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Weather Monitoring for NEXST-1 Flight Experiment”

KAWAKAMI HIROKIT, MATAYOSHI NAOKIT, MURAKAMI YOSHITAKA'

ABSTRACT

The first flight trial of the non-powered supersonic experimental airplane (NEXST-1) was conducted by
the National Aerospace Laboratory of Japan (NAL) on July 14, 2002 at Woomera, Australia. To acquire
weather data for the Go/No-Go decision for the flight trial and for the post-flight analysis, a weather
monitoring system was constructed at Woomera by NAL. The automatic weather station and the
ultrasonic wind sensor were installed at the launch site and at the retrieval point, respectively. A radar
tracking balloon and VHF radar were used to acquire wind data for a height of up to 20km, where the
NEXST-1 experiment was to be performed. Since VHF radar has not been firmly established as a wind
monitoring method, another flight test was conducted to confirm its performance. In addition to the NAL
weather observations, the Bureau of Meteorology of Australia provided NAL with various weather
information including weather forecasts and GPS sonde data released from the Woomera observation
site. Using this weather monitoring system, the NEXST-1 flight trial was conducted once all weather
criteria had been fully satisfied. Useful information for the next flight trial was also extracted from the
analysis of the observed weather data.

Keywords : Flight Test, Weather Monitoring, VHF Radar, NEXST-1
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Wind Direction @LLA-2 20m (2002/07/11)
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Wind Direction @LA-1 (2002/07/14)
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Wind Direction @LA-2 20m (2002/07/14)
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Temperature Average & Dispersion @LA-1 (Jun.-Jul. 2002)
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Wind Direction Average & Dispersion @LA-1 (Jun.-Jul. 2002)

f—n_v..,_—-\.

[Sop] uonoaII(y purmy

06:00 09:00 12:00 15:00 18:00 21:00 00:00
Local Time

03:00

00:00

ad0000

O

Wind Velocity Average & Dispersion @LA-1 (Jun.-Jul. 2002)

\-/\-r-\,\_\
»

‘GolNoGo limit

L
Ly NIE RS NRY
NN

M/S open limiét

16

12

[s/u] &100[9A puIm

12:00 15:00 18:00 21:00 00:00
Local Time

.00

09

06:00

03:00

00:00

ObOOOODO

gz20000e6em0O0100000607000000C0O0O0O

This document is provided by JAXA.



35

OO00000O0O0ONEXST-ADOOOOOOOooooooon

Wind Direction Average & Dispersion @LA-2 20m (Jun.-Jul. 2002)

N

%

NANAL LT

[3op] uonoaii purm

06:00 09:00 12:00 15:00 18:00 21:00 00:00
Local Time

03:00

00:00

adlbO OO0

Wind Velocity Average & Dispersion @LA-2 20m (Jun.-Jul. 2002)

Go/NoGo limit

16

{
()]
—_

[s/wr] L1100[0A puIpy

06:00 09:00 12:00 15:00 18:00 21:00 00:00
Local Time

03:00

00:00

ObO0OOOO

gs3ptbobozomibOl1o0oooe070OoooooOoOO

This document is provided by JAXA.



ooooooooogn 14690

36

Wind Direction Average & Dispersion @Retr. Pt. (Jun.-Jul. 2002)
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Velocity Difference @Retr.Pt. (10min.) (Jun.-Jul. 2002)
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Velocity Difference (LA-1 vs Retr.Pt.) (Jun.-Jul. 2002)
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SIN (horizontal) and Altitude (06/07-07/02 23:00UTC)
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1. INTRODUCTION

The National Aerospace Laboratory of Japan (NAL) is
developing a supersonic transport aircraft of the next
generation under the acronym NEXST. To test the
aerodynamic configuration of the SST, a 11m-long
unpowered model of the aircraft will be launched by a
rocket to approximately 20km altitude and then glide
back to the ground performing various maneouvre.
The tests will take place within the Woomera Test
Range in South Australia in July and August 2002.
For these tests, it is important to know exactly the
state of the atmosphere through which the aircraft
flies. For this purpose, a VHF wind profiler was
installed near the launch site. The wind profiler can
measure wind speed and direction to altitudes of
about 20km. It also is capable to detect layers of
turbulence, the existence and strength of which is
also very important for the flight trials.

To verify the profiler measurements, flights were
carried out with ARA’s high altitude research
aircraft, the Grob G520T Egrett which is equipped
with high resolution wind and turbulence sensors and
can reach altitudes up to 14.7km.

In June 2002, three research flights of approximately
5 hours duration each, plus one 1-hour
instrumentation test flight were carried out over the
Woomera area for this purpose.

In addition to the wind measurements, the Egrett
was also equipped with two transponders, supplied by
NAL, identical to the ones that will be used in the
SSTmodel aircraft. Parts of the flights were used to
test the tracking equipment and instrumentation at
the Woomera Test Range, as well as to give the
tracking operators an opportunity to test their skills
in a real situation.

In the following, the flights and the instrumentation
of the Egrett will be described in detail (Section 2 and
3). Section 4 describes the data processing strategy
and algorithms used and Section 5 describes the
results.

53
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2. MEASUREMENTS

Between 22 and 28 of June 2002, four flights were

carried out in the vicinity of Woomera/SA. A total of

16 hours was flown during these missions.

The following patterns were flown:

- tracking pattern to test and calibrate the NAL
tracking and radar facilities

e ascents and descents up to FL470 (47,000ft,
14.7km) to derive vertical profiles of wind and
turbulence

= circles at constant altitudes with constant bank
angle to derive the highest accuracy wind
measurements and to calibrate the wind sensing
system

= some other dedicated wind calibration patterns

Details for the flights are given in Table 1 and Table

2, the flight track and GPS altitude traces are shown

in Figure 1 to Figure 8.

