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Meeting Report
1. Attendees 
Invited Participants: Michael Bell, Shuyi Chen, Chris Davis, Janine Goldstein, Greg Hakim, Deanna Hence, Greg Holland, Robert Houze, Wen-Chau Lee, J. Meitin, Yumin Moon, Jim Moore, Hanne Murphey, David Nolan, Derek Ortt, Robert Rogers, Bradley Smull, Ryan Torn, Steve Williams 
Visitors: Arlene Laing, Karyn Sawyer, Roger Wakimoto

2. Data Archival Status

Williams and Goldstein demonstrated the web-based data access system that EOL has created for RAINEX. It is accessible by clicking "Data Access" on the main RAINEX web page. RAINEX investigators need to be checking to see if all the data they need is in the system. 
It was agreed that the main RAINEX web page needs a "Publications" link. 

Data sets that need further attention are the PMS (cloud physics) data sets presently on media in A. Hemsfield's lab at NCAR and the AXBT data sets. Both of these datasets need to be accessible from the Data Access link.
It was agreed by all present that it would be good to expand the EOL RAINEX archive to include data for important 2005 Atlantic Basin hurricanes occurring just before and just after the RAINEX time window. These hurricanes are Dennis, Emily, Gert and Wilma.
3. Summary of Observational Talks
Houze summarized an upcoming article in Science in which the eyewall replacement of Hurricane Rita will be documented. The air motions and thermodynamics of the moat between the two eyewalls are documented by ELDORA dual-Doppler synthesis and by dropsondes. A conceptual model of the symmetric structure of a hurricane undergoing eyewall replacement is described. 
Rogers described a study of asymmetric aspects of Hurricane Rita. The overriding question is what role does wave number 1 asymmetry play in Rita. Is the asymmetry only from shear? A subsidiary question is whether the secondary eyewall insulates the inner core of Rita from environmental shear and possible dry air effects. To accomplish this study, the three P-3 radar platforms need to be combined. This will require collaboration with Lee and Bell at NCAR. MM5 output will be needed, and this will require collaboration with Chen at UM.
Smull described a study of the fine-scale structure of the two eyewalls of Rita. This study focuses on ELDORA data showing the small-scale bands of higher reflectivity and vorticity in the secondary eyewall, and on strong vortex on the inner edge of the inner eyewall. Of particular interest is to determine and evaluate the candidate mechanisms for the small scale bands in the secondary eyewall. One hypothesis is that they may be convective elements tied to small scale maxima of convergence in the boundary layer and distorted by the tangential wind. Do they involve any form of wave dynamics? Smull also called attention to the upper-level inflow into the moat from the upper levels of the secondary eyewall. Chen reported having seen potentially similar PV structures in a high-resolution, fully-coupled run of MM5, and agreed with Smull this possible relationship deserves further attention.
Bell described his work on the symmetric aspects of Rita's structure. This study builds on the conceptual model of the Science article. It examines the evolution of the dual eyewall structure of Rita, as seen by ELDORA, in terms of the development of the vorticity pattern accompanying the eyewall replacement process. It focuses on the development and intensification of the vortex sheet associated with the secondary eyewall. Substantial attention is being directed to analysis of special RAINEX dropsonde data in order to more accurately specify Rita’s secondary circulation and energetics, particularly with respect to low-level flows that cannot be fully sampled by airborne Doppler radar.
Hence discussed a study of the structure of the major rainbands of Katrina and Rita, as seen in the ELDORA dual-Doppler data. The small-scale embedded convective structures were repeatable and confirm the structure described by Barnes et al. (1983). The structure of the small-scale elements was similar to that of the small-scale features in the secondary eyewall of Rita (as described in Smull's talk). The structure of the small-scale elements seen by ELDORA suggests that the small scale convective cells strengthen the wind maximum in the rainband, which in turn may feedback to the primary vortex via Vortex Rossby wave dynamics.
Ortt presented an extensive comparison of the humidity fields associated with Katrina and Rita. Compared to Katrina, the outer environment of Rita was drier but the inner region of the storm was moister, leading to a comparatively strong gradient of humidity on the periphery of Rita. It is hypothesized that this strong gradient of humidity on Rita's periphery caused Rita's rainbands to be confined to the region of higher humidity. Part of this hypothesis is that the sharp gradient of humidity at the periphery led to a heating gradient at the edge of the storm which favored new convective growth within the confined region of high humidity. Because of this the rainbands in Rita had smaller radius of curvature than in Katrina and hence had a greater likelihood to axisymmetrize. The group discussion suggested that this complex chained hypothesis could be tested in a controlled model experiment.
Lee described dual-Doppler syntheses of the convective burst observed in the pre-depression stage of Ophelia. The convection was very deep and had a broad, quasi-cylindrical updraft fed by a deep layer of inflow. The updraft strength was maximum at upper levels, and the divergent outflow at upper levels was very strong. The inflow layer of the updraft extended to the mid-troposphere, indicating that the convection was not fed simply from the boundary layer. A vorticity couplet was present at mid-levels, apparently produced by tilting. The magnitude, depth, width, and persistence of the updraft suggested that an enormous amount of mass was transported upward. This large mass transport released a large amount of heat in the mid-troposphere and deposited large amounts of condensate in mid-to-upper levels. 
4. Summary of Modeling Talks

