[image: image7.png]



[image: image7.png]
Bureau of Meteorology

Analysis of Data Derived From

Two Turbulence Algorithms

Reporting In-Situ From Qantas B747 Aircraft

Networks and Measurements Section

Observations and Engineering Branch

Bureau of Meteorology

Prepared by Dean Lockett.

February, 1998

Analysis of Data Derived From Two Turbulence Algorithms Reporting In-Situ From Qantas B747 Aircraft

1. Introduction
Since the early 1990s, Qantas Air Services Ltd has been a participant in the World Meteorological Organisation  Aircraft Meteorological Data Relay (AMDAR) program. In keeping with the AMDAR data format specification, Qantas has obtained the turbulence parameter Derived Equivalent Vertical Gust (EVG) via data from the B747 data bus. In September 1997 Qantas installed software on several B747 aircraft that allowed the in-flight reporting of one minute Eddy Dissipation Rate (EDR) average and peak values as specified by Cornman and Morse, 1995, to run concurrently with the existing AMDAR algorithm. This process has allowed the Bureau of Meteorology to receive in-flight reports of turbulence from the two algorithms and conduct an analysis and comparison of the two turbulence parameters.

An outline of the analysis conducted by the Bureau is provided, together with a summary of the conclusions derived from it.

2. Data Reception and Compilation
AMDAR Messages
In-flight data from Qantas is transmitted to the Bureau via the SITA communications network in an agreed format. On reception in the Bureau, the messages are decoded then encoded in the AMDAR format for transmission on the WMO Global Telecommunications System. The AMDAR messages are also switched to the Observations and Engineering Branch in the Bureau where they are ingested into a Microsoft Access database, archived and used for monitoring data quality. Messages are compiled by Qantas aircraft at three different time intervals dependent on location and flight phase. In general, a report is made every seven minutes at cruise altitude if the aircraft is within a specified latitude/longitude ‘box’. Outside this box a report is made every twenty one minutes to help minimise communications costs. The third varying interval occurs when the aircraft is in either ascent or descent phase and is dependent on the rate of change of pressure.

EDR Messages
Routine one minute average and peak EDR values were submitted if the EDR peak was greater than a threshold value (initially this value was set to 0.02 and was later lifted to 0.2 units of EDR). For the period October - December 1997 just over 6000 pairs of EDR average and peak values were obtained.

The first step in compiling the data for analysis was to match the EDR peak values (hereafter referred to as EDR) with the appropriate EVG data from the Access database. The EDR messages contained the parameters date/time (hh:mm), flight number, aircraft identifier and departure and destination airport identifiers. These parameters were enough to isolate the data for the appropriate flight from the database and obtain EVG observations with the same time stamp, or a time stamp within seven minutes (in the future) of the EDR value. The retrieved records were sorted first by time (ascending, i.e. earliest to latest), then by EVG value (descending). The first EVG value was then assigned to the EDR value, resulting in a data set of EDR and EVG pairs for analysis.

It is noted that by definition, the peak EVG value submitted in an AMDAR message is the largest value measured over the interval since the last message was sent. Over this period of time, it is possible that more than one EDR message was sent. The result of this fact in the matching of EDR with EVG above, is that two or more EDR values could be matched against a single EVG value. This problem was overcome by selecting the largest EDR value in the period for which the EVG is valid. That is, if several EDR one minute peak values were available for the period over which a single EVG value was valid, the maximum EDR value only was assigned.

This initial analysis matches only reported EDR values with EVG values. The conjugate of this process must also be considered, i.e. the case where larger EVG values with no corresponding EDR value reported (presumably because the EDR threshold was not reached) must be considered. An attempt is made to address this issue later.

Of the 6001 EDR values, 2572 were able to be matched with a corresponding EVG value. Excluding software failure and the elimination of the multiple matching, the only plausible reason for an EVG not being assigned to a given EDR is that the time difference between the EDR value and the nearest future EVG report is greater than seven minutes.

3. Data Presentation and Analysis
Given that both turbulence parameters are to be linearly scaled to produce a turbulence indicator, it would seem reasonable to look for a linear relationship between them and to surmise that the extent to which the two are correlated is an indication of the extent to which they would indicate the same level of turbulence severity for their respective time periods. Once again it is pertinent to point out the time disparity between the two reported parameters and that conclusions drawn from the results of their matching must be treated with caution.

