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Traffic Flow and Air Quality in a Mountain Community 

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

ABSTRACT 

The air-quality impacts of a comprehensive transportation improvement project 
located in the ski resort community of Mammoth Lakes, California, are analyzed 
by comparing levels of carbon monoxide sampled before and after construction. 
The project incorporates widening, channelization, installation of fully actu
ated signals, and construction of bus stop shelters. The elements of a trans
portation control plan designed to mitigate potential air-quality impacts of 
the project are described and their effectiveness is assessed. 

Mammoth Lakes, located in the Eastern Sierra Region 
at an elevation of 8,200 ft, is an area of burgeon
ing growth centered around the largest single ski 
resort operation in California. By 1980 a combina
tion of traffic congestion, wood-burning stoves, and 
winter meteorology had caused a significant decline 
in the region's air quality. Traffic congestion 
along State Route 203, particularly at the Lake Mary 
Road intersection, was a major contributor to this 
problem. Route 203 provided the only access to the 
main ski-lift facilities and therefore experienced 
heavy congestion on holiday weekends during the ski 
season. 

To reduce congestion and improve traffic safety 
on Route 203, a transportation improvement project 
was constructed in 1981-1982. The route was widened 
to four lanes, delineation was improved, and several 
intersections, including Lake Mary Road, were up
graded with fully actuated traffic signals. Bus stop 
shelters were constructed in an effort to promote 
the use of an existing bus service and further re
duce traffic congestion within the corridor. The im
provements were expected to double the capacity of 
the route and reduce carbon monoxide (CO) emissions 
by improving traffic flow. However, CO emissions 
would drop only if the added capacity did not induce 
substantial increases in traffic volume. 

During the planning phase of the project, a 
transportation control plan was developed to miti
gate any adverse air-quality impacts brought on by 
the increased capacity of the route (1). The plan 
contained strategies designed to increase use of 
public transit, improve traffic flow, and control 
traffic volumes. The major components of the plan 
included parking restrictions, construction of tran
sit amenities, and an expansion of the county road 
system to help relieve congestion on Route 203. Op
erational improvements such as staggered ski-lift 
closing times, a "ski-back" trail, and lighting of 
ski runs for night skiing were also included. Future 
expansion of ski facilities would only be permitted 
if peak traffic volumes on Route 203 did not in
crease. Transit service was to be required for any 
new facilities, but no expansion of parking capacity 
would be allowed. 

To check the adequacy of the mitigation measures, 
the plan included a provision for pre- and postcon
struction CO monitoring. The preconstruction aero
metric survey was conducted as a joint effort be
tween California Department of Transportation 

Transportation Laboratory, California Department of 
Transportation, 5900 Folsom Boulevard, Sacramento, 
Calif. 95819. 

(Caltrans) District 9 and the Transportation Lab
oratory during the winter of 1980-1981. A postcon
struction survey was conducted during the winter of 
1982-1983. In this paper the results of this before
and-after study are discussed and the effectiveness 
of the transportation improvements at mitigating 
air-quality problems associated with traffic conges
tion is evaluated. 

CARBON MONOXIDE MONITORING PROGRAM 

'l'he junction of Route 203 and Lake Mary Road shown 
in Figure 1 carries traffic on three primary legs. 
The fourth (southerly) leg, planned for extension 
and widening by others, now carries less than 1 per
cent of the traffic handled by the intersection. 
During the 1980-1981 ski season, the intersection 
was controlled by a pretimed, two-phase signal with 
lights mounted at the corners. Roadway width limita
tions permitted only two approach lanes per leg with 

100 200 300 
- i..--..1.=-=l 

SCALE IN METERS 

FIGURE 1 Sampling locations for the 1980-1981 and 1982-1983 
air-quality monitoring programs at Mammoth Lakes, California. 
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no room for channelization. Widening of the route Meteorology was the first factor to be consid-
made room for three approach lanes on eastbound ered. An attempt to normalize the data by using wind 
Route 203 and Lake Mary Road and four lanes on west- speed, temperature, and stability measurements was 
bound Route 203. A fully actuated three-phase signal made. However, significant gaps in the meteorologi-

~~~~~~w~a~s'----'a=l=s=o=--=in'-'-"'s~t=a=l=l~e~d~·~~~~~~~~~~~~~~~~~~~~=c=a=l~d=a=t=a~=b=a=s=e~a=n=d~~·xcessiye s cattei i,O___J;.,h.JL...nQx.ma~-=--~~~~~~~-
co concentrations were sampled at five sites ized results forced this approach to be abandoned. 

shown in Figure 1 during the pre- and postconstruc- Instead, average hourly wind speeds measured at the 
tion surveys. Four of the sampling sites were clus- intersectiop. from 7:00 to 10:00 a.m. and 4:00 to 
tered around the Route 203-Lake Mary Road inter sec- 7 :00 p.m. were examined to see whether there was a 
tion. The fifth site, located approximately 1 km significant difference between the two seasons. 
southwest of the intersection, provided a measure of Based on over 200 hr of available data, no signifi-
ambient CO concentration for the area. A mechanical cant difference was found between the seasonal means 
wealher station loc::11ted at the intersection recorded for either morning or evening conditions. Further-
w ind direction, wind speed, and .temperature at a more, similar low-wind-speed weather conditions fa-
height of 10 m. A larger meteorological tower lo- vorable for skiing were expected to correlate with 
cated about 1. 5 km east of the intersection measured peak traffic volumes and co concentrations regard-
wind speed and temperature at heights of 10 and 18 m. less of which season was considered. Therefore, the 

Air samples were collected over 1-hr intervals overall effects of meteorology on corridor co con-
using continuous-flow bag samplers. The bags were centrations were assumed to be approximately equal 
returned to the District 9 Laboratory and tested for for the two seasons. 
CO within 48 hr of collection by using nondispersive 
infrared analysis. Days that were favorable for ski-
ing, particularly weekends and holidays, were moni
tored. In the 1980-1981 season, samples were col
lected on 63 days from December through February. 
For thA lQA~-1983 ReaRnn, 45 days were sampled from 
November through February. Although some 24-hr sam
pling was done, most was conducted between the hours 
of 7:00 a.m. and 7:00 p.m. 

Traffic counts were made at the intersection by 
District 9 personnel during the peak ski weekends 
for each season. For the 1980-1981 season, counts 
were made in February on the weekend following 
Lincoln's Birthday. For the 1982-1983 season, counts 
were made in December on the weekend before New 
Year's Day. The counts recorded 15-min volumes by 
direction and vehicle type from 7:00 a.m. to 7:00 
p .m. 

DATA ANALYSIS AND DISCUSSION 

The hourly CO concentrations recorded for each day 
were stratified into three measures of air-quality 
impact: the daily 8-hr maximum, the 1-hr morning 
maximum, and the 1-hr evening maximum. Morning and 
evening maximums were taken from days with valid 
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 8-hr muximumo were recorded when no more than 
2 consecutive hr or 3 hr total were missing for 
Sites A and B from 7:00 a.m. to 7:00 p.m. Missing 
values on days satisfying these criteria were ap
proximated by linear interpolation (~). The rccult
ing number of days analyzed by season and averaging 
time are as follows: 

Averaging No. of Da::i:s 
'l'ime (hr l 1980-1981 1982-1983 
1 (a.m.) 35 37 
1 (p.m.) 33 40 
8 31 38 

The two ski seasons involved in this analysis 
were far from similar in nature. The 1980-1981 sea-
son started much later than uormal, with most or the 
peak ski days occurring during February and March of 
1981. By contrast, the 1982-1983 season was much 
longer, with capacity crowds arriving by Thanksgiv
ing of 1982 and operations tapering off in the 
spring of 1983. In order to compare air-quality mea
surements for the two seasons, factors independent 
of the transportation improvements that might have 
an impact on air quality had to be considered. These 
factors were meteorology, demand volume, and vehicle 
emissions. 

The second factor to be accounted for was demand 
volume. Because traffic counts were not available 
for most of the days sampled, a surrogate measure 
WFIR nPPdPd tn q1rnntify thiR factor. naily Rales nf 
ski-lift tickets reported to the Forest Service, 
U.S. Department of Agr icul tu re (USDA) , by the ski 
operator were used for this purpose. Because Route 
203 was the only road that served the main ski-lift 
facility, ticket sales offered the most direct mea
sure of demand volume available. The distribution of 
number of days analyzed by ticket sales category for 
each daily maximum is given in Figure 2 for both the 
1980-1981 and 1982-1983 seasons. All three distribu
tions show a substantially greater number of days 
with high ticket sales sampled in the 1982-1983 sea
son. Average daily ticket sales were 97 percent 
higher than those in the 1980-1981 season. Ticket 
sales on peak ski days were similar for both sea
sons, but there were many more peak days in the 
1982-1983 season. 

The final factor to be considered was the change 
in composite vehicle emissions between seasons. The 
1982-1983 vehicle fleet contained a higher percent
age of new vehicles with better emission controls 
than the 1980-1981 fleet. Composite CO emissions for 
the two seasons were estimated by using a California 
emission factor program Cl). An average decrease 
from 1980-1981 emissions of 10 percent was forecast. 

Of the three factors considered, the change in 
average demand volume between the two seasons was 
the most important. It was expected that higher 
ticket sales would result in more congestion and 
therefore higher CO concentrations at the intersec
tion. To test this idea, 8-hr daily maximum CO con
centrations were plotted against ticket sales for 
the intersection sites and ambient site. Regression 
1 ines and 95 percent confidence limits were con
structed for each season (see Figure 3) • As ex
pected, CO concentrations at the intersection sites 
generally increased as ticket sales increased. A 
similar but weaker trend was apparent for the am
bient site. 

The two regression lines in Figure 3b indicate 
that the transportation improvements l ed to an aver
age reduction in 8-hr CO concentrations near the in
tersection of about 50 percent for days with low to 
medium ticket sales. For 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 technology alone. This suggests that 
the improvements to the intersection had a measur
able pos i tive ettect on nearby air qua11 ty ror iow 
to medium traffic volumes but were not effective at 
improving air quality as volumes approached the ca-
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FIGURE 2 Number of days analyzed distributed by ski-lift 
ticket sales category for (a) 8-hr, (b) 1-hr a.m., and (c) 1-hr 
p.m. 

pacity of the intersection. Plots similar to Figure 
3b for the morning and evening 1-hr maximums showed 
the same tendency. 

The responsiveness of the fully actuated signal 
is the probable cause for the air-quality improve
ments measured during periods of low to medium traf
fic volumes. Studies show that CO emission rates 
during accelerations are two to five times higher 
than average rates <i>· By decreasing the number of 
vehicle stops, the new signal reduced the number of 
accelerations at the intersection and therefore 
lowered CO emissions. As conditions approached the 
capaci ty of the intersection, more vehicles were 
forced to stop and the number of accelerations 
climbed to preconstruction levels. 

Cumulative frequency distributions for the three 
daily maximums are given by season in Figure 4. For 
the lower half of the 8-hr daily maximum dis tr ibu
tions in Figure 4a, measurements from the 1980-1981 
season tend to be 0.5 to 1 ppm higher than equiva
lent 1982-1983 values. The distribution of 1-hr 
evening maximums given in Figure 4c shows an average 
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FIGURE 3 Daily maximum 8-hr CO concentration versus ticket 
sales fo1· the 1980-1981and1982-1983 seasons: (a) ambient 
(Site C), (b) all sites. 

decrease in observed concentrations between the sea
sons of about 2.5 ppm over the range of results. The 
distribution of morning 1-hr maximums given in Fig
ure 4b also shows about a 2.5-ppm improvement, but 
only for the upper quartile. Considering the far 
greater number of days sampled with high ticket 
sales during the 1982-1983 season, these results in
dicate that the Route 203 project helped improve 
overall air quality in the vicinity of the corridor. 
However, the graphs also show that state and federal 
standards were still being violated. 

Plots of the seasonal maximums (i.e., the highest 
daily maximums recorded during the season) strati
fied by ticket sales are given in Figure 5. For both 
the morning and evening 1-hr maximums, measurements 
made during the 1982-1983 season were lower for five 
out of six ticket sales categories. For 8-hr maxi
mums, four of the six categories showed improvement. 
On average, however, the improvements were no 
greater than the 18 percent reduction expected from 
newer vehicle emission controls. 

In Figures 4 and 5, the number and size of 1-hr 
standard violations are greatest during the morning 
hours. However, these concentration peaks did not 
coincide with peak traffic volumes. Peak volumes oc
curred in the evening when either weather conditions 
or ski-lift closure forced skiers off the mountain 
at a single time. Based on traffic counts made on 
the days with highest ticket sales, evening 1-hr 
peak volumes were 35 to 55 percent higher than morn
J.ng peaks. 

There are a number of possible reasons why the 
highest co concentrations did not coincide with the 
peak evening traffic volumes. A greater incidence of 
stagnant conditions during the morning hours was one 
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slowing down or stopping to make the right-hand turn 
at the intersection. In the evening, the dominant 
downhill flow of traffic needs less effort to accel-
erate through the intersection and emissions de
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possibility. However, the number of hours with wind 
speeds less than 2 m/sec was only 5 percent higher 
in the morning. A more likely reason concerns the 
effect of temperature on vehicle emissions. Colder 
morning temperatures cause considerably higher emis
sions for vehicles in the cold-start phase (i.e., 
first 505 sec). The proximity of many of the lodges 
and condominiums to the intersection meant that a 
large percentage of the morning ski traffic was in 
the cold-start phase. Fewer cold-start vehicles were 
expected in the evening because of the estimated 10-
min travel time between the main ski-lift facility 
and the intersection. 

A second significant contributing factor to the 
high morning concentrations is the average 4 percent 
grade of Route 203 near the intersection. Accelera
tions tu 2!i mph 011 Ct 4 l:'eccent grade can result in a 
fivefold increase in average vehicle emissions 
In the morning, vehicles climb this grade, 

(_!). 
often 

daily maximum are plotted by site for days with 
ticket sales exceeding 10,000. Seasonal high mea
surements for 1-hr concentrations made during 1982-
1983 at the four intersection sites are lower than 
their respective 1980-1981 values. Again, however, 
the average reductions are no better than the 18 
percent expected for the 1982-1983 vehicle fleet. 
Results for the 8-hr daily maximums in Figure 6a 
show improvements at Sites A and Al, but not at 
Sites A2 and B. Ambient concentrations measured at 
Site C show little or no improvement between the 
seasons. 

The lack of significant reductions in ambient 
results and 8-hr seasonal maximums for the 1982-1983 
season suggests that contributions from another pol
lutant source may have overshadowed the effects of 
the projected 18 percent reduction in vehicle emis
sions. Wood-burning stoves and fireplaces are stan
dard features in the condominiums and cabins of Mam
muth Lakes. Each condominium unit is stocked with a 
full supply of wood at the beginning of the ski sea
son and restocked as the season progresses. Accord
ing to s tudies by the Environmental Protection 
Agency (EPA), average CO emissions can range from 15 
to 30 g/kg of fuel for fireplaces a nd 91 to 370 g/kg 
for stoves l2l· At average burn rates used for cer
tification testing by EPA, CO emission rates ranging 
from 2.5 to 5 g/min for fireplaces and 11 to 44 
g/min for stoves can be expected. Composite idle 
emission rates used for modeling Route 203 vehicle 
emissions (described in a companion paper by Benson 
et al. in this Record) were approximately 8 g/min. 
The stoves and fireplaces are therefore likely to 
contribute to the Mammoth Lakes CO problem at a 
level comparable with that of transportation sources. 
These contributions will tend to mask emissions re
ductions achieved by transportation sources, espe
cially over longer averaging times or at locations 
removed from primary transportation routes. 

EFFECTIVENESS OF THE TRANSPORTATION CONTROL 
PLAN (TCP) 

By the 1982-1983 ski season, construction of the bus 
stop shelters and staggering of ski-lift closing 
times were the only elements of the TCP implemented. 
It was hoped thal the shelters would help increase 
ridership on the existing bus line and thereby re
duce the demand volume on Route 203. District 9 per
sonnel observed that the shelters were useful for 
indicating the location of bus stops otherwise ob
scured by roadside snowbanks. However, they also 
noted that patrons rarely used the shelters, pre
ferring to wait outside. According to the owner of 
the bus line, weather was the only factor that had a 
significant influence on ridership. On days when 
chain controls were posted, ridership increased dra
matically. 

Daily passenyer counts made by the bus operator 
for the 1981-1982 and 1982-1983 seasons were ex
amined for evidence of increases in ridership. Be
cause the shelters were not constructed until the 
summer of 1982, counts from the 1981-1982 season 
were considered representative of preconstruction 
conditions. The daily passenger counts averaged 
about 7.5 percent of the ski-lift ticket sales for 
both seasons. No evidence was found to indicate an 
increase in ridership. 

A comparison of traffic volumes handled by the 
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intersection on the peak ski-lift ticket sales days 
for the 1980-1981 and 1982-1983 seasons was made to 
see whether fewer skiers were driving their own cars 
to the main ski-lift facility. 

Ticket sales for the peak day in 1982-1983 were 
only 6 percent higher than those in the 1980-1981 
peak, but the intersection carried approximately 20 
percent more traffic during the 12-hr period from 
7:00 a.m. to 7:00 p.m. If the shelters had a posi
tive impact on bus ridership, it was apparently 
overshadowed by increases in private vehicle use 
motivated by the reduced traffic congestion. 

The staggered closing of the ski lifts appeared 
to have no effect on evening peak-hour traffic vol
umes. Counts for the peak hour of 4:00 to 5:00 p.m. 
were up 33 percent from 1980-1981 levels on peak ski 
days. The added capacity of the route may have 
masked the positive effects of this operational im-

provement by accommodating residual demand not mea
sured in the constrained 1980-1981 peak volumes. 

Since the 1982-1983 s ki season, several more ele
ments of the TCP have been implemented. Caltrans has 
constructed a bus terminal at the main ski-lift fa
cility, descriptions of transl t service have been 
incorporated into promotional literature, and bus 
fares have been reduced by 50 percent. 

Implementation of other major elements has been 
delayed, however: 

• Expansion 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 element. 
Further delay is expected as a result of a lawsuit 
and shortage of funds. 

• Additional parking restrictions along Route 
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to the lift system were to be serviced by transit 
only. 

Even though many elements of the TCP have not 
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203 have not been made. These restrictions were 
meant to maximize use of developing transit facili
ties. Future transit development is uncertain at 
this time, however, because the previous bus oper
ator is no longer in business. For the interim, the 
ski operator is providing scheduled service. An in
tegrated transit plan has just been completed and is 
likely to be implemented as growth continues in the 
area. 

• No ski runs have been lighted for nighttime 
use. It was hoped that this measure would help re
lieve peak evening traffic congestion. 

• Additional development of ski facilities 
along Route 203 has not yet taken place. This in
cludes construction of a ski-back trail, tram, and 
warming hut. Each of these access or egress points 

have stabilized at an acceptable level. Measurements 
by the local air pollution control district show no 
further violations of state or federal CO standards 
after 1982 (~). Though not considered in the origi
nal TCP, a decision by the USDA Forest Service and 
the ski operator to redirect expansion outside the 
Route 203 corridor is probably responsible for this 
success. This was made possible by a fortuitous land 
purchase and cooperative trade arrangement between 
the Forest Service and a private-sector concern. By 
assuming responsibility for transit operations, the 
ski operator has also been able to fully integrate 
bus and ski-lift schedules. He has incorporated 
transit and walk-in access wherever facilities have 
been expanded and has not created additional parking. 

CONCLUSIONS 

The results of this study show that CO concentra
tions near Lhe Route 203-Lake Mary Road intersection 
were reduced following construction 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 signal. For traffic volumes approaching the 
capacity of the intersection, the reductions were 
due exclusively to the higher proportion of new ve
hicles with better emission controls in the post
construction vehicle fleet. 

No significant improvements to ambient air qual
ity as measured at Site C were seen. It is possible 
that increased CO emissions from wood-burning stoves 
and fireplaces masked projected reductions in vehi
cle fleet emissions. In any case, it was never ex
pected that reductions in vehicle emissions brought 
about by relieving traffic congestion on a single 
route would have a measurable effect on areawide 
ambient concentrations. 

No evidence was found in the 1982-1983 data to 
indicate that the bus shelters had a positive effect 
on transit use. The increased capacity of the route 
may have actually lured users away by decreasing 
con~estion. Fortunately, subsequent expansion did 
not exploit this increased capacity. 

In summary, experience has shown that transporta
tion projects designed to improve traffic flow can 
also enhance air quality, but only if measures are 
taken to ensure that increased capacity is not ex
ploited. In the case of Mammoth Lakes, expansion of 
facilities serviced by other roads relieved pressure 
on Route 203, helping to retain the reductions in 
traffic congestion created by the project. It is not 
clear whether the restrictions of the TCP or the 
potential for lost business (given a return to pre
construction congestion) provided the impetus for 
this decision. What is clear is that the environ
mental process forced consideration of problems that 
might have otherwise been overlooked, and that these 
probl ems were dealt with by both the private and 
public sector in a cooperative and constructive 
manner. 
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Evaluation of the CALINE4 Line Source 
Dispersion Model for 

Complex Terrain Application 

PAULE. BENSON, WILLIAM A. NOKES, and ROBERT L. CRAMER 

ABSTRACT 

CALINE4, the latest version of the California Line Source Dispersion Model, is 
evaluated for use in complex terrain. Data from air-quality studies connected 
with a transportation improvement project along 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 results for CALINE4 in flat 
terrain, model performance for r eceptors near the roadway in complex terrain is 
judged adequate for impact assessment purposes. Predictions for more distant 
receptors are much less reliable. 

The California Line Source Dispersion Model, CALINE3 
(ll , is used throughout the country as a tool for 
evaluating the potential microscale air-quality im
pacts of transportation projects. The U.S. Environ
mental Protection Agency (EPA) has approved the 
model for general use with the provision that it not 
be used for studying projects in complex terrain 
<3>· This restriction is made because of the assump
tions on which the model is based. 

CALINE3 uses a quasi-empirical Gaussian solution 

Transportation Laboratory, California Department of 
Transportation, 5900 Folsom Boulevard, Sacramento, 
Calif. 95819. 

to the Fickian diffusion equation to model pollutant 
dispersion. This approach assumes a homogeneous wind 
flow field (both vertically and horizontally), 
steady-state conditions, and negligible along-wind 
diffusion. These assumptions can never be met ex
actly in any real-world application. However, for 
sites in relatively flat terrain and wind speeds 
above 0.5 m/ sec, they are considered reasonable and 
yield answers that compare favorably with measured 
results (]). In this paper the extent to which these 
assumptions are satisfied for applications in com
plex terrain is examined. 

A significant f raction of transportation projects 
is built in complex terrain. Because of difficulties 
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in obtaining the requisite amount and quality of in- State Route 203 and Lake Mary Road in Mammoth Lakes 
put data, three-dimensional, finite-difference (Figure 1) • The terrain is uneven, generally sloping 
models are rarely used for assessing air-quality downhill from the west. Strip commercial development 
impacts of these projects. Instead, a Gaussian model is prevalent along Route 203, whereas the surround-

