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INSTRUMENT LEVEL – SUITABLE HUMIDITY SENSOR FOR 
THE AMDAR FLEET (INCL. TAMDAR) AND VALIDATION OF DATA

3.2.1 Background
The development of sensors to provide humidity data has been discussed for many years.  Water vapour is one of the most important parameters in the forecasting of weather evolution.  The need for a reliable sensor to provide operational (real-time) representative data at all levels of the atmosphere is a high priority.  There is also a growing interest in water vapour data from the climate communities.
Recent developments with a new compact water vapour sensor – WVSS, based on tuneable diode laser spectroscopy – is now available from Spectra Sensor Inc., USA.

In addition to WVSS, there are a few other systems available – these will be discussed in the document.
3.2.2 Sensors available
There are several types of sensors, using various methods of calculation, to measure humidity currently available.  However, it should be noted that these sensors are at different stages of development and therefore some are not technically capable of meeting the criteria for aircraft measurements at this time.
The systems that could be considered are listed below.

3.2.2.1 Water Vapour Sensor System (WVSS) Versions 1, 2 and 3rd Generation
Over the last few years, Spectra Sensor Inc. (SSI) has developed their WVSS humidity sensor.  Originally designed for use within the oil and gas industries, the company reacted to a request from the aviation community.
The original WVSS-I was installed on the UPS B-757 fleet.  One of the disadvantages of this version was the large mounting plate – and therefore a large cut – on the aircraft fuselage.  WVSS-II uses a much smaller surface area and has now been installed on the UPS aircraft.  It is hoped that that it cane be install on the A320 family aircraft of Southwest Airlines.
The AMDAR Community has an excellent relationship with SSI as demonstrated by the recent visit by a delegation from NOAA and the E-AMDAR Programme to SSI to discuss the sensor design in December 2007 and follow-up meeting in June 2008.
3.2.2.2 Tropospheric – AMDAR (TAMDAR)

This is a commercial development from AirDat LLC, combining a sensor package with an inbuilt communication system, to deliver aircraft data.  In addition to the standard sensors (pressure / height, wind speed / direction and temperature) currently available on AMDAR equipped aircraft, the TAMDAR package also includes humidity, turbulence and ice accretion technology.

The TAMDAR system can be mounted either on the wing or fuselage using a single location mounting system.

3.2.2.3 Other systems

In addition to the WVSS and TAMDAR there are a few other options that are in use or at various stages of development.

· The MOZAIC Programme has been providing humidity data (since 1994) as well as other atmospheric parameters for research, satellite evaluation and aircraft environmental impact studies.  This data is extracted and processed post flight.  The sensor is a capacitive sensor (Humicap) from Vaisala and has been proven under the MOZAIC Programme;
· Hygrometer – a sensor is being developed in the Russian Federation.  Currently there is little evidence that this sensor is near operational acceptance; and,
· Surface Acoustic Wave (SAW) sensor – a development by Cambridge University (UK) is in progress.  Latest information – from 2007 – was that this was going through static testing and was likely to be included in the humidity array on the UK Research aircraft (FAAM).

3.2.3 Trials on AMDAR equipped aircraft

There have been several trials of the WVSS and TAMDAR systems, both in the US and Europe.

3.2.3.1 WVSS trials in the United States
(See Appendix A) 
3.2.3.2 TAMDAR trials in the United States
(See Appendix B)
3.2.3.3 WVSS trials in Europe
During 2006, the WVSS was tested in the environmental simulation chamber at the Research Centre Julich (FZJ).  After the chamber tests, the sensor system was installed on three Lufthansa A-319 aircraft with the first data being produced early 2007.  The installation was originally intended for only a period of one year.  However, these sensors will now remain on those aircraft until further notice.  The current trial is therefore classed as ongoing.  There will be further testing of the 3rd generation sensor at FZJ during July 2008.
3.2.3.4 TAMDAR trials in Europe
As part of a EUCOS and Météo-France agreement, a single TAMDAR system was trialled on the Service des Avions Francais Instuments pour la recherche en Environnement (SAFIRE) research aircraft.  The TAMDAR trial – compared against onboard instruments on the Piper Aztec aircraft – was carried out during January 2006.  As well as trialling the TAMDAR for humidity, the results also focussed on altitude, temperature and wind measurements.  
The problems encountered and conclusions of the trial are produced in a Météo-France paper entitled, “Comparison between measures TAMDAR and SAFIRE Systems”.

3.2.4 Validation of data
There have been various validations of the data quality of the WVSS over the last few years – this includes chamber testing and the operational (on aircraft) data provision currently in place in the United States and Europe.
3.2.4.1 WVSS data validation in the United States

(See Appendix A)

3.2.4.2 TAMDAR data validation in the United States
(See Appendix B)
3.2.4.3 WVSS data validation in Europe
With the addition of WVSS data to the three Lufthansa aircraft, several modifications were required within the E-AMDAR processing system (E-ADAS), E-AMDAR Web Portal and the Met Office Database (set up to only store relative humidity and dew-point).  In addition to these systems, the E-AMDAR Quality Evaluation Centre (QEvC) also needed modifications and these will be carried out during 2008 as part of the QEvC-2 upgrade.
A co-location study of WVSS and radiosonde is currently being carried out by the Met office.  Initial results were presented at the EUCOS Programme Managers Meeting in March 2008.
3.2.4.4 TAMDAR data validation in Europe

To date, the only trial of TAMDAR in Europe has been the SAFIRE comparison in January 2006 (see 3.2.3.4 above).
The TAMDAR data from the Mesaba fleet (Great Lakes Field Experiment) has been made available to the Met Office – although there is an uncertainty of this continuing.
The GLFE data was used in a TAMDAR evaluation carried out by the Met Office.  
The evaluation period was from 8 to 23 October 2005, with co-located comparisons with the RS80 data from radiosonde stations in the area.

