AR L Y o i

8501

N-Gb-0)
- A - 4o

TRANSPORTATION RESEARCH RECORD 1058

 Air-Quality and

Noise Issues in
Environmental Planning

TECES
TRANSPORTATION RESEARCH BOARD
NATIONAL RESEARCH COUNCIL



1986 TRANSPORTATION RESEARCH BOARD
EXECUTIVE COMMITTEE

OFFICERS

Chairman: Lester A, Hoel, Homifton Professor and Chalrman,
Department of Clvil Engineering, Univarsity of Virginia,
Charlottesville

Viea Choirman:  Lowel! 8, Jackson, Sucretary, Wisconsin
Dapartmeat of Transpottation, Madison

Enecutive Diractor: Thomas 8, Dapn, Tronsportation Research
Board, Washington, D.C.

MEMBERS

Ray A, Barnhort, Administrator, Federal Highway Adminlstration,
U.5. Department ol Transpartation {ex officio)

Joseph M, Clapp, Presldent and Vice Chalrman, Roadway
Servites, Inc,, Akran, Ohia (ex officio, Past Chairman, 1984)

Jahn A, Clarnants, Prasident, New England Fuel institute,
Watertown, Massachusetts {ex officle, Past Chairman, 1885)

Donald D. Engen, Vica Admiral, U,S. Navy (retired), Administrator,
Fodaral Aviatlan Administration, U,S, Departmant of
Transportation {ex officio)

Francis 8. Francolt, Executive Diractor, Amerlcan Assoclation of
Stata Highway ond Tranaportatlen Offlclals, Washington, D.C.
{ex ofilclo)

Raolph L. Staniey, Administrator, Urban Mass Transportation
Administration, U.S. Department of Transportation {ox olficla}

Qiana Steed, Adminlstrator, Natlonal Highway Traffic Safaty
Administration, U.S, Department of Transportation {ex afficlo}

Grorge H, Way, Jr., Vice Presidant, Research and Test Department,
Assoclation of Amaerican Roliroads, Washinpton, D.C.

{ex offlclo)

Alan A, Altshuler, Dean, Graduate School of Publle Administration,
Naw Yark Uplversity, Naw York

John R. Borchert, Regents Professor, Departmant of Geegraphy,
Univarsity of Minnasota, Minneapolia

Robert D. Bugher, Exacutive Diractor, American Public Works
Assoclation, Chicoga, |llinols

Dana F, Connons, Commissioner, Maine Deparimant ol
Transportation, Augusta

Mottimer L. Downey, Deputy Exegutlve Director for Capital
Programs, Metropolitan Trantportation Authority, New York

Thamas E. Drawdy, Sr., Secratary of Transpartatlon, Frorlda
Department of Transportation, Tallahassea

Paui B8, Gainos, Dlrector of Avlation, City af Houston Aviatlan
Departmant, Toxas

Jack R. Gilitrap, Executlve Vice President, Amerlcan Public Trangis
Assoclstion, Washington, D.C.

Wiltlam K. Hellmann, Secrotary, Maryland Departmont of
Transportation, Baltimore

John B, Kemp, Sacretary, Kansas Daporiment of Transportation,
Topaka

Alan F, Kispper, General Manager, Metrapolitan Tranzlt Authariy,
Houston, Texat

James E, Martin, Prosident and Chlef Operating Officer,
Hiinols Central Gulf Rallroad, Chicago

Deaman K, McNear, Chalrman, Presidant and Chief Executive
Ofiflcer, Southarn Paciflg Transportation Company,
San Franclsco, Callfornia

Fred &3, Milfer, Director, Oregon Department of Transportation,
Salom

James K, Mitchell, Professor, Department of Clvil Englneering,
University of Callfornla, Berkalay

M. Carl Mupson, Jr,, Vice President—-Corporate, The Boalng
Commarclal Alrplane Company, Saattla, Washinpton

Milton Pikariky, Distlnguished Professor of Clvil Englneering,
Clty Colloge of New York, New York

Harberr H, Richardson, Viee Chancetior and Dean of Enpinesaring,
Taxes A&M Unjversity System, Collegs Statlon

Leo J. Trombators, Direcior, Callfernip Bepartmont of
Transportatlen, Sacramanto

Carl 8. Young, County Executive, Broama County, Binghamton,
New York

The Transpartation Research Record serlas consists of collections of
popers an a glven subjact. Most of the papers in o Transportatlon
Resoarch Record wera originally preparod for presentation atn TRB
Annual Mesting. All papers [both Annual Meeting popars ond those
submitted solaly for publicatlon) have been raviewed and sccopted
for publication by TRB's peer review process according to proce-
dures approved hy a Report Reviaw Committee conslsting of mem-
bers of thy Natlonal Academy of Sclances, the Nstlonal Academy of
Enplneering, and the Institute of Madicine,

Thae views axpressed in these papers are those of the authors and
do nat necessarlly reflect those of the sponsoring committea, the
Transportation Fescarch Board, tha Natlonal Resesrch Council, or
the sponsors of TRB activities.

Transportation Research Records are issuad Irregularly ; apprax-
imataly 60 are released each year, Each Is classifled aceording to the
modes and subject areas dealt with In the Individual papers it
cantoins, TRE publications are avallable on direct order from TRB,
ar they may be obtalned &n a regular basis through organizational or
Individual offillation with TRB, Affilietes or library subteribers ara
efigible for substantia! discounts, For further Informatlon, write to
tho Transpartation Research Board, National Reseorch Council,
2101 Constitution Avenue, N.W,, Washington, D.C. 20418,



L TR

A Bl L v ST
A A A n i e S e L

TRANSPORTATION RESEARCH RECORD 1058

Air-Quality and
Noise Issues in
Environmental Planning

TERER
TRANSPORTATION RESEARCH BOARD
NATIONAL RESEARCH COUNCIL

WASHINGTON, D.C, 1986




U

Trangportution Researeh Record 1058
Price §9.40

Editor: Nuoml Kassabiun
Compesitor: Hanlow Dicklurd
Layout: Marion L. Ross

modus
1 llghway transportation
4 uir transportation

subject uren

12 plunning

17 energy and enviranment
33 construction

Transportation Research Board publications are avallable by order-
Ing dircctly fsam TRB. They may alsa be obtained on o regular
basis through orpanizationl or individual affliatlon with TRB: af-
filiates or lary subsecribiers ure eligitle for subsiantial discaunts,
For further [nformation, write ta the Trunspurtation Research
Board, National Research Coungil, 2101 Constitution Avenue,
N.W,, Washington, 1D.C. 20418,

Printed in the Unlied States of America

Library of Congress Cataloging-in-Publicatinn Dala
Natlonal Research Council. ‘Transpurtation Rescareh Board,

Air-quolity und noise issues in environimental planning.

(Transportation rescarch record, ISSN 0361-1981 5 1058)
1. Highway engineering-Environmental aspects—
United States-Congresses, 2, Air quallty management—
United States--Conpgresses, 3, Traftic nojse—
Environmental aspects-Unlied States-Congresses,
4, Traffie nojso~Enviranmental aspeets=Ontatio-
Congresses, |, National Researeh Councll (U,5.),
Trarsportation Researely Brard, L. Natlonal Research
Council (U.5.), Transportation Rescarch Board,
11, Series.
TELHS no, 1058 3805 s 86-18267
[TDBBR.RY) 1363.7'31)
ISIN 0-309.04052-3

Sponsarship of Transportation Rescarch Record 1058

GROUY 1-TRANSPORTATION SYSTEMS PLANNING AND
ADMINISTRATION
William A, Bulley, H, W, Lockner, e, chulnnan

Envisemental Quality and the Conservation of Resources Section
Carmien Difiplio, 0.5, Department of Energy, ehalrman

Committec on Transportatjvnand Al Quality

Norman [, Couper, U.S. Deparintent of Transporiatfon, chairimgn
Salvatore S, Nelloma, Pad I, Benson, Joseph 5. Bishop, David 1.,
Calkins, Walter I, Dabberdt, Denis E, Donnelly, Alan Eschenroeder,
Gary [lawthorn, Joel L. Hoerowitz, Hloward A, Jongedyk, Willlam
. Locketr, Paul I, Maxwell, Roderick D, Moe, Carlton Thomas
Nash, Keuneth E, Nolt, Susanne AL Pelly, Ronald J. Piracci, Tom
K. Ryden, PRI 8. Shapiro, Mark T, Stahe, N. Thowmas Stephens,
dohn If, Sultrhier

Committee on TransportationRelated Nolse and Vibration

Mas Hatang, California Department of Transporiation, chalrman
Wiltiam Bowlhy, Vawderhilt University, secretary

Charles 1, Adawms, Grang 8. Anderson, Domenick ). fillera,
Clifford R, lragdon, Peer C. L. Conlon, Michael G, Dinning,
Richard G, Dyer, J. J, Hajek, C, Michael Hogan, Harvey S, Knaner,
Bernard G, Lenzen, Win M, Lindewman, Nicholas P, Miller, Janes
R, (¥Conny, faseph B, Pulaski, Frod M, Romano, Myles A,
Simpson, Siwon Shatsky, Erie Spisnick, Rop E. Turner, Stephen
Urman; tiaiion represenative, Louis F, Coha

Stephen 1L llke, Transportation Reseapch Board staff

Sponsarship is indicated by n faotnote at the end of each paper.
The arganizational units, afficers, and members are as of
December 31, 1985,

NOTICE: The Transpartation Research Board does noy endorse
products ot manufacturers, Trade and manufncturers’ pames
appear in this Record becuuse they are considered essentil 1o is
object,




T A I 22, ot e e 1 e "o e T e ke mm o e s

T B D T e S TA e L daiat e e AT

Tz,

BRSOy

Contents

TRAFFIC FLOW AND AIR QUALITY IN A MOUNTAIN COMMUNITY
Paul E, Benson, William A. Nokes, and Robert L. Crmer . . oot e e e v o e eeeeevnn s l

EVALUATION OF THE CALINE4 LINE SOURCE DISPERSION MODEL
FOR COMPLEX TERRAIN APPLICATION
Paul E. Benson, William A, Nokes, and Robert L. Crlmer . ooyt ver e o ire e eeinnnennes

TUNNEL PORTAL NOISE
BT T T o T

TRAFFIC-RELATED NOISE AS A FACTOR IN EMINENT DOMAIN
PROCEEDINGS IN FLORIDA
LI 8 T4 (T T

ANALYZING CONSTRUCTION NOISE BY A LEVEL/DURATION
WEIGHTED POPULATION TECHNIQUE
William Bowlby, Roswell A, Harris, and Louis F. Coln ..o e 23

NOISE EMISSION LEVELS FOR VEHICLES IN ONTARIO
Fo W, Jung, C. T, Blaney, and A, L Kazakov .o oo e e et e e 32

HEAVY-TRUCK NOISE EMISS!ON LEVELS ON
GRADES IN CALIFORNIA
Rudalf W Hendri ks . o e e e e e e e 40

A METHODOLOGY FOR ASSESSING HIGHWAY TRAFFIC
NOISE IMPACTS IN AN AIRPORT ENVIRONMENT
JIMIMEY Bailey L oot i e e e e e e e

CONSIDERATIONS FOR MODELING OF AIRCRAFT NOISE
L LA T

ifi




R

3
i
1
{
!
)
!
i
1
L]
H
k]
;
1
)j

Transportatien Research Record 1058

Traffic Flow and Air Quality in a Mountain Community

PAUL B, BENSON, WILLIAM A NOKES, and ROBERT L. CRAMER

ABSTRACT

The air-quality impacts of a comprehensive tranaportation improvement project
located In the ski resort community of Mammoth Lakes, California, are analyzed
by comparing levels of carhon monoxlde sampled before and after censtruction.
The project Incorporates widening, channelization, installation of fully actu-
ated signals, and copatruction cf bus stop shelters, The elements of A trans«
portation contrel plan designed to mitigate potential ajr-quality impacts of
the projest are deacribed and their effectiveness ia sssesaed.

Hammath Lakes, located in the Eastern Sierra Region
at an elevation of 8,200 f£t, is an area of hurgeon-
ing growth centered around the largest single ski
resort operation in Callfornia, By 1980 & combina-
tion of traffic congestion, wood=hurning stoves, and
winter meteorology had caused a significant decline
in tha region's alr quality. Traffie congestion
along State Ronte 203, particularly at the Lake Mary
load intersection, was a major contributor to this
problem. Route 203 provided the only access to the
nmaip eki-lifr facilitles and therefoare experienced
haavy congestion on hollday weekends during the aki
BeABCN,

To reduce cengeatlon and Improve traffic safety
on Reoute 203, a transpertation improvement projece
was constructed In 1981-1982. The rcute was widened
to four lapes, delineatlon was improved, and several
interacctions, including Lake Mary Road, were up-
graded with fully actuated traffle signals. Bus stop
shelters were conBtructed in an effort to promote
the wae of an exlating bus pervice and furthar re-
duee traffic congestlon within the cerridor. The im-
provements were expected to double the capaclty of
the route and reduce carbon monoxide (CQ) emissions
by improving traffic flow, However, CO emlsaions
would drop only if the added capacity did not induce
substantial inereases in traffie volume,

nuelng ehe planning phase of the project, a
tranaportation cantrol plan was developed to miti-
qate any advorse alr-quality impacts brought on by
the increaapd capacity of the route [l}. The plan
contaihed stratogles cesisned to increase use of
public transit, improve traffic flew, and control
traéfic volumes, The major components of the plan
included parking restrictions, conetruction of tran-
alt amenities, and an expanslon of the county road
ayotem to help relleve congestion on Route 203. Op-
erational i{mprovemente 8tch a8 staggered =Bki-lift
clesing times, a “ski-back*® trall, and 1lighting of
skl runs for nlght akling were also included, Future
expansion of aki facilities would only he permitted
if peak traffic volumes on Route 203 did not in-
crease. ‘Translt service was to he required for any
new facilities, but no expansien of parking capacity
would be allowed.

To check the adequacy ©f the mitigatlen measures,
the plan included a provision for pre~ apd postcon-
stzuctlon CO monltoring. The preconstructien aero-
metréic Burvey was conducted As a joint effort be~
tween California  Department of Tranapactation

(Caltrans) bDlstriet 9 and the Trapspectation Lab-
cratory during the winter of 1980-]38l, A postcon~-
struction survey was conducted during the winter of
1982-1983, In this paper the reaoules of this bofore-
and-after study are discussed ang the effectivenesas
of the trapsportation improvements at mitigating
alr-quality problams agsoclated with trafflc conges-
tion is evaluated.

CARBON MONOXIDE MONITORING PROGHAM

7he junction of Reute 243 and Lake Mary Road shown
in Figure 1 carries trafflc on three primacy legs.
The fourth (southarly) 1eq, planned for extension
and widening by others, neow carries lesa than 1 per-
cent of the traffic hapdled by tha intersection.
During the 1480-1981 saki Beasson, the intermection
was controlled by a pretimed, two-phase signal with
lighte mounted at the corners, Roadway width limita-
tiens permitted only two approach lanes per leg with

0 K0ne W
[y S
SCALE N MLTERY

c

-~

Transportation Laboratory, California Department of
Transportation, 5900 Folaom BPoulevard, Sacramento,

calif. 9569,

FIGURE Y Sampling locations far the 1980- 1988 and 19012- 149483
aiequality soniboring programs al Mimmoth Lakes, Californio,



no room for channelization. Widening of the route
made roem for three approach lanes on  eastbound
Reute 203 and Lake Mary Read and four lanes on weat—
bound Houte 203, A fully actuated three-phade aignal
wos also installed,

CO0 concentrations were sampled at flve altes
showh in Figure 1 during the pre~ and postconatruc=
tion surveya. Four of the sampling sltes wern clus-
tered around the Route 203-Lake Mary Noad Integsec-
tion, The fifth alte, located approximately 1 km
southwest of the intersectian, provided a measure of
ambient CO concentration for the area. A mechanical
woathar atation located at the intersectjon recorded
wind direction, wind speed, and temporature at a
helght of 10 m. A larger meteorolegical tower lo-
cated about 1.5 xm eask of the {ntarsection measuced
wind opecd and temperature at helghtes of 10 and 18 m.

Alr samples were collected over l-hr intervals
waing continuous=flow bag samplers., The bags were
roturned te the District 9 Laboratory and tested for
CO within 48 hr of collection by using hopdisperaive
infrared analysis. Days that were favorable for aki-
ing, particularly weekends apd helldays, were moni-
tored, In the 1880-1981 season, samplea were col-
lected on 63 days from December through February.
For the 1982~19B3 season, 45 days wera sampled from
November through February. Although some 24-hr sam-
pling was done, most was conducted betwsen the houre
of 7:00 a,m. and 7300 p.m.

Teaffle counts were made at the Intersection by
pistrict 9 personnel during the peak skl weekends
for each season, For the 1980-1981 season, counts
were made in February on the weekend following
Lincoln's Birthday., For the 1982-1%83 season, counts
were made 1in December on the weekend before XNew
Year's Day. The counts cecorded 15-mln volumes by
direction and vehicle type from 7:00 a.m, to 7:00
peme

DATA ANALYSIS AND BISCUSSION

The hourly €O concentratiens recorded for each day
were stratified ipto three measures of air-quality
impacts the dally 8=hr maximum, the l-ht morning
maximum, and the l=hr evening maximum. Morning and
evening maximums were taken from days with wvalld
measurements At Sites A and B for the hours of 7:00
to 10;00 a.m. and 4:00 to 7:00 p.m., respectively,
Daily B-hr maximume were recorded when no more than
2 consecutive hr or 3 hr total wete missing for
Sites A and B from 7:00 awm. to 7:00 p.m. Mimsing
values on daye sptlafying these criteria were ap-
proximated by lipnear interpolation {2). The result=~
ing number of days analyzed by season and averaging
time are as followa:

Averaging No. of RNays

Time {hr} 1580-198]  1982-15R31
1 [&eme} 35 7

L (pemy} 31 40

8 31 38

The two Bkl seasons involved in this apalysis
were far from similar in noture. The 1960-1981 sma-~
son started much later than normal, with most of the
peak ski days occurring during February and March of
198%. By contrast, the 1982-1983 season was much
longer, with capacity ctowds acriving by Thankegiv~
ing of 1982 and oparations tapering off in the
apring of 1983, In order to compara air-guality mea=
asurements for the two seasons, factore jindependent
of the transportation improvements that might have
an impact on air quality had to be considered, These
factors ware meteoroclogy, demand volume, and vehicle
umisaions.

Tranoportaticn Research Record 1058

Meteorology was the first factor to bs consid-
ered., An attempt to normalize the data by using wind
epeed, temperature, apd stability medsurements waa
made., However, slgnificant gaps In the meteoroclogl-
cal data tase and excessive scatter in the normal-
ized results forced thim appreach to be abandoned.
Instead, average hourly wind speeds measured at the
intersectiopn from 7:00 to 10:00 a.m, and 4:00 to
1:00 p.m. were examined to see whether there was a
aignificant differencn between the two seasona.
Baged on over 200 hr of avallable data, no signifi-
cant difference was found between the seasonal means
for elthar morning or evening conditions. Further~
mare, Bimilar low-wind-specd weather conditions fa-
vorable for ekling were expected to correlate with
peak traffic volumes and CO concentratlons regard-
leas of which season was consldered. Therafore, the
overall effects of metenrelogy on corridor €O con-
cantratione were agsumed to be approximately equal
for the two neasmons,

The sacond factor to be accounted for was demand
volume. Because traffic counts were npot available
for most of the days sampled, a surrogate meapure
was needed to quantify this factor, Pally sales of
ki-1lift ctickets reported to the Forest Service,
U,S, Department of Agriculture [USDA), by the ski
operator were used for this purpose. Decause Route
203 was the only road that served the main ski-lifc
facllity, ticket sales offered the most direct mea-
sure of demand volume avallable, The distribution of
number of daye analyzed by ticket Bales category for
each daily maximum is given in Figure 2 for both the
19B60-1981 and 1982-1983 seasons. All three distrihu-
tiona show a substantially greater nunber of days
with high ticket sales sampled {n the 1982-1983 pea-
son. Average daily ticket sales were 97 percent
higher than those In the 1%50-1981 =meason. Ticket
dalea op peak 8ki days were similar for both sea-
aons, but there were many mare peak days in the
1982~1983 season.

The final factor te be considered was the change
in composite vehicle emissions between tfeasons. The
1982-1983 vehlcle flest contained a higher percent-
age of new vehlcles with better emission centrols
than the 1980-1981 flest, Compoaite CO emiasions for
the two seascns wore estimated by using a California
emipaion facter program {3). An averszde decreane
fzom 1980-1981 emisaicns of 13 parcent was forecast.

Cf the three factors considered, tha chapge in
average demand volume between the two Beasons wac
the most important, It was expected that highar
ticket sales would result in more congention and
thezefore higher CO concentrations at the intersec—
tion, To test this idea, B=-hr dally maximum CO con-
centrations were plotted agalnst ticket sales for
the intersection sites and ambient site. Regression
lines apd 95 percent confidence limlts were con-
structed for cach sepson (Aee Figure 3}, As ex-
pected, CO concentrations at the intersection sites
generally incressed as ticker sales increased. A
simllar but weaker trend was apparent for the am-
bient aite.

The two regression lines in Figure Jb indicate
that the tranaportation improvements led to an aver-
age reductfon in B=hr €O concentrations near the in-
tersection of about 50 percent for days with low to
medium ticket Balea, Por days with high ticket sales
{»10,000), the average reduction ranged from 13 to
25 percent, or about the amount expected from im=
proved control technolegy alone, This suggests that
the improvementa to the intersection hnad a measur~
able positive effect on nearby ailr quality for low
to medlum erafflc volumes but were not affective at
improving air quality ae volumes appreoached the ca-
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pacity of the intecsectfion. Plots similar to Filgure
3b for the morning and evening l-hr maximums ahowed
the same tendency.

7The responsiveness of the fully actuated signal
{8 the probable cause for the air-qualicy improve-
ments measured during perlods of low to medium traf-
fie volumes. Studies show that CO emission rates
during accelecations are twoe to five timea higher
than average rates {4). By decreansing the number of
vehicle stops, tha new slanal reduced the number of
accelerations at the inptersection and therefore
lowered CO emisslons. As conditions approached the
capacity of the interasection, more vehilcles were
forced to stop and the npumber of acceleratiens
climbed to preconstruction levels,

Cumulative frequency diatrlbutions for the three
dafly maximume are given by Eeason In Figure 4. For
the lower half of the 8-hr daily maximum distribu=-
ticns In Figure da, measuremente from the 1980-1981
seanon tend to be 0.5 to 1 ppm higher than cquiva-
lent 1982-1903 wvalues. The distribukion of 1-hr
avening maximums glven in Figure 4c shows an average
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decrease In observed concentratfens between the sea-
sons of about 2.5 ppm over the range of repsults, The
distribution of morning l-hr maximums given in Plg-
ure 4b alsc schows about a 2,5-ppm improvement, but
oply for the upper quartile. cansidering the far
greater number of days sampled with high ticket
gales during the 1982-198) season, these results [n-
dicate that the Route 203 project halped improve
overall air quality In the vicinity of the eorridor,
However, the graphs alsc show that state and federal
standards ware 5till being violated.

Plets @f the seasonal maximuma (i.e., the highest
daily maximums recorded during the season) strati-
fied by ticket sales are given ln Flgure 5. For boeth
the morning and evening l-hr maximums, measurementu
nade during the 1982-198] season were lower for flve
out of alx ticket sales categories, For B-hr maxi-
mums, four of the six categorles showed improvement.
on average, however, the Improvementa were no
greater than the 18 percent reduction expected from
newar vehicle emlsaion ¢ontrolsa,

In Flgures 4 and 5, the number and slze of l-hz
standard wiolations are greatest during the morning
hours. However, these concentratlon pasks did not
colnclde with peak traffic veolumes. Peak volumes ac-
curred in the evenlng when either weather conditions
or ski-lift closure forced skierp off the mountaln
at & alngle time. Based on traffic counts made on
the days with highest ticket sales, avening I-hr
peak volumes were 35 to 55 percent higher than morn-
ing peaks.

There are A number of poeeible reasons why the
higheat CO concentraticns dld not coincide with the
peak evening trafflc volumes. M greater Incidence of
stagnant conditions during the morping hours was ane
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possibility. Howaver, the number of hours with wind
gpoeds leas than 2 m/gec was only 5 percont higher
in the merning, A more likely teason copoerns khe
effact of temperature on vehicle emisslops. Coldar
moEning tempecaturen cause conbiderably higher emis-
#sione for vehicles in the cold-start phase (i.e.,
first 505 sec}, The proximity of many of the lodges
and condeminiums to the interaection meant that a
large percontage of the morning okl traffic was in
the cold-gtart phase, Fewer cold-start vehicles were
expected in the evenlng becavse of the eakimated 10-
min travel tlme between the maln ski-1{ft facility
and the intersection,

A Becond significant contrlbuting factor te the
high motning concentrationa is the avermge 4 parcent
grade of Route 203 near the intersection. Accelera-
tions to 25 mph on a 4 percent grade can result ip a
£fivefold increamse In average vehicle emisnions (d}.
In the wmorning, vehicles climb this grade, often
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slowlng down or stopplng to make the right-hand tuecn
nt tha intersectlon. In the evening, the dominant
downhill flow of traffic needs lesn effort to accel-
ecate through the Intersection and emissions de-
crease accordingly,

In Flgure 6, the range of concentrationa for each
daily msximum are plotted by site Efor Says with
ticket aalea excceding 10,000, Seasonal hligh mea-
aurements for l=hr ceoncentrations made during 1982-
1983 at tha four intersection niten are lower than
their respectlve 1980-198L values. Again, however,
the sverage reductions are no hetter than the 14
percent expected for the 1982-1983 wvehicle fleet,
Hopulks for the B-hr daily maximums ip Flguee 6a
show improvements at Sites A and Al, but not at
Sites A2 and D. Ambient concentrations measured at
Site ¢ show little or no improvement between the
REABONS .

the lack of slgnificant reductions in ambient
results and 8-hr seasonal maxtmuma for the 19A2-1983
Aeagon Buggests that contributions from another pol-
lutant dource may have overchadowed the cffscts of
the projected 18 percent reduction in vehicle emis-
alonn. Wood=burnknyg stoves and fireplaces are stan=
dard features in the condominiums and cabins of Mam-
moth Lakes, Each condominium unit is stocked with a
full supply of wood at the beginning of the skl sea-
aoh and restocked as the peason progresseR. Accord-
ing to studies by the Environmental Drotecticn
Agency (EPA), average CO emissions can range from 15
te 20 g/kg of fuel for Fflreplaces and 91 to 370 9/kg
for stoves (5). At average burn rates used for cer-
tification testing by EPA, CO emisslon rates ranging
from 2,5 to % g/min for fireplaces and 11 to 44
q/min for mstoves can be expacted, Composite ldle
enission rates used for modeling Route 203 wvehicle
emissions (deacribed in a companion paper by Benaon
et al, in this Record) were approximately 8 g/min.
The stoves and fireplacea are therefore likely to
contribute to the Mammoth Lakes CO prablem at a
level comparable with that of transportation sources.
These contributions will tend to mask emiasions ro-
ductionn achieved by transportation sources, eape-
clally ever lenge: averaging times or at locatlons
removed from primary transpottation routes.

