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1. ABSTRACT

This report presents the recorded acoustic data and the computed narrow-band and 1/3-octave band

spectra produced by F-18 and F-16XL aircraft in subsonic flight over an acoustic array. Both

broadband-shock noise and turbulent mixing noise are observed in the spectra. Radar and c-band

tracking systems provided the aircraft position which enabled directivity and smear angles from the

aircraft to each microphone to be computed. These angles are based on source emission time and thus

give some idea about the directivity of the radiated sound field due to jet noise. A follow-on static test

was also conducted where acoustic and engine data were obtained. The acoustic data described in the

report has application to community noise analysis, noise source characterization and validation of

prediction models. A detailed description of the signal processing procedures is provided.

2. INTRODUC'FION

Research into the development of the High Speed Civil Transport (I-ISCT) has produced increased

interest in jet noise measurements obtained from flight tests. Since developmental funding for the

HSCT is linked to environmental issues, one of which is noise, accurate acoustic data acquisition and

signal analysis on aircraft engines that emulate the engines of the HSCT is of paramount importance.

Due to the HSCT configuration and engine design for supersonic flight, jet noise becomes more of a

dominant factor in contrast to conventional aircraft. The possibility of commercial supersonic flight

has again brought jet noise to the forefront, which for subsonic aircraft has been largely alleviated by

the use of high-bypass turbofan engines. The data presented in this report consists of acoustic

measurements performed on F-18 and F-16XL aircraft. These measurements were obtained from

flyover tests during November 1991 which were performed at NASA Dryden Flight Research Center,

California.

The primary goal of the test program was to ascertain if a possible noise problem exists for the

HSCT during climbout. This concern arises from the high jet noise levels and relatively poor low



speedaerodynamicperformanceanticipatedfor the HSCT compared to conventional aircraft in this

flight regime. This report will not address that issue. An ancillary function of the test was the

acquisition of a data base to validate the NASA Aircraft Noise Prediction Program (ANOPP) and other

jet noise source codes over a full range of flight speeds. This report presents that database.

Aircraft position, weather data (atmospheric pressure, temperature, relative humidity, etc.) and

engine state parameters were collected during the test. Aircraft tracking was obtained from radar and c-

band systems. Weather data was obtained by rawinsondes and a tethered balloon and engine state

parameters were recorded aboard the aircraft. All of the above data sets are required for analyzing the

acoustic data and as input to noise prediction codes.

3. AIRCRAFT SELECTION AND TEST MATRIX

The F-16XL and the F-18 aircraft shown in Figures 1 and 2 were selected because of the high

performance engines and the similarity of the nozzle conditions to HSCT propulsion systems under

development. Although the engines are smaller and have less thrust than will be used on a full scale

HSCT, the jet operating conditions and flight speeds are similar, allowing the acoustic data to be

scaled, yielding an estimate of the HSCT noise levels.

The flights were divided into two groups, one for climb-to-cruise and one for ANOPP validation.

Table 1 shows the climb-to-cruise test matrix. These flights were conducted at five different altitudes

with different Mach numbers employed at each altitude. Table 2 shows the ANOPP validation test

matrix. All the ANOPP runs were conducted at the same altitude (1500 feet AGL) with the Mach

number varying from .3 to .95. Run numbers were assigned according to altitude and flight Mach

number. For example, run numbers in the 100's correspond to Mach 0.3 and an altitude of 1500 feet

Above Ground Level (AGL). This "hundreds" trend applies to all F-18 Climb-to-Cruise runs.

Similarly, run numbers in the 1100's correspond to F-16XL runs at Mach 0.3 and an altitude of 1500

feet AGL. All ANOPP validation runs begin with the number 6 for the F-18 and the number 8 for the

F-16XL.



TheF-18 aircraftwere powered by two F404-GE-400 afterburning turbofan engines which are in

the 16,000-1b thrust class 1. A standard F-18 maintenance data recorder allowed a limited number of

aircraft and engine parameters to be collected aboard the aircraft. During the flight test, the left engine

was set to flight idle to simulate acoustic data from a single engine. With one engine at flight idle, the

F-18 was able to achieve a wide range of nozzle pressure ratios while maintaining a constant flight

velocity over the microphone army.

The F-16XL with its cranked arrow delta wing is powered by a single F110-GE-129 afterburning

turbofan engine in the 29,000-1b thrust class 2. This aircraft and engine were fully instrumented for

flight research. Data collected onboard were transferred from the aircraft to a ground recorder by

telemetry. Since the F-16XL has a single high performance engine, it was not always possible to

obtain the desired nozzle condition and maintain a constant flight speed. Consequently, most of the F-

16XL Climb-to-Cruise data contains acceleration effects.

Notice, in both tables, that on some F-18 flights no engine data was collected even though acoustic

data was acquired. Thus, as an aid in assessing the noise spectra, engine data from similar flights are

included in Table 3.

4. DATA ACQUISITION AND ANALYSIS

A linear array of twelve microphones with a spacing of 350 feet between adjacent microphones

was used to acquire the acoustic data. The 1/2 inch diameter B&K microphones, which were mounted

on ground boards (Figure 3), had a flat frequency response from .01 to 40,000 hertz (I-Iz) and a

maximum sound pressure level of 160 decibels (dB). The acoustic signals were FM-recorded on

analog tape at 15 inches per second (ips) which gives a dynamic range of about 46 dB. Before

recording, the signals were bandpass f'dtered from 25 Hz to 12.5 kHz to prevent aliasing. Due to the

high impedance of the ground boards, a constant 6 dB frequency correction was made for each spectral

bin for reflection.



One purpose of the test was to generate narrow-band spectra demonstrating the features of jet

noise. This requires digitizing the analog data in order to input the signals into a fast Fourier transform

(FFT) algorithm. Digital pressure time history files were created from the analog tapes utilizing the

NASA/LaRC Acoustics Division Data Reduction and Analysis System (ADDRAS) 3. To assess the

impact on community noise, the test was designed to enable the computation of noise metrics such as

A-weighted overall sound pressure levels, perceived noise level (PNL), tone corrected perceived noise

level (PNLT) and effective perceived noise level (EPNL). These metrics are based on the 24 1/3-

octave bands from 50 Hz to 10 kHz. Thus, in the digitization of the data, the upper filter cutoff

frequency, fc, was set at 12.5 kHz.

