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1.	Introduction



1.1	This report contains the results of a review of the relative merits of two algorithms to automatically measure and report turbulence in the meteorological information data block of the automatic dependent surveillance (ADS) message.  A recommendation on the choice of algorithm is given for consideration at the next meeting of the ICAO Meteorological Information Data Link Study Group (METLINKSG), June 1998.



1.2	Recommendations are given on methods to:

a)  scale the measured quantity and format it for downlinking; and

b)  to convert this coded message to a meaningful turbulence index for use by operational personnel in flight planning and documentation.



1.3	Additional recommendations and suggestions are given on a range of aspects relating to the measurement and reporting of turbulence, principal among these are:

	a) the ADS format specification for turbulence needs modifying to accommodate more information;

	b)  further work is required on the verification of eddy dissipation rate as a true atmospheric measure;

	c)  given recent advances in avionics technology including onboard computing power, there is a need for a better measured and reported parameter for operational use.



1.4	Guidance is given for the inclusion of turbulence in non-ADS automated reporting systems such as those used in the WMO AMDAR program by Australia, the Netherlands and France, as well as the separately developed MDCRS system in the United States.



2.	Background



2.1	At its third meeting (Boulder, 24 to 28 February 1997), the ICAO Automatic Air Reporting Study Group (ATARSG, now renamed METLINKSG) reviewed and agreed on the need for turbulence information for aeronautical meteorology and air traffic control.  A report of the meeting is contained in ICAO Memorandum ATAR-Memo/ 7 of 13/3/97.



2.2	Two algorithms had been considered by the ATARSG for automatic reporting of turbulence.  One is based on the maximum derived equivalent vertical gust velocity (DEVG) developed in the 1940s and adapted in the early 1980s by the Australian Defence Force Aeronautical Research Laboratories for automatic reporting in Australia.  The second is eddy dissipation rate (EDR) which is based on a framework for spectral energy by Taylor (1938) and a conceptual framework on the inertial subrange by Kolmogorov (1941), later reported in the Journal of Fluid Mechanics, 1962.  This was further developed in the 1960s by NASA for aircraft fatigue analysis.  The National Center for Atmospheric Research in Boulder adapted the concept in the mid 1990s for routine reporting of turbulence from commercial transports.  In order to assess the relative merits of the two algorithms, the study group members for Australia and the United States were invited by the ATARSG to undertake an inter-comparison of the two algorithms based on simultaneous sampling, and to carry out an operational evaluation.  A progress report is contained in ICAO Memorandum METLINKSG-Memo/19 of 12/12/97.



2.3	Operational trials and inter-comparisons were conducted by the Australian Bureau of Meteorology (Bur Met) and the United States National Center for Atmospheric Research (NCAR).



2.4	Descriptions of each algorithm are provided in the following documents:



	Derived equivalent vertical gust velocity - Douglas Sherman, 1985: The Australian implementation of AMDAR/ACARS and the use of derived equivalent gust velocity as a turbulence indicator.  Structures Report 418, ARL, DSTO, Dept. Defence (Australia)



	Eddy dissipation rate - Cornman, L. B., Morse, C. S., Cunning, G.1995: Real-time estimation of atmospheric turbulence from in-situ aircraft measurements. J. Aircraft, 32, 171-177.



3.	Evaluation Trials and Participants



3.1	Work Program



3.1.1	The evaluation program consisted of four main components:



the original off-line evaluation programs by Drs. Doug Sherman of the Aeronautical and Maritime Research Laboratory, Dept. Defence, Melb. (AMRL) and Larry Cornman (NCAR) during the development of the respective algorithms;

an in-situ parallel observations program of the two algorithms conducted on board Qantas aircraft during 1997-8 for later off-line analysis;

the collection of raw high resolution data from additional and recent significant turbulence events from a range of sources for independent off-line analysis in Australia.  These data were later supplemented by data from some events already studied by NCAR;

a review of the findings by the Review Panel and preparation of a report with recommendations to METLINKSG.



3.1.2	Most of the evaluation activities concerning the eddy dissipation rate algorithm by NCAR since February 1997 have focussed on trial implementation on  6 United Airlines aircraft consisting of 3 B737-500s and 3 B757s.  NCAR advises that excellent validation results have been found so far and a much larger program is about to commence.  Details are provided in a summary of Australian and American turbulence activities in Appendix 1. The NCAR effort has primarily consisted of software installation, communications activities, fine tuning of the algorithm to suit particular aircraft types and data validation.  However some additional intercomparison analyses were made by NCAR on the relationship between 

the algorithms following the discovery by Ambidji in Australia of a sound linear correlation of the two by Australia.  The EDR and the DEVG algorithms were compared  after the DEVG results were statistically treated in a manner somewhat similar to the way the EDR algorithm was processed.  The result revealed a strong linear relationship between the two techniques.  Details of the relationship are given in the Ambidji report at Appendix 2..



3.1.3	NCAR assisted the Australian effort by providing various versions of the EDR algorithm together with substantial support with implementation problem solving.  Assistance was also given with the provision of raw aircraft data from some of the turbulence incidents used in the original development and evaluation program.



3.1.4	The evaluation effort in Australia consisted of components provided by several groups.  The contribution of each group is given at Appendix 1.  



3.1.5	The Bureau of Meteorology contracted The Ambidji Group Pty. Ltd. (a Melbourne-based consulting project development and management company with expertise in aviation and meteorology) to undertake an independent off-line analysis of the raw flight recorder data as processed by the proposed algorithms.  The task was not to evaluate the scientific derivations of each algorithm but to empirically assess their relative merits based on real data as would be calculated onboard aircraft and reported to data users. A summary of their program with conclusions is given in a separate document at Appendix 2.  Ambidji’s findings are included in the evaluation and discussion section.



3.1.6	Evaluation of the parallel trial of both algorithms operating in real time on 18 Qantas B747-400 aircraft is contained in a report by the Bureau (D. Lockett) at Appendix 3.  Discussion and conclusions drawn from this trial are included in the evaluation and discussion section.



3.2	Workshops



3.2.1	As part of the data gathering exercise, information presented at three workshops was also considered.  The results will be discussed in the evaluation and discussion section of this report.  The three workshops include:



a 3-day program held at NCAR in February 1997 consisting of a large cross-section of the local US aviation industry as well as a relatively small number of international participants;

two half-day workshops held in Melbourne, Australia in January 1998.  The first was designed to obtain input on the relative scientific merits of each algorithm in meteorological applications including modelling.  The second was held to obtain input from a cross-section of the Australian aviation industry.  A summary of the major points discussed at this workshop together with additional information is given as Appendix 4.



4.		Evaluation



4.1	The Task



4.1.1	The aim of the project was to consider which of the two proposed algorithms will produce the more reliable and useful data for users, considering the wide range of applications that will need to be satisfied.  Data users will include airline despatchers, flight and cabin crews, aircraft safety, airframe and other engineering groups, air traffic control, a range of meteorologists including operational forecasters and briefers, modellers and researchers, and to a lesser extent, the wider aircraft manufacturing industry.





4.2	Review



4.2.1	The results of the data collection and evaluation program were reviewed by a Panel at the Australian Bureau of Meteorology in Melbourne during a series of working level discussions during 27 - 30 January 1998.  The participants included:



United States - L. Cornman and C. Morse from NCAR, and 

Australia -  Bur. Met. - J. Stickland and D. Lockett

		AMRL - D. Sherman

	The Ambidji Group Pty. Ltd. - B. Gunn and A. Harris



4.3	Turbulence Conditions



4.3.1	The biggest gust loads an aircraft experiences occur in organised flow structures  such as mountain waves, rotors, Kelvin Helmholtz vortices and  convective activity with positive and negatively moving air columns.  In less severe incidents, the gusts may be fairly continuous or discrete.



The events analysed by NCAR included a small number that reported the cause as clear air turbulence (CAT).  It is not clear how many were due to mountain waves, but the terrain of the Americas would be expected to give rise to such events more so than in Australia.  It is noted that the NTSB cases NCAR provided were not solely from over the continental US.  One case was over the Caribbean (convective turbulence) and another was over Greenland (mountain wave).  Most of the large magnitude events investigated by NCAR were also analysed by Ambidji and are included in the general statistics.  However, where it was possible to relate events to meteorological conditions, all events sourced by Australia other than through NCAR, were identified with some form of moist convective activity.



4.3.3	A study by P. Lester (American Meteorological Society, Jan 1991) using the NASA-Ames Aviation Safety Reporting System (1986-1991) for all significant turbulence incidents (presumably over the USA) at and above 20,000 feet, showed that of the 35,537 safety reports examined, there were 134 cases of significant turbulence.  In 58 of those cases the turbulence type could be identified with the following breakdown:

	8 mountain waves (13.8%); 16 CAT (27.6%), and 34 thunderstorms (58.6%).

It is clear then that convective turbulence is very important, especially for oceanic flights where the mountain wave category disappears.



4.3.4	The aviation industry made it abundantly clear at workshops held in the US and Australia that the information of greatest interest to them was in regard to severe events.  It was indicated that light to moderate turbulence is a normal, everyday part of flying and although of some concern and comfort to passengers, it is not as important as severe turbulence . The requirement to know any information about turbulence, especially large events and preferably in advance as a forecast or warning, was regarded as a major safety issue.  The forecast or report should:



describe the severity of an event that had been or is expected to be experienced by an aircraft as it traversed or will traverse turbulence.  Specific regulations control actions to be taken after an event which are conditional on its severity.  These actions can result in substantial cost and/or have serious operational implications;

provide a timely alert through air traffic control or the airline’s own despatchers to other aircraft likely to traverse the same airspace in which a particular event has occurred.  This could take the form of a manual/verbal message, but the view of the Panel is that it should be automated.  The distribution of alerts to other aircraft is seen as a high priority.  Methods are already being investigated in Australia and the USA to automate the process.



4.3.5	The impact of a turbulent event on an aircraft and its occupants, is determined by both the atmospheric motion and the aircraft  size, weight and speed.  For example, from a structural engineering aspect, a single large positive acceleration increment is more serious than a negative event of similar magnitude.  As far as the cabin with its occupants and loose items are concerned, positive accelerations are less serious.  However, large negative acceleration events are more serious in the cabin but more importantly, a combination of  a sharp negative event immediately followed by an equivalent large positive event is even more critical.  It is noted that where downgusts are possible, generally upgusts of the same magnitude are equally possible, so it is not desirable to report higher severity categories for downgusts.  Likewise, for passengers and crew, a single, short but large positive event might have the potential to cause injury and would be considered to be more serious than prolonged light to medium turbulence causing widespread nausea.  A small series of relatively large events is more serious structurally than a single event of similar magnitude, but neither are as serious as a single event of much larger magnitude.



5.	Discussion on the Selection of a Turbulence Parameter



5.1	Introduction



5.1.1	This assessment considered two different measures of gust loading.  As will be discussed later, it was agreed that whichever algorithm was selected, two different values would be chosen to represent the median and peak conditions over one minute.

The derived equivalent gust velocity is a peak value.  It is obtained by measuring the peak deviation of the aircraft normal acceleration from 1g and multiplying it by a factor which, to a first order, makes it independent of the aircraft type, mass and velocity etc.

The turbulent energy dissipation rate is an RMS value.  It is obtained by measuring the RMS value of a band pass filtered normal acceleration and multiplying it by a (different)  factor which, to a first order, makes it independent of the aircraft type, mass and velocity etc.



5.1.2	In the period leading up to the 4-day working sessions of the Review Panel, substantial differences of view were held by various members on a range of topics, the main ones concerning the algorithm to be employed and the parameter or parameters to be reported.  It is pleasing to report that all differences were addressed and most ended in agreement by the end of the fourth day.  There were only a few points on which agreement could not be achieved, but they form a significant component of the final product. They concern the choice and method of computation of peak estimates.  The task of the Panel is to attempt to resolve those differences and report the findings of the review.  The points of agreement and disagreement are listed below and each item is discussed in Section 5.6.



5.2	Panel Agreement



5.2.1	Reported turbulence parameter(s) must be aircraft independent and transferable between aircraft;

5.2.2	There is user interest in all levels of turbulence which is prioritised by intensity.  The reliable and timely reporting of a peak value is seen as an important safety issue;

5.2.3	Automatic and objectively derived routine and event-driven reports are required;

5.2.4	Two turbulence parameters are required for reporting; one describing the average (median) background conditions and another the peak value during the reporting interval;

5.2.5	All raw normal acceleration data should be quality controlled to reject spurious noise spikes generated by faulty sensors and system electronics;

5.2.6	For the average level indicator, normal acceleration data should be quality controlled through the application of an appropriate filter to remove aircraft dependent characteristics including manoeuvring;

5.2.7	The onboard computational load and ease of implementation of either algorithm is not a significant issue;

5.2.8	Filtered then statistically processed derived equivalent vertical gust data correlate highly to the eddy dissipation rate algorithm;

5.2.9	The usefulness/reliability of EDR and averaged values of DEVG to report a peak value of an encounter with turbulence, but noting much work still needs to be done to interpret the meaning of the signal and to use this information practically;

5.2.10	Circumstances exist where both algorithms do not reliably measure real atmospheric conditions;

5.2.11	A timing resolution of one minute is desired during cruise, but may be greater during ascent and descent phases if triggered by altitude. However, reports may be given at 15 minute intervals through the use of coding compression;

5.2.12	The needs of users of ADS and AMDAR (ACARS, MDCRS) should be addressed given the interest of both ICAO and WMO in reporting turbulence;

5.2.13	Users are prioritised as:  1)  Airlines/Air Traffic Control;  2)  Operational meteorology (forecasting);  3)  aircraft structures (airlines and manufacturers); and 

	 4)  research (meteorological climatology and modelling, aircraft structures;

5.2.14	The Review Panel recommendations should reflect both current reality and future amendments and improvements in hardware, codes etc.

5.2.15	A multi-valued reporting index is required.



5.3	Panel Disagreement



5.3.1	The required level of filtering of DEVG at the higher frequency end of the spectrum;

5.3.2	The “representativeness” of peak values in the sense that it is difficult to interpret the meaning of the value without knowing more about the meteorological conditions of the event and whether the reported value is a reliable measure of these conditions;

5.3.3	Use of the term eddy dissipation rate as conveying a reliable description of the parameter under all atmospheric conditions and that variance may be a more generally applicable term.



5.4	External Disagreement



5.4.1	The usefulness of EDR in meteorological modelling for discrete events.



5.5	Discussion Detail



5.5.1	The need for an aircraft independent measure of turbulence and for that value to be transferable between aircraft of different types has been recognised for many years and will not be discussed further.



5.5.2	The workshops in the USA and Australia together with information provided by several airlines following a small number of recent very serious turbulence incidents, have clearly shown there is strong interest in all levels of turbulence, but by far the strongest interest is in the severe to extreme categories.  The aviation industry in particular has stated that as a matter of priority for safety reasons, information on the severe events is of most concern.  That information can be either in the form of a forecast or as data passed from an aircraft that has just traversed such conditions.



