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Satellite Information Requirements
for Coastal Inundation Forecasting and Warning
	Satellite observations have clearly demonstrated the potential to provide information to improve coastal inundation monitoring, forecasting and warnings; yet the quality and usability of these observations are still to be improved. 
This paper introduces the currently identified requirements for satellite information in support of the associated coastal applications, as well as the ongoing activities coordinated by WMO to foster enhanced capabilities of the national operational agencies for coastal inundation forecasting and warning, which is the baseline to establish an efficient early warning and disaster management systems for coastal zones. 

This paper also proposes actions for Satellite Operators and associated research community in contribution to the implementation of these programmes, in partnership with by the Joint WMO-IOC Technical Commission for Oceanography and Marine Meteorology (JCOMM) that develops technical guidance and regulations for operational monitoring, forecasting and warning services for marine meteorology and oceanography.



Actions/Recommendations proposed: 
· Satellite Operators are invited to consider the requirements of satellite information for coastal applications that are described in this paper, and provide comments to WMO (Dr Boram Lee, blee@wmo.int);

· Satellite Operators and associated research community are encouraged to identify opportunities to develop and share improved products / services;
· Countries, through their operational forecasting agencies and disaster management authorities, are invited to consider initiating and contributing to national sub-projects of CIFDP, as well as to relevant R&D activities such as eSurge, and to identify ways to coordinate related activities.
· Satellite Operators are encouraged to liaise with WMO/JCOMM (contact to Dr Boram Lee, blee@wmo.int) to coordinate training activities on forecasting and warning for storm surges and associated coastal inundation.

1 INTRODUCTION
Coastal regions around the world are often heavily populated and their economic productivity and importance is significant. Of the 33 world cities predicted to have at least 8 million people by 2015, at least 21 are coastal, including 8 of the 10 largest, and highly vulnerable to coastal hazards. In the meantime, a large number of natural hazards occurring particularly in coastal zones are weather–related events. A total of 950 natural catastrophes were recorded in 2010, nine-tenths of which were weather-related events like storms and floods (Munich Re, Annual Statistics 2010). 

These events and their impact on coastal areas are not from a sole reason: various factors – such as sea-level rise, increased storminess, inundation – combine and cause greater damage to low-lying coastal regions.  To improve the predictability of coastal hazards, those various factors should be considered altogether. As mean sea levels rise by 20-90 cm towards the end of this century, storm surge issues for both real-time warning systems and risk assessment will become even more important. 
The Scientific and Technical Symposium on Storm Surges held during 2-6 October 2007 at Seoul, Korea Republic (SSS: http://surgesymposium.org), organized by the Joint WMO-IOC Technical Commission for Oceanography and Marine Meteorology (JCOMM), initiated renewed awareness of the need to improve storm surge forecasting systems that make full use of modern techniques and observations. The SSS made a number of wide-ranging recommendations on future requirements for development of two key activities: (1) real-time operational storm surge forecasting as a contribution to multi-hazard marine warning systems and (2) improved risk assessment. Underpinning those requirements is the need for enhanced observational data for a number of parameters on a range of temporal and spatial scales.

Both WMO and IOC governing bodies endorsed the recommendations of the Symposium, and encouraged Members/Members States to actively contribute to these activities in support of improved global forecasting of storm surges and risk assessment. JCOMM, the technical body of experts in this area is responsible for the implementation and coordination.