~~~~~-5!syu~cuh -"a~s_C~A"-"L~IllNE.._,,_J_,,_i~s_.,a~P~P~l~i~e~d~. _.,T~h~i~s'-"a~p~p~r~o~a~cb>L-~i~s.__.s~uub~j~e~c~t~~~i .... ng._..i:..es.iden.t.iaJ...-pro~~e~mar19~~~~~~~ 
to a request from the reviewing agencies for a site- stands of mature conifers. Roadside snowbanks 1 to 
specific verification of the model. The California 6 m high are common during the winter months. 
Air Resources Board carried out this type of verifi- From the east boundary of the tracer release to 
cation study in 1981 for applications of CALINE3 in the Lake Mary Road intersection, Route 203 has two 
the vicinity of South Lake Tahoe (l). They concluded lanes in each direction with a two-way left-turn 
that the model predictions were slightly higher than lane between. From the Lake Mary Road intersection 
observed values but were in good agreement with the to the north and west boundaries, there is one lane 
measured hour-by-hour trends in air quality at most in each direction with no median. Average daily 
locations. traffic in the study area is 15,700 vehicles with a 

The South Lake Tahoe findings could not be ex- peak hourly volume on Route 203 of 3 ,100 vehicles. 
trapolated to other complex terrain sites, however• Sulfur hexafluoride (SF 6) was used as the 
South Lake Tahoe's topography is representative of a tracer gas. It is a highly inert gas, detectable at 
large and relatively flat mountain basin. Projects extremely low concentrations. sF6 does not occur 
were being proposed in much more complex locations. naturally and its presence in ambient air samples is 
Questions remained about the model's ability to ac- negligible (i). 

curately predict impacts at such locations. The sF6 was released from two specially 
The planning and construction of a transportation equipped 1970 Matador sedans. Each sedan had an 

improvement project along State Route 203 in the ski on-off flow control switch mounted on the dashboard 
resort community of Mammoth Lakes, California, pro- and a strip-chart recorder to monitor the flow sta-
vided an opportunity to answer these questions. A tus. The gas was contained in a cylinder secured in 
comprehensive pre- and postoonstruction monitoring the L.i:unk of Llie i;euan. It was carried by copper 
program for carbon monoxide (CO) was conducted in tubing through the trunk floor to the tailpipe and 
connection with the project. The results of this released directly into the exhaust stream. 
work are described in a companion paper by Benson et The tracer gas flow rates were checked before and 
al. in this Record. A series of experiments involv- after each test with a bubblemeter. The nominal flow 
ing the release of tracer gas was also carried out rate, controlled by a needle valve, was 0. 5 L/min. 
after construction of the project. The measured flow rates typically varied no more 

The results of these experiments were used to than 20 percent from the nominal value over the 
evaluate the latest version of the California Line course of a test. Tests were 2 1/2 hr in duration, 
Source Dispersion Model, CALINE4 (4). CALINE4 is with samples being taken only during the last 2 hr. 
based on the same limiting assumptions as CALINE3 The 1/2-hr delay was made to avoid sampling during 
but contains improved algorithms for modeling verti- the transient build-up phase of the release. A total 
cal and horizontal dispersion. It has already proved of 13 tests were conducted at various times between 
superior to CALINE3 for flat terrain applications 5:00 a.m. to 8:00 p.m. 
(_!), and it was hoped that the improved dispersion The vehicles released sF6 along the t es t sec-
algor i thms would also enhance its performance in tion indicated in Figure 1. The SF 6 flow was 
complex terrain. turned off at each turnaround point as the vehicles 

EXPERIMENT PROCEDURES 

The tracer gas release experiments were conducted 
during the winter of 1983-1984 along sections of 
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left the test section. On the four-lane portion of 
the route, vehicles were assigned separate lanes. 
The distribution of the vehicles was controlled at a 
staging area by spacing departures at 4-min inter
vals. The drivers were instructed to try to maintain 
a speed between 30 and 35 mph. When stopped at the 
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FIGURE 1 Tracer study sampling site location map. 
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intersection, the vehicles continued to release gas. 
Event markers recorded the location and duration of 
these releases on the strip chart. 

Sampling sites were selected to represent three 
zones surrounding the Route 203-Lake Mary Road in
tersection. Their locations are shown in Figure 1. 
Sites 1 and 2 were located immediately adjacent to 
the intersection. These were designated as Zone 1 
sites. The Zone 2 sites, Sites 4 and 5, were located 
80 and 135 m from the intersection, respectively. 
Sites 8 through 11 ranged approximately 300 to 600 m 
from the intersection and were no closer than 190 m 
to the tracer release route. These were considered 
Zone 3 sites. 

All samples were taken at a height of 1 m above 
the ground. They were collected in tedlar bags by 
using EMI AQS III samplers equipped with positive 
displacement pulse pumps. The samples represented 
3 0-min integrated concentrations. They were analyzed 
on a Perkin-Elmer Sigma 2 gas chromatograph with 
electron capture detector. This instrument was cali
brated with a Dasibi Model 1005 CE-2 flow dilution 
system and a National Bureau of Standards traceable 
cylinder of 5 ppm SF6. 

A meteorological tower 12 m high was located ap
proximately 3 km east of the test course in an open 
area. It was equipped with a horizontal wind vane, 
two low-threshold (0.3 m/ sec) cup anemometers, and a 
pair of self-aspirated temperature sensors. Informa
tion from this tower was used to estimate atmos
pheric stability by Golder's method (6). 

A mechanical weather station was -located in the 
northeast quadrant of the Route 203-Lake Mary Road 
intersection at a height of 10 m. Measurements from 
this device were used to determine wind direction 
and directional variability. Mechanical weather sta
tions were also set up at Sites 9, 10, and 11 at a 
height of 1.5 m to measure surface winds. Wind speed 
was estimated as the average of these three measure
ments. 

MODEL VERIFICATION 

A statistical method developed through the National 
Cooperative Highway Research Program (7) was used to 
evaluate the performance of CALINE3 and CALINE4 on 
the Mammoth Lakes data. The method uses an overall 
figure of merit (FOM) based on six separate statis
tics. These statistics are defined as follows: 

S1 the ratio of the highest 5 percent of the 
measured concentrations to the highest 5 
percent of the predicted concentrations, 

s 2 the difference between the predicted and mea
sured proportion of exceedances of a concen
tration threshold or air-quality standard, 

S3 Pearson's correlation coefficient for paired 
measured and predicted concentrations, 

S4 the temporal component of Pearson's correla
tion coefficient for paired concentrations, 

s 5 the spatial component of Pearson's correla
tion coefficient for paired concentrations, 
and 

s 6 the root mean square of the difference be
tween paired measured and predicted concen
trations. 

Statistic s 1 measures the model's ability to 
predict high concentrations. Statistic s 2 measures 
how well the model predicts the fr equency of exceed
ing an air-quality standard or threshold. Statistics 
S3, S4, and S5 correlate the model's response to 
changing conditions with real-world response. Sta-
tis tic S4 considers changes over time (wind speed, 
a tmospheric stability), whereas S5 is associated 
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with changes over space (source-receptor distance, 
topography). Statistic S3 represents a combined 
measure of both factors. Statistic s6 measures the 
overall error attributable to both modeling and mea
surement processes. 

Each of the six statistics is converted into an 
individual FOM (F1 , F 2 , F 3 , etc.) based on a 
common scale from 0 to 10. An overall FOM is com
puted by weighting and summing the individual values 
as follows: 

FOM = ( [(Fl + F2) / 2] + [ (F3 + F4 + F5)/3] 

+ F6}/ 3 (1) 

No standard value for FOM has been established to 
differentiate between "good" and "bad" model per
formance. A relative measure of model accuracy is 
used in this paper to compare CALINE3 and CALINE4 
results in complex terrain and to contrast those 
results with performance in flat terrain. 

Two graphical verification methods are also use d 
to evaluate model performance. The first method is a 
scatterplot showing predicted versus measured con
centrations. The second is a plot of relative error 
Er by zone with Er defined as 

Er= [(P - M) / (P + M)] * 100 (2 ) 

where P equals the prediction and M the measurement. 
Er is a symmetric form of the residual e rror P - M 
normalized to 100 p_ercent. It pro v ide s a convenient 
way to graph widely differing residual errors on a 
single scale. 

Of the 13 tracer tests conducted during the 
study, only 4 were judged suitable for the verifica
tion analysis. The dates and times of these tests 
are shown in Table 1. Tests 1 and 4 were performed 
during downslope wind conditions, whereas Tests 2 
and 3 coincided with upslope winds. These tests were 
selected because of their low wind speeds (below 2 
m/sec) and lack of major discontinuities in win d 
direction over the 2 1/2-hr release period. SF6 
concentrations for the tests omitted from the analy
sis were usually low because of prevailing high 
winds or unsteady wind direction. 

TABLE 1 Meteorological Data During Tracer Tests 

Wind Wind Sigma Temper-
Speed Direction Theta ature Stability 

Time (m/sec) (degrees) (degrees) (oC) Class 

Test I , 1/12/84 

6:00-6:30 a.m. 0.47 330 5.0 -5.9 F 
6:30-7:00 a.m. 0.36 330 5.0 -5 .9 F 
7:00-7:30 a.m. 0.40 330 5.0 -5.6 F 
7:30-8 :00 a.m. 0.39 330 5.0 -5. 6 F 

Test 2, I /12/84 

12:00-12:30 p.m. 1.5 210 27.5 -0.4 c 
12:30-1:00 p.m. l.5 210 32.5 -0.4 c 
I :00-1 :30 p.m. 1.5 240 27.5 -0.5 c 
1 :30-2:00 p.m. 1.6 210 28 .3 -0.5 c 

Test 3, 2/7 /84 

10:00-10:30 a.m. 0.67 120 40.0 8.9 c 
10:30-11 :00 a.m. 0. 81 90 30.0 8.9 c 
11 :00-11 :30 a.m. 0.88 135 25.0 9.9 c 
11 :30-12:00 p.m. 0.95 120 30.0 9.9 c 

Test 4, 3/2 2/84 

6 00-6:30 p.m. 0.73 320 12.5 4_0 E 
6 30-7:00 p.m. 0.68 315 12.5 4.0 E 
7 00-7:30 p.m. 0.68 300 15.0 1.7 G 
7 30-8 :00 p.m. 0.78 310 7. 5 I. 7 G 
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Results from the four sampling periods for each 
test were examined for anomalous values. SF6 con
centrations near the intersection for the first sam
pling period of Test 1 were abnormally high. Levels 
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TABLE 2 CALINE3 and CALINE4 FOMs for Mammoth 
Lakes Tracer Study 

Site No. of 
rvn:---zmm ~~~~-&f--4-3-<ppb--&t---Si~~b-at-S-ites--l:--!md-4-we~re--~~ 

10 times higher than any other measurements made 
during the study. A review of 10-min integrated sam

P~Ml<I ~ M6HlH 

C3 

F• I 1·2 

1.6 9.0 

Overall 
1•3 1·6 l·O,'il 

8.0 0.1 4.5 
ples revealed a significant drop in concentrations 
at these sites during the first hour of Test 1 (Fig
ure 2) • The change was most dramatic during the 
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FIGURE 2 Test 1: 10-min integrated samples. 

6:00-6:30 a.111. 8alllpliny period. Records were checkec'I 
to see whether an accidental release of SF6 might 
have occurred during the initial flow calibration 
procedure or the preliminary release period. No in
dications of an accidental release were found. Strip 
charts from the ground-level weather stations were 
examined for stagnant conditions sometimes associ
ated with drainage winds in fores t ed terra in (8-10 ). 
This may have caused the heavier-than-air tracerto 
create a "puddle" of SF6 near the intersection. 
Although wind speeds were very low near the ground, 
t he charts indicated that they were steady in direc
tion and speed. 

For some reason that is still not clear, SF6 
concentrations at Sites 1, 2, and 4 did not reach a 
reasonable state of equilibrium before the first 30-
min sampling period of Test 1. The anomalous mea
surements were therefore removed from the verifica
tion data base because they did not conform with the 
model requirement for steady-state conditions. 

The edited data base was used to develop FOMs for 
CALINE3 and CALINE4. A summary of the site-by-site 
results with zone and number of sampling periods 
noted is given in Tahl<> 2. Only downwind lnr.;it:inn1' 
were used for computations. The threshold value for 
computing F2 was 1.0 ppb SF6. 

The FOM results indicate superior performance by 

C4 6.3 9.3 8.0 4.2 6.7 
2 2 C3 2.1 10.0 8.6 0.1 4.9 

C4 7.8 10.0 8.3 2.1 6.4 
4 2 7 C3 2.0 9.6 8.5 0.1 4.8 

C4 7.9 9.6 8.2 3.1 6,7 
2 8 C3 1.2 7.5 0.0 0.1 1.5 

C4 3.8 10.0 2.5 0.7 3.4 
8 3 8 C3 3.2 8.6 5.2 1.7 4.3 

C4 1.3 8.3 2.9 1.2 2.9 
9 3 8 C3 0.9 10.0 7.6 0.0 4.4 

C4 2.8 10.0 9.6 0.1 5.4 
10 8 C3 8.2 7.9 4.7 1.5 4.8 

C4 1.3 8.2 0.6 1.2 2.2 
11 3 8 C3 2.3 10.0 6.9 0.1 4.4 

C4 7.6 10.0 9.5 3.4 7.2 

Note: C3 = CALINE3, C4 = CALINE4. 

CALINE4 at six of the eight sites. At Sites 8 and 
10, better performance by CALINE3 is indicated. As 
will be seen later, this is primarily due to more 
suspiciously high results from Test 1. The overall 
FOMs for CALINE3 and CALINE4, respectively, were 4.4 
and 6.0 for Tests 1 and 4 (downslope) and 4.4 and 
6.2 for Tests 2 and 3 (upslope). These 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 flat terrain range from 6.4 to 6.8 Ci l· The over
all values of 6.0 and 6.2 for this study fall just 
below that range. As indicated in Table 2, CALINE4 
results for half of the sites (1, 2, 4, and 11) meet 
or exceed model performance in flat terrain. Results 
from Sites 5, 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 
intersection. 

Scatterplots of CALINE4 predictions versus mea
sured SF6 concentrations at downwind sites are 
shown by zone in Figures 3 through 5. CALINE3 re-
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sults are included in the Zone l plot (Figure 3). A 
line of per feet agreement and factor-of-2 envelope 
highlight the results. Points falling inside the en
velope represent predictions within plus or minus a 
factor of 2 of the measured concentrations, a fre
quently used minimum criterion for judging model 
performance. The number of points (n), intercept 
(a), slope (b), and correlation coefficient (r) for 
a linear least-squares regression are also given. 

The number and magnitude of overpredictions by 
CALINE3 for Zone l sites indicate model performance 
inferior to that of CALINE4. Most of the overpredic
tions occur at wind speeds below the model's nominal 
limit of l m/sec. CALINE4 is better able to handle 
these conditions because of its ability to address 
wind meander through an improved horizontal disper
sion algorithm. Nevertheless, Figures 3 and 4 also 

ll 

indicate an excess of over predictions by CALINE4. 
Considering measured values of 0.5 ppb SF6 and 
above, all the CALINE4 results that fall outside of 
the factor-of-2 envelope, approximately 30 percent 
of the total, are overpredictions. This is somewhat 
higher than the 13 percent and 22 percent reported 
for similar studies in flat terrain (,!) • The conser
vative pattern of overpredictions is similar, how
ever. 

The results for 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 
SF6 , 7 of the 9 values (78 percent) fall outside 
of the factor-of-2 envelope. All of these are under
predictions. Five results measured at Sites 8 and 10 
during Test l exceed an order-of-magnitude dif
ference. Test l also contained the anomalous mea
surements for the first 30-min sampling period at 
Sites l, 2, and 4. It is possible that the dense 
concentration of SF6 measured at the intersection 
was transported downwind to Sites B and 10 in later 
sampling periods. However, even if these results are 
omitted from Figure 5, nearly two-thirds of the 
CALINE4 predictions still fall outside of the fac
tor-of-2 envelope. The model is not able to predict 
concentrations at the distant Zone 3 sites with any 
reliability. 

A plot of relative error versus zone (Figure 6) 
further dramatizes this point. The plot contains 
Test l results for Sites 8 and 10 but does not in
clude any results for which either the predicted or 
measured values equaled zero. The differences in 
this latter case rarely exceeded 0.01 ppb . The fac
tor-of-2 envelope is represented by the two horizon
tal lines at Er = ±33 percent. A progressive de
terioration in model performance by zone is clearly 
evident. 
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FIGURE 6 Relative error of predicted versus measured 
SF 6 levels versus zonal locations. 

DISCUSSION OF RESULTS 

It is obvious from the results of the verification 
analysis that CALINE4 has difficulty handling the 
temporal and spatial changes in meteorology that are 
conunonplace in mountainous terrain. The model as
sumes that horizontal and vertical dispersion are 
adequately des er ibed by unimodal, normal dis tr ibu-
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tions, and that wind direction is uniform over the 
study area. Real-world processes such as wind shear, 
channeling, and stagnation cause significant spatial 
variations in meteorology that clearly viol ate these 
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TABLE 3 Measured and CALINE4-Predicted 
Worst-Case CO Concentrations for 1982-1983 
Mammoth Lakes Air-Quality Monitoring Program 

assumptions . The m0del also asswne.~s'---'t~hlla~t....__~tllh~e'---'t~r~a~a,..,-=--~~~~~~~~~~ Rf~-llf>ur Ot1e-Ho11 .ht-Hot• 
port and dispersion processes have reached a steady
state condition. Periods of transition between flow 
regimes (e.g., downslope to upslope winds) cause 
changes in wind direction and speed that violate 
this assumption. Such transi tiohs occur more often 
in complex terrain. Therefore, it is not surprising 
that the CALINE4 verification results for Mammoth 
Lakes fall short of results for similar studies in 
flat terrain. 

There were, however, indications ·in the ver if ica
t ion analysis that CALINE4 could be used success
fully in complex terrain if the application was lim
ited to sites immediately adjacent to the source. 
Model performance for the zone l sites was compar
able with performance in flat terrain because spa
tial and temporal variations in meteorology were 
less critical. Tracer gas released near the inter
section had little time to disperse before reaching 
the Zone l sites. Concentrations were therefore 
heavily dependent on the emissions in the immediate 
vi('inity of the intersection. Within this limited 
area, the effects of topography on meteorology were 
minimal. By restricting the analysis to a small 
area, CALINE4 performed better. 

As a practical test of the model's ability to 
predict air quality impacts in complex terrain, 
model predictions for worst-case CO levels were com
pared with the highest levels recorded during a com
panion CO study (paper by Benson et al. in this Rec
ord). Sites 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 air-quality impacts were followed. 
Emission factors for CO were generated by running 
the EMFAC6D program (California's version of 
MOBILE2) and adjusting results to the elevation of 
Mammoth Lakes by using EPA methods (11). Vehicle 
type distributions and traffic volumes were based on 
actual counts made during peak ski season weekends. 
Percent hot and cold starts was estimated for each 
leg of the intersection on the basis of observed 
travel patterns and a New Jersey Department of 
Transportation study (~). Recommended worst-case 
values for meteorology in mountainous terrain and 
worct-cacc wind dircctiona were assumed <.!ll. The 
maximum 1-hr CO concentration of 13.8 ppm sampled l 
km from the intersection was used as a background 
level (!i_,15). 

The estimates were made for the morning time pe
riod (all of the highest measurements at each site 
were recorded between 7:00 and 10:00 a.m.). The in
tersection geometry was modified to accommodate four 
CALINE4 intersection links. Each of these links in
cludes deceleration, idle, acceleration, and cruise 
components. Traffic and signal parameters were based 
on surveys conducted during the traffic counts. 