5.5.3	Information provided to the Review Panel has clearly demonstrated the need for both routine and event driven reports.  The recommended ICAO reporting frequency is once each 15 minutes, but there is room in the regulations for this number to vary significantly.  While it is recommended that routine observations of nil to moderate turbulence be made at one minute intervals, it is considered adequate for these data to be reported at say 15 minute intervals using a compressed data format to minimise communications costs.  However, a time resolution of 15 minutes is inadequate for reporting severe to extreme turbulence given an aircraft can travel more than 200 km in that time.  It is concluded that because of the urgent need for an aircraft to pass that information to air traffic control and airline despatchers for onforwarding to other aircraft in the area, that information needs to be made available as soon as possible through the transmission of a special event report.  The event should be triggered for example when the measured peak index crosses into the severe category.  Additional qualifying criteria may also be needed in the decision making process. Further information at the time of the event are needed: aircraft location (lat., long. alt.), time and meteorological data are recommended as a minimum set.  It is also recommended that this process be fully automated.  Discussions between avionics suppliers and airlines on the possible use of TCAS for automated alerting of other aircraft, have already commenced.



5.5.4	It has also been concluded that the subjective assessment of turbulence severity by flight deck crew is not a generally reliable method.  It is well recognised that there are differences between the way various parts of an aircraft respond to turbulence and that the flight deck does not normally provide the best location from which to assess the severity of the event using “seat of the pants” techniques.  Also, pilot assessment is mostly subjective when the need is for a reliable objective method.  A rapid response in reporting is also required.  To overcome these less than ideal ways of reporting, it is recommended that the process be automated.



5.5.5	It has been generally agreed that reporting a single turbulence indicator will not provide sufficient information on the background structure and severity of the event.  Therefore it has been agreed that two indicators must be included which provide a measure of the peak and median level of turbulence experienced by an aircraft during the recording period.  The two parameters will provide an indication of whether the turbulence was -



generally continuous in nature with only small deviations above the background level;

a small or large discrete event; or

a combination of the above two types.



5.5.6	The current operational systems reporting derived equivalent vertical gust apply no means of removing unrealistic noise spikes in the data caused by a malfunctioning accelerometer or associated electronics.  Although the frequency with which this occurs is not large, it is still a real source of error if not removed.  Therefore, it was agreed that all raw accelerometer data should be quality controlled before processing begins.  Since the typical sampling rate is either 4 or 8 Hz for most aircraft, a number of techniques lend themselves to removing unwanted spikes without losing real events.  Quality control techniques have been proposed for the EDR algorithm by NCAR but they have not yet been implemented.   Further consideration on the choice of method is still required.  An Australian study of a fleet of 15 aircraft of one type over several years have revealed that instrumentation errors do occur rendering the data unusable. Careful real time monitoring is required on receipt on the ground by the responsible authority (met. centre, WMO AMDAR focal point, etc.) similar to that conducted on temperature and wind data.  Responses to the early detection of poor quality observations would include switching off data distribution to all users and the notification to the airline of the offending aircraft for maintenance.  Monitoring by the controlling centre would continue until data were once again of an acceptable standard, whereupon they would be released for routine distribution and use.



5.5.7	Analyses by both NCAR and Ambidji have revealed the need to remove unwanted aircraft dependent characteristics in determining the median level parameter by applying an appropriate filter on the quality controlled accelerometer data.  It is agreed that the low frequency response of the influence of aircraft manoeuvring can make significant errors (biases) if not removed.  Similarly, the unwanted contribution of the high frequency response of natural elastic vibrations of the aircraft as it traverses turbulence should also be removed.  However, a question still remains to be resolved on the method to achieve this without removing the signal caused by a large very sharp discrete event.  This is discussed further below. A filtering process is routinely applied in EDR processing, but not in operational DEVG systems.



5.5.8	At first glance, it would appear that the DEVG algorithm would be much less demanding of onboard computational resources than the EDR technique.  The EDR technique requires more resources in the quality control and filtering processes than the computation of the RMS and peak values because the latter have been reduced to simple arithmetic calculations in combination with simple look-up tables.  The DEVG processing involves a simple equation with tables.  However, after the application of quality control and filtering processing to this algorithm, the outcome reveals there is very little difference between the two algorithms.  Hence, the computational load and implementation of either algorithm is not a significant issue which has been verified independently by NCAR in the USA and Qantas in Australia.



5.5.9	One of the most important points of agreement resulted from the discovery in Australia by The Ambidji Group that there was a very strong linear correlation between EDR and DEVG after it had undergone equivalent statistical processing.  All data had been preconditioned by passing through processes of quality control and filtering. The linear correlation has been verified independently by NCAR.  The term “statistical processing” here refers to a range of possible statistical processing methods such as RMS or standard deviation.  The EDR algorithm applies techniques equivalent to RMS averaging, however a series of tests conducted by Ambidji have shown all of the aforementioned processes correlate with an equally strong relationship.  Again the Ambidji report explains.



5.5.10	The strong relationship between EDR and statistically processed DEVG implies that both contain the same information and essentially, the two approaches are equivalent..  This indicates the possibility that given one of these parameters through onboard measurement, the other may be derived readily on the ground from reported data.  However, an NCAR study showed that the coefficient relating them varied with the type of aircraft and the Ambidji report identifies that variations in the linear relationship can be dependent on individual aircraft, even of the same aircraft type.  Further investigation is required to resolve this issue.



5.5.11	The significance of the reported eddy dissipation rate as a meaningful meteorological parameter  breaks down under certain gust conditions such as in coherent structures like mountain rotors.  Under these conditions, the reported eddy dissipation rate could be high since the aircraft may experience large vertical accelerations, but the atmospheric flow may be non-turbulent (ie. true EDR is approximately nil) complicating the quantitative interpretation of the EDR output. There may well be enough non-turbulent energy in the organised flow structure to damage an aircraft.  Conversely, it is also possible that an aircraft could fly through a rotor that doesn’t produce a significant vertical acceleration.  The problem lies in the use of the aircraft as a reliable sensor and the EDR algorithm’s estimate of the meteorological conditions.  Therefore, the reported value must be treated with caution, particularly when it is incorporated in meteorological models.  Turbulence similarity theory is not applicable to organised flow structures, so the assumptions of the theory may not be applicable in that case and the reported values, while still a useful indicator of shear or acceleration, may not represent a reliable value of EDR.  EDR is a surrogate for high shear and the interpretation and the prescribed “dangerous” levels will probably not be consistent across the whole spectrum from fully coherent to fully turbulent.  It is also important to note that under the normal circumstances of an aircraft in flight, the meteorological structural detail is not known.



5.5.12	In another sense, the above discussion is not quite accurate since in organised structures, the location of the maximum vorticity as well as maximum up/down drafts is slightly different from that of the maximum EDR.  As has been shown in the analyses, EDR is still high enough in the locations of strong drafts to provide reliable practical identification of hazardous areas.  The decision to report two values is important and helps in understanding the conditions when the ratio of the peak to median values, is large.  However, it is noted that large ratios of peak to median values of EDR may be useful to the meteorologist for diagnostic purposes, but may not be useful for numerical assimilation purposes.  When the ratio of the two values is near unity, the turbulence is likely to be continuous and the assumptions of the EDR being an eddy dissipation rate are more likely to be satisfied.  Research is needed to establish what is meant quantitatively by large and near unity, and whether different physical mechanisms and possibly clues to longevity of the event can be identified.  In the proposed automated reporting system, the uncertainty will always be present because there is no way of knowing the conditions that give rise to turbulence.  However, analyses have shown that the EDR process is a reliable measure for the purposes of reporting turbulence as experienced by an aircraft and as discussed below, it may be more useful to replace the name eddy dissipation rate with another that is more general, yet still meaningful.  Some suggested names are “Derived energy dissipation” or “Inertial range energy density”.   It is considered that a lot of research is still required to correlate the reported values with the severity of experienced turbulence.  This issue is also raised in the section dealing with the development of an operational scale.



5.5.13	It is also recognised that in general, there is only poor correlation between derived equivalent gust velocity and true vertical gust velocity.  According to Crooks, et al, Nov. 1967, where  “The derived equivalent gust velocities (Ude) inferred from centre of gravity accelerations (Nz) are, in fact, the fictitious gust velocities that bear little relation to actual gust velocities that might be measured directly.  It is also clear from the ... derivation that DEVG should be regarded as applying only to peak values, obtained from the measured peak values of Delta Nz (deviations from normal centre of gravity accelerations).  As a matter of convenience, however, it has become common practice to apply ... the entire Delta Nz history to designate the resulting variable Ude”.  Hence there is little direct meteorological application of this parameter, especially in numerical modelling.  The terms “derived” and “equivalent” explain the reasons:



the term “equivalent” refers to a sea level equivalence, ie where the ratio between equivalent and true air speeds is the square root of the ratio of the air density at the surface and at reporting altitude;

the term “derived” says the vertical air speed is derived from the aircraft normal acceleration which is a measure of the rate of change of the vertical air gust.  As the aircraft responds differently to the rate of change of the gust, this will impact on the magnitude of the calculated (derived) value of the gust.



However, research (Crooks et al, 1967) has clearly demonstrated as has this evaluation that DEVG gives a good indication of the relative, albeit scaled accelerations experienced in turbulence by different types of aircraft.  Further research may be needed, particularly if it is not independent of flight conditions or does not accurately reflect the effect from aircraft-to-aircraft.



5.5.14	The interest in automated aircraft observations including turbulence is similarly shared between WMO and ICAO through their respective Aircraft Meteorological Data Relay (AMDAR) and Automatic Dependence Surveillance (ADS) systems.  The results of this investigation are important to both organisations, so the report will discuss results in a wider context than would be required if it were solely for ICAO.



5.5.15	Given these broader interest groups and that there is strong interest from a broad range of users of turbulence data, the Review Panel has prioritised these users:



1)  Operational groups including airline despatchers, air traffic control and meteorological forecasters;

2)  aircraft structures (airlines and manufacturers);

3)  research (meteorological climatology and modelling, aircraft structures;



5.5.16	The original message specification was designed for a single turbulence parameter to be reported once each 15 minutes.  The specification places substantial constraints on the amount of information that may be reported in any given period.  These constraints are recognised along with others as current reality, but the Panel has decided to provide guidance for improved and new systems that may be developed in the future.



5.5.17	One of the terms of reference of the Review Panel was to develop a simple scale that would interpret the automated results and be readily understood for direct use by operational personnel in the aviation and meteorological industries. An early version of a multi-valued reporting index has been developed and is put forward for consideration.  Further work is needed by experts in ICAO codes to improve upon this index or to produce an alternative one.



5.5.18	One of the few major differences between the two algorithm proponents was on the usefulness of averaged or statistically processed values of derived equivalent vertical gust or eddy dissipation rate as a peak estimate of turbulence.  The case was put that “raw” peaks as opposed to peaks derived from statistically processed data, represent the true peak load on the aircraft.  For structural engineering purposes, this is perfectly true.  The problem is one of representativeness in a poorly sampled environment and the usefulness of two parameters for a wide range of applications.  The argument relies on the ability of each algorithm to reliably detect and report all real peak incidents, especially large discrete events.  Of all events analysed by NCAR and Ambidji using statistical processing techniques, there were none that could be described as being missed by either algorithm.  Several empirically derived test data sets of single and multiple peak events of varying duration were also analysed and in all cases, both algorithms reliably identified each as a peak event.  There seems to be little difference between the two algorithms in this regard.  The Ambidji report discusses this in more detail.  



5.5.19	There is however the quite separate question of whether the magnitude reported by each algorithm, ie. the statistical approach of EDR versus “raw” DEVG (after quality control and filtering), will provide an accurate estimate of the magnitude of each peak event.  In this regard there are occasionally substantial differences which are demonstrated in the Ambidji report.  Similarly, the Bureau’s report of the parallel trial raises some doubt on the overall accuracy of one over the other. This is considered to be an important issue by some Panel members and there were differences of view as to the seriousness of the impact this could have.  The issue can be broken down into two components:



The first component concerns the over or under-estimation of the event which when classifying the event in the interpreted index, may translate into whether or not it lies in one category or another, eg. moderate or severe.  The implications of this point can be considerable;

The second component is in regard to the representativeness of the peak event in the overall atmospheric environment.  This issue is strongly dependent on the applications for which the data are used and is discussed further below.



5.5.20	The discussions in both the Ambidji and Bureau reports indicate that contrary to some thinking that EDR would generally under-report the severity of an event because of its statistical approach, the opposite is in fact the case.  It was thought that EDR is likely to underestimate turbulence in the vicinity of a large discrete event, but none of the events studied exhibited this characteristic.  Using these examples, it is shown that there is a trend for EDR to err on the side of caution and safety.  The analyses show that the occasions where EDR is likely to over-report are most likely to be in the vicinity of and following, a discrete event where the smoothing statistical process takes some time to decay.  This is evidenced in the scatter plot of EDR peak and DEVG peak produced by Ambidji.  The report also indicates that many of the instances where EDR has appeared to be reporting a false alarm, are in fact artefacts of the fixed 60 second reporting period falling on, or just after, a peak EDR value.  It could be argued that under certain conditions when DEVG would report a moderate event but EDR, because of its conservative approach, would place the same event in the severe category, this over-reporting or false-alarming could cause operational difficulties.  On the evidence provided in the event data set, it is clear that this would not be a frequent occurrence and should not present a significant problem.  Since the aviation industry considers safety to be the number one issue, the conservative approach of EDR would not be detrimental to operations.  On the evidence to date, EDR is considered to be the more reliable indicator because it tends to over-report rather than the reverse.  It may be that over-reporting causes a slight increase in the number of occasions data from the quick access recorder or flight recorder need to be examined, but given the airlines growing concerns for air safety, this may not be perceived as a problem.



5.5.21	The decision to report both peak and an average or median parameters has been mentioned on a number of occasions.  In interpreting and applying the turbulence parameters, it has also been stated that DEVG provides a more accurate description of the peak load on the aircraft and from a structures point of view, this is important.  However, sustained or continuous levels of heavy turbulence without large peaks also have structural significance since it contributes to the overall integrated fatigue of the aircraft and should not be ignored.  Under these conditions, the peak value on its own would be misleading.  Also, conditions of sustained light to moderate turbulence while not significant structurally, could present unpleasant conditions in the cabin and airlines would prefer to know this information in advance in order to be prepared.



5.5.22	Although agreement was reached that all raw vertical acceleration data required quality control and filtering, there is a need to be cautious about the extent of filtering out the high frequency elastic response modes of the aircraft.  The EDR algorithm as proposed, does not attempt to model the full vertical response of the aircraft to a vertical gust field.  Instead it models the purely translational motion.  The same may be said of DEVG, but the two proponents differ on the extent to which attempts should be made to which the aircraft response model represents the dominant motion of the aircraft and therefore, the choice of band-pass filter to be applied.  Examples are given where the vibration mode of a wing can lie between 1 and 10 Hertz, depending on a number of physical conditions such as wing size and structure, fuel tank load etc.  This is part of the spectrum that the EDR band-pass filter removes.  The same spectrum also approximates to the shortest discrete turbulence events.  Given the approximation that the wing constitutes 10% of the mass of a fully laden aircraft, the centre of gravity of the aircraft responds with an oscillation of magnitude about 10% that of the wing.  It is therefore argued that it is better to retain this higher frequency aircraft response to ensure the very abrupt but large discrete events are captured, there It is recommended that the subject be studied further to determine the high frequency cut-off point and that this should be done independently by appropriate experts since the two proponents are unlikely to agree.