Figure 1 shows a scatter plot of EVG versus EDR for the data compiled as outlined above. The gridlines on the plot represent turbulence indexing criteria, as proposed by their respective authors and summarised in Table 1. It is noted that both sets of threshold criteria are approximations at this stage (with some rounding) although some validation of EVG has been achieved through pilot reports.  A least squares linear regression fit with forced zero intercept is also shown along with the resulting linear relationship.

Category
EVG (ms-1)
EDR (m2/3s-1)

Nil
< 2
< 0.1

Light
2 < EVG < 4
0.1 < EDR < 0.2

Light - Moderate
4 < EVG < 6
0.2 < EDR < 0.3

Moderate
6 < EVG < 8
0.3 < EDR < 0.4

Moderate - Severe
  8 < EVG < 10
0.4 < EDR < 0.5

Severe
> 10
> 0.5

Table 1.

The following points are made in reference to Figure 1:

· EVG is plotted against ten times EDR;

· the sharp demarcation near the value of 0.2 units of EDR is a result of the threshold of peak EDR for reporting being lifted from 0.02 to 0.2 after an initial testing period:

· there is significant scatter with a correlation coefficient of only 0.81.
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Figure 1. Equivalent Vertical Gust/Eddy Dissipation Rate Scatter Plot. Data is taken from reports from Qantas aircraft over the period 1/10/97 to 31/12/97.

The index criteria in Table 1 were applied to the data and the occurrence statistics are shown in Tables 2 and 3:

Category
EVG (ms-1)
EDR (m2/3s-1)

Nil
1333
1112

Light
908
166

Light - Moderate
250
1014

Moderate
63
211

Moderate - Severe
12
49

Severe
6
20

Table 2.

EDR

EVG
Nil
Light
Light - Moderate
Moderate
Moderate - Severe
Severe

Nil
1060
114
154
4
1


Light
51
46
685
119
6
1

Light - Moderate
1
5
143
66
30
5

Moderate

1
29
19
6
8

Moderate - Severe


2
2
5
3

Severe


1
1
1
3

Table 3.

4. Discussion of Turbulence Index Criteria
It is clear from Tables 2 and 3 that the criteria for a turbulence index based on Table 1 lead to an over-reporting in each category except ‘nil’, of turbulence by the EDR algorithm in comparison to the EVG algorithm. For example, there are 14 instances of severe turbulence according to the EDR criteria, where the EVG indicates moderate or less turbulence.

In order to more directly compare the way the two parameters categorise the turbulence measured, the linear relationship shown in Figure 1 was utilised to scale the EVG criteria and generate corresponding EDR criteria. That is, for each limit of the EVG index criteria CEVGi, a corresponding criterion for EDR, CEDRi was derived using the linear correspondence:

10*CEDRi = CEVGi / 1.2801

[It is noted that the conjugate process of scaling EDR using the same relationship is equivalent, and no assumption is made about the accuracy or ‘correctness’ of either index.]

This resulted in the new criteria for the turbulence indices as shown in Table 5:

Category
EVG (ms-1)
EDR (m2/3s-1)

Nil
< 2
< 0.16

Light
2 < EVG < 4
0.16 < EDR < 0.31

Light - Moderate
4 < EVG < 6
0.31 < EDR < 0.46

Moderate
6 < EVG < 8
0.46 < EDR < 0.62

Moderate - Severe
8 < EVG < 10
0.62 < EDR < 0.77

Severe
> 10
> 0.77

Table 4.

The index criteria in Table 4 were applied to the data and the occurrence statistics in Table 5 and 6 were obtained:

Category
EVG (ms-1)
EDR (m2/3s-1)

Nil
1333
1266

Light
908
1060

Light - Moderate
250
216

Moderate
63
26

Moderate - Severe
12
2

Severe
6
2

Table 5.

EDR

EVG
Nil
Light
Light - Moderate
Moderate
Moderate - Severe
Severe

Nil
1172
158
3




Light
89
718
99
2



Light - Moderate
4
151
83
12



Moderate
1
30
22
10



Moderate - Severe

2
7
2
1


Severe

1
2

1
2

Table 6.

It is clear that, when using the 2nd classification for the EDR index, there is a tendency for the EDR index to indicate a lower level of turbulence severity than does the EVG index. Reasons for the apparent discrepancies between the classifications were sought and will be detailed later.