2 ONGOING ACTIVITIES IN WMO
2.1 Coastal Inundation Forecasting Demonstration Project (CIFDP)
Discussions at the SSS have recently realized in the advisory Workshop on enhancing forecasting capabilities for North Indian Ocean storm surges under the framework of the UNESCO project on “Enhancing regional capabilities for coastal hazards forecasting in North Indian Ocean” (http://www.jcomm.info/SSIndia2), and the eSurge project by the European Space Agency (http://www.storm-surge.info/) to look at how storm surge forecasting systems and applications can be improved through the innovative use of ocean, land and atmospheric satellite observations. One common goal from all of these coordinated activities will be to comprehensively define a set of data requirements, both in-situ and remotely sensed. Broad support for these important initiatives is essential to improve our understanding and prediction of the most destructive phenomenon in the marine environment. 
For many storm surge warning and coastal management applications the Total Water Level (TWL) at a given location and time is extremely useful. TWL is the combined effect of residual surge, high tide, wave setup, wave run-up, and for some regions, precipitation and river flow. In the meantime, there exists limitation of operational technologies to precisely predict TWL. Building on the past and ongoing efforts to improve operational capabilities for storm surge forecasting, JCOMM and WMO Commission for Hydrology (CHy) jointly initiated a demonstration project with the objective of providing an example of cooperative work as a strategy for building improved operational forecast and warning capability for coastal inundation, combining extreme waves, surges and hydrological flooding events, that can be sustained by the responsible national agencies.  The main focus of the CIFDP will be to facilitate the development of efficient forecasting and warning systems for coastal inundation based on robust science and observations. The CIFDP should:
· Identify and support end-user needs. In this context, full engagement of the stakeholders and partners in the CIFDP from early stages is critical for the successful development and implementation of this project;

· Support informed decision-making on warning issuance and dissemination (that includes information on land-use and planning) in coastal zones;

· Transfer and translate science and technology to communities (technology development and transfer);

· Facilitate the development of a comprehensive Storm Surge Watch Scheme (SSWS) in basins subject to tropical cyclones and storm surges, jointly with (fluvial) flood events;

· Facilitate the development and implementation of warning services;

· Support coastal risk assessment, hazard and risk mapping.
A general strategy for a Coastal Inundation Forecast Demonstration Project (CIFDP) was adopted at the fourth session of JCOMM (May 2012, Republic of Korea), as follows:
· The Project would be implemented under each regional/national sub-project, launched for a country that meets the essential requirement for initiating a national agreement between national institutions with relevant responsibilities, and the provisional establishment of a National Coordination Team (NCT) that includes operator(s) of the National Meteorological and Hydrological Service (NMHS); 
· The Project would be designed based on users’ perspectives and requirements, considering only existing and available open source techniques. Final products of the Demonstration Project should be operated and maintained by a national operational agency which has the responsibility/authority for storm surge warning and flood warning;

· The developed procedure/best practice through a sub-project should be applicable to other (neighbouring) countries with common issues and interests, and should be closely linked to and cooperating with related projects and activities, such as WMO’s regional Severe Weather Forecasting Demonstration Project (SWFDP) in building a “cascading forecasting process” to produce services for coastal zones. 

CIFDP is being implemented through national sub-projects initiated by countries, with leadership and participation from operational forecast agency(ies) and in close coordination with the national coastal disaster management authorities. As of September 2012, two national sub-projects are being implemented in Bangladesh (for Bay of Bengal region) and Dominican Republic (for Caribbean region), and two other sub-projects are being initiated in Fiji (for South Pacific) and Indonesia (for West Pacific / South China Sea). Eastern and Southern African countries are requesting to explore feasibility to establish a CIFDP sub-project and potential resources to implement it, considering the recurrent disasters due to high waves and storms in this region.