EFFECTIVENESS QF THE TRANSPORTATION CORTROL
FLAN (TCP}

by the 1982-1983 ski scascn, constzuction of the bus
Btop eheltera and staggecing of ski-lift closing
times were the only elements of the TCP implementod.
It was hoped that the chelters would help incresse
ridership on the exirting bus line and thereby re-
duce the demancd volume oOn Royte 203, Dimtrict 9 per-
sonnal observed that tho shelters were useful for
indicating the location of bus Btops otheswise ab-
ocured by roadside snowbanks., However, they also
noted that patrons rarely used the sheltern, pre-
farring to wait outslde. According to the ownar of
the bua line, weathar wam the only Fpctor that had a
significant Influence on ridership, On days when
chailn centrols were posted, ridership increased dra-
matically,

NDaily pasaenger counts made by the bus operator
for the 15%81~1982 and 1982-1983 neasons were ex-
amined for evidence of Increases In ridership. Be-
cause the shelters were npot constructed until the
sumrer of 1982, counts from the 1901-1902 season
were considered representative of preconstruction
cendltions. The daily passenger counts averaged
about 7.5 percent of the ski-l{ft ticket males for
bothk seasons., Ho evidence was found te fndicate an
increasa in ridership,

A compaiison of traffle velumes handled by the
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intersection on the peak ski-lift ticket sales daya
for the 1980~1981 and 1982-1982 seasons was made to
sep whecther fawer sklers were driving their cwn cars
to the main ski~1fft facility.

Tickat salus for the peak day in 1982-1983) were
only 6 percent higher than those in the 1960-15981
peak, but the intersection carried approximately 20
percent more traffic during the 12-hr pericd from
7:00 a.m, to 7100 p.m, If the shelters had a posi-
tive impact on bus ridership, 1t was apparently
overshadowed by jincreases In private vehicle use
motivated by the reduced traffic congestion.

The staggered closing of the aki lifts appeared
to have no effect on evening peak-hour traffie vol-
umes. Counts for the peak hour of 4300 to 5:00 p.m,
were up 33 percent from 1980-1581 levels on peak okl
days. The added capacity of the route may have
maaked the positive alfocts of thia ocperatiecnal im-

=126 12=18K >15K

TICKET SALES (THOUSANDS)
FIGURE 5 Seasonal maximam GO caneentrintions taben fron all sites and
islributed by ticke! sale category Tor o fle, (hy 1<he o, and (o) hr pon,

provement by accommodating residvual demand not mea-
sured in the constralned 1980-1901 peak volumesa,

Since the 1982-19383 pki senson, sSeveral more ele-
ments of the TCP have been implemented, Caltrans has
constructed a bus terminal at the main ski-lift fa-
cility, deacripeions of transit service have been
incorporated into promotional literatura, and bus
fares have boen reduced by 50 percent.

ipplementation of other major elements has beep
dalayed, however:

* Expanalon of the local road system has not
taken place. Mammoth Lakes has incorporated since
adoption of the TCP, so the county no longer has
responsibility for implementation of this elemant,
Further delay fs expected ag a result of a lawsuit
and shortage of funds,

* Addlctional parking restricclons along Route



3
T2
&9
&g 124
ma‘\
2a
2w
2 o . cevniren e FEDERAL
=1 STARDARL
x oy
(ayZuw
X
o2 81
“ED-'
or
3] ] 1980-81
=1 4
o, ! 1082-83
2
b
oz
=
A Y] a2 8 c
SAMPLING SITE
50
40

[
o

STATE
*TET ANGARD

g

[] 1980-01
[ R

{TICKET SALE$>10,000)
M
o

z
1-HOUR DAILY MAXIMUMS-AM. (ppm}

o
A [~
€
2 a0
a2
= g e v v, FEDERAL
2§ , STANDARD
11
g
=30
g
= STATE
iy ]| — - ¢t ¢ e e e - e e
t ,§ ﬁ STANDARD

> e
2% 10

x
S0 [J1esn-a1
[ L [ RELERLE
=
=
z A AT A2 ] 3
i

SAMPLING SITE

FIGURE & Range of daily waxiomm CO concentrations
disgribiuted by sanplivg site Yor (o) 8:he, (h) I-heaans, and (0) Thr
[EAITN

203 have net been made. These restrictions were
meant to maximlze wvse of developing transit facili-
ties, Future transit development ls unhcertailn at
thie time, however, becauvse the previous bus oper-
ator im no lopger in business., For the interim, the
ski oparator {8 providing seheduled servlice. An in-
tegeated transit plan has just beep completed and is
likely to be implemented as growth continues in the
aread.

* No ski runs have been lighted for nighttime
use, It war heped that this measure would help re-
liove peak evening trafflc congestion.

o Additlonal dovelopment of skl facilitles
aleny Route 203 has not yet taken place. This in-
cludes construction of a ski-back trail, ctram, and
wareing hut. Each of these access or egresa points
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to the lift systen were to be serviced by tranzit
anly.

Even though many elements of the TCP have not
been implemented, €O concentrations at Mammoth Lakes
have stahilized at an acceptable level. Measurcments
by the local air pollution control disttrlct show no
futther viclatiens of gtate or fedoral CO atandards
after 1982 (6). Though not considered in the origi-
nal TCP, a decimion by the USDA Forest Service and
the gski operator to redirect expansion outplde the
Route 203 cortidor is probably responpible for this
success, This was made possible by & fortuitaua land
purchase and coopérative trade arrangement between
the Forest Service and a private-sector concern, By
assumlng responeibilicy for transit operationa, the
oki operator has also been able to fully integrate
bue and ski-lift schedules, He has incorporaterl
teanslt and walk=in access wherever facllities have
been expanded and has not crented additional parking.

CONCLUSICNS

The rezults of thia study show that C0 concentra-
tions near the Route 203-Lake Mary Road intersection
wera reduced following gonatructiop of a comprehen=
sive transportation improvement project, For low to
medium traffic volumes, these reductions were due in
part to the increased capacity of the intersection
and the responsiveness of the fully actuated, three-
phase aignal, For trafflc velumer approaching the
capacity of the |{ntersection, the reductions were
due exclusively to the higher proportion of new ve-
hicles with hetter emimslon controls in the pomt-—
conatruction vahicle fieet.

No significant i{mprovements to ambient air qual=-
tty as measured at Site O were Bean. It is possible
that Increased CO emlsaions from wood-burning stoves
and fireplaces masked projected reductions {n vehi-
cle fleet emisalons. In apy came, it was never ox-
pected that reductions in vehicle cminsions brought
about by relieving traffic congestien on a single
route wopld have s measurable effect on arcawide
amblent concentrations,

No evidence was foupd in the 19B2-1983 data to
indicate that the bus shelters had a positive effect
on translt use. The increased capaclty of the route
may have actuslly lured users away by decreasing
congeatjon. Fortunately, subsequent expansion did
not exploit this increased capacity.

In summary, experience has shown that transperta-
cion projects designed te improve traffic Elow can
also ephapnce air quality, but only if measures are
taken to ensure that increased capacity 18 not ex-
ploited, In the case of Mammoth Lakes, expanaion of
Lacllitien merviced by other roads relleved pressure
on Route 203, helping to retalin the reductions In
traffic congention created by the project, It {8 not
clear whether the restrictions of the TP or the
rotential for lost buslness (given a return to pre-
conatruction congestfon) provided the jmpetus for
this declaion, What ik ¢lear is that the environ-
mantal process foreed conslderation of problems that
might have otherwlse been overleoked, and that these
problems were dealt with by both the private and
public aector in a cooperative apd constructive
manner .
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Evaluation of the CALINE4 Line Source

Dispersion Mode! for
Complex Terrain Application

PAUL E. BENSON, WILLIAM A, NOKES, and ROBER'T L. CRAMER

ARSTRACT

CALINEA, the latest version of the California Line Source Dispersion Model, is
evaluated for use in complex terrain, Data from alr-guality satudies connected
with a transportation improvemept project aleng State Route 203 at Mammoth
Lakes, California, are used for this purpose, A comprehensive tracer gas re-
lease experiment performed after completion of the project is described. Based
on comparisons with the CALINE3 model and previous reselta for CALINE4 in flac
teceain, model performance for ceceptors near the toadway in complex terraln is
judged adequate for Impact amsessment purposes. Predictions for more distant

receptors are much less reliable,

The California Line Source Dispersion Model, CALINED
(1), is used throughout the country as a tool Eor
evaluating the potentlial migrescale alr-quallty im-
parts of tramsportation projects. The U.s. Environ=
mental Protection Agency (EPA] has approved the
modoel [or general use with the provision that it not
he used for studying projegts in complex terrain
i2). This restriction is made because of the assump-
tiens on which the model is baaed,.

CALINE} uses a quasfi-~emplrical Gausaiap solutien

Traneportation Laboratory, California Department of
Transpartation, 5900 Folescm Boulevard, Sacramento,
Calif. 95819,

to the Fickian diffunion equation to model pellutant
dlspersion. This approach assumes A homogencous wind
flow fileld (both wvertieally oand horlzontally),
steady~otate conditions, and negligible along-wind
diffusion, These aspumptions can never be met ex-
actly In any real-worlé application, However, for
sltes in relatively flot terrain and wind speeds
above 0.5 m/sec, they are considered reasopable and
yleld answere that compare favorably with measured
results (1), In this paper the extent to which these
assumptions are satisfled for applications in com=

plex torrain is examined.
A significant fraction of transportation projecta

is built in cemplex terraln, Because of difficultiea



in obtaining the requisite amount and quality ef in-
put  data, three-dlmensional, finite-diffarence
models are rarely used for assessing air-quality
Impacts of these projects. Inatead, a Gausaian model
auch ag CALINE3} lm applied. This approach is subjoct
to a requast from the reviewing agencies for a site=
Apecific verification of the model. The California
Alr Resources Board corried out thls type of verifi-
catfon study in 1981 for applications of CALINEI in
the vicinlty of Eouth Lake Tahoe {(3). They concluded
that the model predictions were alightly higher than
chasrved values but were Iin good agreement with the
meagured hour-by~hour trends In alr guality at most
locations.

The South Lake Tahoe findinga could not ba ox-
trapolated to other complex tecrain sites, however.
South Lake Tahoe's topography is representative of a
large and relatively flat mountain basin. Projects
wore heing proposed in much more complex locations.
Questicns remsined about the model's ablliry to ac-
curately predict impacts at such locations.

The planning and copstructlon of a transportation
improvement project along State Route 203 In tha aki
resort ¢ommunity of Mammoth Lakes, Callfornia, pro-
vided an oppertunity to answer these quostions. A
comprehensive pre~ and peostconstruction monitoring
program for carbon monoxide (CO) was conducted in
connection with the project. The results of this
work are deacribed in a companion paper by Benson et
al, in this Record, A serles of experiments [nvelv~
ing the releape of tracer g9am was also carried out
after constructien of the project,

The results of thess experiments were used to
avaluate the latest version of the Callfornia Line
Source Disperslon Model, CALINE4 {4). CALINEA {5
based on the same limiting assumptions as CALINE3
but contalns [mproved algorithms for modeling verti-
cal and horizontal dispereion. It has already proved
superior to CALINE3 far flat terrain applications
[4), and it was hoped that the impreved dispecaion
algorithms would alse enhance fcs performance in
complexs tertain.

EXPERIMENT PROCEDURES

The tracer gns release experiments wero conducted
dueing the wlpter of 1983-1984 along sections of
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Stato Route 203 and Lake Mary Reoad In Mammoth Lakee
{Figuee 1). The terrain Is uneven, generally sloping
downhill from the weat. Strip commercial development
ia prevalent aleng Houte 203, wheroas the surround-
ing cesidential properties are interspersed among
stands of mature conifers. Roadside Bnowbanks 1 to
6 m high are common during the winter montha,

From the east boundary of the tracer releast to
the Lake Mary Road iptersectlion, Route 203 haa two
lanes in each direction with a two-way left-turn
lane between. Prom the Lake Mary Read intersection
to the north apd west boundarles, there is one lane
in ecach direction with no median. Average daily
traffic in the wtudy area is 15,700 vehicles with a
peak hourly volume ch Route 203 of 3,100 vehigles.

Sulfur hexafluoride (SFg) was uaed as the
tracer gas. It is a highly imert gas, dotectable at
extremely low concentrations. SFg deea not occour
naturally and Its presence in ambient air samplea 1y
negligible ({5).

The SFg was released from two spoclally
equipped 1970 Matador nedans. Fach =zedan had an
on-off flow control mwitch mounted on the dashboarc
and a strip-chart recorder to monitor the flow sta-
tus, The gas was contained in a cylinder secured in
the trunk of the sedan. It was carried by copper
tubing through the trunk Eloer to tha tallplpo and
roleased directly into the exhaust atream.

The tracer gas flow rates were checked befere and
after each test with a bubblemeter, The nominal flow
rate, controlled by a neecdle valve, was 0.5 L/min.
The measured flow rates typlcally varied no more
than 20 percent from the npominal value over the
course of a test. Tents were 2 1/2 hr |n duration,
with samples being taken oply during the last 2 hr.
The 1/2-he delay was made to aveld sampling during
the transient build-up phase of the release. A total
of 13 tasts were copducted at varlous times between
5:00 a.m, o 8:00 p.m,

Tha vehiclen released SFg along the tost sec=
tion indicated in Figure 1, The &SFg flow was
turped off at each turnaround point as tho vehilcles
left the test section. On the four-lane portien of
tho route, vehicles were acsigned separate lanes.
The diateibution of the vehicles was controlled at a
ataging area by spacing departures at 4-min inter-
valo., The drivers were instructed to try to maintain
a opeed between 30 and 35 mph. When stopped at the
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intorsoction, the vehiclea continued to release gas.
Event mackers recorded the location and duration of
these releasea on the strip chart,

sampling sites were selected to represent threa
zones surtounding the Route 203-Lake Mary Road ip-
tersection. Thedr locatioms are shown in Figure 1,
Sltes 1 and 2 were located immediately adjacent to
the interasoction. These were designated as Zone 1
sitea. The Zone 2 sites, Siton 4 apd S, ware located
80 and 135 m from the intersection, respectively,
Sites 8 through 11 ranged approximately 300 to 600 m
froem the intersection and were no closer than 190 m
to the trater release route. These ware consideced
Zone 3} sites.

All samples were taken &t a helght of 1 m above
the ground. They were collected in tedlar bags by
using EMI AQS III aamplers equipped with positive
displacement pulse pomps. The damples represented
30=-min integrated concentrationn. They were analyzed
on & Perkin=Elmer S5Sigma 2 gas chromatograph with
electron capture detector, Thia inatrument was pali-
brated with a pasibi Model 1005 CE-2 flow dilution
system and a National Bureau of Standards traceable
cylinder of 5 ppm BFg.

A meteorological tower 12 m high was lecated ap-
proximately 3 km east of the test course In an open
area, It was equipped with a horizoptal wind vane,
two low-threshold (0.3 m/ae2) cup ahemometera, and a
pair of self-pspirated temperature aepsors. Informa-
tion from this tower was used to estimate atmos=-
pheeic atability by Golder's mathod (£).

A mechanical waather astation was lecated In the
noctheast quadrant of the Route 203-Lake Mary Road
intersection at a height of 10 m. Measurementa £rom
this device were used to dotermine wind direction
and directional variability, Machanical weather Bta=
tions were mlso set up at Sites %, 10, and 11 at a
height of 1.5 m to measure purface winds. wWind speed
was eatimated as the average of theme three messure-

mente.

MODEL VERIFICATION

A statistical method develeped through the HNational

Cocperative Highway Research Program (7) was used to
avalunte the performance of CALINE3 and CALINE4 on

the Mammoth Lakes data. The method uses ap overall
figure of merit (FOM) based on six separate statis-
tics, These atatistics are defined as follaowa:

§; = the ratio of the highest 5 parcent of the
measurad concentrations to the highest S
parcent of the predicted concentrations,

Sz = the diffecence between the predicted and mea-
sured proportion of exceedances of a concen-
tration threahold or alr-quality standard,

53 = Pearson's correlatlon coefficient for paired
measured and predicted concentrationa,

54 = the temporal component of Pearschn's correla-
tion coafficient for paired cancentrations,

S5 = the spatial component of Peacson®s correla=
tion coefficient for palred concentrations,
and

Sg = the root mean square of the differunce be-
tween pailred measured and predicted concen-
trationa,

Statistlc S; npeasures the nmodel's ability to
predict high concentrations, Statistic 5; measures
how well the model pradicts the frequency of exceed-
ing an alr-quality standard or threshold. Statiatics

S4r and Bg correlate the model's response to
cganging conditions with real-world responae. 5ta-
tistic 5; considers changes over time {wind speed,
atmospherlc stabillty), whereas Sp {8 aasociated

with changes over space [(source~receptor distance,
topography), Statistic S3 representd a combined
measura of both factors. Statlstic 55 measures the
averall ervor attributable to both modeling and mea-
surement procesces.

tach of the slx otatistics {8 convarted into an
individual FOM (Fy, Fg, F;, ots,) based on a
comnon scale from 0 to 10, An everall FOM is com-
puted by welghting and gumming the individual wvalues
as follows:

FOM = [[(Fy + F3)/2) + [(Fy + Fy + Fg)/3)
+ Fgi/3 (1)

No standard value for FOM has bean established to
differentiate between "good" and "bad" model per-
formance. A relative measure of model accuracy is
used in this paper to compare CALINEY and CALINE4
results In conplex tertaln and to cgontrast those
cesulta with performance in flat terrain.

Two gtaphical verification methoda are slac used
to evaluate model perfermance. The first method 18 a
scatterplot showing predicted versus measured c¢on-
centrations, The aecond im & plot of relative error
E; by zone with Ep defined as

Ep = [P = M}p/(P + M)] » 1O 12}

where P equals the prediction and M the measurement.
Er i8 a aymmetrle form of the residual orvor P = M
nérmalized te 100 percent. It provides a convenient
way to graph widely differing resldual errors on a
Bingle pecale,

Of the 13 tracer tests copducted during the
otudy, only 4 were judged suitable for the verifica-
tion analyeis. The dates and times of theso tests
are shown in Table 1. Tests 1 and 4 were perforped
during downslepe wind conditlons, whersas T%ests 2
and 1 colncided with upslope winds. Thede tests were
eelected because of thelr low wind speeds (below 2
m/eect and lack of major discontinuities in wind
direction over the 2 1/2-ht release period. @Fg
concentzations Ffor the tests omitted feom the analy-
sis were usually low becauss of prevailing high
winda or unsteady wing dieection,

TABLE | Meteorelagival Bata During Tracer Tosts

Wirnl Wind Sigma Temper
Speed Dirceting - Thets ature Stability
Time (mfiee) {deprees)  (legreest  (°f) Cliss

Test 1, 112184

f:00-6:30 4m, 47 an 50 =54 I
6:30-7:00 a.m, 0.36 30 5.0 =54 I
TG0 7:300a,m, .40 s 5.0 =56 F
T:30-H:00 am. 1,3 110 S 5.6 ¥
Tesy 3, 117K

12:00-12:30 pan. 1.8 2l 7.5 -4 C
12:30=1:00 pan, L5 kD) EhRS ~0.4 4
1:00:1:30 p 1.3 250 214 ~0.5 C
1:30.2:00 pum, L6 20 N3 =05 c
Tent 3, 27484

[0:00- L3 A, (L6T 120 0.6 5.9 [
14:30-11:00 aam, (LK) i o Ky c
IR0ME):30am, (R [KH] 5.0 9.9 [
11301 2:00 paw, 0,95 120 300 9.1 C
Tent d, 3{21H

&:00-6:30 o, 0,73 30 12,4 4.0 E
6:30-%:00 p.n, .68 Hs 1.5 4.0 I
TO0T:30pon 0.68 ion 150 1.7 4
7:30-8:00 pan. 078 M0 1.5 Ly G
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Repulto from the four sampling perioda for each
test were examiped for apomalous values. 5F; con~
centrationa near the Intersection for the flrat sam-
pling perlod of Test 1 were ahnormally high. Levels
of 43 ppb at Site 2 and 20 ppb at 5itos 1 and 4 were
10 times higher than any other measurcments made
during the study, A review of lG=mipn Integrated sam=~
Ples revealed a aignificant deop in concentratlions
at these sites during the first hour of Teat 1 (Fig~
ure 2). The change wasa most dramatle during the
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FIGURE 2 Tesl 11 1min integraled samples,

6100~6130 a.m, sampling period. Hecords were checked
to see whether an Accidental release of SFg might
have occurred during the initial flow calibration
procedure or the preliminacy relmase perled. Ho in-
dicatiens of an aceidental release wore found. Strip
charts from the ground-level weather stations were
examined for atagnant conditions sometimens associ-
ated with drainage winds In foreated tercaip (8-10).
This may have caused the heavier~than-air tracer to
create a “puddle" of B5F; near the Iintersection.
Although wind speeds were very low near the ground,
the charts indicated that they were Bteady in direc~
tion and apeed,

For some reason that ls still not clear, 5P
concentrations at Sitea 1, 2, and 4 did not reach a
reasconable state of equilibrium before the first 30~
min sampling pericd of Test 1, The ancmalous mea-
surements were therefore removed from the veriffca-
tion data base because they did not conform with the
model requirement for steady=-state conditions.

The adited data base was used to develop FOMs for
CALINE] and CALINE4, A summary of the site-by-site
resalte with zone and number of aampling perlods
noted {8 given in Table 2. Only downwind locatlions
were uged for computations. The threshold value for
computing Fp was 1.0 ppb &Fg.

The FOM results indicate superior performance by
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TABLE 2 CALINED and CALINES FOMa for Manenath
Vaken ‘Teaver Study

Site No, of Overal}
No, Zoe  Pedods  Model If) By s ¥y FOM
i 1 ? 3 L6 %0 RO o] 45

3 6,3 93 80 42 67

2 2 H 3 1 104 46 0.1 49

(o] EA T X B R T

4 2 7 3 W 95 £S 01 A8

(o] 0 06 RN 47

5 M 8 3 1.2 7.5 00 0,1 1.4

] a8 160 245 67 34

4 k| ] 3 A2 ke 52 L7 43

4 1.3 8.3 L i

2 3 L] [ic] 049 (0.0 N6 00 49

(4] 28 100 %6 00 54

] k] 8 ca B2 70 47 15 44
o4 13 L2 06 L2 22

13} 3 & cl 23 100 6h 01 44
a5 .6 100 95 34 7.}

Nule: €32 CALINEY, 9 r CALINFS.

CALINE4 at slx of the cight sites, At Sites 8 apd
10, better performance by CALINE3 is indicated. As
will be seen later, this ig primarily due to more
suspiclously high results from Test 1, The overall
FoMs for CALINE] and CALINE4, respectively, were 4.4
and 6.0 for Teats 1 apd 4 (downslope} and 4.4 and
6,2 for Tests 2 and 3 (upslope}, Thesa results indi-~
cate that CALINE4 performed somewhat better than
CALINE3 at the Site with complex terrain.

FOM values based on previous studies of CALINE4
in fiat terrain range from 6.4 to 6.8 (4). The over-
all values of 6.0 and 6.2 for thils study fall juse
below that range. As indicated in Table 2, CALINE4
rasults for half of the sites (1, 2, 4, and 11) meat
or exceod model performance In flat terrain. Results
from Sites §, 8, and 10 indicate extremely poor per-
formance. Although there is no clear trend, the av-~
erage FOM by zone decreases with distance from the
interaection.

Scatterplota of CALINE4 predictions veraus mea-
gured SPg concentrationn at downwind sltes are
shown by zone In Flgures 3 through 5. CALINEI re-
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sults are included in the Zone 1 plot (Figure 3). A
line of perfect agreement and factor-of-2 envelops
highlight the results. Points falling inside the en-
volope repraesent predictions within plus or minus a
foctor of 2 of the measured concentrations, a fre-
guently used minimum criterlon for judging model
parformance., The npumber of points (n), intercept
(a}, Blope (b}, and correlation coefficient (r) for
& linear least-squares regreasion are almo given.

The pumber and magnitude of overpredictions by
CALINE] for Zone 1 altes indicate model performance
inferior to that of CALINEd. Most of the overpredic-
tions occur at wind speeds below the model's nominal
limic of 1 m/Bec. CALINE4 ls better able te handle
these conditions because of its abllity to address
wind meander through an Improved horizontal disper-
sien algorfthm, Neverthealess, Figurea 1 and 4 also
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ipdicate an exceas of overpredictions by CALINE4.
Conaidering measured values of 0.5 ppb SFg and
above, all the CALINE4 results that fall outside of
the factor-cf=2 anvelepe, approximataly 30 percent
of the total, sare overpredictions. This is somewhat
liigher than the 13 percent and 22 percent roported
far similar studies In flat tarrain (4). The conser—
vative pattern of overpredictions is almilar, how-
over,

The results fotr Zone 3 shown in Figure 5 indicate
that model performance in complex terrain deterio-
rates with distance from the source, Considering
only measured values equaling or exceeding 0.5 ppb
8Fg; 7 of the 9 values (78 percent) fall outgide
of tho facter-of=-2 enpvelope. All of thess are undetr-
predictions. Five results measured at Sites 8 and 10
durlng Test 1 exceed an order-of-magnftude olif-
forence. Test )} also contalped the anomalous mea-
surements for the first 30-min sampling period at
sites 1, 2, and 4. It ie possible that the densa
concentration of 5Fg measured at the intersection
wan transported downwind to Bites § and 10 ip later
sampling periods. However, even if these results are
omitted from Figure 5, nearly two-thirda of the
CALINEd predictions atill {fall outaide of the fac-
tor-of-2 envelope. The model lg not able to predice
concentrations at the distant Zope 3 sites with any
creliahllity.

A plot of relative error versus zone (Figure 6)
further dramatizea this point. The plot contains
Teat 1} results for Sites § and 10 but dees not fn-
clude any results for which either the predicted or
measured values equaled zero, The differences In
this latter cape rarely oxceedad 0.01 ppb. The fac~
tor=0f-2 envelope (& repredented by the two horizon-
tal linea at Ep = r3) percent. A prograssive de-
terioration in model performance by zone is clearly
evident.
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FIGURE 6 Relative ereor of predicied versos measured
SFg tevels versus zenal Bocalions,

DISCUSSION OF RESULTS

it is obvious from the results of the veriffcation
analysis that CALINE4 has difficulty handlipg the
temporal and gpatial changes in meteorplogy that are
commonplace 1in mountaipous Eerrain. The model as-
sumes that horlzontal apd vertical disperalon are
ndequately described by unimodal, normal distribu-
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tiona, and that wind direction is uniferm aver the
study area, Real-world processes such as wind shear,
channeling, and stagnation cause algniflcant spatial
variations in metecroclegy that clearly vielate these
assumptions, The model alse assumes that the trans—
port and diapersion processes have reached a ateady-
Atate condition. Perioda of transition between flow
regimes (e.g., downslepe to upslope winds} cause
changea in wind direction and apeed that vislate
this assumption. Such transitiohs occcut more often
in complex tertain. Therefore, it is not sucprieing
that the CALINE4 verification results for Mammoth
Lakes fall short of results for similar studies In
flat terrain.

