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1. Overview

During recent years, the Office of Naval Research (ONR) and the National Oceanic and Atmospheric Administration (NOAA) have initiated a small number of university and laboratory research projects to investigate the utility of lightning observations in advancing the accuracy and predictability of severe weather.  The Los Alamos National Laboratory simultaneously invested in a three-year project, starting in FY08, to develop and deploy new sensor technologies with similar goals as ONR and NOAA, although with a focus on hurricane intensification and tracks in the Gulf of Mexico.  In tandem, the National Science Foundation (NSF) has made key investments at both NCAR and in academia to advance methods and models associated with maritime cyclogenesis, hurricane prediction, and other severe weather, using the best available ideas and opportunities within the scientific community.

Particularly since Hurricane Katrina, the US Congress has increasingly focused its attention on developing processes and funding mechanisms that will provide earlier public warning of severe weather, e.g., associated with blizzards, tornadoes, and hurricanes.  In response to expectations in Congress, NOAA established a working group on hurricane intensification.  NOAA has committed to achieving a 10-knot improvement in 48-hour hurricane intensity forecasts, by 2013.  The NOAA approach is to tap into the broad US technology base, and develop more advanced models, novel methods of data assimilation, and improved observations.

It has become clear the broad research community needs to not only address science gaps but also accelerate improved warning capabilities (e.g., using lightning and/or other novel observations in hurricane prediction) to FEMA and other public agencies.  To facilitate this process, the federal agencies (e.g., ONR, NOAA, NSF, DOE) have tightened their partnerships as a means to exploit a wider set of ideas and talent to address critical national problems.  

Lightning observations represent an under-utilized opportunity to provide necessary information to advance severe weather prediction, particularly over the oceans where monitoring data are both sparse and intermittent.

To assess the state of the art, identify gaps and opportunities, and chart a scientific path forward, scientists from the Los Alamos National Laboratory and the University of Hawaii organized a workshop with the goal to explore new modeling and measurement techniques that exploit lightning observations as a new input data stream for predictive models of maritime cyclogenesis and hurricanes.   The approach used by the workshop participants was to identify gaps and opportunities in both data collection and modeling.  While workshop focus was on maritime regions, the strategy was to build on the anticipated relevant expertise and technologies (and known limitations) from data rich land areas in order to best observe and understand the role of lightning in cyclogenesis occurring in data poor ocean areas.  Thus, the goal of the workshop was to develop a pathway that will identify the optimal lightning proxies for next generation modeling and prediction.  Finally, the participants were tasked to identify specific objectives that underpin the overall goal, document scientific challenges to address gaps, and rank order priorities according to anticipated benefit, e.g., using an indicator such as an impact/cost ratio, where the impact might be defined as the anticipated reduction of prediction uncertainty. 

The workshop was conducted during 24-26 March 2009; and it was hosted by the Department of Meteorology, Naval Postgraduate School, Monterey, CA.  Given that the community of scientific expertise that overlaps maritime severe weather and lightning is small, the workshop was able to entrain a large fraction of the available national expertise to define a strategy and path forward.  Significant participation from NOAA, LANL, NRL, NPS, and academia was achieved.  CDR Dan Eleuterio of ONR participated remotely.  

This report summarizes the key findings and recommendations from the workshop.  In the following section, the state of the art is summarized based on presentations during the workshop.  In Section 3, the workshop goal is developed with a set of supporting objectives.  Section 4 contains the key recommendations that are response to the goal and supporting objectives.

2. Workshop presentations of the state of the art and opportunities

The first half of the workshop included presentations of existing scientific infrastructures, analyses of specific severe storm events, and the ability of models to reproduce observations.  Gaps and opportunities to advance the science were noted throughout the presentations.  Appendices 1 and 2, respectively, contain the list of speakers and abstracts from the workshop.  The following paragraphs summarize the key points made during the presentations.
· Existing monitoring capabilities, new technologies, and observational analyses associated with maritime severe weather 

The NOAA National Severe Storm Laboratory (NSSL) has a number of facilities and projects related to severe weather, and their capabilities are highly relevant to maritime and hurricane research.  As described by Don MacGorman, NSSL has a mobile facility for polarimetric X-band radar, a rapid phased array, and balloon launch facility capable of operation in very high windspeeds.  The capabilities were illustrated with data obtained e.g. from Tropical Storm Erin, wherein vertical distributions of radar and lightning observations were mapped along the inland length of the storm’s trajectory.  Initial analysis using the polarimetric radar observations indicated that lightning occurs shortly after graupel is detected, which highlights the need to develop high quality parameterizations associated with the non-inductive charging mechanisms when graupel is present.