5.5.23	The representativeness of the peak value from each algorithm is also a matter of disagreement between the proponents.  The aim has been to try to select an algorithm that bests suits universal applications for all three major categories of data users.  At the extremes of the user spectrum there are, at one end, airframe engineers and at the other, research and modelling meteorologists.  In between, there is a very large group of operational users that fall into two sub-groups, aviation operations (pilots, despatchers and air traffic control) and meteorological operations (forecasters and briefers).  The Review Panel spent much time in trying to decide which of the two algorithms met this requirement and it was agreed that neither provides the perfect universal solution which could always work.  This view was supported by comments by  A. Praskovsky (NCAR) and R. Bowles (ex NASA) in private communications.   It is argued that since the damage caused to an aircraft or its passengers is indicated by the force on the aircraft or the normal acceleration of the aircraft, the peak normal acceleration should be measured and converted into an aircraft independent form as is DEVG.  It is counter argued that this peak value is not necessarily representative of the overall conditions surrounding the peak.  Also, since EDR is more representative of the background, and both median and peak values are to be reported, then they should be derived from the same algorithm for reasons of operational consistency and linking of the two values.  It is argued that EDR can be readily scaled and is therefore directly useful for aviation and meteorology without further interpretation, but this may not be true noting earlier comments on the need for further research.  For example, it is not clear whether EDR responds to gravity wave drag as opposed to small scale energy dissipation  It has been shown that of all events analysed, none showed that a statistically derived peak value (EDR) would miss an event and so it is suggested that the two algorithms are equivalent for all practical purposes and that the structural requirements are met.



5.5.24	As stated earlier, even though EDR may not accurately detect the most reliable signal from large organised structures, the value can still be high enough in the location of strong drafts to provide reliable practical identification of hazardous areas.  The relationship derived from the parallel trial indicates that in the cases considered, even though the scatter is quite high, EDR is capable of detecting a severe event when compared to the peak loading on an aircraft as measured by normal acceleration and reported as DEVG.  This point has been made also in all the events analysed and reported by Ambidji.



5.5.25	The choice of using the 95th or larger percentile of the peak value is somewhat immaterial.  From a purest statistical point of view, taking the 100th percentile is not good practice as it could over-estimate the situation by including false values.  Given the relatively high sampling rate of 8 Hz and that reasonable attempts are made to remove unwanted outliers, a total of 480 points are included in the analysis in EDR to produce a one-minute value.  Given also that a very sharp discrete event may only be half to one second in duration, the choice of 95th or 100th percentile may make a slight difference, but in the events studied, this was not noticeable.  The Panel however decided to recommend the choice of 100th percentile in the event that this may capture the odd “elusive” event despite the possibility that it may on occasions lead to overwarning.



5.5.26	As has been stated, the evaluation has shown that the variation introduced in reporting a peak value using statistically averaged values in preference to one selected from raw data, is not significant.  When considering the sampling representativeness of the atmosphere by an aircraft, the error is quite small.  While this is not a valid argument when considering the impact of an event on an aircraft, the atmospheric sampling is an issue given that severe turbulence can be highly variable in space and time.  The raw peak value reported by an aircraft could well be a short-lived event which if reported to following aircraft, may be misleading.  Likewise, it could be argued that reporting any event to following aircraft is significant since a much more severe and perhaps longer-lived area of turbulence may have just been missed by the lead aircraft.  So in this context, there may be just as much under-reporting as over-reporting from a meteorological point of view and a following aircraft may experience either or neither.  Never-the-less, the aviation industry has clearly stated that it needs the information.



5.5 27	A view was expressed at the meteorological modelling workshop that EDR was not a useful parameter in modelling because turbulence energy dissipation occurs at sub-millimetre wavelengths.  This energy is unable to affect the generation of larger scale phenomena including the large organised flow structures which damage aircraft, and which ultimately break down into turbulence.  However, this was a singular comment and is in contrast to the much more generally accepted view that EDR is more useful for application in real-time numerical simulation models which solve the turbulent kinetic equation.  These models may include a prognostic equation for the rate of energy dissipation (k-epsilon models); in either case, the turbulent kinetic energy equation contains the term epsilon.  Such models are already in operational use in the USA and UK.  (For those not familiar with the terminology, it is shown in the Cornman paper and further explained in the Ambidji report, that the EDR algorithm in fact reports epsilon1/3.)    The key point is that the proposed estimate of EDR is not necessarily going to be a valid representation of the true EDR in highly discrete gusts.



6.	An Operational Index



Selecting an Index



6.1.1	One of the major tasks of the Review Panel was to develop an operationally meaningful turbulence index which interprets the algorithm output in a form that could be readily used and understood by operational personnel in flight planning and documentation.  At the workshops, the aviation industry agreed to the general principal but was not particularly concerned about the number of points in the index.  Consideration was given to a number of options including:



the traditional ICAO 3-point index of light, moderate and severe;

the 4-point index used in terms of the derived equivalent gust velocity - nil, light, heavy severe;

another 4-point index used by Qantas - light, moderate, severe, extreme as shown in

 Table 1;

a 6-point index employed by United Airlines - light chop, light turbulence, moderate chop, moderate turbulence, severe turbulence and extreme turbulence as shown in Table 2.



6.1.2	The Panel preferred a 7-point index which removed the term chop, but followed industry advice and practice by grouping several categories - nil, light, light to moderate, moderate, moderate to severe, severe and extreme.  Constraints contained in the ADS format specification prevented sufficient reported information to provide a full 7-point index, however it is still the preferred option.  It is hoped that an expansion in the amount of information in the downlink message will provide enough for this 7-point index.  The following discussion describes two smaller scales which are proposed for consideration by the METLINK Study Group to meet existing format requirements.  Two larger scales (7 and 8 points respectively) are also proposed to suit a modified ADS message format but as explained further below, these expanded scales would not be preferred over the smaller versions if time resolution had to be sacrificed.



6.1.3	Initially, there was a general disinterest by the industry in the lower end of the scale noting that nil, light and moderate turbulence are part of every-day flight operations. However, it was noted that sustained periods of moderate turbulence could make conditions quite unpleasant for passengers, and it was for this reason that industry requires moderate turbulence to be reported.  The categories nil and light are also very important in the context of numerical modelling and human forecasting of turbulence for real-time input and post verification.  Furthermore, knowing where it is safe to fly is equivalent to knowing where not to fly.  Hence, reporting this information is important.  It was also noted that there appeared to be different interpretations of the turbulence categories between the aviation and meteorological communities.  Clearly an education and familiarisation program needs to be held to overcome these differences.





6.2	Linking Turbulence Categories with Algorithm Output



6.2.1	The developers of the two algorithms provided guidance linking the output of each to turbulence categories and it is noted that they are approximations only at this stage although there has been many years experience in allocating derived equivalent vertical gust to a 4-point index based on pilot reports.  However, an evaluation period may be necessary to determine the match to an expanded index.  It was agreed that a substantial operational period was required to assess the suitability of eddy dissipation rate to a multi-point index although there has been some experience based on trials in recent years.  This is discussed further below.



2.2.2	For the purposes of this review, Ambidji chose 9ms-1 as the criterion for severe turbulence based on the original work by Sherman.  However since the threshold is not known well enough to define to this accuracy, a value of 10ms-1 was adopted in the report on the parallel observations trial and has also been included as suggested values in the tables as part of this discussion.



6.2.3	The format of the turbulence parameter in the ADS meteorological message has room for only 4 bits which allows for a maximum of 16 combinations to report all turbulence characteristics.  This constraint made it difficult for the Panel to develop a suitable reporting system to meet all operational requirements which include two parameters describing the full range of turbulence conditions at one minute intervals.







6.3	Developing the Multipoint Index



6.3.1	It was noted that for ADS reports, it would not be possible to report two parameters for each one-minute observing period, so it was agreed that the maximum median and peak values over the reporting period was the best option until the message format could be expanded. Given this constraint, two fairly similar methods are described for consideration to link the onboard output of either algorithm to on-ground aviation and meteorological operations.



6.3.2	Tables 3 and 6 show how this might be achieved by combining the two required parameters of median and peak turbulence over the reporting interval into a matrix from which one number from zero to 15 is selected for down-linking.  This number is then interpreted by re-establishing the on-board matrix and making some simple groupings to produce an index which reflects the peak turbulence encountered and whether the dominant feature is discrete or continuous in nature.



6.3.3	The difference between the two proposed techniques is in the use of one of the 15 available numbers for downlinking.  The first example covers the full range of turbulence from nil to severe, but combines the extreme category with severe.  There is no information available to report system failure or bad data.  The second method includes an option for a nil report under these circumstances but as a trade-off, does not include a “nil” turbulence category and slightly rearranges the groupings of each major category.  The Panel has selected the latter as the preferred option because:

there is little operational significance in separately reporting severe and extreme, so for efficiency reasons, the two have been merged;

it is operationally more useful to report a flag indicating an onboard problem ie. a nil report, than reporting nil turbulence.



6.3.4	Tables 4, 5, 7 and 8 provide a summary of the interpreted results.  Two versions of each proposed technique are included.  The tables (4 and 7) labelled “6 - Point Interpreted Operational Aviation Turbulence Index”, are intended for use in aviation operations with a one to six-point index qualified by a descriptor indicating whether the predominant type of turbulence is discrete or continuous.  The second of each pair of tables (5 and 8), “6 - Point Interpreted Operational Meteorological Turbulence Index”,  is intended for those who require more detailed information, on each of the median and peak values. These people might include meteorologists and perhaps some aviation groups.  



6.3.5	Information required by numerical models would extract only the 5 or 6 point median component from each report and convert that back to the original algorithm measurement.



6.4	On-board Interpretation



6.4.1	Noting the reported parameter is independent of aircraft type, it will be necessary or at least highly desirable for each aircraft to carry a look-up scale for use by flight crew which interprets the reported parameter or scale for that particular aircraft.  To complicate the issue, it is recognised that there are significant differences of interpretation of any given value which are dependent on aircraft air-speed and mass.  So any look-up table will need to carry a second table of corrections for these variations in aircraft operation.  An early draft look-up scale is provided at Table 15 and an example of the variability caused by air-speed and mass is given at

Table 16.  It is noted that pilots may develop a “gut-feel” for the way the index relates to their operation just as they do now in the preparation of AIREPS and in time will not need the table.



6.5	Further Requirements



6.5.1	The Panel has not had time to produce a sound recommendation for an expanded message format although a minimum of 8 bits is suggested.  A scheme is required to condense the volume of information in the reported message and a number of issues will need to be considered.  The first is that both the peak and one-minute median values must be reported.  In order to minimise communications costs, there is no need to report every observation if there has been no change from the previous one.  This will remove most of the nil to light turbulence reports which form the major part of practically all flights.  The Panel agreed this should be left to coding experts within ICAO.



6.5.2  There is a range of techniques from which to choose including reporting the number of each low category over the elapsed period.  The technique should also provide the time and location of the largest peak values.  If an additional 4 bits were available, they could be used to identify how long ago the maximum peak value occurred.  This number in combination with the current time provides the time of the observation to the nearest minute.  For example, given the 4 bits provides a further 16 combinations, each of these could represent the elapsed time in minutes.  An alternative method would be to use the first 5 bits to report a 7-point or even an 8-point index as originally proposed with the remaining 3 bits for the “time ago” measure in two minute increments.  Examples of 7- and 8-point tables are given in a format similar to the previous tables and are shown at Tables 9 to 14.  The categories of “severe” and “extreme” have been separated in these two new versions.  However, both algorithm providers have indicated that the criterion for “extreme” is a reasonable estimate only with little if any validation.  NCAR has advised that plans exist to obtain some quantitative values for EDR through its involvement with NASA later in 1998.   It is not difficult to develop variations to these combinations.  The METLINK study group may decide that the combination of a one-minute time resolution with reduced reported turbulence resolution is preferable to the second option.  That decision would be consistent with the Panel’s view.



6.5.3	The Panel agreed that in designing a new format, priority should be given to providing high time and therefore position resolution in preference to measurement resolution.  It is noted that the overriding user interest is prioritised by turbulence intensity.



6.5.4	As was stated earlier, there is a strong requirement for a special message to report events in the range moderate-severe to extreme, in real time.  This message would consist of  the standard meteorological block but with a special identifier.



6.5.5	The reports by Ambidji and the Bureau show there is a strong need for additional work to assess the ability of both algorithms to correctly categorise event severity through the interpretation of in-cabin and other experiences.  The parallel trial on Qantas aircraft suggests that EDR may be over-reporting using the current choice of category thresholds and that perhaps with a better choice of categorisation, this can be improved upon.

�

Qantas Turbulence Criteria







Intensity�

Aircraft Reaction�

Reaction Inside Aircraft��



Light

�

No appreciable changes in altitude or attitude.  Slight rapid and somewhat rhythmic bumpiness occurs�

Occupants may feel a slight strain against seat belts or shoulder straps.  Unsecured objects may be displaced.   Coffee is shaking but not splashed out of cup.  Little or no difficulty in walking.��



Moderate

�

Turbulence that causes changes in altitude and/or attitude.   May cause variations in airspeed with rapid jolts or bumps.�

Occupants feel definite strains against seat belts or shoulder straps.  Unsecured objects move about.   Coffee is splashed out of cup.  Very difficult to walk and manoeuvre carts��



Severe

�

Turbulence that causes abrupt changes in altitude and/or attitude.  It usually causes large variations in indicated airspeed.�

Occupants are forced violently against seat belts or shoulder straps.  Unsecured objects are tossed about or lifted from the floor.   Food service and walking is impossible.��



Extreme

�

Turbulence in which the aircraft is violently tossed about.   It may cause structural damage.�

��















Table 1



�Linking Measured Turbulence, Reported Value and Operational Index

6-Point Index (Version 1)



AVERAGE TURBULENCE�PEAK TURBULENCE CATEGORY��CATEGORY�1�2�3�4�5�6��Index�E1/3�Ude�Description�Nil�Light�Light-Moderate�Moderate�Moderate- Severe�Severe-Extreme��������1�<0.1�<2�Nil�0�1�3�6�10������2�0.1 - 0.2�2 - 4�Light��2�4�7�11����3�0.2 - 0.3�4 - 6�Light - Moderate���5�8�12���4�0.3 - 0.4�6 - 8�Moderate����9�13����5�0.4 - 0.5�8 - 10�Moderate - Severe�����14���6�>0.5�>10�Severe - Extreme������15��

Table 3



�6 - POINT INTERPRETED OPERATIONAL AVIATION TURBULENCE INDEX

Version 1



REPORTED�INTERPRETED INDEX��VALUE�INDEX�DESCRIPTION��0�1C�NIL��1�2C�LIGHT, CONTINUOUS TURBULENCE��2�2C�LIGHT, CONTINUOUS TURBULENCE��3�3D�LIGHT-MODERATE, DISCRETE GUSTS��4�3C�LIGHT-MODERATE, CONTINUOUS TURBULENCE��5�3C�LIGHT-MODERATE, CONTINUOUS TURBULENCE��6�4D�MODERATE, DISCRETE GUSTS��7�4D�MODERATE, DISCRETE GUSTS��8�4C�MODERATE, CONTINUOUS TURBULENCE��9�4C�MODERATE, CONTINUOUS TURBULENCE��10�5D�MODERATE-SEVERE, DISCRETE GUSTS��11�5D�MODERATE-SEVERE, DISCRETE GUSTS��12�5D�MODERATE-SEVERE, DISCRETE GUSTS��13�5C�MODERATE-SEVERE, CONTINUOUS TURBULENCE��14�5C�MODERATE-SEVERE, CONTINUOUS TURBULENCE��15�6C�SEVERE-EXTREME TURBULENCE��

Table 4

�6-POINT INTERPRETED OPERATIONAL METEOROLOGICAL TURBULENCE INDEX

Version 1



REPORTED





�INDEX�INTERPRETATION��VALUE�AVERAGE�PEAK�AVERAGE�PEAK��0�1�1�NIL�NIL��1�1�2�NIL�LIGHT��2�2�2�LIGHT�LIGHT��3�1�3�NIL�LIGHT-MODERATE��4�2�3�LIGHT�LIGHT-MODERATE��5�3�3�LIGHT-MODERATE�LIGHT-MODERATE��6�1�4�NIL�MODERATE��7�2�4�LIGHT�MODERATE��8�3�4�LIGHT-MODERATE�MODERATE��9�4�4�MODERATE�MODERATE��10�1�5�NIL�MODERATE-SEVERE��11�2�5�LIGHT�MODERATE-SEVERE��12�3�5�LIGHT-MODERATE�MODERATE-SEVERE��13�4�5�MODERATE�MODERATE-SEVERE��14�5�5�MODERATE-SEVERE�MODERATE-SEVERE��15�6�6�SEVERE-EXTREME�SEVERE-EXTREME��

Table 5�Linking Measured Turbulence, Reported Value and Operational Index

6-Point Index (Version 2)



AVERAGE TURBULENCE�PEAK TURBULENCE CATEGORY��CATEGORY�1�2�3�4�5���Index�E1/3�Ude�Description�Light�Light - Moderate�Moderate�Moderate - Severe�Severe -Extreme�Nil Report��������1�0.1-0.2�2-4�Light�0�1�3�6�10�����2�0.2-0.3�4-6�Light - Moderate��2�4�7�11�����3�0.3-0.4�6-8�Moderate���5�8�12����4�0.4-0.5�8-10�Moderate - Severe����9�13���5�>0.5�>10�Severe - Extreme�����14���6���Nil Report������15��



Table 6

�6 - POINT INTERPRETED OPERATIONAL AVIATION TURBULENCE INDEX

Version 2



REPORTED�INTERPRETED INDEX��VALUE�INDEX�DESCRIPTION��0�1C�LIGHT, CONTINUOUS TURBULENCE��1�2C�LIGHT-MODERATE, CONTINUOUS TURBULENCE��2�2C�LIGHT-MODERATE, CONTINUOUS TURBULENCE��3�3D�MODERATE, DISCRETE GUSTS��4�3C�MODERATE, CONTINUOUS TURBULENCE��5�3C�MODERATE, CONTINUOUS TURBULENCE��6�4D�MODERATE-SEVERE, DISCRETE GUSTS��7�4D�MODERATE-SEVERE, DISCRETE GUSTS��8�4C�MODERATE-SEVERE, CONTINUOUS TURBULENCE��9�4C�MODERATE-SEVERE, CONTINUOUS TURBULENCE��10�5D�SEVERE- EXTREME, DISCRETE GUSTS��11�5D�SEVERE-EXTREME, DISCRETE GUSTS��12�5D�SEVERE-EXTREME, DISCRETE GUSTS��13�5C�SEVERE-EXTREME, CONTINUOUS TURBULENCE��14�5C�SEVERE-EXTREME, CONTINUOUS��15�6�NIL REPORT��

Table 7�6-POINT INTERPRETED OPERATIONAL METEOROLOGICAL TURBULENCE INDEX

Version 2



REPORTED�INDEX�INTERPRETATION��VALUE�AVERAGE�PEAK�AVERAGE�PEAK��0�1�1�LIGHT�LIGHT��1�1�2�LIGHT�LIGHT-MODERATE��2�2�2�LIGHT-MODERATE�LIGHT-MODERATE��3�1�3�LIGHT�MODERATE��4�2�3�LIGHT-MODERATE�MODERATE��5�3�3�MODERATE�MODERATE��6�1�4�LIGHT�MODERATE-SEVERE��7�2�4�LIGHT-MODERATE�MODERATE-SEVERE��8�3�4�MODERATE�MODERATE-SEVERE��9�4�4�MODERATE-SEVERE�MODERATE-SEVERE��10�1�5�LIGHT�SEVERE-EXTREME��11�2�5�LIGHT-MODERATE�SEVERE-EXTREME��12�3�5�MODERATE�SEVERE-EXTREME��13�4�5�MODERATE-SEVERE�SEVERE-EXTREME��14�5�5�SEVERE-EXTREME�SEVERE-EXTREME��15�6�6�NIL REPORT�NIL REPORT��

Table 8�LINKING MEASURED TURBULENCE, REPORTED VALUE AND OPERATIONAL INDEX



7-POINT INDEX (5-BITS)





AVERAGE TURBULENCE�PEAK TURBULENCE CATEGORY��CATEGORY�1�2�3�4�5�6�7��Index�E1/3�Ude�Description�Light�Light - Moderate�Moderate�Moderate - Severe�Severe�Extreme�Nil Report��������1�0.1 - 0.2�2 - 4�Light�0�1�3�6�10�15�����2�0.2 - 0.3�4 - 6�Light-Moderate��2�4�7�11�16���3�0.3 - 0.4�6 - 8�Moderate���5�8�12�17�����4�0.4 - 0.5�8 - 10�Moderate-Severe����9�13�18����5�0.5 - 0.8�10 - 15�Severe�����14�19���6�>0.8�>15�Extreme������20���7���Nil Report�������21��Table 9�7-POINT INTERPRETED OPERATIONAL AVIATION TURBULENCE INDEX



REPORTED�INTERPRETED INDEX��VALUE�INDEX�DESCRIPTION��0�1C�LIGHT, CONTINUOUS TURBULENCE��1�2C�LIGHT - MODERATE, CONTINUOUS TURBULENCE��2�2C�LIGHT - MODERATE, CONTINUOUS TURBULENCE��3�3D�MODERATE, DISCRETE GUSTS��4�3C�MODERATE, CONTINUOUS TURBULENCE��5�3C�MODERATE, CONTINUOUS TURBULENCE��6�4D�MODERATE - SEVERE, DISCRETE GUSTS��7�4D�MODERATE - SEVERE, DISCRETE GUSTS��8�4C�MODERATE - SEVERE, CONTINUOUS TURBULENCE��9�4C�MODERATE - SEVERE, CONTINUOUS TURBULENCE��10�5D�SEVERE, DISCRETE GUSTS��11�5D�SEVERE, DISCRETE GUSTS��12�5D�SEVERE, DISCRETE GUSTS��13�5C�SEVERE, CONTINUOUS TURBULENCE��14�5C�SEVERE, CONTINUOUS TURBULENCE��15�6D�EXTREME, DISCRETE GUSTS��16�6D�EXTREME, DISCRETE GUSTS��17�6D�EXTREME, DISCRETE GUSTS��18�6D�EXTREME, DISCRETE GUSTS��19�6C�EXTREME, CONTINUOUS TURBULENCE��20�6C�EXTREME, CONTINUOUS TURBULENCE��21�7�NIL REPORT��

Table 10�7-POINT INTERPRETED OPERATIONAL METEOROLOGICAL TURBULENCE INDEX



REPORTED�INDEX�INTERPRETATION��VALUE�AVERAGE�PEAK�AVERAGE�PEAK��0�1�1�LIGHT�LIGHT��1�1�2�LIGHT�LIGHT - MODERATE��2�2�2�LIGHT - MODERATE�LIGHT - MODERATE��3�1�3�LIGHT�MODERATE��4�2�3�LIGHT - MODERATE�MODERATE��5�3�3�MODERATE�MODERATE��6�1�4�LIGHT�MODERATE - SEVERE��7�2�4�LIGHT - MODERATE�MODERATE - SEVERE��8�3�4�MODERATE�MODERATE - SEVERE��9�4�4�MODERATE - SEVERE�MODERATE - SEVERE��10�1�5�LIGHT�SEVERE��11�2�5�LIGHT - MODERATE�SEVERE��12�3�5�MODERATE�SEVERE��13�4�5�MODERATE - SEVERE�SEVERE��14�5�5�SEVERE�SEVERE��15�1�6�LIGHT�EXTREME��16�2�6�LIGHT - MODERATE�EXTREME��17�3�6�MODERATE�EXTREME��18�4�6�MODERATE - SEVERE�EXTREME��19�5�6�SEVERE�EXTREME��20�6�6�EXTREME�EXTREME��21�7�7�NIL REPORT�NIL REPORT��

Table 11

�Linking Measured Turbulence, Reported Value and Operational Index

8-Point Index (5 bits)



AVERAGE TURBULENCE�PEAK TURBULENCE CATEGORY��CATEGORY�1�2�3�4�5�6�7�8��Index�E1/3�Ude�Description�Nil�Light�Light-Moderate�Moderate�Moderate-Severe�Severe�Extreme�Nil Report��������1�<0.1�<2�Nil�0�1�3�6�10�15�21����2�0.1 - 0.2�2 - 4�Light��2�4�7�11�16�22����3�0.2 - 0.3�4 - 6�Light - Moderate���5�8�12�17�23�����4�0.3 - 0.4�6 - 8�Moderate����9�13�18�24���5�0.4 - 0.5�8 - 10�Moderate - Severe�����14�19�25����6�0.5 - 0.8�10 - 15�Severe������20�26���7�>0.8�>15�Extreme�������27���8���Nil Report��������28��

Table 12

�8-POINT INTERPRETED OPERATIONAL AVIATION TURBULENCE INDEX



REPORTED�INTERPRETED INDEX��VALUE�INDEX�DESCRIPTION��0�1C�NIL TURBULENCE��1�2C�LIGHT, CONTINUOUS TURBULENCE��2�2C�LIGHT, CONTINUOUS TURBULENCE��3�3D�LIGHT - MODERATE, DISCRETE GUSTS��4�3C�LIGHT - MODERATE, CONTINUOUS TURBULENCE��5�3C�LIGHT - MODERATE, CONTINUOUS TURBULENCE��6�4D�MODERATE, DISCRETE GUSTS��7�4D�LIGHT - MODERATE, CONTINUOUS TURBULENCE��8�4C�MODERATE, CONTINUOUS TURBULENCE��9�4C�LIGHT - MODERATE, CONTINUOUS TURBULENCE��10�5D�MODERATE - SEVERE, DISCRETE GUSTS��11�5D�MODERATE - SEVERE, DISCRETE GUSTS��12�5D�MODERATE - SEVERE, DISCRETE GUSTS��13�5C�MODERATE - SEVERE, CONTINUOUS TURBULENCE��14�5C�MODERATE - SEVERE, CONTINUOUS TURBULENCE��15�6D�SEVERE, DISCRETE GUSTS��16�6D�SEVERE, DISCRETE GUSTS��17�6D�SEVERE, DISCRETE GUSTS��18�6D�SEVERE, DISCRETE GUSTS��19�6C�SEVERE, CONTINUOUS TURBULENCE��20�6C�SEVERE, CONTINUOUS TURBULENCE��21�7D�EXTREME, DISCRETE GUSTS��22�7D�EXTREME, DISCRETE GUSTS��23�7D�EXTREME, DISCRETE GUSTS��24�7D�EXTREME, DISCRETE GUSTS��25�7D�EXTREME, DISCRETE GUSTS��26�7C�EXTREME, CONTINUOUS TURBULENCE��27�7C�EXTREME, CONTINUOUS TURBULENCE��28�8�NIL REPORT��

Table 13

�8-POINT INTERPRETED OPERATIONAL METEOROLOGICAL TURBULENCE INDEX





REPORTED�INDEX�INTERPRETATION��VALUE�AVERAGE�PEAK�AVERAGE�PEAK��0�1�1�NIL�NIL��1�1�2�NIL�LIGHT��2�2�2�LIGHT�LIGHT��3�1�3�NIL�LIGHT - MODERATE��4�2�3�LIGHT�LIGHT - MODERATE��5�3�3�LIGHT - MODERATE�LIGHT - MODERATE��6�1�4�NIL�MODERATE��7�2�4�LIGHT�MODERATE��8�3�4�LIGHT - MODERATE�MODERATE��9�4�4�MODERATE�MODERATE��10�1�5�NIL�MODERATE - SEVERE��11�2�5�LIGHT�MODERATE - SEVERE��12�3�5�LIGHT - MODERATE�MODERATE - SEVERE��13�4�5�MODERATE�MODERATE - SEVERE��14�5�5�MODERATE - SEVERE�MODERATE - SEVERE��15�1�6�NIL�SEVERE��16�2�6�LIGHT�SEVERE��17�3�6�LIGHT - MODERATE�SEVERE��18�4�6�MODERATE�SEVERE��19�5�6�MODERATE - SEVERE�SEVERE��20�6�6�SEVERE�SEVERE��21�1�7�NIL�EXTREME��22�2�7�LIGHT�EXTREME��23�3�7�LIGHT - MODERATE�EXTREME��24�4�7�MODERATE�EXTREME��25�5�7�MODERATE - SEVERE�EXTREME��26�6�7�SEVERE�EXTREME��27�7�7�EXTREME�EXTREME��28�8�8�NIL REPORT�NIL REPORT��

Table 14��Turbulence Intensity/Reaction Scale for a 



Turb.