3.2.5 Other issues to consider
In addition to the AMDAR developments with humidity sensors, there is interest in humidity data from aircraft from other organisations.

3.2.5.1 Atmospheric Research and the Environment
It is planned that the MOZAIC programme will become integrated into the new IAGOS (Integration of routine Aircraft measurements into a Global Observing System) Programme.  This programme is tasked with developing lighter and smaller instrument packages, develop new instrumentation for variables to assist in climate modelling and real-time data transmission.  This is where the AMDAR infrastructure is of interest to IAGOS.
Météo-France is involved with several of the development packages within IAGOS and close co-operation with AMDAR is envisaged.

3.2.5.2 Environmental Issues
The introduction of a network of commercial aircraft equipped with humidity sensors would be invaluable in the mapping of the atmospheric humidity layers.  In addition to the data in the lower atmosphere, for aviation issues, the cruise level data would provide information on contrail developments.
With the recent increased publicity of aircraft induced cirrus, having a network of aircraft reporting humidity in the upper troposphere would provide data in the altitudes where contrail development could be forecast – and thus avoided.
This could be directed at FLYSAFE and European Commission research funding.
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ABSTRACT

This paper outlines progress deploying water vapour sensors on United States (U.S.) commercial aircraft and will summarize the assessment of sensor data quality.  A brief discussion of how integration of water vapour sensors into aircraft outside the U.S. will be offered in support of the WMO Integrated Global Observing System (WIGOS).

1. Introduction

The U.S. Aircraft Meteorological DAta Reporting (AMDAR)
 Program has been collecting wind and temperature observations from commercial aircraft since the early 1980’s with dramatic increases after 1991 (Moninger 2003).  Progress in expanding data volume and available parameters has accelerated within the past 3 years with the participation of additional air carriers and collection of humidity, turbulence, and icing parameters.  Within the traditional wind and temperature data collection, the U.S. added Southwest Airlines to the existing 6 participating air carriers (American, Delta, FedEx, Northwest, United, and United Parcel Service) in August 2005.  Also in 2005, observations from Mesaba airlines began collecting atmospheric observations. These air carriers collect about 150,000 AMDAR reports per day from 1,600 aircraft generating a total of 3,000 soundings per day from 200 airports within the U.S.  Since early 2005; the U.S. has been continuously assessing more than 75 aircraft instrumented with two different water vapour sensors which have produced about 750 soundings per day.  It is from these successes that the U.S. AMDAR Program is poised to become an integral component of the U.S. Integrated Upper-Air Observing System (IUOS) and thereby serve as a springboard for expanding water vapour capabilities to WIGOS.

2. Deployment of Water Vapour Sensors on Commercial Aircraft

Obtaining atmospheric soundings from aircraft is not by any measure a new concept.  “Weather reconnaissance” has been on-going since almost the beginning of powered flight.  
In 1919, the U.S. Weather Bureau, the predecessor to today’s National Oceanic and Atmospheric Administration (NOAA) National Weather Service, began paying pilots to fly to 13,500 ft using aircraft instrumented with ‘aerometeorographs’ which recorded temperature, pressure, and humidity along the flight track (Hughes and Gedzelman 1995).  By 1931, atmospheric “soundings” were routinely collected over Mid-west cities by a fleet of aircraft, reaching a maximum participation of 30 aircraft by 1937 (Hughes 1970).  However, collection of dedicated atmospheric sounding from aircraft was expensive and technically complex allowing for the newly invented, balloon launched, radiosonde technology to replace aircraft soundings by 1940 as the nation’s atmospheric sounding network.

More than 50 years later, the collection of atmospheric soundings which include water vapour from commercial aircraft has had a rebirth.  In this resurgence, we have had the luxury of pursuing two different development paths for collection of in situ water vapour observations.  The first development path, funded by the Federal Aviation Administration (FAA) and NOAA, is the basis for today’s Water Vapour Sensing System (WVSS II), developed by SpectraSensors, ARINC, FAA, and NOAA, while the second water vapour sensor solution, called the Tropospheric Airborne Data Reporting (TAMDAR), was developed by the National Aeronautics and Space Administration (NASA) and now offered commercially by AirDat, LLC.

a.
Water Vapour Sensing System (WVSS) 
The U.S. has been investigating strategies for installing water vapour sensors on commercial aircraft since 1993, when the Federal Aviation Administration (FAA) established the Commercial Aviation Sensing Humidity (CASH) program.  The CASH program was essential in development of sensor specifications leading to an operational deployment of a Water Vapour Sensing System (WVSS) I (Fleming, 1996). A demonstration system based on the B. F. Goodrich Rosemount Aerospace, Inc., thin-film capacitor was deployed and operated on United Parcel Service B-757 aircraft from 1997 through 2002.  Initially the WVSS I demonstration fleet was limited to 6 aircraft, but eventually grew to 30 aircraft by 2001.  While initial sensor accuracy was similar to radiosonde humidity observations (Fleming 2000) early on in the demonstration, aging effects on the thin-film capacitor (TFC) caused the sensor sensitivity to be steadily diminished resulting in a significant dry bias after 3-6 months operation (Fleming 2004).  One of the lessons of the WVSS I demonstration was that the water vapour sensor must be accurate and stable for a longer time duration than the maintenance cycle interval of the aircraft they are installed on, which is generally a 30 month period.  Otherwise, air carrier will be unable to service the sensor should it fail in the interim period.  Alternatively, this type of sensor needs to be engineered to allow easy access by aircraft maintenance crews for efficient swap-out of degraded TFC sensors.  Unfortunately, the WVSS I did not have a design that allowed quick TFC swap-out.