Predictions of 1-hr averaged concentrations for 
CO at Sites 1, 2, and 4 were made. Predictions for a 
site in the same quadrant as Site 2 but about 5 m 
closer to the intersection were also made. This 
site, called A1r was not included as part of the 
tracer study. These results and the highest measured 
values are summarized in Table 3. The measured 8-hr 
peak values are also included in the table. As can 
be seen, the predictions for the sites closest to 
the intersection (Sites A1 and 1) agree quite well 
with the measured results. Underpredictions of ap
proximately 10 ppm CO occur for the more distant 
~ites 2 and 4, however. Tht: paLb:n u of higher con
centrations measured further from the intersection 
suggests the possibility of other significant con-

Site Predicted Measured Measured 

I 27.5 26.1 10.2 
2 24.1 36.4 11.4 
4 19.4 29.3 10.7 
A1 29.4 30.5 11.0 

tributing sources. Sites 2 and 4 were located on the 
edge of a motel parking lot. It is possible that 
idling cold-start vehicles or smoke from the nearby 
model chimney could have contaminated these samples. 
In any case, the performance of the model and the 
procedures for estimating the worst-case inputs are 
certainly reasonable for the receptors closest to 
the intersection. 

The 8-hr peak concentrations were included in 
Table 3 to give an idea of the kind of persistence 
factor to be expected in complex terrain near a 
roadway with a pronounced traffic peak. The persis
tence factor, which ill defined ai; the ratio of the 
8-hr peak CO concentration to the 1-hr maximum, is 
normally assigned a value ranging from 0.6 to O. 7 
(16) • Because of the more frequent changes in meteo
rology typical of complex terrain, it appears rea
sonable to expect a lower persistence factor. The 
persistence factors computed from the results in 
Table 3 range from about 0. 3 to 0. 4. Applying the 
higher recommended persistence factors to the esti
mated 1-hr concentrations would have resulted in 
overestimates of the 8-hr average as high as 65 per
cent. This is the primary reason that the California 
Department of Transportation recommends the use of 
persistence factors derived from local data whenever 
possible (13). 

CONCLUSIONS 

CALINE4 model performance for adjacent receptors in 
complex terrain is not as good as that for similar 
modeling situations in flat terrain. However, 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. Predictions for more distant re
ceptors are much less reliable. Model performance 
clearly deteriorates with distance from the emis
sions source. The model assumptions of steady-state, 
quasi-homogenous flow are obviously not satisfied 
for distant receptors in complex terrain. 

On the basis of these findings, it is recommended 
that CALINE4 applications in complex terrain be re
stricted to receptors immediately adjacent to the 
primary source of emissions. For most project-level 
analyses, this restriction will not pose a problem 
because worse-case receptor locations are normally 
chosen at the right-of-way line. 
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Tunnel Portal Noise 

ABSTRACT 

In this paper the method, analysis, and results are presented of a study to 
determine the traffic noise field near and surrounding a highway tunnel portal. 
The purpose of the study was to determine how the increase in noise due to re
verberations in a tunnel affects noise levels immediately outside a tunnel. An 
array of sound-level meters measured the traffic noise simultaneously at vari
ous locations near a tunnel portal. The results are given in terms of the sta
tistical noise descriptors Lio• L50• and L9o· Graphic plots of distance 
from the tunnel portal versus decibel level are presented. Measurements were 
taken on top and in front of the tunnel portal. The results indicate that for 
measurement sites on top of the tunnel, the drop-off in sound level is very 
abrupt and at 30 to 40 ft (9 to 12 m) behind the portal the traffic noise has 
diminished to the ambient noise levels of the surrounding area. For sites in 
front of the tunnel portal, the drop-off rate is less abrupt than that for the 
sites on top but still rapid and reaches normal free-field traffic noise levels 
at 60 to 70 ft (18 to 21 m) from the portal. 

The Minnesota Department of Transportation (Mn/DOT) 
is constructing several short tunnels on I-35 in the 
city of Duluth. On top of the longest tunnel near 
the west portal, a scenic overlook to Lake Superior 
is planned. The Mn/DOT landscape architects wanted 
to know the width of landscaping required to prevent 
visitors from getting too close to the tunnel portal 
where they would be exposed to excessive traffic 
noise. The proposed overlook is shown in Figure 1. 

The Mn/DOT Noise Unit studied the traffic noise 
near and surrounding an existing tunnel portal in 
the metropolitan area of St. Paul and Minneapolis. 
Two essential points were of interest. The first is 
concerned with the noise immediately above the tun
nel. What is the sound level from a given volume of 
vehicles, and how does it vary with distance from 
the entrance? The second is concerned with the noise 
directly in front of the tunnel. How far down the 
highway does the tunnel noise affect the noise 
levels outside the tunnel and how do these noise 
levels vary with distance? 

The tunnel selected for this experiment is shown 
in Figures 2 and 3 and is located on Trunk Highway 5 
in 8t. Paul near Fort 8nelling, a restored histori
cal site. It is approximately 300 ft (91 m) long, 68 
ft (21 m) wide, and 16 ft (5 m) high. It is of the 
single-barrel design and lined with tile. 

MEASUREMENT METHODOLOGY 

'!'he basic approach to this study was to collect and 
evaluate traffic noise at a site where a well
traveled highway enters a tunnel. The highway pass
inq throuqh the tunnel used in this study has an 
av~rage annual daily traffic of 45,000 vehicles. 
Twelve noise-measuring sites were chosen around the 
tunnel entrance, six on top of the tunnel and six in 
front of the tunnel at traffic elevation. The loca
tions are shown in Figure 4. The field instrumenta
tion for this study consisted of Bruel and Kjaer (B 
& K) 2209 and 2004 sound-level meters with 1/2-in. 

Minnesota Department of Transportation, Transporta
tion Building, St. Paul, Minn. 55155. 

condenser pressure-type microphones and windscreens. 
The data were gathered with the method described in 
an FHWA report, Sound Procedures for Measuring High
way Noise (SPMHN) (_!). The height of each microphone 
was 5 ft (1. 5 m) above ground for both the top and 
front tunnel locations (see Figure 5). The micro
phones in front of the tunnel were located 23 ft (7 
m) away and perpendicular to the median of the traf
fic at 7, 20, 32, 57, 107, and 160 ft (2, 6, 10, 17, 
33, and 49 m) north of the north tunnel portal. The 
microphones on top were 7 ft (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 lA, 6, and 7 were 
measured on a different day than the other sites. 
Experience has shown that when the distance between 
source and receiver is less than 50 ft (15 m), 
changes in meteorological conditions will not affect 
the overall trend in the measurement results. The 2 
days used for the measurement period were both simi
lar in meteorological and traffic conditions. The 
highway approaching and leaving the tunnel has no 
significant grade or curve. 

DATA ANALYSIS 

The measured noise values were determined in the 
form of statistical descriptors. Of particular in
terest were Lio• L50 , and L9o· The 95 percent confi
dence limits were determined as described in SPMHN 
<!>·The values are presented in Table 1. The column 
labeled Corrected Lio in Table l represents the 
middle value within the interval of the confidence 
limits. Graphic plots were made of decibel level 
versus distance from the tunnel portal. 

RESULTS 

The graphic plots shown in Figure 6 indicated that 
the sites on top of the tunnel (i.e., Sites 1, 2, 3, 
and 4) have a very abrupt drop-off rate in noise 
level. Increased noise at the tunnel portal due to 
reverberation within the tunnel for these sites is 
insignificant beyond 30 to 40 ft (9 to 12 m). Figure 
6 also shows that the sites in front of the tunnel 
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FIGURE 1 Proposed scenic overlook. 

--

FIGURE 2 Test tunnel, view 1. 

FIGURE 3 Test tunnel, view 2. 
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(i.e., Sites 5, 6, 7, 8, 9, and 10) have a drop-off 
in noise level less abrupt than that of the sites on 
top of the tunnel, but still rapid. Increased noise 
at the tunnel portal due to reverberation within the 
tunnel for these sites is insignificant beyond 60 to 
70 ft (18 to 21 m). The noise levels and site de
scriptions are given in Table 1. For measurement 
sites in front of the tunnel, the variability of the 
traffic noise increases with distance from the 
portal. For the sites on top of the tunnel, the 
variability of the traffic noise decreases with dis
tance from the portal. This is indicated by observ
ing the values in the column label~d L10-L50 in 
Table 1. Table 1 also indicates that Site 5 is under 
the influence of the tunnel noise reverberation. 
Sites 9 and 10 are beyond the effects of the tunnel 
noise reverberation. The difference in L10 between 
Sites 5 and 9 is approximately 7 dBA. The tunnel 
noise reverberation increases traffic noise by 7 
dBA. By observing the L9o-values in Table 1, it 
can be seen that at Site 5 the level is above 83 dB 
90 percent of the time. At Site 10 it is above 74 dB 
90 percent of the time. 

CONCLUSION 

The increase in noise at a tunnel portal due to re
verberation within the tunnel decreases rapidly for 
receivers on top of the tunnel with distance behind 
the portal. An acceptable traffic noise-mitigation 
technique may be a band of dense foliage 40 to 50 ft 
(12-15 m) wide, which would prevent receivers from 
approaching the noisy area directly behind the 
portal. 

It may be concluded that the L10-L50 difference 
(noise variation) decreases as the distance behind a 
tunnel portal increases when the listener is on top 
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FIGURE 5 Instrument set-up. 

TABLE 1 Site Location, Sound Pressure Levels, and Traffic 

95% 
Lio Confidence Corrected Lso 

Location and Site (dBA) Limits L10 (dBA) (dB A) 

On top of tunne 1 
JA•,b : 7 ft north of north portal 85 +3 1/2 86 79 

-1 1/2 
1: 2 ft south of north portal 79 ±2 1/2 79 73 
2: 10 ft south of north portal 73 +2 1/2 73 1/2 69 

-1 'l/2 
3: 15 ft south of north portal 69 +2 1/2 69 1/2 66 

-1 1/2 
4: 20 ft south of north portal 67 +2 1/2 67 1/2 64 

-1 1/2 
4A: 70 ft south of north portal 64 ±2 1/2 64 60 

West walk of Mississippi River Bridge 
5: 7 ft north of north tunnel portal 91 ±1 1/2 91 87 
6": 20 ft north of north tunnel portal 88 ±2 1/2 88 83 
7": 32 ft north of north tunnel portal 85 +2 1/2 85 1/2 81 
8: 57 ft north of north tunnel portal 84 +2 1/2 84 1/2 81 
9: 107 ft north of north tunnel portal 84 +2 1/2 84 1/2 80 

-1 1/2 
10: 160 ft north of north tunnel portal 83 +2 1/2 83 1/2 79 

Note: Average speed (mph): nutomobiles, 48. l; standard devfation, S.4; trucks, 46.2; standard devfation, 6 .B ~ 

~These sites were measured on a different day than the other siles. 
This measurement was made by holding the microphone, mounted on a range pole, out over the top of the tunnel. 

L9o 
(dBA) 

68 

62 

61 

83 
77 
73 
77 
76 

74 

' 

L10-Lso 
(dBA) 

6 
4 1/2 

3 1/2 

3 1/2 

4 

4 
5 
4 1/2 
3 1/2 
4 1/2 

4 1/2 
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FIGURE 6 Lio and Lso sound level versus distance. 

of the tunnel until ambient conditions exist. When 
the listener is in front of the tunnel and adjacent 
to the traffic flow, the L10-Lso difference increases 
as the distance from a tunnel portal increases until 
the free-field traffic noise exists. When the L10-Lgo 
value at the free-field site is compared with the 
L10-Lgo value from just inunediately outside the por
tal, it may be concluded that even though the vari
ability of the noise decreases in the tunnel, the 
noise pollution level (~p) (~) increases because 
of the large increase in the Lso inside the tun
nel. It may be concluded that the increase in traf
fic noise due to reverberation within a tunnel is of 
no particular consequence to receivers 60 to 70 ft 
beyond the portal. 

REFERENCES 

1. Sound Procedures for Measuring Highway Noise, 
Section 3. Report FHWA-DP-45-lR. FHWA, U.S. De
partment of Transportation, Aug. 1981. 

2. L.L. Beranek. Noise and Vibration Control. 
McGraw-Hill, New York, 1971. 

Publication of this paper sponsored by Conunittee on 
Transportation-Related Noise and Vibration. 



18 Transportation Research Record 1058 

Traffic-Related Noise as a Factor in Eminent Domain 
Proceedings 1n Florida 

WIN LINDEMAN 

ABSTRACT 

Traffic-related noise has become an increasingly important factor in eminent 
domain proceedings in Florida. The nature of the eminent domain process in 
Florida is expiored as it relates to the Florida Department of Transportation 
and traffic noise. Through the examination of five case studies, the impact of 
noise on condemnation cases is highlighted. On the basis of the developing case 
histories, it can be concluded that noise specialists, attorneys, and ap
praisers alike need to be prepared to deal with noise in a learned and profes
sional manner. 

Traffic noise is a fact of everyday life, whether 
one lives in Alaska or Florida. However, the liabil
ity of the state to compensate a property owner for 
traffic-related noise damages varies from state to 
state. It is the purpose of this paper to point out 
how traffic-related noise damage is addressed as 
part of the eminent domain proceedings in Florida. 

EMINENT DOMAIN PROCESS IN FLORIDA 

To better understand the nature of eminent domain 
proceedings in Florida, and how noise is involved, a 
brief review of the process is necessary. Eminent 
domain is defined as "the power of the sovereign to 
take property for public use without the owner's 
consent" (l,pp.1-7). In eminent domain proceedings, 
"noise is -treated as consequential damage," which 
means it is a direct result of the actions of the 
condemner (2,p.936-N2), although in Florida it may 
or may not be compensable. Sometimes noise is also 
treated as proximity damage. This is a damage re
sulting from the nearness of the property to the 
noise source. This could be the case if a highway 
location were moved next to a hospital's front door 
without actually touching the building, even though 
some of the land may have been taken from the hospi
tal. This is not considered as a direct taking. The 
Florida constitution is structured so that Florida 
is a "taking" state and not a "damage" state. This 
means that the state pays only for the taking of 
property and not for damages to those properties. 
However, Figure 1 shows that this principle can vary 
once the state passes the test of severe damage, 
which the courts treat as a taking. To date, the 
Florida courts have held that "alleged damages to a 
resident's property not actually taken for highway, 
resulting from increased noises, dust and vibra
tions, were not compensable" (3). Florida is in a 
position where the courts have ruled that noise does 
not constitute a taking and therefore is not compen
sable, yet noise is frequently an issue in condemna
tion actions in Florida. 

If property is required for a state highway proj
ect in Florida, the Department of Transportation 

Florida Department of Transportation, 605 Suwannee 
Street, Tallahassee, Fla. 32301. 
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FIGURE I Severe damage test. 

(DOT) will establish a fair value for the parcel (or 
portion thereof) of land needed, using the appropri
ate appraisal technique. The appraisal will become 
the basis for an offer to the property owner. 

Should the property owner not be satisfied with 
the offer, the Department may, under Florida Statute 
Chapter 74, "take possession and title in advance of 
the entry of final judgment" (j_,pp.31-270). This is 
done by filing a declaration of taking. Once the 
declaration is served (which includes a good faith 
estimate of value) and an order of taking is granted 
by the court, "the fair estimate value must be de
posited in the registry of the court. The purpose 
for making a good faith estimate is to fix a basis 
for withdrawal by the owner from the deposit, so 
that the owner will have the use of the money as the 
petitioner (DOT) has the use of the land" (_!). 

After the order of taking but before the trial, 
numerous opportunities exist for both the property 
owner and the DOT to alter their stance and reach a 
mutual agreement. To ensure that the property owner 
is on an equal basis with the condemner (in this 
case DOT), Florida law requires that DOT "must pay 
the owner's attorneys' fees and necessary expenses 
incurred in his defense of the proceedings" (_!). 
This also holds true for appellate actions. The 
court will establish what fees and expenses are nec
essary and appropriate. It is during this time frame 
that DOT has normally resolved noise issues and set
tled with the property owner. In two major suits, 
however, the case went to trial and through the ap
peal process. The results will be discussed later in 
this paper. 
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PROPERTY INTERESTS SUBJECT TO CONDEMNATION 

When the entire parcel is taken (total take), there 
usually is no difficulty with noise as an issue. It 
is when the Department takes a part of the property 
(partial take) that noise has become a significant 
issue. This may result in the awarding of severance 
damages in addition to the value of the property 
taken. The amount of damages allowed (or awarded if 
established by the court) is generally determined on 
the concept of "before and after, which poses the 
question: What was the value before the taking; and 
what is now the market value after the taking?" (!l. 
One way to mitigate severance damages is to provide 
the "cost to cure," which restores the remaining 
property and all improvements to their original use 
and value. To use this approach, the first step i s 
to establish the total value of the damages. Then, 
after the damages have been determined, a method to 
"cure" the damage is proposed. If the cost to cure 
the damage is less than the estimated damage, this 
mitigation method may be used. This approach has 
frequently been used when noise is one of the issues 
in a condemnation proceeding. 

Inverse condemnation suits 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 involve a physical invasion and 
the courts more readily find a taking to have oc
curred when there has been a physical invasion. But 
the real test is found in the degree that the owner 
is deprived of the use and enjoyment of his property 
by whatever means, "physical invasion or not" (4). 

One of the important distinctions between a-typi
cal taking and inverse condemnation is in the finan
cial arrangement. "The owner's reasonable costs and 
attorneys' fees are taxable against the governmental 
agency if the inverse condemnation action is suc
cessful. If the owner is unsuccessful in maintaining 
the inverse condemnation action, costs are taxable 
against him as in other civil actions" (!I. 

CASE STUDIES OF NOISE IN FLORIDA EMINENT DOMAIN 
PROCEEDINGS 

Five cases will be examined to see how the courts 
and DOT have addressed the issue of highway traffic
related noise as part of the eminent domain process 
in Florida. The case studies will be listed in 
chronological order (rather than by category) to 
illustrate how the issue of noise has varied over 
time. 

Northcutt v. State Road Department (l_ ) 

In the case of Northcutt v. State Road Department 
(1968), the Northcutt family filed an inverse con
demnation suit against DOT, alleging damages to 
their residential property not actually taken for 
highway construction (Figure 2). They believed that 
the increased noise, dust, and vibration changed 
their quiet residential side street to a haul route 
during construction. Following the construction ac
tivities, the close proximity of Interstate 95 (Fig
ure 3) caused structural damage to their house and 
the traffic caused "excessive shock waves, vibra
tions, and noises, at all hours of the day and night 
which impaired their heal th and caused them to lose 
sleep, become ill and nervous and deprived them of 
the use and aesthetic beauty of their property, 
causing it to lose its value for residential pur
poses so that it cannot be sold or financed for any 
use or purpose" (]_). 
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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 generally be a trespass or physical in
vasion, since (the Florida) constitution does not 
provide compensation for mere damage" (3). The court 
indicated that "low flying jet aircraft with their 
great speed and noise have brought about serious 
legal problems for adjacent land owners" but the 
"plight of the property owner in this case is not 
the same ••• but is indistinguishable f rom that of 
thousands of their fellow country men whose homes 
abut highways and railroads and who endure the noise 
without complaint" (]_). Had the landowner shown that 
he was "severely" damaged, the outcome might have 
been different. 
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Department of Transportation v . Wes t Pal m Be ach 
Ga r de n Cl ub , e t a l. (_~) 
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The judge pointed out that "the bulk of the 
$1, 700, 000 award was to build a wall on land not 
taken and on which there was no physical invasion or 

The next cas e i nvolves the Departmen t o f Transporta - trespass" <il . In considering the noise increase to 
----~t~i~o~n!......:v~.'----1~qe~s"-"-t--"-P~al~m!!!_~B~e~a~c"h--"'G~a~r~d~e~n'-"C~l~u~bu.'-"e~t.._,a~l.._._.__.c~1~9~7L7~1 A. __ _._tb.e--pa~useG-Gy--I 95 t£a~~ie-,-Judqe---betts-nAe~t•e~d--------

In this case, the DOT was ordered by the Circuit that this "is no more of a 'taking 1 than has been 
Court of Palm Beach County to pay $644,275 for the inflicted on countless tens of thousands of Florida 
value of the land taken for the construction of In- residences • • • whose occupants endure the conse-
terstate 95 and $1. 7 million in severance damages• quences of endless traffic noise. . The damaqe 
The DOT appealed this case on the basis of six dif- to Dreher Park is no different in kind from that 
ferent points of law related to eminent domain. suffered by anyone else similarly situated" (~). 
Three of those points related to noise because This again points out the importance of the land-
$1,477 ,500 of the jury award for severance damages owner's showing "severe" damage by the state. 
involved the construction of a noise barrier wall. The city tried to portray Dreher Park as a pas-

The property taken involved a small portion of a sive park where quiet was important and the noise 
city park (Dreher Park) (Figure 4) that the owner from the highway would destroy this tranquility. The 
claimed as a place of quietude and passive use. Cit- court questioned how this could be at a park "one 

and one-half milco u.wu.y from touchdown, next to a 
screaming jet glide path for a major airport, six 
blocks from US #1, bounded on the north and south by 
major arteries, bisected by a third, and bordered by 
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FIGURE 4 Dreher Park before take . 
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ing the famous Dennison case in New York, the 
owner's attorney was successful in convi nc ing the 
jury that the construction of a noise barr ier was 
necessary to preserve the usefulness of the park. 