Steven Businger presented compelling evidence that the eyewall structure can be inferred from continuous observations of eyewall lightning.  While the tropical cyclone intensity change can be inferred from knowledge of the convective structure of its eyewall, improved predictability requires that one has much finer resolution modeling of the eyewall structure than is operationally available today.  It was suggested that efforts to localize lightning-related eyewall perturbations and more advanced numerical methods are showing promise in advancing the science, particularly when lightning data have been simply assimilated by nudging prognostic variables towards the observations.  Two major gaps were mentioned that are limiting model capabilities:  (a) our inability to describe the generation and redistribution of charge by the parent vortex; and (b) how to physically and dynamically describe lightning outbreaks and bursts, e.g., by convective-scale perturbations events, strong cell mergers, and/or mesoscale circulation.  It was furthermore pointed out that to achieve separation of the electric charge, mixed phase regions of supercooled water and ice need to be present, continue to coexist for some unknown amount of time (e.g., of an order of an hour or so), and have spatial scales of order 100 m to one kilometer.  Both aircraft measurements and laboratory simulations are needed that will document the origins of convection and the geometry and frequency of occurrence of these mixed-phase regions. 

The Los Alamos National Laboratory’s three-year project using the LASA (Los Alamos Spherics Array) was inaugurated in FY08 with a focus on hurricane lightning in the Gulf of Mexico.  The project has three components:  hurricane analysis; modeling; and technology development and deployment.  Progress to-date includes efforts to verify the Black and Hallett (1999) hypothesis regarding hurricane eyewall charge structure and phenomenology; development of a finer resolution dynamic lighting model with advanced data assimilation and numerical methods; and a novel lightning observation and monitoring capability.  The lightning observational capability is based on the LANL design of a dual VLF/VHF observing system that can detect both cloud-to-ground (CG) and in-cloud (IC) lightning with very accurate 3D geolocation capabilities.  The ranges are 2000 km and 500 km, for VLF and VHF, respectively.  The VLF/VHF sensor network was deployed in field trials during summer of 2008 in Louisiana.  During the 2008 field deployment, the sensor network recorded bursts of lightning activity, and initial analysis suggests that lightning burst activity can likely be explained by enhanced production of supercooled water and a yet-to-be-defined threshold behavior associated with burst initiation.

Described by Nick Demetriades, the Vaisala Long range Lightning Detection Network (LLDN) is used in a wide variety of storm applications by NOAA, the Air Force, and the Navy.  Preliminary statistical analysis of the LLDN data has revealed that Atlantic tropical cyclones produce the highest inner-core lightning flash rate during the tropical storm stage.  The lowest flash rates were observed during the hurricane stage.  High inner core (eyewall) flash rates occurred infrequently in category 3-5 hurricanes.  He also noted that the rates appear to be associated with eyewall replacement cycles, and that hurricanes exhibit higher lightning flash rates before landfall than after landfall.  In an analysis of the LLDN potential for the Pacific Ocean, Steven Businger found that the space constant (e-folding distance for signal attenuation) over water is ~10,000 km (i.e., much larger than previously estimated), which indicates that new opportunities for greater areal monitoring for both the Pacific and the Atlantic is possible.  The PacNet data combined with other observations show good correlations between lightning flash rate and convective precipitation rate over the Pacific.  Further, the spatial resolution of PacNet has been shown to be sufficient for assimilation into the Weather Research and Forecast (WRF) model, at the University of Hawaii, and initial results suggest that the assimilation of PacNet data is able to improve regional forecasts.

Abe Jacobson described the Worldwide Lightning Location Network (WWLLN) comprised of 40 lightning location sensors and operated by the University of Washington in Seattle. The WWLLN sensors operate in the VLF (3-30 kHz) range and use time-of-arrival (TOA) to obtain CG strike locations.  WWLLN has been used to analyze the statistics of lightning during the evolution of Hurricanes Wilma, Katrina, and Rita, and Super-typhoon Duran.  Analyses of these storm data sets showed correlations of lightning observations with intensification and abrupt changes associated with landfalling trajectories.  Since satellite infrared data provide little added value below marine cloud tops, the WWLLN remains as the only global network that can remotely provide characteristics of maritime severe weather.

