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A comparison of wind observations from a flight of the DRA(B) BAC 1-11
research aircraft over Hemsby, 11 June 1991, with observations from the
Hemsby radiosonde
Abstract

Observations of wind, temperature and height made during a single flight
of the Bedford Defense Research Agency’s BAC 1-11 research aircraft near
Hemsby are compared with observations from a dedicated radiosonde launch from
the Hemsby radiosonde station. Winds derived from the Racal RNS5000 system
(RNS) and the Inertial Navigation System (INS) are analysed for a number of

straight flight sectors, each sector being separated by a relatively sharp
aircraft turn. Both level and ascending flight are addressed. The RNS winds
are found to fit the radiosonde winds more closely than do the INS winds. On
individual flight sectors typical 4 standard deviations of _qélrcraft—radiosonde
U-component differences were 0. 75ms for the RNS and 1.4ms for the INS.
However, for both the RNS and INS, biases were found to vary considerably
between different flight sectors and as a result the standard deviations
calculated over all sectors are somewhat larger. This effect is particularly
marked for the INS for which the standard deviation over all sectors is
6.17ms—1 =~ al factor: ~4 L that ‘for @ the individual sectors. This suggests that for

detailed analysis of aircraft data in terminal areas it may be advantageous to
address the observation bias separately for individual flight sectors. There
is evidence to suggest that for both INS and RNS winds biases are smallest in
level, headwind flight.

Temperature observations from the Digital Airdata Computer (DADC) system

were found to be cool, on average, compared to the radiosonde temperatures (by
0.67K). Aircraft based GPS measurements of height were found to read low, on
average, compared to the radiosonde measurements (by 17.9m), however it was

not possible to attribute the difference to bias in either the GPS or

radiosonde measurements.

1. Introduction

Wind, temperature and height observations made during a single flight of
the Bedford Defense Research Agency’s ( DRA(B) ) BAC 1-11 research aircraft
near Hemsby are compared with observations from a dedicated radiosonde launch
from the Hemsby station at 0837GMT 11 June 1991. The main purpose of the
comparison is to investigate the error structure of the aircraft’s wind
observations - as derived from three onboard systems - using the radiosonde
data as "truth". The work is in support of the WAFTAGE research programme
(WAFTAGE is an acronym for Winds Analysed and Forecast for Tactical Aircraft
Guidance over Europe), and is motivated by the need for a better understanding
of the observation errors associated with aircraft data. Wind and temperature
observations from commercial aircraft will form the main data input to WAFTAGE
and an improved understanding of the observation errors is required in order

to make best use of the data. The results of the comparison will be used to



help determine strategies and parameter tuning in the WAFTAGE quality control
and analysis schemes. The study follows on from a similar exercise documented
by Lunnon et.al. (1991).

Wind observations derived from three on board navigation systems were
available to the study; a Ferranti Inertial Navigation system (INS), the Racal
RNS5000 system (RNS) and an Attitude and Heading Reference Unit (AHR). The
navigation systems give the aircraft location which, together with the
aircraft air speed and heading information, may be used to derive the wind
vector. The two systems of main interest are the INS and RNS: the INS system
is that used in the derivation of most current aircraft reports (e.g. AIREPS,
ASDARS, ACARS); the RNS is a new system developed by Racal and not as yet
deployed on commercial aircraft. A full description of the INS and RNS systems
is beyond the scope of this report, however it is worth noting the fundamental
differences: the INS works by integrating the aircraft accelerations in order
to continually update the aircraft position, a disadvantage of the INS is that
problems with the integration can result in "drifting" of the INS positions
and consequent errors in the calculation of the wind vector (personal
communication - D.Forrester); the RNS system uses ground beacons to locate
position, and should therefore be less prone to drift, however its field of
operation is limited by the number of ground beacons in range of the aircraft.

Details of the aircraft flight path, which consisted of a series of loops
in order to remain in the vicinity of the radiosonde, are given in section 2.
The ambient synoptic scale flow pattern which, through differences in spatial
(and temporal) location of the radiosonde and aircraft, will contribute to
differences in the observations, is discussed in section 3. Differences in the
representativeness and processing of the aircraft and radiosonde data which
will affect the comparison are outlined in section 4. A graphical comparison
of the differences in wind observations is given in section 5, and is
complemented by a statistical comparison in section 6.

In addition to wind observations, aircraft and radiosonde measurements of
temperature and height are also compared, and are presented in section 7 and
8, respectively. The temperature observations were made by a Digital Air Data
Computer (DADC) system, and the height measurements by a Navstar global
positioning system (GPS). A summary and recommendations for future research

are given in section 9.