5. Equivalent Vertical Gust Reports
As mentioned previously, the above work involves matching reported EDR data with appropriate EVG values. It is also important to ascertain whether or not EVG values are being reported without corresponding EDR reports (or equivalently, in this case, unexpectedly low EDR reports), and if so, to explain the reasons.

Given that the majority of the EDR data collected had a threshold criteria of greater than or equal to 0.2 units, the following analysis must be limited to EVG values where the criteria for EDR is expected to be met. From the linear relationship in Figure 1, the threshold value of 0.2 units of EDR corresponds approximately to an EVG of 2.6 ms-1.

The database was searched for all records derived from Qantas aircraft for the period under analysis where the EVG was greater than or equal to 8 ms-1. After eliminating records where the EVG value had been previously matched with and EDR value, and records derived from aircraft on which the EDR algorithm was not yet installed, a data set of some 73 EVG values without corresponding EDR values was obtained.

It is pertinent to point out that all of these 73 data points corresponded to aircraft in either ascent or descent phase, prompting speculation that the correspondence between EVG and EDR breaks down to an extent during these phases of flight.

For nineteen randomly selected flights from which these data points had originated, all EVG and EDR data was plotted as a function of time on the same graph for each flight. A selected sample of these plots are shown in Figures 2 to 6.

The following points are made concerning these plots:

· Figure 2 shows that the significant EVG data values not matched with EDR values are confined to the descent phase of the flight shown, i.e. at the maximum time end of the graph;

· in Figure 3, the significant EVG data values not matched with EDR values are contained within the ascent phase of the flight;

· it is clear that the EDR algorithm is calculating peak values lower than those expected from the linear relationship between EVG and EDR found in section 3 would indicate. This leads to the conclusion that the relationship between the parameters appears to degenerate or change with the phase of the aircraft. This could arise from the variation of many parameters including height, air speed, Mach number. The other factor that could contribute to a difference is the data filtering process that is carried out by the EDR algorithm, but this needs to be investigated at the data processing level.

· Figure 4 is an example of a flight where the EDR algorithm also indicates turbulence during the ascent phase, leading to the conclusion that the EDR algorithm differentiates between acceleration signals of differing frequencies as asserted by the author;

· examination of several EVG series from take-off and landing lead to the conclusion that accelerations equating to EVG values up to and near the vicinity of 6-7 ms-1 are typical. A large acceleration or jolt of up to 10 to 12 ms-1 coincident with aircraft touch-down after descent also seems to be common. However, Figure 5 shows an example of a flight where the EVG exceeds that expected during a typical aircraft descent, the flight level reported indicating that the larger EVG value is not associated with a landing ‘jolt’. The size of this EVG value prompts speculation as to whether or not this excursion might be associated with atmospheric turbulence creating additional load on the aircraft and being manifested as a larger EVG value. Given that no EDR values are transmitted it seems possible that the EDR algorithm is not indicating the extent of the atmospheric turbulence and is certainly giving no indication that the aircraft has experienced a load that, based on EVG criteria, exceeds the value required for reporting severe turbulence.

· Figure 6 provides an example of a flight where a large EVG value is recorded on ascent with a corresponding EDR recorded. Based on Table 4, this event is rated as light according to the EDR criteria and severe according to the EVG criteria.



Figure 2. Ten times EDR and EVG plotted against time for a single flight.
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Figure 3.
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Figure 4.
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Figure 5. A relatively large value of EVG is experience on descent.
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Figure 6. A relatively large value of EVG is experience on ascent with a corresponding EDR triggered.

6. Exclusion of Ascent/Descent Data
Given the irregularities between the two algorithms as explained in section 5, it would appear that some of the discrepancies between the statistics shown in Tables 5 and 6 may be attributable to the fact that data from aircraft in descent and ascent phases are included. These flight phases pertain to periods where the filtering process associated with the EDR algorithm is likely to be active in removing loads associated with manoeuvring and where dependent parameters are changing most rapidly, e.g. altitude and air speed. One would expect that removing data associated with these phases would lead to considerably better consistency between the characterising of turbulence events by the respective index criteria.

Figure 7 shows a scatter plot of EVG and EDR with the data used in Figure 1, minus the data pairs corresponding to aircraft in ascent or descent flight phase. The resulting data set consists of 1575 EVG and EDR pairs. A least squares linear regression fit with a forced zero intercept is also shown and leads to the linear relationship:

EVGi = 1.0529(10*EDRi)

The above linear relationship was utilised to calculate EDR criteria corresponding to the EVG criteria in Table 1. These criteria, shown in Table 7, were then applied to the new data set to produce the occurrence statistics shown in Tables 8 and 9.