As it became clear that the WVSS I sensor would not be a viable system for installation on commercial aircraft, work commenced to develop the next generation water vapour sensor, WVSS II.  Resources for the development of WVSS II sensor was provided through a UCAR contract to SpectraSensors (SSI) for sensor development and United Parcel Service (UPS) for aircraft sensor integration labour.  The chosen technical solution to avoid loss of sensor sensitivity was to utilize laser technology.  Using a 1.37μ telecommunications grade Tunable Diode Laser (TDL), the WVSS II directly measure mixing ratio rather than relative humidity by measuring the absorption of light within a 24 cm path length sample.  The WVSS II prototype was tested on the NOAA P-3 research aircraft in 2003 against a chilled mirror test instrument.  Test results from a variety of atmospheric conditions, including Hurricane Isabel, showed good agreement between the two sensors.  After obtaining the appropriate FAA Supplemental Type Certificate (STC) for operating the WVSS II on the B-757, the WVSS II was mounted in the same location as the WVSS I installation as a sensor “swap”.  Between February and June 2005, 25 WVSS II, version 1, (henceforth WVSSII.1) sensors were installed on UPS B-757 aircraft.  The WVSS II.1 sensors operated from spring 2005 through fall 2006, during which time their data were assessed using a variety of approaches including a June 2005 field assessment (Petersen 2006a).  These assessments identified a systematic bias associated with most of the sensor observations, including an overall wet bias particularly evident during the en route phase of flight and a dry bias that was manifest during the descent phase of flight.

WVSS II.1 Assessment Results (Petersen 2006a and 2006b):  The first WVSS II field assessment was conducted in June 2005.  The assessment was focused on the performance of the accuracy of the water vapour sensor.  Issued noted with mixing ratio data quality were: 1) non-ambient moisture trapped in the laser sample field of view caused an average +2 g/kg wet bias in almost measurements.  This bias is very pronounced above 500 hPa, 2) dry bias observed during descent when the sensor intake encountered dew points higher than the temperature of the intake hose surface temperature.  This condition caused condensation within the intake hose reducing the moisture sampled by the sensor during aircraft descent, 3) precision of the observations from the WVSS II sensor, as encoded mixing ratio observations within the B-757 DFDU avionic software, was clipping the mixing ratio values to two digits. This caused mixing ratio above 10 g/kg to be encoded to the ones place.  Engineering changes to the WVSS II.1 sensor were developed to eliminate trapped moisture in the sample chamber and to avoid condensation by improving the laser seal and adding additional desiccant and by using a heated intake hose which will keep the hose warmer than the dew point of the air sampled.   The precision limitation within the aircraft avionics is being improved by using implementing a base 40 compression algorithms supporting the full range of possible atmospheric mixing ratios to three significant digits.  These engineering and software changes were implemented in November 2006 and validated through a second AERIBAGO field assessment conducted 1-2 weeks after the WVSSII.2 sensor installation (November 2006).
b.
WVSSII.2 - Assessment Results

19 of 25 WVSSII.1 sensors were replaced with WVSSII.2 sensors during October - November 2006.  Installations stopped after 19 units were swapped as a result of increasing concerns over observation accuracy.  However, the first look at the WVSSII.2 sensor performance data as compared to November 2006 field assessment data by the CIMSS researchers (Petersen, 2008) found the following “when contrasted with results obtained from the Spring 2005 assessment, it appears that the engineering changes made after the 2005 test were at least partially successful in removing error in data taken during ascent. First, the positive Biases that were present above 850 hPa in the 2005 data sets have been essentially eliminated. In addition, the unexplained bimodal character of ‘systematic’ error (negative Biases below 850 hPa and positive above) has been eliminated”.  Thus as problems identified in the WVSSII.1 sensor were resolved by engineering changes made for WVSSII.2.  However, these corrective changes provided a window on new and different problems were revealed in the sensor performance.  The WVSSII.2 problems were categorized into four failure modes:  1) a dry bias that was manifest in 10 units, 2) a small wet bias was exhibited in 2 units during en route flight segments, and, 3) a lack of sensitivity to atmospheric conditions was evident in 7 units, and 4) failure to operate upon initial installation.  Of the 19 WVSSII.2 units installed, only 4 units have consistently performed within minimum operating standards.

c.
WVSS.3 – NOAA / NWS Contract and Re-Engineering Activities

The development of WVSSI and WVSSII, versions 1 and 2, sensors were funded under contract through the University Corporation of Atmospheric Research (UCAR) with research funded by the FAA and NOAA.  However, the WVSSII.3 development and operation are funded through a contract from NOAA National Weather Service.  This contract, awarded in June 2007, has ARINC serving as contract lead, and SSI and Southwest Airlines (SWA) serving as sub-contractors to ARINC.  This contract specifies ARINC, SSI, and SWA build 56 WVSSII.3 units, and install these sensors on 31 SWA B737-300 aircraft, and replace 25 WVSSII (versions 1 and 2) units currently flying on 25 UPS B757 aircraft, with 4 spare units available.  The 60 WVSSII.3 sensors are to be produced and installed within 18 months of the start of the contract, or by December 2008.  All necessary aircraft integration documentation (e.g. Special Type Certification (STC)) is covered by the contract, including obtaining an STC for the SWA B737-300 aircraft and an amended STC of the UPS B757 aircraft.  