A critical part of the CIFDP effort will be to provide evidence that the forecast system is suitably validated.  This will require 1) a comparison of modeling system performance relative to available observations in past events; 2) a demonstration that the system is suitably robust to maintain functionality for the complete range of storms (extreme events) and boundary conditions critical to inundation in an area; and 3) a demonstration that the system is capable of providing information needed by local stakeholders and that this system adequately addresses the uncertainty in the forecast surges.
2.2 Regional Storm Surge Watch Scheme (SSWS) and Global / In-Region Training Activities 
The major cause of devastation and loss of lives was the storm surges when the tropical cyclones Sidr and Nargis hit the exposed coasts of Bangladesh and Myanmar. While storm surge warnings are a national responsibility, the WMO Member countries agreed on the need of regionally available advisories on storm surges associated with tropical/extra-tropical cyclones, which would increase advisory lead-time and thus contribute to saving lives and properties. The network of Regional Specialized Meteorological Centers (RSMCs) that are responsible for the distribution of information, advisories and warnings regarding Tropical Cyclones (RSMC-TC) are requested to provide advisory on storm surges, gradually, with technical advice of JCOMM. 
In this context, CIFDP is regarded as a project demonstrate feasibilities of integrated operational forecasting systems generating such advisory information, taking into account the national and regional requirements, through a multi-disciplinary approach. The developed technologies through these demonstration projects are to be actively shared with and applied to other neighbouring countries with common issues of coastal inundation.

WMO, jointly by JCOMM and the Tropical Cyclone Programme (TCP), has been conducting annual hands-on training workshops on storm surge and wave modeling. The objective is to enhance capacities of the National Hydrological and Meteorological Services (NMHSs) in providing necessary forecasting and warning services against natural marine hazards, which complement broader disaster preparedness and mitigation activities. 
The Workshops were proven to be very useful exercise, especially for developing countries, to obtain necessary skills to apply available/open-source wind waves and storm surge models to their operational services. It has also provided fora to exchange experience and share technologies in modeling and forecast services between operators, and to discuss on common issues of the Region. Many countries participated in the Workshops were able to initiate running wave models and storm surge models in their operational agencies and use the outcome to provide forecasting services, and several countries successfully adapted the given models (e.g. WAM, IIT-D storm surge model, JMA storm surge model) to the conditions of their forecasting regions and use them on an operational basis. As a follow-up to the Workshops, WMO also has provided necessary support for expert advice to NMHSs that tried to develop an operational modeling scheme.  This annual Workshop, together with the national sub-projects of CIFDP, is also a way to address the technical requirements of the regional Storm Surge Watch Scheme (SSWS).

The curriculum used for the Workshop has evolved with time; from hands-on training of the wave/storm surge models only, to training plus lectures and in-region discussion on operational issues and requirements. Main issues that were discussed in recent Workshop includes; 1) access to / application of the available data and products that could improve the performance of their models; 2) operational aspects of wave and storm surge forecasting, and; 3) understanding on coastal hazard mapping, in view of providing improved information on storm surges and waves.
2.3 Regulations and Guidance for Forecasting Services
The operational procedure for services on marine meteorology (and oceanography to a certain extent) provided by the NMHSs follows the WMO Manual on Marine Meteorological Services (WMO-No.558: http://www.jcomm.info/558), and the WMO Guide to Marine Meteorological Services (WMO-No.471: http://www.jcomm.info/471). For the specific topics of Waves and Forecasting, the Guide to Wave Analysis and Forecasting (WMO-No.702, http://www.jcomm.info/WaveGuide) as well as the Guide to Storm Surge Forecasting (WMO-No.1076, http://www.jcomm.info/SSGuide) are published and kept under review.
As a Quality Management (QM) approach for marine meteorological and oceanographic services provided by NMHSs, JCOMM at its 4th session (May 2012, Republic of Korea) decided to develop an internationally acceptable competency framework focusing on the competency requirements for marine meteorological and oceanographic services. The competency framework should include recommendations on required education and training programmes, which will be followed by the revision of the part IV of the WMO-No. 558 (Training in the Field of Marine Meteorology). It is expected that such requirements would be made available during the current JCOMM intersessional period (2012-2017), through review and agreements by Member countries.
3 SATELLITE INFORMATION REQUIREMENTS FOR FORECASTING AND WARNING OF STORM SURGE AND ASSOCIATE COASTAL INUNDATION 
The TWL and associated data are required from a number of well-documented surge episodes from a region for calibration and validation of numerical predictive models, analysis of historical events and real-time forecasting and verification of storm surges and associated inundation. A considerable range of meteorological, oceanographic, bathymetric, topographic, hydrological and orographic data is required to underpin a reliable TWL forecasting and analysis for a given area. 
Information obtained from a responsible national / regional agency, such as the Regional Specialized Meteorological Center (RSMC), is used as the basis for water level forecasting; including a tropical cyclone wind model, a coastal inundation model and river hydrodynamic model. Numerical models of atmosphere and ocean play a critical role in forecasting storm surges and associated coastal inundation, since the resolution required in marine meteorological and oceanographic forcing and evolution of the surge as it approaches the coast is considerably higher than that provided by most observational systems. Nevertheless, it is the observation and model combination that provides the best results. In recent years with the advent of additional data types, and the increased sophistication of storm surge models, the possibilities and requirements for additional data have evolved. A schematic of an integrated coastal inundation forecasting process is shown in Figure 1.

