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The Naval Research Laboratory, Monterey, sponsored and hosted a workshop on October 8-9, 2002 at their facility.  The purpose of the workshop was to plan a way forward to improve data quality control of various radars of interest to the Navy, including the SPY-1/TEP (Tactical Environmental Processor), the Supplemental Weather Radar (SWR), and the SPS-48.  Additionally the group considered the METMF-R, a USMC radar, as a possible source of mobile radar weather.  A principal motivation for this workshop was to have the radar data quality community help determine what steps the Navy must take to produce at-sea Doppler weather products for display, and to develop radar data assimilation into numerical prediction models.  To gain this perspective, there was considerable interest in the current NWS/DoD/FAA NEXRAD Doppler weather radar data and its potential follow-on, the phased array National Weather Radar Test bed (NWRT) based on the SPY-1 technology.  

In our view, the meeting brought together the world’s greatest experts in radar data processing and quality control, crossing over the Navy, NOAA, academia, and industry, in an extraordinary display of close information exchange and candid assessments of the state of the science and technology.  The participants of the meeting ranged from five Navy commands, Naval Research Laboratory, Space and Warfare Systems Command (SPAWAR), Naval Surface Warfare Center, Fleet Numerical Meteorology and Oceanography Command (FNMOC), and the Naval Postgraduate School.  The National Center for Atmospheric Research (NCAR), Pennsylvania State University, and the Massachusetts Institute of Technology Lincoln Laboratory represented the academic community.  The NOAA National Severe Storms Laboratory represented needs of the National Weather Service.  Additionally many of the experts gathered represented the needs of the Federal Aviation Administration, and more generically, the needs of the Next Generation Doppler Weather Radar (NEXRAD – WSR-88D).  Industry was represented by Lockheed Martin (manufacturer of the NEXRAD, SPY-1 radar and TEP), and BCI, Inc.  Critical to the development of the meeting was Dr. Scott Sandgathe, University of Washington Applied Physics Laboratory, who is developing a way  forward for TEP, refractivity from clutter (RFC) and NOWCAST (an ONR-sponsored effort underway at NRL.  All PowerPoint and document files from the workshop are at ftp://ftp.nrlmry.navy.mil/receive/7500/Radar_QC_Workshop.
The principal objectives of the meeting were the following:
1. Review the quality of radar data and identify the types of difficulties inherent in the data samples that we possess.

2. Identify techniques that exist to improve these data.

3. Recommend areas of radar data quality control research necessary to address Navy on-scene data assimilation issues. .  

A detailed agenda and a listing of this extraordinarily broad and expert set of attendees are provided at the end of this report.  Additionally, the electronic presentations are provided at an FTP site provided.  The following are key points and issues discussed during this meeting:

GENERAL QUALITY CONTROL ISSUES

Since many of the participants in the workshop either had experience with SPY-1/TEP, or were involved in the NWRT, there was a major focus on SPY-1.  After an introduction by McCarthy, where a movie of post-processed TEP data was presented from a demonstration aboard the USS NORMANDY cruiser collected on May 15, 2000, there was much discussion about fundamental issues in data quality.  Examples of radar data quality control issues, their description, where they have or are being addressed, and outstanding issues are presented in Table 1.  

Many of the issues discussed are provided in greater detail than in Table 1:

· Beam-to-beam discontinuities.  It was inherently obvious that there were display artifacts in ray-to-ray presentation of the data, either in error, or due to a variety of rapid scan strategies in the defense application of the data.  Factors that may be influencing these discontinuities are varying waveforms, changes in radar power to reflect various defense user needs, sidelobe characteristics, range folding, beam sorting, missing or unavailable data, and various types of electromagnetic jamming.   Examples of many of these issues can be seen in the TEP movie loop in John McCarthy’s Introduction presentation.

· Other general problems include factors related to ship movement such as change in position, ground and sea clutter, range and velocity folding, and anomalous propagation. 