On appeal, the DOT pointed out that "mere highway 
noise as such, not coupled with a physical invasion 
or trespass, is not compensable in a condemnation 
proceeding" (il. They also noted that the "award of 
severance damages for (the) purpose of curing noise 
from (a) highway by constructing (a noise barrier) 
wall to preserve (the) tranquility of (the) park was 
(in) error, in view of (the) indication that the 
noise increase did not preclude use of (the) park as 
a park and that the park was not a secluded and 
p.ec1ct!(ul lJ<lt:k" (~). Finally, the IJU'l' pointed out 
that noise from the highway would not damage the use 
of the zoo, science museum, and planetarium within 
the park and a nearby golf course because they "were 
not substantially deprived of their beneficial use" 
(il· 

The Fourth District Court of Appeal reversed the 
lower court's decision regarding the severance dam
ages on July 26, 1977. Judge Letts, in writing the 
reversal opinion, noted factors that the jury ap
peared to over look. He noted that the park land had 
originally been sold to the city by the state . of 
Florida for $100 and that the city was told at the 
time of the sale that a major highway was to be built 
through that location. The city converted this par
cel of raw land of swamp, muck, and sand into an at
tract:ive, active parK. In 1952 the city gave the 
state some of the land back for use in construction 
of a highway. At a later date an additional 150 ft 
of linear park land was condemned for the construc
tion of I-95. Judge Letts noted that the city did 
not identify noise as a damage factor in the begin
ning of the condemnation suit. As a matter of fact, 
the city was very supportive of early completion of 
1-9:. i n this area and urged the DOT to forego any 
additional environmental impact studies that might 
delay the project. 

the Seaboard Airline Railroad tracks. Moreover, the 
park itself has a zoo, a museum, ball fields, model 
airplane club, and immediately to the north, an 
electrical substation" (~) (Figure 5). 
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On the basis of the evidence presented, the en
tire severance and cost-to-cure award of $1,700,000 
was reversed and sent back to the trial court for 
review. The outcome was that the severance damages 
(cost to cure) were reduced from $1,700,000 to 
$72,500. 

Departme nt o f T.ransportat i o n v. Elme r R. Har jula , 
et al. 

In the case of State of Florida Department of Trans
portation v. Elmer R. Harjula, et al. (1984), the 
DOT sought to acquire a total of 19, 284 ft' of 
property from the Garden Lakes Homeowners Associa
tion, Inc. (Figure 6). This land, referred to as 
"the common areas" (shared by the members of the 
homeowners a s s ociation), is part of a large condo
minium property . The property was needed for the 
construction of I-95 in northern Palm Beach County 
a nd the expansion of Military Trail, a local arte
rial (Figure 7). 

During the environmental assessment process, a 
noise study was conducted that indicated that there 
could be noise impacts in the area of the subject 
property. The need for abatement was explored and a 
noise barrier wall was recommended. A subsequent 
noise analysis reversed the previous study and 
stated that abatement was not necessary. As final 
design was approached and right-of-way takings pro
ceeded, the issue of noise and noise abatement was 
raised by the attorneys for the homeowners associa-
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FIGURE 6 Garden Lakes condos before take. 

FIGURE 7 Garden Lakes condos after take. 

tion. The homeowners' contention was that noise 
would be a problem and abatement should be provided 
at the expense of the Department. 

Several abatement alternatives were suggested for 
consideration, 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 the 
noise issue was properly addressed and that the 
project schedule was maintained, it was suggested 
that the DOT attorneys contact the homeowners asso
ciation about a possible award to allow the home
owners to design and build their own noise barrier 
on their own land. 

This suggestion was met with approval by the 
homeowners association and on December 11, 1984, the 
DOT entered into a stipulated final judgment for the 
sum of $200, 000. This amounted to $27 ,600 for the 
land taken and approximately $172,400 as cost to 
cure, notably to erect a noise barrier on the prop
erty of the homeowners association. 

Department of Transportation v. Ken·neth P . 'l'homa·s, 
et al. 

Another case in Palm Beach County, State of Florida 
Department of Transportation v. Kenneth P. Thomas, 
et al. (1985), involved the Gardens Baptist Church 
of Palm Beach Gardens. The widening of Alternate 
A-1-A (State Road 811) from a two-lane to a four
lane roadway required the taking of approximately 
19 ,000 ft 2 of church property. In the before set
ting (Figure 8), the main church building was lo-
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cated some 121 ft from the centerline of the high
way. After construction, the centerline of the 
northbound roadway (closest to the front of the 
church) was 47 ft from the church (Figure 9). 

The owners of the church believed that the ad
verse impact on the church resulting from traffic 
noise would not be tolerable unless the building was 
relocated on the eastern portion of the church prop
erty. This would put the church at a distance from 
the highway that was similar to that before construc
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 building, a concrete-block structure. 

The Department's attorney questioned the wisdom 
of this expenditure and requested a special noise 
study. The results of this investigation identified 
two mobile homes that were being used as classrooms 
for Sunday School and for a day school during the 
week. Although the adverse impact from noise on the 
church was determined to be minimal and did not war
rant relocation of the church, the portable class
rooms presented a totally different problem. 

Two methods to relieve the noise problem were 
suggested in the noise study. One was to construct a 
noise barrier wall on the DOT right-of-way at an 
estimated cost of $52, 000. The second alternative 
was to relocate the portable classrooms on the east 
side of the church and use the church building as a 
noise screen. This relocation was estimated to cost 
$5,000. 

Before the trial, the attorneys for both parties 
met, along with the noise experts and the appraisers 
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for both sides. Negotiations led to the conclusion 
that some remodeling of the church would enhance its 
utility and also reduce interior noise l evels. This 
cost to cure was shown to be less than the estimated 
severance damages. The cure involved relocating the 
front entrance of the church, replacing single-paned 
windows with double-glazed windows, and relocating 
the two portable classrooms. 

The stipulated final judgment, signed on January 
4, 1985, awarded the church $73,245 for full payment 
for the property taken and for damages to the re
mainder. This breaks down to $19 ,660 for the land 
and $53,585 for damages, of which $34,385 was needed 
to cure the noise problems. 

Depa.rtment of Transportation v . Gideon Clack, et al. 

The final case study to be reviewed also involved a 
church. In the State of Florida Department of Trans
portation v. Gideon Clack, et al. (1985), the DOT 
needed to acquire 175 ft 2 of land from St. Michael 
and All Angels Church. This Episcopal church, lo
cated in Tallahassee, was situated in a quiet resi
ilential area of the city (Fi<)ure 10). The reali<)n-
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FIGURE 10 St. Michael and All Angels Church before take. 

ment and extension of a pair of existing one-way 
streets resulted in the takin<) of a small corner of 
the subject property. 

During the condemnation proceedings, the church 
contested the appraiser's valuation, which was set 
at $450. They claimed that the church was going to 
be a total loss because of the proximity to an arte
rial highway (Figure 11) and all the noise, traffic, 
and loss of on-street parking. The church sought 
$339,000 on the basis of the value of the property 
in the before setting. 

A review of the environmental studies and the at
tendant noise study revealed that no significant 
noise imp~cts were expected. By using an indoor-out-
door noise loss comparison and assessing a second 
church in a similar setting located on the existing 
arterial one-way pair, the court determined that no 
loss of utility to the first church was anticipated. 

The final judgment, signed on January 24, 1985, 
awarded the church $10 ,000 for the property taken 
and damages. This amounted to $450 for the value of 
t he land and $9,550 for damages. Nul~e wati nut ~~~a
rated from other damages, but its contribution was 
considered negligible. 

In both cases involving churches, the DOT staff 
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FIGURE 11 St. Michael and All Angels Church after take. 

attorneys were of the opinion that a jury trial 
would have been detrimental to the Department's po
sition. This is based on experience and a knowledge 
of the importance of quiet in the church setting, 
accentuated by an emotional involvement. In his Rec
ommendation of Settlement, one DOT attorney noted 
that "the moral to be gained is that in Leon County 
aesthetic-type issues such as destroying shrubbery, 
taking trees or churches, or running up against 
'little old ladies,' are troublesome for a condemn
ing authority" (§_,p.3). 

SUMMARY AND CONCLUSION 

It is evident that Florida courts and attorneys in
volved in eminent domain proceedings have come to 
recognize noise as an item to be considered in the 
taking of property where there is a remainder. Al
though the courts have held that noise is not com
pensable unless the test of "severe" damage is met, 
it may be considered in severance damages. As each 
year passes, more and more highway projects will be 
facing noise as an issue in eminent domain proceed
ings. 

This leads one to the conclusion that noise spe
cialists must do a very thorough job ot documenting 
existing and future noise conditions in their envi
ronmental review, especially for sensitive sites 
such as churches. In addition, attorneys and ap
praisers alike will need to address noise impacts as 
a possible damage issue and be prepared to deal with 
noise in a learned and professional manner. 
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Analyzing Construction Noise by a Level/Duration 

Weighted Population Technique 

WILLIA.l\f BOWLBY, ROSWELL A. HARRIS, and LOUIS F. COHN 

ABSTRACT 

A technique is described for comparing the potential noise impacts of construc
tion hauling for a number of project alternatives. The technique is used on a 
modification of the level weighted population method to account for the dura
tion of the hauling activity on the various haul route links; the resultant 
descriptor is termed Level/Duration Weighted Population (LDWP). A complex 
microcomputer spreadsheet was developed to facilitate data entry and calcula
tion of LDWP for a base case and each study scenario, as well as a relative 
change in impact (RCI) over the base case for the scenarios. 

River flood control construction projects funded by 
the U.S. Army Corps of Engineers require environ
mental assessments. Project alternatives typically 
include the construction of tall levees or flood 
walls or the cutting of channels to divert the river 
flow from floodplain. Such projects can take as long 
as 6 to 7 years to construct; hence, a serious po
tential impact of the project can be construction 
noise--in particular, the extensive material-hauling 
operations. 

To assess and compare the construction haul-noise 
impacts of a set of different alternatives for a 
flood control project in Harlan, Kentucky, a tech
nique was developed that considered existing commu
nity noise levels, future haul-noise levels, dura
tion of haul activities, and population densities. 
In this paper that technique is described; it was 
implemented with a sophisticated microcomputer 
spreadsheet program. 

w. Bowlby, Vanderbilt University, Box 96-B, Nash
ville, Tenn. 37235. R.A. Harris and L.F. Cohn, Speed 
Scientific School, University of Louisville, Ky. 
40292. 

PROBLEM DEFINITION 

Harlan, Kentucky, and its neighboring communities of 
Loyall, Rio Vista, and Baxter ar.e located along the 
Cumberland River and two of its forks in Southeast 
Kentucky (1). The study area, sh~wn in Figure 1, is 
characteri;ed by steep-sided valleys with most of 
the commercial and residential development concen
trated in narrow floodplains. Major floods occur 
mostly in the winter or spring; the flood of record, 
in April 1977, crested at over 30 ft above gauge 
zero. To minimize potential future damage, the Corps 
is evaluating a series of alternatives for flood 
control (.!_). These alternatives include the follow
ing: 

1. A-77: Building levees and flood walls in the 
Harlan and Loyall areas for the 1977 flood levels. 

2. A-SPF: Same as A-77, but for the Standard 
Projected Flood level. 

3, B-SPF-Filled: Cutting new channels through 
the 200- to 300-ft high hills behind Harlan and 
Loyall, building diversion dikes along the river at 
the ends of these channels, and filling in the ex
isting riverbeds between the diversion dikes. 

4, B-SPF-Unfilled: Same as B-SPF-Filled, but 
leaving the riverbeds unfilled in the diversion 
areas. 
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FIGURE I Project area, Harlan County, Kentucky. 

5. C-SPF-Filled: A combination of A-SPF in the 
Harlan area (new channel) and B-SPF-Filled in the 
Loyall area (flood walls and levees). 

6. C-SPF-Unfilled: The same as C-SPF-Filled, but 
leaving the riverbed in Harlan unfilled. 

Early in its alternatives analysis process, the 
Corps identified several potential short- and long
term noise impacts that warranted additional inves
tigation. The major long-term impact dealt with 
traffic noise, namely, 

1. A potential increase in levels in Harlan be
cause of reflections off flood walls and 

2. A potential decrease in levels in Loyall be
cause of relocation of State Route 840 along a bench 
cut in the Loyall channel. 

Secondary long-term impacts dealt with railroad 
noise, namely, 

1. A potential increase in levels because of re
flections off the flood walls in north Loyall and 
south Harlan and 

;;. • A potential decrease in levels because of 
shielding by the flood walls in western Loyall. 

The major potential short-term noise impact, as 
defined by the Corps, dealt with construction. Al
though there would be many sources of noise during 
construction, the scope of services for the project 
noted that the only source to be analyzed quanti ta
tively was the trucK hauling. une should note that 
in this case the qualifier "short-term" implies a 
4- to 7-year duration, depending on the chosen al-
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ternative. The impact analysis technique described 
in this paper will be limited to the haul-noise im
pact assessment strategies. 

CRITERIA AND MODELS 

A major consideration in the analysis was that much 
of the hauling would be on the existing road net
work. As a result, the existing noise environment 
for the potentially affected residences was estab-
1 ished largely by highway traffic. The assessment 
technique thus needed to accommodate impact criteria 
and prediction methods for construction haul trucks 
as well as for conventional highway traffic. 

Time-Averaging Concept 

Accepted er i ter ia for transportation and construc
tion noise impacts deal with the "time averaging" of 
the acoustic energy reaching a sensitive receptor. 
The averaging is done over different time periods 
depending on the noise source. The time-averaged 
level, or A-weighted equivalent sound level, is com
monly abbreviated Leqr with units of decibels 
(dBA). The A-weighting refers to an attenuation or 
amplification of the sound pressure levels of the 
different frequencies composing environmental noise 
to simulate human hearing response. 

Traffic Noise Criteria 

For traffic noise, FHWA requires state highway agen
cies to use the hourly time-averaged level [Leq(lh) 
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or Leq(h)] or the hourly 10th-percentile exceedance 
level [L10 (h) l (~). Traffic noise predictions are 
done for the "worst" noise hour, which typically oc
curs during the daytime, inclusive of the morning 
and evening rush periods, 

The FHWA noise standards (2) indicate that noise 
mitigation must be considered- when (a) the future 
"design-year" project levels "substantially exceed" 
existing levels and (b) the future levels "approach 
or exceed" stated noise abatement criteria. For res
idential land use, the criterion is an Leq(lh) of 
67 dBA, Note that these criteria define when mitiga
tion must be considered, not when an impact occurs. 
Although not stated in the noise standards, subse
quent FHWA policy guidance suggests that impacts oc
cur when the Leq(lh) exceeds 55 dBA (~). The stan
dards also do not define the phrase "substantially 
exceed," although many agencies have settled on an 
increase of 10 to 15 dBA as an indication of impacts 
worthy of mitigation study. 

Construction Noise Criteria 

For construction noise, the U.S. Army Construction 
Engineering Research Laboratory (CERL) supports use 
of a measure called the representative level (LA) 
(~) • LA is defined by a Society of Automotive Engi
neers (SAE) measurement procedure, which was devel
oped before the common availability of integrating 
sound-level meters (2), as follows: 

n 

LA= l (LA)i/n 
I=l 

(1) 

where (LA)i are those sound-level samples that fall 
within a range from the maximum sampled level to 6 
dB less than the maximum sampled level [e.g., if the 
maximum sampled level was 70 dB, all sound-level 
samples from 64 to 70 dB would be (LA) i values] 
and n is the number of (LA)i values used for 
computing the arithmetic average. 

LA is related to the time-averaged level (Leql by 
the fraction of samples within 6 dB of the highest: 

Leq LA - t. (2) 

where 

t. 0 dB for 0.8 < (n/60) .s. 1.0, 
1 dB for 0.7 < (n/60) .s. 0.8, 
2 dB for 0.6 < (n/60) .s. 0. 7, 

.. 3 dB for 0.5 < (n/60) .s. 0.6, 
= 4 dB for 0.4 < (n/60) < 0 .5, 

5 dB for 0.3 < (n/60) 3: 0.4, 
"" 7 dB for 0.2 < (n/60) < 0.3, and 

10 dB for 0 < (n/60) < 0.2. 

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

In addition, the CERL impact criteria specifica
tions address noise generated within the construc
tion boundary; they do not address trucks hauling 
beyond the site (~_) • Nor does the FHWA have con
struction noise impact criteria; as guidance, it 
suggests that users could develop their own criteria 
by considering absolute levels as well as relative 
differences in levels (§) • 

The FHWA noise standards address construction 
noise but do not require prediction of construction 
noise levels for federal-aid highway projects (~). 
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However, FHWA models are available that predict 1-hr 
or 8-hr time-averaged levels [Leq(lh) or LeqC8h)] 
<lr.~) • One component noise source in the FHWA con
struction noise model is the haul truck. The model 
requires specification of an hourly flow rate 
(trucks per hour), thus assuming a constant flow 
throughout the day. As a result, the predicted 
hourly Leq will be equal to the 8-hr average. Because 
haul-truck noise generation is so similar to normal 
highway truck noise generation and because the haul 
trucks will often travel the same paths as does the 
normal traffic, the most appropriate measure for 
studying haul-truck noise for this project was the 
hourly Leq or Leq(lh). 

Reiative Change in Impact 

Because this study needed to gauge the impact of the 
introduction of the construction haul traffic to a 
static situation, it was appropriate to use some 
method of comparing "build" and "no-build" levels. 
Such a method was described by Kugler et al. in 1976 
(§). The method is based on the concept of the 
level-weighted population (LWP), also referred to as 
"fractional impact." The method uses the "day-night" 
time-averaged level, or Lan• which is a 24-hr average 
of acoustic energy where 10 dB is added to all val
ues between 10:00 p.m. and 7:00 a.m. as a penalty 
for nighttime sensitivity. 

A scale is established where an Lan of 55 dB is 
assumed to "highly annoy" zero percent of the popu
lation, whereas an Lan of 75 dB is assumed to 
highly annoy 100 percent of the population. The 
number of people exposed to different Lan values 
for each case is then weighted according to the I.an 
values. An "equivalent highly annoyed" population 
(or level-weighted population) is then computed for 
the base case and the alternative being studied. 
Mathematically, 

n 
LWP (3) 

i=l 

where Pi is the number of people exposed to day
n ight level <Lanli and n is the number of Lan values 
or ranges used in the calculations typically; the 
calculation is performed by grouping subjects in 
5-dB Lan bands. 

A relative change in impact 
puted by subtracting the LWP 
(LWPbasel from the LWP for 

(RCI) is then com
for the base case 

the alternative 
(LWPa1tl, dividing by the base-case LWP, and mul
tiplying by 100: 

RCI = [(LWPal t - LWPbasel /LWPbase] x 100 (4) 

The LWP values for each case are also good indi
cators of the absolute impact as compared with an 
Lan of 55 dB. The RCI method has been used for 
nontraffic noise sources as well, as illustrated in 
the U.S. Environmental Protection Agency background 
document on rail carrier noise standards (1). 

For the flood control study, it appeared that a 
slightly modified version of the RCI method was the 
most appropriate to compare the various construction 
haul scenarios for each project alternative. Instead 
of using a 24-hr Lan• which is appropriate rail
road noise, the hourly Leq was used. Kugler et al., 
as well as the EPA, suggested that an Lan of 55 dB 
was an indicator of zero percent highly annoyed. As 
noted ear lier, FHWA considers a traffic noise Leq 
(lh) of 55 dB to also represent no impact. Given the 
similarity of haul-truck noise to traffic noise, the 
construction noise LWP values could also be computed 
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by using a 55-dB Leq ( lh) as the base line value. 
The LWP for the various construction ha ul scenarios 
could then be compared with a base-case LWP, which 
would be caused by traff i c nois e with no project 
haul trucks. Thus, the relative impacts of each haul 

-----""~ y compu l.On o e I . 

Traffic Noise Model 

Once this means of quantifying and comparing impacts 
had been selected, the next step was to choose 
models to prP.cHct future noise leve1·s for traffic 
and construction haul trucks. 

The accepted model for traffic noise is the FHWA 
Highway Traffic Noise Prediction Model (10), which 
consists of the basic acoustics equations for sound 
emission a nd p r opagat i on and at t enuation by bar
riers. Several methods are ava ilable for using the 
model, including charts, nomographs, and various 
levels of computer programs. The nomograph method 
was the most appropriate for predicting base-case 
traffic noise levels given the general nature of the 
site modeling. 

Several methods are available to predict haul
truck noise, including the FHWA HICNOM computer pro
gram (!!l and the FHWA Highway Traffic Noise Predic
tion Model <lQ). The methods are similar in concept 
for the truck noise source, differing in the values 
for the basic emission-level equation. On the basis 
of observations by the study team during field 
sound-level measurements, the trucks currently in 
use in the project area for hauling coal have emis
sion levels similar to the typical heavy truck 
modeled in the FHWA traffic noise model. These coal 
haul trucks, including muffler systems, are rela
tively new and generally well maintained. It was 
anticipated that many of these same, or similar, 
trucks would be employed for hauling during the 
flood control project construction. Therefore, it 
was appropriate to model them by using the heavy
truck vehicle type in the FHWA traffic noise model 
and use that model to predict hourly haul-truck 
Leq-values. 

STUDY METHOD 

The study method cons isted of a series of steps. 
First, the LWP technique needed to be modified to 
incorporate the duration of cons t r uction hauling in 
a particular area. This modific ation was a key fac
tor in the analysis technique. Next, a haul network 
and haul scenarios were developed for each project 
alternative. Then, base-case impacts were determined 
as a basis for comparison with hauling impacts. Fi
nally, the hauling impacts were determined and used 
to compute changes in impact relative to the base 
case. These steps are discussed in detail in the 
following paragraphs. 