[image: image1]
Figure 1.  Conceptual diagram of forecast systems recommended for coastal inundation forecasting: consolidated by the Steering Group of the WMO Coastal Inundation Forecasting Demonstration Project (CIFDP), April 2012.

Data requirements for forecasting and risk assessment of storm surges and associated inundation fall into three main categories, and encompass several different variables and observational methods: 

(1) 
Data we need in advance of an event, which need to be updated on longer time scales. This includes shoreline geometry, bathymetry and coastal elevation. These data are a common requirement with the tsunami forecasting and inundation activities.

· Bathymetry on continental shelf areas should be available on a horizontal resolution of 100 m, with a vertical resolution of 1 m, and be updated every 5 years, with more frequent updates  in sensitive river mouth areas such as Bangladesh.

· Digital elevation data for coastal areas should be available with a horizontal resolution of 5 m, a vertical resolution of 0.5 m, and be updated on a decadal time scale. 

(2) 
Data we need after the event for model and forecast validation and calibration. This is comprised of post-event surveys of inundation extent, depth and duration. This should include crest gauges or ribbon networks (specially treated ribbons which indicate exposure to flood water, deployed in advance of a storm), satellite photos of inundated regions, and manual surveys of inundated areas, with in-person interviews. This information should be collected over periods ranging from a few hours after the storm to several days depending on the rate of retreat of the water. The required horizontal resolution for this information is 25 m; satellite images may be able to provide information at 10 m resolution. This is also a common requirement with the tsunami community for extent of tsunami inundation. 

(3) 
Data we need during the event, over the period of a few days preceding landfall of a storm (tropical or extratropical), updated in real time. This can generally be characterized as metocean data, including the meteorological forcing and the water level response. These data would include:

· storm track and intensity (and size, typically defined in terms of the radius to maximum wind for wind field estimation), 

· nearshore wind fields, 

· wave heights, 

· surface water levels (at least 1-minute average values), 

· surface pressure fields, at least pressure drop

· surface currents, 

· sea surface temperature, vertical temperature profiles, sea surface height anomalies. 

These data may be provided from a range of observational systems (ground-based, buoys, aircraft, satellites). Table 1 describes sources of required metocean data for forecasting storm surges and associated coastal inundation, as documented by the JCOMM Services and Forecasting System Programme Area (SFSPA).
Table 1.
Sources of Metocean data 
(excerpt from JCOMM SFSPA Observations User Requirement Document)

	Parameter
	Field data sources
	Satellite data sources
	Numerical model and analysis data sources

	Sea state


	Wave buoys.

Ship observations.

Oil platforms.

Coastal HF radar.
	Satellite altimetry (wave height data). 

Synthetic Aperture Radar data. 
	Wave model analysis and forecast systems

	Surface wind


	Moored buoys.

Drifting buoys. 

Ship observations.

Oil platforms.
	Scatterometer data.

Satellite altimetry.
	NWP analysis and forecast systems.

	Precipitation


	Ship observations.

Coastal stations.

Oil platforms. 

Weather radar.
	
	NWP analysis and forecast systems.