The sample rate for the analog-to-digital conversion was determined from the following relation

1
sample rate =

At (1)

which satisfies the Nyquist criterion. With fc = 12.5 kHz, this yields At = 3.2x10 -5 seconds or

31250 samples per second. After the signal was digitized, the ADDRAS software converted the digital

signal to engineering units (EU). A calibration signal for each microphone channel was recorded on

each analog tape prior to the flyovers.

In the digitization procedure, ADDRAS segments the pressure time history into contiguous digital

blocks of 2048 data points. For each of these blocks, the data reduction software calculates the

variance, o -2, of the data which is the mean-squared pressure for the block, i.e.

°'2:1 n_l[N--1 = P(l_t)-P]2
(2)

This is converted to an overall sound-pressure level, paired to the middle of the time block and plotted

as a function of time. The time spacing between the blocks is 2048/31250 = .0655 see. Construction

of these plots shows the range of a viable signal-to-noise ratio. Figure 4 illustrates overall sound



pressurelevel (OASPL) vs. time for a F-18 flyover at nominal values of altitude and Mach number

equal to 1500 feet and .3, respectively.

5. SMEAR ANGLE AND ENSEMBLE AVERAGING

For aircraft flyover measurements, the acoustic signal appears nonstationary to a ground-based

observer. Consequently, the Fourier transform of the signal will be time dependent. A short-time

Fourier transform with a sliding window function 4 is employed to deal with this situation. A trade off

must be made between time resolution and frequency resolution. One function of the window is to

limit the duration of the time signal so that the spectral characteristics appear reasonably stationary. A

rapidly varying signal requires a reduced window length, which in turn reduces the frequency

resolution. On the other hand, increasing the window duration can lead to spectral smearing.

To perform ensemble averaging of acoustic flyover measurements, the smear angles must be

known since averaging across a microphone array requires that each individual microphone be exposed

to the same directivity angles. It will be assumed in the ensemble averaging scheme that the aircraft is

in level flight at constant velocity and a fixed orientation. Deviations from this type of flight profile can

present problems to ensemble averaged test data.

Figure 5 illustrates angles associated with smearing. The angle between the aircraft velocity vector

LI and the position vector r is denoted by 0 and is the noise emission directivity angle. The angles 0 t

and 02 correspond to emission times xt and x2, respectively, associated with the FFT time window.

The smear angle is defined as

A0 = 0 2 - 01 (3)

Note that the angles are based on the time of signal emission and not on the time of signal reception.

As can be seen in Figure 5, A0 is a function of aircraft altitude and speed. Increasing the window

duration, T, to improve frequency resolution (bin width) is only viable if A0 is small. Otherwise,

severe spectral smearing, which is indicated by the broadening of spectral peaks and tones, will occur



andbecomemore severe as A0 increases. Smearing becomes less of a problem as altitude increases

and speed decreases, and is more pronounced for approach measurements than for receding

measurements. 5 A standard technique in signal processing for a single output system (i.e., single

microphone measuremen0 is to segment the time history into contiguous blocks, Fourier transform

each block, then average the spectra. 6,7 This method assumes the signal is stationary over the total

time series used in the block averaging. A necessary condition for this assumption to be valid is that

the total smear angle is small. Using a linear microphone array allows spectral averaging across the

array as shown in Figure 6. Each microphone output is treated as an individual record in the

averaging. This can be done as long as each microphone measurement contains the same directivity

angles which is indicated in Figure 6.

6. DIRECIIVITY AND SMEAR ANGLE DETERMINATION

Acoustic source emission times were determined for the spectra from the radar tracking data files.

Since the flight paths were approximately along the array at constant altitude, an initial emission angle

corresponding to emission time, x, is designated and a range estimate is made by the following

x, = h cot 0 (4)

where x, is measured along the array axis. The radar f'fle is then searched to find x, after which the

initial emission time, xl, is determined by way of linear interpolation. Also, the position vector, r(x),

from the aircraft to the microphone is calculated:

Next 01 is updated:

r(x) = x- x,(x) (5)



It is assumedin equation(6) that the aircraftaxis is alignedparallel with the array axis. The

correspondingreceptiontime,t, isdeterminedfromtheretardedtimerelation

t -- 'C+ _(r'x------2-z (7)
Co

where c o is an averaged value of the speed of sound obtained from the rawinsonde or balloon data.

The pressure-time history file is then searched to find tl, the start time for the FFT record.

Computation of the final reception time is easily found from

t 2 = t1 + T (8)

To arrive at a smear angle, AO, _2 corresponding to t 2 must be calculated. This is done by

rearranging equation (7) and using linear iterationS:

(x2),+t =t2 r[(x2)i] (9)
Co

Here, the subscript i refers to the values of x used in the iteration. Thus, the radar file is iteratively

searched until equation (9) converges which determines ':2 and r(x2). The convergence criterion is

(x2)i+l - (x2)i[ < 0 001

(x2)i+_ 1-"
(10)

Equation (6) will also yield 02 so that the smear angle can be computed from equation (3).



7. SPECTRALANALYSIS

The stepsused to construct the narrow-band spectra are similar to those given in Ref. 6. To prevent

aliasing, the bandwidth of the spectrum is first selected, the sample rate determined from equation (1)

and, the signal is fed through a low-pass filter with cut-off firequency fc- Equation (1) along with the

block size, N, determine the FFT window duration

T = NAt (11)

The frequency bin width is given by

z_'= 1 (12)
T

The FFT of the signal is expressed as

f)i (fk) -" mtPi(fk )

where

(13)

Pi(fk)= _pmexp • (14)
n=O

In these relations, Pi(fz) is the actual output from the FFT algorithm and the subscript i designates the

particular record or microphone used in the ensemble average. The FFT subroutine employed is based

on the Cooley-Tukey 9 algorithm. The discrete frequencies, fk, which are the bin center frequencies,

are given by

.fk =k k =0,1,2 .... ,N (15)T'

8



With the FFT components computed, the power spectral density function ensemble averaged over the

number of microphones n d is evaluated from

lid ^

i=l

k = 0,1,2,..._ (16)

Using equations (13) and (16), the mean squared pressure for the bin with center frequency fk and

width Af can be approximated by

nd2 2

ndN i=l
(17)

Thus, the sound-pressure level for the k-th bin is

L(fk)=lOl°g[' ]+AL(fk) (18)

where AL(f k) represents a weighting function in decibels (i.e. A-weighting). If no weighting is

desired then AL(f k) = 0. The overall sound-pressure level for any desired frequency bandwidth is

1Loa = lOlog 10 L(fk)/l° (19)

where n b is the number of the frequency band corresponding to the maximum desired frequency. For

the results presented in this study, N = 16384 points so that T = .5243 sec. and Af = 1.91 Hz. Also,

n a = 12 since twelve microphones were employed in the ensemble averaging.