While some of the WVSSII.2 units deployed in 2006 performed well and the problems identified in the WVSSII.1 were largely corrected, the majority of the WVSSII.2 sensors exhibited a wide-range of failure modes.  It is suspected that these problems were also part of the original WVSSII design, but it was not until moisture seal problems were largely corrected by WVSSII.2 that the other, more subtle, problems could be identified and corrected.

Based on the WVSSII.2 degraded performance issues, ARINC and SSI decided to re-engineer the sensor for a second time in two years; however in this effort, the full range of system components were considered as possible contributors to identified performance problems.  Additionally, manufacturing and component quality control techniques were evaluated for their contribution to sensor performance with the focus on leveraging lessons learned from other SSI sensor production methodologies.

With the assistance of United Parcel Service (UPS), 4 of the 19 WVSSII.2 units flown on B-757 aircraft since November 2006 were returned to SSI in August 2007.  SSI used these units as the basis of validating their preliminary analysis of the sources of system component failures through chamber testing, and by re-testing the units after incremental system component updates scheduled for introduction into the WVSSII.3 were retrofitted into the returned WVSSII.2 units.  Factory testing of the unmodified returned WVSSII.2 units showed the units exhibited a wet bias, with all four units demonstrating a large thermal sensitivity, specifically showing thermal lag (e.g. warmer than actual during ascent, and cooler than actual during descent as compared with a chilled mirror).  Also determined during the tests, the thermistor in the sample chamber was not detecting the gas temperature, but rather the sample cell wall temperature.  

The following engineering changes were implemented in the WVSSII.3 sensor as a result of the testing of WVSSII.2 sensors:
1. Improved Signal Processor and Laser Driver Component Quality:
a. Use of MILSPEC resistors: from 1% to 0.1% tolerance;
b. Use of MILSPEC capacitors:  from 5% to 1% tolerance; and,
c. Temperature Coefficient:  from 600-800 PPM/oC to 30 PPM/oC;
2. Improved characterization of pressure/temperature calibration mapping;
3. Improved quality control/testing and rigorous laser and SEB burn-in regime was implemented (22 days);
4. Added Laser and Component Thermal Isolation:
a. Isolate the Sensor Equipment Box (SEB) from the aircraft skin;
b. Isolate laser head from the sample cell; and,
c. Isolate the gas temperature sensor from the cell wall;
5. Re-design of the gas chamber thermistor;
6. Addition of a SEB external test connection;
7. Improved laser seals:
a. Improved milling and geometry of O-ring seal;
b. Added hermetic connectors; and,
c. Added “pinch tube” design for improved seal integrity;
8. Improved laser seal test protocols, including N2 leak test and final 5 psi over pressure of laser chamber using He gas.
When these engineering changes were introduced into the WVSSII.2 units returned from the UPS, test results from varying the ambient temperature from -5C to +30C show a decrease in thermal dependency from a range of +/-50% temperature induced error decreased to +/-5%.  

d.
WVSSII.3 – Production, Testing and Deployment

SSI completed final updates to the WVSSII.3 design in May 2008, and conducted a pilot production run constructing 15 WVSSII.3 sensors in June 2008.  These sensors will be used to complete the STC testing, be independently tested by NOAA, and used for long term testing at the SSI production facility.  SSI and NOAA have coordinated test protocols for 3 WVSSII.3 units; these 3 test units will ship to NOAA in early July 2008.  NOAA will use the test protocol to assess performance of sensors at the NOAA Upper-Air Test Facility in Sterling, Virginia.  Once testing is completed at the NOAA test facility, the Deutsche Wetterdienst (DWD) has kindly agreed to conduct additional independent tests using DWD test facilities.  NOAA is also seeking flights of opportunity on research aircraft to assess WVSSII.3 performance in a real-world environment as compared to a chilled mirror.

After independent testing results are available, ARINC and SSI will conduct a Production Readiness Review (PRR) in late July 2008 for the WVSSII.3 sensor.  With positive PRR determination, SSI will commence full production of 60 WVSSII.3 sensors in August 2008 completing the production of these units by mid September 2008.  Depending on the award of the STCs for the 31 SWA B737-300 and 25 UPS B757 aircraft, installations of the WVSSII.3 will commence around October 1, 2008.  Plans are for a one week field assessment using the University of Wisconsin Cooperative Institute for Meteorological Satellite Studies (CIMSS) mobile test facility, e.g. AERIBAGO, early in the WVSSII.3 deployment (e.g., October 2008), and then conduct a second one week field assessment in late winter 2008-2009 once the WVSSII.3 has been installed for over 2 - 3 months to measure any potential performance drift.

A complete summary of the SSI WVSSII Program Update, kindly provided by Greg Sanger, SSI Atmospheric Gas Analyzer Chief Engineer, and Rex Fleming, Atmospheric Sensor Development, is included in Appendix B.  

3.

Tropospheric Airborne Data Reporting (TAMDAR)

NASA developed the TAMDAR sensor suite to address aviation safety issues related primarily to weather hazards to General Aviation and Regional Commercial Aircraft operators.  TAMDAR program objective was to provide two-way communication with these aircraft enhance pilot situational awareness and to use this communications infrastructure to collect a full suite of parameters in support of aviation weather applications.  These parameters include temperature (resistive temperature device), relative humidity (two capacitance sensor), wind speed (based on aircraft heading and speed information), pressure (from dynamic and static pressure gauges), turbulence (Eddy Dissipation Rate (EDR)), and icing (IR emitter / detector pairs).  The engineering and testing of the TAMDAR suite is described in a paper authored by Taumi Daniels (2004).  TAMDAR’s communication requirement of satisfied by accessing the Iridium satellite network which has global coverage.