Intensity�Peak  

Vertical �Aircraft Reaction��Scale�Accel’n

(m/sec)�During Climb�At Cruise�During Descent��

1�

nil�



�Smooth flying.���

2��





�No appreciable changes in altitude or attitude.  Slight, rapid and somewhat rhythmic bumpiness occurs. (no difficulty walking, drinks don’t splash)���

3��





�Momentary, slight erratic changes in altitude and / or attitude occur.  (walking may be difficult, drinks shake but don’t splash)���

4��





�Rapid bumps or jolts without appreciable changes in altitude or attitude. (very difficult to walk, drinks splash, passengers feel strain against seat belts)���

5��





�Changes in Altitude and or attitude occur, airspeed fluctuations occur, but aeroplane remains in positive control. (very difficult to walk, drinks splash, passengers feel strain against seat belts)���

6



��Severe - large, abrupt changes in altitude / attitude. Large airspeed fluctuations may occur.  Aeroplane momentarily out of control.  �Severe - large, abrupt changes in altitude / attitude. Large airspeed fluctuations may occur.  Aeroplane momentarily out of control.�Severe - large, abrupt changes in altitude/attitude. Large airspeed fluctuations may occur.  Aeroplane momentarily out of control.��

7

��Extreme - aeroplane tossed violently about; practically impossible to control.  May cause structural damage.�Extreme - aeroplane tossed violently about; practically impossible to control.  May cause structural damage.�Extreme - aeroplane tossed violently about; practically impossible to control.  May cause structural damage.��

Adjustments for Speed and Weight



�����

Table 15

�On-board G Increment Scale







Computations performed on 02/11/98���Aircraft B747-400

�����������������Row�ALT�CAS�MACH�WEIGHT�Ude (m/s/g)��������#�M�M/S�NO�KG�U.S.���������������G increment caused by given gusts

����������All speeds in m/s������������B747-400 at 200 tonnes, 1,000m

���������CAS \ Ude�2�4�6�8��49�1000�75�0.234�199940�26.08��75�0.08�0.15�0.23�0.31��50�1000�100�0.312�199940�19.41��100�0.10�0.21�0.31�0.41��51�1000�125�0.389�199940�15.37��125�0.13�0.26�0.39�0.52��52�1000�150�0.467�199940�12.65��150�0.16�0.32�0.47�0.63�����������������������B747-400 at 200 tonnes, 10,000m

���������CAS \ Ude�2�4�6�8��53�10000�75�0.424�199940�21.15��75�0.09�0.19�0.28�0.38��54�10000�100�0.559�199940�15.49��100�0.13�0.26�0.39�0.52��55�10000�125�0.689�199940�11.98��125�0.17�0.33�0.50�0.67��56�10000�150�0.815�199940�9.25��150�0.22�0.43�0.65�0.86�����������������������B747-400 at 366 tonnes, 1,000m

���������CAS \ Ude�2�4�6�8��57�1000�75�0.234�366470�41.68��75�0.05�0.10�0.14�0.19��58�1000�100�0.312�366470�30.98��100�0.06�0.13�0.19�0.26��59�1000�125�0.389�366470�24.5��125�0.08�0.16�0.24�0.33��60�1000�150�0.467�366470�20.11��150�0.10�0.20�0.30�0.40�����������������������B747-400 at 366 tonnes, 10,000m

���������CAS \ Ude�2�4�6�8��61�10000�75�0.424�366470�36.45��75�0.05�0.11�0.16�0.22��62�10000�100�0.559�366470�26.65��100�0.08�0.15�0.23�0.30��63�10000�125�0.689�366470�20.53��125�0.10�0.19�0.29�0.39��64�10000�150�0.815�366470�15.74��150�0.13�0.25�0.38�0.51��











Table 16



�

7.	Conclusions



7.1	A universal aircraft independent parameter is required for routine automated reporting of turbulence from commercial aircraft for use by the aviation industry and meteorology in support of the aviation industry.



7.2	It has been concluded that at this stage, there is no one universal algorithm which will provide information that is suitable for all users.  The Review Panel had this view confirmed by several independent research sources within Australia and through advice from other independent advisers. The three major user groups include airframe engineers, meteorologists, and a range of “middle-ground” operational users such as flight planners and despatchers in the aviation industry and aviation forecasters and briefers in the meteorological community.  It is also concluded that it is this middle group that is not specifically catered for by either of the two algorithms.  This last point has made the task very difficult and so it is recognised that the final choice does not attempt to meet all requirements.  That was impossible to achieve.



7.3	The two proposed algorithms are designed with different users in mind. Derived equivalent vertical gust deals specifically with loads on the airframe and the passengers under peak turbulent conditions.  It does not and was never designed to provide, an accurate measure of real vertical wind gusts. Quality controlled and filtered but otherwise unprocessed raw observations as such cannot be used as a useful input to numerical meteorological models.  However, on its own, it can provide a reliable measure of the worst conditions experienced by an aircraft and its occupants.  By definition, it is most reliable in the measurement of peak normal accelerations.  It has been shown that statistically processed DEVG may also provide a fairly reliable measure of background conditions which could be interpreted and perhaps used, in meteorology.



7.4	Eddy dissipation rate on the other hand was designed for meteorological applications and is directly useable in numerical models.  However, the theory breaks down when the ratio of peak to background measurements is large.  Proponents maintain however, and this was verified by the study, that the parameter never-the-less can provide a useful measure of peak load but not one that on its own, could be used for airframe load assessment.  It is concluded that peak EDR can provide reliable information which would give sufficient warning that a serious event had been experienced and that data from the flight recorder should be examined.  



7.5	The two algorithms may be useful in meteorology diagnostically, but their value in numerical assimilation models is yet to be demonstrated.



7.6	It was thought that the statistical processing in EDR would tend to remove or smooth out the large discrete events and therefore under-report serious events.  Analyses of all event data so far has shown that with the present category thresholds, there is some evidence indicating that EDR and DEVG differ in their interpretation of severe events but that these can generally be explained as an artefact of timing.  EDR reported several instances of high turbulence values where DEVG did not.  In many cases this was simply due to the time lags introduced by the statistical processes employed.  However, on the occasion that EDR did differ with DEVG, it erred on the conservative side of safety.  The airline industry is universal in its requirement that severe events are the most important aspect of turbulence and is the major concern in regard to safety.



7.7	Given that the prime requirement for ADS meteorological messages is to provide timely information to Meteorological Watch Offices, World Area Forecast Centres and Regional Area Forecast Centres, it is concluded that the eddy dissipation rate is the more appropriate of the two proposed algorithms.



7.8	Two turbulence parameters are required to provide average or background information as well as peak conditions.



7.9	All raw vertical acceleration data need to be quality controlled to remove outliers and filtered to remove aircraft response characteristics including manoeuvring, before further processing.



7.10	There is strong correlation between EDR and statistically processed DEVG, but this relationship requires further study noting its apparent dependence on any given aircraft.



7.11	The correlation between peak values of EDR and DEVG is not strong.



7.12	User interest in all levels of turbulence is prioritised by intensity.



7.13	The format of the turbulence parameter in the ADS message is too restrictive and needs to be expanded.  As a minimum requirement, this should include at least 8 bits, but preferably more (15x5 bits), to provide the required 7-level scale at one-minute time resolution for two parameters over 15 minutes.



7.14	The proposed system is designed to suit existing hardware and communications systems, but substantial improvements can be made given improved on-board and ground- based facilities.



7.15	A special automatic event triggered turbulence report is required under conditions of severe to extreme turbulence.



7.16	A seven-point index is required for routine operational use.  As an interim solution noting the current limitations of the ADS message format, two systems have been proposed for consideration for a six-point index. which will fit that format.  Given that it is preferable to include an option for a nil report for invalid data rather than reporting nil turbulence, the second option is preferred.  Several options have been suggested for an 8 bit format.  Changes to include better temporal resolution and better reporting of peak events are recommended.  



7.17	Other automated aircraft reporting systems such as those sponsored under the WMO AMDAR program and the USA MDCRS system should take advantage of the evaluation and review activities given the requirement to improve the extent of coverage and quality of upper air observations.  Consideration should also be given to the adoption of similar techniques in order that one uniform standard can be implemented by ICAO and WMO.



7.18	Action should be taken to ensure the entire event data set is archived for general access, subject to approval by participating airlines and authorities.



7.19	Substantial research and evaluation is still required to verify and improve upon existing algorithms.  Noting the considerable resources and measured quantities already available on existing aircraft and the desirability to improve upon these, there is substantial scope for the development of more generally applicable algorithms.



7.20	Advantage should be taken of existing intra-aircraft communication and warning systems to automatically transmit turbulence observations, especially in cases of severe and extreme turbulence.



7.21	A turbulence intensity chart will be needed by each participating aircraft for flight crews to interpret the aircraft independent turbulence scale taking into account particular aircraft type, mass and air speed. 



8.	Recommendations



8.1	That the combined report by the various contributors to the evaluation study be closely examined by the ICAO METLINK Study Group for final selection of eddy dissipation rate as the preferred but by no means perfect algorithm for use in the meteorological block of the automated dependence surveillance message and implementation of an operational turbulence index



8.2	That the METLINKSG notes that:



further work is still required in regard to the development of an operational index and verification of EDR turbulence categories; and

changes may be necessary some time in the future to bring these in to line with operationally perceived levels of turbulence.



9.	A Dissenting View



Douglas J. Sherman

Aeronautical & Maritime Research Laboratory

Melbourne, Australia



The prime response of an aircraft to a gust is the normal acceleration at the center of gravity.

The working group concluded unanimously that in order to describe the gust field it was necessary to measure both the extreme value and the persistence of the gusts.  They therefore recommended indicators of both the peak value and the general variation of the aircraft acceleration.  Apart from some magical factors which convert the numbers into aircraft independent values, these indicators could well be the peak value of the acceleration signal over a reporting interval and the maximum root mean square (rms) value over the reporting interval.



This report has recommended instead that, rather than using the actual peak value of the aircraft acceleration, the maximum 10-second rms value be used as an indicator of the peak value so that the full report consists of a 10-second peak rms value and a 1-minute rms value.  The choice between the instantaneous peak value and the maximum 10-second rms value is the nub of the matter in contention.



Now in any 10 second period in which a high extreme value occurs, there will generally also be an accompanying high value of the 10-second standard deviation.  In fact this study found that, in a data base of about ten to twenty severe incidents, there were always high values for

both the peak value and for the 10-second standard deviation.



Why, then, should we worry which parameter is used as an indicator?

In the first place it should be understood that the peak aircraft acceleration has a direct physical interpretation.  It is directly proportional to the peak force acting on the aircraft and on the passengers and objects fixed in the aircraft.

Secondly, the correlation between the peak value of the acceleration and the 10-second rms value is not perfect: there is a fair degree of scatter.  Any incident which is near a threshold may be over the threshold on one index and below the threshold on the other.  If one parameter is a direct measure of the damage caused to an aircraft or its passengers, then the other will only be an imperfect indicator of that damage.

Finally, the reported data will not only be used for warnings to pilots flying in the same air space, they will also be used for climatological studies and the development of aircraft design codes.  It is obviously preferable to measure the quantity of most direct physical significance.



On the other side, the main thing that can be said is that the interpretation of the 1-minute rms values as energy dissipation rate might be made a little easier.  This is because the concept of energy dissipation rate is only applicable in genuine turbulence.  The largest aircraft loads occur in organised flow structures such as mountain waves, rotors and Kelvin-Helmholtz vortices where turbulence is not the governing factor.  In these organised flows, the peak 10-second rms is

expected to be higher than the 1-minute rms by a relatively large factor.  A degree of experience will be required before the critical value of this factor can be determined.  The same amount of experience could equally be used to determine a critical value for the ratio of

true peak gust to the 1-minute rms value.



In the present context, the primary use of the 1-minute average "eddy dissipation rate" is to characterise the degree of consistent fluctuation in the region where gusts are being encountered.  The secondary use of this parameter is to measure the turbulence energy dissipation for use in either numerical models of the atmospheric flow or in "power spectral" aircraft design codes which are most useful in characterising the frequent small gusts which are significant contributors to metal fatigue.  The 10-second average value is only of use to indicate the peak value in the patch: it is not proposed to use it as input to numerical models other than the use indicated above, to distinguish true turbulence from organised flow structures.  On the other hand, the derived equivalent gust is a direct measure of the largest load encountered by the aircraft, and is useful also in "discrete gust" models of aircraft behaviour which are most directly applicable to the rare large gusts which are responsible for directly damaging airframes.



Some Background Notes on Turbulence Theory.



Most turbulence theories have considered stationary homogeneous isotropic turbulence such as is generated in a wind tunnel when air flows through a mesh screen.  Around 1938 Taylor presented a power spectral characterisation of turbulence in which energy cascaded from the long wave-lengths where it was generated to shorter wavelengths where it was ultimately dissipated by viscosity.  In 1941, Kolmogorov presented a series of papers in the USSR where, on the assumption that there was an "inertial sub-range" with wave-lengths shorter than those in which the turbulence was created and longer than those at which it was dissipated, the rate of energy transport to higher wave-numbers could be modelled by a frequency to the -5/3 power law.

Cornman endeavours to choose a band pass filter in this wave-number range and measure the energy in that band.  Then, using Kolmogorov's similarity laws he determines the energy which must be dissipated at sub-millimetre wave-numbers.  Practically, there are some difficulties

here, because the frequencies Cornman considers have to be low enough to avoid the effect of internal resonances in the aircraft structure.  This constrains the frequencies to be so low that they are partly in the wave-number range where the turbulence is being generated.



In the 1960s John Houbolt initiated a series of investigations, in conjunction with NASA-Langley and the US Air Force, to develop "power spectral" characterisations of atmospheric turbulence.  In these investigations the primary concern was aircraft fatigue which is more related to frequent small loads than to the rare extreme loads which are of most concern to the airlines.  Quite an elegant theory was developed, using power spectra which, in the main, were based on the "-5/3 power law".  Recently, Cornman has re-expressed parts of the resulting codes in terms of the "energy dissipation rate".



Turbulence theories are generally based on the assumption that gust magnitudes in a patch of turbulence have a Gaussian distribution.  However, experimental measurements always show that the rare, severe, gusts occur orders of magnitude more frequently than an extrapolation of the Gaussian law would predict.  Partly this is explained by the varying mix of turbulence intensities in different patches of turbulence, but the large effect is that the extreme gusts occur, not in turbulence, but in organised flow structures where they are not just a chance probability but a dead certainty if an aircraft traverses the flow structure during the period of its life.  And though many of the organised flow structures which cause real damage to aircraft are of fairly short lived duration, they generally occur in regions where the same type of flow pattern re-generates time after time.



One of the uses proposed for the 1-minute values of "turbulence energy dissipation" is to input the values into numerical models of the atmosphere.  One of the workshops, organised in Australia with a group of meteorological researchers, had, as aim, the desire to find out how these energy dissipation values might be incorporated into such models, and whether they would be useful.  The most direct comment made was that, since energy dissipation occurs at wavelengths below a millimetre, it was difficult to see how knowledge of the energy dissipation would affect the generation of the large size eddies and waves which affect aircraft.  In fact, most practicable numerical models of the atmosphere still have grid sizes well above turbulent energy dissipation

wave-lengths so energy dissipation has to be handled by some parametric expression.  Having some observed average values may help to improve or adjust the parametric equations currently in use.  The only comment made at the workshop which bore on this aspect was the comment that, "It would be interesting to see how the energy dissipation checked out against the values already used in the models.".  It therefore appears that there is no great pressure of demand to use the values of turbulent energy dissipation rate in current numerical models, and little assurance that the values would be of practical use in foreseeable operational numerical models to improve forecasting of turbulence. Practical use still appears to be as an index for the "reporting" of turbulence so as to generate direct advisory warnings.
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�Appendix 1



Summary of Australian and American Turbulence Activities





Contributors to the Australian Evaluation Program



The evaluation effort in Australia consisted of several major components provided by the following groups:



Bureau of Meteorology



coordinated the evaluation program with NCAR, Qantas, AMRL, The Ambidji Group, and sought independent scientific and technical advice from operational and research groups from the Australian aviation and meteorological communities;

collected and ran inter-comparisons of real-time observations from both algorithms running in parallel on 18 Qantas B747-400 aircraft;

held two workshops, one on the application of turbulence measurements in meteorological forecasting and modelling and another on the application to the aviation industry;

conducted a 4-day final review session with the major participants from Australia and the United States.