There were, hewever, Indicaticons In the verifica-
tion analysis that CALINE4 could be used succeass-
fully in complex terrain if the application was lim-~
lted to sites lmmediately adjacent to the source,
Modal performance for the Zona 1 sites was compar-
able with performance in flat terrain because spa-
tial and temporal wvariations In metecrology were
leas critical, Tracer das released neatr the I[nter-
sect{on had little time to dispersa before reaching
the 2zone 1 psites, Concapntrations were tharefore
heav{ly dependent on the emissiona {n the immediate
vicinity of the tntersection, Within this limited
area, tha effecte of topography on meteorslagy were
minimal. By restricting the analyais to a gmall
area, CALINE4 performed better.

An a practical test of the model's ability to
predict alr quallty impacts in complex terrain,
model predictions for worst-cage CO levels were com=
pared with the highest levels recorded during a com-
panion CO study (paper hy Benson et al. in this Rece
ord), Bites 1, 2, and 4 of the tracer study were
sampled as part of the companion study. The normal
procedures recommended by Caltrans for assessing
project-level &lr-~quality impacts were Ffollowed.
Emiasfon factors for CO were generated by running
the EMFACGD program (California's wversion of
MOBILE2} and adjusting results to the elevation of
Mammoth Lakes by using EPA methods (11}. Vehicle
type distributions and tratfic volumes were based on
actual counta made during peak skl season weekonda.
Porcent hot and cold starte wap estimated for each
leg of the intersection on the baals of obaorved
travel patterns apd o New Jetsey Department of
Transportation study (12). Recommended worst-case
values for meteorclogy In mountainous terrain and
wardat-cage wind directions were aasumed {13), The
maximum l=hr €O concentration of 13.8 ppm sampled 1
km from the intersection was used as a background
level {14,15).

The estimates were made for the morning time pe-
riod {all of the higheat measurements at each site
were recorded between 7:00 and 10:00 a.m.}. The {n-
tersectjon geometry was modiffed to accommodate fout
CALINE4 intersection links, Each of these links in-
cludas deceleration, fdle, accelsration, and crulse
components. Traffic and signal parameters were based
on surveys conducted during the traffiec counta,

Predictions of l~hr averaged concentrations for
CO at Sites 1, 2, and 4 were made. Predictions for a
Bite in the same gquadrant as Site 2 but shout 5 m
cloger to the intersection were also made. This
site, called A), was not included as part of the
tracer atudy. These resulta and the highest measured
values are summarized in Table 3. Tho measured B8-hr
peak values are alon included in the table, As can
be Been, the peedictions for the eites closest fto
the intersectian {Sitea A; and 1} agreec guite well
with the measured results, Underpredictlons of ap-
proximataly 10 ppm CO occur for the more distant
Sitea 2 and 4, however, The pattecn of higher con-—
centrations measured further from the iptersection
suggests the possibility of other significant con=
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TARLE S Measured and CALINES-Predicied
Warsl-Cise CO Coneenlemtions for 1902104}
Mamanath Lakes Air-Quality Monitoring Progeam

One-llour Onestrour Eight- 1
Site I'redicled Measuzed Muasareil

t .5 6.1 10.2
2 24 36.4 .4
4 .4 a3 14,7
M 0.4 n.s 1.0

tributing mources. Sites 2 and 4 weie located on the
edge of a motel parking lot., Tt 18 possible that
idling cold-start vehicles or smoke from tha nearby
model chimney could have contaminated these samplea.
In any case, the performance of tho model and the
procedures for estimating the worst-cape inputs are
certainly reasonable for the receptors closest to
the interpectlon.

The Q-hr peak concentrations were Included in
Table 3 to glve an idea of the kind of persistence
factor tg be expocted in complex terrain near a
roadway with a pronounced traffic peak, The peraip-
tence factor, which is defined as the ratie of the
B-hr peak CO capcentration to the l-hr maximum, s
normally assigned a value ranging from 0.6 to 0.7
{16} . Beceuse of the more frequent changes in meteo-
rolegy typical of complex terrain, it appears rea-
scnable to expect a lower pereistence factor. The
pecelstence factore computed from the cesults in
Table 3 range from about 0.3 to 0.4. Applylng the
higher rocommended parsistence factors to the esti-
mated 1l-hy concentrations would have resulted in
overestimates of the B-hr average as high as 65 per-
cent. This 18 the primacy reasen that the Callifarnia
Lepartment of Transportation recommends the use of
petaistence factors derilved from local data whenever
possible (13}.

CONCLUSIONS

CALINE4 model performance for adjacent receptors in
complex terrain is not an good as that for aimilar
modeling situations in f£lat terrain. lHowever, the
differences are not great when compared with the ac-
curacy of many of the estimates that are used as in-
puts to the model. DPredictions for more distant ra-
ceptors are much leas rollable, Model performance
vlearly deterlorates with distance from the emia-
uions souree. The model assumptions of steady-state,
quasi~homogancus flow are obviously not satinfied
for distant receptord in complex terrain.

On the basis of these findinga, it is recemmended
that CALINE{4 applicatfona in coemplex terrain be re-
steicted to receptors lmmediately adjacent to the
primary source of emlssicns, For most project-level
apalyses, this restriction will not pose a problem
because worse-case receptor leocacions are nermally
chosen at the right-of~way lihe.
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Tunnel Portal Noise

JIM O'CONNOR
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ADSTRACT

In this paper the method, analyals, and results are presented of a study to
determine the traffic nolge fleld near and surrounding a highway tunnel portal,
The purpose of the study was to determine how the incresse In neise due to re-
verberntjons in a tunnel affects noioe levels immediately autaide a tunnel. An
array of sound=lgvel metars measured the traffic noise aimultaneously at vari-
ous logcations near a tunnel portal. The results are given ln torms of the sta=-
tistical nolse descriptoram Ljg, Lggs And Lgge Graphle plots of distance
from the tupnel portal versus decibel level are presented, MeasureRents were
taken on top and in front of the tupnel portal. The results indicate that for
méasurement sites on top of the tunnel, the drop-off in acund level is very
abrupt apd at 30 to 40 ft {9 to 12 m) behind the portal the traffic nolsa has
diminished to the ambfient nolse levels of the surrounding area, For aites in
front of the tunpel portal, the drop-¢ff rate 18 leas abrupt thap that fo: the
slites on top but still rapld and reaches normal free-field trafflc nolses levels

at 60 to 70 fr {18 to 21 m)} from the portal,

The Minneasota Department of Transportation (Mh/BOT)
is constructing several short tupnels on I-3% in the
city of Duluth, On top of the leongest tunnel near
the west portal, a acenic overlock to Lake Superior
in planned. The Mn/DOT landscape architects wanted
to know the width of landacaping required to prevent
visitors from getting too close to the tunnel portal
whare they would be exposed to excessive trafilc
nolise. The proposed overlock ls shown in Figure 1.

The Mn/DOT Neise Unic studied the traffic noise
near and surrounding an existing tupnel portal in
the petropolitan area of §t. Paul and Minnnapolin.
Two epsential points were of interest. The flrat is
concerned with the nolse imnediately above the tun=-
nel. What {8 the sound level from a glven volume of
vehicles, and how does [t vary with distance from
the entrance? The Becond ilg cencerned with the nolse
directly in front of the tunnel, low far down the
highway does the tunhnel nofame affect the noise
lavels outnide the tunnel and how do theae nolse
levels vary with dlstance?

The tunnel geloected for this experiment is shown
in Figurea 2 and 3 and is located on Trunk Highway 5
in Sc. paul near Fort Snelling, a restorod histori-
cal site. It ls approximately 300 £t (91 m} long, 68
£t (21 m} wide, and 16 £t (5 m) high. It is of the
single~bharrel design and lipned with tile.

MEASUREMENT METHODOLOGY

The basic approach to thia study was to collect and
avaluate traffic noise at 8 site where a well-
traveled highway enters a tunnel. The highway pass-
ing through the tunnel used In this study has an
average anpual daily traffic of 45,000 vehicles.
Twelve nolse-measuring sitem were chosen acound the
tunnel entrance, alx on top of the tunnel and slx In
front of the tunnel at traffic elevation. The loca-
tlons are shown in Figure 4. The fleld fnstrumenta-
tlon for this study conalsted of Bruel and Kjaer {D
& K} 2209 and 2004 sound-level meters with 1/2«in.

Minnesota Department o©f Transportation, Trapsporta=
tion Building, St, Paul, Mipn., 55155.

condenser pressure-type microphones and windscreens.
The data were gathered with the method desc¢ribed in
an FliWh report, Scund Procedurea for Measuring High-
way Noise (SPMHN} (1), The helght of each microphone
was 5 ft (1.5 m) above ground for both the top and
front tunnel lecatlons [see Figure 5). The micro-
phones in front of the tunnel were located 23 £t (7
m) away and perpendicular to the median of the traf-
fiec at ?, 20, 32, 57, 107, and 160 ft (2, 6, 10, 17,
33, and 49 m) notth of the north tunnel portal. The
microphones on top were 7 £t (2 m} north and 2, 10,
15, 20, and 70 ft (0.6, 3, 4.5, 6, and 21 m} south
of the north tunnel portal. Sites 1A, 6, and 7 were
meagured on a different day than the other altes,
Experience has shown that when the distance between
source and receiver (s less than 50 £t (15 m),
changes in moteorological condit{ens will not affect
the overall trend in the measurement results. The 2
dayas used for the measurement pericd were both aimi-
lar in meteorolegical and traffic ceonditiona. The
highway aspproaching and leaving the tupnel has na
significant grade or curve.

DATA ANALYSIS

The measured hoise values were determined in the
form of statiscical descriptors. 0f particular in-
terest wore Lyg, Lgg, and Lgp. The 85 parcenk confi-
dence limits were determipned as described in SPMIN
{1) . The valuee are presented in Table 1. The column
labeled Corrocted Lyg in Table 1 represents the
middle value within the interval of the confidence
limits, Graphic plots were made of decihel level
versus distance from the tunnel portal.

RESULTS

the graphic plote shown in Flgure 6 Indicated that
the sites on top of the tunnel (i.e., Sitea 1, 2, 3,
and 4) have a very abrupt drop-off rate in nolsa
level, Increased noize at the tuppel portal due to
reverberation within the tunnel for thess sites {8
inoignificant beyond 30 to 40 £t {9 to 12 m}, PFigure
6 also showa that the sites In Front of the tunnsl
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(l.e., Sites 5, 6, 7, 8, 9, and 1¢) have a drop-off
in noise level less abrupt than that of the sites on
tep of the tunnel, but etill rapid., Increaged nolee
at the tunnel portal due to reverberation within the
tunnel Eor these sites ls ineilgnificant beyond 60 to
70 £t {18 to 21 m), The nolme levels and aite de-
scriptions are given in Tahle 1. For measurement
sites in front of the tupnel, the vacfability of the
traffic noise increases with distance from the
portal. For the sites on top of the tunnel, the
variabllicy of the traffic nolne decreases with dis-
tance feom the portal. This is indicated by observ-
ing the values in the column labeled Ljp-Lsp {n
Table 1, Table 1 alno indfcates that Site 5 is under
the influence of the tunnel poise reverberation,
5{tes 9 and 10 are beyond the effects of the tunnel
nolae reverberaticn, The difference in Ljg between
Sives 5 and 9 is approximately 7 dBA. The tunnel
nolse reverberation Increases traffis nolas by 7
doh. By observing the Lgp-values In Table 1, it
can be geen that at Site 5 the level ig above 83 4D
90 percent of the time. At Site 10 It is above 74 dB
90 percent af the time.

CONCLUSION

The increase in noise at a tuppel portal due to re=
verbaration within the tunnel decreases rapidly for
recelvers on top of the tunnel with distance behind
the portal. An acceptabla traffic nolse-mitigation
tegchnique may be a band of dense foliage 40 to 50 £t
{12-15 m) wide, which would pravent recoivers from
approaching the nolesy area directly behind the
portal.

It may be concluded that the Ljg~Lgp difference
{noise variation) decreases as the distance behind a
tunnel portal increases when the listener is on top
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of the tunnel until amhient conditions exist. When
the listepsr 1 in front of che tunnel and adjacent
to the tratfic flow, the Lig-Lsp difforence increages
as the diatance from a tunnel portal increases until
the free-field traffic nolse exists. When the Ljg~Igp
vatue at the fres-fleld site is compared with the
Lj_g-l.ga valug from just immedlately cutaside the por-
tal, it may be concluoded that even though the vari-
ability of the noise decreases in the tunnel, the
noise pollution lavel (Iyp) {2) increases because
of the large increase in the lgq {nside the tun-
nel. It may be concluded that the Ilncreasa in traf-
fic noise due to reverberation within a tunnel is of
no particular consequence to recelvers 60 to 70 ft
beyond tha portal.
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Traffic-Related Noise as a Factor in Eminent Domain

Proceedings in Florida

WIN LINDEMAN

ADSTRACT

rraffiec-related hoise has become an increasingly jimportant factor in eminent
domaln proceedings Ip Florida. The nature of the eminent domain process in
Plerica is explorad as it relates to the Florida Depacement of Transportation
and traffic nolse, Through the examination of five cane studlen, the {mpact of
nedse on condemnatien cases {s highlighted. On the banis of the developlng case
histories, it can ba concluded that noise speclalists, attorneye, and ap-
praisers alike peed ta be prepared to deal with nofse in a learned and prafes-

ional manner.

Traffic nolse is & fact of everyday life, whether
one lives in Alaska or Florida. However, the liabil=-
ity of the state to compensate a propecty owner for
traffic-related nolse damages varies from astate to
state. It is tha purpose of this paper to point out
how trafficerelated noipe dampge Is addrassed as
part of the eminent domaln proceedings in Plorida.

EMINENT DOMAIN PROCESS IN FLORIDA

To hetter understand the nature of eminent domain
proceedings in Florida, and how nolse {g luvolved, a
brief review of the precess is necespary. Eminent
domain is defined as "the powar of the saovereign to
take property for public use without the owher's
consent™ [1,Pp.1-7). In aminent domain proceedingn,
"noise fs treated as consequential damage,® which
means It is a direct result of the actions of the
condemnor  {2,p.936<-N2), although in Florida it may
or may not be compeneable. Somstimes noise is alse
treated as proximity damage. This is a damago re-
gulting frem the nearness ef the property to the
nefse source. This could be the case fE a highway
location ware moved next to a hospital'as frent door
without actwally touching the bullding, even though
some of the lLand may have been taken £rem tha hospl-
tal. Thiag is not congldered as a direct taking. The
Florida constitution im atructured so that Flerida
is & "taking" state and not a “damage" state. Thin
means that the atate pays only for the taking of
property and not for damages to those proparties.
However, Flgure 1 shows that this principle can vary
once the ostate passes the test of gevere danage,
which the courts treat as a takipg. To date, the
Flopida gourts have held that "alleged damages to a
realdent's preperty not actually taken for highway,
reaulting from lnecreased nelses, duest and vibra-
tiong, wete not compensable™ (3). Florida is in a
position where the courts have ruled that noise doen
not constftute a taking and therefore 18 not compen=
sable,; yet nolse is frequently an irsue in condemna~-
tion actiona in Florida.

I1f property is required for a state highwny proj-
ect in Florida, the Department of Transportation

Florida Department of Transportaticn, 605 Suwannee
Street, Tallahasses, Fla, 32301,
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FIGURE I Severe danvage ies),

(POT) will establish a fair value for the parcel {or
portien thereof} of land needed, using the appropri~
ate appraisal technique, The appralsal will become
the basis for an affer to the proparty owner,

Should the property owner not be gatisfied with
the offor, the Department may, under Florida Statute
Chapter 74, Ytake posseasaion and title {n advance of
the antry of final judgment® (4,pp.31=-270}. This is
done by filing a declaration of taking, Once the
declaraticn is served {which includes a good falth
eatimate of value} and an order of taklng is granted
by tha court, "the falr eatimate value must he de-
posited in the reqistry of the court. The purpose
tor making a gqood Falth estimate is to fix a basis
for withdrawal by the owner from the depesit, so
that the awner will have the use of tho money as the
petitioner (DOT} has the use of the land® (4).

After the orcder of taking but before the Erial,
numerous oppartunities exiat for both the property
owner and tha BOT to alter thelr stance and reach a
mutual agreement. To ensure that the property owner
ias on an egqual basis with the condemnor (ln this
cage DOT), Flecida law requlres that DOT “must pay
the owher's attorneys' fees and necessacy expensfes
incurred in nils defense of the proceedings® {4).
This also holds trus for appellate actions, The
court will establish what fees and expenoes are nec-
ensary and appropriate. It is during this time frame
that DOT has normally resolyed noise issues and se¢t-
tled with the property owner. In twe major sults,
however, the cose went to trial and through the ap~
peal process, The repultn will be discuaned later in
thia paper.
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PROPER?Y INTERESTS SUBJECT TO CONDEMNATION

When the entire parcel is taken (totnl take), thece
usually ls no difficulty with nolse as an issue. It
is when the Department takes a part of the preperty
{partial take) that noise has become a slgnificant
issue, This may result ip the awarding of severance
damages In addition to the value of the property
taken. Tha amount of dampgés allowed (or awarded if
established by the court) i8 generally determined on
the concept of "befere and after, which peses the
queation: What was the value hefore the taking; and
what is pow the macket value after the taking?® (4).
One way to mitigate aeverance damages ls to provide
the P“cost to cure,* which restores the remalining
property and all improvements to their original use
and value. To use thils apptoach, the [irst step is
to establioh the total value of the damagea. Then,
atter the damages have been determined, a methed te
"cure® the damage is proposed. If the cost to cure
the damage is less than the estimated damage, thie
mitigation method may be used. This approach has
frequently been used when poise I8 one of the issues
in a condompation procoeding.

Inverae condempation spits usually occur when a
property owner believes that his property has been
damaged even though none of his property was taken
by lawful actions of the DOT. Far more cases of in-
verse condemnation invelve a physical invasion and
the courts more readily find a taking to have oc-
curred when thers has been a physical inwvasion. Dut
the real tast i5 found in the degree that the owner
la deprived of the use and enjoyment of hia property
by whatever means, “physical invasfon or not" (4}.

One of the important distinctiona botween a typi=
cal taking and inverae condemnation is in the finan-
cial arrapgement. *The owper's reasonable coats and
attorneys! fees are taxable against tho governmental
agency if the lnvarse condemnation action is aue-
casaful. If the owner lp unsuccessful In malntaining
the Enverse condemnation action, coasts are taxable
against him ao in ather clvil actionn® (4).

CASE STUDIES OF NOISE IN FLORIDA EMINENT DOMAIN
PROCEEDINGS

Fiye oases will be examined to see how the courts
and DOT have addreseed the {#88ue of highway traffic-
related nofse as part of the emipent domain process
in Florida., The case studies will be 1ligted In
chronological order (rather than by category) to
illustrate how the issve of noise has varled over
time.

Northcutt v. State Road Department (3)

In tha caso of Northcutt v. State Road Department
{1968), the Northcutt family filed &n inverse cop-
demnation sult against DOT, alleging damagea to
their residential property not actually taken for
highway construction (Figure 2), They believed that
the increased noise, duat, and vibration changed
their quiet residential side street to a haul route
during condtruction, Follewing the construction ac-
tivities, the close proximity eof Interstate 95 (FPig-
ure 3) cauped structurpl damage vo their howae and
the traffic caused “excessive shogk waves, vibra-
tions, and noises, at all hours of the day and night
which impaired their health and caused them te lose
Eleop, become 111 and nervous and deprived them of
the use and aesthetic bheauty of thelr property,
causing 1t to lese its value for residential pue-
poses Bo that it cannot be sold or financed for any
use or purpose" (3).
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The Third District Court of Appeal of Florida up-
held the lower court's ruling that the alleged dam=
ages were not compensable. The court noted that
"there must gencrally be a trespags or physical in-
vaaion, since ({the Flerida) constitution dees not
providn compensation for mare damage® (3). The court
indicated that "low Flying jet alrcraft with their
great speed and neise have brought about serious
legal problems for adjacent land ownera™ but tho
"plight of the property awner In thlis case fs not
the sams . . ., but is indistinguishable from that of
thousands of thelr Ffellow country man whose homes
abut highways and rallroads and whe endure the nuise
without complalint™ (3). Had the landowner shown that
he was "severaly" damaged, the outcome might have

been different.
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Dapartment of Transportation v. Weat ¥alm Beach
Garden Club, et al. {5}

The next case inyelvea the Department of Transporta-
tion v, West Palm Deach Garden Club, et al. {1977},
In this case, tha DOT was ordered by the Clrcuit
Court of Palm Beach County to pay §$644,275 for the
value of the land taken for the construction of In-
terstate 95 and $1.7 million in severance dampges,
Tha ROT appealed thia case on the baals of sl dif-
ferept polnta of law related to eminent demain.
Three o©of those points related to noise bacause
$1,477,500 of the jury award for Beverance damages
involved the construction of a nolse barrier wall.
The property taken involved a small portiop of a
cley park (Dreher Park) (Flgure 4) that the owner
claimed a= a place of quietude and passive use. Clt=~
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FIGURE 4 Drelwyr Park befora take.

ing the famous pennison case {n HNew York, the
owner's attorney was successful in ctonvipcing the
Jury that the construction of a noide barrier was
necessary to preserve the usefulness of the park.

On appeal, the POT pointed cut that "mere highway
nolas as such, not coupled with a physical invanion
or trespass, is not compensable in a condemnation
proceeding” (5). They also noted that the “award of
severance damages for {the) purpose of curing noise
from (a) highway by censtructing ({a noise barrier)
wall to preserve {(the} tranquility of (tho) park was
{in) arcoc, in view of ({the) lindicatlon that the
naise increanse did not praclude use af (the) park aa
& park and that the park was not a secluded and
peaceful park™ (5/. Finally, the DOT pointed out
that noise from the highway would not damage the uae
of the zoo, sclence museum, and planetarium within
the park and o nearby golf course because they "ware
not subatantially deprived of thelr beneflcial use"
S).

The Pourth Diastrict Court of Appeal reveraed the
lower coutt's declsion regarding the severance dam—
ages on July 26, 1977. Judge Latts, in writing the
raveraal cpinien, noted factors that tha jury ap-
peared to overlook, He noted that the park land had
originally been sold te the clty by the atate.of
Florida for $100 and that the clty was tcld at the
time of the gale that a major highway was ta be built
through that locatiens The city converted thia par-
cel of raw land of swamp, muck, and sand into an at-
tractive, active patk. IYn 1952 the city gave the
state gome of the land back for use in constructlon
of a highway. At a later dace an additional 15¢ ft
of linear park land was condemned for the construc-
elon of I-95. Judge Letts noted that the ecity did
not {dentify noise aa a damage factor {n the begin-
ning of the condemnation suit. As & matter of fact,
the city wao very supportive of early completion of
I-95 in this area and urged the DOT to forego any
additicnal environmental impact studies that might

delay the project.
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The judge pointed out that “"the bulk of the
$1,700,000 award wag te build a wall on land not
caken and on which there waa no physical lavasion or
trespass” (5). In considering the noise Increase to
the park cauned by I~9%5 traffic, Judge Lettd noted
that this "is no more of a ‘'taking' than has heen
inflicted on countless tens of thowsands of Florida
residences . . . whose occupants endure the copse-
quences of ehndleas traffic polee. . . + The dapaqe
to Dreher Park is no different in kind from that
suffared by anyone else similarly situated" (5}.
This again points out the Importance of the land-
owner 'p shtwing "severae® damage by tho ptate.

The city tried to portray Drehier Park as a pas-
slve patk where quiet was {mportant and the noise
from the highway would destroy this tranquility. The
caurt questicned how this ecould be at a park “one
and one-half miles away fram teuchdown, next to a
sereaming jet glide path for a major airport, six
blocks from US §1, bounded on the porth and south by
major artecies, bisected by a third, and bordered by
the Seabeard Alrline Rallroad tracka, Mereover, the
park itsolf has a zoo, a muscum, ball flelds, model
alrplane club, and immediately to the nocth, an
alectrical substation® (5) (Flgure 5).
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On the banis of the evidence presented, the en-
tire severance ainl cust-to-cure award of $1,700,000
was raversed and sent back to the crial court for
roview, The outcome wam that the Beverance damagen
{cost to cure} were reduced Erom 31,700,000 to
$72,500,

Department OF Transportation v. Elmer R, llarjula,
et al.

In the cagse of State of Florida Department of Trane-
portation v. Elmer R. Harjula, ot al. {1984}, the
DOT sought to pcquire a total of 19,284 ft* of
peoperty from the Garden Lakes Homeowners Assocla=-
tion, Inc, (Plgure 6). This land, referred to as
"the common areas" {(shared by the members of the
homeowners associstion), ls part of a large condo-
minilum property, The property was needed for the
construction of I-95 in northern Palm Reach County
and the expansion of Milleacy Trall, a local arte-
rial (Flgure 7).

During the environmental assessment process, &
noise atudy was conducted that indicated that thete
could be noiss impacts fn tho area of the subject
property. The neod for abatement was explored and a
nolse barrier wall wag recommended, A subsequent
nolse analyels reversed the previous study and
stated that abatement was not neceasary. AR final
deslgn was approached and rlght-of-way takings pro-
ceedad, the lssue of noise and nofse abatement was
raiged by the attorneys for the homeownara aaBocia-
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tion, The homeowners' contention was that ncipe
would be a problem and abatement should be provided
at the expense of the Department.

Several abatement alternatives wera Buggested for
considaration, each of which exceeded $500,000 and,
more importantly, would delay the final design and
letting of a $17,000,000 project, To ensure that tho
noise issue was properly addressed ahd that the
project schoedule was maintaiped, it was suggested
that the DOT atterneys contact the homeowhers asso-
elation about a posalble award to allow the home-
ownerd to dealgn and build thelr own nelse barrier
on thelr own land.

This suggestion was met with approval by the
homaowners asgocfation anpd on December 11, 19284, the
DOT entered into a atlpulated final judgment for the
sum of $200,000, This amovnted to §27,600 for the
land taken and approximately $172,400 as cost Lo
cura, notably to erect a nolee barrier on the prop-
arty of the homeowners association,

Dgpartment of Transportation v. Kennath P, Thomas,

at al,

Another case in Palm Beach County, State of Florida
Departmant of Tranapertation v. Kenneth P. Thomas,
et al, {1985), involved the Gardens Baptiat Church
of Palm Beach Gardens. The widening of Alternate
A=1~p {Btate Road Bll) from a two-lane to a four-
lane roadway required the taking of approximately
19,000 £t* of church property. In the beafore set-
ting (Figure B), the main church building was lo-
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FIGURE O Gardena Baplist Clreh afler take,
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cated acme 121 ft from the centerline of the high-
way. AMNfter conatruction, the centerline of the
northhound roadway (closeast to the front of the
church) was 47 ft from the church (Figure 9.