8. FLYOVERACOUSTICMEASUREMENTS

Appendix A contains the narrow-band spectra constructed from the measured acoustic data for both

the F-18 and F-16XL flights. Each flight has a maximum of seventeen spectra displayed

corresponding to sixteen different emission angles and an ambient measurement characterizing

background noise taken prior to the overflight. Some flights at the higher altitudes have fewer than

sixteen spectra shown because the signal-to-noise ratio approaches one as the aircraft recedes from the

array. In the presented spectra 6 db has been subtracted from each spectral bin to account for ground

impedance and thus the spectra depict free-field propagation. Loa given in the spectra was computed

over the bandwidth shown, from 0 to 4 kHz.

Some extraneous noise does appear in the spectra. The spectral structure in the vicinity of 3 kHz is

attributed to internal noise generated by the data acquisition system. Spikes at harmonics of 60 Hz are

attributed to the power generator which provided the electrical supply to the instrumentation van.

Contamination of the spectral data by this noise becomes significant at the 10,000 ft. flyovers and

progressively worsens as the aircraft altitude increases due to the decreasing signal-to-noise ratio. In

general, the maximum levels occur in the vicinity of 1 kHz or below for both aircraft.

9. 1/3-OCTAVE BAND SOUND PRESSURE LEVELS

Appendix B contains tables of 1/3-octave band sound pressure levels for twenty-four 1/3-octave

bands from 50 Hz to 10 kHz. These levels are computed from the narrow-band spectra by simply

summing up the sound-pressure levels contained in each 1/3-octave band, i.e.

El/3 (feen) = 1010_10L(fk)/101

tA J
(20)

lO



Here, fc_a is the 1/3-octave band center frequency. The lower and upper frequencies are given by fl

and f,, respectively. L(fk) is the narrow-band SPL determined by the FFT scheme where

fl < fk < f-. Due to the presence of the previously mentioned extraneous noise, caution is advised in

interpreting these values as characterizing aircraft noise for the flights above 5,000 feet.

I0. FLIGHT TRACKING DATA

Appendix C displays plots representing the position of the aircraft during the flights. These plots

were constructed from the radar tracking data. Shown are the rectangular coordinates, aircraft Mach

number and emission angle for each flight. One of the end microphones was designated to define the

origin of the coordinate system. For the Math number computation, the position data was fin'st

smoothed with a cubic spline routine and then velocity components were found using a routine that

evaluates the derivative of a cubic spline at a given point. The Mach number history was further

smoothed by a cubic polynomial fit. The spacing in the radar data was approximately .05 seconds. In

the speed history plot, total Mach number is shown, i.e.,

M(t) = _R2 + _,z + _2
Co (21)

11. ENGINE DATA

Engine data for the F-18 and F16XL flights are shown in Tables 3 and 4. This data was provided

by NASA Dryden Flight Research Center 1,2. Parameters directly measured during the flyovers

included compressor speed and discharge pressure, fan speed, fuel flow, inlet and gas temperatures,

and turbine discharge pressure. Engine parameters were calculated from manufacturers deck codes and

nozzle conditions were computed from these results using isentropic flow equations.

11



12. WEATHERDATA

Two sources of weather data were measured during this test. This data is provided in Appendix D.

The fn'st consists of data obtained by a rawinsonde released during the early morning hours of each

flight day. Table Dland D2 list the flight test run numbers with a corresponding date. Rawinsonde

data for these dates are listed in Tables D3 through D9.

The second source of weather data was collected by a NASA Langley tethered balloon shown in

Figure 7. This balloon was raised to an altitude of approximately 1500 feet and lowered several times

during the tests. Tables D10 through D16 list the Balloon weather data. Due to technical difficulties

balloon data was not collected for runs conducted on November 19, 1991.

13. STATIC TEST MEASUREMENTS

Acoustic and engine data were acquired from both an F-18 and F-16XL aircraft during the static

tests. Microphone arrays were placed around the F-18 as shown in Figure 8 and around the F- 16XL as

shown in Figure 9. Each microphone was flush mounted above an acoustically hard surface (ground

board).

The acoustic data was reduced using a similar signal processing procedure as that employed in the

flyover measurements. That is, the analog signal was fh'st passed through an anti-aliasing filter with a

low pass setting of 15 Hz and a high pass setting of 12.5 kHz. The signal was then digitized at a

sample rate of 31.25 kHz which satisfies the Nyquist criterion. A 16384 point FFT converted the

digitized time history to acoustic spectra with a time window of 0.5243 seconds and a frequency

resolution of 1.9 Hz. The window used in the FFT was rectangular. The displayed narrow band

spectra in Appendix E were constructed by ensemble averaging 19 FFT records with a 50 % overlap.

One-third octave band spectra, shown in Appendix F, were obtained from the narrow-band spectra by

way of equation (20).

12



Engine data for the F-18 was recorded for 5 operating conditions as listed in Table 5. These

conditions correspond to a single engine. For throttle settings greater than 80 degrees, power lever

angle, the left engine was started and set to flight idle for stability reasons. Engine data for the F- 16XL

is given in Table 6.

14. CONCLUDING REMARKS

This report documents flyover noise data obtained from constant altitude flights of F- 16XL and F-

18 aircraft over a wide subsonic speed range. These results may be useful for noise prediction code

validation or for assessing climbout noise for future aircraft, such as the HSCT.