Qantas Airways Ltd



continued providing routine real time AMDAR reports including DEVG from B747-400 fleet, as one of two Australian carriers of the Bureau’s Aircraft Meteorological Data Relay (AMDAR) system,;

developed and implemented two new reporting messages: 

	-  an early alert message triggered whenever the vertical ‘g’ value passed a preset limit.  The message provides a snapshot of a range of important aircraft parameters including the g deviation from normal plus time and aircraft location.  The message was used by the Bureau to identify significant turbulence events in order to obtain relevant meteorological data and by Qantas to retrieve high resolution raw data from the Quick Access Recorder;

	-  an EDR message derived from the NCAR EDR algorithm to run in parallel with the DEVG program. Activity involved adapting the algorithm software to run on hardware different to that used by NCAR, ie. on Teledyne ACMS instead of Allied Signal ACMS.  A special message format was developed in conjunction with the Bureau for routine reporting of the average and peak values of EDR each minute.  A minimum trigger level of 0.2 in the peak value was set for reporting in order to reduce communications costs by removing all background information relating to nil turbulence.  The value corresponds to the lower limit of light turbulence to ensure all recognised types of turbulence were detected.



Aeronautical and Maritime Research Laboratories (Defence Science and Technology Organisation, Dept. of Defence)



assisted with the preparation of EDR and DEVG algorithm software for off-line analysis by the Ambidji group;

assisted with preparation of raw data files for analysis;

conducted some off line analyses of both algorithms;

provided information on engineering and technical issues relating to aircraft characteristics and performance;

provided advice on the choice of algorithm in regard to loading on aircraft structures.

.

The Ambidji Group Pty. Ltd.



under contract to the Bureau, provided independent assessment of the two algorithms.  The approach taken was to assess data empirically without any prior knowledge of relative merits, and to consider the application of each algorithm for operational use by a range of potential data users.  Analysis of the respective scientific derivations of each algorithm was not part of the charter;

provided a report for inclusion as an Attachment to the Bureau’s report to METLINKSG and to suggest recommendations for the choice of algorithm;

collected flight recorder data from a range of sources and ran a range of off-line analyses;

actively participated in Panel discussions and provided independent advice to the Bureau of Meteorology in formulating final conclusions.



Contributors of Turbulence Event Data



data from aircraft flight recorders were provided by Qantas Airways Ltd, the Australian Bureau of Air Safety, Singapore Airlines, and collectively a number of airlines including Cathay Pacific and United Airlines through  the US National Transport Safety Board.  No data are identified with any airline or flight in this report.  The data are effectively sourced from general areas such as Asia, Australasia, the Pacific Ocean, and the Americas.



Activities in the USA



NCAR Support for Algorithm Evaluation



USA activities in support of the ATARSG algorithm evaluation was provided by Dr. Larry Cornman and Ms Cory Morse of NCAR with funding from the FAA:



Provision of eddy dissipation rate algorithm software and considerable advice for modification and implementation by Qantas (Lewis Benham) on the B747-400 fleet.  Some minor modifications to the algorithm by NCAR were also required;

Provision of several versions of EDR algorithm software for a range of different aircraft together with technical advice and assistance to Australian AMRL and the Ambidji Group for off-line analyses;

Completion of additional analyses to confirm the linear relationship between EDR and statistical DEVG discovered by Ambidji.



USA Evaluation Trials



Currently, the Cornman eddy dissipation rate algorithm is installed and working on 6 United Airlines aircraft--3 737-500s and 3 757s. The 737s are flying routes between California and Colorado where a significant amount of clear air turbulence is experienced during winter.  The 757s fly international and transcontinental routes.  Validation of the 737 EDR data is just about complete.  Once this is done, a commencement will be made to validate the 757 data. Excellent results have been found thus far.  Participants in this program are: United Airlines, Allied Signal and Boeing.  Fleet-wide implementation and real-time/nowcast product development will begin shortly.  It should take 2-3 months for implementation across the entire fleet of 200 aircraft.  United is considering implementation on 747 and 777 fleets (overwater) next.



Near-term implementation on other airlines:



Northwest (AlliedSignal, Boeing) on its fleet of 747s, DC-9s/MD-80s,

DC-10s. May begin during the Summer of 1998.



Delta Airlines (Teledyne, Boeing) on its fleet of 767s and 757s. This is

being done in-house. Progress and dates unknown.



American Airlines (Teledyne, Boeing) on its new fleet of 777s, 767s,

737s, 757s. Meetings to begin this process are being held in February 1998--testing will

start in the Summer of 1998.



Other turbulence activities include:



- FAA Aviation Research Program

- NASA Aviation Safety Program turbulence team

- Testing of look-ahead systems



Participants in the above are numerous, including several NASA research centers, NCAR, NOAA, industry (airframers, avionics, subsystems), airlines, universities, FAA. These activities are now becoming fully coordinated to eliminate duplication, and are focused on operational strategies and systems to mitigate (not just research).
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1	Introduction



The occurrence of in flight turbulence is of ongoing concern to airlines. Traditionally reports of turbulence have been dependent on the receipt of pilot reports and hence have been largely infrequent and subjective. Over recent years efforts have been made to automate the reporting of turbulence in a timely and cost effective manner. The main focus has been in deriving turbulence measures, that are objective and independent of aircraft type, from the resultant response of an aircraft itself rather than introduce any new instrumentation. The principal indicator used has been the acceleration normal to the flight path, nz, and its deviation from the gravitational acceleration, D nz. Additional efforts have been made to process the output from the onboard vertical accelerometers to obtain these measures of turbulence and to report them in real time via air-ground and satellite communications links.



One measure in extensive use is the velocity of the “Derived Equivalent Vertical Gust ” (DEVG); a term well understood in aircraft structural design and maintenance for more than forty years. More recently another method has been proposed in the USA that produces a measure with more relevance to the physics of the atmospheric turbulence itself (the “Eddy Dissipation Rate” or EDR). This latter turbulence measure is potentially more useful for application in real-time numerical simulation models  for use in solving the turbulent kinetic equation to allow prediction of the formation, movement and dissipation of areas of turbulence.



The Bureau of Meteorology of Australia has been active in this field for many years and has had significant input to World Meteorological Organisation (WMO) and International Civil Aviation Organisation (ICAO) committees. The Ambidji Group Pty. Ltd (Ambidji) was approached for assistance by the Bureau of Meteorology to assess the relative performance and applicability of these two turbulence metrics, based on data obtained from real turbulence events involving commercial aircraft, and if possible determine any relationships between the two metrics.



This report documents the data comparison undertaken by Ambidji. Section 2 describes the methods of data collection used, Section 3 gives a brief background description of the two algorithms in question and Section 4 describes the real turbulence events used to analyse the algorithms. The editing and processing of the real turbulence datasets is described in section 5 with the specific case studies analysed documented in Section 6 and discussed in more detail in Section 7. Section 8 gives a deeper analysis of the two algorithms by investigating a statistically processed version of the DEVG algorithm while Section 9 assesses the comparative performance of the two algorithms in an operational implementation. Section 10 presents conclusions and recommendations.



�2	Description of Data Collection 



The Bureau of Meteorology , in cooperation with commercial airlines in Australia, implemented real time reporting of atmospheric turbulence in the mid 1980’s based on an algorithm (Sherman, 1985) that calculates the derived equivalent vertical gust velocity (DEVG or Ude). Similar implementations have been performed in several other countries.



Recently an  algorithm (Cornman 1995) to compute eddy dissipation rate (EDR) has been implemented on a trial basis on several commercial aircraft in the USA. The EDR represents the turbulence energy dissipated per unit mass of fluid per unit time. For convenience the algorithm computes the cube root of EDR (hereon denoted “e1/3” ). 



With the co-operation of Qantas Airways Ltd, the EDR algorithm has been implemented on several of its 747-400 aircraft in addition to the  DEVG algorithm already installed. This allows values of both e1/3 and Ude to be simultaneously measured and reported in real time. Ude values  are incorporated in  AMDAR format messages  that are automatically transmitted via ACARS during ascent and descent phases, and at 7 minute intervals during cruise. Values from the EDR algorithm are recorded every minute and transmitted  in additional ACARS messages. In order to contain communications costs, messages containing EDR algorithm values are transmitted only if they exceed a set threshold level which is currently set at e1/3=0.2. The messages also can contain up to 15 individual one minute observations to further reduce transmission volumes. 



In addition a separate early warning message is transmitted when a vertical acceleration deviation of 0.3g or greater is experienced, regardless of whether either of the DEVG or EDR algorithms have triggered a message. This message serves as an alert to enable the airline to arrange to download high resolution data from the aircraft’s flight data recorder in sufficient time. It is this high resolution data that has been analysed off line in this study to evaluate the relative reliability of the algorithms and to determine what  relationship exists between the two algorithms.



Prior to the Qantas data collection programme, the Bureau of Meteorology had been able to  collate only a few datasets of past events, mostly containing severe turbulence encounters. The sample data is progressively being added to with new data from the Qantas data collection programme as mentioned above, providing more events in the light and moderate turbulence ranges. 



More recently, the Bureau of Meteorology has been granted access to data used in the testing of the EDR algorithm from several incidents investigated by the US National Transportation and Safety Board (NTSB), and from Cathay Pacific Airlines allowing direct comparison with previous analyses. Additional events were obtained from Singapore Airlines and Ansett Australia, the latter via the Australian Bureau of Air Safety Invesigation (BASI).



In time it is expected that more severe events will eventually be able to be added to the database but, nevertheless it has been found that there is a sufficient amount of data to allow preliminary conclusions to be drawn. 



�3	Description of Algorithms



As mentioned previously the two algorithms under consideration for the reporting of real time turbulence data are the Derived Equivalent Vertical Gust algorithm and the Eddy Dissipation Rate algorithm. A brief synopsis of both of the proposed algorithms is given below. For more detailed descriptions of both algorithms it is suggested to refer to the papers by Sherman and Cornman listed in Appendix A



3.1	Derived Equivalent Gust Velocity Algorithm



The algorithm computes a value closely related to the instantaneous normal acceleration, aircraft mass and calibrated airspeed, normalised by use of aircraft specific parameters. This derived equivalent gust is simply interpreted as a vertical wind gust (in metres per second) which will have varying significance for different types of aircraft. The values of Ude  computed are generally a constant multiple of the vertical acceleration; the exact value of the multiple being dependent on aircraft type, airspeed and mass. However, due to the nature of the algorithm, the value of Ude computed for a given vertical acceleration deviation at low altitudes (typically below 1500m), is much higher than for the same acceleration when experienced at higher altitudes. This can be mainly attributed to the effects of lower airspeeds at these altitudes. At altitudes above 1500m the sensitivity of Ude to vertical acceleration remains fairly constant.  Ude can be a positive or negative  value depending on the sign  of the experienced  deviation in vertical acceleration. 





The long history of the use of Ude as a factor in aircraft design and engineering has made this algorithm popular with some users because of its direct applicability and ease of comparison with previous studies. Close to real time reports of peak values of Ude are currently included in AMDAR messages sent from such aircraft via the ACARS air-ground communications network. The AMDAR messages currently contain the unfiltered peak value of Ude since the last message sent. Reporting frequencies vary with altitude, mass and flight phase (ascent, cruise, descent) and also for the specific model of aircraft (see Sherman and Setek 1996). In practice this means that the values of Ude reported give no indication of the duration of turbulence but only an indication that a significant vertical acceleration has been experienced since the last report. This can also lead to the possibility of false alarm reports due to instrumentation signal noise or pilot (or autopilot) induced accelerations, though the Australian experience has been that this occurs very infrequently (personal communication, J. Stickland, D. Sherman).

3.2	Eddy Dissipation Rate algorithm



The EDR algorithm applies a band pass filter to the measured vertical acceleration which uses cut off frequencies to accommodate for aircraft elasticity modes. The band pass filter frequency response is coupled with a two degree-of-freedom  pitch and plunge frequency response function to allow the development of an approximate acceleration power spectral density . The eddy dissipation rate is then computed and the cube root of this value is output for convenience (denoted as (1/3 in units of m2/3/s) producing  a non-negative real value which typically is valued between zero and three. In principle the eddy dissipation rate  has the advantage of being more directly related to the state of the atmosphere in space and time.  However there has been some debate as to whether the eddy dissipation rate as derived via the algorithm  can be considered representative of the actual eddy dissipation rate in all circumstances. Assimilation of EDR algorithm values in numerical model predictions is still under investigation. The algorithm calculates values of e1/3 over a moving ten second window. This has the advantage of suppressing any intermittent spurious values, as opposed to the current Ude algorithm, which calculates instantaneous values only.  However the e1/3 algorithm in its current form does not give any indication of the maximum acceleration experienced within the ten-second window which is of  high importance for airframe structures and maintenance. 

�4	Description of Events



At the time of writing, the EDR algorithms were available for Boeing 747, 767, Lockheed L1011 and McDonnell Douglas DC10 aircraft. The events analysed as case studies for this report are briefly described in Table 1 below.





�Aircraft Type�Altitude

(kft)�Phase of Flight�Maximum Turbulence (category)��Event 1�747-400�35�cruise�Heavy��Event 2�747-400�35�cruise�Heavy��Event 3�737�37�cruise�Heavy��Event 4�747-400�32.5�cruise�Heavy��Event 5�747-200�31�cruise�Severe��Event 6�747-200�31�cruise�Severe��Event 7�747-100�33�cruise�Severe��Event 8�747-400�35�cruise�Light��Event 9�747-400�30�cruise�Heavy��Event 10�747-400�16�descent�Light��Event 11�747-400�29�cruise�Heavy��Event 12�747-400�3-10�ascent�Light��Event 13�767�30�cruise�Light��Event 14�747-400�41�cruise�Severe��Event 15�767�36-18�descent�Severe��Event 16�767�33�cruise�Severe��Event 17�L1011�37�cruise�Severe��Event 18�L1011�31�cruise�Severe��Event 19�DC10�32�cruise�Severe��Event 20�DC10�37�cruise�Severe��Event 21�747-400�15-0�descent�Light��Event 22�747-400�15-0�descent�Light��Event 23�747-400�15-0�descent�Heavy��Event 24�747-400�21-12�descent�Light��Event 25�747-400�2-10�ascent�Light��

Table 1 Description of Events





The turbulence categories used to describe the above events are based on maximum values of vertical acceleration deviation. These are identical to those developed in the implementation of the DEVG algorithm (Sherman and Setek 1996) and are a slight modification of those recommended by ICAO (ICAO 1970) for use in pilot reports. These levels are shown in Table 2.













Measured Peak Acceleration Deviation�Turbulence Category��0 – 0.2g�Nil��0.2g – 0.5g�Light��0.5g – 1.0g�Heavy��Over 1.0g�Severe��

Table 2 Turbulence  Classifications

�5	Data Editing and Processing 



High density data taken from flight data recorders was fed in non-real-time into pc based versions of the two algorithms. The parameters which were processed by the algorithms are shown in table 3 below.