The gap in weather parameter data collection TAMDAR seeks to fill is to gather soundings from regional airports and cruise level data 25,000 ft and below and from more remote airports, areas traditional AMDAR “major carriers” have not served.  These regional airports are often served by less technically sophisticated aircraft which are not equipped to utilize the ARINC VHF air-to-ground communications network and in some cases, the VHF network is not available.  Another limitation of these aircraft is their environmental probes often have quality issues, or, are lacking the required sensors altogether.  Therefore, TAMDAR was engineered to be a “turn-key” system which addresses a variety of communications and environmental measurement limitations for aircraft which otherwise could not participate in AMDAR.  The down side to TAMDAR is substantially it does not leverage the aircraft infrastructure (one of AMDAR’s strengths); thus, the cost to operate the system is higher than traditional AMDAR sensors.

TAMDAR’s initial development was funded by the NASA Aviation Safety Program, and later supported by the Federal Aviation Administration (FAA), and AirDat, LLC.  TAMDAR requirements and sensor development started in 2001 resulting in a prototype system first tested in the University of North Dakota’s Cessna Citation II in 2003 as well as the NOAA P-3 using the NCAR AVAPS dropsonde and P-3 instruments as reference observations (Daniels 2004).  After flight validation was completed, NASA obtained the aircraft STC to install TAMDAR on Mesaba Airlines Saab 340 prop aircraft in 2004.  Installations commenced in December 2004 and continued through early 2005 with 63 sensors being integrated with their Saab 340 aircraft.  Currently, the number of Mesaba aircraft operating TAMDAR sensor has been reduced to 49 as a result of company restructuring within Mesaba.  Like WVSS II, TAMDAR sensor performance was assessed through field tests conducted by the University of Wisconsin / CIMSS in February and May 2005.  These assessments, the results from the Great Lakes Fleet Experiment (GLFE) and other model sensitivity studies conduced by NOAA Global System Division (GSD) (Benjamin 2006, Moninger 2006) led to numerous improvements to temperature, relative humidity, and wind signal processing, calibration, and data accuracy.  Global Systems Division (GSD) has documented subsequent improvements to temperature, wind, and relative humidity accuracy, and the impact to the Rapid Update Cycle (model) 3 hour forecast accuracy within the data domain of TAMDAR observations.  Model forecast improvements included (Moninger 2008):
· Temperature forecast errors are reduced by about 35%;
· Wind forecast errors are reduced by about 15%; and,
· Relative humidity forecast errors are reduced by about 15-25%.

In addition to the GSD model sensitivity studies, TAMDAR data quality characterization included two field assessments (Feltz and Bedka 2006), called the TAMDAR AERIBago Validation Experiment (TAVE) I and II, were conducted in February 2005 and May 2005.  The assessment results focused primarily on TAVE II since the TAMDAR sensor provided higher vertical resolution in the second data set.  Most of the co-indicate data sets collected were confined to 600 hPa or lower as the Saab 340 aircraft which the sensor was installed on flew mostly short-haul routes which do not require high operating ceilings.  Results can be summarized by a finding of systematic hysteresis for temperature and relative humidity, with ascents showing a positive bias for temperature and a negative bias for relative humidity, while descents showed a negative bias for temperature and a positive bias for relative humidity.  This issue was later attributed to sample lag and subsequently corrected.  Wind accuracy for TAMDAR was found to have a 3-5 m/s RMS error.  This error is generally greater than errors seen in AMDAR data and explained by the uncertainty associated with the Saab 340 heading information used to calculate TAMDAR winds.

While most of the TAMDAR assessments have focused on the area flown by Mesaba Airlines over the U.S. Midwest, AirDat has been certifying the TAMDAR sensor suite for installation on a variety of aircraft types including Saab, Bombardier, ERJ, and CRJ aircraft.  AirDat has currently installed TAMDAR on 120 aircraft, and is working on a build out of the TAMDAR fleet to include 430 aircraft by 2009.  These aircraft (75% Regional Jets and 25% Turboprop) average 6.7 flight segments per day, and thus have the potential to generate over 5,700 atmospheric soundings per day.

NOAA secured a one year contract with AirDat to gain access to TAMDAR observations from the Mesaba fleet (49 aircraft) in July 2007.  These data are provided with distribution restrictions as they cannot be shared outside of NOAA.  However, they can be assimilated into NOAA Numerical Weather Prediction models, and these model output can be freely disseminated to the public.  As previously stated, GSD has determined that TAMDAR improve model predictions in the first 6 hours of the forecast.  Additionally, NOAA has been granted permission to assess the TAMDAR data collected from the 8 Saab 340 PenAir aircraft which fly over south and southwest Alaska.  During the period of the contract, NOAA field meteorologists have developed several case studies where the TAMDAR data have substantially improved aviation and public warnings and forecasts.  

A complete summary of the AirDat TAMDAR Program Update, kindly provided by Jay Ladd, AirDat CEO, is included in Appendix A.  