13
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Table 1. Climb-To-Cruise Test Matrix

F-18 Flights F-16XL Flights Target Altitude Target Mach
Feet AGL Number

1500 .3103 *
105

enaine data only
100
101
104

205
211 *

206

305
315

302
306
307
309

409
411

401
415

504
505

503
507

1101 *
1102 *

1201 *
1202

"-1301 *

5000

10000

20000

30000

.6

.65

.75

.9

* acoustic and engine data
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Table 2. ANOPP Test Matrix

F-18 Flights F-16XL Flights Target Altitude Target Mach
Feet AGL Number

1500 .3600 *
601 *
603
604

610
612
613

611

621 *
622
623

620

630
631

632
633
634
635

800 *
801 *

810 *
811 *

1500

1500820 *
821 *

830 *
831 *

1500

.6

.8

.95

* acoustic and engine data

t6
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22 10

11

12

15

16

13

14

19

Mic 6 r

Position (de_) (ft)
1 22.1 70.0
2 31.3 70.0
3 37.2 70.0
4 47.4 70.0
5 53.1 70.0
6 6i .1 70.0_
7 68.6 70.0
8 75.3 70.0
9 82.9 70.0

10 90.0 70.0
11 97.2 70.0
12 103.7 70.0
13 110.9 70.0
14 . 118.8 70.0
15 126.7 70.0
16 !33.8 70.0
17 141.1 70.0
18 149.8 70.0
19 156.1 70.0
20 31.3 110.01
21 31.3 35.0
22 90.5 17.5
23 149.7 140.0

• Microphonelocmion

\
'k

\
==

\

23i,

Figure 8. Microphone array for the F- 18 static test.
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, Mic 0 __
1 2 _' Position (de9)

.... ,,," I 22. I '.... _ 3 31.3 99

4 3 37.2 99
I

I
t

I

• 17

18

5 4 47.4 99

6 5 53.1 99
6 61.1 99
7 68.6 997
8 75.3 99
9 82.9 99

8 10 90.0 99
11 97.2 99

9 12 103.7 99
13 110.9 9910

- 14 118.8 99
15 126.7 99

11 16 133.8 99
17 141.1 99

12 18 149.8 99
19 156.1 99

13 20 31.3 155.5
21 31.3 49.5

14 22 90.5 24.7

15 23 149.7 198

19

16

• Microphone location

%

%

Figure 9. Microphone array for the F-16XL static test.
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APPENDIX A

NARROW-BAND SPECTRA DATABASE FOR FLIGHT TESTS

(Sound pressure levels in 2 Hz bandwidth)
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APPENDIX B

1/3-OCTAVE BAND SOUND PRESSURE LEVELS FOR FLIGHT TESTS
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Table D 1

F-18 Flight Test Dates

Climb-to-Cruise Tethered balloon data Date

103 19 Nov 91

205 19

305 19

409 yes 22
504

5O5

ANOPP Validation

600
601

603

604

610

612

613

621
622

623
630

631

yes
yes

yes

Y,_,
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

Nov 91

Nov 91

Nov 91
22 Nov 91

,m ,,,,

22Nov 91

20Nov 91
20 Nov 91

21 Nov 91

21 Nov 91

20 Nov 91

21 Nov 91

21 Nov 91

20 Nov 91
21 Nov 91

21 Nov 91

21 Nov 91

25 Nov 91

Table D2

F- I6XL Flight Test Dates

Climb-to-Cruise
I101

1102

i201

1202

ANOPP Validation

8OO

801

810
811

820

821
830

831

Tethered balloon data Date

• yes 22 Nov 91
yes 22 Nov 91

yes 22 Nov 91

yes

yes

yes
,yes
yes
yes
yes
yes
yes
yes

23 Nov 91
mu, ,

22Nov 91

27Nov 91

27Nov 91

27Nov 91

27Nov 91

27 Nov 91
27 Nov 91

27 Nov 91
27 Nov 91

I)-2



Table D3 Rawinsonde Data for 19 NOV 91

ALT DIR SPD TEMP PRESS RH ABHUM

GEOMFT DEG KTS DEG C MBS PCT G/M3

2372 30 2.0 -2.4 944.70 65 2.86
3000 92 16.0 8.3 922.78 36 3.06

4000 79 15.5 6.5 889.21 34 2.53

5000 61 19.7 4.3 856.64 33 2.13

6000 57 18.2 3.5 825.08 27 1.67

7000 51 20.4 3.0 794.57 21 1.27

8000 40 24.3 4.7 765.25 19 1.30

9000 40 24.4 3.8 737.13 26 1.66

10000 27 16.5 3.0 709.91 27 1.63

Ii000 II 8.3 1.5 683.62 25 1.35
12000 346 12.3 .2 658.16 25 1.23

13000 345 19.9 .6 633.55 23 1.05

14000 349 21.4 -1.9 609.77 22 0.93
15000 338 17.4 -3.9 586.74 21 0.77

16000 323 26.1 -6.4 564.40 22 0.67

17000 320 29.2 -8.6 542.72 23 0.59

18000 310 29.9 -10.6 521.71 22 0.50

19000 314 25.7 -13.5 501.32 25 0.45

20000 331 21.2 -15.6 481.54 30 0.45

21000 319 28.6 -17.8 462.40 32 0.41
22000 323 34.4 -20.6 443.84 35 0.36

23000 332 36.5 -21.7 425.87 29 0.27

24000 343 38.3 -24.3 408.51 33 0.25

25000 350 42.7 -26.1 391.72 32 0.20

26000 347 55.7 -27.6 375.48 29 0.16

27000 345 59.3 -28.0 359.90 26 0.14

28000 341 58.5 -30.5 344.87 26 0.ii

29000 336 57.7 -33.3 330.30 29 0.09

30000 333 63.9 -36.2 316.19 31 0.08
31000 334 66.7 -38.9 302.53 32 0.06

32000 337 63.3 -40.7 289.32 31 0.05

33000 340 60.5 -43.5 276.56 32 0.04
34000 341 61.8 -46.5 264.23 33 0.03

35000 341 63.1 -49.0 252.30 33 0.02

36000 335 63.3 -51.2 240.79 33 0.02

37000 322 67.1 -52.0 229.72 33 0.02

38000 313 74.6 -53.6 219.13 33 0.01

39000 313 77.5 -56.0 208.93 33 0.01
40000 319 66.4 -58.3 199.10 33 0.01

DENSITY

G/M3

1209.35

1140.28

1106.28

1074.23

1038.10

1001.51

958.55

926.10

894.53

866.17
837.96

809.27
782.50

758.77

736.70

714.34

692.09

672.34

651.01

630.58
612.14

589.83

571.85

552.29

532.57

511.42

495.08

479.76

464.77
449.88

433.65

419.61
406.12

392.13

377.91

361.85

347.64

335.13
322.79
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Table D4 Rawinsonde Data for 20 NOV 91