The owners of the church believed that the ad-
verss lmpact on the church resulting from tratfic
noise would not be tolerable unless the bullding was
relocated on the sastern portion of thae church prop-
erty. This would put the church at & diatance from
the highway that was asimilar to that bafore copstruc-
tion. Excluding the value of the land taken for the
project, the church requested $97,158 for cost to
cure. This involved the physical relocation of the
church buiiding, a concrete~block structure.

The Department's attorpey gueationed the wisdom
of this expenditure apd requested a special nolee
study. The results of this {nveatigation identifiod
two moblle homes that were being used aa classraoms
for Sunday School and for a day school during the
week. Although the adverse Impact from noise on the
church was detecminad to be minimal and did not war-
rant relocation of the church, the portable clase-
rooins precepted a totally different problenm.

Two methods to relleve the nolse problem were
suggested in the nofse atudy. One was to construct a
noise barrler wall on the DOT right-of-way at an
estimatad cost of $52,000., The agscond alterpatlye
was to relogate the portable clansrooms on the east
alde of the church and use the churech building as a
noise screen. This relocation was aatimated to cost
#5,000,

Bafora the trial, the attorneys for both parties
met, along with the noise experts and the appralsecs
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for both aidea, Negotilations led to the conclualon
that some remodeling of the church would enhance lts
utility apnd alac reduce interior noise lovels. Thim
coak te cure was shown to be less than the estimated
Saverance damagus, The cure involved relocating the
front entrance of the church, replacing single-paned
windows with double-glazed windows, and relocating
the two poctable clasisrooms,

Tha satipulated final judgment, slgned on January
4, 1985, awarded the church $73,245 for full payment
far the property taken and for damages to che re-
mainder. This breaks down to 319,660 for the land
and $53,585 for damages, of which $34,385 was needed
to cure tha nelse preblems,

Department of Transportation v. Gideon Clack, et al.

The final case study to be reviewed also. involved a
church, In the State of Florida pDepartment of Trana-
portation v. Gldeon Clack, et al. (1985), the DOT
needed to acquire 175 ft* of land from St. Michael
and All Angels Church. this Episcopal church, lo-
cated in Tallahassee, was pituated in a quiet resi-
dential area of the city {Flgure 18). The realign-

————
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FIGURE 10 St, Michael and All Angels Chureh before lake,

ment and extenafon of & pair of existing one-way
atreets rosulted i{nm the taking of a amall corner of
the subject property.

During the copdemnation proceedings, the ghurch
contested the appralser's valuation, which wan set
at §450, They claimed that the church was golng to
ba a tatal 1088 because of the prowimity to an arte-
rial highway (Figure 11} and all the nolae, traffic,
and loss of on-street parking, The chursh asought
$339,000 on the hasis of the value of the property
in the bufore metting.

A review of the environmental atudies and the at-
tendant nolse study revealed that no significant
noise impacts were expected, By using an indoor-out-
door noise lose comparison and asaessing a second
church in a similar saetting losated on the existing
arterial one-way palr, the court determined that no
loas of utility to the firat church was anticipated,

The final judgment, signed on Januaty 24, 1985,
awarded the church $10,000 for the property taken
and damages., This ameunted to $450 for the value of
the land and $9,550 for damages. Noise was not aspa-
rated from other damages, but lta contribution was
consldered negligiblae,

In both casee involving churches, the DOT gtaff

Transpertation Reasearch Record 1058
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attorneys were of the opinion that a Jjury trial
would have been detrimental to the Department's po-
picion. This Is based on expericnce and a knowledge
of the importance of qulet in the cghurch setting,
accentuated by an emotional involvement. In his Rec-
ommendation of Settloment, one DOT attorhey noted
that "the moral to be galned is that in Leon County
aesthetic-type Issues asuch as destroying shrubbery,
taking trees or churches, or running up against
'little old iadies,' are troublesome for a condemn=
ing authority® (f,p.3).

BUMMARY AND CONCLUSION

It 18 evident that Florida courts apnd attorneys ip-
volved in eminent domain proceedings have come to
recognize nolse am an item to be considered in the
taking of property where there is a remainder, Al-
though the courta have heold that pnolse 18 not com-
penpabla unless the test of "severe" damage ia met,
ic may ba considered in geverance damagen. A5 each
yenr pasges, more and more highway projects will be
Lacing nolse as an lsaue in emlpent domain proceed-
Inga.

This leads one to the conelusion that nolse spe-
claliasts must do a very thorough job of documenting
existing and future nolse conditlons in thelr onvi-
ropmontal review, especlally for sensitive Bsitea
such as churchesa, In addition, attorneys and ap-
praisers alike will need to address nolae dmpacts as
a possible damage issue apd ba prepared to deal with
noise ia a learned and prafessional manper,
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Analyzing Construction Noise by a Level/Duration
Weighted Population Technique

WELLIAM BOWLEY, ROSWELL A, HARKIS, and LOUIS F. CONN

ABSTRACT

h technique ies described for comparing the potential neise impacts of construc=
tion hauling for a number of project alternatives, The technique is used on a
modification of the level weighted population mathod to account for the dura-
tien of the hauling activity on the varlous haul route linka; the rasultant
descriptor is termed Level/furation Weighted Population (LDWP}., A complex
miczocomputer spreadsheet was developed to facilitate data entry and calcula-
tion of LOWP for # base case and each atudy seenario, aa well as & relative
change in impact {RCI) over the hase case for the scenarios,

River flood control cenctruction projects funded by
the U.5. hemy Corpes of Englnecrs rtequire environ~
mental aseessments, Project alternatfves typically
include the construction of tall levees or £flood
walle or the cutting of chanpels to divert the river
flow from floodplain, Such projects can take as long
as 6 to 7 yearsa to construct; hence, a seplous po-
tential impact of the project can he canatruction
nofse-~in pacticular, the extenslve material-hauling
opetations,

To aseess and compare the construction haul-noise
impacts of a set of different alternatives for a
flood control project {n Marlan, Kentucky, a tech-
nlque was developed that considercd existing commy-
nity noise levels, future haulw~noise levels, dura-
tion of haul activitlies, and population depsitiesa,
In this paper that technpigue is descrlbed; it waz
implemented with a sophisticated microcomputar
apreadgsheat program.

W, DBowlby, Vanderbilt University, Box 96-B, Nash=
ville, Tenn. 37235, R.A. larrls and L.F. Cohn, Spaed
Scientifie BSchool, University of Loulaville, Ry,
40292,

PROBLEM DEFINITIOR

Harlan, Kentucky, and its neighborlng communities of
Loyall, Rio Vista, and Daxter are located along the
Cumberland Niver and two of lts forks in Southeast
Kentucky (i}, The study area, shown in Flgure 1, ia
characterized by steep=-glded valleys with most of
the commercial and residencial developnent congcen-—
trated in narrow Elecdplalpa. Major floods otcur
mostly in the winter or spring; tho flood of record,
in April 1877, created at over 30 ft above gauge
zero, To minimize potential future damage, tho Corps
is evaluating a series of altarnatives for flood
contrel (1), These alternatives include the follow-

ing:

1, A+~?7: Building leveee and flood walla in the
Harlan and Loyall areas for the 1577 flood levels,

2. A=5PF1 Same aa A~77, but for the Standard
Projected Flood level.

3. B=5PF-Filled: Cutting new channels through
the 200- to 300-f£t high hille behind Harlan and
Loyall, huilding diversion dikes along the river at
the enda of these channela, and f£illing in the ax-
isting riverbeds batween the diverslon dlkes,

4, B-GPP-Unfilled; FSame as B-SPF~Filled, but
leaving the riverbeds unfilled in the diversion
areas.



5. C-5PF-rilled; A combination of A~SPF in the
Harlan area (new channel} and B-SPF-Filled in the
Loyall area (floed walls and levees).

6. C-SPP=Unfilled: The same as C-5PP-Fllled, but
leaving the riverked in Harlan unfilled,

Early in its alternativea analysis process, khe
Corps ldentified several potentlal shert- and long-
term nolse impacts that warranted additienal inves-
cigation. The major long~term impact doalt with
traffiec notss, namely,

1. & potentlal Increase in levels in Harlan be~
cauge of reflestions off Flood walls and

2. A potentlal decroasze in levels in Loyall be-
cause of relocatlon of State Route 840 aleng a bench
cut in the Loyall channel.

Secohdary lang-term Impacts dealt witk failroad
noise, namely,

1. i potential increase in levels because of re-
Electiors off the flood walls in nerth Loyall and
south Harlan and

2, A potentlal decressa in levels becauss of
shielding by the flocd walls in western Loyall.

The majer potential short-term neise Impact, as
defined by the Corps, dealt with conatruction, Al=-
though there would be many sources of noise during
conptruction, the accpe of services for the projeck
noted that the only source to be analyzed quantita-
tively was the truck hauling., dne should note that
in this cane the qualifier "short-term® implies a
4= to 7-year duratlon, depending on tha chosen al-
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ternative, The inpact analysla technique descrihed
in this paper willl be limited to the haul-noise Im-
pact asseagment strateqgles,

CRITERIA AND MODELS

i majer consldecation In the analysis was that much
of the hauling would bo an the existing road net—
work, As a result, the existing nolse environment
for the potentially affected renidences was estab-
liahed largely by highway traffic. The assessment
technique thus needed to accommedate impact criteria
and prediction methods for constructicon haul trueks
as well as for conventional hiqhway traffic,

Time-Averaging Concept

Accepted criterla for transportation and construe=
tion neise fmpacta deal with the “time avecaging® of
the acrustic energy resching a wsenasitive receptor,
The averaging {8 done over different time periods
depending on the nelse eourca, The time-averaged
level, or A-welghted eguivalent sound level, Is com-
monly abbreviated Leg, wlth units of decibaels
{dBA). The A-weighting® refers to an attenuation or
amplification of the seund epressure levels of the
different frequencies composing enviroamental nolse
te simulate human hearing response,

Traffic Noigse Criteria

For traffic noise, FHWA requires atate highway agen-
cies to use the hourly time-averaged laevel lLeqtln)
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ot Laglh)] or the hourly lOth-percentile exceedanca
lovel [Lyg{ht] (2). Traffic noims prediceions are
done for the "worst" noise hour, which typically oc~
curg durfng the daytime, inclusive of the merning
and evening rush perfoda.

The FHWA noise standards (2) indicate that noise
mitigation must be considered when (a) the future
"design-year” preject levels "substantially exceed"
existing levels and (b) the future levels "approach
ot excoed" stated noisc abatement criteria. For res-
idential land use, the criterion iz ap L,_.qtlhl of
67 dBA, Nots that these criteria dofine when mitiga-
tion must be considered, not when an impact occurs,
Mthough not stated in the noise Btandards, subpe-
quent FHWA policy quidance suggests that impacts oc-
cur when the Lag(lh) exceada 55 dBA (3}, The stan~
darda algo do not define the phrase "substantially
axgeed," although many agenciea have sottled on an
inereame of 10 to 15 dBA as an indication of {mpacts
worthy of mitigation study.

Construction Nolse Criterdn

For conetruction neoise, the U.5, Army Construction
Engineerlng Research Laboratory (CERL) Bupportd use
of a measute called the representative level t'ﬁl
(). T, is defined by a Soclety of Automotive Engi-~
necrs {SAE) measurement procedure, which was devel-
oped befors the common avajlability of integrating
sound=-level meters (5), as Eollowss

— n
Ly = I (La)y/n (1
=1

where (Lp)y are those sound-level pamples that fall
within a range from the maximum sampled level to &
dB lzga than the maximum sampled level {a.g., If the
maximum sampled level was 70 dB, all scund-level
samples from €4 to 70 dB would be (Lp)y values]
and n is the number of (Lp); values used for
computing the arithmetic average,

Lp is related to the time-averaged level [Lgq) by
the fraction of samples within 6 dB of the highest:

Lag = Ly - & (2)
where
4= 0db for 0.8 < {n/60) £ 1.0,

= 1d8 for 0.7 < {n/601 < 0.8,

=2dB for 0.6 < (n/60) £ 0.7,

= 3 d8 for 0.5 < (n/60) & 0.6,

= 4dp for 0.4 < (n/60) £ 0.5

= 5dB fer 0.3 < (n/60) % 0.4,

m 748 for 0.2 < (n/60) £ 0.3, and

= 10 4B for 0 & (n/60) £ 0.2,

The CERL specifications do not specify a particu-
lar peciod over which levels should be averaged, al-
though use of the SAE procedure will typlcally re-
quire at least 30 min of data collectlon. CERL
simply specifies daytime and nighttime periods,

In addfition, the CERL impact criteria specifica-
tions o0ddress noife geperated within the construc-
tien boundary; they do not address trucks haullng
beyond the site {4). Nor doss the FilWwA have con=
Rtruction nolss impact ecriteria; as guidance, It
suggeats that users could develep thelr own criterla
by considering absolute levels as well as telative
differencea in lmvels (B).

The FHWA noise atapdards aodress construction
noise but do not require prediction af copstructisen
noiege levels for federal-aid highway projects (2}.
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However, FUWA models are avallable that predict 1l-hr
or B-hr time-avoraged lavels [I.-_.qtlh) or f-'eth?]
(7,8}« One component noise source in the FHWA' con-
struction nmoise medel ls the haul truck. The meodel
requires specification af an  hourly flow rate
{trucks per hour), thus assBuming a constant flow
throughout the day, As a result, the predicted
hourly Laq will ba equal to the 8~hr avaerage. Decause
haul=truck noise generation 1s so aimilar to normal
highway truck noise geperation and becauae the haul
trucks will often travel the same paths as does the
normal traffic, the most appropriate measure for
studying haul-cruck noise for this project was the
hourly Leq ot beqtlhj.

Relative Changg in Impact

Because thls study needed to gawge the impact of the
introduction of the constrpction heul traffic to a
atatie situacieon, it was appropriate toc use soms
mathod of comparing “huild" and "no-build" levels.
Such a method was deactibed by Kugler et al, in 1876
{6}« The method is basped on tha concept of the
level-weighted population (LWP), nlso referred to as
"fractional impact."” The mothod uscs the “day~night”
time-averaged level, or Lgn, which Is a 24-hr Average
af acoustic energy whete 10 dB {5 added to all val-
ues between 10300 p.m. and 7:00 a.m. as a penalty
for nighttime seneltivity,

A scale is ostablished where an Ig, of 55 4B Is
assuped to "highly annoy* gzero percent of the popu~
lation, whereas an Lay of 75 di ig nssumed to
highly apnoy 100 percent of the populatfon. The
number of people exposed to different Ly, values
for each case fg then welghted according to the I,
values. An "equivalent highly annoyed" population
{or level=weighted population) ia then computed for
the base case and the alternative being studied,
Mathematically,

n
LtWp = 3 0,05P [lngal; - 59 (3
is1

where Py 18 the number of people axposed to day-
night level (lg,)y and n is the number of Ly, values
or tanges used In the caleculations typleallys the
caleulation s pecformed by grouplng subjecte 1in
5-dB Lgn handa,

A relative change in impact (RCT) 18 then com-
puted by subtractiag the IWP for the base cass
{LWPpaga)} Erom the LWP for the alterpative
{LWF, ), dividing by the base-case LWF, and mul-
tiplylng by 1003

RC1 = [(LWPy1p = WWPpape) /LHPLase] ¥ 100 t4}

The LWP valuass for each case are also good iadi-
catore of the absolute Impact as compared with an
Lgn of &5 dB, The RCI method has been used for
nontraffic noise sources as well, as {llustrated In
the U.,S. Enviroapmental Protection Agency background
docupent on rail carrler nolas standards {9},

For the flond control mtudy, it appeared that a
nlightly modified version of the RCI method wam the
mont appropriate to compare the varlous construction
haul Scenardos for each project alternative, Inatead
of using a 24-hr Ly, which is appropriate rail-
road noise, the hourly Ly, was used. Kugler et al.,
as woll as the EPA, nuggested that an Ly, of 5% dn
was an indicator of zero percent highly annoyed. As
noted earller, FHWA censiders a craffic nolsa Lgy
{1h) of 55 dP to also represent no Impact. Glven the
ailmilarity of haul-truck nolse to traffic noise, the
capstruction noise LWP values could also be computed
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by using a 55-dB Leq (Ih) as tha baseline value.
The LWP for the various copetruction haul scenarios
could then bo compared with a baze-cese WP, which
would be caused by traffic noise with no project
haul trucks. Thug, the relative impactda of each haul
scenario could bo analyzed by computation of the RCI,

Prafiic Holse Model

Once thia meane of quantifying and comparing impacts
had been aelected, the next atep was to choose
models to prediet Euture nolse leveld for traffic
and construction haul trucks.

The accepted model for tratfic noise s the FHWA
Highway Traffic Hoise Prediction Model (10}, which
conelats of the basic acoustics equations for aound
emisaion and propagation and attenpvation by bar-
rlers. Heveral methods are available for uwsing the
medel, Including charts, pomographs, and varlous
levels o©of computer pregrams. The nomegraph method
was the most appropriate for predicting base-casa
trafflc neise levels given the general nature of the
site modeling.

Saveral methods are avallable to predict haul-
truck noise, including the FEWA HICNOM computer pro=
gram (8) and the FHWA Kighway Traffic Nolise Predie-
tion Model (10). The methods are dimilat Ip concept
for the truck nelde source, differing In the values
for the basie emlgsion-level equation. On the basia
of observations by the atudy team during field
sound-level measyrements, the trucks currently in
uge in the project area for hauling ceal have emia-
aion levels similar te the typical heavy truck
modeled in the FHWA traffic noilme model. These coal
haul truecks, ipcluding muffler systems, are rela-
tively new and generally well maintained. It was
anticipated that many of these same, or aimilar,
trucks would be employed for hauling during the
£lood control project construction. Therefore, it
was approprlate tc model them by using the heavy-
treck vehicle type in the FOWA traffic noloe model
and use that model to prediet hourly haul-trouck
Lag-values,

ETUDY METHOD

The study method conslsted of a serles of ateps.
Pirst, the LWP Lluchnlque needed to be modified to
lncorporate the duration of construction hauling in
a particular ares, This modification wos a key fac-
ter in the analysis technigue. Next, a haul network
and haul scenarioa were developed for osch project
alternative. Then, base-chse impacts were determined
ap & basis for comparison with hauling impacts. Fi-
nally, the hauling impacts were determined and used
to compute changes in impact relatlve te the base
cage. These steps are discuased in detall in the
following parageaphs.

Considaration of laul Duration

As noted earlier, the RCI technique 18 based on the
fractional Impact or LWP concept, which, In its mim-
pleat form, states that the impact on & few people
exposed to high noise levels {8 equivalent to the
impact oh a larger number of people exposed to lower
noise levels. In this technique, a person exposed to
a lavel of 5% dB or leac {6 nesumed to receive zera
impact, whereas a perscn exposed to a level of 75 4B
is assumed to recelve 100 percent impact, A linear
change in impact ia then applied for thooe exposed
to lavels betwean 55 and 75 dB; for example, a per-
son would be considered 25 percent impacted at a
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lovel of 60 dB, 50 percent impacted at a level of &5
48, and 75 percent impacted at a level of 70 4B,

The technigue then involves the welghting of the
population accordlng to the neise~level expeaures to
determine an equivalent population that ia 1GG por~-
cent impacted, Thie normalizatlion procedure thus
gives a meaningful method to compare the relative
differences botween scenarios and hence alternatives,

Construction neise analysis has an addicional
factor that nceded to be considered. Traffic noilse,
which forma the base case or "de-nothing" alterna-
tive, 1 typleally conaildared a poermapent type of
noiae. However, construction la a temporary nofse of
finite Quration. The wnalysls technique thus needed
to account for the duration of the haul activities.
For example, it ie obvipus that a person expesed to
holse from 100 haul trucks per houtr for 2 years
would be more geriously impacted than a person ex-
poned to the same number of trucks for a l-year pe-
riod, The question 14 how to quantitatively compare
the impact of the two rRituations,

Guidance may be found in the CERL report on con~
struction noise specifications (4), in which a leg-
acithimle relationship s used when durations are
considered in [ts "maximum permizsible” noisc-level
specifleation, normallzed to a 32-day period. Spe-
eifically, each halvipg of the duration of the ac~
tivity would raise the permisaible nofse level by 3
dii. Mathematically,

fduration = 10 109 (duration/az) {5}

Cholee of the 32-day period by CERL was arbltrary,
probably a compromide on a l=month'’ns duration and n
factor of 2 for ease of calculation., Thus, just as
the dwelling unita are normalized to an equivalent
population that was 100 percent impacted, the haul
operations of varylng durations may be normalized to
some base=-cose value, In this manner, one may rede-
fine the LWP as a level/duration welshted population,
ot LDWP.

buring project discussions, it was determined
that the longest construction period far any of tha
alternatives would be approximately 7 years. It was
decided therofors to normalize che levels te chie
period, Based on an assumption of 45 work weeks per
yaar, a 7-yeatr period equaled 315 weeks. Thus, the
congtructiopn haul noise levels were adjusted for the
LOWP galculation by

Aduration = 10 log {duratien/315) 16}

Represgntative Distance Bandg

1n pertorming the fractional impact analysis, ope
could predict a precise nolpe level at every house
aleng a project haul-road link. Howevar, given the
nature of the analysis, asuch procision would be up-
warranted and probably deceiving, A much more effi-
clent method, with little losa in overall accuracy,
would be to group the dwelling unlts on the baals of
their dintances from the haul link,

To accomplish this grouping, representative dle=
tance bands needed to be defined. Typical distances
for traffic polse predictions are 25, 50, 100, 204,
and 400 ft. Pased on sound=level propagation calcu-
lations, five distance bande were defineds 10 to 35
ft, 35 to 70 ft, 70 to 165 ft, 165 to 280 ft, and
280 ko 560 Et. The band outer limits are such that
for aoft-site propagation (grasay around cover) the
lgvel at a house located anywhere within a glven
kand would be within 2,2 dB of the level at the cor~
responding representative diatance.

Noipe levels pould then be computed at the flve
reprasentative distancea, and those levels applied
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to all the houses within the corresponding distance
tands, Thus, knowing the nolse levels, adjusted Ffor
duration of activity, and the numbor of people ex-
posed to those duration-corrected levels, one could
compute an LDWP for o hauling scenario for a project
alternative,

Development of a Haullng Naetwork ansd
Hauling_Scenarios

Fleld reviews and projoct team meetingn led to the
definition of a serlos of links along oxlsting roadsu
or alopg constructlon roads that defined a potential
network over which the haul trugcks could cravel,
Flgure 2 shows the link map on which a link is de-
fined ss a sectlon of road connecting twe numbered
roada.

Then, for each project alternative {A=77, A=SPF,
B-5PF-Filled, B-S5PP-Unfilled, C«5pF=Filled, and
C=8PF-Unfilled), quantities were established of the
amounts of material to be removed from & channel cut
or to he veed to build a diversion structure or £L1L1
a tiverbod, Next, on the basls of construction sec-
quencing analyses, Beveral scenarios were developed
to accompliah the various haul activitiea, including
hauling material from the Harlan or Loyall cuks to
saveral potential dieposal sites, hauling from seov=-
pral potential borrow areas to build the levees and
diversion Atructures, and hauling nmaterin! to f£ill
the old riverbeds, laul routeE over particular linka
in the network were cotablished for each scenario,
and hourly haul-truck rates and weekly durationa for
the hauling activity were computed for each perti-
nent link.

FIGURE 2 Consteuction haud raute link network,

Nasc-Cang _LDWP

The next ctop in the analysis [nvolved determining a
bage=-casn impact oh the dwelling units in the viecin-
ity of the hauvl-road links due to traffic noise duxr-
ing the censtruction perlod.

The Gase-case traffic noige levels were computed
for each digtance for each link by using 198% traf-
fic data adjusted from 1982 data provided by the
Kentucky DOT. Standard FHWA model equations for
hourly Ly prediction on soft aites weroe used for
automoblles, medium trucks, and heavy trucka, as
follows:

[Leqtniy]y = [To)eli + 10 log(uipo/s)
+ 15 log{bg/Dy) ~ 33,4, (7]

where

[(Ealg)i = 38.1 log(s) = 2.4 for 1 = automohiles,
33.9 log{5} + 16.4 for { = medium

trucks,
s 24,6 log(S) + 38.5 for | = heavy

truckd,

& = vehicla speed {mph),

Nj = hourly flow rate af the fth vehicle
type,

D = reference distance of 50 ft,

nj = perpendicular distance from the road

to the receiver {ft), anpd

33.4 = constant adjusting for unlt conversion
and {nfinitely long soft~slte propaga-
tion.

Levels were calculated for valuep of By of 25, 50,

e
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tou, 200, and 400 ft. Then, tho [Lggih)y] wvalues
wireé cembiped for the total hourly average sound
lavel on the link at each distance lleq(h]-rls

[qu‘h)q]j = 10 log ’E 10 I:"ﬂqth“]j/m' {8}

Por several of the potential haul links, no fu-
ture highway tratfic data were available, or no road
actually existed. In thass situations, the hase-case
noise levels were determined from fleld measurementn
of oxinting noise levels.

A base-case LDWP was thean computed for each of
the five dlatance bands for each link, (LDHPpASE) 40
based on the predicted traffic nolse levels and num-
ber of dwelling units within each band:

(LoWPgpgE) 4 = 0

* 0.05P4 {[Leq th)g]§ ~ 55}
if [Leglhig]; & 55 am
1€ [Lagthim]y > 85 dB (9}

where Ps; la the pumber of dwelling units In the
jth band for this link.

‘The base-case LDWF values for each distance band
for a link were then arithmetically asummed to gat a
base-case LDWP for the 1ink. The LODWP wvalues for
each link were then summed to get a total base«case
LDWP  (LDPWppspls Thies total was Lthen used an a
basfis for comparison for all of the haul sceaarios
for each project alternative,

Construction Haul Scenario LDWP

The next step was to determine the construction LOWP
{LDWPpongTR!  for the glven haul scenario under study
tor a given project alternative. Thias calculation
£irat involved computation of an average sound level
at aach represuntative diatance for tho conatruction
haul traffic, [I'aq(h’hau].]jr on sach link for that
scenarlo, ueing the heavy=truck emission level in
Fqguation 7, Then, the overall hourly average sound
level at each representative distance, [Lag *
{h) eongt) 4+ was determined by a logarithmic combina-
tien o? tl":u basg-cage average seund level, Loy *
thiqglyr and the duration-adjusted haul traffic aver-
aga wound level, [Logihlpayylye in a similar mannec
to that shown in Equation 8. Finally, the LDWP for
each distance for that link was determined in a
similar manner to that in Equation 9 by using these
overall noloo lavels,

Thess distance-related ILDWP wvalues were thep
sunmed to get a total LDWP for the link. If a lipk
had no construction traffic for a particular sce-
narin, the construction acenario LDWP for that lipk
would be egual to tho base-gase traffic LRWP. The
total Lowp for the huaul scenario (LDWPogugr) was
then determined by arithmetically summing the LDWP
value Ffor each link in the project network.