2 The flight path

The aircraft flight path described a series of loops in order to remain

in the vicinity of the ascending radiosonde. Figures la-d show details of the
flight path for each of 5 legs executed by the BA-111. Aircraft positions at
10sec intervals are shown; on level portions of the flight, position is
indicated by pluses; on ascending portions by triangles; and on descending
portions by squares. The aircraft pressure observation is also shown every
100secs. The position of the radiosonde at the lowest and highest pressures
recorded by the aircraft on the leg are also shown. For clarity of
presentation the latitude scale has been stretched; this causes some
distortion of bearing and to aid interpretation a line oriented NW-SE has been
drawn in the lower left of the figure. The location of Hemsby has been added.
For purposes of reference the flight path has been divided into 11
approximately straight sectors flown approximately up and down the wind

direction, which had a strong westerly component.

Leg 1 (Fig.1la)
Consists of headwind and tailwind sectors (1&2) at ~902mb. A climbing turn
then leads into a headwind climb (3) to 573mb.

Leg 2 (Fig.1b)
Consists of a tailwind sector (4) mainly level but with a short climb to
528mb. A level turn then leads into a headwind climb (5) to 365mb.

Leg 3 (Fig.l1c)
Begins with a climbing turn to 345mb. This is followed by tailwind and
headwind sectors (6&7) at ~345mb.

Leg 4 (fig.1d)
A level turn at 345mb leads into a climb to ~238mb, comprising tailwind and
headwind sectors (8&9) and linked by a climbing turn.

Leg 5 (Fig.le)

A level tailwind sector at 238mb (10) is followed by a level turn and a
headwind sector (11) which begins level, then descends to 678mb. The descent
is interrupted by a short level stretch at 526mb. The descending part of
sector 11 corresponds with the return of the BAC 1-11 to Bedford, and



observations from the lower part of the flight are 1likely to be
unrepresentative of the radiosonde observations at the same level (they differ
by some 100km in location and 1hr 20mins in time). For this reason, and
because no INS data were available on descent, analysis of the the descending

part of the flight is not included.

S Discussion of the ambient upper air flow, 06Z 11 June

The 06Z wind flow analyses (produced by the Met. Office’s local area
prediction model) for the UK and North Sea are shown in figures 2a-e for the
850mb, 700mb, 500mb, 300mb and 250mb levels respectively. The analyses give an
idea of how horizontal gradients in the synoptic-scale wind field are likely
to affect the comparison. The sides of the rectangular area shown represent
the maximum and minimum latitude and longitude coordinates of the aircraft
during the ascending and level legs of the flight. As figures la-e show, the
aircraft remains fairly close to the radiosonde during the ascending and level
legs, and therefore the variation of wind speed and direction within the area
shown should give an idea of the maximum difference that can be expected
between the radiosonde and aircraft observations as a result of gradients in
the synoptic-scale wind flow.

At all levels, the area is downwind of an anticyclonic ridge in the flow
field. This is particularly evident at 850mb, and will give rise to a backing
in the wind direction as the experiment area is traversed from east to west.
The variation in low-level wind direction across the area is likely to have
increase by the radiosonde release time, 0837GMT (~2.5hrs after the valid time
of the charts shown), as the ridge axis moved into the experiment area. There
is very little gradient in wind speed at 850mb, 700mb and 250mb. At 500mb and
300mb there is very 1little north-south gradient in wind speed, however
west-east gradients give rise to a difference of 4ms'1, éms = at 500mb and

300mb respectively.

4. Data pre-processing and representativeness

Pre-processing

To obtain some uniformity in the vertical spacing of the aircraft and
radiosonde observations the frequency of the aircraft data, available at 16Hz,
was reduced to a rate of 1 observation every 10sec. This gives a vertical

spacing, during ascending sectors, ranging between 30m and 100m, which



compares with a vertical spacing of ~10m for the radiosonde. To distinguish
between level, ascending and descending portions of the flight the height
increment between consecutive 10sec intervals was recorded; if the increment
was greater than 20m, the phase of flight at the later observation was set as
ascent; similarly descent was defined as a height increment less than -20m,
and level flight as an absolute height difference less than 20m.

Throughout this report aircraft track angle is defined according to the
meteorological convention (i.e. the direction from which the aircraft is
approaching). The modulus of the difference between aircraft track angle and
radiosonde wind direction was used to distinguish between headwind and
tailwind sectors; headwind for differences exceeding 90°; tailwind for

differences less than 90°.