ALT DIR

GEOMFT DEG

SPD TEMP PRESS RH ABHUM DENSITY
KTS DEG C MBS PCT G/M3 G/M3

2372 30 2.0 -1.2

3000 48 4.0 7.2

4000 88 9.2 8.9
5000 76 1.5 7.6

6000 312 10.4 10.2
7000 308 15.8 9.8

8000 310 16.4 9.3
9000 300 14.1 8.0

i0000 298 14.0 6.6

Ii000 310 18.5 5.3

12000 306 20.5 4.0
13000 303 20.2 1.3

14000 305 20.1 -1.3
15000 308 21.5 -3.4

16000 314 22.9 -4.5

17000 323 23.8 -5.3

18000 333 23.9 -7.8

19000 333 24.0 -10.6

20000 329 24.2 -12.7
21000 320 22.7 -15.6

22000 306 20.5 -17.7
23000 294 21.4 -20.5

24000 286 24.6 -22.7

25000 291 26.1 -24.9

26000 300 24.7 -27.3
27000 303 24.1 -30.1

28000 301 24.2 -32.8

29000 300 26.7 -35.3

30000 297 31.3 -37.5

31000 296 36.2 -39.7

32000 299 40.9 -42.3

33000 300 43.7 -44.9
34000 300 47.2 -47.1

35000 302 50.1 -49.6

36000 304 54.2 -52.4

37000 305 58.4 -54.0

38000 305 62.3 -56.2

39000 305 64.2 -58.5

40000 304 65.2 -60.7

944.90 43 1.92

922.87 34 2.68
889.44 28 2.45

857.19 26 2.11

826.13 18 1.68

796.36 18 1.67

767.61 27 2.38

739.80 27 2.22

712.88 32 2.40

686.82 33 2.27

661.59 28 1.77
637.11 32 1.71
613.32 49 2.14

590.23 54 2.06

567.86 41 1.45

546.25 32 1.08
525.36 28 0.77

505.05 33 0.73

485.35 34 0.66

466.24 38 0.58
447.69 37 0.47

429.73 48 0.49

412.31 41 0.35

395.47 48 0.34
379.15 41 0.23

363.35 43 0.19

348.03 46 0.16

333.21 41 0.II

318.87 41 0.09
305.02 42 0.07

291.65 48 0.06

278.72 54 0.06

266.23 55 0.04

254.18 52 0.03

242.54 50 0.02

231.33 49 0.02

220.54 48 0.01

210.15 47 0.01
200.15 46 0.01

1209.25

1145.35
1097.29

1062.30

1014.84

979.65

945.46

915.43

886.34
857.80

830.55

807.57
784.76

761.01

735.47

709.88
689.31

669.80

648.88

630.34
610.38

592.20

573.35
554.82

537.17

520.76

504.31

487.92

471.40
455.20

440.03

425.37

410.33

396.11

382.68

367.69

354.17
341.07

328.22
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Table D5 Rawinsonde Data for 21 NOV 91

ALT DIR SPD TEMP DPT PRESS RH ABHUM

GEOMFT DEG KTS DEG C DEG C MBS PCT G/M3

2372 45 5.0

3000 16 9.2
4000 332 4.2

5000 271 12.8

6000 275 15.9

7000 276 14.8

8000 303 15.4

9000 313 22.3

I0000 313 25.5
ii000 304 32.3

12000 295 33.4

13000 294 32.2
14000 294 33.3

15000 291 37.9
16000 286 38.3

17000 283 36.8

18000 289 37.3

19000 291 38.1

20000 293 36.2
21000 293 37.2

22000 296 41.0

23000 299 43.2
24000 300 41.2

25000 297 46.2

26000 291 44.9

27000 289 38.9
28000 288 43.8

29000 287 52.0

30000 290 44.7

31000 296 40.7

32000 294 49.9

33000 290 64.0
34000 288 67.4

35000 285 56.5

36000 279 47.2

37000 275 49.3

38000 275 62.5

39000 277 72.7

40000 277 68.9

15.8 1.9 936.10 39 5.23

13.4 .2 915.11 39 4.53

11.3 .3 882.41 45 4.53
10.6 .3 850 69 47 4.56

12.1 -9.0 820.15 22 2.34

9.5 -11.8 790.65 21 1.89

i0.0 -13.8 762.15 17 1.61

8.5 -14.4 734.60 18 1.54

6.7 -10.5 707.89 28 2.13

5.1 -9.2 682.01 35 2.37
3.3 -8.2 656.93 43 2.58

1.2 -I0.I 632.61 43 2.24

-1.2 -12.2 608.98 43 1.91
-3.3 -13.7 586.05 44 1.70

-6.0 -15.2 563.79 48 1.51

-7.2 -19.2 542.20 37 1.08
-9.7 -21.4 521.31 38 0.91

-12.3 -22.7 501.02 41 0.81

-14.5 -25.6 481.36 38 0.64

-16.9 -27.7 462.29 38 0.52
-19.2 -30.4 443.81 36 0.41

-21.4 -31.4 425.92 40 0.38

-23.9 -31.5 408.59 49 0.38

-26.0 -34.4 391.80 45 0.29
-28.5 -38.6 375.57 37 0.19

-31.2 -42.1 359.83 33 0.13

-33.6 -43.6 344.61 35 0.II

-36.0 -44.5 329.89 40 0.I0

-38.0 -46.6 315.66 40 0.08

-40.6 -49.1 301.92 39 0.06

-42.9 -51.4 288.64 38 0.05
-45.5 -54.0 275.81 37 0.04

-48.1 -56.3 263.41 38 0.03

-50.9 -58.7 251.43 38 0.02

-53.5 -61.2 239.86 38 0.01
-55.9 -63.5 228.70 38 0.01

-58.5 -65.9 217.94 37 0.01

-61.2 -68.4 207.56 37 0.01

-63.1 -70.2 197.56 36 0.00

DENSITY

G/M3

1125.41

1109.96

1078.04

1041.79

1000.39
973.41

936.60

907.60

880.02

852.49

826.16
801.96

779.02

755.59

734.35
709.51

688.93

668.63

648.05
628.13

608.61

589.27
570.83

552.09

534.76

518.13

501.00
484.51

467.65

452.32

436.63

422.15

407.76
394.02

380.44

366.78

353.71

341.09

327.60
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Table D6 Rawinsondc Data for 22 NOV 91