RCI

The RCI for each scenatio was then determined by

RCI = [{LDWPmonsyR ~ LOWPpAsE)/LDWPgAsE] x 106 (10}

Once RCI values were detecmined for each scenarle
for a given project alternative, a worst-case sce-
nacrlo could be deflned for that alternative, and a
worat-cage RCI computed. Thus, the potenclal con-
atruction haul-noise impacts of each alternative
could be compared as patt of tho overall atudy of
the flood control project alternatives,
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USE OF A MICROCOMPUTER SPREADSHEET

To perform the analysis, a VisiCalc npreadahect tem=-
plate was developed (VisiCale 1s a registered trade-
mack of VigiCerp). The spreadsheet concept was uaed
in part because of [ta cenvenience for data entry
and formatted output. The apnalysis called for a goad
doal of data entry. For example, the analysis net-
work hag over 10 constructicn and traffie links; for
cach bBecenario to bhe analyzed, the pertinent lipks
had censtruction truck valumes and durations. Each
link had base~case nolse 1levels and numbers of
dwelling units for each of the five representative
distance bands, Thie extensive arrayed data contry
was grmatly slnmplified by the screen-editing feature
of a spreadphect. In addition, as over 40 individual
scenarios needed to he analyzed for the project al-
ternatives, a spreadsheet offered an efficient means
for producing concise, readable output, VisiCalc was
chesen becavse of ita avallability to the authozs
and thelr familiarity with it,

Six similar templates ware cstablished, one for
sach project alternative. Each template had data
common to all of the alterpatives as well as data
unigue to each, The baslc template consisted of four
eectfons, which are described in more datail in the
suceneding paragraphs;

l. A data bhape of the construction haul=truck
valumes, travel gpeed, and durations of hauling
along each link for all of the acenarios for a given
alternativer this sectlon was unique for each alter-
native,

2. A data bane of a number of dwelling units and
base-case traffic nolde levels for epch distance
band for each link; thls section was the same for
gach alternative.

3. A look~up table, common to all alternatives,
of haul-truck reference emisslen levels as a func-
tion of eravel spaed,

4. A calculation area for the copstructien haul
nound levels, the LDWP for ecach link, and tho over-
all LDWP and RCI1 for the scenario; this area was
utilized for each scenario for each alternative.

Fiqure 3 shows a portion of Section 1 of the
apreadsheet for the B-5PF-~Filled alternative. Hote
that Iipk names (LINK) conoint of the node numbers
at both ends of a link and that the links were seg-
regated by geographic location (AREA}. The speeds
along each link (SPEED) were assumed to be the same
for all sceparios and alternatives, although these
date would be easily changed variables, The rest of
the columns of this section of the template are for
entey of haul traffic heurly flow rates (VOL) ancd
scelvity duratfons in weeks (PUR) for each scenario
or case to he atudied for each alternative. The VOL
and DUR values were developed externally for the ap-
propriate links on the basis of data on the amount
of materlal to be moved, location of borrow or din~
pesal altea, and conatructlon seguencing. These
valuas were then simply entered into the correspond-
ing cella of the apreadsheat templata for that al-
ternative.

Figure 4 gives a portien of Section 2 of the
spreadshect, The data in this section remalned the
same for all of the alterpatives, On the left,
again, links are ldentified by nede numbers. In the
center, the number of dwelling unita is listed by
distance band; these data were collected from maps
and field roviews. To the right are the base-case
daytime hourly trafflc noise levels Far the analysis
year 1989 ap a function of distance from the 1ink.
Thesa data were #lther externally computed by using
the PHWA model nombgraph or assumed hased on the ex-
lating noise level field survey. (The data could
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U, 8, CORPS OF ENGINEERS
HARLAN FLOOD CONTROIL NOISE STUDY
CONSTRUCTION JIAUL KOISE ANALYSIS

ALTERNATIVE; BSPF FC CASE 13 HARLAN GUT, NO BACK HAUL
CASE 2; FHC-L/119, FLC-L/B-RIC, ROCK TC A/P
CASE 3: FHC-L/119, FLC-M/B-RIO, ROCK TO A/P=l.
CASE 4: CASE | PLUS )

CASE: 1 1 2 2 1 ] 4 4 5 5

AREA LINK SPEED VoL DUR VoL IR voL DUR vaL buR val DUR
DAYH 1-23 30

1-29 0 64 79 bl 79

20-24 40 b4 19 64 79

=2 50 fih 19 hé4 79
RIO 11 40 64 192 bh 182 hé 182

=12 40 68 142 68 182 68 182

12-13 an 64 192 bty ia2 b4 142

1325 20

A 2%

FIGURE 3 Seclion of spreadibeet templates haul speedds, volunwes, and durations for each ease for an allernalive,

NQO. OF DKELLING UNITS BY BASE CASE TRAFFIC NOISE

DISTAKCE BAND FROM ROAD LEVELS, 1989 {LEQH, DBA)

AREA LINK 15 50§00 200 400 % 56 100 200 40D
DAYH 1=21 2 (] l 0 ] 0 50 50 5S¢ 50
1-29 7 2 ? h 3 [T $2 48 &)
29-24 ] I 8 2 2 &0 57 52 40 4D

-2 1 1 0 2 0 EE I 70 &5 4l

AIQ Jell 4] ? 4 I 2 a9 a6 62 57 5]
=12 ] L] L2 k] 5 69 66 62 51 51
2=13 1 7 B}/ 52 a1 64 60 55 5l
13-25 2 15 b 34 53 i3 53 53 53

/\f ,\r

FIGURE 4 Section of spreadaliect templales dwelling units and hase-case

Iralfie noise leveld,

hiave been computed by ueing the Bpreadsheet congept,
but project scheduling restricted development time,)
Along links where traffic waa the clearly responsi-
ble major nolse source, the levela show a 3-dB re-
duction from 25 cte 50 ft, representing hard-gite
propagation, wherean a 4.5-d8 reduction per doubling
of distance beyond 50 £t waz exhibited, ceprssenting
soft-gite propagation., All of the data in this sec-
tion of the template would be referenced by the for-
mulas in Section 4 of the templace,

Shown in Pigure 5 ls Section 3 of the spread-
sheet, a simple look-up table of heavy=truck refer-
enca enetgy and mean emissieon lavel as a function of
spaed, Note that at speeds belpow X0 mph, a level of
83 dBE waz aspumed to represent slightly increaged
levels due to Acceleration and deceloration nolse,
huring the caleulations in Bection 4 of the tem—
plate, the appropriate speed-dependent emiasion
level would be read from this table. The look-up
function whs used crather than the emission-level
equation for reascns related to calculation speed
and ease of programming.

Figure 6 shows a portion of the lheart of the
spreadoheec-~the calculationa. Shown in the uwppsr
left gsection is the number of the case (or scenario)
buing studied for a particular alternative, In this
axample, it is case 3 of the B-SPF-Filled alterna=
tive, The case number is A key that is used in this

REF, LEVELS
SPD LEV
20 % ]
15 23
il 80
15 a1
40 a3
435 84
54 a5
55 86

FIGURE 5 Seetion
3 of spreadshee?
template: rack
referenee emiasion
Tesels,

section of the aproadsheet to read the appropriate
data from the other three sectlons, Once Sectiono 2
and 3 hat been prepared for all of the alternatives
and Section 1 prepared for all ef the cases for a
given alternative, all that had to be dene to per-
form the caleulations for a glven case was to enter
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BSPF FC REFERFNCE DURATION = 315
CASE: 3 ALPHA = .5 CRITERION LEVEL = 55
REF LEVEL AT DISTANCE: LEVEL/DURATION WEICHTED POPULATION
WREA LINK SPEED V0L pUK LEV 25 50 100 200 400 5 50 Jn0 200 400 SuUM
MAYH 1=23 0 0 0 80 ] ] 1) a 0 a 4] 1] 0 1] [
l=19 20 B4 79 H#3 T6 73 Al 64 59 5 I 1 ! a 8
29-24 4 A4 79 83 30 65  nl 56 4] 3 2 0 Q 5
k-2 50 64 79 8BS M 1 &7 H2 58 1 3 0 1 0 1)
Rlo  2-11 40 64 192 B3 7} M 6% 6l 56 0 1 2 4 0 k]
11-12 40 Al 192 83 73 70 b6 LY 56 ! ] ] 1 n 11
12-13 i 64 192 80 7 ha 61 5% 54 1 5 11 5 [{ ¥
13-25 20 a 0D 43 0 1] a ] ] 4] 0 1] 0 0 4]
A N
N N

[AR  1D-22 20 1} o 83 il ] [ 4] 0 0 1] 0 0 1] 0
20-22F 0 2 ¢ 83 ¢} 1] 0 1] 0 ] a 0 1] ] 0
10-28 0 [« a A3 0 0 [+] 0 1] ] 1] 1] 1] o 0
22-28 20 a o A1 n 1] o 1] Q 1 ] | 0 0 3
SUM = 269

IOWE FOR CASE £ 3 = 269

LDWP FOR BASE CASE = 238

RELATIVE CHANGE IN IMPACT = 12,90

FIGURE 6 Section 4 of spreadibeet template: ealenlation of construetion hagd Jevels, LI, aned RCL

the corresponding case number in Sectlon 4. When the
caleulations were completed, this section of the
spreadsheet could be quickly printed and the next
case number entered te have the next set of calcula-
tions potformed.

Shown on the left of Pigure 6 are the link names,
again in terms of pode numbers, The next three col-
umns represept the haul speed, volume, and duration
for the case baing studied. These dota are read di-
rectly from Section 1 of the spreadsheat according
to the case pumber entered, as described earller.
‘The next columpn, REF LEV, 18 the truck emission
laevel, read from Section 3 of the apreadsheet, hased
on the speed value, which had been read from Section
1. These data look-up features elimipated one source
of update ancmalles that can plague data hases, If
one wanted, for example, to change the travel apeed
along a certain link, the change would only have te
be made once, in Bection 1, and the change would
automatically be incorporated lnte Section 4,

The next five columns (LEVEL AT DISTANCE) repre-
sent the construction haul traffjc hourly lLag for
this 1ink &s a function of distance, based on Equa-
tion 7 for hoavy-truck emismion levels. The calcula-
tion was set up for soft-sita propagation bayond 50
£t, although this could easlly be changed by modify-
ing the ALPHA = .5 cell of the spraadsheet; shown
above the columh heading, A typical formula in ene
of theee haul Lgq calculation cells ip as follows:

@IF (Fl40<C, 0, +R140+{10+01L0GLO(FLAC*50/F140))
+{10% {1+K136) *LOGLO (50/J138) }
= 33.4}.

This formula says that if the haul volume, VOL
{located for this link in the cell at column F, row
140), is zero, asalgn a value of zerp for the level,
or elee compute the level by adding the raference
lavel, REP LEV (in cell i140), to the flow adjust-
mant-=101og {VCL*50/5PEEP) --and to the distance ad-

juatment-~10{1+ALPHA) log {50/DISTANCE)«-and aubtract=
ing a congtant value, 33,4,

Shown on the right-hand slde of Figure 6 are the
LOWP calculation results for each distance, and to
the extreme rlght, the LDWP sum for all dintances
for each link, The calcuolation that occurs in each
of the ipdividual diatance cells is complaex. A typl-
cal cell formula is

@IF (674 = D, 0,
8IF(GL40=0, 0,05%C74%EMAX{0, L74<h6},
0,05*G74*BMAX (0, (A3*8LN(X74+¢EXP{J140
+{AI*ALN(GLAD/AS) ) ) *Ad) ) =A6)}) ).

Thin formula states that {f the number of dwell-
Lng units for this link {in cecll G74) ie zero, set
LDWP to zero, or clsa deo the followingr

}. If the construction duratlon, DUR (Gl4e), is
zero, compute the LDWP as 0,05 times the dwelling
unita (G14) timea the mpximum of zero or the differ~
ance betwaen tha traffic Lgg {L74) and the criterion
level {N6);

2. Or else compute the LOWP as follows:

a. Adiuat the conotruction level (J140) hy
the logarithmic ratio of the duration (G140} to
the reference ducation {A5);

b, Logarithmically ecomblne this adjusted
level and the base-case traffic noise level to
got tha overall level;

c, Subtract the criterien level (Af) from
the overall level; and

d. Cempute the LDWP hy multiplying this dlf-
ference by the number of dwallipng units (G74)
timas 0,05,

Thie calculation is performed for each diatance for
each link, These distance-based LDWP values are then
summed for each link In the rlghtmeat column of the
spreadshect and then summed over all aof the lipks to
get the total LPWP for this casa for this altatha-
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tive (shown as 269 {n the bottem right of Flgqure £).
Finally, the RCI for this cass is computed, as shown
in the lower left of the figure. In this example,
this particular hauling acenazio (Case 3) for alter-
native B-SPF-Filled will cause a 12,% percent in-
ceenge Ip tho LDWP over the base case of 1989 traf-
tic.

Again, once Sections 1~3 were prepared, all that
had to be done to compute the RCI for a given case
for a given alternative was to change the case num-
ber at the top of Section 4. In this manner, the

. many cases could be qulcokly analyzed and the results

complled and evaluated.

SUMMARY AND CONCLUSIONS

Ta asnist the Corps of Engipecers in aspessing the
construction haulenoise impact of a seriea of flood
control project altornatives, a technigue was devel-
oped based on a medification to the LWP technique to
account for construrticn haul activity duration, The
resulting parameter was the LDWP,

By computing an LDWP for a bage case of no con-
struction hauling, where the major nolse eource was
generally traffic, and computing an LDWP for the
duration-adjuated construction haul-polse levels
combined with the regular teaffic noise levels, the
relative change in impast [(RCI) could be determined
for different haul Ecenarios for each proposed al-
terndtive, The analysls technique produced aggregate
impact wvalues for comparing alternatives as well as
dlsaggregate details on the link~by-~link impacts
that could be used subsequently in mitigatfon strat~
eqy development,

The technigue was implemented with & complex
migre puter spreadsheet template that permitted
ocasy datn entry, rapid caleculation of impacts, and
imnediate formatted presentation of tresults, The
apreadsheet included several sections of data for
e¢ach project alternatlve that were accessed by the
caleulations section by using look-up type func-
tions. Dpevelopment of the spreadsheet template was

" somewhat time-consuming and not vory amepable to

eany modification of the template structure, How=
aver, use of the template, once developed, was sim-
ple and faat, and permitted many different scenarios
to be eanily analyzed.

The analysis procedure, then, involved setting up
the first section af each template for each alternn-
tive and running tho calculations in the last sac=
tion of the template for each case For each alterpna-
tive. The resultant spreadsheets were printed after
each recalculation. The RCI values were then tabu-
lated for all of the cases for each alternative,
permitting an evaluation of the relative Impacts as
input into the anvironmental assessment,
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Noise Emission Levels for Vehicles in Ontario

Fo W JUNG, GO BLANEY ad AL L KAZARKOY

ABSTRACT

The FIMA tratfic noise prediction model [STAMINA) has beecn adopted In Ontario
because of its flexibility and analytical features, which accommodate changed
conditions through simple updating procedures, Major inputs for STAMINA are the
reforence oneray mean emlselon levels of vehlcle clansen as a function of
speaed, These functicns wers eseablisheq hy the FEWA in thelr origipal ceport on
the basis of data collected in the United Statea hafore 1978, However, condi=
tions in Ontario In 1985 are different, and the nolse emisslon level functions
ugad in the STAMINA and other related pregrams should be reavaluated. Data on
reference eminslon levele of cars and of medium and heavy trucks were collected
during 1984 and 1985, processed, and stacistlcally analyzed. From theae data,
functions of refarence noise emiasion levels with vehicle speed wore catab=
1ished for those vehicle groups. These functions can be used in programs de-
rived from the FHWA model, The findings in Ontario confirm those in other ju~
rindictions ip the United States, namely, that heavy trucks emlt less noise at
high speeda than criginally indicated by the FlWA model., Further, it 1B shown
that about 4 percent of heavy trucks are notoricusly noisy compared with the
genecal population and cause an upWard shift of the reference emipsion level
function by 0.5 to 1 dBA., These nolsy trucke are relatively rare events, which
may or may not be missed in noiee measurements of short duration (20 min), but

they have a high impact on the level of noloe pollutfon.

Numaroys methods have been developed to estimate or
predict highway trafflc nolse, a major source of
neise pollution in resldential areas. In Ontarioc for
many Years the standard method of predicting traffic
noise adjacent to freeways and highways was that de-
veloped by Hajek {1). However, his model was empiri-
cally based on numerous field measurements and com-
prises a mathematical simulation of overall traffie
flow noise. Thus, like other empirical models, this
mathod wae bound to bacome¢ outdated as soon as real-
world conditions changed. For example, more strin-
gent vehicle emission level standards weuld reduce
nolse effectively and [nvalidate pome of the asaump-
tions on which the medel was based. Reformulation of
such empirical models 1s rather difficult because
one must resort to repetition of numerous field mea-
surementa.

In 1977 FHWA developed an apalytical model [for
traffic noise predictinon based on and bufl: up from
banic principles of acoustica (2), Such a model can
eanily be calibrated for new conditions because ref-
crepca nolse eminalon levels from various classes of
vehiclea are vaed ams separats (ndependent {nputs,
Once mean values of these levels have heen estab-
1lished, the total noise from overall traffle flow is
then calculated from the amount and compoaition of
traffic as it exists or is prejected for a particu-
loar highwny. When the FHWA model was published, cer-
taln reference nolse emlssion levels were recom-
mended and spolled out am functions of opeed and
vehicle type (3}, At the same time, however, [t was
recommended that each agency {state or province)
carcy out ltas own investigations of neise emlasion

Research and Pevelopment Branch, Ontarlo Miniatry of
Transportation and Communications, 1201 Wilson Ave-
nue, Downeview, Ontario MiM 1JB, Canada.

lavels of the prevailing classes of vehicles, taking
into account regional condltlons such an composition
and design of truck or automohile populations, en~
forcement, and compliance with regulations and atan~
darde, Furthermare, such cornditions may change aig-
nificantly in the course of time, so that collection
and procesaing of vehicle neise data should be ro-
paated perlodically (f.e., every S5 or 10 yeara).

In ather warda, once sufficient emigsion level
data have been collected, the analytical character
of the FiWA modal allows for a ralatively aimple up-
date of prediction calculations, as described and
reported in the following discussion.

In 19684 the atate of Georgla reported (4), on the
hasis of a relatively small sample of measurements,
that heavy and medium trucks were emltting lesn
nolee at higher speeds than that predieted by the
FilWA model ({1,2,5). In other words, the FHWA model
was overestimating nolse levels for traveling near
the legal speed limit (60 to 100 km/hr}.

In 1985 a california report (6} baced on a much
larger sample of measurements showed simllar find-
ings==trucka at higher spreds are leas nolay.

The analytical traffic noime prediction model of
the FHWA was introduced in Ontario in 1982 and was
finally adopted more for ity £lexibility than for
its superior accuracy. Using the original FiwWA emis-
sion level functions, the model revealed a tendency
for slight overprediction of nolos along expressways
when predicted and measured values were compared,
Thuo, it was declded to cacry out a apecific Ontario
study on noise emisslon levels of vehicles.

The primary objective of the atudy was te develop
and establish up-to-date vehicle nolse reference
ensxgy mean emlsalen levels for Ontarlo, as required
and defiped by the FHMA prediction model (2,6}.
These refarence neipne levels are also needed for
simplified prediction methods that have been devel-
cped Erom the original FHWA nodel to serve the legs
sophisticated needs of, for example, envirenmental
plannecs {7,B).
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SPEED TIMING ZONE 150 m

KE]

A

CENTRE OF LANE OF TRAVEL (CURB LANE)

o

s

16m

NO OBSTALICTIONS

MICHOPHONE@_
PARKED VEHICLE AND
ND REFLECTIVE INSTRUMENTATION

SURFACES WITHIN
16 m OF MICROPHONE

a) TYPICALSITE LAYOUT

1am

PAVEMENT PLANE

GRAVEL
SHOULDER

—_—

1.2 m ABOVE PAVEMENT
SURFACE

ZSﬂDHTQHASS
B0 em}

SHALLOW RITCH

b} TYPICAL SITE CROSS-SECTION A.A

FIGURE T Typical layout of realdside measurementa.

FIELD MEASUREMENTS

Teet Sltes

The basle requirements of a test slte are shown fn
Pigure la and 1lb, The oites chosen for ipclusion in
the Ontarioc survey and a map showing the location of
these altes aro presented In Flgure 2. The sound
level neasurement sites are spread aver a wide cross
section of the Ontarlo road system,

It was necessary to test a number of sites in
otder to include repreosentative wvariation in paves
ment type, ground conditiop, vehicle type, and vehi~
cla ppaad. All sites were located in an open level
area free of obstructions such as parked cars,
buildings, or ajgn boards, and all had low peak

CNTARID

FIGURE 2 Single event (truck) on Highway 402,

background sound levels more than 10 dBA below the
lowest moasured levela. Further, as a result of an
investigation at the alrport ailte with wehicles
traveling on the runways, it was found to be very
important to conduct measurements when the windspeed
does not exceed a limit of approximately 20 km/hr.

The microphonss at all sites were lpcated 15 m
from the center of the travaeled lane and 1.2 m above
pavement elevation, R clear line of aight was main-
talped between the microphone pesition and the road-
way in both direcelons. All pavements were In fair
to good conditlen. In short, measurements were cac~-
vled out in accordance with the general requiremento
given by FlWA (D).

#11 measurement altes were in rural or gqulet ur-
ban locations with low traffic velumes so that pass-

Lagend { Cuscription of Locations

1. Hwy, 402, 6 km Emt of Sarnis

2. Hwy. 402, 28 km East of Samia

3, Hwy. 6 paor Guelph

A, Hwy. 405 near Quannston

5, Hwy, 420 in Niogara Fally

8. Simcoo County Regional Road 8
verst af Naw Lowsl

7. Commissioners Street in
downlown Toronto

B, Hwy, 2 West of Prescott

9, Airport North of Landen
linactiva}
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FIGURE 3 Instrsmentation of roadaide mvasrements,

FIGURE 4 Sites of roadside measueenwnds in Dntaria.
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ing wvehicles could be measured .ndependently, as
ningle events {Figures 3 and 4).

Moagurement Proceduro

Before field meapurements ware made, the instruments
were checked in the laboratory to ensure proper cal-
ibration. The instruments used in this procedure
were as follows:

* Bruel and Kjaee {B&K) nolse level analyzer,
Type 4426
B&K Bound level meter, Type 2218
B&K calibrator, Type 4230
BsK alphanumeric printer, Type 2312
B&K graphic level recorder, Type 2306
BsK E/2=in. mlceophone, Type 4165
3sK 30=m microphone extension cable, Type AO

Q624

BsK microphone windsereen
Uher tape recorder, Type 4200 Repert Monitor
Triped

.

All of the sound level meters complied with the re-
quirements for Type 1 precision instruments aof the
American Natlonal Standards Institute (ANSI 51.4,
1983) .

Two aocund Level measurement systems were set up
and callbrated on site with microphtnes placed at
the same location, 1% m from the highway, The main
reagon for uaing two independent measuring Bystems
io that one myatem can act aa a check on the othar,
thus helping to avoid the possibility of introducing
any greoss errors In the measured sound levels., After
initial calibration, a 10-min comparizon test of the
performance of the aound-measuting inptruments vaing
the noise emitted from the traffle on the nearby
highway was done. The measucing systems were recali=-
brated approximately ence every hour or sooner when
necesgary ({(for example, when batteries had to be
changed in an instrument). The twe measuring ayatems
were conotituted as follows,

Syseem 1 cennloeed of a micrephone and preampli-
fier placed on the end of a 30-m extenzion cable and
conngcted to a B&R 2218 pound level meter. The AC
voltage output from this meter was tape recarded on
one channel of a storeo tape recorder and the other
channel was remerved [or comments sbout the vehiecle
pasaing by. The sound level meter ip this ayatem was
not wsed to read the sound levels a8 the vehicle
pasned but only te condition the signal for tape
cacording, The recorded audio tapes were kept for
ovaluation at a later date in the laboratory.

Syatem 2 comprised & microphone and preanplifier
placed on a 30-m extension cable and connected to a
DEK 4426 nolse level analyzer. Thia syatem allowed
for direct fleld evaluation of the sounds emitted
from passing vehiclea.

The maximum sound level mcanured a8 the vehlele
passed was ohtained from the noisp analyzer in Sys-
tem 2. This, as well as the speed and type of vehi-
cle, were recarded on data sheets in the fleld, The
speed of the vehicle was measured by timing it over
a 150=-m (see Figure 1) dinstance, These data were
later wverlfijed from information recorded on  the
audio tapes of System 1.

REBULTS

Data on vehicle noise emission levele were collected
at various logations In Ontario, an shown in Figure
2, to obtain a reproaentative met of pooled vehicle-
and speed-related data for Ontario conditions. These
data were processed in two ways with respect to
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groupings or clamses of vehicles with similar levels
of noise emiasion.

First, In acceordance with the original FiWA re-
port (1), vehicles were assigned to one of three
claagifications~~heayy trucks [(HT), medlum Etrucks
(MT) ; and automchilen (A), which includes other ve-
hicles of aimllar noise emission. An accurate defl-
nitlon of these classes 18 glven in the FHWA report
{Lipe4) .

Second, vehlcles were tfurther classified in ae-
cordance with grouplngs cuastemary In  Ontario,
namely, by dividing them inpto leonhg trucks (LT},
short trucks (8T), and automohiles (A). These vehi-
cle classes were introduced, not for acoustical rea-
soneE but becavse tratfic data can be more readily
obtained In these terms., The Cntario clasaes are
shown In Figure 5, and a comparison between the On-
tario and FEWA groupings of wehicles is glven in
Figqure 6.