GENERAL QUALITY CONTROL NEEDS

A great deal of time was spent on a variety of needs to address quality control (QC).  For example, it was crucial to know the radar hardware characteristics, which is quite variable between radar types.  This is especially important with SPY-1/TEP and SPS-48, where there is little (in the case of TEP) to no (as with the SPS-48) experience by the meteorologists with the radar hardware, and subsequent weather signals.

A second and often overlooked aspect of QC is to know the operational implementation and usage of the radar.  In the case of NEXRAD and SWR, the usage is well known to weather scientists and engineers.  However, with defense and ATC radars such as SPY-1 and SPS-48, much less was known to the assembled group.  It was obvious to the group that a much better understanding of the radar operation, especially for the Navy, new to weather radar, was required.

Data quality is closely linked to the meteorological phenomena being scanned.  The output of the weather channel of any radar is related to weather type, such as rain, snow, ice crystals, hail, and the like.  As QC is addressed further, the group felt that the phenomenology must be closely connected to the quality control process.  For example, the simultaneous use of satellite data, when available, would help in the connection of the phenomenology to QC.

AVAILABLE SOFTWARE TO ADDRESS RADAR DATA QUALITY CONTROL

The following data quality control modules are being developed and are available from NCAR (See web page at ATD Research ). 

· The Radar Echo Classifier -- a fuzzy logic classifier of a variety of radar echos that include precipitation (stratiform and convective), AP clutter, sea clutter, birds, chaff, clear air, etc 

· A complete Anomalous Propagation clutter mitigation algorithm -- classification, clutter filter control, reflectivity and velocity compensation and tracking of the AP. 

· An evolving Sea Clutter mitigation algorithm 

· Use of satellite data fused with radar data to provide validation 

· Phase coded range overlaid echo mitigation algorithm (developed with NSSL) 

· Dual PRT velocity dealiasing algorithm (developed with NSSL) 
At MIT Lincoln Laboratory, where the largest variety of radars are being used (NEXRAD, the Terminal Doppler Weather Radar, Airport Surveillance Radars, and en route surveillance radars), a number of software modules are in use:

· AP clutter, point source, and artifact removal (Data Quality Assurance Algorithm)

· Range and Velocity unfolding algorithms

· Multiple radar mosiacing systems

While many of these problem areas have been covered well for land-based radars such as NEXRAD, conversion of these products to SPY-1/TEP and to SPS-48 will require a significant degree of adaptation.  Other data QC issues are completely unique to the Navy at-sea radar, particularly with regard to the SPY-1/TEP, and probably are issues of the same magnitude for SPS-48 (no data for SPS-48 has been addressed).  Table 1 addresses the magnitude and priorities for these unique issues.

NSSL has developed a large variety of QC methods, for both display and radar data assimilation into model purposes.  Velocity de-aliasing is a key function that was shown to be impressive.  Also, a case study of adjoint methods applied to NEXRAD and SPY1 data in retrieving wind and thermodynamic fields demonstrated great potential for use of SPY1 observations in meteorological data assimilation.  Perhaps the most interesting capability demonstrated, in real time, was a northeast U.S. presentation of VAD (velocity azimuth display) winds in the planetary boundary layer, which can be viewed at the following web sites: http://gaussian.gcn.ou.edu:8080/NewEngland http://gaussian.gcn.ou.edu:8080/cgi-bin/product_ne.pl?KTLX.
Naval Research Laboratory is hoping to develop a capability in radar data quality control and Allen Zhao provided significant insight into problems with radar data assimilation.  He presented results of satellite and COAMPS model data assimilation, which was very promising in showing cloud extent.  Radar data input for this system will come later.  Paul Harasti recommended that, as a starting point, NRL should use the NCAR REC in its current unfinished state along with the MIT/Lincoln Laboratory Data Quality Assurance (DQA) algorithm.  The REC is a modular-type algorithm that can be easily adapted to include DQA as a separate module, and new modules can be added once the full REC becomes completely operational.