Date Take-ofl / Landing Purpose [kata Mles I

23 Jun 2002 | 035928 — O 1:40U0TC | Instriamentation best Might 020623 _1327
13:20:28 — 14:1 1:49LT

24 Jun 2002 | 00:05:27 - 0500 190UTC | Aborted tracking pattern, then wand (20024_{1925

093527 — 14:31:19LT e sUreTmens

26 Jun 2002 | 000902 — 04538 2000TC | Tracking patterns, then wind measurements (262 6_(01]
C9:-30:03 — 14:20:02LT ieG_ 1025
2026_1013
a6 1047

27 Jun 2002 | 003233 - 425254070 | Tracking paiterns, then wind measurements Q22T 0BG :
09:33:33 — 1422540 T 0206271009
(206271044

Table 1: Overview of flights
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Figure 1: Flight track for flight on 23 June 2002. Distances in km from Woomera

Airfield. Also shown are event markers along the flight track.
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Figure 2: GPS altitude trace of the flight on 23 June 2002. Altitudes are given in km above
MSL (I/h axis) and kft above MSL (r/h axis). Time is given in GPS seconds (bottom axis)
and UTC (top axis). Also shown are event markers along the altitude trace.
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1

Figure 3: As Figure 1, but for flight on 24 June 2002.
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Figure 4: As Figure 2, but for flight on 24 June 2002.
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Figure 5: As Figure 1, but for flight on 26 June 2002.
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VAR MRt ) AT, W ST, (s
- r:d::____ z
=" |
] |
g :L/ s
d'-'-ﬂ-f‘r
1 ™,

LA
\
\
N
A
/
9%

.

Figure 7: As Figure 1, but for flight on 27 June 2002.
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Figure 8: As Figure 2, but for flight on 27 June 2002.
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Dhate Hun Time segment Purpose Altitude
name AMSL
23 Jun 2002 | &g O4-06:02 - 04 15:02077C | Wind calibration square 2 140m
133402 — 13:45020LT
ah D414 3 - 01 T 30UTC | Adpha/besa test RRELL
13:44:31 - 13:47:50LT
i 041806 — 0425 2 IUTC | wind calibmtion circle 2, 14{m
13483 = 1385 21LT
24 Jun 2002 | =1a 010230 - 011 7:12UTC | ascent 1,085m - 5, 29Tm
10:32:30 - 10:47:12LT
zlh OlIT 0T —00:23:430TC | ascent 5324m-7313m
104707 — 10534307
sle (0:24: 17 = 02:23:450TC | aiscent T47%9m ~ 14, 6%8m
10:54:17 - 11:5%450LT
AT 02:25: 36— 023044 UTC | wind circle i FL4TO 14, 69m
105530 — 1 2:09: 441 T
=2 240 19 - 03095 1UTC | descend 14,665m - 12.225m
12:00: 0% = 1239510
390 03:22:54 - 03:36:28UTC | wind circle i@ FL3% 12,230m
12:52:54 — 13:06: 281 T
z3a 03:36:57 = 3:40:2230TC | descent 12.238m — 11.842m
13:06:57 < 13:101:23LT
=3b 034215 -03:56:560TC | descent 11,76%9m — 10,558m
312051320 56LT
€335 03:57:01 - D4:08:35UTC | wind eircle (@ FL333 [{h,550m
13227400 — 13:38:350LT
=4 04:10: (8 - D41 7:500TC | descem 10,516m — & $65m
P340 08 - 13:47:50LT
wdb 041 7:5% - D420 04UTIC | descent 592 1m - 7.9%6m
134759 - 1351040 T
= O04:22: 13 — 045 3060TC | descemt 7.664m — 635m
Ph52:03 - 141053007
26 Jun 2002 | nall 00200 30 — 5601 UTC | tracking patiern 22m—B13Im
09:39:30 - 10-26:01LT
nal? (056 LE — 0108 24UTC | tracking pattem 241m - 1,300m
10:26: 07 = 10:-38: 24071
mald 010920 - 01:18:050TC | racking pattern 1,4%0m
10-359: 30— 10-48:05LT
nald 0118200 - 03:06:0TUTC | tracking pattern 1 485m = 10,4%m
104820 - 12:30:07LT
ala 013555 — 0054 W UTC | ascent 149 — T.23Tim
110555 - 11:24: 40T
=lh 015503 — 02:04:40UTC | ascent TA14m = 10.222m
102503 - 1034400 T
130 020441 — D3060TUTC [ tacking pattemn o) FLY30, | 10,090m — 10,5300m
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[1:34:4] - 13 3007LT used for wind akso