ALT DIR

GEOMFT DEG

SPD TEMP PRESS RH ABHUM

KTS DEG C MBS PCT G/M3

2372 305 1.0 2.8

3000 81 16.4 9.4

4000 67 15.8 8.9

5000 67 16.0 6.9

6000 68 11.6 5.4

7000 58 7.8 3.4

8000 30 3.0 6.7

9000 319 7.4 6.4
i0000 328 10.5 4.6

ii000 337 13.2 2.2

12000 325 15.0 0.4

13000 333 14.7 0.3

14000 340 15.7 -2.5
15000 328 19.1 -4.3

16000 330 25.0 -5.7

17000 330 30.9 -6.9

18000 326 36.4 -8.4
19000 322 40.7 -9.8

20000 316 42.1 -12.5

21000 308 42.3 -14.6

22000 300 43.8 -17.5

23000 304 42.9 -20.3
24000 306 42.2 -23.0

25000 309 38.7 -25.5
26000 310 39.1 -28.5

27000 310 39.1 -31.2
28000 309 39.4 -33.8

29000 304 41.1 -36.6

30000 301 40.8 -39.0

31000 300 40.6 -41.7

32000 302 42.7 -44.3

33000 307 47.1 -46.9

34000 314 50.5 -49.1
35000 317 51.7 -51.8

36000 318 52.1 -53.9

37000 318 55.1 -56.8
38000 323 60.5 -59.2

39000 328 63.7 -60.2

939.70 73 4.28

918.07 35 3.14

884.95 30 2.58

852.80 33 2.54

821.64 40 2.80
791.44 45 2.77

762.35 18 1.33

734.54 16 1.20

707.61 16 1.07

681.47 16 0.89

656.12 25 1.25
631.58 18 0.86

607.85 18 0.74

584.84 17 0.62

562.59 18 0.59

541.07 19 0.57
520.29 19 0.49

500.16 18 0.44

480.67 19 0.37

461.78 18 0.30
443.46 18 0.24

425.68 18 0.19

408.42 19 0.16
391.69 20 0.13

375.47 20 0.II

359.75 21 0.08
344.52 21 0.07

329.77 22 0.05

315.50 22 0.04

301.71 22 0.03

288.37 23 0.03
275.47 24 0.02

263.02 25 0.02

251.01 25 0.01
239.43 25 0.01

228.25 26 0.01

217.47 26 0.01

207.11 27 0.00

DENSITY

G/M3

1183.74

1129.91
1091.61

1059.41

1025.77

995.35

948.19

914.71
887.03

861.64

834.73

805.92
782.08

757.55

732.42

707.60

684.36
661.46

642.34

622.03

604.22

586.36
568.60

550.88
534.50

517.92

501.36
485.66

469.37

454.05

439.04

424.09

409.00
394.98

380.44

367.56

354.15
338.87
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Table D7 Rawinsonde Data for 23 NOV 91

ALT DIR SPD

GEOMFT DEG KTS

TEMP PRESS RH

DEG C MBS PCT

ABHUMDENSITY

G/M3 G/M3

2372 20

3000 84

4000 94

5000 83
6000 77

7000 70

8000 88

9000 95

I0000 II

ii000 341

12000 350
13000 350

14000 336
15000 323

16000 325

17000 345
18000 331

19000 318

20000 310

21000 302

22000 301
23000 315

24000 313
25000 303

26000 302

27000 303

28000 303
29000 299

30000 295

31000 293

32000 297

33000 304

34000 307
35000 309

36000 312

37000 314

38000 313

39000 307

40000 304

5.0 2.8 947.30 42 2.46
16.0 6.8 925.34 25 1.89

19.5 6.1 891.57 21 1.52

18.6 5.3 858.92 22 1.51

19.1 2.7 827.28 23 1.32

16.2 1.3 796.56 25 1.33

14.0 2.5 766.96 19 i. I0

7.2 5.1 738.73 17 1.17
1.5 3.8 711.55 18 I.i0

7.5 3.4 685.27 17 1.04
9.4 2.2 659.95 19 1.06

9.4 .2 635.38 20 0.94
14.6 -2.5 6II.52 26 1.04

18.7 -4.5 588.38 35 1.23

12.0 -6.7 565.95 35 1.04
10.5 -9.1 544.18 35 0.88

18.3 -11.4 523.05 35 0.74

22.8 -13.5 502.58 37 0.67

20.9 -15.9 482.75 36 0.54

21.1 -18.3 463.53 36 0.44
21.5 -21.1 444.89 50 0.49

16.4 -24.0 426.79 56 0.43

20.3 -25.7 409.26 71 0.47
29.1 -27.8 392.34 74 0.40

29.2 -29.9 375.97 73 0.33

26.8 -32.3 360.15 68 0.25

26.7 -34.7 344.85 62 0.18
29.5 -37.0 330.04 61 0.14

32.4 -39.5 315.73 60 0.Ii

35.0 -42.1 301.90 59 0.08

35.4 -44.4 288.54 56 0.06

33.8 -47.2 275.63 55 0.04

32.4 -49.7 263.15 55 0.03
32.3 -52.1 251.11 52 0.02

33.6 -54.7 239.49 51 0.02

34.5 -57.0 228.29 49 0.01

35.6 -58.7 217.51 48 0.01

37.4 -59.0 207.19 48 0.01

40.5 -59.6 197.34 47 0.01

1194.40

1150.42

1111.42

1073.70

1043.89

1010.17
968.70

924.36

894.52

862.62

834.21
810.51

786.58
762.33

739.32

717.54

695.78
673.92

653.35

633.29

614.63

596.48
575.90

556.80

538.28

520.76
503.71

486.90

470.78

455.06

439.35
424.93

410.18

395.82

381.99

367.86

353.42

337.00
321.98
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Table D8 Rawinsonde Data for 25 NOV 91