3. Comparison of Sensor and Vendor Corporate Capabilities

	
	TAMDAR (AirDat)

	WVSSII (SSI/ARINC)

	1.  Platform Certifications
	-Saab 340 (turboprop)

- Bombardier Q400, Q300, Q100 (turboprops)

- ERJ (145 & 170)

- CRJ 700
	- Boeing B737-300, B757

- Airbus A319, A320, A321

	2.  Participating Air Carriers
	Horizon, Republic, Chautauqua, Shuttle America, Mesaba, Piedmont, PenAir
	United Parcel Service, Southwest Airlines, Lufthansa 

	3.  Aircraft Infrastructure Needed 


	a.  Communications
	None, Iridium connectivity included with TAMDAR 
	Air-to-ground or satellite, typically ARINC or SITA

	b.  Access to Aircraft Computing Application Environment
	Connectivity to aircraft heading information
	Connectivity to ACMS

	c.  Aircraft Temperature, Wind Probes 
	Not needed, included in the TAMDAR sensor suite
	Leverage aircraft TAT and PTOT sensors 

	4.  Number aircraft in operations by spring 2009
	120
	60

	5.  WV Sensor Type
	(2) Redundant Honeywell TFC sensors
	(1) Tunable Diode Laser

	a.  Sensor Performance
	Similar to radiosonde, but with decreasing quality with increasing aircraft mach number, typically above 5-7 km AGL.
	Previous WSSII designs shown to be highly sensitive to temperature change, intrusion of moisture through the laser head seal, and factory pressure/ temperature calibration.  Factory tests of the WVSSII.3 re-engineered sensor appears to correct these problems, but this has not been proven in an operational environment.

	b.  Maintenance Issues
	TFC sensitivity degrades relatively quickly and must be changed by aircraft maintenance ground crew every 3-6 months.  
	Laser “aging”, causing dry bias drift, is a problem if laser does not have sufficient factory burn-in time.  However if the sensor meets performance specifications from the factory, it probably will require very limited field support.

	c.  Operating Since
	December 2005
	March 2006

	6.  Estimated Cost per Sounding
	$10.00 US
	$3.00 US

	7.  Vendor Market Strategy
	Sell observations to NMS, with distribution restrictions
	Sell sensor system to NMS (or their prime contractor)

	8.  Technical Support availability to NMS for sensor integration
	Limited. Vendor not inclined to support internal NMS 
	As needed.

	9.  Fleet Expansion Potential
	TAMDAR sensor suite can be integrated on almost any commercial aircraft.
	WVSSII can be integrated into most modern jet aircraft (ex. Boeing and Airbus) which have advanced avionics and air-to-ground communications.

	10.  Sensor Flexibility / Extensibility
	In addition to the TFC relative humidity sensor, the TAMDAR sensor suite includes a temperature, wind, turbulence, and icing sensor capability.  Changing the TAMDAR sensor suite baseline to include detection of additional parameter will likely be costly.  
	It is feasible that the WVSSII TDL can be changed to support detection of much lower water vapour concentrations (< 5 ppmv) for climate applications.  The TDL also has the potential for detection of other gases including CO2, CO, NOx, SOx and O3. to support climate and air quality applications.

	11. Program Risk - Sensor
	Low: TAMDAR has proven track record of performance for over 2.5 years on a variety of aircraft types.  Key is air carrier supporting replacement of failing TFCs in a timely manner.
	Moderate:  First two versions of WVSSII have shown uneven data quality.  The 2008 re-engineered version of WVSSII has shown promising results in factory tests

	12.  Program Risk - Corporate
	Moderate:  Modest revenue stream from data sales, electronic flight bag support, IOOI, and other information services.  Venture capital support necessary to sustain company for near future.  Risk of loss of corporate support for WVSSII sensor production will increase if sales do not materialize in 2-5 years.
	Low/Moderate:  Increasing broad base of revenues from gas pipeline and refinery sales of gas analyzers.  Additionally, venture capital availability is plentiful.  Risk of loss of corporate support for WVSSII sensor production will increase if sales do not materialize in 2-5 years.

	13. Logistics Capacity - International
	AirDat, through its VC’s connections to large U.S. air carrier’s expertise, has established an extensive logistics supply and support capacity throughout the U.S., including Alaska.  However, AirDat’s capacity to support a substantial international logistics infrastructure is uncertain without the support of an international partner.
	SSI, and its corporate partner ARINC, have international sales, technical, and logistics staff.  The essential elements of an international logistics support capacity are in place, but a specific ability to support an international deployment of the WVSSII sensor has not been demonstrated.

	14.  Logistics Capacity – Buyer Furnished Equipment (BFE)
	No information available on AirDat’s potential discussions with aircraft manufacturers that will lead to installation of TAMDAR on production line aircraft.  
	SSI has initiated discussion with Airbus on installation of WVSSII sensor on production line aircraft.  


4. Summary Discussion

Between the WVSSII and TAMDAR sensor development, AirDat, SSI, FAA, NASA, and NOAA have funded over $50,000,000 U.S. towards the design, development, testing, production, and aircraft integration of water vapour sensors on commercial aircraft since the mid-1990’s.  These investments have built the foundation for an international AMDAR Fleet that includes a substantial, reliable, water vapour / relative humidity sensor capability is being established through public and private investments in TAMDAR and WVSSII sensors.  While WVSSII offers a technical solution for heavy jets flying from major airports which substantially leverages existing aircraft infrastructure (i.e., sensors, avionics, and communications) and lowers the cost per sounding, TAMDAR offers a technical solution that will allow data gathering from less sophisticated, smaller, aircraft flying to regional airports, but at a higher cost per sounding.  ARINC / SSI is in progress of obtaining WVSSII certifications for the largest fleets of Boeing (B737) and Airbus (A319 / 320 / 321) aircraft, while AirDat is TAMDAR obtaining certifications for seven different regional aircraft types and series.  These two sensors together provide an opportunity to fulfil NMS time and space data collection requirements for temperature, wind, and humidity substantially from AMDAR platforms at cost per sounding that is less than 2% of a radiosonde sounding.

NOAA has had 2.5 years of continuous operation the TAMDAR sensor to assess data quality issues.  During this time, initial data processing issues were identified and corrected by AirDat, and it has become clear that the TAMDAR sensor can consistently deliver high quality data to NOAA, as validated by several on-going NOAA / ESRL Globe Systems Division model sensitivity assessments, CIMSS field assessments, and through several NOAA field meteorologist case studies.