a2 607 — 03;40:07UTC | ascent lik480m ~ 14.4%5m
1 2: 3607 — 1 3: 10 TLT

83a 034007 — Db 2VUTC | descent 14 406m — B.061m
F3 0T — 1334 200T

s3b (e O — 008 44U | descent T.785m— 7.503m
133607 — 1338 40T

s3c (0 ds — 0 22 5TUTC | descent T.500m - 5.9 3m
[3:38:45 - 13:52:57LT

a4 42258 - 04 29 36UTC | ascent 5.993m - 7.562m
135288 — 13:59360LT

55a 04:31:23 - 04:36:25UTC | descent 7 ABEm — 6,005m
[hi]:23 = 14:06: 250 T

s5h 53626 - 0453 54UTC | descent &, 000m — GEOm
L6 26— 14 20 541T

27 Jum 2062 | nall 000358 - 00; 39, 27TUTC | iracking paticem 230m — §36m

(3358 « 0l TLT

nal2 04012 - 01 1446UTC | iracking pattern 6] fm — H45m
10112 — Dk Al T

gla O13T08 - Ol 540UTC | ascent Tedm — 6., 528m
[T = 11305407

glb 02:05:39 - 02:0T: 14UTC | ascent T A68m - T ROEm
L3539 - 1137 40T

sle 2 1eds - 02:20: 1 TUTC | ascent T80 0Lm — [0,020m
[ T E S P e Y

sld 02:25:26 - 02:26:41UTC | ascent 10022 m — 10,3 19m
11:55:26—11:56:410LT

sle 023148 - 0251 28UTC | ascent 11,203m — 13.E63m
1200 49 — 12:12:280LT

sir 02:54:21 —03:02:23UTC | ascen 13.870m — 14 405m
12:24:2]1 — 12:32:231LT

a2 030313 - 03240 330UTC | descent 14 416m —2.463m
12:33:13 - 12:54:330LT

53 03:25:08 - 0403 10UTC | ascen Q430m ~ 14,47 dm
12:55:00 — 13:33: 10OLT

qda (el 52 — 03 1A42UTC | descent 14 424m - 7,99 m
13:34:52 — 14:00:420T

sdb 0d:33:04 - 04 30:38UTC | descent T.598m ~ 6,54%m

140304 — 1406380 T

Table 2: Flight segments

This document is provided by JAXA.
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3. INSTRUMENTATION

Accurately measuring turbulence from aircraft is a
technologically demanding task. It involves, in
general, the measurements of air temperature,
pressures and the 3D-wind vector with high accuracy
and at sampling rates of tens of Hertz. Wind
measurements from an aircraft require observation of
the wind velocity relative to the sensors and the
velocity of the sensors relative to the Earth. The 3D-
wind vector is then found as the small resultant
vector sum of these two large vector velocities.

None of the two large vector velocities can be
measured directly, but require the measurement of a
number of other parameters, amongst them, the
angles of attack and sideslip of the aircraft, the
aircraft’'s heading and its pitch and roll angles,
3Daccelerations of the aircraft, its angular rates and
more. All measurements have to be combined in a
very careful manner, without phase shifts or other
inconsistencies between them, to derive the two large
vector quantities. For most applications, it is also
essential to know the position of the aircraft
accurately at all times.

3.1 Air Data Instruments

To measure airspeed, static pressure and the angle of
attack and angle of sideslip, the aircraft was equipped
with a Rosemount 858 five-hole-probe mounted on the
tip of a mast under the right-hand wing (see Figure
9). The mast was mounted on a pylon underneath the
wing. The datum of the probe in the aircraft’'s
reference frame is listed in Table 4.

B

The pressure ports of the probe were connected to
Rosemount pressure transducers (Rosemount 1221
for differential pressures, Rosemount 1201 for
absolute pressure) located inside the pylon.

Air temperature was measured by a Rosemount
reverse flow Pt500 sensor mounted to the side of the
pylon (see Figure 10).

Figure 9: Rosemount 858 five-hole-probe mounted underneath the r/h wing of the Egrett

This document is provided by JAXA.
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3.2 Global Positioning Systems

Three GPS receivers were installed in the aircraft’'s
mission bay, a 12-channel NovAtel system for position
and velocity measurements with the capability to use
differential technology and two independent Trimble
TANS Vector systems for aircraft attitude (pitch, roll
and heading) using two different antenna arrays (see
Figure 11). For the location of the antennas refer to
Table 4. For the current study, only the data from the

small antenna array were used.

3.3 Other systems

As some of the sensors might be affected by
transmissions on the aircraft radios, a radio
transmission monitoring system was installed in the
Egrett recording the periods of transmission on each
of the three radios, VHF#1, VHF#2 and UHF.

In addition to the ARA sensors as described above
and listed in Table 3, two transponder systems
supplied by NAL were installed in the U-Bay. For
details about the transponders, see separately
supplied material, as well as Table 4. No data was

recorded from these units on the aircraft data system.

Figure 10: Rosemount 102 reverse flow Pt500 temperature
sensor mounted on the pylon underneath the r/h wing.

Figure 11: NovAtel and Trimble TANS GPS antennas. For further information refer to Table 4.
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Sensar primarily wsed fr Range ACCUTACY Comments
Sampling Rate
Rosemount B38 five- *  |AS na na ®  mounted at the tip of a 2.5m
hale probe = sialic pressure mast undermeath the o'h wing
*  angle of attack
= angle of sideslip
Rosemount 1201 *  stalic pressure 1050 1000 [ O.2hPa o mounted in pylon underneath
ahsolute pressure sensor 55Hz r'h wing
Rosemount 1221 = AR = MihPn 0.0 5hPw = mounted 0 pylon undermeath
differential pressure = angle of attack iiH= t'h wing
sensors () ¢ angle of sideslip
Rosemount 162 PTS00 «  0OAT -1 o [OO°C = 1°C & pvounited on pylon underseath
LM ralure sensor 55Hz r'h wing
Naovatel | 2-channel GFS |«  position n'a <5m RMS & for antenna lecation refer to
recever ¢ 3D-ground speed IHz = 5m's HMS Tarhle 4
®  fime | ms
Trmkble TANS GIFFS *  pitch angle 1) = 36 + (). (5" ®  twoindependent systeims
attitude system = ol angle I0H= {small amtennn array / lorge
- ;|||-|:|',|'|ﬂ h:ud]ng anfenna array )
= for andennn locations refier to
Tabe d
AD-pecelerometers s 3D-pecelerations | = 3g =(L.02g = {1 in Vh wing
$5Hz = F{2n fuseloge
&  #1 innhwing
o for locations, refer to Tadde
Radio transmission ¢ indication of n'a na ®  one indicator each for VHF#],
ineicatiors times of rdio $5Hz VHEF#Z and UHF radios

iransmissions

Table 3: Sensors and systems used for measurements
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Attitude Sensing Systems:

Small TANS array antennae

Location %- coordimate | v-coordinote Z-corrdimike
Front |LEELEY] 41l ﬁgl‘ﬂ 4R
Rear 1135€ 40 right 34K
[ Right 10450 380 right 3420
Left [R50 JE0 feft 3420
Large TANS array antennac
Location x- coondinete | y-coordinate z-goordinate
Front 7545 {) 4370
Rear 11150 40 night 2AEL
Right TH2E 4545 nght 2HE(
Left TO26 4545 lefi ZHE(
Positioning Svstem:
Novael fust GPS
Location %- cosnrdinate y-coordinate Z-conrdinate
Fuselage pAT el i) 3750
Wind Sensing Svstems:
Rosemount 5-hole probe
Logition - coordinate | y-goordinte | #-coondinate
Hipht pylon 44100 G295 rzhi 27T
Adreraft scceleration sensors
Location %= cordmate | ve-coordingte F-vodrdmite
I"leic__l_ﬂjl: | 1680k [ F3E0
Right wing | 1000 61110 right 2R1D
Left wing 4915 6111 left 2810
NAL 2,285 GHz transmifter antenns
Location %- coordinate | y-coordinate | #-coordinate
U-bay bottom G780 i 2030
MNAL 5.6iH) G Hz transponder antenna
Location %- goordimte | y-coordinste | z-coordinate
Li-hay bottom RAI0S (b 2030

Table 4: Datums of sensors and other systems in the aircraft reference frame. All measurements given in mm.
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3.4 GPS Base Station

To enable differential correction of the GPS
measurements, a NovAtel 12-channel base station
was set up at Woomera Airport. Data from this
station was logged onto a notebook computer. The
location of the base station was determined as:

« latitude -31° 08’ 47.911”

= longitude 136° 48’ 19.742”

e altitude 175.17m

When attempting to combine the data from the GPS
base station with the aircraft GPS data using the
procedure described in Section 4.2, it was found that
there were frequent data outages, interruptions and
inconsistencies in the data sets which prevented a
reliable differential correction for some periods of the
flight. It is not totally clear what caused these
problems, but we suspect that there were on-going
GPS jamming trials by the Military in progress in the
Woomera area which interfered with our systems. We
had a similar problem, when we operated out of
Boscombe Downs RAAF Base in the UK in May 2000
and the suspected cause was later confirmed from
independent sources.

Due to these problems, it was decided not to use a
differential correction for the processing of the wind
data. Tests for flight sections where the differential
correction appeared to be reliable and valid showed
that there was a negligible effect on the wind
measurements (for details and examples, see Section
5.4), as had also been shown in the measurements in
the UK mentioned above.

3.5 Data acquisition and real-time monitoring system

The data system installed in the Egrett consisted of

= a 19” rack EMI-proof Pentium PC with dedicated
EISA interface cards for communication with the
REM-Boxes (remote analogue/digital converter
units), MUX-box (digital multiplexer unit for REM-
boxes) and the three GPSs

e a 166MHz Pentium CPU, 64Mb of memory, a 2Gb
hard disk, an Ethernet

networking card

e a TFT screen in the rear cockpit

= a small keyboard

< a built-in IOMEGA ZIP-drive for data exchange

The PC runs under the DOS 6.0 operating system.

The FIAMS/ARA real-time data acquisition program

DAMS and the testing program REMTEST, both
written in the PASCAL-Language are installed and
used to collect the data and to test the installation. A
watchdog timer is implemented in the system to
monitor gaps in the incoming data stream and report
any failures to the operator for action.

This document is provided by JAXA.
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The A/D system was developed by FIAMS/ARA to
provide high speed, high resolution, multi-channel
data logging. The system consists four REM-units,

each containing two filter boards boards with an anti-

The operator has a facility to insert time-tagged event
marks into the data stream to mark special events or
sections of the flight.

Examples of screens available to the operator are

aliasing filter for each of eight channels combined shown in Figure 12.
with an 8 channel multiplexer, and an intelligent 16
bit A/D board. The three boards in each REM-unit
together comprise a signal conditioned, 16 channel,
16 bit A/D system with serial output, yielding a total
of 64 analogue input channels in the overall system.
A custom ISA serial board provides an intelligent
interface to the PC. The noise level on the 16 bit A/D
converters is less than 1 bit RMS.

The hardware and firmware are configured to provide
55Hz data output from the 64 channels. Each of the
channels is first conditioned by the 8 pole 30Hz low
pass (antialiasing) filter. Then it is interrogated or
over sampled 32 times by the 16 bit A/D.

The resulting data is averaged and then serially
transmitted and timed tagged to +1ms based on the
1sec pulse available from the GPS receiver.

The raw data is logged onto a 20Gb hard disk.

All data from the sensors and systems, as well as
derived parameters such as flight track, vertical
profiles, wind and turbulence can be monitored on the
screen in the rear cockpit. The derived parameters

are not logged.
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Figure 12: Examples of screens of the data monitoring system available to the operator. Top to bottom: “F1”-
display showing 16 individual channels or derived parameters on the I/h side and status information on the
r/h side of the screen. “F2” screen showing time traces of four channels or derived parameters on the I/h side
of the screen and numerical values of six further channels or parameters on the r/h side. “F4”-display
showing the flight track and waypoint informatio, as well as event markers on the I/h-side of the screen,
waypoint details and some other information in the right centre, and six channels/parameters on the r/h side
of the screen. There are several other screens available.
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4 DATA PROCESSING

4.1 Aircraft data

Most of the data processing was carried out using

Version 12 of the ARA/FIAMS software package

RAMF.