Consideration of Haul Duration 

As noted earlier, the RC! technique is based on the 
fractional impact or LWP concept, which, in its sim
plest form, states that the impact on a few people 
exposed to high noise levels is equivalent to the 
impact on a larger number of people exposed to lower 
noise levels. In this technique, a person exposed to 
a level of 55 dB or less is assumed to receive zero 
impact, whereas a person exposed to a level of 75 dB 
is assumed to receive 100 percent impact. A linear 
change in impaci.. i~ i:.ht=n applied for those exposed 
to levels between 55 and 75 dB; for example, a per
son would be considered 25 percent impacted a t a 
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level of 60 dB, 50 percent impacted at a level of 65 
dB, and 75 percent impacted at a level of 70 dB. 

The technique then involves the weighting of the 
population according to the noise -level exposures to 
de t ermine a n e u i valent · 
cent impacted. This normalization procedure thus 
gives a meaningful method to compare the relative 
differences between scenarios and hence alternatives. 

Construction noise analysis has an additional 
factor that needed to be considered. Traffic noise, 
which forms the base case or "do-nothing" alterna
tive, is typically considered a permanent type of 
noicc. However, construction is a temporary noise of 
finite duration. The analysis technique thus needed 
to account for the duration of the haul activities. 
For example, it is obvious that a person exposed to 
noise from 100 haul trucks per hour for 2 years 
would be more seriously impacted than a person ex
posed to the same number of trucks for a 1-year pe
riod. The question is how to quantitatively compare 
the impact of the two situations. 

Guidance may be found in the CERL report on con
struction noise specifications (_!) , in which a log
arithmic relationship is used when durations are 
considered in its "maximum permissible" noise-level 
specification, normalized to a 32-day period. Spe
cifically, each halving of the duration of the ac
tivity would raise the perm i ss i ble noise level by 3 
dB. Mathematically, 

6duration = 10 log (duration/32) (5) 

Choice of the 32-day period by CERL was arbitrary, 
probably a compromise on a 1-month' s duration and a 
factor of 2 for ease of calculation. Thus, just as 
the dwelling units are normalized to an equivalent 
population that was 100 percent impacted, the haul 
operations of varying durations may be normalized to 
some base-case value. In this manner, one may rede
fine the LWP as a level/duration weighted population, 
or LDWP. 

During project discussions, it was determined 
that the longest construction period for any of the 
alternatives would be approximately 7 years. It was 
decided therefore to normalize the levels to this 
period. Based on an assumption of 45 work weeks per 
year, a 7-year period equaled 315 weeks. Thus, the 
construction haul noise levels were adjusted for the 
LDWP calculation by 

6duration = 10 log (duration/315) (6) 

Repre sentative Distance Bands 

In performing the fractional impact analysis, one 
could predict a precise noise level at every house 
along a project haul-road link. However, given the 
nature of the analysis, such precision would be un
warranted and probably deceiving. A much more effi
cient method, with little loss in overall accuracy, 
would be to group the dwelling units on the basis of 
their distances from the haul link. 

To accomplish this grouping, representative dis
tance bands needed to be defined. Typical distances 
for traffic noise predictions are 25, 50, 100, 200, 
and 400 ft. Based on sound-level propagation calcu
lations, five distance bands were defined: 10 . to 35 
ft, 35 to 70 ft, 70 to 165 ft, 165 to 280 ft, and 
280 to 560 ft. The band outer limits are such that 
for soft-site propagation (grassy ground cover) the 
level at a house located anywhere within a given 
band would be within 2.2 dB of the level at the cor
responding representative distance. 

Noise levels could then be computed at the five 
representative distances, and those levels applied 
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to all the houses within the corresponding distance 
bands. Thus, knowing the noise levels, adjusted for 
duration of activity, and the number of people ex
posed to those duration-corrected levels, one could 
compute an LDWP for a hauling scenario for a project 
alternative. 

Development of a Hauling 'Network and 
Hauling Scenarios 

Field reviews and project team meetings led to the 
definition of a series of links along existing roads 
or along construction roads that defined a potential 
network over which the haul trucks could travel. 
Figure 2 shows the link map on which a link is de
fined as a section of road connecting two numbered 
roads. 

Then, for each project alternative (A-77, A-SPF, 
B-SPF-Filled, B-SPF-Unfilled, C-SPF-Filled, and 
C-SPF-Unfilled), quantities were established of the 
amounts of material to be removed from a channel cut 
or to be used to build a diversion structure or fill 
a riverbed. Next, on the basis of construction se
quencing analyses, several scenarios were developed 
to accomplish the various haul activities, including 
hauling material from the Harlan or Loyall cuts to 
several potential disposal sites, hauling from sev
eral potential borrow areas to build the levees and 
diversion structures, and hauling material to fill 
the old riverbeds. Haul routes over particular links 
in the network were established for each scenario, 
and hourly haul-truck rates and weekly durations for 
the hauling activity were computed for each perti
nent link. 

FIGURE 2 Construction haul route link network. 
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Base-Case LDWP 

The next step in the analysis involved determining a 
base-case impact on the dwelling units in the vicin
ity of the haul-road links due to traffic noise dur
ing the construction period. 

The base-case traffic noise levels were computed 
for each distance for each link by using 1989 traf
fic data adjusted from 1982 data provided by the 
Kentucky DOT. Standard FHWA model equations for 
hourly Leq prediction on soft sites were used for 
automobiles, medium trucks, and heavy trucks, as 
follows: 

where 

[(L0 ) Eh + 10 log (Ni D0 /S) 

+. 15 log(Do/Dj) - 33.4 (7) 

38.1 log(S) - 2.4 for i = automobiles, 
33.9 log(S) + 16.4 for i medium 
trucks, 
24.6 log(S) + 38.5 for i heavy 
trucks, 

S vehicle speed (mph), 
Ni hourly flow rate of the ith vehicle 

type, 

33.4 

reference distance of 50 ft, 
perpendicular distance from the road 
to the receiver (ft), and 
constant adjusting for unit conversion 
and infinitely long soft-site propaga
tion. 

Levels were calculated for values of Dj of 25, 50, 
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100, 200, and 400 ft. Then, the [LeqCh) il 
were combined for the total hourly average 
level on the link at each distance [l.eq(h)T]: 

values 
sound 
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USE OF A MICROCOMPUTER SPREADSHEET 

To perform the analysis, a VisiCalc spreadsheet tem-
plate was developed (VisiCalc is a registered trade

rLeqiiTty~:04.~i ~,_,(...._h,_,)_..i].!4-jL/_.._l,,_0 1-l------(•~8~)---llll;A<C10i-!CHk1-<0)Jf._,1>l-'./ ii,s-s~~ds~net':•"P""l-w-a-s~o~s~e·A--------
l JJ - .-,, Ii -- L - J { in part because of its convenience for data entry 

For several of the potential haul links, no fu
ture highway traffic data were available, or no road 
actually existed. In these situations, the base-case 
noise levels were determined from field measurements 
of existing noise levels. 

A base-case LDWP was then computed for each of 
the five distance bands for each link, (LDWPuAsEljr 
based on the predicted traffic noise levels and num
ber of dwelling units within each band: 

(LDWPBASE) j 0 

o.05Pjj[LeqChlT]j - 55f 

if [LeqChlT]j < 55 dB 

if [Leq(h) T] j > 55 dB (9) 

where P · is the number of dwelling units in the 
j th bancf for this link. 

The base-case LDWP values for each distance band 
for a link were then arithmetically summed to get a 
base-case LDWP for the link. The LDWP values for 
each link were then summed to get a total base-case 
LDWP (LDPWaAsE>. This total was then used as a 
basis for comparison for all of the haul scb1ar ios 
for each project alternative. 

Construction Haul Scenario LDWP 

The next step was to determine the construction LDWP 
(LDWPcoNSTR) for the given haul scenario under study 
for a given project alternative. This calculation 
first involved computation of an average sound level 
at each representative distance for the construction 
haul traffic, [Leq(hlhaulljr on each link for that 
scenario, using the heavy-truck emission level in 
Equation 7. Then, the overall hourly average sound 
level at each representative distance , [Leq • 
(~lcon$ tl~, was determined by a logarithmic combina
tion Of t e base-case average sound level, [Leq • 
(h) T]j , and the duration-adjusted haul traffic aver
age sound level, C!.eg(hlha~ill j • ~n a s i milar manner 
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 noise levels. 

'l'hese distance-related LDWP values were then 
summed to get a total LDWP for the link. If a link 
had no construction traffic for a particular sce
nario, the construction scenario LDWP for that link 
would be equal to the base-case traffic LDWP. The 
total LDWP for the haul scenario (LDWPcoNsT) was 
then determined by arithmetically summing the LDWP 
value for each link in the project network. 

The RCI for each scei-1ar io was then determined by 

RC! = [(LDWPcoNSTR - LDWPBASE)/LDWPBASE] x 100 (10) 

Once RC! values were determined for each scenario 
for a given project alternative, a worst-case sce
nario could be defined for that alternative, and a 
worst-case RCI computed. Thus, the potential con
struction haul-noise impacts of each alternative 
could be compared as part of the overall study of 
the flood control project alternatives. 

and formatted output. The analysis called for a good 
deal of data entry. For example, the analysis net
work had over 30 construction and traffic links; for 
each scenario to be analyzed, the pertinent links 
had construction truck volumes and durations. Each 
link had base-case noise levels and numbers of 
dwelling units for each of the five representative 
distance bands. This extensive arrayed data entry 
was greatly simplified by the screen-editing feature 
of a spreadsheet. In addition, as over 40 individual 
scenarios needed to be analyzed for the project al
ternatives, a Gpreadsheet offered an efficient means 
for producing concise, readable output. VisiCalc was 
chosen because of its availability to the authors 
and their familiarity with it. 

Six similar templates were established, one for 
each project alternative. Each template had data 
common to all of the alternatives as well as data 
unique to each. The basic template consisted of four 
occtions, which are described in more delall in the 
succeeding paragraphs: 

1. A data base of the construction haul-truck 
volumes, travel speed, and durations of hauling 
along each link for all of the scenarios for a given 
alternative: this section was unique for each alter
native. 

2. A data base of a number of dwelling units and 
base-case traffic noise levels for each distance 
band for each link: this section was the same for 
each alternative. 

3. A look-up table, common to all alternatives, 
of haul-truck reference emission levels as a func
tion of travel speed. 

4. A calculation area for the construction haul 
sound levels, the LDWP for each link, and the over
all LDWP and RCI for the scenario; this area was 
utilized for each scenario for each alternative. 

Figure 3 shows a portion of Section 1 of the 
spreadsheet for the B-SPF-Filled alternative. Note 
that link names (LINK) consist 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 scenarios and alternatives, although these 
data would be easily changed variables. The rest of 
the columns of this section of the template are for 
entry of haul traffic hourly flow rates (VOL) and 
activity durations in weeks (DUR) for each scenario 
or case to be studied 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 material to be moved, location of borrow or dis
posal sites, and construction sequencing. These 
values were then simply entered into the correspond
ing cells of the spreadsheet template for that al
ternative. 

Figure 4 gives a portion of Section 2 of the 
spreadsheet. The data in this section remained the 
same for all of the alternatives. On the left, 
again, links are identified by node numbers. In the 
center, the number of dwelling uni ts is listed by 
distance band: these data were collected from maps 
and field reviews. To the right are the base-case 
daytime hourly traffic noise levels for the analysis 
year 1989 as a function of distance from the link. 
These data were either externally computed by using 
the FHWA model nomograph or assumed based on the ex
isting noise level field survey. (The data could 
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U.S. CORPS OF ENGINEERS 
HARLAN FLOOD CONTROL NOISE STUDY 
CONSTRUCTION HAUL NOISE ANALYSIS 

ALTERNATIVE: 

AREA 

DAYH 

CASE: 

LINK 

1-23 
1-29 
29-24 
1-2 

BSPF 

SPEED 

30 
20 
40 
50 

FC CASE 1: 
CASE 2: 
CASE 3: 
CASE 4: 

VOL DUR 

HARLAN CUT, NO BACK HAUL 
FHC-L/119, FLC-L/B-RIO, ROCK TO A/P 
FHC-L/119, FLC-L/B-RIO, ROCK TO A/P-L 
CASE 1 PLUS 3 

2 2 

VOL DUR 

3 

VOL 

64 
64 
64 

3 

DUR 

79 
79 
79 

4 

VOL 

64 
64 
64 

4 

DUR 

79 
79 
79 

5 

VOL 

---------------------------------------------------------------------
RIO 2-11 

11-12 
12-13 
13-25 

40 
40 
30 
20 

--------------------

64 
68 
64 

192 
192 
192 

64 
68 
64 

182 
182 
182 

64 
68 
64 

182 
182 
182 

FIGURE 3 Section of spreadsheet template: haul speeds, volumes, and durations for each case for an alternative. 

NO. OF DWELLING UNITS BY 
DISTANCE BAND FROM ROAD 

AREA LINK 25 50 100 200 400 
------------ · ------------------
DAYH 1-23 2 6 1 0 4 

1-29 7 2 2 4 3 
29-24 0 7 8 2 2 
1-2 1 3 0 2 0 

----·--- --------------------------
RIO 2-11 0 2 4 1 2 

11-12 4 12 3 s 
12-13 7 2S 24 S2 
13-25 2 20 lS 4 34 

-------------------------------
FIGURE4 Section of spreadsheet template: 
traffic noise levels. 

have been computed by using the spreadsheet concept, 
but project scheduling restricted development time.) 
Along links where traffic was the clearly responsi
ble major noise source, the levels show a 3-dB re
duction from 25 to 50 ft, representing hard-site 
propagation, whereas a 4.5-dB reduction per doubling 
of distance beyond 50 ft was exhibited, representing 
soft-site propagation. All of the data in this sec
tion of the template would be referenced by the for
mulas in Section 4 of the template. 

BASE CASE TRAFFIC NOISE 
LEVELS, 1989 (LEQH, OBA) 
25 50 100 200 400 

' -~--~-----------------
50 50 50 50 50 
60 57 52 48 43 
60 S7 52 48 43 
77 74 70 6S 61 

69 66 62 S7 S3 
69 66 62 57 53 
67 64 60 SS Sl 
53 S3 53 S3 S3 
-~------~---~----

dwelling units and base-case 

REF. LEVELS 

SPD LEV 
-----

20 83 
2S 83 
30 80 
3S 82 
40 83 
45 84 
50 8S 
55 86 

FIGURE 5 Section 
3 of spreadsheet 
template: truck 
reference emission 
levels. 

29 

5 

DUR 

Shown in Figure 5 is Section 3 of the spread
sheet, a simple look-up table of heavy-truck refer
ence energy and mean emission level as a function of 
speed. Note that at speeds below 30 mph, a level of 
8 3 dB was assumed to represent slightly increased 
levels due to acceleration and deceleration noise. 
During the calculations in Section 4 of the tem
plate, the appropriate speed-dependent emission 
level would be read from this table. The look-up 
function was used rather than the emission-level 
equation for reasons related to calculation speed 
and ease of programming. 

Figure 6 shows a portion of the heart of the 
spreadsheet--the calculations. Shown in the upper 
left section is the number of the case (or scenario) 
being studied for a particular alternative. In this 
example, it is case 3 of the B-SPF-Filled alterna
tive. The case number is a key that is used in this 

section of the spreadsheet to read the appropriate 
data from the other three sections. Once Sections 2 
and 3 had been prepared for all of the alternatives 
and Section 1 prepared for all of the cases for a 
given alternative, all that had to be done to per
form the calculations for a given case was to enter 
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BSPF FC REFERENCE DURATION 315 
CASE: ALPHA .s CRITERION LEVEL 55 

REF LEVEL AT DISTANCE: LEVEL/DURATION WEIGHTED POPULATION 
AR EA LINK SPEED VOL DUR LEV 2S so 100 200 400 25 so 100 200 400 SUM 
~-----------------------------·----------·-· -·---------·--·-----------------------
PAYH 1-23 30 0 0 80 0 0 0 0 0 0 0 0 0 0 0 

1-29 20 64 79 83 76 73 68 64 S9 s 1 1 1 0 8 
29-24 40 64 79 83 73 70 65 61 56 0 3 2 0 0 s 
1-2 so 64 79 8S 74 71 67 62 58 3 0 1 0 5 

~-------------,-------------------------------------- -------------
IRIO 2- 11 40 64 192 83 73 70 65 61 S6 0 1 2 0 0 3 

11- 12 40 68 192 83 73 70 66 61 S6 1 3 6 1 0 11 
12- 13 30 64 192 80 71 68 63 59 54 1 5 11 5 0 22 
13-25 20 0 0 83 0 0 0 0 0 0 0 0 0 0 0 

----------------------- ----------------------------------------------------- --

lAR 10- 22 
20- 22F 
10-28 
22-28 

20 
20 
20 
20 

0 
0 
0 
0 

0 
0 
0 
0 

WP FOR CASE II 3 = 269 
DWP FOR BASE CASE 238 

83 
83 
83 
83 

REL.ATtVE CHANGE IN IMPACT 0 12.90 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 
1 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
3 

SUM = 269 

FIGURE 6 Section 4 of spreadsheet template: calculation of construction haul levels, LDWP, and RCI. 

the corresponding case number in Section 4. When the 
calculations were completed, this section of the 
spreadsheet could be quickly printed and the next 
case number entered to have the next set of calcula
tions performed. 

Shown on the left of Figure 6 are the link names, 
again in terms of node numbers. The next three col
umns represent the haul speed, volume, and duration 
for the case being studied. These data are read di
rectly from Section 1 of the spreadsheet according 
to the case number entered, as described earlier. 
The next column, REF LEV, is the truck emission 
level, read from Section 3 of the spreadsheet, based 
on the speed value, which had been read from Section 
1. These data look-up features eliminated one source 
of update anomalies that can plague data bases. If 
one wanted, for example, to change the travel speed 
along a certain link, the change would only have to 
be made once, in Section 1, and the change would 
automatically be incorporated into Section 4. 

The next five columns (LEVEL AT DISTANCE) repre
sent the construct i on haul traffic hourly Leq for 
this link as a functio n of distance, based on Equa
tion 7 for heavy-truck emission levels. The calcula
tion was set up for soft-site propagation beyond 50 
ft, although this could easily be changed by modify
ing the ALPHA = • 5 cell of the spreadsheet, shown 
a bove the column heading. A typical formula in one 
of these haul Leq calculation cells is as follows: 

@IF (Fl40=0, 0, +Hl40+(10+@LOG10(Fl40*50/ El40)) 

+(10*(l+Kl36)*@LOG10(50/ Jl38)) 
- 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, assign a value of zero for the level, 

level, REF LEV (in cell Hl40), to the flow adjust;
ment--10log (VOL*50/SPEED)--and to the distance ad-

justment--lO(l+ALPHA)log(SO/DISTANCE)--and subtract
ing a constant value, 33.4. 

Shown on the right-hand side of Figure 6 are the 
LDWP calculation results for each distance, and t o 
the extreme right, the LDWP sum for all distances 
for each link. The calculation that occurs in each 
of the individual distance cells is complex. A typi
cal cell formula is 

@IF (G74 = 0, 0, 

@IF(Gl40=0, 0.05*G74*@MAX(O, L74-A6), 

0. 05*G74*@MAX (0, (A3*@LN (X74+@EXP (Jl40 

+(A3*@LN(Gl40/ AS)))*A4))-A6)))). 

This formula states thal if the number of dwell
ing units for this link (in cell G74) is zero, set 
LDWP to zero, or else do the following: 

1. If the construction duration, DUR (Gl40), is 
zero, compute the LDWP as 0.05 times the dwelling 
un i ts (G74) times the maximum of zero or the differ
ence between the traffic Leq (L74) and the criterion 
level (A6); 

2 . Or else compute the LDWP as follows: 
a. Adjust the construction level (Jl40) by 

the logarithmic ratio of the duration (Gl40) to 
the reference duration (AS) ; 

b. Logarithmically combine this adjusted 
level and the base-case traffic noise level to 
get the overall level; 

c. Suutract ~ne cri~erion level (A6J from 
the overall level; and 

d. Compute the LDWP by multiplying this dif
ference by the number of dwelling units (G74) 
times 0.05. 

Th is calculation is performed for each distance for 
each link. These distance-based LDWP values are then 
sununea for each link in the rightmost column of the 
spreadsheet and then summed over all of the links t o 
get the total LDWP for this case for this al terna-
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tive (shown as 269 in the bottom right of Figure 6) • 
Finally, the RCI for this case is computed, as shown 
in the lower left of the figure. In this example, 
this particular hauling scenario (Case 3) for alter
native B-SPF-Filled will cause a 12,9 percent in
crease in the LDWP over the base case of 1989 traf
fic. 

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 quickly analyzed and the results 
compiled and evaluated. 

SUMMARY AND CONCLUSIONS 

To assist the Corps of Engineers in assessing the 
construction haul-noise impact of a series of flood 
control project alternatives, a technique was devel
oped based on a modification to the LWP technique to 
account for constru~tidn haul activity duration. The 
resulting parameter was the LDWP. 

By computing an LDWP for a base case of no con
struction hauling, where the major noise source was 
generally traffic, and computing an LDWP for the 
duration-adjusted construction haul-noise levels 
combined with the regular traffic noise levels, the 
relative change in impact (RCI) could be determined 
for different haul scenarios for each proposed al
ternative. The analysis techniq11~ produced aggregate 
impact values for comparing alternatives as well as 
disaggregate details on the link-by-link impacts 
that could be used subsequently in mitigation strat
egy development. 

The technique was implemented with a complex 
microcomputer spreadsheet template that permitted 
easy data entry, rapid calculation of impacts, and 
immediate formatted presentation of results. The 
spreadsheet included several sections of data for 
each project alternative that were accessed by the 
calculations section by using look-up type func
tions. Developme'nt of the spreadsheet template was 

~somewhat time-consuming and not very amenable to 
easy modification of the template structure. How
ever, use of the template, once developed, was sim
ple and fast, and permitted many different scenarios 
to be easily analyzed. 