Given the growing need for more precise information about convective storms over the ocean and in parts of the world where detailed meteorological information is inadequate, and given renewed efforts to extend lightning detection capabilities during the last decade, it is highly likely that lightning detection capabilities will improve over the next decade.  It is anticipated that next-generation global systems with fewer than 50 sensors will be able to uniformly detect a large portion of global CG flashes, as well as some cloud flashes.  It is unlikely that such systems will have location accuracy better than 10 km, given the complex spatial and temporal variations in ionospheric propagation.  However, these systems would nicely complement satellite-based total lightning (charge and/or electric structure) observations.

Several presentations described statistics, locations, and patterns of lightning observations that are related to severe storm dynamics.  Bill Beasley described cloud-to-ground lightning flashes in storms over Oklahoma, using an ultra-fast camera of order 107 frames/sec, i.e., able to resolve lightning propagation with order 30 m resolution.  These high temporal resolution images revealed that the location of lightning ground strikes is not always controlled by the downward moving leader but was often controlled by upward leaders of order 50 m length originating at the surface.  Dan Fuelberg conducted an empirical study that explored the spatially variable statistics of lightning (flash density, percentage positive, peak current, multiplicity, etc.) along the tracks of Hurricanes Gustav and Katrina.  Steve Guimond described initial PhD research on analyses of the dynamic response of hurricanes to Doppler radar retrieved latent heating.  He stressed that if lightning will be useful for hurricane initialization and assimilation, a link between lightning (in some form) and latent heating will be necessary.  The remainder of his work will focus on the spatial and temporal scales of heating that drive the intensification process.  This work has implications for current and future remote sensors (including lightning) by answering the question:  what sampling strategies are most beneficial to understanding hurricane dynamics?  

· Modeling

Ted Mansell presented the details of his storm model (COMMAS), a dynamical, microphysical, and electrification model that also contains a storm-scale Ensemble Kalman Filter (EnKF) data package for radar observations.  The model was used to simulate the structure and evolution of both isolated convective storms and larger convective storm systems over land areas of the central U.S.  Model simulations revealed a very high sensitivity to initial CCN concentrations, which suggests that initialization of the aerosol distribution and subsequent microphysics processes are presently the major limitations to model accuracy and predictability.  Whereas the present data assimilation methodology adds significant improvement in model accuracy during the first six hours of storm evolution, beyond six hours the value of data assimilation decreases in value.  

Jon Reisner presented the details of his HIGRAD model, for hurricane evolution simulations and with very fine resolution.  He argued that with traditional numerical techniques errors can be unacceptably large and specifically that time errors are extremely important during the rapid intensification phase of a developing hurricane.  He recommended that the Jacobian-free Newton Kryov (JFNK) solution procedure should replace existing numerical approaches, since it has a more physically consistent basis.  Careful attention must be placed on the parameterization of water mass conservation in computational cells, and that cloud edges be carefully treated with very fast time scales and flux-corrected transport.  He also demonstrated that his new solver produces improved cloud edge appearance, and there are differences in cloud structures and system evolution when compared to results from more simplistic solvers.  His talk underscored model sensitivity to chosen numerical schemes, and it illustrated the value of advanced numerical schemes towards improved model performance and accuracy.  He furthermore advocated that a much more sophisticated microphysics scheme be developed, so that lightning observations can be physically and dynamically linked to convection.  

To reinforce the need for improved data assimilation, Jim Kao described the EnKF as a means to significantly advance model predictive capabilities.  The EnKF applies to 3D codes, exploits Bayse theory with the Gaussian assumption, and uses the Latin Hyper-cube method.  To illustrate the EnKF, Kao modeled idealized hurricane intensification with and without the EnKF approach.  Differences in latent heating, temperature, and intensification rates were documented.  While these differences could not be systematically compared to observations, Kao argued that improved data assimilation methods are critical in predicting hurricane evolution and that the EnKF is a sensible next-generation methodology to exploit.

Tom Dunn presented an approach using the unstructured adaptive grid capability of the OMEGA model to incorporate perturbations prescribed by lightning observations into idealized tropical cyclones.  Dunn’s approach is aimed at localizing perturbations and their impacts in a manner that is physically consistent with the evolving microphysics and charge structure of the eyewall.

Alex Fierro presented high-resolution simulations of dynamics, microphysics, and electrification, as applied to squall lines observed during TOGA COARE, using the Mansell/Straka model.  He used 600 m grid spacing in order to achieve close agreement between model predictions and field observations.  He also was able to simulate a tropical cyclone and its electrification, with 2 km horizontal grid spacing, able to reproduce basic features, e.g., including rainbands and an asymmetric eyewall.  The simulated lightning with the tropical cyclone model was not compared to any field observations.  