In comparison, progress on implementation of the WVSSII sensor in NOAA operations has not been proceeding at the same pace.  The key issues have been sensor design and production problems which have resulted in large variation in sensor performance.  Required 
re-designs for the 2006 (WVSSII.2) and 2008 (WVSSII.3) sensors have necessitated amendments to existing aircraft Special Type Certifications (STC) for WVSSII, requiring 9-12 months per certification.  SSI, ARINC, and NOAA program managers have emphasized the critical need to produce a viable WVSSII sensor that results from the 2008 sensor re-design.  SSI has expanded its engineering oversight and available design expertise to identify and correct a wide range of potential sensor performance sources.  While factory testing appears to have addressed thermal sensitivity, laser seal, and production and component quality issues, WVSSII.3 sensor performance needs to be independently validated and tested in an operational environment before a recommendation to the WMO WIGOS can be made as to the long-term suitability of WVSSII.3 for inclusion into the broader AMDAR Fleet.  However, as installations and operational assessments of WVSSII.3 proceed in fall 2008 through winter 2008-2009, NOAA will be able to provide an informed performance assessment of the WVSSII.3 sensor to WMO WIGOS by spring 2009.
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AirDat Objectives:
-
Complete installation on current fleet, which will provide nearly complete North American coverage;
-
Selectively add new fleets to optimize data collection/coverage (Rockies, Caribbean); and,
-
Continue to expand product offerings (data and customized weather solutions) to both government and commercial customers

Current Fleet:
-
Seven regional airlines comprising approximately 430 aircraft which include:


-
Saab 340 (turboprop);


-
Bombardier Q400, Q300, Q100 (turboprops);


-
ERJ (145 & 170);


-
CRJ 700;
-
Most certification work complete, field equipage underway;
-
Approximately 120 aircraft currently operational; expect 220-240 by end of 08, balance of fleet completed 09; and,
-
Upon completion, this fleet will be approx. 75% RJ/25% turboprop

Current TAMDAR (and comparative AMDAR) performance statistics:
The key measurements made by TAMDAR which directly affect weather forecasting are temperature, relative humidity (water vapour), and wind.  Icing and turbulence measurements made by TAMDAR relate more to aviation operations/safety than to weather forecasting.

Currently, the optimal way to directly quantify the accuracy of TAMDAR measurements is to have reference instrumentation mounted on TAMDAR equipped aircraft; however, beyond a limited number of research aircraft this solution is not practical. An alternate strategy is to have dedicated RAOB launches synchronized with the ascent or descent of TAMDAR equipped aircraft.  These solutions for quantifying TAMDAR accuracies are generally not available for fleet aircraft.

The best practical approach to evaluating the accuracy of TAMDAR (and other in-situ aircraft) fleet measurements is to statistically compare these data to weather models.  This approach has limitations in that much of the “error” is due not to the measurement instrument (TAMDAR or AMDAR), but to errors in the reference model and the inability of the reference model to capture small scale (but real) localized variations in the atmosphere.  Hence, comparisons to reference models are useful but do not accurately reflect the true quality of each measurement.  The table below provides a measure of the accuracy of TAMDAR and AMDAR measurements expressed as the “disagreement” between the TAMDAR and AMDAR measurements with the RUC model.

TAMDAR AND AMDAR MEASUREMENT QUALITY

RMS DISAGREEMENT BETWEEN MEASUREMENT AND RUC MODEL

4 JUNE - 10 JUNE 2008

	FLEET
	TEMP
	RH
	WIND VECTOR
	COMMENTS

	
	
	
	MAGNITUDE
	

	TAMDAR ERJ’S
	1.0 C
	13%
	3.9 m/s
	Republic Aircraft

	TAMDAR MESABA
	1.1 C
	14%
	5.7 m/s
	

	AMDAR UPS 757
	1.1 C
	47%
	4.2 m/s
	WVSS-II Equipped


· Substantial portion of RMS disagreements are due to model errors and small scale atmospheric variations rather than instrument measurement errors;
· Disagreement between TAMDAR RH & RAOBS RH measurements are generally less than 5%;
· TAMDAR RH is of equal or better quality than RAOBS; and,
· ERJ winds are from those equipped with AH900 heading systems 

Statistics have also been compiled for Mesaba fleet performance over 11 month period from June 1, 2007 through May 31 2008.  RMS disagreements between TAMDAR measurement and RUC model are:

· Temp:  1.0 C;
· RH:  13%; and,
· Wind vector magnitude:  5.2 m/s 

AirDat Network Performance (past 12 months)
-
Average monthly systems availability: 99.89% (including scheduled maintenance); and,
-
Average end-to-end observation latency: 59.18 sec (includes ascent/descent bundling)
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SpectraSensors, Inc (SSI) has been working with NOAA and the NWS for the last 7 years to develop and perfect an atmospheric sensor for use on a commercial aircraft platform that is capable of providing extensive environmental data on any number of important atmospheric gases.  First among these is a system that can measure the atmospheric moisture mixing-ratio from about 24 ppmv to 60,000 ppmv and from ground level to > 40,000 ft in the regions where such commercial airliners normally travel, descend and ascend. The objective of these devices is to provide reliable moisture data that will compare favourably with the classical radiosonde and continuously provide far more plentiful data both spatially and temporally.