DATA FORMAT AND DATA TRANSMISSION

Data transmission bandwidth is a stark reality when it is required to send radar data between ships, as is anticipated in the NOWCAST program.  Although Navy documents indicate very high transmission rates in current and future Navy ship-to-ship networks, the USS Normandy demonstration probably only achieved 43 KB/sec for line of sight transmission of data (i.e., UHF link), while use of the internal SECRET satellite link (SIPRNET) was restricted to 8 KB/sec.  While the group felt that it was critical to find ways to expand the bandwidth, there was consensus that on-board (i.e., TEP) preprocessing and compression must be performed prior to off-board transmission.  Again, in the case of NOWCAST-type data fusion systems, or for radar data assimilation into numerical weather prediction models, considerable QC will also be performed at the end site, such as on the aircraft carrier.

Paul Harasti stressed that the current data format of TEP data, Universal Format, allows for the time stamping of individual dwells, and that this and all other relevant information about radar beam characteristics and the ships location and motion should be included in future TEP data are needed to unravel the problem of QC on a moving platform.  A considerable discussion also occurred, led by Allen Zhao, about the value of using common data formats for research, data comparisons, and operations.  Three formats were considered:

· Universal Format

· NEXRAD Level-II

· NetCDF

There was no convergence in thinking about formats.  Some members of the workshop thought that the best way to format data may be none of the above, but to implement a more fundamental radar format for real time use.  Regarding research and data exchange, there was convergence on Universal Format, but several scientists urged a careful examination of the NetCDF (Network Common Data Format), which is coming into widespread use.  Two action items emerged:  (1) determine the requirements for a common format, and (2) timing comparisons between UF and NetCDF were recommended.

Critical characteristics of the data format were described as:

· Passive radar operating modes such as waveform, RFA extent, etc.

· Passing beam location, ship location, ship motion, times of radar dwells

· Suitable compression without loss of data quality

DATA QUALITY CONTROL SUMMARY

Radar data assimilation is thought to be the final goal, although obviously some systems (MIT Lincoln Laboratory Corridor and Navy NOWCAST) have early needs for much improved display and data fusion of radar data with other diverse sensors (e.g., satellite, unmanned vehicles, etc.).  Because radar data assimilation into models is a critical goal, and the data quality needs so high, it was felt that much focus was needed in producing refined radar data that eliminates many of the errors and artifacts described earlier.  Data must be thoroughly cleaned for this use and other uses, including SPY-1/TEP, NCAR research and operational radar use, use of the RFC system, and a variety of systems at NSSL and MIT/LL.  Of particular interest was the National Weather Radar Testbed under development at NSSL, which use elements of a SPY-1/TEP being developed there by Lockheed Martin.

In terms of radar data assimilation systems, the following capabilities were presented and discussed:

· 3.5D-VAR, an advanced variational radar data assimilation system developed by the University of Oklahoma and NSSL, and recently being tested by NRL.

· Various applications of adjoint methods, presented at the workshop by Qin Xu of NSSL.  Other adjoint methods discussed were those of Jenny Sun and Andrew Crook of NCAR.

· Microcirculation de-aliasing “surgery” system presented effectively by Qin Xu.

· The NCAR 4D-VAR research system.
· Determination of the radar data error covariance matrix.

WORKSHOP SUMMARY

1. What data quality control should we do?   Clearly there was consensus that there was much to do to arrive at the highest end radar data assimilation system.  However, all felt that this was the highest research objective, and that identifying significant resources and conducting further planning were necessary.  Reference was made to the recent National Research Council report entitled Weather Radar Technology Beyond NEXRAD, where many of these issues are elucidated (both Keeler and McCarthy participated in this study as panel members).

2. What QC modules are necessary and what should be the sequence of development?  Again, due to the diversity of the expertise, and varying goals of each scientist and engineer present, no clear consensus was established.  There was a greater convergence regarding where the various holes or deficiencies existed to solve the QC problem.

3. While there were specific recommendations regarding these questions, it was clear that the SPY-1/TEP agile beam radar represents something fundamentally new and clearly worthy of new research in QC and radar data assimilation.  It was recommended that new research elements be established in agile beam, rapid scan radars, to better understand QC and data assimilation issues.