ALT DIR

GEOMFT DEG

SPD TEMP PRESS RH ABHUM DENSITY

KTS DEG C MBS PCT G/M3 G/M3

2372 120

3000 87
4000 50

5000 I00

6000 319

7000 325

8000 330
9000 329

i0000 340

ii000 346

12000 337

13000 326
14000 317

15000 307

16000 303
17000 303

18000 306
19000 311

20000 314

21000 314

22000 317

23000 320

24000 318
25000 323

26000 327

27000 323
28000 321

29000 319

30000 323

31000 329
32000 337

33000 344

34000 347

35000 345

36000 344
37000 341

38000 338

39000 333

40000 331

3.0 19.4 935.90 21 3.50
7.5 16.4 915.11 19 2.63

5.6 15.1 882.76 20 2.54

4.3 13.4 851.40 22 2.57

4.6 12.4 821.03 27 2.93

12.9 10.7 791.58 26 2.54

14.7 10.6 763.12 31 2.98
15.5 9.1 735.62 31 2.74

16.0 7.1 708.92 25 1.92

17.4 5.8 683.06 22 1.54

15.2 3.7 657.97 22 1.34

15.4 1.6 633.62 22 1.18
18.6 0.7 609.97 22 1.01

22.2 -2.0 587.08 19 0.81

23.6 -4.5 564.87 18 0.64
25.2 -6.8 543.32 20 0.59

25.5 -8.6 522.43 19 0.50
25.6 -11.2 502.18 21 0.45

25.2 -13.7 482.52 18 0.33

25.4 -16.2 463.46 20 0.29

25.0 -19.0 444.97 22 0.26

23.0 -21.8 427.02 24 0.22

22.6 -24.4 409.60 26 0.20
25.3 -27.0 392.74 30 0.17

27.8 -29.5 376.40 34 0.16

29.0 -31.9 360.58 38 0.14
31.0 -34.6 345.27 47 0.14

32.9 -36.9 330.46 46 0.ii

32.6 -39.5 316.14 45 0.08

31.9 -42.4 302.28 45 0.06

33.3 -45.0 288.87 44 0.04
36.9 -47.5 275.91 42 0.03

38.6 -50.4 263.38 41 0.02

45.5 -52.1 251.31 41 0.02

52.1 -54.7 239.68 40 0.01

59.7 -57.2 228.46 40 0.01

60.9 -59.0 217.67 40 0.01

64.9 -60.9 207.29 39 0.01
55.1 -62.9 197.32 39 0.00

1112.34

1099.57
1065.32

1033.38

999.87

970.00

935.12
906.30

879.96

852.21

827.29

802.84
779.45

753.76

732.10
710.30

687.70
667.64

647.81

628.22

609.76

591.69

573.45
555.67

538.05

520.53
504.11

487.19

471.27

456.43
441.16

425.89

411.88

396.04

382.21

368.51

354.15

340.24
326.99
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Table D9 Rawinsonde Data for 27 NOV 91

ALT DIR

GEOMFT DEG
SPD TEMP PRESS RH ABHUM

KTS DEG C MBS PCT G/M3

2372 165

3000 258
4000 267

5000 287

6000 294

7000 283

8000 274

9000 274

i0000 276

11000 267

12000 264

13000 273

14000 278

15000 270

16000 270
17000 262

18000 254

19000 251

20000 253
21000 252

22000 253

23000 255

24000 251

25000 256

26000 257
27000 255

28000 254

29000 255

30000 256
31000 255

32000 256

33000 259

34000 259
35000 260

36000 259

37000 258
38000 258

39000 258

40000 258

1.0 3.8 932.50 35 2.19

22.7 16.3 911.44 27 3.70

18.2 15.3 879.27 20 2.61

21.1 13.8 848.03 19 2.32

19.0 12.5 817.78 20 2.23

17.7 11.3 788.49 20 2.03
21.7 9.3 760.09 21 1.87

24.2 7.2 732.50 20 1.59

26.8 5.0 705.73 23 1.57

29.0 2.6 679.71 27 1.58

33.2 0.4 654.46 24 1.22

33.5 -2.1 629.93 27 1.12

34.7 -4.5 606.12 30 1.05

35.1 -7.1 582.99 30 0.89

36.2 -8.7 560.55 25 0.65
37.5 -Ii.0 538.83 26 0.56

39.9 -12.3 517.82 22 0.43

44.2 -13.8 497.49 20 0.36

46.8 -15.7 477.85 20 0.30

47.6 -18.5 458.80 20 0.24

49.6 -19.7 440.37 20 0.22

57.3 -21.7 422.58 21 0.20

47.8 -24.0 405.36 21 0.16
56.9 -26.6 388.69 22 0.13

73.3 -29.1 372.54 23 0.II

58.9 -31.4 356.92 23 0.09

51.3 -33.9 341.80 24 0.07
70.2 -36.6 327.16 30 0.07

78.1 -39.5 313.00 38 0.07

59.9 -40.9 299.30 36 0.06

53.5 -42.5 286.14 35 0.05

73.3 -44.7 273.46 35 0.04

92.1 -47.1 261.22 36 0.03
82.9 -49.3 249.41 35 0.02

67.3 -51.8 238.01 36 0.02
72.1 -54.5 227.01 35 0.01

71.9 -57.4 216.39 35 0.01

74.8 -60.2 206.13 35 0.01

77.0 -60.2 196.28 35 0.01

DENSITY

G/M3

1171.63
1094.76

1060.42

1027.99

995.97

964.63

936.44

909.32

883.07

857.69

832.67

808.86

785.30

762.89
738.19

715.59

691.32

668.18

646.47

627.57
605.16

585.29

566.77

549.14

531.77

514.34

497.70
481.89

466.63

448.94

432.22

416.95
402.54

388.13

374.54
361.70

349.33

337.18

321.12
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Table D10 Tethered Balloon Data for 20 Nov 91

(Runs 600, 601,610, 621)

ALT DIR SPD TEMP

AGL DEG KTS DEG C

0. 248. 1.0 i.i

i00. 328. 3.6 2.3

200. 36. 2.3 3.4

300. 208. 1.7 4.0

400. 59. 2.5 5.1

•500. 328. 5.5 6.3

600. 321. 3.8 6.9

700. 290. 3.1 7.3

800. 157. 0.8 7.4

900. 83. 2.3 7.7

I000. 38. 5.8 8.6

Ii00. 15. 4.8 8.6

1200. 18. 4.3 8.6

1300. 36. 4.3 8.5

1400. 34. 4.1 8.3

1500. 30. 3.8 8.1

PRESS RH

MBS PCT

1030.00 47.