These sensors are laser based instruments that operate in a similar way as NDIR infrared absorption analyzers, but are considerably more accurate and reliable. They make use of the fact that many important atmospheric gases, H2O, CO2, CO, NOx, SOx and O3 all have optical absorption lines in the near infrared (IR) region of the electromagnetic spectrum in a wavelength range of 1 to 3 micrometers.  These instruments are simply cells containing a continuously flowing stream of atmospheric gas that has a laser of a carefully selected wavelength at one end and an IR detector at the other.  The light is directed through the atmospheric gas from the laser to the detector.  When a gas, one of those above for instance, is present, they absorb the laser light passing through it.  The decrease in light intensity at the detector due to molecular absorption can be related directly back to the concentration of the target gas and thus, forms the basis of the measurement.  Such devices have proven to be both accurate, reliable and repeatable though must be designed carefully to assure they will function correctly in the environment in which they are deployed.  Aircraft environments are challenging in terms of the pressure and temperature they must endure but the experiences of SSI has allowed us to work though these challenges and provide a robust sensor.

SSI embarked on this development project in the early 2000’s.  Two early designs did not perform in a way considered viable but a third design concept did.  This system, named the Water Vapour Sensing System or “WVSS”, was initially certified to fly on United Parcel Service Boeing-757 aircraft.  25 were flown in the summer of 2005 on these UPS aircraft in a comparison fly-off with classical radiosondes at the Louisville, KY airport. The resultant test data was very encouraging as it showed good agreement with radiosonde data but was susceptible to condensation on descent which gave artificially dry readings compared to a radiosonde reference.  A second version (WVSSII) of the system, shown in Figure 1, was designed to assure that condensation on the inlet hoses and spectrometer cells was eliminated and accurate data could be obtained.  This second design was certified and flown on the same 25 UPS aircraft (only 19 units actually were installed due to business constraints of UPS) in the winter of 2006 into 2007.  The flight data from these units gave varied results but, while good agreement with radiosonde data was achieved there were environmental issues.  Since then, a complete review of this data and performance of the system was completed by SSI, Inc.  The results were folded into a complete engineering redesign of a new system.  Initial functional and performance testing by SSI indicates that this new device is robust in its intended environments and will meet the NWS needs.  This new system is being built up in a small quantity and will be going to and extensive environmental testing program including flight certification testing.  It is believed that the problems of previous flight tests have been resolved and that this design should perform well in the aircraft environment giving the National Weather Service a robust and reliable system.  Full system and environmental testing is planned for the summer of 2008 both by SSI and The National Weather Service.  This testing will include environmental testing by the NWS in Sterling, VA., flight testing by the NWS in the Tampa Florida area, environmental, long term and performance testing by SSI in Rancho Cucamonga, CA and finally certification testing for the FAA in Southern California.  

After the system has proven itself, it is expected to be deployed across the entire Southwest Airlines fleet of Boeing-737 aircraft of the next few years.  This deployment will certainly provide the proof that this type of sensor can and will provide not only reliable vertical and lateral moisture data but also has the potential to supply a variety of other very important atmospheric gas concentration measurements.  It will greatly increase the moisture data available to the weather mapping and forecasting activities of the NWS.  This system can provide vastly improved weather data that can overshadow radiosondes and give quantity, temporal and spatial data whose resolution and extent has never been possible to date.  This data can and will likely enable better aircraft routing (fuel efficiency) and safer routing for all airlines, as well as, improved weather forecasting worldwide.

As the Southwest Airline route map does not cover the entire continental United States, additional airlines will be sought to assure that this coverage is complete.  This vision is further expanded by aligning with other nations, airlines and weather organizations to extend the coverage first to Alaska, Canada, the Caribbean, Hawaii and the pacific islands.   E-AMDAR has expressed interest in the sensor and may deploy it in Europe.  Following that, other nations and organizations will be sought for what may be a final goal of worldwide coverage.  

An important point is that this type of sensor is not limited to measurement of moisture but can be developed to include measurements of atmospheric temperature and greenhouse gases.  The quantification of greenhouse gas levels including but not necessarily limited to, CO2, CO, NOx, SOx and O3 can be a direct extension of the current instrument. By the application of a proprietary technology currently being patented by SSI it will be possible to develop a system that can make multiple measurements simultaneously while keeping the foot print nearly the same as the current system.  As this device could provide additional data on the amount and location of greenhouse gases as measured from aircraft, it could be an extremely important research tool for our future understanding of global warming.  SSI fully intends to work on these applications of the technology in cooperation with the agencies that use this type of information.  SSI invites the government and the international environmental agencies to work with us to make this vision real.

[image: image1.emf]
Figure 1 – SSI Water Vapour Sensing System - II

The SpectraSensors Water Vapour Sensing System (WVSS-II) will be installed during 2008 on 60 commercial jet airliners in the USA under a National Weather Services contract.  This is a first major step by the aviation industry, national Weather Services and governments in fulfilling a global vision of equipping commercial aircraft across the globe with real-time water vapour measurements.  In Europe, SSI has conducted testing of prototypes on five Lufthansa aircraft over the past 2 years with participation of the German National Weather Service and are actively working with the E-AMDFAR panel.

Finally TDL water vapour sensors technology is a fundamental component that helps enable the four focus areas set forth in the “Aviation industry commitment to Action on Climate” signed at the Geneva Summit and quoted below:
1. Push forward the development and implementation of new technologies, including cleaner fuels;

2. Further optimize the fuel efficiency of our fleet and the way we fly aircraft and manage ground operations;

3. Improve air routes, air traffic management and airport infrastructure; and,
4. Implement positive economic instruments to achieve greenhouse gas reductions wherever they are cost effective.
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� U.S. AMDAR Program has historically been referred to as either Aircraft Communication Addressing and Reporting System (ACARS) or Meteorological Data Collection and Reporting System (MDCRS) Program.  The U.S. AMDAR Program most recently included the NASA and AirDat developed TAMDAR sensor and communications suite.