The meapurements ware sorted by speed clagaen
fevery 5 km/hr) as well as by vehlecle type, and each
group or cluster of measurements was statistically
analyzed. The rosulte are shown in Table 1, in which
vohicles ure classifled nccarding to the FHWA defi-
nitlens (HT, MT, and A), The aample aize for each
spead and vehlcle class la also shown, together with

3%

the mean and standard deviatlon of nefse emission
levals. The results for the second ¢rouping by On-
tarlo wehicle classes (LT, 5T, and A} ace almilar
and are therefore nat shown in tabular fopm,

The data shown in Table 1 were subjected to a
lipear regrossion analysis in order to aobtaln the
customary expressions for the reference enerdy mean
noise emission levela of each vehlele e¢lasa. The re-
Bulting curvea are presented in Figures 7 and B for
the FHWA and Ontarlo classes, respectively,

In Flogure 9 the Ontario emission levels are com=
pared with the orlginslly published FHWA levels (1)
{uT, MT, and A). The compariscn shows that in op-
tario trucks emit less nolse at high speeds. On the
other hand, automobiles are nolsier, especially at
lower spoeds, Furthermore, medium-weight trucks are
somewhat less nolsy at higher speeds but alightly
neisler at lewer apeeds, Since speeds of B0 to 100
km/hr are legal In Ontario, the aforementiched dif~
ference must lead to an overpredictfon of truck
nolse when the ociginal FhwA emisslon level funo=
tione are used. The difference fn car nolse at high
speeds ia lens significant,

Flgure 10a, b, and c gives the statistleal vari-
ationa of tho measurements and average values of
emisgjon levels in each speed clans and vehicle

SHORT TRUCKS & LONG TRUCKS

HEAVY 243 AXLE —~ SINGLE UNITS) g [TRANSPORTS — COMBINATION UNITS)
e ok ts) =l S i,
DUMP TRUCK ) Ceanesn E—co
STAKE TRUCK @% foNBINATION NI [l =]
{’;‘E;OLHE!W;THDUT TRAILER gb (Cnﬁ"g;?tﬂg’s‘o)" UHIT m
PRI G (s [ | S
In;n;stﬁ:u;mnur TRAILER gjc.a ‘:o:al::glsu‘u UNIT M
¢ ARale SRy e | [y ™7 Bafsl
VAN [ DUAL REAR TIRES) &)
MOTOR HOME [EGEP—
SCHOOL BUS ey
RECULAR BUS [

FIGURE S Shartaruck—long-trurk clasification in Ontari,

MiC MIC
SHORT TRUCKS LOXS TRUCKS
SIHGLE UNITS COMB[RATION UNITS
MDIIM TRUCKS HEA¥Y TRUCKS
AXLES |2 AXLES 2, 3 & 4 AXLES 3 DR HORE AXLES
+ & TIRLS ON REAR - 4 TIRES ON REAR TRAKSPDRTS
ARLE AXLE/S
HEIGHT [SENERALLY LESS MAL, 38 300 kg KAX. 6 500 kg
THAH & 500 ky
LENGTH MAK. 12,5 m MWAX. 2l m
ROUY
STYLES {vAns, PICKLK LumMp, STAKE, TAHKER, TRACTUR TRAILERS,
BOx, TOW TRUCK FLATBED, TAHKER
TRAILERS, CAR CARRIERS

FIGURE 6 Comparison of classifications,

Ontario amil FIWA,
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TARLE T Reslts of Field Measureaents

Nuise Eenfssian [evel

Speed Standard Sample
Clasy Mean Devlatlon Size
HT 40 79,2 20 15
50 A3.0 3.3 n
60 RLE 24 35
i3] 839 12 34
0 #4,7 27 52
75 55.0 a Il
RO 839 2 106
L] LEX ] 13 13
90 84.9 24 119
95 85.7 2.2 142
100 85.9 24 8
105 B6.1 2.5 41
1o #5.9 [ X1 by
‘Total 835
MT 50 753 4.0 19
&0 9.2 4.3 14
10 7.7 33 15
75 8.0 iy k]
80 80,0 35 0
As 81.4 0 25
40 4.5 1.9 a3
95 k2.2 29 1%
104 83,0 39 15
105 84,3 kA 1
Total 198
A 50 4.5 2.3 1
58 65.2 21 7
60 6.9 1.9 1
65 68.0 1.8 M
m 70.9 22 30
75 71,8 22 55
Ao 7.4 2.2 1q0
L 13.2 21 L]
o0 13.0 21 138
L 3.9 22 17
140 30 1.5 n2
105 4.7 LH 52
1o 75,0 1.7 0
115 75,8 [ IL] A
120 6.7 14 6
130 .5 1.8 -2
Total Han

Notet HT » hoavy truck, MT & inedivm tuch, A * aulomiohile, Dals wre

fur all siles, poniad.
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FIGURE S Comparison of Figure 7 emission
lovels with original FHWA levets (1),

group, The points of plus or mipus one atandard de-
viation {vertically) uare also plotted, The vehigle
qroups used in Figure 10 are those deffned by FHWA.
The curves shown are regression lines identical to
thoge in Figure 7.

The resulting equations for the refersnte energy
emissaion levels aa found from the 1964-1985 meanure-
ments in Optario are listed in Table 2., This table
can be used to provide new, up~to-date ipput for the
varlous programs baged on the FHWA model (1,5,8})
when they are used in Cntario.

The effect of the new equations for Ontarlo is
shown by a typlcal case (Figure 1ll), for vehicles
traveling ¢lose to the legal speed limit of 100
km/hr. This example ©f an expressway in an uchan
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FABLE 2 Reforence Mean Eabssion
Larvels it Onstario

Vehicle Clase Espuation

Ueavy trueks

1 2,59 Fogh + 60.64

Long trucks 1088 [ogS + 61,98
Medinm trucks 24.0f logs + 34,90
Shoet Liucks E4.60 logs + 54.69
Cars 30,41 log§ + 13,59

Nute: 5 3 wperdd (kmjhr),

atea consisgts of three westbound (Rl) and three
easthound (R2} lanes. Predictlona at 30 m and at 60
m Erom the ncar-lane center are compared. In both
cages, the orlginal FiWA egquations predict najse 1
ABA above that predicted by che new Ontario equa-
tichs. For lower pspeeds the difference will bo
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smaller or will be reversed. For a larger percentage
of trucks at 100 kmshe, the difference would be
larger than 1 4BA,

DIECUSSION OF RESULTS
Statiatical Problemo

single-event nolse emisslon levels of vehiclen were
measured in terms of adjusted decibela, which is a
logarithmic ncale; therefore, the measured values
meadt bé converted to sound presmure energies before
they are manipulated. The mean values of each sample
in each speed and vehicle class were calculated an
follows:

n
Ly = 10 log [u/n: 1[1 10 I‘i/”] ()

whara

L) = noise emiszion laevel of a aingle event (dBA),

Iy, = mean value af sample, average noise emission
level {dBA), and

n = sample size,

Thia method of calculating average values of noise
emiagion levels is conslstent with the definition of
Loqe

q'rho normnlized distribution of soupd preasure
enargy for the Ontarim heavy-truck population is
shawn 1n Flgure 12, To obtaln this distribution, the
sample dats from all heavy trucks traveling at
specdas greater than 80 km/hr were pormalized to a
zeto mean value In each sperd gseup and then pocled.
The poeling was possible becsuse F-tests showed npo
statintically signiffcant difference between the
standard deviatlons of the different speed groups.
thereas Flgure 12 shows the distribution of sound
presdure energy measurements on A nonlogdarithmic
scale, Figure 13 gives the same Information as nor-
malized noise emisajon levels in terms of adjusted
docibels, which ia a legarichmic scale.

Beth Pigures 12 and 13 exhibit a long tall of
high noige emiesion levels. The upper part of the
tail, beyond % dBA above tha nean value, represents
only approuipately 4 parcent of the truck popula=-
tion, which contributes an additional 1/2 to 1 dBA
to the average emlasion level of trucks. This repre-
sents about one-fifth of the sound pressute energy.

This 4 percent of unusually noisy trucks is In=
truaive in {ts nolse impact compared with the gan-
eral populatien, and Erom the shape of the dlstribu-
tien curves one pay conclude that thls may be due to
unusual circumstances, such a8 faulty mufflers. More
gtringent enforcement of requlatory atandards could
discourage such high emission levels and would af-
fect only § percent of the truck population.

With regard te the practice of nolme measure-
ments, the Ffollowing should be pointed out. In a
small sample aize (such as chat obtained by 20 min
of measurement on teads of low traffic volume),
thoge very noisy vehicles in tha tafil of the aiseri-
buticn curves will probably be missed, This would
result in 2 lower average value of noise than would
be representative for a 24-hy lgy, the current Cn-
tarfo standard of nolse control, II?il;h the lncraasing
sample size the measured average nolse emissien
level would slowly inctease because of the increas-
ing probability of encountecing those excepaively
nolsy events from the tail of the distribution.
Thus, measurements of 20 mln duration at low traffic
volumes may underestimate the 24-hr L., nelae that
ils used as a standard duratien of meagsurement in On-
tario,
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CONCLUSIONS AND RECOMMENDATIONS

Functlens of refereance energy mean emission levels
with speed have been established for heavy trucks,
medium trucks, and automobiles &n Optario, ‘The
levals are different from thoge currently umed in
the STAMINA program of the FiWA model, In particu-
lar, it has been found that heavy trucks are less
noisy at high speeds, near the legal speed limit.
Trucks and cars at low speed are nolsler.

When using STAMINA ot any other nolse prediction
program derived from the analytiecal FHWA model, new
equations for reference emission levels sheuld be
used, For Ontario, these ara as listed in Tahle 2,

Nolse emispion levels of vehlcles should be regu-
lated by eatablishing a legal maximum noise limit to
exclude the rare events in the upper tail of vehlcle
nolse distribotions that have a high impact on noise
pollution.
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Heavy-Truck Noise Emission Levels on

Grades in California

RUDOLF W. IIENDRIKS

ABSTRACT

Am part of a federatly fundad research projest to update vehicle noise emimelon
levels, the Califorpila Department of Transportation {Caltrans) examined heoawy-
truck noise emisaion levels on grades {n california. Hearly 1,B00 nolse measure-
ments were taken at 6 locations along Interstate and atate freewayas with grades
tanglng from +3 te +7 percent. The six sites were located far enough upgrade to
nllow heavy trucks to decelerate from free-flowing speeda of 55 to 60 mph to pug=
tained crawl speeds before measurement. The nolse data showed no direct grade
dependency at any observed spead. Thls may have been caused by the Inverse rela-
tionship between grade stecpneas and truck welght for a glven speed, In order to
maintain the same crawl speeds, trucks must be carrying lighter loads on pteeper
gradea, and vice vermsa, poanibly resulting in offsetting effects on noise emimsion
levels, Further research into the exact cause is recommendod, Speed dependency,
howover, wauw significant. A decond-deqree polynomial equation for noise energy
veraus logyy opeed was found te represent the best curve fit. A combined speed=
dependent curve for +3 to +7 percent grades was developed, Observed speed diatri-
butions were found to be grade dependent and appeared to agree with those typi-
cally found for trucks on grades in California. This Information was used to
develop “"default" reference energy mean emission levels for heavy trucks on
grados up to +7 percent in l-percent incrementa., For 3 to 5 percent grades, these
values are 1.4 to 0.5 dBp higher than those developed by the currently waod NCERP
117 method; above S percent grade the default values are 0.2 to 2.1 ABA lower than

those of NCHRP 117.

This study was part of a federally funded research
preject to measure vehicle noise levels and devalop
speed-dependent refereance energy mean noioe emiasion
levels for highway traffic nolee prediction models
in California. The California vehicle nolse (Calveno)
vefarence energy mean emisslon levals for level roads
were devalcped, published (1), and approved by FHWh
for noise studies involving federal-ald highway
projecta. They conform with the requirements sat
forth by the Federal-Aid Highway Program Manual (2).
In March 1985, the Calveno curves were Implemented
for use by the Callfornia Department of Tranapotta=-
tlon {Caltrans) in traffic poise studies,

During the study of level-road nolse emissions, a
limited amount of nolse moasurements was made on
three different uphill gradea. Preliminary analysis
of theae grade data strongly suggested that the
recommended procedures for grade correctiona in Re-
port FHWA=RD=77~108 (J) are not correct. An extenzion
to the research projact was requested by Caltrans
and psubasequently approved by FHWA. The objectives of
the extension were to include heavy-truck noise
emisglon levels on graden up te 7 percent.

For the sake of consistency with the level-road
study, heavy trucks were defined as trucks with three
or more axles. This definition fs also consistent
with the definitlon stated in Repork FHWA-RD-77-108
t3t.

Because of observed extremes in nofse emicsions
of trucks traveling downhill due to wvariations in
downshifting and braking, the study was limited to

Transportation Laboratory, California Depattment of
‘Transportation, 5900 Folsom Boulsevard, Sacramento,
Callf, 95819,

heavy trucks traveling wuphill at sustained crawl
epeedsa only.

SITES

With the obvious exception of level-road require-
ments, all nolse measurement aites conformed with
the criteria listed in Reports FHWA-CEP/HEV-78-1 {4)
and FUWA-DP~45-lR {5). The s8ilte ocriterla wuged
throughout this research project are dlecussed in
detall In the report Callifprnia Vehlcle Nolse Emis-
&lon Levels (1).

All grade sitea conalsted of compacted, graded
dirt emergency turnoutsa. They were judged ta have
acoustical site charactaristics of comewhat lass
reflectivity than the hard sites defined in the FIWA
report (3}. The sites were carefully selected to re-
duce variability caused by topography, acoustical
ahsorptivity amd reflectivity, and source charac-
teristics such as heavy-truck populations, pavement
type, and condition. Bix sites were aelected, ranging
in grade from +3 to +7 percent.

A1)l grade pitem were located along major Inter=
atate or state freewaya. Trucks and other traffic
moved at free-flowing apeeds averaging S5 te 60 mph
on level-roadway satretches hefore beginning thelr
ascent. The sites were located far enough uphill to
allow truck speeds to decelerate to sustaiped crawl
speeds, The distances from the bottom of the grades
to the sites varied from a minimum of 1 mi for the
+7 percent grade te 1.5 ml for the +3 percent grade.
Acccrding to a Caltrans repork, these diotances were
long enough to ensure decelaration of trucks to a
conatant ccawl epeed (£}, There were no other cone
stralnts on kratfic movement, aduch as merging of
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traffic, apeed limits of lesa than 55 mph, or roadway
construction.

Following is a brief liscing of the asites, in~
cluding percent of grade, name of grade, route Bum-
ber, and general lecatlons

¢ 43,0 percent, Altamont Pass, eastbound 1-580

east of Livermorap

* +4.2 percent, Cajon Paps, northbound I-15
north of San Bernavdino:

* +4,5 percent, Cajon Pass, northbsund TI1-15
north of San Bernardinoy

* 45,6 percent, Cajon Pass, northbound I-15
north of San Bernardino
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' 6,0 percent, @Grapevine, southbownd I-5 north
of Los Angeles; and

* +1,0 peteent, Conejo, acuthbound Reute 101
soucheast of Ventura.

Flgure 1 shows the site locations.

INSTRUMENTATION

All sound level meters (SLMs) used Ln this study were
9ype 1 Precislon SLMo as specified by the Amecican
National Standards Ipstitute (ANSI 51,4, 1983}, They
ware connected to a data logger specifically designed
for the Caltpans Transportation Laboratery. This
instrument has 16 chanhels that mhy be selectively
activated to receive up to 16 dc output signals from
the 5lMe. A micropracessor ln the data logder trans=-
forms the continuous, time-varying slectrical signals
inte digital form and calculates a varlety of noise
descriptors, lncluding the maximum nolse level, The
latter Ffeature was useful in determining the maximum
passby noise levals of hoavy trucks,

Figure 2 shows the typical instrumentation satup
used at four of the six sitea; +3.0, +4.5, +6.0, and
+7.0 percent dgrade, For legictical reasons, only one
microphone was used at the two remainfng oitas {(+4.2
and +5.G¢ percent grade). The threa-microphone con=
£iguratfon wam designed to detect any variaticns in
acoustleal results caused by site characteristica.
This was accomplished by examining the nolse atten=
uatlons hetween the 25-ft and 50-ft microphones.

Pigure 3 shows the typlesl site layout for a
three-microphone setup and clearance criteria, Except
for the number of microphonea, all site and inatru~
mantation criteria and conflgurations were the aame
for the two actups employing one microphone. In all
setups, the reference microphone was Mlcrophone 2,
50 £t from the centor line of the ncareat lane, The
microphane height at the reference location was 4 to
6 F r0.5 ft above the ground and § ft =+ 0,5 ft
above the plane of the pavement.

In addition to the data logger, the reference
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FIGURE 2 Typleal setup Tor soise measurenmnis,
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FIGURE 3 Typical site layout and mirroplione locations,

microphone was connected to a graphic level recorder.
Its puppose wag to determine whether truck nolse
peaks were plgnificantly contaminated by other
traffic ar background nolse.

FIELD MEASUREMENTS

The ¢£isld measurements consisted of three types:
truck speed, A-walghted nelse, and meteorological,
The #irst measurement operation wam performed by a
vehicle ohserver using a radar gun and the last two
operations by an ingtrument oporator. All measurement
procedures and criteria were ildantical to those rn-
ported in California Vehicle Noise Emission Levels
{1} and were conslistent with Reports FHWA-OEP/HEV-
76=1 {4} and FHWA-DP=45-1R {5). The meteorological
measurements ware made to ensure that the recommenced
windepead and humidity criteria of 12 mph and 85
parcent, respectively, were nat exceeded,

Haavy~truck passby measurementR were limited to
thoae tracks traveling in the near lane. This did
not appear to Entroduce a bias toward slower, heavier
teucks, Most trucks, slow or fast, traveled in the
near lane (outs{de lane) on grades. As wlll be meen
later, observed apeed diatributiens compared favor-
ably with typical truck speeds chserved {n California
on 9rades (6).

The vehilele ohrerver began tracklag the iargot

truck with the radar gun approximately 400 ft before
the point of passby (¢losest co the microphones). IE
the speed varied by more than 1 mph, the vehicle was
assumed to be accelerating or deceleratipng, and the
measurements was rejected.

In order to avoid significant contamination of
the truck nolse measurements without introducing a
bjas toward the noigier wvehlcles, a 6-aBA rise and
fall in ncise levels was considered the minlmum ae-
coptable, or valid, peak. This orikerfon was also
used in the level-road study (l). A 10-dBA criterion
would have heen ideal from a contamination contrel
standpoint but would pesasibly have crocated a bilas
toward nolsler trucks,

Flgure 4 presonts the developrent ©f a eriterion
for minimum vehicle separation, assuming egqual noise
sourcen and a background nolse lavel of 10 dBA lower
than the peak at the point of pussby. The minipum
distance betwean two trucks waa calculated as 208 ft
in order to limit contamination to 0.5 dBA., Note
that the valley between the twe peaks 1s 6 dBA and
conforms to the 6-dBA rise-fall criterion mentioned
varlier, Decause of uncertainties In the foregoing
aspumptions, the minimum geparation batwecen twe
trucks was kept at 400 ft.

Other valid peak ascenarios ate presented in Figure
& with the poscible amounts of contamination, Ta keap
track of the possible contaminated measurcments,
graphlc leval recotder (GLR) traces from the refer=

DIRECTION OF TRavEt, 1> 306 FT.~ MINIMUR N SF Eagan
VEHICLE SEPARATION NOISE LEVEL AT 50FT,
SUM OF L) VEH. 1+ Lj, VER. 2+ Lg VEH 2 VEN. 1 Lo, VEHICLE |
2 5 |
8 F R 7N CONTAMNATION
- - W & dBA (AR QNTAN
o - 7/ \ \ 0% 084 MAX
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Y ok e o e o 110 e e} o b ——
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g - s ,/ \\ .
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E - - -~ L, vr_mc:.s a---"; S Ao
BN v v T
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FIGURE 4 Minimum sepasation between two heavy trucks,
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+ Loy v Highest Observed Noiseo Level.

+ Contamingtion s L, ~ Ly

+ When Lyos. - Bechground Lever <6 dBA, Event Was Rejected. (Evant Quatity O

FIGURE S Valid peak and event crilerin,

ence microphones were categorized into three event-
quality groupsi

Quality 0: peak less than 6 dBA clse and fall,
Quality l: psak 6 to 9 8PA rime and fall, and
Quality 2t peak 10 dBA or more rise and fall.

All quality 0 peaks were rejected, Quality ) and 2
pesks were accepted, OFf a total of 1,905 heavy=truck
messurements at Microphope 2 (reference microphone},
the following atatistics were derived:

Quality O 136, or 7.1 percent {rejected);
Quality 1: 295, or 15.5 percent [accepted); and
Quality 21 1,474, or 7.4 porcent (accepted) .

0f the previous 1,769 accepted measurements, 83.3
percent were of quality 2 and 16.7 percent of guality
]-o

In addition to the valid peak and vehiele-zepara-~
ticn criteria, the observerp aloo used subjective
judgments to evaluate whether a measurement was con-
taminated. For instance, both obsarvers wera on thelr
quard againet gontamination from background or other
traffic npolse that rose and fell with the target
peak.

SMMPLE SIZE

Preliminacy data, analyzed from the +3.0 and +6.0
peccent aitea, ahowed 3 range of truck opoeds from
10 to 57 mph. Regreaslon analyses indlcated that the
slops of the ilne of best fit through plots of nolre
levels versus log npeed was shallow enough to allow
grouping of nolse levels in speed classes af 10 mph
at both sites without deviation of the center points
of the speed classes more than 1 dBA from the edqges.
On the baais of this preliminary information, the
following specd classes were destgned to cover the
entite range of expected spesds: <11, 1! te 20, 21
te 30, 31 to 40, 41 to 50, 51 to 60, and >60 mph.

After all the data had been gathered, the minimum
sample size required for the mean of each epeed class
at each site to be determiped withip * 1 dBA ({95
percent confidence level) was calculated by

- 2
Min = [ a/2sn1 ) =1/4] w

where

= ameunt of sample standard deviations
nssociated with (1 - a) x 100 percent
confidence lovel and n - 1 degrees of
freedom,
B = gample standard deviation,
a = lovel of aignificance (».0%),
d m (L = 3} ¥ 100 percent confldence in-
terval around the mean (1) 4By),
fmin = minimum required npumber of samples, and
n = number of pamples gathered.

ta/2in-1

Table )} shows the nunmber of events measured and the
minimum required for all sites combined, Table 2
shows the energy measns, means, standard deviations,
number of ohaervations, minimum required, and mean
speed far each of the aix 8iltes by speed class. The
data ware measured at the 50-ft reference microphone.

TABLYE 1 Numier of Events Sampled and Minimum Required by
Yehicle Group and Spred Clas

Speed Ranpe
Spreedd Class {mph) Evenis Sampled Minimum Reguired
] <1 2 .
1 t1=20 143 3
2 21-30 539 3
3 =40 503 27
q q1-50 323 a2
] 51-60 19 L]
“ >4 EL 1

Mate: [hela a1¢ for hedvy qmicks an grades of +3 1o 7 peséont ; minknuint dre thage re
yuigod Fir 9% percent confidence ingerval of * [ dllA arpunit mean of speod class,

*Unable 16 delennine accuraely.

ANALYSES AND RESULTS

Examination of measured truck nolse levels at 50 ft
revealed 29 data points (l.7 percent of total} to be
more than 50 dBA, which 18 tha legal limit for any
vehicla under any operating condition in California.

The 1.7 porcent violations occurred in all speed
sclaseea when the data of all slces were pooled hut
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TAHLE 2 Datn Sumnary of 50:08 Refeeenee Microphone

fitade 477}

Speil Clitss

tmph) Typo of Dala +3.0 41,2 b4 .6 +0 170
11-21 Y mean WA - K54 KR L3N] Hi 4
- LENI] LN LK) LA
Stundgnl Jeviation - 4.8 ks 4 1
Nu, of ahservatinns - A 13 15 08
Mininmim requied® - h Jt L] kI
Muean speed {nph) - IR 17,7 14 17.5
2.3 Enerpy mean pliay - 855 LN} L1 ALl LR
Mean (JHA) LRR LN} HOLE LK ] LR
Standiend <devistion 4.0 7 14 15 23
No. of olservations ] 41 14 13 148
Minimwn reqnired® L] m 24 25 A
Mean speed (mph) 1.5 2H.0 20 a0 245
1140 fnergy mean (HA) LER H3.2 2.5 KLA KL.§
Muean (dbA) X Laxs K14 K18 ¥1.2
Standard deviation AR} 23 28 Lis 3
No, of absrvalitns 81 ur L3 $4 Sl
Minimum resuited® h2) 20 Ry n 2]
Mean wpeed {mph) A0 347 kEAT kR JiN
4150 Fresgy mean (dlbA) - 810 B4.5 8i.0 4.1 B34
Mean (18A} B4 H19 HI.4 &0 L0
Stamdard deviation 24 23 12 14 1.4
Ra, o ebservieliony tns 42 35 EH 23
Mininum seguieed? 12 M| Ik 23 15
Mean spead zph) 45,2 A48 451 44.7 45,1
S1-60 Energy mean (diAY - 840 H5.7 L) Hhl LER]
Mewn (dBA) ERE] H5. | LENT LA 83,1
Standard deviytion LY 2 1y .o 1.5
Now of abseevations 18] 27 35 N n o
Mininim required® " 20 LS 4] [ al
Mean speed (mpln 5.6 4.3 55,2 hRE] 55,2 8
=il ney incan (dHA) - K48 - KS, 2 KH.n -
Mean (dlA) A1) - us.0 KR4 - -
Standanl deviation LK . 1.5 135 -
Nou of observations 23 - 3 2
Mininm required® 13 h v -
Meas spend {mph [ 381 - ol FILNi) -

Note: Dash indlcates 3o duta i thls apsed clam.

Barialmum required for 45 percen | cenfidence Jovel af £ 1 dDA around mean.

BNagenough dats e detonming accurasely.

not when sach site was consldered pmeparately., This
presepted problems En that the sporadic high values
created anomalies in speed and grade analyses,

Far the purpose of develaping grade noise emisaslon
cutrves, the 29 values over 90 dBA were omitted from
the data. The data summary in Table 2 doea not in-
clude these values. After the curves had becn devel-
oped, the values wera again ipcluded and distributed
proportionally over all mpeed classes,

The 1,740 values of 90 dDA and less were eéxamined
for grade and ppeed dependencies. At the outset of
this study, both dspendenciles were anticipated. The
final products of the grade noide rescarch were en-
visioned to be a famlly of speed-dependent curves
for grades up toa 7 pereent in increments of 1 per-
cent,

Two potential problems needed to be addressed be-
fore the grade and speed dependency analyses were
begun: pessible variations in site characteristica
and possible differences in nource characteristics,
such as truck populations and pavement type and con-
dition,

In the level~roAd noles emission study, data from
16 oites were used to analyze basically one condi-
tion: level roads., This relativaly arge number of
sites allowed fairly detailed analyses of variations
in site gharacteristics and vehlele populatiens. The
final emiasion levels represented the average of a
larga variety of conditions,

For the analyses of nolse levels on grades, how=
ever, each condition (porcentage of grade) was rep-
resented by only one slte. 1deally, several =sites
sheuld have been selected far each percentage of
grade. This, however, would have greatly Iincreased
the scope and total costs aof the project,

Variabllity in Site Characterintice

At four of the aix grade sitea, the threa-mlerophono
setup was used {Figure 2). This allowed comparisons
to be made of Microphane 1 to Mlcrophone 2 and HMi=-
crophone 1 to Mlcrophone 3 nolse drop-offs hetween
the four sltes, This Information was uped to detar-
fine whekher yround claracleristics werw avowustloally
similar from site to site (+3,0 percent, +4.5 poar-
cent, +6.0 percent, +7.0 percent). Ground character-
istica at the two remaining aites employing one
microphone each could obviously not he verified in
this manner. They appeared very similar, however,
and there were no reasons to suspect that nolse
drop-offs would be signiflicantly different at thege
sites {+4.2 and +5.&6 percent}.