Nolan demonstrated a simple model framework for studying the heating feedbacks in the context of a hurricane vortex. His tool is called 3DVPAS and is available via email from David Nolan. A 3D distribution of heating may be inserted into the vortex, allowing for a quantification of the projection on vortical modes and subsequent linear dynamical evolution. He showed examples of rainband-like heating distributions, consisting in the horizontal of spiral patterns and in the vertical of convective, stratiform, and mixed heating profiles. The model calculates the response of a vortex to the prescribed heating. Several examples clearly showed the wavenumber 0, 1, and 2 responses to the prescribed heating. One example response to rainband heating showed the development of a vertical motion pattern resembling the stationary rainband complex of Willoughby et al. (1984), including the "connecting band." Other RAINEX PIs, especially those working with data, showed interest in using 3DVPAS to test hypotheses regarding feedback of rainband and secondary eyewall heating to the primary hurricane vortex. This tool will be a valuable bridge between RAINEX data analysis and full-physics modeling studies. 
Torn and Hakim described how data assimilation could be used to help bring the RAINEX data and modeling research efforts together. An Ensemble Kalman filter is used to assimilate data into the WRF model. They do this routinely for forecasting in the Pacific Northwest region. In a demonstration project, they have used this methodology to assimilate all conventional observations as well as dropsonde data for Hurricane Katrina, and achieved improvements in track and intensity forecasts. They propose that incorporation of airborne dual-Doppler data into the WRF model could lead to even better results. To do this will require considerable collaboration with the RAINEX Doppler radar analysts because of technical issues in reducing the airborne measurements to a form that can be reliably assimilated into the model. The group agreed that this approach could be another key element in bringing RAINEX data analysis and full physics modeling together. The approach can be used in two ways. First it will serve as a valuable diagnostic tool for assimilation over short time periods (~few hours). This will produce detailed wind, thermodynamic, and microphysical fields that are internally consistent with each other and with the airborne Doppler radar data. This could be a major advance over traditional multiple-Doppler synthesis. The RAINEX radar analysts are anxious to try this methodology. Second, the benefits of assimilating targeted mesoscale radar and dropsonde data into longer term forecasts (~3 days) can be evaluated. This might lead to changes in operational strategies for aircraft data collection. 
Chen described the status of recalculating the RAINEX forecasts for Katrina, Rita, and Ophelia with a fully coupled (atmosphere-wave-ocean) model. Initial results indicate that the fully coupled calculations produce smaller-scale details in the boundary layer, which in turn affect the organization of convection within the hurricane. A primary motivation for the coupled model calculations is that it is essential to separate ocean heat transfer effects from internal vortex dynamics in the rapid intensity changes of Katrina and Rita over the Gulf of Mexico, where both storms passed over warm ocean eddies. To achieve the RAINEX goal of understanding how inner-core vortex dynamics affect intensity change, it is necessary to isolate storm changes related to ocean temperature. 