UTC�Time in seconds��ALT�Altitude in feet��MASS�Aircraft mass in kilograms��TAS�True airspeed in m/s��CAS�Calibrated airspeed in m/s��MACH�Mach number��FLAP�Flap angle��AP�Autopilot status��VERG�Centre of Gravity Vertical acceleration��

Table 3 Processed algorithm parameters





The flight datasets were available in electronic or hard copy form. The data from each event was manipulated into the format  required by the software. The datasets were contained in two separate files denoted by *.cga and *.prf. The prf file contains all aircraft profile data and is measured at typically 1 Hz. The data contained in the prf file consisted of:



UTC in seconds

Altitude in feet

Calibrated airspeed in m/s

True airspeed in m/s

Mach number

Aircraft mass in kilograms

Flap angle in degrees

Autopilot status (on / off)



The cga file contains high density vertical acceleration data which is expressed in m/s2. This data was recorded at varying rates. Data from the Qantas data collection programme were available directly from the Quick Access Recorder (QAR) which is triggered by vertical accelerations exceeding a pre-set threshold (currently set at 0.3g) and records data at 16 Hz. This rate is twice the sampling rate of the conventional flight data recorder. All other data was retrieved from flight data recorders at 4-8 Hz depending on aircraft model. The data processing algorithms tested were able to accommodate the varying data recording frequencies used.



The cga file also contains a header line which is processed by both the simulation programs containing initial UTC time in seconds and a time offset value for the difference between the first data reading and the initial UTC time.  The Ude algorithm software returns values of derived equivalent vertical gust velocity in m/s based upon profile data for each cga reading. Each Ude value calculated is independent of the values of cga occurring immediately before or after. The (1/3 algorithm simulation program is significantly more complex and uses all input data within a ten second (approximately) moving time window, centred about the corresponding data point being analysed.  To reduce time lag effects in the data comparison, the time stamps output from the (1/3 algorithm have been offset in time so that the values better correspond. Additional offsets in time, dependent on sampling frequency, were performed to allow for the differences introduced by data filtering algorithms. 



Each turbulence event was examined individually to identify the start and finish of significant variation of vertical acceleration indicating turbulent activity. To ensure stable algorithm responses upon commencement and cessation of turbulent activity, the datasets were padded with zero values of vertical acceleration deviation and constant values of flight profile parameters, both immediately before and after the event for a period of 25 seconds of elapsed time. The flight profile values used to pad the turbulence were identical to the first and last data values occurring in each turbulence event. The data recorded during the turbulence events themselves were not edited in any way. 



The edited data files were then used as input data to the algorithms being considered. Processing took place on a pc platform using specially compiled versions of the algorithm software suited to aircraft type. A discussion of the comparison of output values is contained in the following sections.

�6	Case studies



This section presents the processed aircraft  data  resulting from examples of turbulence encounters as experienced by commercial airliners as described in Section 4. All events   identified through the Qantas data collection programme and events obtained from other airlines  are presented. Detailed plots of the measured vertical acceleration and calculated Ude and (1/3 are shown in the figures 1 to 25. Ude is expressed in m/s and scaled by a factor of 10 for convenience; (1/3 is expressed in units of m2/3/s while vertical acceleration deviation is expressed in g’s.

6.1	Event 1



This 747_400 aircraft experienced sustained light to heavy  acceleration deviation over an extended period of several minutes reaching peaks of up to 0.6g deviations. The algorithm response is shown in Figure 1.

6.2	Event 2



The 747_400 involved in this event traversed almost exactly the same airspace as the aircraft in Event 1, but some 1.5 hours later.  The aircraft encountered the turbulence at 35000 ft over a period of 50 seconds. The algorithm response is shown in Figure 2.

6.3	Event 3



Data from this event was obtained in electronic form and directly used in both algorithms for analysis. The 737_300 flight was operating  over continental Australia and encountered a period of sustained turbulence over about five minutes while cruising at 37,000 feet. Maximum experienced accelerations were +0.67 and -0.92g’s. The event was subject to an investigation by the Australian Bureau of Air safety Investigation (BASI) as a precautionary measure to ensure no structural limitations had been exceeded. The algorithm response is shown in Figure 3.

6.4	Event 4



This turbulence event  occurred over oceanic airspace in 1996. Data was manually entered into the required file format from hard copies. The event occurred at 32,500 feet over approximately one minute and experienced acceleration deviations of +0.48 and –0.9g’s from normal steady state flight. The algorithm response is shown in Figure 4.

6.5	Event 5



The incident occurred at approximately 31,000 feet and was subject to acceleration deviations of +0.58 and –1.43g’s from normal steady state flight. The turbulence felt by the 747_200 was significant enough to necessitate thirty people to require medical attention. The event has been investigated in detail by the Bureau of Meteorology Research Centre (BMRC) and was the subject of a detailed report (BMRC 1996). The encounter only lasted for a period of thirty seconds. The algorithm response is shown in Figure 5.



6.6	Event 6



This data was taken from a latter stage of flight of the previous event. The flight data recorded an acceleration value of 4.7g’s for a single reading, while the data one eighth of a second before and after were near zero. This example was used to investigate the response of both the algorithms to a sharp, discrete acceleration spike. It must be noted however that this scenario is highly unlikely in reality and is probably due to random errors that can occur when recording data to tape. It has been considered as indicative of a possible error situation. The response to this unrealistic event is shown in Figure 6. Note the small but finite response of the EDR algorithm, as opposed to the DEVG algorithm which closely follows the acceleration deviation.

6.7	Event 7



This example was obtained from data supplied by U.S. University Corporation for Atmospheric Research (UCAR) from a severe turbulence incident at 33,000 feet onboard a 747_100 cruising at Mach 0.85. The event consists of an extended period of nil turbulence followed by a sharp hit of turbulence over approximately 30 seconds. The peak acceleration deviations of this example extend from +1.7 to –1.0 g’s. The algorithm response is shown in Figure 7.

6.8	Event 8 



This event exhibits turbulence in the light category over forty seconds at a cruise level of 35,000 feet.  The algorithm response is shown in Figure 8. 

6.9	EVENT 9



This event exhibits turbulence mainly in the light  category with a single instance of vertical acceleration in the heavy category. The event extends over almost four minutes at a cruise level of 30,000 feet.  The algorithm response is shown in Figure 9. 

6.10	EVENT 10



This event exhibits turbulence entirely in the light  category. The event is reasonably prolonged extending over almost four minutes. This event occurred on descent at around 16,000 feet.  The algorithm response is shown in Figure 10. 

6.11	EVENT 11



This event exhibits an example of a more discrete turbulence event with a maximum vertical acceleration deviation putting it into the heavy category. The event extends over only 30 seconds at a cruise level of 29,000 feet.  The algorithm response is shown in Figure 11. 

6.12	EVENT 12



This event exhibits turbulence mainly in the light  category on  ascent (between 3 and 10,000 feet) over a period of approximately two minutes. The algorithm response is shown in Figure 12. 



6.13	EVENT 13



This event exhibits turbulence mainly in the light  category with instances of  vertical acceleration deviations just below the heavy category. The event extends over two minutes at a cruise level of 30,000 feet.  The algorithm response is shown in Figure 13. 

6.14	EVENT 14



This severe turbulence event involved a 747-400 aircraft at a cruise altitude of 41,000 feet. A sudden upward acceleration deviation was quickly followed by a downward acceleration deviation of over 1g. The algorithm response is shown in Figure 14. 

6.15	EVENTS 15-20



These events were all investigated by the US National Transportation Safety Board. They are all severe turbulence encounters involving 767, L1011 and DC10 aircraft. Most were at cruise altitudes, with one event involving descent from 36,000 feet to 18,000 feet. The algorithm responses are shown in Figures 15-20. 

6.16	EVENTS 21-23



These events were obtained from Cathay Pacific 747-400 aircraft on descent into Hong Kong Airport. The acceleration deviations experienced are mainly in the light category, with isolated cases extending into the heavy category (event 23). The algorithm response is shown in Figures 21-23. 

6.17	EVENT 24-25



These events exhibit acceleration deviations mainly in the light  category which are just below the heavy category. The events were obtained from Qantas 747-400 aircraft  on descent (Event24) and on ascent (Event 25). The algorithm responses are shown in Figures 24-25. 

�7	Discussion of CASE STUDY RESPONSES



On inspection of the algorithm outputs, the following inferences can be made:



The Ude algorithm produces values that are highly correlated with the input values of vertical acceleration. As can be seen from the plotted profiles of each event, there would appear to be a linear scaling factor (close to 10) between the vertical acceleration (in g’s) and the derived equivalent vertical gust velocity (Ude, in metres/sec). This relationship seems to hold for all the aircraft types considered here and is consistent with results published in Sherman and Setek (1996) .



The onset and cessation of turbulence as determined by the two algorithms coincide well, though there is some lag evident in the EDR algorithm (approximately the length of the moving time window used). There is no  obvious relationship between (1/3 and Ude or nz. As can be seen in Figure 26, which shows the distribution of Ude values  plotted against corresponding values of  (1/3, the value of (1/3 can vary significantly for any given value of Ude and vice versa.



Increased values of (1/3 coincide with increasing magnitude of vertical acceleration (and Ude), though the variation of (1/3 is smoothed considerably due to all values in the moving time window contributing. The EDR algorithm as currently implemented gives no indication of the maximum acceleration deviation experienced. Moreover it appears to behave like a moving RMS average of the acceleration deviation over the period of the moving time window. This hypothesis is tested later in this report.



The Ude algorithm has no data filtering and hence spurious data may be interpreted as real as would be the case if Event 6 had been considered real data. The moving window technique used in the EDR algorithm significantly reduces the effect of data “spikes” but does not totally eliminate them. (It should be noted that in a full implementation of the EDR algorithm it has been proposed to include outlier detection routines, however these routines were not included with the algorithm software supplied for this analysis.) The intended purpose of the filter used in the EDR algorithm is to remove the accelerations not caused by the atmosphere but due to pilot or autopilot induced manoeuvring or aircraft elasticity responses. The effect of this filtering was examined in more detail by separating out the relevant part of the EDR algorithm and analysing the filtered vertical acceleration deviation (DVERG) values that are used in determining (1/3 . Results of this analysis for two events (Events 14 and 4) are shown in figures 27 and 28. The figures show comparisons of the raw and filtered values of DVERG as well as the variation of true airspeed and altitude. In Figure 27 it can be seen that the peak accelerations during the worst of the event (from time 35 to 55 seconds) are somewhat damped but maintain the general variation of the original input data. After the event, the accelerations are markedly damped corresponding to steady long period variations in altitude and true airspeed that are characteristic of manoeuvring. However in Figure 28 the appropriateness of the filter is less clear. Certainly there is a period at the end of the event where manoeuvring appears to be filtered out. However in the period between 50 and 60 seconds the filtered data varies considerably to the raw input data.



The comparison so far has concentrated on directly comparing the outputs of the two algorithms as they are currently implemented. Quite obviously the two algorithms represent the variation of vertical acceleration differently. In the next section an attempt is made to compare these algorithms in a more logical way.

�8	Comparison of EDR and statistically processed devg.



In order to gain an insight into any possible direct relationship between DEVG and EDR algorithms  a more  suitable method for comparison is necessary. A comparison of (1/3 and Ude was found to be of little value in comparing an “instantaneous” parameter value, like Ude, with a value which is essentially of time averaged nature, like (1/3 . 

 

To allow a more informative  analysis, Ude  needs to be representative of data over a finite period to correspond with similar data in the calculation of (1/3 . Statistical methods to process the  Ude data into a form analogous to (1/3 were considered. The methods used in deriving (1/3 indicate that an RMS averaging of Ude data corresponding to the same ten second window as used in the derivation of (1/3 would be appropriate. A standard deviation over the same window was also examined to estimate  the variance about the mean. The same filter was applied to data input to the DEVG algorithm as used in the EDR algorithm. As indicated in the previous section the filter used in the EDR algorithm may not be the most appropriate one for future use, but has been used here for consistency purposes. Examples are shown for three events (Events 1,4 and 11) in figures 29, 30 and 31, where it can be seen that there is a distinct correspondence between the  algorithm outputs. As can be seen the RMS averages and standard deviations of Ude are almost identical.



It was found that a distinct correspondence  was evident for each case analysed. Figures 32 and 33 show the variation of the statistically processed values of Ude as a function of (1/3. From these figures it can be seen that the variations appear to fall between upper  and lower bounds that are linear in nature. Linear regressions of both of the statistically processed data sets showed that the correlation coefficients are almost identical. Hence from hereon only standard deviation will be considered further.



Closer analysis of individual events showed strong linear relationships. However the linear relationship was not consistent from event to event. Figures 34 to 41 show the variation of the standard deviation of Ude as a function of (1/3 for the various aircraft types evaluated in this study. In many of the events the linear relationship is extremely good with correlation coefficients almost equal to one. Figure 36 (Event 5, involving a 747-200 aircraft) shows the greatest variation from linearity, but only for a period of this very short lived event. The variation in the slope of the linear fits varies markedly, and is not even consistent for an individual aircraft type. Figure 37 shows the variation for 747-400 aircraft which by far comprised the largest portion of data. While individual events have extremely good linear correlation, the actual linear relationship seems to depend on the configuration (weight) and flight conditions (altitude, airspeed) of the individual aircraft.



This indicates that the two proposed turbulence metrics must vary substantially in the way they attempt to standardise between aircraft. Nevertheless a casual inspection of Figure 37 shows that, for a given aircraft type, increased slope corresponds to decreased altitude. As DEVG also increases sensitivity with decreasing altitude, it can be inferred that the variation in slope is primarily due to variation in DEVG sensitivity. More investigation is required to provide an adequate explanation.



�9	assessment of algorithm  performance in operational use.

In operational use, there is no scope to transmit every datum produced by an algorithm. Rather, summary values characteristic of a preceding period are used. These have taken different forms in the operational implementations of the two algorithms. The DEVG algorithm implementation  simply reports the maximum value that has occurred since the last report. The EDR algorithm currently reports two values every minute, one being the median of the (1/3  values over the previous minute, the other being the 95th percentile of the (1/3  values over the minute.



Recent workshops held in Australia in January 1998 the Bureau of Meteorology, Ambidji and the proponents of the two algorithms, have recommended that there is a need for two values to be reported operationally, one to indicate the peak intensity of the turbulence, the other to indicate the nature of the turbulence (i.e. discrete or continuous). The following discussion evaluates the reliability of how this might perform operationally.



In order to extend the findings of the previous section to the operational case, one minute median and maximum values of the statistically processed Ude (standard deviation) were compared with one minute median and maximum� values of (1/3 . Figures 42 and 43 show the derivation of median and maximum  one-minute values from the statistically processed Ude  and (1/3 not to alter any conclusions previously drawn. While maxima in Ude within the minute may not necessarily coincide in time with maxima in (1/3 within the same minute, comparison of Figure 33 with Figure 43 shows that the maxima generally do coincide. Comparison of the figures shows the points in Figures 42 and 43 to be subsets of those in Figure 33.