The original version of RAMF (Routinen zur

Auswertung Meteorologischer Forschungsflige,

Routines for the Processing of Meteorological Research

Flights) was developed by J.M. Hacker at the

Meteorological Institute of the University of

Bonn/Germany, to process data from research flights

with three motor-gliders owned by the DLR’s

(German AeroSpace Agency) Institute for

Atmospheric Physics. Today it is used at a number of

sites to process data from meteorological research

aircraft as well as a multitude of other more general

time series applications.

The following processing steps were carried out:

= Convert the sensor voltages into basic physical
units using the calibration data base

= correct/eliminate periods of radio transmissions
which interfere with the sensors

= correct the pressures for position and other errors

= correct temperatures for airspeed

= compute movement vector of aircraft in inertial
system using GPS measurements combined with
attitudes and accelerometers

= compute 3D-air speed vector

= rotate air speed vector into Earth-fixed system

= compute 3D-wind speed from the above

= apply final filters and corrections

This gives the quality-controlled basic data set with

the parameters as listed in Table 5. All parameters

have been transferred to a data rate of 55Hz.

All positions and speeds refer to the location of the

Novatel GPS antenna as specified in Table 4.

All of these parameters are then plotted for further

visual quality control (not shown) and are available in

ASClI-files on the accompanying CD-ROM.

69
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Parameter Deseription
name
GFSsec GPS seconds (seconds after midnight on previous Sunday)

[ UTC e UTC date (in YYMMDD, from GPS)
UTCtime UTC time {in HOMMSS. dec, from GPS)

B latrude (in decimal degrees, from GPS)
Mlon longimade (in decimal degrees, from GPS)
Malt alertude (in m, from GPS)
Nu W/E speed of aircraft (in m/s, from GPS)
My M speed of wirerafl (in mes, from GPS)
M vertical speed of aircrafi (in m's, from GPS)
Mpch pireraft pitch angle (in deg, combinstion of GPS and seceleromelers)
Ml aircraft roll angle {in deg. combination of GPS ad accelersmeters)
Mihedg wirerall heading {m deg true, combimation of GPS and accelerometers)
Taftagl flag for GPS attitude availablility (should be approximately 1, if attitude valid)
Mpri pireraft pitch mle (in deg's, combination of GPS and scceleromelers)
Mt aircraft roll rate (in deg/s, combination of GPS and accelervmeters)
Myt wirerafl vaw rote (in deg's, combination of GPS and seceleromeners)
[E8 [T WE speed of Rosemount probe head (in me's, from GPS and accelerometers)
EMhny SN speed of Rosemount probe besd (in mvs, from GPS and acceleromelers)
RAdnw vertical speed of Rosemdsunt probe head (in m's, from GPS and accelerometers)
Fhipx dymamie pressure On P, cemral hole of Raosernount b b
Rhipy beta pressure diffence (i hPa, lefright hole of Rosemaount probe)
b alpha pressun: diffence (in hPa, vpper livwer hole of FRosemount probe )
Fxps static pressure (in hPa)
Fhns raww anr lemperature (i deg C)
RMirrec corrected air tempareture (in deg )
4 [T WE wand speed (i m/s)
RMvair SN wind speed (in m/s)
FAwarr vertical winsd speed (inms)
RMAT horizontal wind speed (in ms)
B horizontal wind direction (in deg tnese)
RMras true air speed (in m/s)
FMas indicsted air spesd (in m/s)
Rt Ml fa angle of atack (in deg, as measureed at the probe)
EMbeta angle of sudeslip (in deg, as measured a1 the probe)
vhil transmission indicator for VHF radio #1
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vhi2 | transmission indicator for VHF radio #2 ]
whf | transmission indicator for UHF radio |
Lacx | Tongitudinal aceeleration of atreraft {in m's", from accelerometers in Lh wing) ]
Lacy | lateral acceleration of aircraft (in mu's", from accelerometers in Uh wing) |
Lace vertical aceeleration of ai'r'i'.'mf:"-:'h mvs-, from accelerometers in Ul w i.n|'.;r :
Facx | longimidinal acceleration of aircraft (in m/'s”, from accelerometers in fuselage)
'lEar:}' | lateral acceleration of aircrafi (in m/'s". from :JE‘-I!-L:|I.':I'I:IFI'IL";II'.‘r5IiL'I.-r:L:L‘:-Ei:]E_L‘ b
Facz | vertical acceleration of aircraft {in mvs”, from acceleromeers in fuselage)
Racx | longitudinal acceleration of aircraft {in mus", from accelerometers in 0h wing) 1
Bacy | tateral acceleration of aircraft (in m's”, feom accelerometers in £ wing)
El'.at].- | vertical acceleration of aircraft (in m's-, from accelerometers in rh '.".:i.l'lg._l ]
|

Table 5: Parameters in basic data set.

4.2 GPS Base Station data

The data from the GPS Base Station was processed
using the software packages WINSAT and C3NAV.
WINSAT is supplied together with the NovAtel GPS
receivers and converts the data files into the format
that is required as input to C3NAV. C3NAV is a
program available from the University of
Calgary/Canada which combines the code and carrier
signals from the GPS satellites as logged by the GPS
Base Station and the mobile station into a
differentially corrected data set for the mobile station.
C3NAV is basically a “black box” in our application,
as no source code is available to us, but we have used
it for many years successfully for the purpose. With
the cancellation of GPS Selective Availability, the
non-differential GPS positions and velocity fixes are
now so good that the use of C3NAV has become much
less important for our measurements.