Representativeness
Three factors will contribute to differences between the observations;
1) differences in location (in space and time).
2) differences in representativeness
3) differences in instrument performance.
We wish to assess (3), so it is clearly desirable to minimise differences
associated with (1) and (2). Differences due to (1) have been discussed
qualitatively in the previous section and will be referred to where it is
thought that they may contribute significantly. No attempt was made to allow
for the effects of ambient wind field gradients in the statistical analysis.
Differences in representativeness depend on the aircraft phase of flight
and on differences in the processing of the aircraft and radiosonde data. The
radiosonde winds used in the comparison are averages over a 60sec interval,
and are therefore representative of depth of ~300m (the ascent rate of the
sonde is ~5ms-1), and a horizontal scale of order ~1km (assuming a mean wind
speed of ~15ms_1). The RNS winds are effectively weighted means over a period
totalling 60secs (the actual meaning period is longer - but the average is
heavily weighted to the last 60secs). In the experiment described here, ascent

1), the radiosonde

rates were of similar order to that of the radiosonde (~5ms”
and RNS winds will therefore be representative of a similar depth (~300m).
However, the horizontal scale associated with the RNS winds will be an order
of magnitude larger (~10km, assuming a ground speed of ~150ms-1L

During level flight the vertical scale associated with the RNS

observations will be much smaller than that of the radiosonde, and we may



expect differences in the observations to contain a larger contribution from
representativeness effects.

Two factors which further complicate the comparison between radiosonde
and RNS winds should be borne in mind. The first concerns a difference in the
way the two data types are averaged. The radiosonde winds are a post-processed
centred mean, whereas the RNS means are derived from prior data and will
either be assigned to the top or bottom of the layer traversed according to
whether the aircraft is ascending or descending. The second factor concerns
the RNS practice of excluding, from the data averaging, and data recorded when
the aircraft roll angle was greater than a threshold value. This may have the
result that RNS output immediately after exiting from a roll may be influenced
by data recorded prior to the roll (even if the duration of the roll is
greater than the effective averaging period of 60secs).

In contrast to the RNS winds, the INS and AHR winds are essentially spot
observations, and comparison with radiosonde winds is therefore likely to be
more prone to differences in representativeness. To address this problem a
mean INS wind was calculated for each time by taking the mean of the previous
60secs of data. However, although radiosonde-INS differences for the meaned
data were slightly smaller than for the raw data, the statistics were
essentially very similar, and therefore only results for the raw INS winds
will be discussed here.

Initial inspection of the AHR data suggested that there had been some
malfunction of the AHR system resulting in unrealistic winds. For this reason

the AHR data were not included in the statistical analysis.

5. Wind profiles

Profiles of wind direction and speed plotted from the radiosonde
observations and from the RNS, INS and AHR winds over all ascending sectors
are shown in figures 3a&b. As mentioned above, it is clear that the AHR data
is unrealistic; the wind directions are erratic and the wind speeds are far
too large and are constant above about 600mb. The AHR wind directions appear
closely linked to the aircraft heading (see figure 5a). Because of these

errors the AHR data are not included in further analysis.



5.1 Ascending sectors

Direction differences

Figures 4a&b show the wind direction and speed profiles as in figures
3a&b, but on an expanded scale and without the AHR profiles. The ascent has
been divided into the tailwind, headwind, and climbing turn sectors described
in section 2. The typical angular difference between the wind direction and
the aircraft track are given. The aircraft track and roll angle are shown for
reference in figures 5a&b. The wind profiles are discussed below with
reference to the different flight sectors.

Referring first to the wind direction (figure 4a), it may be seen that
the radiosonde profile (solid line) records a general veering of direction
with height from 260° at 900mb to 300° at 240mb. As expected from
consideration of representativeness (section 3) the radiosonde and RNS
profiles show a similar representation of small scale structure, while the INS
data shows rather more fine structure than the other two.

The aircraft ascent begins with a climbing turn prior to sector 3. Over
this interval the radiosonde data indicates a wind direction veering with

o

height from 2600  to 270" The corresponding INS direction backs
unrealistically from ~290° to ~260°; the RNS directions, in contrast, are
constant, reflecting the fact that no updating of direction information
recorded prior to the turn has taken place because of the large roll angle
(cf. figure 5b). The same sort of behaviour, i.e. large swings in the INS
directions and constant RNS directions may be seen in the other climbing turns
after sectors S and 8.

During sector 3 (headwind), both the INS and RNS data show similar
profiles, however, both are backed by about 10° from the radiosonde direction.
The greater backing of the aircraft winds is likely to be due, at least in
part, to the gradient in the direction of the synoptic-scale wind. During much
of sectors 3&4 the aircraft was located west of the radiosonde towards more
backed wind directions. The fact that both the INS and RNS directions are
backed from the radiosonde directions, and agree with each other is further
evidence that the horizontal gradients of wind direction were important. In
this respect the direction biases are likely to be more reliable above 500mb -
where the gradients in wind direction were less marked.