The analysis procedure, then, involved setting up 
the first section of each template for each alterna
tive and running the calculations in the last sec
tion of the template for each case for each alterna
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 environmental assessment. 
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Noise Emission Levels for Vehicles in Ontario 

v 

ABSTRACT 

The FHWA traffic noise prediction model (STAMINA) has been adopted in Ontario 
because of its flexibility and analytical features, which accommodate changed 
conditions through simple updating procedures. Major inputs for STAMINA are the 
reference energy mean emission levels of vehicle classes as a function of 
speed. These functions were established by the FHWA in their original report on 
the basis of data collected in the United States before 1978. However, condi
tions in Ontario in 1985 are different, and the noise emission level functions 
used in the STAMINA and other related programs should be reevaluated. Data on 
reference emis~ion levels of cars and of medium and heavy trucks were collected 
during 1984 and 1985, processed, and statistically analyzed. From these data, 
functions of reference noise emission levels with vehicle speed were estab
lished 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
risdictions in the United States, namely, that heavy trucks emit less noise at 
high s peedR than orjginally indicated by the FHWA model. Further, it is shown 
that about 4 percent of heavy trucks are notoriously noisy compared with the 
general population and cause an upward shift of the reference emission level 
function by 0.5 to l dBA. These noisy trucks are relatively rare events, which 
may or may not be missed in noise measurements of short duration (20 min), but 
they have a high impact on the level of noise pollution. 

Numerous methods have been developed to estimate or 
predict highway traffic noise, a major source of 
noise pollution in residential areas. In Ontario for 
many years the standard method of predicting traffic 
noise adjacent to freeways and highways was that de
veloped by Hajek (ll· However, his model was empiri
cally based on numerous field measurements and com
prises a mathematical simulation of overall traffic 
flow noise. Thus, like other empirical models, this 
method was bound to become outdated as soon as real
world conditions changed. For example, more str in
gent vehicle emission level standards would reduce 
noise effectively and invalidate some of the assump
tions on which the model was based. Reformulation of 
i;uch empirical mouels is rather difficult because 
one must resort to repetition of numerous field mea
surements. 

In 1977 FHWA developed an analytical model for 
traffic noise prediction based on and built up from 
basic principles of acoustics (~). Such a model can 
easily be calibrated for new conditions because ref
erence noise emission levels from various classes of 
vehicles are used as separate independent inputs. 
Once mean values of these levels have been estab
lished, the total noise from overall traffic flow is 
then calculated from the amount and composition of 
traffic as it exists or is projected for a particu
lar highway. When the FHWA model was published, cer
tain reference noise emission levels were recom
mended and spelled out as functions of speed and 
vehicle type (3 j • At the same time, however, it was 
recommended that each agency (state or province) 
carry out its own investigations of noise emission 

Hesearch and !Jevelopment Branch, Ontario ~iinii;try u[ 
Transportation and Communications, 1201 Wilson Ave
nue, Downsview, Onta r io M3M 1J8, Canada . 

levels of the prevailing classes of vehicles, taking 
into account regional conditions such as composition 
and design of truck or automobile populations, en
forcement, and compliance with regulations and stan
dards. Furthermore, such conditions may change sig
nificantly in the course of time, so that collection 
and processing of vehicle noise data should be re
peated periodically (i.e., every 5 or 10 years). 

In other words, once sufficient emission level 
data have been collected, the analytical character 
of the FHWA model allows for a relatively simple up
date of prediction calculations, as described and 
reported in the following discussion. 

In 1984 the state of Georgia reported (!), on the 
basin of u relatively nmnll namplc of measurements, 
that heavy and medium trucks were emitting less 
noise at higher speeds than that predicted by the 
FHWA model (l,2,5). In other words, the FHWA model 
was overestimati;g noise levels for traveling near 
the legal speed limit (80 to 100 km/ hr). 

In 1985 a California report (6) based on a much 
larger sample of measurements showed similar find
ings--trucks at higher speeds are less noisy. 

The analytical traffic noise prediction model of 
the FHWA was introduced in Ontario in 1982 and was 
finally adopted more for its flexibility than for 
its superior accuracy. Using the original FHWA emis
sion level functions, the model revealed a tendency 
for slight overprediction of noise along expressways 
when predicted and measured values were compared. 
Thus, it was decided to carry cut a specific Ontario 
study on noise emission levels of vehicles. 

The primary objective of the study was to develop 
and establish up-to-date vehicle noise reference 
energy mean emission levels for Ontario, as required 
and defined by the FHWA prediction model (~,.§_) • 
These reference noise levels are also needed for 
simplified prediction methods that have been devel
oped fcurn the uL .iy indl FH""WA rnuU~l to Si:rve th e- less 
sophisticated needs of, for example, environmental 
planners (l,!!_). 
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SPEED TIMING ZONE 150 m 

Al 
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INSTRUMENTATION 
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A 
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SURFACE 

SHORT GRASS 
(<so cm) 

":"61 ;··"
0

' ' · 

uRAVEL 
SHOULDER SHALLOW DITCH 

b) TYPICAL SITE CROSS-SECTION A· A 

FIGURE 1 Typical layout of roadside measurements. 

FIELD MEASUREMENTS 

Test Sites 

The basic requirements of a test site are shown in 
Figure la and lb. The sites chosen for inclusion in 
the Ontario survey and a map showing the location of 
these sites are presented in Figure 2. The sound 
level measurement sites are spread over a wide cross 
section of the Ontario road system. 

It was necessary to test a number of sites in 
order to include representative variation in pave
ment type, ground condition, vehicle type, and vehi
cle speed. All sites were located in an open level 
area free of obstructions such as parked cars, 
buildings, or sign boards, and all had low peak 

FIGURE 2 Single event (truck) on Highway 402. 

background sound levels more than 10 dBA below the 
lowest measured levels. Further, as a result of an 
investigation at the airport site with vehicles 
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 microphones at all sites were located 15 m 
from the center of the traveled lane and 1.2 m above 
pavement elevation. A clear line of sight was main
tained between the microphone position and the road
way in both directions. All pavements were in fair 
to good condition. In short, measurements were car
ried out in accordance with the general requirements 
given by FHWA (~). 

All measurement sites were in rural or quiet ur
ban locations with low traffic volumes so that pass-

Legend : Description of Locations 

1. Hwy. 402, 6 km East of Sarnia 
2. Hwy. 402, 29 km East of Sarnia 
3. Hwy. 6 near Guelph 
4. Hwy. 405 near Oueenston 
5. Hwy. 420 in Niagara Falls 
6. Simcoe County Regional Road 9 

west of New Lowell 
7. Commissioners Street in 

downtown Toronto 
8. Hwy. 2 West of Prescott 
9. Airport North of London 

(inactive) 
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FIGURE 3 Instrumentation of roadside measurements. 

FIGURE 4 Sites of roadside measurements in Ontario. 
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ing vehicles could be measured independently, as 
single events (Figures 3 and 4) • 

Measurement Procedure 

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

• Bruel and Kjaer (B&K) noise level analyzer, 
Type 4426 

• B&K sound level meter, Type 221B 
• B&K calibrator, Type 4230 
• B&K alphanumeric printer, Type 2312 
• B&K graphic level recorder, Type 2306 
• B&K 1/2-in. microphone, Type 4165 
• B&K 30-m microphone extension cable, Type AO 

0029 
• B&K microphone windscreen 
• Uher tape recorder, Type 4200 Report Monitor 
• Tripod 

All of the sound level meters complied with the re
quirements for Type 1 precision instruments of the 
Ame~ican National Standards Institute (ANSI Sl.4, 
1983). 

Two sound level measurement systems were set up 
and calibrated on site with microphones placed at 
the same location, 15 m from the highway. The main 
reason for using two independent measuring systems 
is that one system can act as a check on the other, 
thus helping to avoid the possibility of introducing 
any gross errors in the measured sound levels. After 
initial calibration, a 10-min comparison test of the 
performance of the sound-measuring instruments using 
the noise emitted from the traffic on the nearby 
highway was done. The measuring systems were recali
brated approximately once every hour or sooner when 
necessary (for example, when batteries had to be 
changed in an instrument). The two measuring systems 
were constituted as follows. 

System 1 consisted of a microphone and preampli
fier placed on the end of a 30-m extension cable and 
connected to a B&K 221B sound level meter. The AC 
voltage output from this meter was tape recorded on 
one channel of a stereo tape recorder and the other 
channel was reserved for conunents about the vehicle 
passing by. The sound level meter in this system was 
not used to read the sound levels as the vehicle 
passed but only to condition the signal for tape 
recording. The recorded audio tapes were kept for 
evaluation at a later date in the laboratory. 

System 2 comprised a microphone and preamplifier 
p l aced on a 30-m extension cable and connected to a 
B&K 4426 noise level analyzer. This system allowed 
for direct field evaluation of the sounds emitted 
from passing vehicles. 

The maximum sound level measured as the vehicle 
passed was obtained from the noise analyzer in Sys
tem 2. This, as well as the speed and type of vehi
cle, were recorded on data sheets in the field. The 
speed of the vehicle was measured by timing it over 
a 150-m (see Figure 1) distance. These data were 
later verified from information recorded on the 
audio tapes of System 1. 

RESULTS 

Data on vehicle noise emission levels were collected 
at various locations in Ontario, as shown in Figure 
2, to obtain a representative set 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 classes of vehicles with similar levels 
of noise emission. 

First, in accordance with the original FHWA re
port (!) , vehicles were assigned to one of three 
classifications--heavy trucks (HT), medium trucks 
(MT), and automobiles (A), which includes other ve
hicles of similar noise emission. An accurate defi
nition of these classes is given in the FHWA .report 
(l,p.4). 
- Second, vehicles were further classified in ac

cordance with groupings customary in Ontario, 
namely, by dividing them into long trucks (LT), 
short trucks (ST), and automobiles (A). These vehi
cle classes were introduced, not for acoustical rea
sons but because traffic data can be more readily 
obtained in these terms. The Ontario classes are 
shown in Figure 5, and a comparison between the On
tario and FHWA groupings of vehicles is given in 
Figure 6. 

The measurements were sorted by speed classes 
(every 5 km/hr) as well as by vehicle type, and each 
group or cluster of measurements was statistically 
analyzed. The results are shown in Table 1, in which 
vehicles are classified according to the FHWA defi
nitions (HT, MT, and A). The sample size for each 
speed and vehicle class is also shown, together with 

Q. 
SHORT TRUCKS 5 
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the mean and standard deviation of noise emission 
levels. The results for the second grouping by On
tario vehicle classes (LT, ST, and A) are similar 
and are therefore not shown in tabular form. 

The data shown in Table 1 were subjected to a 
linear regression analysis in order to obtain the 
customary expressions for the reference energy mean 
noise emission levels of each vehicle class. The re
sulting curves are presented in Figures 7 and 8 for 
the FHWA and Ontario classes, respectively. 

In Figure 9 the Ontario emission levels are com
pared with the originally published FHWA levels <!.l 
(HT, MT, and A) • The comparison shows that in On
tario trucks emit less noise at high speeds. On the 
other hand, automobiles are noisier, especially at 
lower speeds. Furthermore, medium-weight trucks are 
somewhat less noisy at higher speeds but slightly 
noisier at lower speeds. Since speeds of 80 to 100 
km/hr are legal in Ontario, the aforementioned dif
ference must lead to an overprediction of truck 
noise when the original FHWA emission level func
tions are used. The difference in car noise at high 
speeds is less significant. 

Figure lOa, b, and c gives the statistical vari
ations of the measurements and average values of 
emission levels in each speed class and vehicle 

11. LONG TRUCKS ::::> 

HEAVY 2 8 3 AXLE - SINGLE UNITS) 
0 

TRANSPORTS- COMBINATION UNITS! a: ffi C> 
HEAVY TRUCK 

~ 
COMBINATION UNIT 

~ (DUAL REAR TIRES) ( 3 AXLES ) 

DUMP TRUCK ~ COMBINATION UNIT ~ ( 4 AXLES ) 

STAKE TRUCK ~ 
COMBINATION UNIT 

~ ( 5 AXLES l 

TRACTOR WITHOUT TRAILER 
~ 

COMBINATION UNIT 
~ ( 2 AXLES l ( 6 AXLES ) 

SINGLE UNIT TRUCKS 
~ 

COMBINATION UNIT ~ WITH 3 AXLES ( 7 AXLES ) 

TRACTOR WITHOUT TRAILER ~ COMBINATION UNIT ~ ~-u_ ( 3 AXLES l ( 8 AXLES l l'Vvv ~~~ 

TANK TRUCK ~ COMBINATION UNIT ~ ( SINGLE UNIT) ( 9 AXLES ) 

VAN ( DUAL REAR TIRES) ~ 
MOTOR HOME ~ 
SCHOOL BUS 6 J " "" ()'.:~f 
REGULAR BUS fii' ''t1\ggj 

FIGURE 5 Short-truck--long-truck classification in Ontario. 

MTC MTC 
SHORT TRUCKS LONG TRUCKS 
SINGLE UNITS COMBINATION UNITS 

MEDIUM TRUCKS HEAVY TRUCKS 

AXLES 2 AXLES 2, 3 & 4 AXLES 3 OR MORE AXLES 
- 2 TIRES ON REAR - 4 TIRES ON REAR TRANSPORTS 

AXLE AXLE/S 

WEIGHT GENERALLY LESS MAX. 38 300 Kg MAX. 63 500 Kg 
rHAN 5 500 Kg 

LENGTH MAX. 12.5 m MAX. 21 m 

BODY 
STYLES VANS, PICKUP DUMP, STAKE, TANKER, TRACTOR TRAILERS, 

BOX, TOW TRUCK FLATBED, TANKER 
TRAILERS, CAR CARRIERS 

FIGURE 6 Comparison of classifications, Ontario and FHWA. 
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TAilLE 1 Results of Field Measurements 

Noise Emission Level 

Speed Standard Sample 
Class Mean Deviation Size 

HT 40 79.2 2.9 15 
50 83.0 3.3 33 
60 82.8 2 . ~ 35 
65 83.9 2.2 34 
70 84.7 2.7 52 
75 85.0 2.7 78 
80 83.9 2.2 106 
85 84.4 2.3 133 
90 84.9 2.4 119 
95 85.7 2.2 122 

100 85.9 2.4 88 
105 86.l 2.5 41 
110 85.9 1.8 ..12... 

Total 885 

MT 50 75.2 4.0 19 
60 79.2 4.3 10 
70 77.7 3.3 15 
75 81.0 3.9 21 
80 80.0 3.5 29 
85 81.4 3.0 25 
90 82.5 3.9 35 
95 82.2 2.9 19 

100 83.0 3.9 15 
l 05 84.3 3.9 _7 

Total 195 

A 50 64.5 2.3 10 
55 65.2 2.1 7 
60 67.9 1.9 13 
65 68.0 1.8 12 
70 70.9 2.2 30 
75 71.8 2.2 55 
80 72.4 2.2 100 
85 73.2 2.1 91 
90 73.0 2.1 138 
95 73.9 2.2 117 

100 73.9 1.5 112 
105 74.7 1.8 52 
110 75.0 1.7 60 
115 75.8 1.9 20 
120 76.7 1.4 6 
130 77.5 1.8 _ 7 

Total 830 

Note: HT= heavy truck, MT= medium truck, A =automobile. Data are 
for all sites. pooled. 
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FIGURE 9 Comparison of Figure 7 emission 
levels with original FHWA levels (1 ). 

group. The points of plus or minus one standard de
viation (vertically) are also plotted. The vehicle 
groups used in Figure 10 are those defined by FHWA. 
The curves shown are regression lines identical to 
.&..\..-.-- .: _ r.i.: ..... ,, __ ., 
1-uuoic:: .1.11 ~· .l."jUJ..ic:: '• 

The resulting equations for the reference energy 
emission levels as found from the 1964-1965 measure
ments in Ontario are listed in Table 2. This table 
can be used to provide new, up-to-date input for the 
various programs based on the FHWA model (!,.?_,~) 

when they are used in Ontario. 
The effect of the new equations for Ontario is 

shown by a typical case (Figure 11) , for vehicles 
traveling close to the legal speed limit of 100 
km/hr. This example of an expressway in an urban 
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TABLE 2 Reference Mean Emission 
Levels in Ontario 

Vehicle Class 

Heavy trucks 
Long trucks 
Medium trucks 
Short t1 ucks 
Cars 

Note: S = speed (km /hr) . 

Equation 

12.59 logS + 60. 64 
10.88 logS + 63.98 
24.06 logs + 34.90 
14.60 logS + 54.69 
30.41logS +1 3.59 

area consists of three westbound (Rl) and three 
eastbound (R2) lanes. Predictions at 30 m and at 60 
m from t he near-lane center are compared . In both 
cases, the original FHWA equations predict noise 1 
d BA above that predicted by the new Onta rio equa
tions. For lower speeds the di f ference will be 
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smaller or will be reversed. For a larger percentage 
of trucks at 100 km/hr, the difference would be 
larger than 1 dBA. 

DISCUSSION OF RESULTS 

Statistical Problems 

Single-event noise emission levels of vehicles were 
measured in terms of adjusted decibels, which is a 
logarithmic scale; therefore, the measured values 
must be converted to sound pressure energies before 
they are manipulated. The mean values of each sample 
in each speed and vehicle class were calculated as 
follows: 

Lm = 10 log ~l/n) (1) 
n 
1 10 

i=l 

where 

Li noise emission level of a single event (dBA) , 
T;n = mean value of s ample, average noise emission 

level (dBA) , and 
n = sample size. 

Th is method of calculating average values of noise 
emission levels is consistent with the definition of 
Leq• 

The normalized distribution of sound pressure 
energy for the Ontario heavy-truck population i s 
shown in Figu r e 12. To obtain this distribution, the 
sample data from all heavy trucks traveling at 
speeds greater than 80 km/hr we re normalized to a 
zero mean value in each speed group and then pooled. 
The pooling was possible because F-tests showed no 
statistically significant difference between the 
standard deviations of the dif f erent speed groups. 
Whereas Figure 12 shows the di s tribution of sound 
pressure energy measurements on a nonlogarithmic 
scale, Figure 13 gives the same informa tion as nor
malized noise emission levels in terms of adjusted 
decibels, which is a logarithmic scale. 

Both Figures 12 and 13 e xhibit a long tail of 
high noise emission levels. The upper part of the 
tail, beyond 5 dBA above the mean value, represents 
only approximately 4 percent of the truck popula
tion, which contributes an additional 1 /2 to 1 dBA 
to the averag e emission level of trucks. This repre
sents about one-fifth of the sound pressure energy. 

This 4 percent of unusually noisy trucks is in
trusive in its noise impact compared with the gen
eral population, and from the shape of the distribu
tion curves one may conclude that this may be due to 
unusual circumstances, such as faulty mufflers. More 
stringent enforcement of regulatory standards could 
discourage such high emission levels and would af
fect only 4 percent of the truck population. 

With regard to the practice of noise measure
ments, the following should be pointed out. In a 
small sample size (such as that obta i ned by 20 min 
of measurement on roads of low traffic volume) , 
those very noisy vehicle s in the tail of the distri
bution curves will probably be missed. This would 
result in a lower a verage value of noise than would 
be repr esentat i ve for a 24-hr Le q• the c u r ren t On
tario s tandard of noise control. With the incr easing 
sample size the measured average noise emission 
level would slowly increase because of the increas
ing probability of encountering those excessively 
noisy events from the tail of the distribution. 
Thus, measurements of 20 min duration at low traffic 
volumes may underestimate the 24-hr Leq noise that 
is use d as a standard dura tion of measurement in On 
tario. 
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CONCLUSIONS AND RECOMMENDATIONS 

Functions of reference energy mean emission levels 
with speed have been established for heavy trucks, 
medium trucks, and automobiles in Ontario. The 
levels are different from those currently used in 
the STAMINA program of the FHWA 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 noisier. 

When using STAMINA or any other noise prediction 
program derived from the analytical FHWA model, new 
equations for reference emission levels should be 
used. For Ontario, these are as listed in Table 2. 

Noise emission levels of vehicles should be regu
lated by establishing a legal maximum noise limit to 
exclude the rare events in the upper tail of vehicle 
noise distributions that have a high impact on noise 
pollution. 
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Heavy-Truck Noise Emission Levels on 

Grades in California 

RUDOLF W. HENDRIKS 

ABSTRACT 

As part of a federally funded research project to update vehicle noise emission 
levels, the California Department of Transportation (Caltrans) examined heavy
truck noise emission levels on grades in California. Nearly 1,800 noise measure
ments were taken at 6 locations along Interstate and state freeways with grades 
ranging from +3 to +7 percent. The six sites were located far enough upgrade to 
allow heavy trucks to decelerate from free-flowinq speeds of 55 to 60 mph to sus
tained crawl speeds before measurement. The noise data showed no direct grade 
dependency at any observed speed. This may have been caused by the inverse rela
tionship between grade steepness and truck weight for a given speed. In order to 
maintain the same crawl speeds, trucks must be carrying lighter loads on steeper 
grades, and vice versa, possibly resulting in offsetting effects on noise emission 
levels. Further research into the exact cause is recommended. Speed dependency, 
however, was significant. A second-degree polynomial equation for noise energy 
versus log10 speed was found to represent the best curve fit. A combined speed
dependent curve for +3 to +7 percent grades was developed. Observed speed distri
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 
grades up to +7 percent in 1-percent increments. For 3 to 5 percent grades, these 
values are 1.4 to 0.5 dBA higher than those developed by the currently used NCHRP 
117 method; above 5 percent grade the default values are 0.2 to 2.1 dBA lower than 
those ·of NCHRP 117. 