Davis discussed a host of issues related to high-resolution modeling of hurricanes. Among his suggestions was that statistics of radar-observed quantities compiled from RAINEX or other datasets would be useful to determine whether the "convective attributes" of model generated convection match those of observed convection in hurricanes. He also emphasized potential opportunities in RAINEX data relating to thermodynamics of the PBL and the effect of shear in the lowest levels on rainband dynamics.
5. Radar Data Breakout Group Meeting
A subset of workshop attendees (Smull, Lee, Bell, Hence, and Rogers) met to focus on questions surrounding processing methodologies unique to airborne Doppler radar data collected during RAINEX. NCAR/EOL’s policy of formally providing a single set of nominal navigation/pointing-angle corrections per NRL/ELDORA per-mission (viz. in the form of a “CFAC” file suitable for ingest by SOLO, following the method of Testud, Hildebrand and Lee (“THL”) was clarified. The unusual aspect of EOL scientists being actively involved in actual RAINEX analysis has led to their assistance in providing additional second-order corrections following Bosart, Lee and Wakimoto (“BLW”) that must be calculated on a leg-by-leg basis. Bell and Lee clarified some apparent early confusion on the part of UW analysts regarding the proper sequential application of these corrections to the Rita dataset. 

The RAINEX airborne dual-Doppler data present a special challenge to dual-Doppler synthesis because the flights tracks were frequently curved in order to best observe features such as primary and secondary eyewalls. Further discussion therefore focused on the relative merits of synthesis by the variational ("Gamache-type") solution method vs. more traditional (REORDER-CEDRIC type) synthesis when data are collected along circular flight tracks. Michael Bell presented results of a detailed investigation conducted by Bell & Lee into apparent analysis inconsistencies identified by Smull and Houze at UW. One key result of this discussion was a clearer differentiation between impacts of navigation/CFAC corrections on (a) data location and resultant gridding (which are chiefly dependent on pointing angles) as related to but computationally distinct from (b) generally small but systematic changes in derived radial velocity along re-navigated beams, which is dependent on the projection of aircraft motion onto each beam as must be removed prior to analysis. Further exploration of analysis differences near the aircraft track (esp. for estimated vertical air motion) was indicated that the region within a circle centered on the aircraft’s location and tangent to the ocean surface (“lower boundary”) is particularly sensitive to these minor corrections. This almost certainly accounts for differing analysis results seen within some views of Rita’s moat region.  Bell & Lee also provided several key recommendations regarding both application of navigation error corrections and analysis/data-gridding methods that are expected to further improve/refine RAINEX  analyses.

6. Meeting Wrap-up and Action Items

a. Data Archive Enhancement and Website Development 
Action Item for Houze: It was agreed that the RAINEX PIs would provide Steve Williams with a letter formally requesting that the NCAR/EOL-maintained RAINEX online data archive be expanded to include data from Hurricanes Dennis, Emily, Gert, and Wilma. The archived data for each storm should include the same synoptic, sounding and satellite data as have been included for the RAINEX storms Katrina, Ophelia, and Rita. The archived data for each case should also include airborne Doppler and dropsonde data for the NOAA and NASA aircraft research missions in those storms. AF reconnaissance dropsondes should also be included.
Action Item for Goldstein and Williams: Particle Measuring Systems ("cloud physics") raw data should be made accessible through the archive for all of the archived 2005 hurricanes, especially Katrina, Ophelia, and Rita.

Action Item for Goldstein: Ocean drifter data should be added to the archive.

Action Item for Williams: Model grids should be placed on the NCAR mass store system.