For the current project, we applied C3NAV in the
ususal way, but found problems with the differential
corrections. After some tests, as described in Section
5.4, it was decided not to use differentially corrected
GPS data for the wind processing.
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5 RESULTS

5.1 Accuracy of aircraft-derived wind

To establish the validity and accuracy of the aircraft-

derived wind and turbulence measurements, three

different flight patterns were used:

e circles at constant altitude and constant bank
angle;

= a wind square consisting of five legs flown in the
four cardinal compass directions (270°, 0°, 90°, 180°
and 270° again);

= pilot-induced pitch variations.

The first two patterns test the horizontal wind

measurements only.

5.1.1 Wind Circles

For the circles, the horizontal wind vector can be

derived using two nearly independent methods:

= Displacement Method: deriving the horizontal
wind purely from the displacement of the aircraft
during the circle (only possible for circles flown at
constant altitude and angle of bank); ie. the only
parameters used for this method are the GPS
positions and times.

= Normal Method: the normal method subtracting
the 2D-groundspeed from the 2D-airspeed using the
standard algorithms as for the final data
processing;

As specified in Table 2 and shown in the flight tracks

depicted in Figure 13 to Figure 16, circles were flown

at FL470, FL390, FL335 and FLO60, ie. at 14,690m,

12,230m, 10,550m and 2,140m MSL. The average of

the horizontal wind components and the standard

deviations for the two methods are given in Table 6.
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Figure 13: Ground track of wind circles flown at FL470.
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Figure 14: Ground track of wind circle flown at FL390.
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Figure 15: Ground track of wind circle flown at FL335.
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Figure 16: Ground track of wind circles flown at FLO60.

Ihsplacement mvzanddad) sulfalel) micand 1) sal{il
ed 70 26473 0710 4554 0.374
] b2 Eh 1354 4404 1,4
e335 IT0.38 0987 41.07 0.97E
clhGl 142 3336 1.750 i1l R
cliti 253 31507 2504 j.0s {108
Nevrnrad meanddad) sal{dd) mcand (1) sl [T}
e470 164 45 0971 4217 0476
eAha 26255 2498 43,79 | 6567
c335 265,76 1.330 41.70 {1,730
et 18:2 33530 4604 jz2 1.535
clhGl 283 3603 5450 i 1.328

Table 6: Mean values and standard deviations for horizontal wind direction (dd in deg true) and speed (ff in
m/s) for the two methods as described in the text

As can be seen in Table 6, the winds as determined by
the two (nearly) independent methods agree very well
and show very little scatter individually. The values
agree better and the scatter for individual circles is
lower, at the higher altitudes, in particular for wind
direction, but this can easily be explained by the
much higher wind speed there. The higher the wind

speed, the more reliable is the determination of the
wind direction which obviously would become
undefined for a zero wind speed .

There is no easy method to determine the absolute
accuracy of the wind measurements from aircraft,
because too many parameters contribute to the
computation. However, the comparison as discussed
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here can be used as an indicator for the accuracy of
the measurements. In this sense, we can state that
the absolute accuracy of the wind speed is around
1m/s and that of the wind direction about 1-2 degrees.
This is in line with the expectations on a system such
as the one installed in the Egrett. In Section 5.1.4, the
aircraft wind measurements will also be compared
with the GPS-sondes launched by the Bureau of
Meteorology at Woomera.

5.1.2 Wind Square

To fly wind squares is another method to assess the
accuracy of aircraft-derived winds. A wind square was
flown at FLO60 on 23 June 2002 during the
instrumentation test flight. The square consisted of
five 1-minute straight and level sections flown in the
cardinal compass directions, West, North, East, South
and West again. The flight track is shown in Figure
17, the results are given in Table 7.

75

Figure 17: Ground track of the wind square flown at FL0O60 (2,100m MSL).
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i West to Norih to East 1o South 1o West
wind speed (m's) 149 163 106 104 KR
winid direethom (") 1038 5.6 107.0 3106 20813

Table 7: Wind speed and direction for the five legs of the wind square flown at FL060.

The results in Table 7 confirm the accuracy estimates
derived from the wind circles described in Section
5.1.1.

5. 1.3 Pilot-induced pitch variations

The methods described in Section 5.1.1 and 5.1.2 can
be used to assess the accuracy of the horizontal wind
measurements. To test the algorithm for the
computation of the vertical wind component and to
get an estimate of the accuracy, pilot-induced pitch
variations were flown leading to large variations in
the vertical speed of the aircraft.

As this test was flown in smooth air, in the ideal case,
the computed vertical wind speed should be
approximately zero.

For the test case, the standard deviation for the
computed vertical wind was 0.44m/s.

The graphs of the relevant parameters are shown in
Figure 18. As can be seen, the algorithm for the
computation of the vertical wind works well, even
under severely unsteady conditions.
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Figure 18: Pilot-induced pitch variations. Graphs show, from top to bottom: horizontal
wind speed in m/s (blue); vertical speed of the aircraft (red) and computed vertical wind in
m/s (blue); aircraft pitch angle (blue) and angle of attack (red) in degrees. For clarity, the
angles in the bottom panel were scaled. Time on the abscissa is in GPS seconds.
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5.1.4 Comparison with GPS radiosondes

The Bureau of Meteorology launches regular GPS

radiosondes from Woomera. The launch point is close

to the airport. Sondes are launched twice a day, at
23:30UTC and at 11:30UTC. The sonde takes
approximately 30 minutes to reach an altitude of

15km. As all three measurement flights commenced
at approximately 09:30LT (ie. 00:00UTC), the initial
ascent normally coincided well with the radiosonde.

Figure 19 to Figure 21 show the aircraft wind and air

temperature profiles plotted together with those from

the GPS-sondes. The profiles agree remarkably well

taking into account the time differences between the

radiosonde flights and the aircraft flights, ie.

approximately 2 - 4 hours. The larger the time

difference, the larger the differences in the profiles.