This study was part of a federally funded research 
project to measure vehicle noise levels and develop 
speed-dependent reference energy mean noise emission 
levels for highway traffic noise prediction models 
in California. The California vehicle noise (Calveno) 
reference energy mean emission levels for level roads 
were developed, published ( 1) , and approved by FHWA 
for noise studies involving federal-aid highway 
projects. They conform with the requirements set 
forth by the Federal-Aid Highway Program Manual (~) • 
In March 1985, the Calveno curves were implemented 
for use by the California Department of Transporta
tion (Caltrans) in traffic noise studies. 

During the study of level-road noise emissions, a 
limited amount of noise measurements was made on 
three different uphill grades. Preliminary analysis 
of these grade data strongly suggested that the 
reconunended procedures for grade corrections in Re
port FHWA-RD-77-108 <.~.> are not correct. An extension 
to the research project was requested by Caltrans 
and subsequently approved by FHWA. The objectives of 
the extension were to include heavy-truck noise 
emission levels on grades up to 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 is ~l.Go con~i:;tcnt 

with the definition stated in Report FHWA-RD-77-108 
<.~>. 

Because of observed extremes in noise emissions 
of trucks traveling downhill due to variations in 
downshifting and braking, the study was limited to 

Transportation Laboratory, California Department of 
Transportation, 5900 Folsom Boulevard, Sacramento, 
Calif. 95819. 

heavy trucks traveling uphill at sustained crawl 
speeds only. 

SITES 

With the obvious exception of level-road require
ments, all noise measurement sites conformed with 
the criteria listed in Reports FHWA-OEP/HEV-78-1 <il 
and FHWA-DP-45-lR (5). The site criteria used 
throughout this rese~ch project are discussed in 
detail in the report California Vehicle Noise Emis
sion Levels (1). 

All grade -sites consisted of compacted, graded 
dirt emergency turnouts. They were judged to have 
acoustical site characteristics cf somewhat less 
reflectivity than the hard sites defined in the FHWA 
report (3). The sites were carefully selected to re
duce va~iability caused by topography, acoustical 
absorptivity and reflectivity, and source charac
ter is tics such as heavy-truck populations, pavement 
type, and condition. Six sites were selected, ranging 
in grade from +3 to +7 percent. 

All grade sites were located along major Inter
state or state freeways. Trucks and other traffic 
moved at free-flowing speeds averaging 55 to 60 mph 
on level-roadway stretches before beginning their 
ascent. The sites were located far enough uphill to 
allow truck speeds to decelerate to sustained 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 to 1.5 mi for the +3 percent grade. 
According to a Caltrans report, these distances were 
long enough to ensure deceleration of trucks to a 
constant crawl speed (6). There were no other con
straints on traffic movement, such as merging of 
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F1GURE I Locations of noise measurement sites. 

traffic, speed limits of less than 55 mph, or roadway 
construction. 

Following is a brief listing of the sites, in
cluding percent of grade, name of grade, route num
ber, and general location: 

. +3.0 percent, Altamont Pass, eastbound I-580 
east of Livermorei . +4.2 percent, Cajon Pass, northbound I-15 
north of San Bernardino; . +4.5 percent, Cajon Pass, northbound I-15 
north of San Bernardinoi . +5.6 percent, Cajon Pass, northbound I-15 
north of San Bernardino; 
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• 6.0 percent, Grapevine, southbound I-5 north 
of Los Angelesi and 

• +7.0 percent, Conejo, southbound Route 101 
southeast of Ventura. 

Figure 1 shows the site locations. 

INSTRUMENTATION 

All sound level meters (SLMs) used in this study were 
Type 1 Precision SLMs as specified by the American 
National Standards Institute (ANSI Sl.4, 1983). They 
were connected to a data logger specifically designed 
for the Caltrans Transportation Laboratory. This 
instrument has 16 channels that may be selectively 
activated to receive up to 16 de output signals from 
the SLMs. A microprocessor in the data logger trans
forms the continuous, time-varying electrical signals 
into digital form and calculates a variety of noise 
descriptors, including the maximum noise level. The 
latter feature was useful in determining the maximum 
passby noise levels of heavy trucks. 

Figure 2 shows the typical instrumentation setup 
used at four of the six sites: +3.0, +4.5, +6.0, and 
+7.0 percent grade. For logistical reasons, only one 
microphone was used at the two remaining sites (+4.2 
and +5. 6 percent grade) • The three-microphone con
figuration was designed to detect any variations in 
acoustical results caused by site character is tics. 
This was accomplished by examining the noise atten
uations between the 25-ft and 50-ft microphones. 

Figure 3 shows the typical site layout for a 
three-microphone setup and clearance criteria. Except 
for the number of microphones, all site and instru
mentation criteria and configurations were the same 
for the two setups employing one microphone. In all 
setups, the reference microphone was Microphone 2, 
50 ft from the center line of the nearest lane. The 
microphone height at the reference location was 4 to 
6 f ± 0.5 ft above the ground and 5 ft ± 0.5 ft 
above the plane of the pavement. 

In addition to the data logger, the reference 

It 
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FIGURE 2 Typical setup for noise measurements. 
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MIC 2, H=5' 

MIC 3, H=10' 

F1GURE 3 Typical site layout and microphone locations. 

microphone was connected to a graphic level recorder. 
Its purpose was to d€termine whether truck noise 
peaks were significantly contaminated by other 
traffic or background noise. 

FIELD MEASUREMENTS 

The field measurements consisted of three types: 
truck speed, A-weighted noise, and meteorological. 
The first measurement operation was performed by a 
vehicle observer using a radar gun and the last two 
operations by an instrument operator. All measurement 
procedures and criteria were identical to those re
ported in California Vehicle Noise Emission Levels 
(1) and were consistent with Reports FHWA-OEP/HEV-
7B-l (_!) and FHWA-DP-45-lR <2>. The meteorological 
measurements were made to ensure that the recommended 
windspeed and humidity criteria of 12 mph and 95 
percent, respectively, were not exceeded. 

Heavy-truck passby measurements were 1 imi ted to 
those tracks traveling in the near lane. This did 
not appear to introduce a bias toward slower, heavier 
trucks. Most trucks, slow or fast, traveled in the 
near lane (outside lane) on grades. As will be seen 
later, observed speed distributions compared favor
ably with typical truck speeds observed in California 
on grades (6). 

The vehkle observer began tracking the target 

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

In order to avoid significant contamination of 
the truck noise measurements without introducing a 
bias toward the noisier vehicles, a 6-dBA rise and 
fall in noise levels was considered the minimum ac
ceptable, or valid, peak. This er i ter ion was also 
used in the level-road study (1). A 10-dBA criterion 
would have been ideal from a - contamination control 
standpoint but would possibly have created a bias 
toward noisier trucks. 

Figure 4 presents the development of a criterion 
for minimum vehicle separation, assuming equal noise 
sources and a background noise level of 10 dBA lower 
than the peak at the point of passby. The minimum 
distance between two trucks was calculated as 308 ft 
in order to limit contamination to 0. 5 dBA. Note 
that the valley between the two peaks is 6 dBA and 
conforms to the 6-dBA rise-fall er i ter ion mentioned 
earlier. Because of uncertainties in the foregoing 
assumptions, the minimum separation between two 
trucks was kept at 400 ft. 

Other valid peak scenarios are presented in Figure 
5 with the possible amounts of contamination. To keep 
track of the possible contaminated measurements, 
graphic level recorder (GLR) traces from the refer-
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FIGURE 5 Valid peak and event criteria. 

ence microphones were categorized into three event
quality groups: 

Quality 0: peak less than 6 dBA rise and fall, 
Quality 1: peak 6 to 9 dBA rise and fall, and 
Quality 2: peak 10 dBA or more rise and fall. 

All quality 0 peaks were rejected. Quality 1 and 2 
peaks were accepted. Of a total of 1,905 heavy-truck 
measurements at Microphone 2 (reference microphone) , 
the following statistics were derived: 

Quality 0: 136, or 7.1 percent (rejected); 
Quality 1: 295, or 15.5 percent (accepted); and 
Quality 2: 1,474, or 77.4 percent (accepted). 

Of the previous 1, 769 accepted measurements, 83. 3 
percent were of quality 2 and 16.7 percent of quality 
1. 

In addition to the valid peak and vehicle-separa
tion criteria, the observers also used subjective 
judgments to evaluate whether a measurement was con
taminated. For instance, both observers were on their 
guard against contamination from background or other 
traffic noise that rose and fell with the target 
peak. 

SAMPLE SIZE 

Preliminary data, analyzed from the +3.0 and +6.0 
percent sites, showed a range of truck speeds from 
10 to 57 mph. Regression analyses indicated that the 
slope of the line of best fit through plots of noise 
levels versus log speed was shallow enough to allow 
grouping of noise levels in speed classes of 10 mph 
at both sites without deviation of the center points 
of the speed classes more than 1 dBA from the edges. 
On the basis of this preliminary information, the 
following speed classes were designed to cover the 
entire range of expected speeds: <11, 11 to 20, 21 
to 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 speed class 
at each site to be determined within ± 1 dBA (95 
percent confidence level) was calculated by 

n . = [<t 12 1 ) (s)/d]2 min a. ;n-
(1) 

where 

ta/2;n-l amount of sample standard deviations 
associated with (1 - a) x 100 percent 
confidence level and n - 1 degrees of 
freedom, 

s = 
(l = 
d 

sample standard deviation, 
level of significance (=.05), 

~in 

(1 - a) x 100 percent confidence in
terval around the mean (±1 dBA), 
minimum required number of samples, and 
number of samples gathered. n = 

Table 1 shows the number of events measured and the 
minimum required for all sites combined. Table 2 
shows the energy means, means, standard deviations, 
number of observations, minimum required, and mean 
speed for each of the six sites by speed class. The 
data were measured at the 50-ft reference microphone. 

TABLE 1 Number of Events Sampled and Minimum Required by 
Vehicle G.roup and Speed Class 

Speed Range 
Speed Class (mph) Events Sampled Minimum Required 

0 <11 2 - a 

1 11-20 143 30 
2 21-30 539 25 
3 31-40 503 27 
4 41-50 325 22 
5 51-60 229 19 
6 >60 28 17 

Note: Data are for heavy trucks on grades of +3 to 7 percent; minimums are those re
quired for 95 percent confidence interval of± 1 dBA around mean of speed class. 

aunable to determine accurately. 

ANALYSES AND RESULTS 

Examination of measured truck noise levels at 50 ft 
revealed 29 data points (1.7 percent of total) to be 
more than 90 dBA, which is the legal limit for any 
vehicle under any operating condition in California. 

The 1.7 percent violations occurred in all speed 
classes when the data of all sites were pooled but 
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TABLE 2 Data Summary of 50-ft Reference Microphone 

Speed Class 
(mph) 

11-20 

21-30 

31-40 

41-50 

51-60 

>60 

Type of Data 

Energy mean (dBA) 
Mean (dBA) 
Standard deviation 
No. of observations 
Minimum required3 

Mean speed (mph) 
Energy mean (dBA) 
Mean (dBA) 
Standard deviation 
No. of observations 
Minimum required 3 

Mean speed (mph) 
Energy mean (dBA) 
Mean (dBA) 
Standard deviation 
No. of observations 
Minimum required 3 

Mean speed (mph) 
Energy mean (dBA) 
Mean (dBA) 
Standard deviation 
No. of observations 
Minimum required 3 

Mean speed (mph) 
Energy mean (dBA) 
Mean (dBA) 
Standard deviation 
No. of observations 
Minimum required 3 

Mean speed (mph) 
Energy mean (dBA) 
Mean (dBA) 
Standard deviation 
No. of observations 
Minimum required 3 

Mean speed (mph) 

Note: Dash indicates no data in this speed claS"'. 

Grade(%) 

+3.0 +4.2 

85.4 
84.0 
4.8 
4 

18.3 
85.5 82.8 
83.8 81.8 
4.0 2.7 
10 41 
81 29 
27.5 28.0 
83.9 83.2 
83.2 82.6 
2.4 2.3 
83 92 
24 20 
36.3 34.7 
83.1 84.5 
82.4 83.9 
2.4 2.3 
105 42 
22 21 
45.2 44.5 
84.0 85.7 
83.4 85. l 
2.2 2.2 
111 27 
19 21 
55.6 54.3 
84.5 
84.1 
1.8 
23 
13 
62 .5 

+4.5 +5.6 +6.0 +7.0 

83.6 82.0 83.4 83.8 
82.8 81.0 83.4 83.2 
3.1 2.9 2.7 2-:' 
13 15 65 45 
46 38 30 19 
17.7 17.9 17.5 17.6 
81.5 82.1 82.5 83.0 
80.8 81.4 81.9 82.4 
2.4 2.5 2.3 2.2 
109 139 145 83 
24 25 21 19 
26.7 26.0 24.5 24.7 
82.5 82.6 81.8 83.6 
81.4 81 ,8 81.2 82 .9 
2.8 2.6 2.3 2.4 
118 58 51 98 
31 27 21 24 
34.0 33.3 35.8 35.3 
83.0 84.3 82.4 84.1 
82.4 83. 6 82.0 83. 7 
2.2 2.4 1.9 2.1 
35 41 23 73 
18 23 15 17 
45. I 44.7 45. 7 44.8 
84.1 85.4 83.4 85.3 
83.6 84.9 83.1 84.4 
1.9 1.9 1.5 3.1 
35 34 II 6 
15 15 12 63 
55.2 53.9 55.2 52.5 
85.2 88.6 
85.0 88.3 
1.5 2.5 
3 2 

b b 

61.7 62.0 

8Minimum required for 95 percent confidence level of :t. I dBA around mean. 
bNot enough data to determine accurately. 

not when each site was considered separately. This 
presented problems in that the sporadic high values 
created anomalies in speed and grade analyses. 

For the purpose of developing grade noise emission 
curves, the 29 values over 90 dBA were omitted from 
the data. The data summary in Table 2 does not in
clude these values. After the curves had been devel
oped, the values were again included and distributed 
proportionally over all speed classes. 

The 1,740 values of 90 dBA and less were examined 
for grade and speed dependencies. At the outset of 
this study, both dependencies were anticipated. The 
final products of the grade noise research were en
visioned to be a family of speed-dependent curves 
for grades up to 7 percent in increments of 1 per
cent. 

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

In the level-road noise emission study, data from 
1 n sites were used to analyze basically one condi
tion: level roads. This relatively large number of 
sites allowed fairly detailed analyses of variations 
in site characteristics and vehicle populations. The 
final emission levels represented the average of a 
large variety of conditions. 

For the analyses of noise levels on grades, how
ever, each condition (percentage of grade) was rep
resented by only one site. Ideally, several sites 
should have been selected for each percentage of 
grade. This, however, would have greatly increased 
the scope and total costs of the project. 

Variability in Site Characteristics 

At four of the six grade sites, the three-microphone 
setup was used (Figure 2). This allowed comparisons 
to be made of Microphone 1 to Microphone 2 and Mi
crophone 1 to Microphone 3 noise drop-offs between 
the four sites. This information was used to deter
mine whether ground characteristics were acoustically 
similar from site to site (+3.0 percent, +4.S per
cent, +6.0 percent, +7.0 percent). Ground character
istics at the two remaining sites employing one 
microphone each could obviously not be verified in 
this manner. They appeared very similar, however, 
and there were no reasons to suspect that noise 
drop-offs would be significantly different at these 
sites (+4.2 and +5.6 percent). 

The noise drop-offs are shown in Table 3. Com
parison with the drop-offs for hard and soft sites 
in the level-road study revealed that the grade sites 
were somewhere in between, as had been expected. As 
was noted in the level-road study, the noise drop
offs do not appear to be speed dependent. 

To see whether there were statistically signifi
cant differences in ground characteristics, the mea
sured data at the 5U-ft microphones were normalized 
via the 25-ft microphones. This method assumed that, 
because of the proximity of the source, the 25-ft 
microphones were not affected by ground characteris
tics. Any differences between sites at that distance 
could then be attributed to differences in source 
characteristics, such as truck populations and pave
ment. By setting all the 25-ft microphone (Microphone 
1) values equal and correcting the 50-ft microphone 
(Microphone 2) values appropriately, proper compari
sons could be made of site characteristics. 
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TABLE 3 Average Noise Drop-Offs on Grade Sites 

Microphone I to Microphone 2 (dBA) by Grade Microphone 1 to Microphone 3 (dBA) by Grade 

+3.0 +4.5 +6.0 +7.0 
Speed Class (mph) Percent Percent Percent Percent 

11-20 5.8 6,5 
21-30 6,8 6.1 6.1 
31-40 6,3 6.0 6.0 6.1 
41-50 6,5 6.3 5.9 5.9 
51-60 6.3 6.4 6.0 
>60 6.5 
All speeds 6.4 6.3 6.0 6.1 
All sites 

Note: Dash indicates not enough data in speed class~ 

A one-way analysis of variance (ANOVA) was then 
performed on the normalized 50-ft data for three 
cases: all speed classes, 31 to 40 mph, and 41 to 50 
mph. The latter two speed classes were the only ones 
with enough data (95 percent confidence interval of 
mean ± 1 dBA) at all four sites. Table 4 shows the 
results. In all cases, no significant differences 

TABLE 4 Analysis of Variance: Site Characteristics 

Grade(%) 

Normalized 50-ft Data +3.0 +4.5 +6.0 +7.0 

All Speed Classes• 

Energy mean (dBA) 81.6 81.6 82.0 81.9 
Standard deviation 2.08 2.67 2.38 2.29 
No. of observations 332 313 295 305 

31 to 40 Mph3 

Energy mean (dBA) 81.4 81.8 81.8 81.7 
Standard deviation 2.43 2.77 2.31 2.43 
No. of observations 83 118 51 98 

41 to 50 Mph3 

Energy mean (dBA) 81.9 82.0 82.4 82.4 
Standard deviation 2.35 2.15 1.89 2.06 
No. of observations 105 35 23 73 

aconclusfon: There are no significant differences in site characteristics. 

could be detected at a significance level of • 05. 
The sites appeared, therefore, to have the same 
ground characteristics. The supporting statistics 
for Table 4 are as follows (a = .05): 

Speed 
Class <m12hl F-Ratio Critical F 
All 2.35 2.60 
31-40 0.47 2.60 
41-50 0.91 2 .60 

Variability in Source Characteristics 

Source characteristics are composed of several ele
ments, such as truck character is tics (engine noise, 
stack noise, tire noise, etc.), pavement character
istics (new, old, asphalt concrete, portland cement 
concrete, grooved, smooth, etc.) , truck speed, and 
road gradient. The latter two were the variables to 
be examined to the extent that they affected the up
hill heavy-truck noise (speed and grade dependency) • 

Speed dependency for a given grade may easily be 
examined because the analysis is made entirely within 
the same source population distribution. Analysis of 
grade dependency, however, is complicated by the 

+3.0 +4.5 +6.0 +7.0 
All Percent Percent Percent Percent All 

5.3 6.2 
6.1 5.7 5.7 

5.7 5.6 5.5 5.5 
6.0 5.5 5.4 5.5 
5.9 5.7 5.5 
5.9 
5.9 5.8 5.5 5.7 

6.2 5.8 

necessity of comparing potentially different source 
populations, as shown in Figure 6. 

It is virtually impossible to quantify the acous
tical effects of individual elements in each source 
population and to separate them from the total noise 
measurements. At best, the effects caused by site 
and speed variations may be removed from the mea-
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FIGURE 6 Speed dependency versus grade dependency. 

surements by examining noise levels at the 25-f t 
microphone locations only within each speed class. 
In addition to the sought-after effects of grades, 
however, two other variables still remain: truck 
populations and pavement. 

Tables 5 and 6 show that there were significant 
differences between source character is tics at 31 to 
40 mph and at 41 to 50 mph when data from the four 
sites were subjected to the ANOVA test. Further 
examination revealed that at 31 to 40 mph, the +3.0 
and +7.0 percent sources were not significantly dif
ferent. Similarly, the +4.5 and +6.0 percent sources 
appeared to be the same in the 31 to 40 mph speed 
range. In the 41 to 50 mph speed class, the +3. 0, 
+4. 5, and +7. 0 percent sources appeared to be the 
same, whereas the +6.0 percent source population ap
peared different from the rest. 

Because of the tendency of the data to be paired 
at the extremes (+3.0 and +7.0 percent) and in the 
middle (+4.5 and +6.0 percent), the differences be
tween source character is tics could not be explained 
by a simple direct grade dependency. The supporting 
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TABLE 5 Analysis of Variance : Source Characteristics, 31-40 Mph Speed Class 

Analysis I 8 by Grade(%) 

25-ft Data 

Energy mean (dBA) 
Standard deviation 
No. of observations 

+3.0 

90.3 
2.28 
82 

oconclusion Sources are different. 
bConclusion Sources are different. 

+4.5 

88.5 
2.47 
115 

+6.0 

87.8 
2.24 
49 

CConclusion There is no djfference in source charactedstics. 
dconclusion There is no difference in source characteristics. 