3. Results from breakout group discussions

After formal science presentations, workshop participants were divided into two breakout groups, one focused on modeling and the other on observations.  Each group was tasked to refine the overall goals of the workshop, with specific objectives for the next five years.  In addition, they were to make recommendations that included subject areas, e.g., numerical methods, process parameterizations, modeling, data assimilation, observations, new sensor designs, observational strategies, and monitoring that would advance the development of accurate prediction capabilities.  

Revised goals/objectives:  

During the working group discussions, and based on a collective consensus in plenum, the workshop participants agreed on the following revised goals/objectives:

Goal:  to rapidly advance new modeling, measurement, and analysis techniques that make use of lightning observations as a means to advance predictability of cyclogenesis and hurricanes.  

Objective 1:  To quantify and understand the electrical structure, electrification, and lightning processes of hurricane eyewall and rainbands, including how they relate to internal dynamics (e.g., eyewall mixing, asymmetries), microphysics (e.g., charge separation), and environmental influences (e.g., vertical wind shear, moisture) and to specific processes associated with intensification cycles (e.g., rapid intensification, eyewall replacement, extratropical transition).  

Objective 2:  To develop a global climatology of marine lightning associated with severe weather, including quantification of lightning type and lightning occurrence.  

Objective 3:  To identify and parameterize the appropriate proxies for lightning data assimilation that advances the predictability of hurricanes and maritime cyclogenesis (intensification rate, evolution) and squall line structure.

Objective 4:  To develop a community lightning model, with substantially improved accuracy, based on lightning data assimilation and parameterized electrification processes.

To facilitate progress towards the overall goal and four objectives, the participants recommended coordinated efforts to develop the appropriate maritime observational tools and field campaign strategies.  The participants also recommended the development of lightning parameterizations for community climate models, with participation of relevant federal agencies.  Specific scientific tasks in support of each of the objectives are listed below:

· Objective 1:  To quantify and understand the electrical structure, electrification, and lightning processes of hurricane eyewall and rainbands, including how they relate to internal dynamics (e.g., eyewall mixing, asymmetries), microphysics (e.g., charge separation), and environmental influences (e.g., vertical wind shear, moisture) and to specific processes associated with intensification cycles (e.g., rapid intensification, eyewall replacement, extratropical transition).  

Task:  Mine all existing data sets, e.g., TRMM, FG, Safir, and VLF data, to determine cloud to ground fraction and relationships associated with eyewall replacement and system intensification as depicted by radar, sounders, etc.  Complete this task within 24 months.

Task:  Obtain total lightning observations for eyewall and rainbands of 10 hurricanes and 20 tropical cyclones in a coordinated field campaign, including measurements of intensification.

Task:  Make microphysics measurements in mixed phase regions of hurricanes in conjunction with polarimetric radar measurements for 10 storms.

Task:  Obtain lightning data in the early cyclogenesis stage, in the Western Pacific and the western Atlantic.

Task:  Characterize the set of mixed-phase microphysical parameters important to electrification for maritime conditions.

Task:  Develop a monitoring system for yearly observations of CG lightning with focus on Pacific maritime cyclogenesis and tropical cyclones.

· Determine the source strength distribution of VLF signals for analyses of detection efficiency and cross validate satellite versus ground-based systems.

· Utilize the PacNet VLF sensor network; other VLF systems (LLDN, Japanese Lightning Detection Network, WWLLN, etc.).

Task:  Develop a more advanced monitoring system for yearly observations of total lightning (charge and/or electric structure), with a focus on Atlantic and Gulf of Mexico hurricanes.  

· Determine the source strength distribution of VLF signals for analyses of detection efficiency and cross validate satellite versus ground-based systems. 

· Utilize the LANL VLF/VHF sensor network; other coastal VHF systems (Houston, Washington DC, Kennedy Space Center, University of Alabama Huntsville, etc.)

Task:  Design a major two-month late summer field campaign before 2013, that includes next-generation multiple sensor observational systems and emerging technologies.  Examples are:

· the LANL VLF/VHF sensor network

· LLDN

· balloon-borne videosonde, charge particle measurement, liquid water, 

· motes for spatially distributed electric field and basic microphysics,

· utilization of unique probes, e.g., the DRI T-probe; and 

· deployment of aircraft, including UAVs.

· Objective 2:  To develop a global climatology of marine lightning associated with severe weather, including quantification of lightning type and lightning occurrence.  