Despite the bias, the general trends in the profile correspond well; note

the "nose" at a and the smaller scale detail at b and ¢. In sector 4



(tailwind) the INS and RNS directions are again very similar and remain backed

from the radiosonde directions, with a slight trend for backing with height
exhibited by all three profiles. In sector 5 (headwind) the INS and RNS
profiles diverge progressively, with the INS directions coming more into line
with those of the radiosonde. A brief direction swing to around 310° in the
INS profile near 430mb appears to be associated with an increase in the roll
angle to 7° at this level (cf. figure 5b). In contrast to sector 5 the best
agreement in sectors 8 and 9 is between the radiosonde and RNS directions. In
sector 8 both the RNS and INS directions are backed relative to the
radiosonde, while in sector 9 both are veered. The INS profile in sectors 8
and 9 gives the impression that the directions take some time to recover from
the marked swings which appear to affect the data during the preceding turning

manoeuvres when the roll angle is large.

Speed differences

The wind speed profiles for ascending sectors are shown in figure 4b. The
radiosonde profile shows a low level wind speed maximum near 850mb above which
the wind speed increases with height from 14ms = to 20ms = at 500mb. Above
500mb wind speeds increase more quickly with height to AJKSms-1 at 240mb. The
climbing turn prior to sector 3 corresponds with the shear zone below the
aforementioned low-level wind maximum. In this zone the INS speeds increase
more rapidly than do the radiosonde speeds, while the RNS speeds, like the
directions described above, remain constant. As a result the maximum in the
INS profile is at the correct level but is too strong, while in the RNS
profile the maximum is displaced upwards and is too weak. Similar behaviour,
i.e. constant RNS speeds and rapidly varying INS speeds, may be seen in the
climbing turns after sectors S5 and 8.

Below 500mb there is little horizontal gradient in wind speed, and over
much of sector 3 the INS, RNS and radiosonde speeds are in broad agreement.
The INS speeds are at first stronger than the radiosonde speeds (by about
3ms-1) but lose strength relative to the radiosonde speeds with increasing
height. The RNS speeds, in contrast, reproduce the shape of the radiosonde
profile more faithfully but are consistently weaker by around 1—3ms-{

INS wind speeds in sector 4 (tailwind) are considerably stronger than
those in the adjacent headwind sectors (3&5), and stronger than the radiosonde
speeds (by about 3ms-1). This behaviour gives rise to an apparent jet-like

structure in the INS profile near 550mb. Comparison with the radiosonde




profile, which indicates wind speeds approximately constant with height in
this region, suggests that this feature 1is unrealistic. A similar jet-like
feature, though of much smaller amplitude, may also be discerned in the RNS
profile for sector 4. In contrast INS winds for sector 5 (headwind) are weaker
(by about 8ms_1) than the corresponding radiosonde speeds. RNS speeds in this
sector are also weaker than the radiosonde speeds, but by a smaller margin.
Over the later part of sector 8 and in sector 9 the RNS speeds are quite
similar to the radiosonde speeds, although slightly weaker. In contrast the
INS speeds show a tendency to be too strong over sector 8 (tailwind) and too

weak over sector 9 (headwind).

5.3 Level sectors

The radiosonde, RNS and INS winds for the level sectors of the flight
path are shown in figures 6a&b. There were five level sectors in all at,
approximately, 902mb, 527mb, 345mb, 238mb and again at 527mb. The radiosonde
wind interpolated to the aircraft pressure level is shown in solid line and
the scatter of the RNS and INS wind observations about the radiosonde values
are shown by crosses and pluses respectively. For clarity the radiosonde data
has been plotted as continuous with time, however, only that portion of the
continuous line adjacent to the plotted aircraft data is relevant. It is clear
from both figures 6a&b that in general the RNS observations are more closely
grouped around the radiosonde values than are the INS data. The greater
scatter in the INS data is not only a reflection of the fact that they
represent "spot" observations - since a similar plot using the 60sec mean INS
data showed similar characteristics.

Biases in INS wind direction and wind speed may be seen from figures
6a&b. Referring first to wind direction (figure 6a), the flight sectors at
902mb and 345mb suggest that INS winds tend to be backed in tailwinds and
veered in headwinds. A similar pattern is visible in the RNS data for the
238mb sector (for which there was no INS data). Moreover, a similar pattern is
evident in the RNS data at 345mb, although at this level the pattern is
superimposed on a general bias towards backing.

