methods compared to using recent forecasts, as they provide a better sampling of different weather regimes and types. At present very few EPSs have reforecast datasets available, but their use is recommended where possible. 

One application of reforecasts is the computation of an Extreme Forecast Index. 

NWP models and EPS systems do not represent accurately the climate of the real atmosphere, and identification of extreme events may be best done in relation to model climatology. The Extreme Forecast Index developed by ECMWF allows identification of forecasts which are extreme relative to the model climate, providing an alert to a risk of severe weather. The EFI does not provide explicit probabilities of severe events.

Reforecasts can also be used to assess forecast severity in relation to climatological return periods, which can be a useful way to communicate the severity of an event. 

VII.  Severe Weather Impact Modelling

The uncertainty in the weather forecast can be propagated through to uncertainty in impact by coupling ensemble members to impact models and generating a distribution of impact predictions. Examples include hydrological models for probabilistic flood forecasting, coastal storm surge models, heat health models etc. 