Action Item for Goldstein and Williams: Add a publications page to the RAINEX website. The BAMS and Science papers can be included immediately. As other publications go to press they can be added to the site.

b. Collaborative Research Directions

To continue the studies underway and described in Sections 3 and 4 above, as well as some additional topics, some necessary collaborations were identified. These are listed below.

i. Assimilation of Doppler data via Ensemble Kalman Filter in Katrina and Rita (Hakim, Smull, Houze, Chen)
Combine radar analysis and models for diagnostic purposes via EKF on time scale of ~few hours (Hakim/Smull/Houze)
Determine time scale of model impact on ensemble forecasting. Must have impact at 3 days to be useful for forecasting. (Hakim/Chen)

ii. Evolution of inner core low wave number asymmetry in Rita (Rogers, Uhlhorn, Chen, Bell)
Determine if the inner eyewall of Rita became increasingly susceptible to shear and dry air and determine the impact of secondary eyewall on vortex tilt and resiliency. This will require combination of modeling and combination of Doppler analysis from all 3 P3 aircraft. 
iii. Physical understanding of the small scale (high wave number) structures in the secondary eyewall of Rita (Smull, Chen, Nolan, Bell, Houze, Montgomery)

The source of the small-scale "banners" of reflectivity, vertical velocity, and vorticity in the secondary eyewall need to be explored via observations, theory, and modeling. The relative roles of small-scale boundary-layer divergence inhomogeneity, vortex Rossby waves, and ordinary convection need to be differentiated and understood.

iv. Investigate rainband dynamics in Katrina and Rita (Hence, Nolan, Houze, Moon)

Use the 3DVPAS tool of Nolan to study the implications of rainband structure analyzed by Hence.

v. Secondary eyewall and moat dynamics in Rita (Bell, Smull, Houze, Montgomery)

Determine how the double eyewall and moat structure described in the Science article evolves over a 2 day period, with particular attention to upper-level inflow into the moat and vortex sheet development in the secondary eyewall. 

vi. Understanding of the convective burst observed before Ophelia formed (Lee, Houze, Bell)
The apparent lack of significant downdraft, the large updraft fed by a deep layer of inflow, the release of heat, and the deposition of condensate aloft by the convective burst need comprehensive treatment. Comparison to other types of mesoscale convective systems needs to be made. Candidate theoretical interpretations need to be identified. 
vii. Dry air intrusion into Ophelia (Lee, Houze, Smull, Jou)
Unique Doppler radar observations of the mesoscale inflow of dry air into Ophelia were obtained and so far received minimal attention. A student of Professor Ben Jou at National Taiwan University may analyze these data as part of thesis research. Lee, Smull, and Houze will be the RAINEX contacts and collaborators for this research.

viii. Statistics of "convective attributes" (Davis, Rogers)

It was recognized that Davis's appeal for statistics of convective attributes was a worthwhile objective, but at this time no one has been identified within the RAINEX community as a collaborator on this topic.

ix. Model development (Chen, Davis, other)
Re-running the RAINEX storms, Katrina, Ophelia, and Rita, in coupled-model mode to separate SST and inner-core dynamical effects on storm intensity changes. 
c. Planned Publications
The group discussed the best way to organize publications from the RAINEX community. A project overview paper has been published in BAMS. A paper on the eyewall replacement in Rita is in press in Science. For the next round of paper, there was a consensus that jointly publishing papers in a "special issue" of some journal was not the best strategy; it would be too constraining and would lead to delays. Instead it was decided to identify papers that could be narrowed down to important obvious results ("low hanging fruit") and to get those into the review process as soon as possible. If possible these should be sufficiently short to be submitted to GRL. If they are a bit more involved they should be submitted as a short MWR or JAS article. Other journals such as JGR would be okay, but no others were mentioned in the discussion. Planned publications are summarized in Table 1. 
d. Publication timeline

It was agreed that the publications in Table 1 would proceed according to this timeline:
May 2007 1—draft to co-authors

June 2007—submission

February 2008—preliminary conference papers for next Tropical Conference

May 2008—presentation of papers at Tropical Conference

July-December 2008—TBD

e. Next Workshop
Email discussion following the workshop has led to a consensus that the Third RAINEX Workshop should be in Miami in February 2008.
Table 1. RAINEX publications. Key: publ-published, press-in press, sub-submitted, cac-conditionally accepted, prep-in preparation.
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