Referring to figure 6b, it may be seen that INS speeds at 902mb were
biased too strong in the headwind section and too low in the tailwind section.
At 345mb, however, the trend is reversed with speeds biased high in the

tailwind section and low in the headwind. Apart from the sector at 902mb,



where RNS speeds show a small positive bias, and the later of the two sectors

at 527mb (sector 11), where a large positive bias may be seen (~1Oms,-1) the

RNS speeds tend to be biased too low.

In summary, we draw the following points from the above comparisons.

Ascending flight

There is a problem with the AHR data which makes it unsuitable for
further analysis.

INS direction and speed data are unreliable during turning

manoeuvres (i.e. when the roll angle is large). Both directions and
speeds show marked swings about the radiosonde direction.

The RNS strategy of not updating the wind observation when the roll
angle exceeds a threshold value can result in significant wind speed
errors (~1Oms_1) when the aircraft is climbing through a region of
marked vertical shear. This may lead to a vertical displacement in the
observed level of wind maxima.

Both INS and RNS directions are backed from the radiosonde direction by
about 10° over the lower half of the ascent. The backing may be
attributed, at least in part, to horizontal gradients in the ambient
flow. For this reason the comparisons at levels above 500mb are likely

to give the most reliable estimates of observation bias.

Level flight

Relative to the radiosonde winds INS winds are backed in tailwinds

and veered in headwinds. A similar, but much damped, pattern is visible
in the RNS winds.

On most level sectors the INS wind speeds show a large bias (~8ms_1)
relative to the radiosonde wind speeds. Examples of both negative

and positive bias are seen and, unlike the direction biases, the sign of
the bias is not consistently related to whether the observation was made
in headwind or tailwind flight. Similar, but much damped, patterns are
evident in the RNS output. RNS wind speeds are generally too weak - by

about 3ms ..
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6. Statistical analysis

6.1 Direction and speed differences

A statistical analysis of the differences between the aircraft
observations (RNS and INS) and the radiosonde observations 1is given in
tables 1-8, observations made when the aircraft roll angle exceeded 5° are not
included in the calculations. The tables confirm the general trends evident

from figures 3-6 discussed in the previous sections.

Mean differences

Table 1 shows the mean direction differences for the four level and four
ascending legs, where possible a mean value is given for both the headwind and
tailwind parts of each leg. A negative mean indicates aircraft wind directions
backed with respect to radiosonde directions. We first note that for both the
RNS and INS measurements the direction bias may vary markedly both between
different legs and between the headwind and tailwind portions of the same leg.
As may be seen from the legs with both tailwind and headwind flight, RNS and
INS observations of wind direction made in tailwind flight are backed relative
to those made in headwind flight. This is particularly evident for the INS
winds, which show differences of up to ~20° between the headwind and tailwind
means. The large variations in the bias found on consecutive flight sectors
suggests that bias in the observations contributes much more to the mean
differences than do the effect of gradients in the ambient wind field (the
likely effect of horizontal gradients in wind direction on the biases at low
levels (i.e. the 902-573mb leg) has been discussed in section 3).

For both RNS and INS measurements the absolute mean difference is
largest, in most cases, for the tailwind part of the leg. There is some
evidence to suggest that biases are smallest in level, headwind flight. The
mean speed differences are shown in table 2. Typical values of wind speed bias
are 1-3ms = for the RNS; and 4-5ms . for the INS. Overall the RNS speeds are
biased low, apart from the level leg at 902mb - where there was a small
positive bias. The INS speeds show a tendency to be biased low in headwind
flight and high in tailwind flight - apart from the level leg at 902mb where
the pattern is reversed. For the INS winds the absolute value of the wind
speed bias is largest in headwind flight, RNS absolute values are similar in
both headwind and tailwind flight.

There is no firm evidence to suggest that the direction and speed biases

11



may be significantly different between level and ascending portions of the

flight.

Standard deviations

The standard deviations of direction differences are shown in table 3.
RNS and INS standard deviations are generally similar, and are in the range
0.5 - 6.0° (apart from INS tailwinds in the level leg at 902mb, where an
extreme value of 18.58° occurs). In the main, the RNS standard deviations are
smaller that the INS standard deviations in headwind flight, whilst the
reverse is true in tailwind flight. The standard deviations of wind speed
difference are shown in table 4. The largest standard deviation is 1.9Sms-1
for the RNS and 2.3ms-1 for the INS. For the most part the RNS standard
deviations for speed difference are smaller than those for the INS (apart from
the tailwind case in the leg 527-344mb, and the headwind case in the leg
344-238mb). This is to be expected bearing in mind the fact that no averaging
has been performed on the INS data. As was found for the direction
measurements, there is no evidence to suggest that the standard deviations are
significantly different in tailwind or headwind flight.