AL - B TTTE WCRTA0- 11 50 MLT Rgclassdss, 100003 FRITC

B A e

| ‘?

i Eal - A 8 HOIE T SE S IM KR N X K e W T R

i 1 g EEETTE el il 11wk

Figure 19: Radiosonde data from launch at 23:30UTC on 23/06/2002 (blue) and corresponding aircraft data
for period01:02 - 02:23UTC on 24/06/2002 (red). Shown are, from left to right: air temperature in °C; wind

direction in °true; and horizontal wind speed in m/s.
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Figure 20: As Figure 19, but for radiosonde launched at 02:30UTC on 26/06/2002 and
aircraft period 02:36 - 03:39UTC on 26/06/2002.
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Figure 21: As Figure 19, but for radiosonde launched at 02:30UTC on 27/06/2002 and
aircraft period 01:37 - 03:02UTC on 27/06/2002.
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5.2 Turbulence

There was very little turbulence encountered during
the flights, except in the planetary boundary layer, ie.
up to about 2km altitude. Therefore no valid
comparison of the aircraft turbulence measurements
with the VHF profiler estimates was possible.
Turbulence is best derived in a quantitative way by
flying constant-altitude legs for several minutes. As
no layers of turbulence were encountered during the
flights at higher altitude, no such legs could be flown.
During the ascents and descents, occasionally very
weak turbulence was encountered, but it never lasted
long enough, nor was it strong enough, to warrant an
interruption of the ascent/descent. A turbulence
analysis will therefore only be presented for
ascents/descents.

Turbulence can be described in terms of a parameter
such as standard deviations of the wind components oy,
Oy, Ow Or Turbulent Kinetic Energy (TKE), which is
proportional to m , where U2,v'2wW'?2 denote
the squares of deviations from the means of the three
components of the wind. However, this works best for
data from constant-level flight legs. Alternatively, the
accelerations measured in the aircraft itself are a
good (qualitative) measure for turbulence.

Figure 22 to Figure 31 show vertical profiles of
turbulence in terms of all three above mentioned
parameters. Data from subsequent flight segments
have been combined to composite ascents and
descents. For the definition of the segments, see Table
2.

Parameters were computed as follows:

At first, a band-pass filter with cut-off frequencies of
0.2Hz and 10Hz, resp. was applied to the 55Hz time
series of RMff, RMuair, RMvair, RMwair, Lacx, Lacy,
Lacz, Facx, Facy, Facz, Racx, Racy and Racz (see
Table 5). Then all data was sub-sampled to 11Hz.
Next, for each data point, running standard
deviations were calculated using deviations from a
running mean over 5s. In other words, each data
point of the time series of standard deviations then
represents the standard deviation from a mean over
2.5s on each side of this data point. Finally, the same
“running” process was used to find the maximum

standard deviation for each 5 seconds.

= TKE! (turbulent kinetic energy): as defined above;

e si (standard deviation of horizontal wind
speed): ,/ff2 , with ff' defined as the deviation from
a running mean of the horizontal wind speed as
described above;

* Swair (Standard deviation of vertical wind): as sx, but
for the vertical wind speed;

= Sac (Standard deviation of accelerations): rms sum
of deviations from running means for all nine
accelerometers (as defined above).

It is important to note that the turbulence levels for
all displayed flight segments were very low. The only
more significant turbulence was detected in the
planetary boundary layer (see for instance Figure 23
below 1,500m). Weak turbulence was encountered
during flight segments s3c on 26 Jun 2002 at around
7,000m (see Figure 25 and consistently again during
sba on the same flight (see Figure 27). As the
turbulence data from the VHF profiler is not yet
available, no comparison is possible at this stage.

1 The common definition for TKE is different from the one here. The definition used here, however, is better suited

for the purpose, but does not have the physical dimension of “energy”.
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Figure 22: Wind profile and turbulence parameters for flight sections sla, slb and slc on 24
Jun 2002. Top left: wind direction in degrees true; top right: wind speed in m/s; centre left:
Turbulent Kinetic Energy (TKE) in m/s; centre right: standard deviation of horizontal wind
speed in m/s; bottom left: standard deviation of vertical wind in m/s; bottom right: sum of
standard deviations of aircraft accelerations in m/s2. For definitions and further details,
see text.
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Figure 23: As Figure 22, but for flight sections s2, s3a, s3b, s4a, s4b and s4c on 24 Jun 2002.
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Figure 24: As Figure 22, but for flight segments sla, slb and s2 on 26 Jun 2002.
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Figure 25: As Figure 22,. but for flight segments 3a, 3b and 3c on 26 Jun 2002
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Figure 26: As Figure 22, but for flight segment s4 on 26 Jun 2002.
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Figure 27: As Figure 22, but for flight segments s5a and s5b on 26 Jun2002.
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Figure 28: As Figure 22, but for flight segments sla to s1f on 27 Jun 2002.
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Figure 29: As Figure 22, but for flight segment s2 on 27 Jun 2002.
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Figure 30: As Figure 22, but for flight segment s3 on 27 Jun 2002.
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Figure 31: As Figure 22, but for flight segments s4a and s4b on 27 Jun 2002.
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5.3 Comparison with the profiler data

The ultimate aim of this project was to compare the
wind data from the VHF-profiler with the wind data
from the aircraft.

Profiles of wind direction and speed are available
from the VHF profiler every 10 minutes. Profiles
falling into the same time periods as ascents/descents
of the aircraft were selected and plotted together with
the aircraft data in Figure 32 to Figure 41.