	Sea surface temperature


	Argo floats.

Ship observations.

Moored buoys.

Drifting buoys.
	Infrared satellite data.

Microwave satellite data.
	SST analysis systems. 

Ocean analysis and forecast systems.

	Bathymetry / shoreline
	Aerial photographs.
	Satellite imagery.
	Bathymetric chart data.

Gridded bathymetric datasets. 


The data identified in paragraph (3) above are the ones most relevant to an operational metocean ocean observing program. They are also common to many other programs, so there is a large degree of commonality in terms of the data requirements and accuracy. 

Requirements for accuracies of the metocean parameters needed are basically as given by WMO (e.g. Rolling Review of Requirements), although the spatial resolutions required for storm surge forecasting will be of higher resolution, at least in the shelf areas.

No restrictions should be placed on the availability of water level and related data; complete documentation of a storm surge may require extensive cooperation between neighbouring countries. One of the most challenging areas is to ensure national access to, or development of, high resolution, near shore, bathymetric data sets.
Need for Improved Information / Products from Satellites

Surface wind data from satellite, especially scatterometer, plays an important role in defining the forcing for storm surge generation, from both tropical and extra-tropical storms. Research requirements for remotely sensed winds (and waves) include calibration issues in the most extreme conditions, and rain attenuation effects, which will be critical in tropical cyclones. Satellite SAR (Synthetic Aperture Radar) can measure speeds, both in the coastal zone and in the open ocean where no in-situ measurements are possible.
Visible and infrared satellite images can be used to track the progress of storms and estimate their landfall location. They can also be used to assess the degree of inundation after an event, both to support recovery efforts and to assess the performance of the models used. Combined with SAR, such images can help estimating the coastal stretch likely to be inundated. 
Many published studies demonstrated the importance of remotely sensed altimeter observations to the nowcasting and forecasting of the ocean state and circulation, with a minimum of two low latency missions (e.g., Jason-type, ERS-type) required to sustain a basic level of performance and four missions providing near optimal performance. Not only for the open ocean, these datasets bear an important potential for forecasting storm surges and associated inundation in the areas near the coast. In many areas with limited infrastructure, this is the only feasible way to consistently measure this parameter. Cipollini et al (2010) discussed the possibilities of extending the capabilities of current and future altimeters as close as possible to the coast, with the ultimate aim to integrate the altimeter-derived measurements of sea level, wind speed and significant wave height into coastal ocean observing systems: They note that “the quintessential, most immediate application of coastal altimetry is to look at the coastal sea level, including short term sea level variations (leading to monitoring of surges)”. Several parameters derived from altimetry can contribute to forecasts of tropical cyclone paths, including wind speed and wave height, meso-scale circulation and the tropical cyclone heat potential, as well as improvement of tide knowledge by direct assimilation of the data into hydrodynamic models.

Most satellite altimetry techniques, however, have been developed to measure Sea Surface Height (SSH) in the open ocean, and some work still needs to be done for extending these measurements to the coast. It is hoped that the recently launched eSurge project, funded by the European Space Agency (ESA), would address this issue within the context of the project.
This application of satellite information includes assimilation into numerical models, including global and regional offshore wave models and storm surge models. Altimeter wave height observations provide the most straightforward data set to use, and would generally be used alongside associated wind speed observations. SAR derived wave spectra can also be used, but present more technical challenges. 
Another area of application is the estimation of the coastal stretch likely to be inundated. Satellite images can play a very valuable role in determining the extent of flooding due to surges. 
Whilst the satellite instruments clearly have the potential to provide observations with synoptic global coverage, the quality and usability of these observations is dependent upon good calibration of the satellite sensors. This can only be achieved through use of a sufficiently dense network of accurate in situ measurements. Point data are required for validation of altimeter wave measurements, whilst spectral data are required for use with SAR derived wave spectra.
Table 2 suggests a subset of satellite observations to meet the currently identified requirements, as documented by the JCOMM Services and Forecasting System Programme Area (SFSPA). 