The fact that the standard deviations in level and ascending flight are
not significantly different suggests that the dependence of representativeness
on phase of flight 1is small - and does not significantly affect the

comparison.

6.2 Differences in U and V components

Tables 5&6 give a summary of the mean and standard deviation of the
differences in u and v components. Because the flow was predominantly westerly
the u-component mean speed differences (table 5) show similar characteristics
to the differences in total wind speed (table 2). RNS u-components are biased
low in the main, the maximum absolute magnitude of the bias being 3.41ms-%
INS u-components show biases of opposite sign in head and tailwind flight and
are much larger in magnitude than the RNS biases - exceeding 8ms™' on four of
the sectors. The RNS v-components are, in the main, biased high, with the
largest bias seen in tailwind flight (7.72mss"1 in ascent between 527-344mb -
although this 1is from a sample of only 5 observations). The INS mean
v-components are biased high in tailwinds, while in headwinds the bias is as

often negative as positive. For both RNS and INS the absolute magnitude of the
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v-component biases are larger in tailwinds, with the INS values larger than

the RNS. By contrast the bias for headwind measurements is most often largest

for the RNS.

Standard deviations

U-component standard deviations (table 6) for the RNS are all less than
1.7ms-1, with 9 of the 13 sectors showing standard deviations of less than
lms-l. Standard deviations for the INS u-component are generally in the range
1-2ms™" (with only one sector having an SD below Ims '). Standard deviations
for the v-component are generally of similar order for the INS and RNS.

Tables 7&8 show mean and standard deviation of aircraft-radiosonde
differences for all level and ascending legs, and illustrate how the standard
deviations of the differences increase markedly when data from all legs is
combined. The combined standard deviations for headwind and tailwind flight
are larger than that for any of the individual legs, most notably in the
differences for INS u-component for which the standard deviations are in the
range ~1-2ms”' for individual legs, but rise to 5.22 and 5.45 in combined
headwind and combined tailwind flights respectively. If headwind and tailwind
sectors are combined the standard deviation rises to 6.17 (table 8). The
larger standard deviations for the combined data is a consequence of the
variation in bias between separate legs (individual observations with a small
deviation about the "leg" mean may deviate markedly from the overall mean).
The same effect is evident in the v-component winds, but with rather less
difference between the RNS and INS observations.

The above result suggests that to maximise the assumed accuracy of the
observation (and thereby to give maximum weight to the observations in the
analysis) it will be advantageous to estimate the bias separately for each
individual leg of the available flight path.

6.3 The effect of roll angle

Table 9 shows rms wind component differences for data obtained when the
aircraft roll angle was within three ranges. The less—than—So range
corresponds to the mean and standard deviation data given in table 8. Since
RNS winds are held constant when the roll angle exceeds a threshold value we
expect to see more roll-angle dependence in the INS winds. This is the case

for the INS v-component, for which an rms error of 3.75ms”" for roll angles
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less than 5° increases to 5.11ms = for roll angles greater than 25°. The RNS
rms differences for both u- and v-components also increase slightly with
increasing roll angle. However, rms errors for the INS u-component show a
decrease with increasing roll angle; this is likely to be due to the exclusion
of data with large biases (present in the INS u-component during some straight
legs cf. table 5) when only observations taken at roll angles greater than 5°

are considered.

7. Comparison of temperature observations.

The difference between the static temperature measurements recorded by
the on board Digital Air Data Computer (DADC) system and the radiosonde
temperatures interpolated to the aircraft pressure are shown in figure 8 for
all ascending legs. Both the DADC and radiosonde temperature measurements are
essentially "spot" values, so their representativeness should be similar. The
aircraft temperatures are for the main part cooler than the radiosonde
temperatures, with the exception of two layers centred near 700mb and 430mb
where DADC temperatures are warmer. The difference statistics corresponding to
figure 8 confirm a negative bias of 0.67K; the standard deviation from the

mean was 0.59K, and the maximum absolute difference 1.85K.

8. Comparison of aircraft GPS heights and radiosonde heights

Aircraft observation of the height of pressure surfaces made by an
onboard Global Positioning System (GPS) have been compared with heights
derived from the radiosonde data. No pressure information was available on the
GPS dataset, so it was necessary to use the observations of flight level
recorded by the DADC system in an intermediary step. The DADC flight level
data are observations of pressure converted to height using the ICAO standard
atmosphere. The following procedure was followed; GPS heights as a function of
time (from the GPS dataset) and pressure as a function of time (from DADC
dataset) were combined to obtain GPS heights (Zg) as a function of pressure.
The radiosonde height observations of the corresponding pressure levels were
then obtained by interpolation. Two measurements of height were available from
the radiosonde data; that derived from radar measurements of the radiosonde
range and elevation (Zr); and that derived by integration of the hydrostatic
equation using the radiosonde temperature measurements (Zh). The Zg, Zr and Z