4. There was great interest but no clear convergence on establishing further a common radar data format for QC studies, exchange of data, and in real-time applications.  It was recommended that a smaller group address research to address this issue.

5. As research foci were developed further, the group felt that there should be new efforts to address sponsorship for research concepts emerging from this workshop.

6. Finally, there was a recommendation that Navy efforts in radar quality control should be in concert with the ongoing NEXRAD activities, so as not to “reinvent the wheel.”

In conclusion the conveners and attendees alike felt that this workshop was a milestone event, where many ideas were exchanged, which appeared to set the stage for an ongoing collaboration.

RECOMMENDATIONS FOR NAVY WEATHER RADAR RESEARCH ACTIONS:

The following recommendations are for serious consideration by the Navy meteorological and engineering research community, and are worthy of sponsor consideration:

1. An effort is required to work with the SPY-1/TEP manufacturer (Lockheed Martin) in close collaboration with the R&D research community represented at the workshop, to perform radar sensor data base quality control.  Topics to be addressed include but are not restricted to beam-to-beam errors, missing or unavailable sectors of data in the radial or azimuth perspective, power fluxuations, elimination of point targets that contaminate the data presentation, and ship movement contamination.

2. A major effort is required to transfer algorithms and other research applications that have been developed for land-use radars such as NEXRAD, to the Navy’s at-sea needs.  This requirement is significantly more complex than a more simplistic view of the problem, as rapid scan radar (SPY-1/TEP and SPS48) represent major challenges for this adaptation.  For example, the following are examples of prior work that need to be addressed in such a transfer process:

· NCAR’s AP removal system (Radar Echo Classifier)

· MIT’s range folding editor and Data Quality Assurance Algorithm

· NSSL’s velocity de-aliasing algorithm

· Penn States work on bird flight contamination and their interest in connecting algorithm work to meteorological physical phenomena

· SPAWAR RFC efforts in understanding sea clutter

· SPAWAR capabilities in understanding the needs of RFC vis. standard meteorological applications

3. The Navy must address the development of automated quality control and simultaneous verification of data, as differentiated from the R&D efforts which seek to understand the data quality process.  Without these automated processes, the operational functions of the use of at-sea radars to address naval operations would be severely limited.

END OF REPORT

TABLE 1.  Radar Data Quality Control Issues; priorities in last column A highest, C lowest.

	QC ISSUE
	BRIEF DESCRIPTION
	ORGANIZATION WITH EXPERTISE ON ISSUE
	GENERAL OUTSTANDING NEEDS
	NAVY SPECIFIC NEEDS
	WHERE TO BE ADDRESSED;

PRIORITY

	Range and velocity ambiguities
	Range folding of radar echoes beyond first trip and Doppler velocity  aliasing within Nyquist velocity limits
	NCAR, MIT LL, NSSL, SPAWAR, NOAA/NWS

LOCKHEED MARTIN
	Well handled, except presentation of algorithm fixes need to be further addressed.  Continued problems with tornado vortex signature.
	Investigate TEP processor QC alternatives to mitigate these ambiguities.  Current range unfolding algorithms are radar-processor based , and unclassified data does not include the Nyquist velocity for de-aliasing beyond the processor in the R&D environment
	Generally has been addressed by allNRL, Lockheed Martin


	Anomalous propagation (AP) Clutter
	Ducting clutter (RFC regions of interest), that obscures meteorological signals
	NSSL, NCAR, MIT LL, NOAA/NWS, SPAWAR
	Quality of algorithms still need considerable verification/validation
	Relatively little known about impact of AP at sea and in littoral regions
	NCAR, MIT LL, NSSL, SPAWAR, NRL

A

	Point targets, biological scatterers and artifacts
	Singular, non-meteorological targets (ships, birds, bats, bugs, etc.).  For WSR-88D, Radar system/calibration artifacts such as bulls eyes and star bursts, and sun energy interference in sun strobes.
	NSSL, PENN STATE, NCAR, SPAWAR
	Criticality not well understood; interesting for bird migration, but can be tolerated in meteorological studies.  Some improvements are needed to completely remove artifacts
	Difficult to handle, may not be needed for display, but for assimilation
	NRL, SPAWAR, NSSL, NCAR