The nolse drep-offs are shown in Table 3. Com=
parigon with the drop-offs for hard and soft sites
in the level-road atudy revealed that the grade asites
ware gomewhere in between, as had been axpected. As
wan noted in the level-road study, the nofsa drop-
offs do not appear to be speed dependent,

To spe whether there were statistically signifi~
cant dlfferences in ground characterfstics, the mea-
sured data at the 50-ft microphones were normalized
via the 25-ft mnicrophones, This methed amsumed that,
because ©F the proxlmity of the source, the 28=ft
microphones were not affected by ground characteris-
tice, Any differances between sites at that distance
could then be attributed to differences iIp 8ource
characteristics, such as truck populationa and pave~
ment. By setting all the 25-ft microphone (Microphene
1) values equal and corcecting the 50-ft microphone
{Microphone 2} values approprilately, proper compari-~
sone could be made of slte characteristica.
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Microphieng | to Micraphope 2 (IBAY by Grade

Microphone | 10 Microphane 3{dBAD by Grade

13,0 +15 0.0 +1.0 +1.0 +4.5 +6,0 +7.0
Specd Cliss (iph) Terceny Perceny Percent fervent All Percent Percent Trercent Tercent Al
[JRRH - 55 65 - - 5.3 6,2
=30 - 6,8 6.1 &1 - 6. 57 5.7
31=40 hd 6.0 h,0 (%] 57 ih 55 55
41-50 6.5 fd bR 59 h0 55 54 5.4
51-60 (0% ] X [(11] - LX) 57 5.8 -
sh() 18] - - - 5.4 - - -
All speeds hA 6.3 (1] 6,1 59 58 55 57
Al sites fl2 LR |

Note: Dash indicares not enough data o speed au.

A one-way analyais of variance {ANOVA) was then
performed on the normalized 50-ft data for three
cased: all speed classes, 11 to 40 mph, and 41 to 50
mph, The latter two speed claspes were the only ones
with enough data (95 parcent confldence iInterval of
mean * ) dBA} at all four sltes. ‘Table 4 shows the
repults, In all cases, no significant differences

TABLE L Analysis of Varianee: Site Charaeterislics

Girade (%%)
Normalized 50-f1 Dt +1.4 +1.5 +b.4 +T.0
All Spred Clases®
Energy mean (ABA) il.6 LIN] 510 B
Standurd deviation 108 7 238 2,29
Nu. af ohseivations a2 a3 i} 305
3¢ 1o 40 Mpn®
Energy mean [lBA) 81,4 LI H1.8 8.7
Standard devintion 2,43 L7 2,41 143
Na, of ohservations Lx] 3L 5l L]
4110 50 Mph"
Energy mean (dllA) H1.9 0 HXd Hld
Standurd devigtiun 235 218 1.49 L
No, ol obwgvations 108 35 3 73

Soncldaion Theee are na significans differencos in wite churscteriviics,

could be datected at a significance level of .05,
The sites appeared, therefore, to have the #aame
ground characteciastics. The saupperting &statistics
for Table 4§ are aB follows (o = ,05):

Speod

Clags {mph} F-Ratio Cririeal F
All 2.35 2.60

A1-40 0.47 2.60

41-50 0.91 2.60

Vaciability in Source Characteristics

pi-itl L)

Bource. chatacteristics are composed of several ale-
ments, auch as truck characteriatics (engine noise,
stack noise, tire noise, etc,), pavement character-
istice (new, old, asphalt concrete, portland cement
cencrete, qrooved, amcoth, ete.), truck speed, and
road gradient. The lntter two were the variables to
ba examined to the extent that they affected tho up=
hill heavy-truck nolae (speed and grade dependency).

Speed depandency for a ¢glven grado may eaally ba
examined because the analysls ls mado entirely within
the same source population distrlibution. Analysis of
grade dependency, howevar, 1s complicated by the

necespity of comparing potentially different source
populationn, aa shown in Flgure 6.

It {5 virtually impesalble to quantify the acous-
tical effects of individual elemente in each source
population and to separate them from the total nolse
measurements, At best, the effects caused by site
and speed varlations may be removed from the moa-

T T T T T
sof § "{: N »{
3 N 2
sof BE tz] & o
z gl 5o 3
a b =
= app- E y é: g
z It 1
2 E%_mq.s_. i g
5 o~ 15 h iy
2 TN 5] :
| N
.Dr— \\< &
Ca ]
o
DJ; L ] ! )i
0% 48% 60% 70%

GRADES
FIGURE 6 Speed depemdency versus grade depemdency,

auremerts by examining nolea lovels at the 25=ft
microphone locations only within each apeed class.
In addition to the sought-after effects of ogrades,
however, two other variables still remainr truck
populations and pavemant.

Tables 5 and 6 show that thers were significant
differences between pource characteristics at 31 ta
40 mph and at 4! to 50 mph when data from the four
sites were subjected to the ANOVA teat. Further
examination ravealed that at 31 to 40 nmph, the +3.0
and +7,0 percent sources were not significantly dif-
ferent. Similarly, the +4.5 and +6.0 percent sourcas
appeared Lo be the same¢ in the 3! to 40 mph speed
range. In the 4! to 50 mph speed class, the +3.0C,
+4.,5, and +7.0 percent sources appeared to be the
same, whereas the +6.0 percent aource population ap-
peared different from the rest.

Decause of the tendency of the data to be paired
at the extremes (+3.0 and +7.0 perceont) and in the
middle {+4.5 and +6.0 percent}, the differences bhe-
tween Bource characteristice could not be explained
by a simple direct grade dependency. The supporting
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TARLE & Analysis of Virianee: Souree Characteeisties, 31--00 Mph Speed Class

: Analysis 3 by Anlysis 4% by
Analysis 1 0y Grale 119) Analynis 27 by Crade €0 Grade ('7) Grade (16}
2501 Dala 4 t4.8 4} +1.0 +ht 44,5 +71.0 +3,0 1,0 +1.5 42,0
Fnergy mean (43A) 0.} KAR.S§ LT ¥4.7 "3 L] 40,7 w3 547 LES] K18
Standard devlation 2,28 247 L4 23K 228 247 ML 228 pEL 247 X4
Nu, of abservalions 52 115 44 a5 LR 1Hs a5 Hl EL 115 49

arcen are diffeesnd,

rarces wre difeernt,

here Jy no differens e I sonpee chaacteriitles,
hete la oo differense in aoarce characienisiin,

ACac bl
HCunelusic
Clangluua

Conchishrn:

TABLE 6 Analysid of Varianee: Sonrce Claracteristics, 41-50 Mpsh Speed Class

Analysis 1* by Grade (5}

Analysis 3% by Grade £11)

2501 1hata 30 +1,5 +nl 1.0 +3.0 +,8 +2.0
Energy teats (WHA) LR 0 BR.J 90,0 w95 .3 o0
Standurd deviation LM 209 1.4 194 2,34 M 1,94
Na, of ahservations 105 a3 23 m 1né hH] K

ACapclusion Sources are ¢ifferens,

Branclusivg: Than I nu differenee by st cr chatasterisslos,

statistica for Tables 5 and & are as followa
{o = .0565):

Epeed ¢lagg F=Ratip Ceitical F

31=40 mph
Analysis 1 16,36 2.60
Analysis 2 14.72 2,99
Ahalysia 3 2.92 3,90
Analysis 4 2,92 3,91
41~50 mph
Analysis 1 3.74 2.60
Analysis 2 1,56 3.04

Grade_Dependency

The auspicion that no grade dependency could be de=
tected was conflrmed when the energy means of tho
25-£t microphones wers platted by spend clasa versus
percentage grade in Figure 7. This 1s not to say that
there was no grade dependency. lowever, the varla-
tions, possalbly due to truck populatien differences,
pavement type or condition, or both, were large
snough to mask any grade dependency.

A hypothotical case shown in Figure 8 presents an
explanation for the lack of strong, direct grade
dependency. Both trucke ip the Figure are assumed to
be identical in all pertipent aspects with the ex-
ception of qrops vehicle welght. For both vehicles
to malntain equal ceawl speeds, the truck on the
steeper grade must cafry a lighter load than the
truck on the shallow grade. The expected nolse in=-
crease due to the astesper grade would to some degree
be offset by the expected decrease in neoise due to
the lightar load. Under this hypothesls, the noise
emission levels of both trucks would approach egual-
ity {f their crawl speeds were also equal, regardless
of gtade. Further research, taking Inio account gross
vehicle weight and power, is strongly gocommonded to
test the hypothesis.

Additional plets of noise levels at 50 ft vetnus
gradas (Flgure 9) further support the foregoing
hypothesis, Variat{ons, pessibly due to differences
In truck populations and pavement conditions, were
probably greater than any variatilen causged by grades.

Speed Dependency

pecause of a lack of observed grade dependency, the
data from all sites could be pooled for the analyaes

of emimsgion level verous speed. This had the obvious
advantage of allowing the averaging of variations in
truck populationn and pavements at all pix sites,

defore the data were pooled, speed-dependent
curves of nolse emisalon levels at 50 ft at cach aite
ware plotted by eneray means versus average speed of
rach spoed class (Figure 10). These plots suggest
chat at each site, a curve of best Pit would tend to
be bhest described by a sccond-degree polynomial
equaticnh of the general forms

Yy = a+bx+ex? (2}

cather than a linear ¢egression eguatien, In the
foregelng expression, y = 10"'“/10 = the relative on-
ergy of the heavy-truck noise level, x = Logy,
{speed, mph], and &, b, and c are mathematically
determined coefficlents,

Substituting y and x in Equation 2, the aquation
batomas

L,
w0t/ Ly blLogygiapesd}] + clLogyp(speed))2 (3)
and, converting relative energy to energy mean noise
level,

LOE = l0Logygia + biLog)glepeed})
t clLog)g{speed) 1) 14)

Figure 11 shows mecond-order polynomial plots for
each site, Both Figures 10 and 1l appear to support
the earller finding of lack of direst grade
dependency.

Figure 12 shows a comparison of L3g versus Logyg *
(apeed) plota. They were generated From 1,740 data
points from all mix sites at 50 fr (excludlng the 29
data peints asbove 90 dBA). Three metheds were used
te generats the curves. They were pamed after the
pregrams used to develop thelr equations:

1, Linear regreasion {Linceg),

2. Plotting energy means of the six speed classen
{Vane), and

3. Secopd-order polynomial curve fit (Polfitk).

The comparisons clearly indicate that veno and Polfit
wora in clode agreement. Of these two methods, Polfit
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FIGURE 1L Energy aversged second-degree polynondial plots (individual sites, 50-it data),

teprasants a better F{t through all the data, whoreas
the Veno curve only represents the means of the 10-
mph epeed class, Polfit was thetefore 8elocted to
rapresent a spead-dependent energy mean emission
curve for heavy trucks going uphill on gradea ranging
from 43 to +7 percent using cdata of 90 dbBA or less
at 50 ft, The equation of thia curve is

L3E = 10Log) 12,0295 x 107 - 2,6266
x 109 [Logyq(apeed)] + 9,3158
x 109 [Logy g (spaed)) 2} (5)

The unlts for IgEr are in adjusted decibels, those
for apeed; in wmiles per hour.

The 29 data points above 90 dBA, omitted in the
development of the Polfit curve, ware used to adjust
the cutve upward to include the 1.7 porcent vicla-
tors. The adjustment constant was calculated from
tha energy mean noise level of all the 50-ft data
{including thomse cver 90 dBA} and the energy mean
noise level of the <90-dpA dats. ‘'The difference
botween these was 0,8 dBA, which was used as a con-
atant to adjust the curve upward equally at all
pointa. This assumes that the distributions of <S¢
dBA and >30 dBA are proportional over all sepeed
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FIGURE 12 Lgg versus log speed, three methods (2l sites combined, 5041t data),

claszses., When the data of al)l eites ware pooled, the
asguymption proved to be wvalid in almest all spead

classes.
The adjusted curve's equation i=s

L3E = l0Lc9ygi2,0295 % 10% ~ 2,6266
x 10°[Logyqg(apeed)] + 9.3158
x 109 (Logyg(speed) ]2} + 0.8 16)

which represents the California heavy-truck-on=-grade
{Calgrade) nolse reference ensrgy mMean emission
levels for sustained apeeds on grades of +3 to +7
porcent. This curve 1s shown in Flgure 13,

Speed Diakrihution an a Function of Grados

Earlier it was concluded that there wae a lack of
direct grade dependency in the measured nolse data.
However, there was a significant speed dependency,
represented by the Calgrade curve. Examipation of
obnetved apeed diatributions in this study show that,
as expected, speeds and grades are inversely ptoperc-
tional, Unlike loeveleroAd sites, where free-flowing
traffic moves within a narrow range of apseds, grades
display a much wider range, Using average speecds
with Calgrade may prosent problema, depending on the
apeed dintridbutlons used. Average Speeds gepecally
tend to be neat the sag point of the curve. Ob~
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FIGUIE 13 California heavy track-on-grade noise refersitco energy mean etnistion lovels, grades +3 to +7

percent.
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viously, when epeed distributions are sharply divided
hetween extremely high and low speeds, integratieon
of the entire wpued distribution over Calgrade may
give much higher but more accurate results, Speed
distributions, however, are not roadily available on
a routine basis for traffic nojoe studies. For that
reascn, "default” emisslen levels wore developed for
each grade based on speed distributions obeserved in
thia atudy. For theae to be useful, the obzerved
speed distributions on the six grades would have to
be "typloal ,®

Figure 14 shows frequency distributions of apeads
observed at each site, A previouoly published Cal=-
trana study (6) reported the average and 12.5-per-
centile truck spseds in California for each grade
Erom Q0 to +7 percent. Tha observed valuas were com-
pared with these, and they are shown in Table 7. The
average and 12,5 percentile of the obssrved Alstri-
butions geperally showed good agreament with those
of the typical cCalifornfia distributions. It wasn
therefore concluded that the obaserved distributicns
were falrly typleal and useful for default emission
lavels,

The weighted Igg for each gqrade's speed distribu-
tion was calculated, and plots were made. A curve of

Transportation Research Record 1050

best fiv was then drawn threugh the plotas (Flgure
15) and suggented defaulk values were Belected from
this curva for whole lncrements of 1 percent, as
follows;

Grade_ (%] LgE (dBA}
3 84.7
4 a4.1
5 81.9
6 83,9
7 B3.9

The suggested values should only be used for heavy
trucks traveling uphill [ac defined In Report FIWA
RD=77-108 {3]] at sustained orawl speeds on grades
ranging frem 3 te 7 percent,

In absence of 1 and 2 parcent grades in these
analyses, Interpolation between the Calveno heavy-
truck emlasion level for 55 mph on level roads (83,8
dBA) and the 3 percept default value for grades bo-
tweenn 0 and 3 percent is suggested.

Finally, compacrisons were made between using
average apeeds and entire speed distributions (Table
&) and the Calgrada versys the NCHRP Report 117
qrade-correction method recommended In Report FIMA
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FIGURE 15 Weighted najse emission levels for observed speed distributions,
hieavy teucks nphill on +3 to +7 pereent grades,
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TABLE 7 Olwerved] Versia Typical Speeds

Average Truck Speed 12,5 Perventile Truck

(mph) Sperd (raph)
Grade 7) Qbserved Typical® Observed Ty picul®
+3.0 LI 4.7 15 1.3
+,2 G 2 b 159
+4,5 .6 8.0 2% 245
+5,4 1.2 1.9 13 Nox]
+4,0 mr 115 13 190
+7.0 Ny e 1 17.0

*F. 1% Ruoney, Speedy of Trucks and Othet Velicles i Gradey (o)

TABLER Lo Baset on Averuge Speed Yenms Lap Based an
Eutire Spewl istrilnetion

Calgrude Lgp (WA

Avg Observed Thased an Avg Hased an Entire

Grade (F)  Speed (mph} Hpeed Spead Distribution
+3.0 471 4.7 LLA

.2 %6 Hin 84,1
+1,3 4.6 XA 39
+5,6 EL R B34 43.9
+6,0 7.7 834 K3.8
+7.0 333 XK LA

'ABLE 9 Ly Basesd on Calgrade and NCHRI Report 117
Mothols

L7 (MBA} Bused an Avg Speed

Avg Typical
Girade (%) Spweed ¢mph} Culprade NCIHRP Repoan 117
+3 45 LR 81,1
1 0 k4.1 B2
+5 36 B4 433
+6 .5 H15 a4.3
+7 3] H3.4 85,8
Level (0-2) §5 LER] H1.8
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RD-77-108 (1) (Table 9}. The latter shown differonces
of up to %,1 ddh between tha two methods,
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A Methodology for Assessing Highway Traffic
Noise Impacts in an Airport Environment

JIMMEY BAILEY

ABSTRACT

A method uased in predicting highway nolse In coenjunction with afrport neise
levels and assessing the total noise environment is presented, This method has
been approved for use {n Florida by the Federal Highway Adninlatration. The
method premented may not work for all simflar situationar however, it does
pravide a starting point for Innovatione when manpower, monitoring equipment,

and modeling programs are limfeed.

FHWA requires conmideration of the impact of highway
traffic-generated noise on land usos adjacent to a
new or improved roadway. Of particular concern in
tho amplitude and duration of nolse levels that re-
search has ghown to be either disturhing to normal
functions associsted wlth that land use or capable
af producing adverse organle effects op the human
aural system.

Tt makes little sense to aeek reduction in ar
abatement of hlghway-generated nofse levels for a
particular receptor when other nelese nources create
levels as high or higher than those produced hy
automohiles and trucke on the yoadway, Thua, it i1a
important for the highway planner, engineer, or en-
vironmentalist to search out and ldentify all noise
soutcen that affect the total nolao environment of a
particular land use and determine their composite
and individual effects on the receptor.

HIGHWAY NOISE IN AN AIRPORT ENVIRONMENT

The Third District of the Fleorida Department of
Transpoctation {nltiated atudies teo determlne the
beat way to increase the capacity of 12th Avenue In
Pensacola (Figure l). Forecasts of netwerk computer
medels indicated slgaificant Increases fn the future
highway tratfic demand and ne workable alternatives
to the upgrading of 1Ith Avepue were determined to
be available, Therefore; the recommended Improvemont
wag to make the exlsting roadway nult{lana. Apn en-
vironmental analysis wps prepaced to identify and
addrasa probable environmental impasts on  hatural
and man~made elements of lands adjacent to the ex-
isting facility. Noilse levels were identified as a
probable major consequence because of the developed
nature of much of the acreage aleng the exlsting
route and tho npeed for additional rights~of-way
{Figure 2}.

Field inveatligations of the area to obtain nolse
measurements for validation of computer models be-
fore their use In preparation of future noise level
projections net with Immedjate difficulties. Pensa-
cola Regional Alrport ig located adjacent to a por-
tion of the existing roadway. Noilge levels generated
hy aircraft landing and taking off at thla fnatalla-
tion conflicted with collecticn of existing traffic
noisa measurements. It wan found that field moasure-
mepts had to represent a serfes of “windows™ during

Florida Department of Trinsportation, Chiptey, Fla,
32428-0607.

the times betwaen alrcraft activity. After pumsrous
samples, sufflclent measurements of existing highway
traffic noise were obtained to allow validation of
the computer models. However, it waa recognized that
the difficulty experienced fn collection of filald
measurements also Indicated that noise levels geper=
ated by the afrport oparations play s aignificant
rolo in the noise environment along this projuect,

It way realized that the airport had a algnifi-
cant impact on the nolse environment and that it was
hecessary to obtaln information concerning existing
and future noise levels emanating frem the alrport
and the relationship of these levels to the total
noise environment. The Federal Aviation Admin{stra-
tion (PAA} requires that alrports recelving FAA
monies propare noise studies es8tablishing noiee
impact zones of various magnitudes. The olty of
Pengacola's Planning pepartment had prepared an
extensive document for the Pensacola Regional Alc-
port, This document, Alrport Nolae Compatibiliey
Progeam (1), establishes nolse Impact gones and de-
tailed nolse footprinta based on the locations of
the airpart's runways, which runways were dealgnated
far primary use in lapdings and take-offs, and the
types of aitcraft using and expected to use the air-
pore,

The alrpect noise atudy had been completed in
late 1982 and the environmental atudy for the road-
way improvement project was initiated In mid=-1983.
Thetefore, the findings of the airport nolse study
ware accepted as a given Against which nolise atudies
for the roadway could be compared and analyzed. (The
noise study had becn performod with asaistance of
the Florlda Department of Transportation an@ had
been accepted by the department and tha FAA.)

Neise level predictiona found in the aleport
noise study used the Lgn descriptor. Tha Lyy (day-
night level) system is a classification methndology
developed by the Environmental Protection Agepcy for
the purpose of asscaging nolse Iimpacts produced at
apy etime of day. It ia based upon the Mweighted
gound presaure scale, which is waighted to compen=-
sate for the human eap'a sensieivity to different
nound pltches. Basically, the Lg, value for a par-
ticular geoyraphle point 1z the daily average
A-welghted sound presaure lavel oxiating at that
point with those nolses occurring between 10 p.m.
and 7 a.m, penalized by an additional 10 d4BA (10 A48
are added to messurements or projections for these
hours). Because highway traffic nolse levels are
upwally moasured with the Log descriptor, a direct
comparisen of the two nolpe dcurces did not appear
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FIGURE 1 Project location map,

poasible, Lag is defined as "the equivalent steady~
atate sound level which in o stated perlod of tlme
contains the same acoustic energy as the time-varying
sound level during the same perf{od” {2).

Because sufficient time, manpowar, and equipment
ware lacklng to conduct a 24=hr nolse study in the
fiwld to determine the Lgy and becauss the diffi-
culty of doipg sa in the aicport environment was
recognized, an atternative method had to be devised
to allow an L, versus Lgn compariaoen, This led
to the develaopment of a methodology that, although
congervative, allowed for this comparisen without
the extensive uge of aither manpower or equipment.

The first step was co determine the traffic char-
acteristics of 12th Avenue in the vicinity of the
airport. This was dene by uasing a traffie counter
set to provide an hourly ceadout of traffic volumss,
The results of this effort can be found in Table 1.
It becomes readily apparent from examining these
counts that there are slgnificant differences In
traffic volumes utilizing the roadway during the
nighttime penalty hours as opposed to the daytime

houre, Thia diffarence kecame the basis for the de-
velopment of the methodology described,

With the traffic data gathered by the counter. it
was decided that fleld traffic nolse measurements
would be cenducted frem 4108 to 5100 p.m, Because
this was the poak traffic hour, the hourly Legth}
should represent the worst-casre conditicn., This pea-
surement was used as an upper limit to the 24-hr
Lane The Lgp will fp fact he the same as the peak-
hour leg Lf (a) the hourly Leg for each daytime hour
la the Bame as the peak~hour Leq, and {h} the hoorly
Lyg for oach nighttime hour ig' 10 dB leas than the
peak-hour Lgy. The E£irst assumption is obviously
conaervative,” because all other daytlme hourly Leq‘a
are lesa than the peak=hour L,y. The Aecond an-
sumption requires more conglderation.

A simple entimate of the hourly Leg during the
nighttime hours can be made by consldering the dif-
ference in traffic volume between the peak hour and
the nlghttime hours. AB can be seen in Table 1, the
average nighttime traffic volume la leas thap 1/12
of the peak-hour traffic veolume. Becauss a nolae
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TABLE T Traffie Counta for 2200 Avenne (24 L) level decreasea by 10 dB if lts source atrength de-
creases by a factor of 10, the average hourly Leq
Muasaret Traflic sfeasured Tiafflc during the night in this case {s more than 10 4B be-
Baytime Vaolume Nighttime volunie low the peak~hour Ineq and the second asgumption is
alsc conaecvative.
7&'2"'“,‘ l.ilg te-11 .. ?33 Because both assumptions are conservative, one
Mu";,":,‘, ll'l-;l :l:ll-u':ﬁm‘ 116 can say with confidence that the Ly, Is less than
1007 am, 10732 1o, EY] the peak=hour Le?. Use cof thls approach to deter~
112 pom. 1,218 23um. 16 mine future traffic noise levels and the need for
12+] p.m, 1,220 34 aam, 32 ahatemant efforts proved to be valuable because of
1_2' p.m, l.‘l‘;!i 4-5a.m. li_l,‘ the lack of automated noise-sampling eguipment that
5_‘::1': ;'Slg 22::1' any could be used for total traffic cycles, This method
S pm. 1’161 o - also eliminated the need for additional manpower to
56 pm, 1,600 conduct the 24-hr tests. This waa extremely impor-
6-7 path 1,128 tant because the manpower was not readily available
-8 poon, 841 ahd there wag a tight time frame for project comple-
89 . (1L tion,
Fopm A0 Compazlson of Ly,'s For highway and airport nolse
Tatat ”.ﬂg_'-; 1.3‘:;", indicated that the amplitude of highway tratfic
m“k bour :"}‘61 :ul noise was less than that generated by ailrcraft for
! most of the langth of the propesed project perlods,
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Where traffic noise was found to be predominant, it
was analyzed and addressad according to procedures
in the Federal=alq Highway Program Manual (2).

hlternative methods to achieve similar results
were also developed after the hectic push to com-
Plete the project had subslded. One of the methods
uses a computer prediction of the daytime peak-hour
Lgg and a similar prediction of the nighttime poak-
hour Ly, If the difference betwaen the two levels
ls equal-te or greater than the 10-dp penalty, the
Pdp ©an be assumed ko he less than the daytime
peak~hour lege

A gecond method weuld employ the computer predic-
tion of the hourly Lay for each daytime and night~
time hour, This would allow for the addition of the
10-dB penalty to each nighttime hour and than the
24=hourly predictions could be averaged to determine
the Ly, This would allow for a direct comparison
of the contcibution of nolse from both highway and
alrport sourcen.

SUMMARY AND CONCLUSTONS

The nethodology described used an wxisting noise
study preparad for the airport to help establish and
evaluate the total future nelse environment along
the highway project. Use of the airport nolse study
and this procedure also eliminated the need for ad-
ditional noiee sampling equipment and manpower to
obtuin field data throughout the 24-hr period,

This methodology was spproved by the Florida FiWA
office for this particular project. Approval for
similar applicationn will have to be sought on a
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project=by-project besic. Before this approach ia
uaed for a unlgue noise altuatien, approval from the
local FIWA office must bo obtalned,
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Considerations for Modeling of Aircraft Noise

JERRY K. ROBER'TS

ADSTRACT

Noise continues ko be » major environmental problem at airports throughout the
country, A brlef review is given of the federal actiops that have occurred over
the last 30 years in attempts to reduce and abate afrcraft noise Impacta. The
current Federal Aviation Adminlatration (FAhh) emphasis on land use compatibil-
ity studies is noted. An overview and simple sensitivity analysis of the pri-
macy airport noise analysis tool—-the FAA'S Integrated Nolse Model (INM), is
presented. The analysis lncludes the effects of aircraft type, stage length,
airport elevation, and temperature selection. By reviewing the results of this
analysia, users of the INM can increase thelr awareness of the acnaitivity of
the generated nolse contours to input variables.