Table 2.
Implications for Satellite observing system 
(excerpt from the JCOMM Services Requirements)
	Platform
	Required network
	Comments

	Satellite altimeter


	Minimum 20km resolution required for use in regional models. Along track spacing is likely to be adequate to meet this requirement; cross-track spacing is not. Multiple altimeters are therefore required to provide adequate cross track sampling. Fast delivery (within 6 hours at most) required with accuracy of 10% / 25cm for wave height, and 1 second for wave period. Long-term, stable time series of repeat observations required for climate applications.
	Primary requirements arise from data assimilation. Secondary requirement for use in validation. Swath data would be advantageous. 

Precise specification of wave period products is required.

	Synthetic aperture radar / Real aperture radar
	100km resolution required for use in regional models, with fast delivery required (within 6 hours)
	Primary requirements arise from data assimilation. Secondary requirement for use in validation.

Real aperture radar capability expected to be available within 5 years.


4 PROPOSED ACTIONS AND RECOMMENDATIONS
Satellite Operators are invited to consider the requirements of satellite information for coastal applications that are described in this paper, and provide comments to WMO (Dr Boram Lee, blee@wmo.int). Sharing data, information and products is the key to improve and maintain the high quality prediction; therefore Satellite Operators, and the associated research community, are encouraged to identify opportunities to develop and share improved products / services.

All international space agencies are encouraged to place the highest priority on missions (e.g., HY-2A, SARAL/AltiKa, Sentinel-3, Jason-3, GFO3) that will contribute altimetry observations suitable for ocean forecasting systems (i.e., high quality, low latency, open data sharing policies) and that all reasonable steps be taken to minimise delays for launch and to empower the science teams to complete the necessary Calibration/Validation to facilitate data product delivery in the shortest period possible.
While it is unanimously agreed that satellite observations and associated products have great potential to improve coastal inundation monitoring, forecasting and warnings, the users (starting from forecasters and operators of NMHSs in different part of the world) often experience difficulties in accessing satellite products, and in using them to their particular purpose. The eSurge project has noted this issue at its planning stage, and set one of the project goals as providing easy access supported by online-based user tools and documentation on useful datasets in the Storm Surge application groups. 
Coastal inundation is a significant impact to human lives and property, therefore, improving modelling / forecasting capability will greatly contribute to the common goals of WMO, national and ingernational agencies working for disaster management (including satellite agencies). In this context, metocean-related training (including data access and modelling) organized by satellite agencies can consider to better apply the satellite products in actual analysis and forecast for coastal inundation (caused by storm surges, waves and tides, etc.) by national operators, taking into account the outlined requirement described in section 3.
Regular training and education on up-to-date technologies/tools are essential. There are a number of training and education programmes with similar goals and objectives, such as the training course by EUMETSAT and NOAA on Applications of Satellite Wind and Wave Products for Marine Forecasting, which is particularly useful to improve competency of the marine forecasters, and subsequently the work of WMO for marine weather information services. These ongoing activities for training and education, conducted by various entities and authorities, could create great synergies through streamlining the relevant efforts in a wider framework. The national and international agencies running the training courses are encouraged to liaise with WMO/JCOMM (contact to Dr Boram Lee, blee@wmo.int) to coordinate training activities on the related areas.
There exists wide range of activities under way that pursue common goals to the CIFDP and related WMO activities, as the coastal disaster management is one of the key issues in many operational agencies. Countries, through their operational forecasting agencies and disaster management authorities, are invited to consider participating in and contributing to CIFDP and relevant R&D activities such as eSurge, and to identify ways to coordinate related activities.
It was proposed that space agencies investigate feasibilities to provide high resolution bathymetric and coastal zone topographic data for better storm surge and coastal inundation forecasts. Satellite Operaters are invited to discuss on this issue considering both technical and operational aspects, and provide feedback to WMO/JCOMM (blee@wmo.int).
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