In an operational scenario it will be necessary to set threshold levels of any turbulence metric implemented to allow classification into turbulence “categories” for ease of understanding by users. Various multi-level scales are in use or are being proposed. As noted above, the median values obtained using either of Ude (statistically processed) or (1/3, that will be used to indicate continuousness of the turbulence, will give consistent measurements. The issue of importance is how the peak intensity of the turbulence should be represented and how reliable it will be in operational practice. Figure 44 gives some insight as to how the algorithms might perform if thresholds were imposed. It shows the variation in one-minute maxima derived from the DEVG and EDR algorithms (note that the spurious data, such as Event 6, were removed prior to this analysis). Also shown are notional thresholds for severe turbulence criteria (Ude = 9.0 m/s as suggested in Sherman (1985), and (1/3 = 0.5 m2/3/s as a suggested figure only) that conveniently divides the data into four quadrants. Clearly if data points fall in the upper right or lower left quadrants then there is consistency in the category of turbulence that would be reported from one-minute data. It is the data points that fall in the upper left and lower right quadrants that are a cause for concern as they represent possible false alarms or under-reports. Several of the data points that require further explanation have been numbered in Figure 44 and are elaborated upon in Table 4.



�

Labelled Point #�Event�Comment��1-2�18�Point #1 an artefact of 10 second averaging and 60 second reporting period, immediately followed Point #2 ; a correct report by both algorithms.��3-6�19�Point #3:Highly varying normal acceleration  (Ude varies from   -5.6 to +6.6 m/s) though peak accelerations below severe threshold. Reported as severe by EDR, non-severe by DEVG. A false alarm? 

Point #4: Turbulence would be categorised as borderline severe by EDR. Once again peak acceleration magnitudes and DEVG indicate below severe thresholds.

Point #5: Accelerations have exceeded severe thresholds. Both DEVG and EDR algorithms report severe.

Point #6: Artefact of 60 second reporting period��7�1�End of data��8�2�End of data��9-10�17�Point #9: Very discrete severe turbulence encountered. Correctly reported as severe by both algorithms.

Point #10: Immediately follows point #9. Lower magnitude Ude and accelerations experienced but higher EDR output due more prolonged variation.

��11�16�Both algorithms report as severe for this event��12�11�DEVG algorithm classifies as severe, EDR non-severe. Maximum acceleration less than 0.31 g. DEVG displaying extra sensitivity at low altitudes. A false alarm?��Table 4: Description of Labelled Points in Fig. 44



Many of the instances where EDR has appeared to be reporting a false alarm (lower right quadrant) are artefacts of the fixed 60 second reporting period falling on or just after a peak EDR value, or are an artefact of the time lag of the EDR algorithm due to its finite (10 second) width. In all cases these points are preceded by one-minute reports  indicative of a higher turbulence category. An example is the point labelled “1” in Fig. 44 and the profile of Event 18 (Fig. 18). In this case the one-minute reporting interval occurs seconds after the start of the event (around the 120 second mark) before the EDR algorithm has been able to respond. The next one-minute report more correctly categorises the event (point “2” in fig. 44).  



However there are instances where the EDR algorithm reports higher turbulence categories than would DEVG, as shown by the datum labelled “3” in Figure 44 that coincides with the one-minute report generated at the 180 second time marker in Fig 19. In this instance the acceleration  varied quite rapidly (Ude varies from –5.6 to +6.6 m/s) in the preceding minute causing the statistical variation to be increased and thus the value of EDR. The next two one-minute reports in event 19 (labelled “4” and “5”) categorise the event similarly to the DEVG algorithm. The last  one-minute report (labelled “6”) does not represent a false alarm for the EDR algorithm for the same reasons given for point “1”.  



Several other instances (points surrounding “3” in the lower right quadrant) of high EDR and low DEVG  are noticeable in other events but to a lesser degree. Whether these constitute true false alarms of the EDR algorithm  depends whether it is considered that rapidly varying acceleration is a greater hazard to passengers and aircraft contents than short duration larger accelerations. It is surmised that the EDR algorithm tends to err on the side of safety in these instances.



Points “7” and “8” show a zero value of EDR but occur at the end of the data sets for events 1 and 2. These are simply an artefact of the data processing. 



Points “9”, “10” and “11” span the range of variation of categorisation by the two algorithms. Point “9” represents the one-minute report pertaining to the 120-180 second time period in Figure 17 (Event 17). Even though a higher acceleration deviation (and Ude) was experienced in this minute, the subsequent report (“10”) shows a higher value of EDR  due to the more prolonged nature of the acceleration deviations in the following minute.



Of note is the relative scarcity of points in the upper left quadrant. Those instances that do occur do so only marginally. The point labelled “12” in Fig 44 is of most interest as it occurs at low altitude where the DEVG response is accentuated. In this event (Event 11, Fig 11) the acceleration deviation reaches a maximum of 0.31g, yet the Ude value exceeds the suggested threshold for severe turbulence, even if only marginally. More low altitude events, and the subjective assessment of the actual turbulence, are required to adequately assess the extent of this problem for the DEVG algorithm. 

�

10	Conclusions & Recommendations

The relationships derived in this study have been obtained by comparing experimental data rather than a fundamental theoretical evaluation. Nevertheless the relationships determined are quite striking and simple to understand.



Filtering of input data has been found to successfully remove accelerations not due to atmospheric turbulence in most cases. It is recommended that some sort of filtering be included in future operational software implementations. However the filter provided with the EDR may not be the most suitable for all instances. Further investigation of the most appropriate filter is recommended.



 The EDR algorithm produces values that are strongly linearly related to the variance in time of DEVG values. However the linear relationship is not uniform depending not only on aircraft type, but also on its configuration, altitude and speed. The range of variation is too large to enable direct interchangeability between the two algorithms. This implies that the methods used to standardise between aircraft types must vary significantly between the two algorithms. Further work is needed in this area.



No evaluation of performance of the algorithms in varying types of turbulence (convective, shear etc.) has been undertaken. This is also an area for further investigation.



The DEVG algorithm’s sensitivity to a given normal acceleration is much greater at  low altitudes. There is some doubt as to its performance reliability at these altitudes possibly giving rise to false reports of turbulence severity (even after filtering). Insufficient high resolution data was available to this study to allow adequate investigation.



Both algorithms successfully detect intense, discrete vertical acceleration deviations. No exceptions were found in the data available.



Depending on the thresholds chosen, EDR may classify turbulence into a higher category than a DEVG-based classification if the turbulence is of a more continuous nature. Conversely EDR will sometimes classify turbulence into a lower category than DEVG  even if the vertical acceleration is significant but changing only slowly. On the data investigated here there was no evidence of either of these scenarios being dominant.



When turbulence metric thresholds were imposed on the data there was only minor variation in the resultant turbulence classifications. In almost all cases where severe turbulence was indicated by either DEVG or vertical acceleration deviation, EDR also reported severe turbulence. Conversely EDR reported several instances of high turbulence values where DEVG did not. In most cases this was simply due to the time lags introduced by the statistical processes employed. In one particular instance EDR indicated severe turbulence due to consistently high variability of the normal acceleration but with maximum deviations remaining below notional thresholds used with the DEVG  algorithm. Whether this constitutes a false alarm for EDR or a missed event for DEVG needs further investigation. A tendency to over-report rather than under-report errs on the side of safety and is seen to be more acceptable. 

In order to delineate continuous from discrete turbulence events at least two values need to be reported by an objective algorithm; one measurement indicating peak intensity and the other indicating the variability of the intensity over time. This is accommodated in the EDR reporting technique. Use of a mixed reporting scheme using maximum DEVG and median EDR is not recommended because of inconsistencies identified in ii above.



A comparison with subjective reports of turbulence (as reported by aircraft flight and cabin crew) is essential to confirm  the appropriateness of any turbulence categorisation based on an objective algorithm. A basis of representativeness to human perception needs to be established.



Through statistical summary values, EDR reliably identifies severe turbulence events, and can form the basis of an alerting mechanism for the requirement to download high resolution flight recorder data for any structural investigations that may be necessary. On the evidence available it would seem that the EDR algorithm provides a more reliable indication of  atmospheric turbulence with regard to interpretation by end-users in the airline, air traffic and meteorological communities.
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Report



Workshop on Turbulence Measurement

and

Application to the Aviation Industry



9:00am - 12:30pm, Thursday 29 January 1998

Bureau of Meteorology, 5th Floor, 150 Lonsdale Street, Melbourne, Australia







Purpose



This report provides a brief summary of the outcomes from the workshop.  The aims and agenda for the workshop are at Attachment 1.   A list of participants and contact details is at Attachment 2.





Discussion - Main Points



Flight planning - as a rule (and where they have the flexibility) airlines flight plan for minimum air miles (i.e. minimum time and fuel).  However carriers indicated they would go up to 100 miles off route to avoid severe or extreme turbulence.  In developing flight plans and determining optimum cruise levels, Qantas and other airlines take account of the vertical windshear and tropopause heights as an indicator of possible CAT.



Warning time - flight crews need approximately 5 minutes warning to fully secure the cabin to cope with a severe turbulence event.



Horizontal acceleration - airline representatives pointed out that horizontal acceleration is also a major concern. If as a result of a turbulence encounter an aircraft exceeds its maximum operational velocity, it will need to be taken out of service to undergo an inspection procedure for possible structural damage.  This can be both costly and disruptive to services.



What does ‘severe turbulence’ mean? - the discussion highlighted the fact that the term ‘severe turbulence’ means different things to different people.  To many pilots it means the aeroplane becomes uncontrollable. 



Impact of turbulence is aircraft dependent - this is a very important point.  The impact of turbulence on an aeroplane and the occupants, is determined by a number of factors including the atmospheric motion, the size, weight and speed of the aircraft.  It can also vary significantly within different parts of the cabin (i.e. cockpit versus tail).   A severe turbulence encounter for a Boeing 737 may only be moderate for a Boeing 747.  This has significant implications regarding what to report.   It also has implications in relation to the use of turbulence forecasts on Significant Weather Charts and warnings in SIGMETs.



A turbulence reporting scale - the workshop addressed the number of levels that that would serve the industry best in a turbulence reporting scale - ranging from 4 to 7 levels.  It was suggested if the scale becomes too complicated or contains too many levels, people will describe events by using ranges rather than one number or scale level .  



Need for a word picture - pilots stressed the need for a verbal description to provide a mental picture of the impacts, at different levels, on the turbulence reporting scale. There will be a need for pilots to refer to a look-up table, to assess the likely impact on their aeroplane.



Qantas turbulence reporting criteria - Qantas has developed a simplified (from ICAO) verbal description linking aircraft reaction and inside aircraft reaction to turbulence intensity, see Attachment 3.  The table is used by cabin crew when reporting turbulence events to the pilot.



Getting the message to other aircraft - once an event has been detected, especially a severe event, the information needs to be relayed to other aircraft as quickly as possible.  It was suggested that as TCAS is in constant contact with all aircraft within 30 nautical miles, it may be possible to modify TCAS to also provide a turbulence alert symbol.        





Conclusions and Recommendations



Turbulence measurement scale - airline representatives said a six point scale would be acceptable.  The scale itself is not a big concern.  It was also noted that from an operational point of view, airlines do not differentiate between severe and extreme. 



Need to educate pilots and meteorologists - there is a need to ensure that aviation meteorologists and  pilots have the same clear understanding of what the turbulence intensity terms (i.e. each scale level) mean and how they relate to the reactions of different aircraft.



Airlines want information about the maximum level of turbulence - if there is a likelihood of encountering turbulence, airlines want to know what the peak intensity is likely to be.  This requirement is seen as a safety issue.  Light to moderate turbulence is considered as normal - an everyday part of flying. Both sets of information would be useful, especially if it can be used to help delineate the areas of turbulence and assist pilots in finding smoother air.



Airlines would like an indication of the probability of different levels of turbulence - airline representatives said they would like a probability attached to turbulence forecasts and warning, as is done with other aviation forecasts products.



Airlines also want a word picture to relate the turbulence scale to the level to impact - this means there is a requirement to link the verbal descriptions with the scale levels, such as the ICAO scale (and the simplified Qantas scale). Airlines will need a conversion table to relate the scale levels to the impact on each type of aircraft they operate.



Forecasting centres want numbers - in receiving reports of turbulence the Bureau of Meteorology’s National Meteorological Operations Centre would like a number (i.e rather than a descriptive term), to indicate the severity of the atmospheric motion.  That is, a number that is not aircraft dependent.





Grant Sabin

National Manager Aviation Weather Services

5 February 1998

�

Attachment 1

WORKSHOP ON TURBULENCE MEASUREMENT

AND APPLICATION TO THE AVIATION INDUSTRY

9:00am  - 12:30pm, Thursday 29 January 1998

Bureau of Meteorology, 5th Floor, 150 Lonsdale Street, Melbourne





Aims



�SEQ 1,_2,_3, \* Arabic \r 1�1�.	To provide background information on the requirement for and the development of,  systems to automatically measure turbulence on board RPT aircraft;

�SEQ 1,_2,_3, \* Arabic \n�2�.	to explore ways these measurements can be used to improve meteorological services to the aviation industry;

�SEQ 1,_2,_3, \* Arabic \n�3�.	to assist with the formulation of  recommendations to ICAO and WMO on the use of turbulence information for services to the aviation industry; and

�SEQ 1,_2,_3, \* Arabic \n�4�.	to seek further airline involvement in obtaining turbulence data on an ongoing basis.





Agenda



Chair: Grant Sabin - Bureau of Meteorology (BoM)



Item 1	Introduction and Background - Jeff Stickland (BoM.)



Item 2	Algorithm Development and Data Evaluation



- Derived Equivalent Vertical Gust - Doug Sherman (AMRL)

- Eddy Dissipation Rate - Larry Cornman (NCAR)

- Results of off-line evaluation - Andrew Harris (Ambidji)



Item 3	Improving Aviation Weather Services



- Improved turbulence forecasting models - long term benefits.

- Development of a turbulence climatology (frequency, extent, season, etc.)

- Establishment of a realtime alert system to assist flight dispatch and inflight 	 	  service planning and passenger safety.

- As an input for aircraft inspection and maintenance programs.

- Verification of aviation weather service products.











Item 4	Developing Operational Procedures



- Information airlines want - what, format, how, when, etc.

- Development of crew reporting system to assess the impact of different magnitudes - Ongoing airline involvement to collect information, develop and assess service requirements and operational applications.



Item 5	Conclusions and Recommendations

� 
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Attachment 3





Turbulence Reporting Criteria Table





Intensity�

Aircraft Reaction�

Reaction Inside Aircraft��



Light

�

No appreciable changes in altitude or attitude.  Slight rapid and somewhat rhythmic bumpiness occurs�

Occupants may feel a slight strain against seat belts or shoulder straps.  Unsecured objects may be displaced.   Coffee is shaking but not splashed out of cup.  Little or no difficulty in walking.��



Moderate

�

Turbulence that causes changes in altitude and/or attitude.   May cause variations in airspeed with rapid jolts or bumps.�

Occupants feel definite strains against seat belts or shoulder straps.  Unsecured objects move about.   Coffee is splashed out of cup.  Very difficult to walk and manoeuvre carts��



Severe

�

Turbulence that causes abrupt changes in altitude and/or attitude.  It usually causes large variations in indicated airspeed.�

Occupants are forced violently against seat belts or shoulder straps.  Unsecured objects are tossed about or lifted from the floor.   Food service and walking is impossible.��



Extreme

�

Turbulence in which the aircraft is violently tossed about.   It may cause structural damage.�

��









� Maximum values are used in this report despite the 95th percentile value being used in the US implementation. As can be seen from Figs. 1-25 the difference between 95th percentile and maximum (100th percentile) values of (1/3 is negligible.
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