Although it may be argued that concecns over avias-
tion nolse were originated by soma beschgoers neat
Kitty Hawk, North Carcllina, on December 17, 1903, it
is widely noted that the federal government began
addresaing the alrcraft noise issue in the early
19508. Awvcording to Foater {1}, the U.S. Air Force
tirst initiated rescarch and development programs
aimed nt controlling aircraft noise in 1952,

There was little governmental coordipation until
1965, when the President's Office of Scilence und
Technology formed the Jet Aircraft Nolse Panol,
which directed a progeam to reduce the noise impact.
Initiatives from the panel were assisted by an In-
teragency program of alrcraft nofaep contrel eatab-
lished am part of the Transportation Act of 196s.
Formal regulatery authority to protect the public
from unnecessary alrcrafc nolse and sonic booms was
given to the Federal Aviatlon Administration (FAA)
under the Alreraft Nolse Control Act Ln 1968,

In 1972 tha Noise Control Act brought the Envi-
ronmental Protection Agency Into the plcture in an
advisory role, This act directed the FAA to pre-
secribe regulationa that were economically reason-
able, safe, and tachnically practical for effec-
tively controlling and abating aircraft noinsa,
Subsequently, major legislation, funding, research,
and davelopment focused on soutce control, In par-
ticular with Federal Aviation Regulation (FAR) Part
36 reguirements between 1369 and 1977. The effects
hecame apparent through the 19708 and into the 1980s.

specifically, In 1969, PAR Part 36 nolse otan-
@ards were applied to afrcraft of new design such as
the DC~10 and L1011, which are significantly quieter
than the filrst-generation turbojet alrcraft. After
their feasibility had been demonstrated, the noise
etandards were axtendad in 19731 to new production
airplanes. ha a reoult, 727 and DC~8 aircraft manu-
factured since 1973 had to meet the 1969 standards.
In 1976 the nome noise standards were applied to all
larger civil turbojet alrcraft including these de-
gligned befors 1969 and manufactured before 1573,

The stringency of the atandards was increased in
1977 for new alroczaft deslgns such as the 757 and
Mb=80. Tha new standards are commonly referred to ae
Btage 3 limlts; Stage 2 limits are thoee initially
adopted in 1969, and Stage 1 are alrcraft that are
upable to meet either of the nolsec stapdards. As of
January 1, 1985, only alrcraft that meet Stage 2 or

Greiner Engineering, Inc., 5601 Mariner Street, P.C.
Box 23646, Tampa, Fla. 33630.

Stage 3 may operate ln the Unlted States without an
exemption, Since 1973 only aifrcraft that mest Stage
2 atandards have been produced and sipce 1977 only
Stage 3 aircraft have been approved for new deaign.

As newer and guieter afrcraft weres being intro-
duced into the fleat, a gensral trend of reduced
nolse exposure around airperts, even with incroased
operations, was projected. Howaver, the effecta of
the Airline Deregulation Act of 1978 disturbed this
trend. The older and nolaler aircraftt were not belng
retired, but were belng uscd more and moro by small
air carriers.

In a Btatement before the llouse Subcommittee oh
Trangportation, Aviation, and Material (Weat FPalm
Beach, Plorida, April 1, 1985), John Wesler, Direc-
tor of FAA'a Office of Envitcnment and Energy, ex-
plained why the problem parsises and the difficul-
ties in obtaining added compliance with stricter
standardnt

There are apprenimately 2,900 larger commer=
cial airplanes now In use by U.5. alr car-
riers, and over 100 in use by private cpera-
tors. Of these, approaimately 350 waere
designed for apd meet the Stage 3 nolse
1imlts. Perhaps 200 more fn ocurrent uae
could meet that standard with minimal modi-
ficatlong ar weight Limitatlons. This leaves
on the order of 2,350 larger alrcraft which
would have to be retired completely from
U.5. service and replaced by new models or
re=-ongined, s5ince the use of ‘"quiet na=-
celles® or "hush kits" carnot reach Stage 3
noise performance. The only alrcralt cur=
rently being re-engined are the Douglas DC
B=-60 series, which comfortably meet the
Stage 3 noise standards with new engines.
Many of the existing Stage 2 aircraft are
relatively new and have a great deal of uae«
ful life left. Consecquently, the reasopable-
ness of auch a major ceplacement of re-
engining program {8 obviously one which
requires a great deal of study and discus-
Bilon.

The passage of the Aviation Safety and HNoise
Abatement Ackt (ASNA] of 1979 provided the foundation
for a parallel effort toward apurce concrol LY
bringing the FAA into the land use compatibility
arena, ASNA required the PAM to identify land ukes
normally compatible with various exposures of noise
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and to promuigate regqulationa for ailrports to volun-
tarily spubmit noise exposure maps and compatibility
and contrel programs for dealing with sxpected noiso
impocts,

FAR PART 150

In response to ASNA, the FAA lsesued FAR Part 150,
Alrport Nelse Compatibility Planning {Iinterim rule,
1981; final rule, 1985), which prescribes the re-
quirements for alrports for which noise mape &hd
planning programs are to he submitted, The proce-
dures are a formal and legal outqrowth of the FAA's
Prototype Alrport Noise Control and Land Use Compat-
ibility (ANCLUC) ptograms of 1977-1982, The pucpnae
of the program la twofeld. First, it getn the air=
port oparator to identify present and future noiae
patterns and noncompatible land uses atound the air=~
port {noise axposure maps), 80 that some degree of
legal protection through constructive knowledge is
established for aubsequent actions., Second, a pro-
gram is formulated of solutions to the npolse prob-
lems identifled by the nelse mapa. The solutiona
take the form of operatfional controls, such as
flight path locatien and preferential runway usage,
or land use planning techniques such as zoning and
acquisition,

As an incentive to get airperks to voluntarily
comply with FAR Part 150, tha Airport and Alrway Im-
provement hct of 1982 provided for not less than 8
percent of the Adrpert Inpravement Prodgram {AIP)
funds teo be used for nofse coppatibilicy planning
and programs following ASHA. For an airport to use
federal AIP funda for nolae projects, the airport
must conduct a FAR Part 150 study. After formal re~
view and finding by the FAA that the program meets
ASNA provisions, nolse abatement and mitigation ac~
tiona detalled In the plan become ellgible for AIP
neise funds. In 1984 the amount available for noise
compatibility programs was $64 million.

Holse planning meeting the criteria contaiped in
FAR Part 150 ia eligible for 75 petcent federal
funding to primary alrports enplaning 0,25 percent
or more of the total number of passengers enplaned
annually at all commersial sercvice aleports (l.e.,
major and medium hubs) and 90 percent federal fund-
ing for all other commercial service and public-use
nirports. Measures dasigned to achieve compatihle
land uee or attenuate necfse or both that ace in-
cluded in approved programa, such as land acquisi-
tion and soundproofiny, are eligible for B0 percent
tederal amaistance.

Thug, the major efforts being put forth today by
the PAA apd airport operators are to identify the
nelse sround alrports and to plan for its control.
Te do this, the FAA has developed standardized nolse
planning tools snd methoda. Ih particular, the Igp
or DNL {dey-night hofse leval) metric was selected
as the cholce for determiaing average nolse exposure
around an airport. The FAA has also developed a com~
puter program to  predigt poise exposure levels
sround an airport based on alecraft operacional and
sound leval data. The program, Integrated Noise
Model (INM}, provides a means for determining exiat-
ing and future nolse levels upder a varlety of al-
ternatives, It is the key tool for conducting a FAR
Part 150 study. In fact, FAR Part 150 requires that
only the INM or an FAA-approved eqguivalent be used
for nofse compatibllity planning studles.

INM BACKGROUND

The INM i8 a computer-based mathomatical model used
for predicting tocal Impact of aireraft nolse at and
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around alrports. The INM calculates nolse exposure
from information provided by the user (physical lay~-
ocut of airport runways and flight tracks, any non=
stondard alternate operational or performance data,
frequency and time of operation} and data contalned
in the model {aircraft noise levals, operational and
perfarmance data). Reaults can he expressed for a
varlety of nolse metrica either at speclfic re-
ceiver locations or as coptours af egual nolse expo-
aure for selected values.

Version 1 of the model was releaged in 1978, It
had o limited data base but provided the first step
toward conalatency in alrcraft nolse annlysis. The
following vear, the FAA relessed Veralon 2, which
expanded the alrcraft data base and {nput options.
In 1982 the curcently used Version 3 was igsued. 1t
included further enhancementa for determining noise
impacts and updated the data base of ajrcraft noise
levels and performance. A fourth version is under
development with special emphaeia on tasks to pro-
duce a fully standardized method of calculating afr-
port noisa {(2}.

The identification of a noise metric and the re-
finements of & selected model are necessary and
propet steps for obtaining consiatency in tho deter-
mination of aircraft noise impacts. However, oven
with o completely accurate model, there is great
latitude in the vse and application of the model.
The usar has complete control over the selectfon of
the scenario he wishes tu model. Associated with
this are the assumptions made to reptesent the sce-
nacio, These ipclude the determination of what con-
stitutes the time period (average or peak day) to be
modeled, the description of £light tracks or corri~
dors, the seloction of typlical aircraft from the
data base, dotormination of operational conditiops,
and the projection of future oporations apd condi-
tions, The dictum "garbage in equals garbage out" is
highly appropsiate., The following discussicn focuses
on the major areas of user choice in running the IHNM
and the possible cffects of those choices,

PATA BASE LIMITATIONS

The INM data base (2} has a aselection of 66 air-
crafe, including cemmercial, military, and general
aviation types, Associnted with each aircraft is at
leaat ope of 3B acund oxposure level (SEL) curves
that describe thrusc-distance-nolse relatlonshipa,
In addition, thore are 56 approach profilea and 199
takesff profiles in the data base that deecribe ve-
locity, altitude, and thrust level as a function of
horizontal distance from a reference point.

The prepar selectfon of an ailrcraft and {ts opec-
ational characteristics is dependent on tha best de=
termination of those alrcraft that usce the airport
compared with those avallable in the model. Earlier
aircraft nelse impact analyses gencrally consldered
alrcraft as one of the following:

Two-engine narrow hody (DC-9, B737)
Theee=engine nacrow body {B727)
Fourrengline narrow body [R707}
Three-engine wide body {pC=-14/L1011)
Business Jet {Lear)

Standard take-off and approach profiles were as-
slgned to all ajrcraft. Whatever was produced by the
computer program was generally accepted as  the
teuth. Becauso the selectivity was limited, conais-
tency may have been good, but reallty could be far
away,

Today the flexibility of the INM allows for more
refinement of the ailrcraft selectlon process., For
example, the variety of common nparrow-body commers-
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TABLE 1 Common Narrow-Bady Jel
Alreraft in INM Data Bose 8

Type INM Namie
Fonr englnes
DC-8-50{1TAN-3 neaso
& DCRan
NCRCEM
DEE60/ITID-TON NCRON
Thiee engites
BT27-200/JTED-T 717200
B727-100/TED? 27100
7272000781 § EUOH
0727200 TRIXIOQN 12700
n723-100/ITHD-TQN 197
8727200/ TRD-1 50N 121015
B727- 2000 TRD-17 217
Two engines
BACHILSIEYS)2 BACI
NC-9-30/1TRD-Y ncalo
NC-9.10-)THD-7 ncoin
DC9I0/JTRD-9ON DCeey
DC-9-10/ITEN-7QN neoa?
DC-%-50TEN-17 neosn
NC-9-80 (MD-80)/ITRD-200" NCYR0
RIT/ITHDS 137
BIITATENHON 7371QN
RI3THATEDT 3701t

"Nasraw-hudy slscrafs with hlghby pasaratio et sniney,

clal aircraft avallable in the model ia listed in
Table 1. The cholce is dependant on the alrcraft
serles and engine configuration., Selecting an air-
craft from this group is often not an easy choice
becavse it ia Qifflcult to determine the exact ge-
ries and enginea of aircraft using an alrpert. For
@xample, the most prolific and noisient engina, the
JT6D, was manufactured in over 10 different conflgu~
rations; FAA registration figures show over 75
models of the B727.

To a lesser degree, the problem is alsoc evident
for wide-body aircraft, as shown in Table 2. It

TARBLE 2 Convnon Wirle-13ody Jet Airerafl
in INM Ixata Base 8}

Typo INM Name
Thare engines
0C.10-10/CF6-61 Deloln
DC-10-30/CF6-6D ncin3o
De-10400TID-20 BCIO40
LIGLI/RB2IL-220 LIgtl
LI1GI 1-500/)tR2 1 1524 LIOItS
Two engines
AMM/CEG-50C A300
BTI6TICFE-RDA K167
HTST/RI211.535C 570D
BTATAITION® I8UT

*Nartow-binly alrevalt with high-bypass ratin Jet enginies,

should be noted that the recently introduced B757
ajrerafe, although not actually considered a wide
bedy, usea the quieter high-bypass-ratic engines
characteristic of the wide-boedy fleet. A saimilar
situation exists for the new MD-80 (DCYB0), which is
not a wide-body aircraft and technically does npot
have high=bypass-ratic engines but produces signifi-
cantly less noise than trelative afrcraft. With the
new-genecation aircraft sntering the natfonal fleet,
the old generality that a parrew hody is loud and a
wide body is quiet le ne longer valid,

‘The same problem exists for businose jet alr-
craft, Table 3 shows a general aviatlon alrcraft
selection available in the INM, ranging from light
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TABLE 3 Commnon General Aviation Jet
Adveealt in IND Daty BKase 8

Type INM Name
|.ear 3S/TPE-T3L GALTF
Lear 28/CI610 GALT!
Sabre 75/C7700 TAMTF
CinatfonfITIS1} GALQFT
Composite GA Jet COMIET

turbofan (Citatlien) to turbojet alrcraft (Lear 25},
The composite jet is an approximation of tha na-
tional fleet average.

often the modeler does not have adequate informa-
tion to be as apecififc as the model allews, or he
has too much information that needs reducing, or the
desired aircratt ls stlll not {n the model, He may
alpo be faced with trying to select an alrcraft
fleet of 1limited known composition for projecting
future noise conditions, In any event, the modeler
la faced with a predicament of which alrcratt to use
in the model, An assumption of representative air-
craft must be made.

AIRCRAFT COMPARISOKS

In order to galn an understanding of the relative
contributiona of specific aircratt types and englnes
to nolse contours and te provide & aimplistie indi-
catlon of the sensitivity of the INM to ailrcraft se-
lecticn and parameter changes, a graphical analysis
of individual noise contours produced by the IKM was
initfsted. By using the INM to produce noise
contours for a given DNL and specific number of op-
erations, the contour can be representative of an
asaociated single-svent noise exposura level for a
particular afrcraft. The derivation of thias method-
ology is a5 followss

DNL = SEL + 10 log {Ma + 10 Np) - 48.4 (1)
SEL = DNL — 10 log iNg + 10 B} + 49,4 2)
where

DNL = average day-night nolse level,

SEL = sound exposure level,

Ny = number of day operations (7 a.m. to
10 p.m.}, and

Np = number of night operationa (10 p.m. to
7 a.m.}.

Asguming Ny = 10 and Ny = 0, the following values
are obtaineds

SEL DL
90 50,6
95 55.6
100 60,6
105 65.6

An BEL of 95 ([DNL = 55,6) was melected aa the lavel
for comparisan of all alrcraft and parameter modifi-
cationgs In this analys{s. DNL contours of 55.6 were
propared by the TNM for 10 approaches and 10 depar-
tures for each alreraft In Tables 1-3. In addition,
contours were prepared for other aircraft in the INM
for comparison. Each contour was plotted at a sim=
llar scale with approaches from the left and depar-
tures to the right, Figures 1 through 9 show the
contours of various groupes of alrcratt along with
thelr INM name and calculated contsur area in square
miles.
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Flgure 1 shows the relative lovels of the single~
englne  (COMSEP) and twin-englne (COMTEP} general
aviation propeller aircraft used in the model, A8
oxpected, these were the smallest of thope studied.
Very little ppproach nolse is noted, In Figure 2,
larger propeller and turboprop aigcraft are shown,
The DIC6 i8 a small turboprop with short-take-off=~
and-lapding ({ST0L) performance abilities, This is
made evident by the short departure coantour. Al-
though not characterintic of the small commuter tur-
hoprop fleat, it is the nnly selectlon of this type
in the data Lase. The CV580 is a lavge twin-ergine
turboprop. Lacge twin-engine and four-engine pro-
peller aircraft are shown as tha TEP and 4EP con-
tours. These represent the old PC=-3 and DC-6,7, ra-
spectively, and are relatively loud,

# signiflcant difference in contours among gen-—
esral aviacion jeta (o shown in Flgure 3. The small-
eat is the GALQIF, 2 light, qufet turbofan jet rep-
regented by the Cesena Citation. The largest is the
GALN, or light turbojet, shown a8 the Lear 25. The
COMJET, or composite general aviation jet, is avail-
able for modeling of unknown fleet oprrations. It
appears to be dominated by turbojet contributions.
The lant two conteurs are much largetr than the two-
engine commercial jet (DC~3, 737) contoura. Because
of this, the medeler should be careful in identify~
ing actual general aviation jet activity, particu-
larly Af it ie a nsignificant portion of the ovarall
operations,

Pigure 4 ahowa the commercial two-engine NC=9
narrow-body aircraft poise coptours, The DXC-310 and
the pC-930 are the untreated and noncomplying (with
federal noise regulations) alrcraft. Specific modeln
of those aircraft have been lssued exemptions apd
can gtill operate in the United Statea, The DCIQT
and DCI09 are the acoustically treated gulet nacelle
versiona of the DX-910 apd DC=-930, respectlvely. The
significant difference of the treatment is obvious
for approach noise, but there {a very Llittle dif=

CONTOUR AREA: 0.18 5Q, Ml

CONTOLA AREA 0.60 SQ. ML

CONTOUR AREA: 0,71 5Q ML

CONTOQUR AREA; 5,82 50, M)

CONTOUA AREA: 4,18 5Q. MI,

FIGURE3 General aviation jet aireralt nofse contours,
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AIRCHAFT DCRID CONTCUR AREA: .01 5, M,
AIRCRAFT bCoar CONTOUR AREA 2,50 5Q, Ml
AIRCRAFT DCOJ0 CONTCUR AREA: 2,81 SO. M1
AIRCRAFT DGo9 CONTOUR AREA: 3,28 SO, M),
AIRCAAFT DCRBO CONTOUR AREA; 1,08 50, ML
[ L1

SRAMHIC BCALL N PIET
FIGURE 4 DC-9 nircealt noise contoura,

ference in departure noise. Also shown is the DC-980
or MD-80. This Ip the new version of the DPC-% with
newer higher~bypass-ratio engines. Bignificant noise
reduction for departures as well as approaches is
noted, Improved performance characteristics add to
the noisoe reduction.

Other two-enaine, narrow-body aircraft contours
are shown in Figure 5, The BAC1ll, often consldared
to be one of the noisfest aircratt, has the longest
sppreach nolse contour. Tho 737 and 770N contours
are gqulte simllar to those of the DC~930 and DC~I9Q5.
5till, there are specific differences among all of
the two=gngine, narrow=body aircraft.
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The differences betweep the 727-100 and 727-200
thrae=-englne, nacrow-body aircratt are shown in Flg-
tre 6. All these alrcraft are required to comply
with federal nolse regulations. Tha 72707 contour
shows the reductlon achileved by quiet nacello addi«
tion to the 727-100. Agafn, there is more reductlon
in approach noias. The 727016 contour represants the
727-200 with the more powerful but treated nacelle
enginea. The contour ia broader apd shorter, deplot~
ing more power along with higher performance.

Three-engine, wide-body airceaft contours are
shown in Figura 7, These alircraft have high-bypanss-
catio englnes and produce much less nojse than the
older low-bypass~ratio engines found on the DC=9,
737, and 727, These aitcraft either meet or approach
the most satringent federal nolse requirementa (FAR
Pace 36, Stage 3}. There ia very little difference
between the DC-103C and L1011 contours.

Figure 8 shows the contours for three of the new-
genaration two-sngine, high-bypass-ratio alrcraft.
The contours are significontly smaller than those
produced by low-bypass-ratio alreraft. Tha continuad
introduction of these and other new-genaraticn alr-
craft into tho fleet will eventually contribute to
the reduction of alrcraft noise fmpacts.

The effect of acoustically treating the engines
against completing re-engining of an alrcraft (s
ghown in Figuce 9, The four-engine, nparraw-body
BCBON represents the low=bypass-ratfo ohgine with
quiet nacelle treatment, The DCBCFM 1s the same air-
craft with new high-pbypasso~-ratio engines, The bene-
flcial effectns of nolse reduction are obvious, and
parforpance and fuel efficlency are increased as
wall,

STAGE LENGTH COMPARIBONS

The effect of welght on departure performance of an
altcraft may be noticed In the nolae contour shapes.
An INM user specifies the weight of an alrcraft de-
parture indirectly by assigning a stage length or
firgt~destination diatance category for each flight.
brofiles for different stage lengths have different
climb performance and thruat levels, Each atage
length is ascociated with a take-off weight repre-
sentatlve of a typical load factor and fuel required

_ >

AIRCAAFT BAC 111

AIRCAAFT Ta7

AIRCRAFT T37QN

L] 1040

ORaFHIC ASHL W rERT

CONTOUR AREA; 2.31 0. MI,

CONTOUR AREA: 4.31 40. M1,

CONTOUR AREA: 0.78 3@. MI,

FIGURE S HACIL) and B727 aircraf) noise contouss.
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— >
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—
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AIRCRAFT a7 CONTOLR AREA 1.05 §Q. M),

2 2004
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FIGURE 8 A3DB-DB757.176T aircraft roise contours,
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CONTOUR AREA:,0D 34, MI,

CONTOUR AREA; 5,21 30, MI,

CONTOUR AREA; 7,85 8Q. ML

"
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AIRCNAFT DCAOH  CONTOUR AREA 6,13 SQ, MI,

P son8
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FIGURE S DC8 alreral noise contonrs,

for auch a flight, The following are the ranges of
the alreraft stage lengths in the INM:

nistance
Stage Lengkh {nantical mf)
0-500
500-1,000
1,000-1,500
1,500-2,500
2,500-3,500
3,500-4,500
4,500 and greater

b - T R Pl Y

hll of the previous contours shown in Pigures 1-9
were modeled with alrcraft departures of atage
length 1. For compatrisen purposes, the DC-9, 727,
767, and L1011l were nodeled by assigning different
ntage lenyths, The effscts are shown in the contours
in Pigures 10-13.

The DC-3 is usually used for short-haul opera-
tions (less than 1,000 nautical mi}, Flgure 10 shows
the centours for the typical stage lengths of the
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CONTOUR AREA 3.26 §0. M.

CONTOUR AREA 3.92 §0. MI.

FIGUILE 10 DE.9 atage lengtl ccanparinon,
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FIGURE 11 18727 stage fength comparisnn,
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CONTOUR AREA 5.8G 5Q, b,
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OC%09. Stage length has no effect on approach noise
but does show some change on departure contours. The
727, a workhorso for short- ta medium-haul flights,
shows increasing noilse ewxposure with {ncreasing
stage length, as shown In Figure 1. The higher-
performance 767 aircraft shows less noise and 1less
variation as a result of stage-~length changes, aa
shown in Figure 12, Finally, the contours of Figure
13 for a long-haul aircraft, the L1011, show moder=~
ate change in shape and area from stage lengths 1 to
3 to 6.

ALTITUDE AND TEMPERATURE COMPARISON

The INM provides the user with the opportuniey to
sglact the altitude ot elevatioh and temperature at
the alrport to be modeled. The contours in Plgures
1-13 wera genarated for an airfield with an eleva~
tion of 50 ft and temperature of BO°F. To see the
effect of changes in these parameters, the 72707 was
medeled at runway alevationa of 50, 1,000, and 5,000
Et. Alsa, the 72707 was modeled with an elevation of
50 £t and changes ln temperature from 80° to 50° to
20°F, The results are chown in Flgures 14 and 15.
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FIGURE 15 B727 airport tesaperalure com psarion,
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Visually, there appears to be no major difference
for the contours with changes {n either elevation or
temperature. Contour areas show a alight decrease in
area with increasing altitude and Increasing temper-
ature. This ia contradictory to the idea that with
increasing elevation and temperature, alrcraft pec-
formance drops and the nolse ls spread out loenger on
departure, Futrthar inveatigaticn reveals that the
INM uses the elevatioh and temperature parameters
for adjunting ailrcraft veloclty (ceferepced at 160
knote)s At hlgher eclevations and temperatures, an
alreraft must achieve greater ground speed for
flight. With this highet velocity, there would be a
shorter nofse exposure time for a fly-over and a
coregasponding redustion in contour size. This would
appear to agree with the contours shown in Flgures
14 and 15,

However, the INM does not appear to adjust the
departure profile for changes in elevatlion and tem-
peratura. For oxample, at higher elevations, addi-
tional runway roll would be peeded te achieva the
necessary ajrspeed, With this, an aircraft would be
at a lower altitude over a given point down range.
The profile would be extended and increased noise
should occur. Whether or not this effect is ac-
counted for and offaet by the veloelty correction is
not clear. Preliminary indicationa are that it may
be necessary for the user to modlfy doparcura pro-
£ilea by extending runway roll distance far a par-
ticular elevation apd temperature or select alterna—
tive stage lengths that provide deslred profiles,

OTHER COMPARTSEONS

There are several other araas in which the acnsitiv-
ity of the INM could be determined, However, this
type of analysile would reguire the user to provide
his own Iinformation and data on particular alrcraft
nolse levels and operational characteristics. The
foregoing analysis focugsed only on those parameters
that are Immediately available to the user in a "de-
fault" form.

Beveral atudies have been conducted aimed at val-
{dating particular components of the INM and its
data base {4-§). The components included comparisons
of INM flight profiles and nolse curvea with ob-
served walues. Recommendatlons for coecectlons to
the model were made In those gkudies.

CONCLUSIORS

This paper has provided a review and Insight inte
the curtent airport ncise analysis process and the
peoblems facing the modeler. The extenslve daktm base
and the flexibility for user input make the INM a
valushle state-of-the-art tool for today's noiase
compatibllity studies as well as environwental im-
pact asaecaments, Becausa critical declalopna are be-
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ing made based on information derived from the INM,
users muat serioudly consider all assumptions made
in a modeling effort. The simple sensitivity analy-
aip done in this effort gives an [ndication of the
latitude available for some anpumptions dealing with
aircraft type, atage length, elevation, and tempera-
ture.

No recommendations are made {in such areas as
conkining aircraft into groups or atage length ca-
lection. Rather, this information may be used as
gquidance in selecting partiscular alveraft types or
configurations for an analysls. The atudy does point
to the need to adequately asseas the sonsltivity of
tha INM to changes in airport elevation and tempera-
ture. Bpecifically, the effect of those parametors
on the alrcraft departure profiles needs to be clar-
ifled.

In addieion, a more intensive and complete inves~
tigation into the senaitivity of the INM to wvaria~
tions of all input wvnrlables should ke conducted.
The identfty of the varinbles and their ranges that
have the most effect on noise levels should be de-
tarmined, The analysis should consider npot anly the
abaolute effects, but how these affects would matee
rialize in typical medel usage,
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