B

	Adjacent ray inconsistencies
	Apparent beam-to-beam discontinuities on radar output; present mainly for SPY-1/TEP
	LOCKHEED MARTIN
	Likely has not been addressed to significant extent; must be resolved for display and model data assimilation
	Critical requirement yet to be addressed
	LOCKHEED MARTIN, NRL, SPAWAR

A


	QC ISSUE
	BRIEF DESCRIPTION
	ORGANIZATION WITH EXPERTISE ON  ISSUE
	GENERAL OUTSTANDING NEEDS
	NAVY SPECIFIC NEEDS
	WHERE TO BE ADDRESSED;

PRIORITY

	Sea clutter
	Radar return from surface of ocean
	NCAR, SPAWAR
	Early algorithms may show promise
	Major issue for any at-sea radar like SPY-1/TEP
	NCAR, SPAWAR, LOCKHEED MARTIN, NRL

A

	Land/ground clutter
	Radar return from fixed land targets within approximately 50 km of radar
	NCAR, NSSL, MIT LL, NOAA/NWS
	Continuing problem; generally considered 90% solved for land-based radars.
	Use existing techniques
	NRL, SPAWAR, LOCKHEED MARTIN

C

	Power fluxuations
	Sudden changes in radar gain, which in the case of SPY-1/TEP is common
	LOCKHEED MARTIN, NRL
	Has been a ccounted for in TEP reflectivity but will impact sea clutter returns
	Must be addressed for display and assimilation needs
	LOCKHEED MARTIN, NCAR, SPAWAR, NRL

A

	Azimuth sector limitations
	Various sectors of azimuth data missing or not available
	LOCKHEED MARTIN, SPAWAR, NRL, NCAR
	Early data collection issues have been resolved; must develop strategy to deal with unavailable sectors due to radar blanking
	Must be solved for display and assimilation for at-sea radars
	LOCKHEED MARTIN, NRL, NCAR

A


	QC ISSUE
	BRIEF DESCRIPTION
	ORGANIZATION WITH EXPERTISE ON  ISSUE
	GENERAL OUTSTANDING NEEDS
	NAVY SPECIFIC NEEDS
	WHERE TO BE ADDRESSED;

PRIORITY

	Ship’s motion
	Impact of ship movement on velocity and second moment (turbulence) data
	LOCKHEED MARTIN, SPAWAR, NRL
	Ship motion for TEP at sea is compensated in doppler velocity calculations
	Not clear if instantaneous array motion compensation due to ship roll/pitch is necessary
	LOCKHEED MARTIN, NRL, SPAWAR

A
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AGENDA

TUESDAY, OCTOBER 8TH
0800-0830
Informal refreshments

0830-0900
Introduction to workshop needs, program needs (McCarthy and Sandgathe)

0900-1000
Data Concerns (10 minutes each), discussion led by Harasti


McNellis and Maise, Lockheed Martin


Kessinger, Keeler, and Wiener, NCAR


Rogers, SPAWAR


Zhao, NRL


Xu and Zrnic, NSSL


Weber, MIT Lincoln Lab

1000-1030 Discussion of data quality problems

1030-1045 Break

1045-1200
Future needs of quality radar data (display, assimilation, etc.), discussion led by Keeler and Xu

1200-1300 Lunch (informal, brought in)

1300-1430
Data quality programs and algorithms (20 minutes each organization) – discussion led by Weber

NCAR

NSSL

SPAWAR/SSC

NRL

MIT/LL

1430-1515 Radar data standards and format – General discussion led by Zhao

1515-1530 Break

1530-1630 Summarize today’s discussions – led by Keeler

1630-
Adjourn

WEDNESDAY OCTOBER 9TH
0800-0830
Informal refreshments

0830-1000
Research requirements to improve existing suite of algorithms – discussion led by Zhao

1000-1130 Action items – discussion led by Sandgathe

1130- Adjourn

Informal afternoon discussions at NRL as desired.
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