Profiler measurements with a Signal-To-Noise Ratio
smaller than —13.0 were not used.

As can be seen in the Figures, the data agrees
reasonably well. However, at altitudes above 10km,
there seem to be an increasing number of faulty
estimates from the profiler. Sometimes there are also
spurious deviations between the profiles at lower
altitude.

It is assumed that further processing of the profiler
data will yield a parameter which can be used to
assess the validity of the estimates.

A closer inspection of the profile shows that the VHF
profiler does not resolve the vertical structure of the
wind as well as the aircraft, but gives a smoother
vertical profile. This was to be expected, as the
vertical resolution of the profiler is about 150m.
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Figure 32: Wind profiles as measured from the aircraft (red) during flight segments sla,
slb and slc on 24 June 2002 between 010230UTC and 022345UTC and the VHF-Profiler
during the same time period (blue). Times for the profiles from the VHF profiler are every
10 minutes from 010930UTC to 023930UTC. Profiler measurements with a Signal-To_Noise
Ratio smaller than -13.0 are not plotted.
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Figure 33: As Figure 32, but for flight segments s2, s3a, s3b, s4a, s4b and s4c on 24 June 2002
between 024119UTC and 044536UTC and profiler measurements taken every 10 minutes
between 023930UTC and 044930UTC.

This document is provided by JAXA.



94 ooooooooogn 14690

MAL - JunlZ DO0E28_alab a2
D12890 013930 014330 015830 020980 021830 (23050 024930 026030 030930 DI 1830 032050 0F

1008 T

o e

1ot -

5 5 e TR Mg MO MM M 0 " Hi k] 4 50 &l ™ e
el i e s al_mpemad o

Figure 34: As Figure 32, but for flight segments sla, slb and s2 on 26 June 2002 between
013555UTC and 034007UTC and profiler measurements taken every 10 minutes between
012930UTC and 033930UTC.
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Figure 35: As Figure 32, but for flight segments s3a, s3b and s3c on 26 June 2002 between
034007UTC and 042257UTC and profiler measurements taken every 10 minutes between
033930UTC and 042930UTC.
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Figure 36: As Figure 32, but for flight segment s4 on 26 June 2002 between 042258UTC and
042936UTC and profiler measurements taken at 041930UTC and 042930UTC.
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Figure 37: As Figure 32, but for flight segments s5a and s5b on 26 June 2002 between
043123UTC and 045354UTC and profiler measurements taken every 10 minutes between
042930UTC and 045930UTC.
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Figure 38: As Figure 32, but for flight segments sla to s1f on 27 June 2002 between
013708UTC and 030223UTC and profiler measurements taken every 10 minutes between
013930UTC and 030930UTC.
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Figure 39: As Figure 32, but for flight segment s2 on 27 June 2002 between 030313UTC and
032433UTC and profiler measurements taken every 10 minutes between 025930UTC and
032930UTC.
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Figure 40: As Figure 32, but for flight segment s3 on 27 June 2002 between 032503UTC and
0403107UTC and profiler measurements taken every 10 minutes between 031930UTC and

040930UTC.
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Figure 41: As Figure 32, but for flight segments s4a and s4b on 27 June 2002 between
040452UTC and 043638UTC and profiler measurements taken every 10 minutes between

035930UTC and 43930UTC.
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5.4 Differential correction for the GPS data

As already outlined in Sections 3.4 and 4.2, the
differential correction for the GPS data was not used
for the final results, because the correction procedure
did not improve the data enough to warrant its use
and was also occasionally inducing errors and
inconsistencies. To confirm the quality of the non-
corrected data and compare it with differentially
corrected data, some tests were performed and are
described here.

Figure 42 and Figure 43 shows plots of differentially
corrected data versus differentially non-corrected
data from the instrumentation test flight on 23 Jun
2002.

At the beginning of the altitude graph in Figure 42,
between GPS seconds 14,400 and 14,500, it can be
seen that the differentially corrected data (in red)
suddenly jumps and then disappears altogether,
while the non-corrected data (in blue) remains
reliable. This is a typical manifestation of the
problems with the GPS Base Station data as referred
to earlier. As the software for the correction (C3NAV)
is only available as a “black box”, it could not be
established what causes this behaviour other than
the assumption that there were GPS jamming trials
in progress somewhere in the vicinity of Woomera.

In Figure 43, the first and last part of the data was
omitted, as these parts are obviously affected by
random spikes and jumps in the differentially
corrected data.

The plotted unaffected data shows excellent
agreement. For position and altitude, the maximum
error is around £5m, for velocities around 1m/s. This
is in accordance with the overall accuracies for the
wind measurements as specified in Section 5.1.

Figure 44 shows similar data for the taxi and take-off
phase of the flight on 24 June 2002. The same
features are visible, with “jumps” caused by the
differential correction. The differences for this flight
segment are also in a similar order of magnitude.
Similar results were found for the other flights.
Finally, some the wind was computed for some
segments of the flights using differentially corrected
GPS data. The differences in the wind values to the
ones computed with non-corrected data was found to
be generally less than 0.2m/s.
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Figure 42: Differentially corrected GPS position data versus non-corrected data for the
whole flight on 23 June 2002. Corrected data is shown in red, non-corrected data in blue.
For explanations, see text.
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Figure 43: Difference between differentially corrected GPS data and non-corrected data for
the flight on 23 Jun 2002. Shown are, from top to bottom: S/N-distance in m (dx); W/E-
distance in m (dx); altitude in m (dalt); W/E-velocity in m/s (du); S/N-velocity in m/s (dv);
and vertical velocity in m/s (dw). For more explanations, see text.
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Figure 44: As Figure 43, but for taxi and take-off phase of the flight on 24 June 2002. For

explanations, see text.
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