1025.60 41.

1022.40 43.

1017.90 45.

1014.80 42.

1010.40 43.

1007.10 42.

1002.80 42.

999.70 42.

995.80 41.

991.70 40.

988.30 41.

985.10 42.

981.00 43.

978.00 44.

973.90 45.

ALT

AGL

0.

I00.

200.

300.

400.

500.

600.

7O0.

800.

900.

1000.

Table D 11 Tethered Balloon Data for 21 Nov 91

(Runs 603, 604, 612, 613, 622, 623, 630)

DIR SPD TEMP PRESS

DEG KTS DEG C MBS

184. 3.7 9.0 1020.00

197. 8.3 10.9 1016.20

173. 7.3 10.8 1012.50

206. 7.6 10.9 1008.50

205. 4.6 11.2 1004.70

235. 4.7 ii.i 1001.20

292. 4.7 11.4 997.40

279. 7.4 11.3 994.20

275. 12.6 12.1 990.20

294. 11.5 12.7 986.70

294. ii. 6 12.7 983.20

RH

PCT

46.

40.

43.

44.

44.

45.

44.

46.

45.

45.

47.
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ALT

AGL
0.

i00.

200.

300.

400.

500.

600.

7O0.

800.
900.

I000.

Table D12 Tethered Balloon Data for 22 Nov 91

(Runs 409, 504, 505)

DIR SPD TEMP PRESS

DEG KTS DEG C MBS

305. 4.7 0.8 1023.20

24. 8.8 5.3 1019.20

41. 8.6 6.7 1015.40

87. 9.9 8.1 1011.80

75. 15.3 9.0 1008.00

25. 18.8 9.2 1004.30
17. 21.0 9.0 1000.80

9. 21.0 9.9 996.20
Ii. 18.4 i0.I 993.30

16. 15.7 i0.I 989.40

15. 13.3 9.9 986.20

RH

PCT

43.

33.

35.

33.

33.

34.

35.

31.
31.

31.

32.

ALT

AGL
0.

i00.

200.

300.
400.

500.

600.

70O.

800.
900.

1000.

Table D13 Tethered Balloon Data for 22 Nov 91
(Runs 1101, 1102, 1201, 1301)

DIR SPD TEMP PRESS

DEG KTS DEG C MBS
53. 7.9 11.7 1024.40

67. I0.0 11.5 1020.80

80. 12.9 11.2 1017.10

69. 12.5 II.0 1013.00
67. 11.3 10.7 1009.40

57. i0.i 10.5 1006.30

74. 12.5 10.3 1002.40

52. 12.1 I0.i 998.60

71. 13.8 9.8 994.70
73. 12.4 9.6 991.50

70. 14.2 9.3 987.80

RH
PCT

21.
21.

22.

21.

21.

22.

21.
22.

22.

21.

22.

D-11



ALT
AGL

0.

I00.

200.

300.

400.

500.

600.

700.

800.

900.
i000.

Table D14 Tethered Balloon Data for 23 Nov 91

(Run 1202)

DIR SPD TEMP PRESS

DEG KTS DEG C FIBS
7. 2.4 -0.2 1032.10

6. 5.6 2.8 1027.80

35. 7.8 3.4 1023.70

36. 9.5 3.6 1020.70

43. 11.8 4.2 1016.70

55. 14.1 6.3 1012.80

20. 16.5 6.6 1009.10

33. 15.6 6.8 1005.50
10. 16.5 6.9 1001.40

13. 17.4 6.9 997.70
5. 20.1 6.9 994.50

RH

PCT
19.

9.

16.

18.

18.

17.

18.

19.
20.

18.

17.

ALT

AGL
0.

I00.

200.

300.
400.

500.

600.
700.

800.

900.
1000.

Table D15 Tethered Balloon Data for 25 Nov 91

(Run 631)

DIR SPD TEMP PRESS

DEG KTS DEG C MBS
127. 2.3 17.7 1020.90

189. 2.1 17.8 1016.30

179. 2.5 17.6 1013.60

135. 1.9 17.2 1009.70

198. 2.3 16.9 1005.90
32. 1.0 16.7 1002.30

98. 1.0 16.4 998.50

79. 3.9 16.5 994.90
58. 4.8 16.2 992.10

52. 4.3 16.2 988.50

28. 4.8 16.0 984.90

RH

PCT
20.

20.

20.

20.

20.
20.

20.

20.
20.

20.

21.
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ALT

AGL

0.

i00.

200.
300.

4O0.

5O0.

600.

700.

800.

900.

i000.

Table D 16 Tethered Balloon Data for 27 Nov 91

(Runs 800, 801,810,811,820,821,830,831)

DIR SPD TEMP PRESS

DEG KTS DEG C MBS
61. 0.8 -2.1 1019.80

167. 1.7 2.6 1015.80

177. 6.9 5.3 1012.10

191. 11.0 9.6 1008.10

217. 14.7 11.8 1004.70

224. 20.1 14.0 1000.90

234. 23.2 15.5 997.20

230. 26.3 16.1 993.00
236. 26.8 16.4 990.50

241. 24.6 17.0 986.90

240. 24.0 17.1 983.20

RH

PCT
19.

13.

20.

20.

18.

17.

16.

15.
14.

9.

7.
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APPENDIX E

NARROW-BAND SPECTRA DATABASE FOR STATIC

(Sound pressure levels in 2 Hz bandwidth)

TESTS
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APPENDIX F

1/3-OCTAVE BAND SOUND PRESSURE LEVELS FOR STATIC TESTS
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