Category
EVG (ms-1)
EDR (m2/3s-1)

Nil
< 2
< 0.19

Light
2 < EVG < 4
0.19 < EDR < 0.38

Light - Moderate
4 < EVG < 6
0.38 < EDR < 0.57

Moderate
6 < EVG < 8
0.57 < EDR < 0.76

Moderate - Severe
8 < EVG < 10
0.76 < EDR < 0.94

Severe
>10
>0.94

Table 7.

Category
EVG (ms-1)
EDR (m2/3s-1)

Nil
889
766

Light
630
767

Light - Moderate
50
37

Moderate
5
4

Moderate - Severe
0
1

Severe
1
0

Table 8.

EDR

EVG
Nil
Light
Light - Moderate
Moderate
Moderate - Severe
Severe

Nil
756
132
1




Light
10
611
9




Light - Moderate

23
25

2


Moderate

1
2
2



Moderate - Severe







Severe




1


Table 9.
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Figure 7. Equivalent Vertical Gust/Eddy Dissipation Rate Scatter Plot. Data is taken from reports from Qantas aircraft over the period 1/10/97 to 31/12/97. Data associated with ascent and descent flight phases has been removed.

The following points are made concerning Figure 7 and Tables 7 - 9:

· there is an increased correlation between EVG and EDR when data relating to aircraft in ascent or descent phase is removed, as shown in Figure 7, and is marked by an increase in the correlation coefficient from 0.81 to 0.92;

· the elimination of this data also resulted in an increased correspondence between the categorisation of the turbulence experienced as expected;

· the eliminated data, or the data associated with aircraft in ascent or descent phase was also plotted, but is not shown. The correlation coefficient between EVG and EDR for this data was 0.84. A least squares linear regression fit with a forced zero intercept yielded the linear relationship: EVGi = 1.6078(10*EDRi). The linear correlation is not as strong as for the level flight data but is still reasonable. A significant change is in the relationship between EVG and EDR. The multiplication factor for level flight was 1.0529 compared with 1.6078 for ascent and descent flight phases.

7. Summary and Conclusions
The measured Peak Eddy Dissipation Rate (EDR) (as is EVG), is a scaled version of the vertical acceleration and is based on the fact that the aircraft is a sensor and may not be an accurate measure of the real atmospheric turbulence. It does however, correlate reasonably well with the Derived Equivalent Vertical Gust (EVG) parameter, which is promoted as an aircraft independent approximation of the primary vertical velocity that would cause the acceleration experienced by an aircraft at mean sea level. Complications in analysing this relationship arise as a result of the EDR being derived from a filtered and averaged (RMS) acceleration signal, in contrast to EVG, which is derived from a raw acceleration signal, and is further complicated by the difference in the time intervals at which the two parameters are reported by the on-board computer system.

Despite these complications, an attempt was made to obtain a set of corresponding EDR and EVG data pairs and explain any inconsistencies between the two methods of characterising aircraft turbulence.

It was found that when data from all phases of a flight were included, there was limited correlation between the parameters and an unacceptable amount of discrepancy in the way that the turbulence was categorised. Considerable improvement in the categorisation was made when the criteria limits were scaled using a derived linear relationship.

Study of EVG reports with unexpectedly low corresponding EDR lead to the conclusion that the correspondence between EDR and EVG is both diminished and altered during ascent and descent phases of aircraft flight. This was confirmed in this study by excluding data pertaining to these phases and observing a marked increase in the correlation between EVG and EDR, and as a result, the characterisation of the turbulence using their respective criteria. The results indicate a stronger linear correlation between the two although the number of events in the higher turbulence categories was small.

This discrepancy, arising in ascent and descent flight phases, would seem to be the result of a dependency on one or more variables, such as altitude, air speed etc., in either one or both turbulence parameters. It may also be associated with the lower frequency filtering applied in the EDR algorithm in an attempt to remove the component of acceleration associated with pilot manoeuvring of the aircraft. Given that limited manoeuvring is likely at certain times during level cruise flight also, especially in the vicinity of turbulence, it is likely that this difference between the algorithms is a factor in the level of  correlation even after the data associated with ascent and descent flight phases has been removed.

The performance of both algorithms during ascent and descent phases of flight would appear to require further investigation.
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