h
heights are shown in figure 8 as differences from the corresponding ICAO
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standard heights (Zr and 2h have been converted to geometric metres from

geopotential metres). The best agreement is between Zg and Zh’ particularly

above 400mb. Below 400mb Zg reads low compared to Z_ - by ~30m (no GPS data

h
was available between about 350 and 450mb). At 500mb a 1mb pressure interval
is equivalent to ~15m, so the discrepancy between the 2g and the Zh could be
explained by a ~2mb negative bias on the aircraft pressure sensor. The large

discrepancy seen between the Zr and Z_observations are not uncommon (personal

h

communication, John Elms). For the whole ascent the mean Zg - Zh difference

was —-17.9m with a standard deviation of 10.9m.

9. Summary and recommendations

Observations of wind, temperature and height made from instrumentation on
board the DRA(B) BAC 1-11 have been compared with those made by a nearby
radiosonde released at Hemsby. Comparison of INS and RNS winds show the RNS
winds to be the more reliable, with smaller biases and standard deviations
from the radiosonde observations. Biases on observations made during different
sectors of the flight were found to vary considerably. In particular the INS
wind direction biases vary by up to ~20° between flight sectors and are
frequently of different sign. The variation in bias between different sectors
results in standard deviations calculated for all the observations being much
larger than the typical standard deviation for an individual sector. For
example, typical standard deviations for the INS u-component on individual
sectors are ~1.5ms ' while the standard deviation for all sectors combined is
6.17ms_1. If this result is typical of INS performance then it will be
advantageous for the WAFTAGE quality control/analysis scheme to attempt to
remove the bias on individual sectors of a given flight, in order that the
assumed error of the observation be minimised. However, it must be said that
the variation in bias may be due to INS drift induced by the sharp nature of
the aircraft turns in this experiment. Turning manoeuvres in commercial
aircraft, even 1in terminal areas, are likely to be 1less sharp - and
consequently less demanding of the INS.

A tendency for wind direction measurements during tailwind flight to be
backed relative to those during headwind flight was found for both the INS and
RNS systems. There is evidence to suggest that biases are smallest in level,
headwind flight. RNS wind speeds were biased low, in general with respect to

the radiosonde winds; while for the INS both positive and negative biases were

15



found with a predominance of positive biases in tailwinds and negative biases
in headwinds.

INS winds were found to be unreliable at large roll angles (i.e. during
turning manoeuvres) when marked swings in the INS wind direction and speed are
observed. The RNS system does not update the wind speed and direction output
when the roll angle is above a given threshold, and this can give rise to
significant error when the aircraft is climbing through a region of marked
wind shear.

For this flight the DADC temperature observations were found to be biased
low relative to the radiosonde temperatures (by -0.67 K). GPS height
measurements were found to read low, on average, relative to the radiosonde
heights by 17.9m. Unfortunately, it was not possible to attribute the source
of the difference to bias in either the GPS or radiosonde measurements (a
small negative bias (of 1-2mb) in the aircraft pressure observations would

also give rise to similar differences).

Recommendations for future work

Clearly, comparisons based on a single flight do not provide a basis with
which to draw firm conclusions, and further comparisons experiments are
required. As is evident from sections 3&4 of this report, comparisons with
radiosonde observations have the disadvantage that factors related to the
ambient wind gradients and to the different representativeness of radiosonde
and aircraft data are difficult to separate from the true observation
differences. Similar problems are 1likely to occur if the experiment were
performed using a wind profiler rather than a radiosonde. For these reasons it
is proposed that the next study should entail a comparison of raw and
“corrected" INS winds (such as the corrected INS data available from
Meteorological Research Flight tapes). Comparing observations made from the
same platform at the same resolution will avoid the aforementioned problems.

The greater stability of the RNS measurements compared to the INS
measurements suggest that winds derived using GPS data may be more reliable
than those derived using INS. The next study should include an evaluation of
GPS-derived winds.
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RNS INS1
head | tail | head | tail
Level
902mb -1.23| -5.72| 9.60|-25.60
528mb - l=t2.93] =~ ]|-13.36
344mb -3.13| -7.27| 6.88|-12.94
238mb 1.33| -0.79| 6.57 -
Ascending
902 - 573mb -11.34 - |-10.24 -
573 - 528mb ZoJetapdl . < 118 66
527 - 344mb -9.58|-11.13| -2.90|-14.75
344 - 238mb 4.04| -4.24| 10.83|-10.08

Table 1: Mean aircraft-radiosonde difference:

RNS INS1

head | tail | head | tail
Level
902mb 0.45] 0.47}] 5.30] -3.74
528mb - ~1.69 > 1.89
344mb =£. 97 =3 .34] ~T.22F 4.15
238mb -3.09| -2.44| -6.46 -
Ascending
902 - 573mb =2.77 = -0.85 =
573 - 528mb = =133 ;o 2.08
527 - 344mb =3, 9 e AT ~-8.32] 10,93
344 - 238mb =0 47 =179 - =4.69].- §.85

wind direction

Table 2: Mean aircraft-radiosonde differences: wind speed.