Task:  Mine all existing data sets, e.g., TRMM, FG, Safir, and VLF data, to quantify the statistics of lightning type and occurrence, during the life cycle of maritime severe weather events.  Complete this task within 24 months.

Task:  Identify statistical and dynamical relationships between ionospheric (and middle atmospheric) electric field anomalies and geographic patterns and concentrations of maritime lightning statistics.

· Objective 3:  To identify and parameterize the appropriate proxies for lightning data assimilation that advances the predictability of hurricanes and maritime cyclogenesis (intensification rate, evolution) and squall line structure.

Task:  Determine, both theoretically/numerically and experimentally, the types of lightning data that provide information about small-scale structures and processes that trigger upscale tendencies.  Consider both convective storm cells as well as storm systems.  

Task:  Using theory and models, advance the description of mixed-phase microphysical processes that lead to lightning formation.  Include: 

· number and size distribution of habit (CCN, graupel, hail, ice, particle formation rate, rain, drizzle, liquid water content) in a 3D high-resolution mapping of evolving systems.

· process parameterizations:  graupel-ice interactions, supercooled water, latent heating, and convective motions.

· electric field and charge distribution along air mass and habit trajectories, that couple with in-situ processes such as the evolution of the tangential wind field in hurricanes and the low level jet in maritime cyclogenesis.

· Objective 4:  To develop a community lightning model, with substantially improved accuracy, based on lightning data assimilation and parameterized electrification processes.

Task:  Take advantage of the outputs of objectives 1 and 2 to develop a community lightning model, based on all scientific input.  NOAA and Navy would share management of the model, with scientific developments provided by national laboratories and academia.

Community lightning model – research / program architecture
	Basic research
	Observation/validation
	Operational products

	Numerical methods
	Map in-situ electric field
	Improved global/mesoscale prediction

	Data assimilation
	Medium long-range lightning detection
	Probabilistic lightning forecasting

	Case studies:  

· cyclogenesis

· cyclone intensification
	High temporal/spatial resolution optical imaging
	Initialization of tropical cyclones and maritime cyclogenesis

	Microphysics
	Mixed phase microphysics structure
	Fire weather, lightning caused

	Electrification/discharge parameterizations:  varying complexity
	Parameterization validation
	Aircraft routing, refueling

Maritime/fleet safety

	
	
	


4. Summary:  priorities for science and integration

Prediction of cyclogenesis and hurricane evolution exhibits uncertainty that can be reduced to three broad areas:  

(a) numerical and data assimilation methodologies
(b) availability of appropriate proxy data to initialize models
(c) optimally designed field campaigns that can validate improved models.  

The workshop participants illustrated opportunities to advance numerical and data assimilation methodologies; there was significant discussion on the current limitations of developing proxy data due to inadequate understanding of processes that relate lightning and other observations to proxies; and it was unanimously pointed out that design of field campaigns must both entrain emerging technologies and future technologies.

The workshop participants agreed that the following steps will have the highest value return on investment if conducted immediately and in a well-coordinated way:

Near-term:  two years

Task:  Mine all existing data sets, e.g., TRMM, FG, safir, and VLF data, to quantify lightning statistics, with particular effort to determine cloud to ground fraction and relationships associated with eyewall replacement and system intensification as depicted by radar, sounders, etc.  Complete this task within 24 months.

Task:  Advance new technologies to a proof-of-concept for near term deployment in major field studies based on further calibrations and field testing:  the LANL VLF/VHF system; motes; and balloon-borne systems.

Task:  Advance numerical methods and data assimilation procedures, in collaboration between NSSL, LANL, NRL, and the academic community, as a means to advance towards a community model.

Task:  Develop a statistical parameterization of lightning initiation from a more detailed lightning model.

Task:  Identify specific lightning proxies from existing and new field studies and/or theoretical analyses, in order to test the sensitivity of models to basic assumptions and uncertainties.

Task:  Using theory, model sensitivity analysis, and new data, advance microphysics parameterizations that are necessary to describe lightning phenomenology.

Task:  Work with agencies to further develop a community model architecture and strategy.

Longer term:  2-5 years:

Task:  Identify statistical and dynamical relationships between ionospheric (and middle atmospheric) electric field anomalies and geographic patterns and concentrations of maritime lightning statistics.

Task:  Design and deploy a major field study, in order to collect the necessary microphysics data bases that can validate next generation the community lightning model and next generation microphysics parameterizations.

Task:  Demonstrate the utility of lightning proxy data as a means to significantly advance the predictability of hurricane intensification, and hurricane and squall line evolution.
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