RNS INS1

head | tail | head | tail
Level
902mb 3001 s u2] LS. 98 18.9%8
528mb = 0.96 - 02
344mb 1.83] 3.29] 2.74] 2.28
238mb 0.42] 0.68] -1.89 -
Ascending
902 - 573mb 3418 = 2.07 -
573 - 528mb - 197 = 2.36
527 - 344mb 3.381F 3.27F 5.50] 1.94
344 - 238mb 1.691 2.1} 2.91] 2.09

Table 3: Standard deviation of aircraft-radiosonde differences:
wind direction

RNS INS1

head | tail | head | tail
Level
902mb 0.53] 0.83 1.09 1.50
S528mb = 0.45 = 0.69
344mb 0259 0.98 0.96 1.24|
238mb 0.82 1.09%  0.98 2
Ascending
902 - 573mb 0.88 = 2.30 -
573 - 528mb = 0.65 = 3. 51
527 - 344mb 0.88 1.99 1.64 1:73
344 - 238mb 1,13 Q. 7T% 0.97 110

Table 4: Standard deviation of. aircraft-radiosonde differences:
wind speed.




u-comp v-comp
RNS INS1 RNS INS1

head | tail | head | tail head | tail | head | tail
Level ;
902 21as 0.39| 0.18| 5.38| -5.18 0.30| 1.11| -1.75| 2.16
528 s Loboienl - 1.90 = 180 - 4.35
344 2757] | -0.90| -1.25| -8.01| 6.96 2.51| s5.08| 1.00| 5.72
238 223t | -3.14| -1.76] -8.00] - 0.82] 1.s0] -0.11] -
Ascending
902-573 *'oo} | -1.76] < - | -0.83] - 3.08] - 2.99] -
573-528 °%o9 - | -1.03] - 2.35 - 4.40| - 4.89
527-344 2%s| | -2.98| -3.41] -7.72] 3.99 a.38] 7.72| 336 T 76
344-238 211s] | -2.59| -0.40| -8.20| s.08| | -1.73| 3.01| -2.98| 3.35

Table S: Mean aircraft-radiosonde wind component differences.
u-comp v—comp
RNS INS1 RNS INS1

head | tail | head | tail head | tail | head | tail
Level .
902 2135 o.58] 101 109} 1.72 0.54| 0.97| 1.57| 2.04
528 e - 0.45| - 0.69 - 0.28] - 0.26
344 27 57 0.66] 0.45| 1.28] 1.20 0.96|] 1.93| 0.93| 1.52
238 2215 o.70] 1080 1@ - ¢.51] o0.52] o.m1| <
Ascending
902-573 100 0.84] - 2.101 - g.921 - 0.70| -
573-528 °%09 - 0.54] - 1.39 > g.52f - 0.73
527-344 %05 1.06| 1.68| 1.65| 1.41 1.0l 200 145l 162
344-238 *'is g.38) 8.3 1.12] 1o 1.84] 1. 36| 1.4} 1.43

differences.

Table 6: Standard deviations of aircraft-radiosonde wind component




u-comp v-comp
RNS INS1 RNS INS1
head | tail | head | tail head | tail | head | tail
All 164,25
Mean =1.931 =090 =452 1.83 1.99 J..19 0.58| 4.08
S.D. 1.40 j e De2e]  9.49 239 2.19 2.84| 2.21

Table 7: Mean and standard devations of aircraft-sonde wind component
differences: all headwind and tailwind sectors.

RNS INS1

u-comp | v—comp [ u-comp | v-comp

All (287)
Mean =1.491° 2.28] -1.78] 2.09
oD 1.41 2.41 6. 17 311

Table 8: Mean and standard deviations of aircraft-radiosonde wind
component differences: combined legs.

RNS INS1
u-comp | v-comp || u-comp | v-comp
Roll angle
ET S (287) 2.05 3. 32 6.42 Ja D
GE IS cs2) 2.85 3.56 6. Y7 4.69
GT 25 (68) 2.99 3.70 9,69 9.11

Table 9: Rms aircraft-radiosonde wind component differences as a
function of aircraft roll angle.
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