+7.0 

89.7 
2.38 
95 

Analysis 2b by Grade(%) 

+3.0 

90.3 
2.28 
82 

+4.5 

88.5 
2.4 7 
115 

+7.0 

89.7 
2.38 
95 

Analysis 3c by 
Grade(%) 

+3.0 

90.3 
2.28 
82 

+7.0 

89. 7 
2.38 
95 

Analysis 4d by 
Grade(%) 

+4.5 

88.5 
2.47 
115 

+6.0 

87.8 
2.24 
49 

TABLE 6 Analysis of Variance: Source Characteristics, 41-50 Mph Speed Class 

Analysis 1 a by Grade (%) Analysis 2b by Grade (%) 

25-ft Data +3.0 +4.5 +6.0 +7 0 +3.0 +4.5 +7.0 

Energy mean (dBA) 89.5 89.3 88.3 90.0 89.5 89.3 90.0 
Standard deviation 2.34 2.09 1.94 1.94 2.34 2.09 1. 94 
No. of observations 105 33 23 70 105 33 70 

3 Conclusion: Sources are different. 
bConclusion: There is no difference in source characteristics. 

statistics for Tables 5 and 6 are as follows 
(n ; .05): 

SEeed Class F-Ratio Critical F 
31-40 mph 

Analysis 1 16.36 2.60 
Analysis 2 14. 72 2.99 
Analysis 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 De12endeno:i: 

The suspicion that no grade dependency could be de
tected was confirmed when the energy means of the 
25-ft microphones were plotted by speed class versus 
percentage grade in Figure 7. This is not to say that 
there was no grade dependency. However, the varia
tions, possibly due to truck population differences, 
pavement type or condition, or both, were large 
enough to mask any grade dependency. 

A hypothetical case shown in Figure 8 presents an 
explanation for the lack of strong, direct grade 
dependency. Both trucks in the figure are assumed to 
be identical in all pertinent aspects with the ex
ception of gross vehicle weight. For both vehicles 
to maintain equal crawl speeds, the truck on the 
steeper grade must carry a lighter load than the 
truck on the shallow grade. The expected noise in
crease due to the steeper grade would to some degree 
be offset by the expected decrease in noise due to 
the lighter load. Under this hypothesis, the noise 
emission levels of both trucks would approach equal
ity if their crawl speeds were also equal, regardless 
of grade. Further research, taking into account gross 
vehicle weight and power, is strongly recommended to 
test the hypothesis. 

Additional plots of noise levels at 50 ft versus 
grades (Figure 9) further support the foregoing 
hypothesis. Variations, possibly due to differences 
in truck populations and pavement conditions, were 
probably greater than any variation caused by grades. 

Speed De12endency 

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

of emission level versus speed. This had the obvious 
advantage of allowing the averaging of variations in 
truck populations and pavements at all six sites. 

Before the data were pooled, speed-dependent 
curves of noise emission levels at 50 ft at each site 
were plotted by energy means versus average speed of 
each speed class (Figure 10) • These plots suggest 
that at each site, a curve of best fit would tend to 
be best described by a second-degree polynomial 
equation of the general form: 

y ; a + bx + cx 2 (2) 

rather than a linear regression equation. In the 
foregoing expression, y ; lOL0 ;10 ; the relative en
ergy of the heavy-truck noise level, x ; Log10 
(speed, mph) , and a, b, and c are mathematically 
determined coefficients. 

Substituting y and x in Equation 2, the equation 
becomes 

lOLo/lO; a+ b[Log 10 (speed)] + c[Log10 (speed)J 2 (3) 

and, converting relative energy to energy mean noise 
level, 

LoE 10Log10 la + b[Log10 (speed)J 

+ c[Log10 (speed)]2} (4) 

Figure 11 shows second-order polynomial plots for 
each site. Both Figures 10 and 11 appear· to support 
the earlier finding of lack of direct grade 
dependency. 

Figure 12 shows a comparison of LoE versus LoglO • 
(speed) plots. They were generated from 1, 740 data 
points from all si~ sites at 50 ft (excluding the 29 
data points above 90 dBA) • Three methods were used 
to generate the curves. They were named after the 
programs used to develop their equations: 

1. Linear regression (Linreg), 
2. Plotting energy means of the six speed classes 

(Veno), and 
3. Second-order polynomial curve fit (Polfit). 

The comparisons clearly indicate that Veno and Polfit 
were in close agreement. Of these two methods, Polfit 
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FIGURE 10 Plots by means of 10-mph speed classes (speed versus L eq ). 
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represents a better fit through all the data, whereas 
the Veno curve only represents the means of the 10-
-·-•· - --- -=> _, --- n-, ~.: ~ ·--- .&..~ ... --~-.- .... ,..,..1 ................. ~ ._,.... 
Hl,l)lJ bt't:'ICU '-'.J..QQi:>e rv•.1..1.~ wao 11o...i.n::a.o;;:;.1.....,&.o;;:; o;io""~'""'""'"'""' ..... ,_..., 

represent a speed-dependent energy mean emission 
curve for heavy trucks going uphill on grades ranging 
from +3 to +7 percent using data of 90 dBA or less 
at SO ft. The equation of this curve is 

LoE : lOLog10{2.0295 x 10 9 - 2.6266 

x 109[Log10 (speed)) + 9.3156 

x 106[Log10 (speed)]2} (5) 

The units for liOE are in adjusted decibels, those 

for speed, in miles per hour. 
·J:ne ~~ data puint~ abov~ 90 uDtt, offiitteU i11 Lhe 

development of the Polfit curve, were used to adjust 
the curve upward to include the 1. 7 percent viola
tors. The adjustment constant was calculated from 
the energy mean noise level of all the 50-ft data 
(including those over 90 dBA) and the energy mean 
noise level of the <90-dBA data. The difference 
between these was 0.6 dBA, which was used as a con
stant to adjust the curve upward equally at all 
points. This assumes that the distributions of <90 
dBA and >90 dBA are proportional over all speed 
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FIGURE 12 LoE versus log speed, three methods (all sites combined, 50-ft data). 

classes. When the data of all sites were pooled, the 
assumption proved to be valid in almost all speed 
classes. 

The adjusted curve's equation is 

LoE = lOLog10{2.0295 x 109 - 2.6266 

x 109 [Log10Cspeed)] + 9.3158 

x l08 [Log1o(speed)J 2} + 0.8 (6) 

which represents the California heavy-truck-on-grade 
(Calgrade) noise reference energy mean emission 
levels for sustained speeds on grades of +3 to +7 
percent. This curve is shown in Figure 13. 

Speed Distribution as a Function of Grades 

Earlier it was concluded that there was a lack of 
direct grade dependency in the measured noise data. 
However, there was a significant speed dependency, 
represented by the Calgrade curve. Examination of 
observed speed distributions in this study show that, 
as expected, speeds and grades are inversely propor
tional. Unlike level-road sites, where free-flowing 
traffic moves within a narrow range of speeds, grades 
display a much wider range. Using average speeds 
with Calgrade may present problems, depending on the 
speed distributions used. Average speeds generally 
tend to be near the sag point of the curve. Ob-

L5"f' 10 LoglO [2 .0295X 10
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- 2.6266x10
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FIGURE 13 California heavy truck-on-grade noise reference energy mean emission levels, grades +3 to +7 
percent. 
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viously, when speed distributions are sharply divided 
between extremely high and low speeds, integration 
of the entire speed distribution over Calgrade may 
give much higher but more accurate results. Speed 
distributions, however, are not readily available on 
a routine basis for traffic noise studies. For that 
reason, "default" emission levels were developed for 
each grade based on speed distributions observed in 
this study. For these to be useful, the observed 
speed distributions on the six grades would have to 
be "typical." 

Fiqure 14 shows frequency distributions of speeds 
observed at each site. A previously published Cal
trans study (6) reported the average and 12.5-per
centile truck - speeds in California for each grade 
from O to +7 percent. The observed values were com
pared with these, and they are shown in Table 7. The 
average and 12. 5 percentile of the observed dis tr i
butions generally showed good agreement with those 
of the typical California distributions. It was 
therefore concluded that the observed distributions 
were fairly typical and useful for default emission 
levels. 

The weighted 16E for each grade's speed distribu
tion was calculated, and plots were made. A curve of 
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best fit was then drawn through the plots (Figure 
15) and suggested default values were selected from 
this curve for whole increments of 1 percent, as 
follows: 

Grade !%1 Lo.E (dBA) 

3 84.7 
4 84.1 
5 83. 9 
6 83.9 
7 83. 9 

The suggested values should only be used for heavy 
trucks traveling uphill [as defined in Report FHWA 
RD-77-108 (1_)] at sustained crawl speeds on grades 
ranging from 3 to 7 percent. 

In absence of 1 and 2 percent grades in these 
analyses, interpolation between the Calveno heavy
truck emission level for 55 mph on level roads (83.8 
dDA) and the 3 percent default value for gradcc be
tween O and 3 percent is suggested. 

Finally, comparisons were made between using 
average speeds and entire speed distributions (Table 
8) and the Calgrade versus the NCHRP Report 117 
grade-correction method recommended in Report FHWA 
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FlGURE 14 Speed distributions by grade. 
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TABLE 7 Observed Versus Typical Speeds 

Average Truck Speed 12. 5 Percentile Truck 
(mph) Speed (mph) 

Grade(%) Observed Typical• Observed Typical• 

+3.0 47.l 44.7 35 33.5 
+4.2 37.6 39.2 29 25.9 
+4.5 34.6 38.0 25 24.5 
+5.6 33.2 33.9 23 20.3 
+6.0 27.7 32.5 18 19.l 
+7.0 32.3 30.7 19 17.0 

BF. D. Rooney, Speeds of Trucks and Other Vehides on Grades (6). 

TABLE 8 Loo Based on Average Speed Versus L00 Based on 
Entire Speed Distribution 

Calgrade Lfil (dBA) 

Avg Observed Based on Avg Based on Entire 
Grade(%) Speed (mph) Speed Speed Distribution 

+3.0 47.1 84.7 84.7 
+4.2 37.6 83.9 84.1 
+4.5 34.6 83.7 83.9 
+5.6 33.2 83.6 83.9 
+6.0 27.7 83.4 83.8 
+7.0 32.3 83.5 83.9 

TABLE 9 L00 Based on Calgrade and NCHRP Report 117 
Methods 

Avg Typical 
Lw (dBA) Based on Avg Speed 

Grade(%) Speed (mph) Cal grade NCHRP Report 117 

+3 45 84.5 83.1 
+4 40 84.1 83.2 
+5 36 83.8 83.3 
+6 32.5 83.5 84.3 
+7 31 83.4 85.5 
Level (0-2) 55 83.8 83.8 
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RD-77-108 <ll (Table 9). The latter shows differences 
of up to 2.1 dBA between the two methods. 
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A Methodology for Assessing Highway Traffic 

Noise Impacts in an Airport Environment 

JIMMEY BAILEY 

ABSTRACT 

A method used in predicting highway noise in conjunction with airport noise 
levels and assessing the total noise environment is presented. This method has 
been approved for use in Florida by the Federal Highway Administration. The 
method presented may not work for all similar situations; however, it does 
provide a starting point for innovations when manpower, monitoring equipment, 
anu modeling programs are limited. 

FHWA requires consideration of the impact of highway 
traffic-generated noise on land uses adjacent to a 
new or improved roadway. Of particular concern is 
the amplitude and duration of noise levels that re
search has shown to be either disturbing to normal 
functions associated with that land use or capable 
of producing adverse organic effects on the human 
aural system. 

It makes little sense to seek reduction in or 
abatement of highway-generated noise levels for a 
particular receptor when other noise sources create 
levels as high or higher than those produced by 
automobiles and trucks on the roadway. Thus, it is 
important for the highway planner, engineer, or en
vironmentalist to search out and identify all noise 
sources that affect the total noise 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 Florida Department of 
Transportation initiated studies to determine the 
best way to increase the capacity of 12th Avenue in 
Pensacola (Figure l) • Forecasts of network computer 
models indicated significant increases in the future 
highway traffic demand and no workable alternatives 
to the upgrading of 12th Avenue were determined to 
be available. Therefore, the recommended improvement 
was to make the existing roadway multilane. An en
vironmental analysis was prepared to identify and 
address probable environmental impacts on natural 
and man-made elements of lands adjacent to the ex
isting facility. Noise levels were identified as a 
probable major consequence because of the developed 
nature of much of the acreage along the existing 
route and the need for additional rights-of-way 
(Figure 2). 

Field investigations of the area to obtain noise 
measurements for validation of computer models be
fore their use in preparation of future noise level 
projections met with immediate difficulties. Pensa
cola Regional Airport is located adjacent to a por
tion of the existing roadway. Noise levels generated 
by aircraft landing and taking off at this installa
tion conflicted with collection of existing traffic 
noise measurements. It was found that field measure
ments had to represent a series of "windows" during 

Florida Department of Transportation, Chipley, Fla. 
32428-0607. 

the times between aircraft activity. After numerous 
samples, sufficient measurements of existing highway 
traffic noise were obtained to allow validation of 
the computer models. However, it was recognized that 
the difficulty experienced in collection of field 
measurements also indicated that noise levels gener
ated by the airport operations play a significant 
role in the noise environment along this project. 

It was realized that the airport had a signifi
cant impact on the noise environment and that it was 
necessary to obtain information concerning existing 
and future noise levels emanating from the airport 
and the relationship of these levels to the total 
noise environment. The Federal Aviation Administra
tion (FAA) requires that airports receiving FAA 
monies prepare noise studies establishing noise 
impact zones of various magnitudes. The city of 
Pensacola's Planning Department had prepared an 
extensive document for the Pensacola Regional Air
port. This document, Airport Noise Compatibility 
Program (l), establishes noise impact zones and de
tailed noise footprints based on the locations of 
the airport's runways, which runways were designated 
for primary use in landings and take-offs, and the 
types of aircraft using and expected to use the air
port. 

The airport noise study had been completed in 
late 1982 and the environmental study for the road
way improvement project was initiated in mid-1983. 
Therefore, the findings of the airport noise study 
were accepted as a given against which noise studies 
for the roadway could be compared and analyzed. (The 
noise study had been performed with assistance of 
the Florida Department of Transportation and had 
been accepted by the department and the FAA.) 

Noise level predictions found in the airport 
noise study used the Lan descriptor. The Lan (day
night level) system is a classification methodology 
developed by the Environmental Protection Agency for 
the purpose of assessing noise impacts produced at 
any time of day. It is based upon the A-weighted 
sound pressure scale, which is weighted to compen
sate for the human ear's sensitivity to different 
sound pitches. Basically, the Lan value for a par
ticular geographic point is the daily average 
A-weighted sound pressure level existing at that 
point with those noises occurring between 10 p.m. 
and 7 a.m. penalized by an additional 10 dBA (10 dB 
are added to measurements or projections for these 
hours). Because highway traffic noise levels are 
usually measured with the Leq des criptor, a direct 
comparison of the two noise sources did not appear 
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PROPOSED 12TH. AVE . 

FIGURE 1 Project location map. 

possible. Leq is defined as "the equivalent steady
state sound level which in a stated period of time 
contains the same acoustic energy as the time-varying 
sound level during the same period" (2). 

Because sufficient time, manpower-;- and equipment 
were lacking to conduct a 24-hr noise study in the 
field to determine the Lan and because the diffi
culty of doing so in the airport environment was 
recognized, an alternative method had to be devised 
to allow an Leg versus Lan comparison. This led 
to the development of a methodology that, although 
conservative, allowed for this comparison without 
the extensive use of either manpower or equipment. 

The first step was to determine the traffic char
acter is tics of 12th Avenue in the vicinity of the 
airport. This was done by using a traffic counter 
set to provide an hourly readout of traffic volumes. 
The results of this effort can be found in Table 1. 
It becomes readily apparent from examining these 
counts that there are significant differences in 
traffic volumes utilizing the roadway during the 
nighttime penalty hours as opposed to the daytime 

hours. This difference became the basis for the de
velopment of the methodology described, 

With the traffic data gathered by the counter, it 
was decided that field traffic noise measurements 
would be conducted from 4: 00 to 5: 00 p .m. Because 
this was the peak traffic hour, the hourly Leq(h) 
should represent the worst-case condition. This mea
surement was used as an upper limit to the 24-hr 
Lan· The Lan will in fact be the same as the peak
hour Deg if (a) the hourly Leg for each daytime hour 
is the same as the peak-hour Leq• and (b) the hourly 
Leg for each nighttime hoUJ: is 10 dB less than the 
peak-hour Leg· The first assumption is obviously 
conservative , because all other daytime hourly Leg ' s 
are less than the peak-hour Leg• The second as
sumption requires more consideration. 

A simple estimate of the hourly Le~ during the 
nighttime hours can be made by considering the dif
ference in traffic volume between the peak hour and 
the nighttime hours. As can be seen in Table 1, the 
average nighttime traffic volume is less than 1/12 
of the peak-hour traffic volume. Because a noise 
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TABLE 1 

Daytime 

7-8 a.m. 
8-9 a.m. 
9-10 a. m. 
10-11 a.m. 
11-1 2 p.m. 
12-l p.m. 
1-2 p.m. 
2-3 p.m. 
3-4p.m. 
4-5 p.m. 
5-6 p.m. 
6-7 p.m. 
7-8 p.m. 
8-9 p.m. 
9-10 p.m. 

Total 
Avg 
Peak hour 
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FIGURE 2 Existing land use map. 

Traffic Counts for 12th Avenue (24 hr) 

Measured Traffic Measured Traffic 
Volume Nighttime Volume 

1,318 10-11 p.m. 349 
1,219 11-12 a.m. 194 
1,131 12-1 a.m. 116 
1,022 1-2 a.m. 31 
1,225 2-3 a.m. 36 
1,220 34 a. m. 32 
1,178 4-5 a.m. 31 
1,458 5-6 a.m. 127 
1,513 6-7 a.m. ...iQL 
1,761 
l,600 
1,128 

841 
618 

--21.Q_ 

17,802 1,317 
1,187 146 
1,761 401 

.;,;'"· PJ C/ Airport 

,1.;(•2' Undeveloped 

level decreases by 10 dB if its source strength de
creases by a factor of 10, the ave rage hourly Leq 
during the night in this case is more than 10 dB be
low the peak-hour Leq and the second assumption is 
also conservative. 

Because both assumptions are conservative, one 
can say with confidence that the Lan is less than 
the peak-hour Le • Use of th is appr o ach to deter
mine future traffic noise level s and the need for 
abatement efforts proved to be valuable because of 
the lack of automated noise-sampling equipment that 
could be used for total traffic cycles. This method 
also eliminated the need for additional manpower to 
conduct the 24-hr tests. This was extremely impor
tant because the manpower was not readily available 
and there was a tight time frame for project comple
tion. 

Comparison of Ldn's for highway and airport noise 
indicated that the amplitude of highway traffic 
noise was less than that generated by aircraft for 
most of the length of the proposed project periods. 
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Where traffic noise was found to be predominant, it 
was analyzed and addressed according to procedures 
in the Federal-Aid Highway Program Manual (~) • 

Alternative methods to achieve similar results 
were also developed after the hectic push to com
plete the project had subsided. One of the methods 
uses a computer prediction of the daytime peak-hour 
Leq and a similar prediction of the nighttime peak
?our Leq . If the difference between the two l evels 
J.S e qual to or greater than the 10- .dD penalty , the 
Lan can be assumed to be less than the daytime 
peak-hour Leq· 

A second method would employ the computer predic
tion of the hourly Leq for each daytime and night
time hour. This would allow for the addi tion of the 
10-dB penalty to each nighttime hour and then the 
24-hourly predictions could be averaged to determine 
the Lan· This would allow for a direct comparison 
of the contribution of noise from both highway and 
airport sources. 

SUMMARY AND CONCLUSIONS 

The methodology described used an existing noise 
study prepared for the airport to help establish and 
evaluate the total future noise environment along 
the highway project. use of the airport noise study 
and this procedure also eliminated the need for ad
ditional noise sampling equipment and manpower to 
obtain field data throughout the 24-hr period. 

This methodology was approved by the Florida FHWA 
office for this particular project. Approval for 
similar applications will have to be sought on a 
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project-by-project basis. Before this approach is 
used for a unique noise situation, approval from the 
local FHWA office must be obtained. 
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Considerations for Modeling of Aircraft Noise 

JERRY E. ROBERTS 

ABSTRACT 

Noise continues to be a major environmental problem at airports throughout the 
country. A brief review is given of the federal actions that have occurred over 
the last 30 years in attempts to reduce and abate aircraft noise impacts. The 
current Federal Aviation Administration (FAA) emphasis on land use compatibil
ity studies is noted. An overview and simple sensitivity analysis of the pri
mary airport noise analysis tool--the FAA' s Integrated Noise Model (INM), is 
presented. The analysis includes the effects of aircraft type, stage length, 
airport elevation, and temperature selection. By reviewing the results of this 
analyRiR, llRerR of thP TNM can incrPaRe thPir AwArP.nPRR of t.he RP.nRit.ivity of 
the generated noise contours to input variables. 

Although it may be argued that concerns over avia
tion noise were originated by some beachgoers near 
Kitty Hawk, North Carolina, on December 17, 1903, it 
is widely noted that the federal government began 
addressing the aircraft noise issue in the early 
1950s. According to Foster (1) , the u. S. Air Force 
first initiated research and development programs 
aimed at controlling aircraft noise in 1952. 

There was little governmental coordination until 
1965, when the President's Office of Science and 
Technology formed the Jet Aircraft Noise Panel, 
which directed a program to reduce the noise impact. 
Initiatives from the panel were assisted by an in
teragency program of aircraft noise control estab-
1 ished as part of the Transportation Act of 1966. 
Formal regulatory authority to protect the public 
from unnecessary aircraft noise and sonic booms was 
given to the Federal Aviation Administration (FAA) 
under the Aircraft Noise Control Act in 1968. 

In 1972 the Noise Control Act brought the Envi
ronmental Protection Agency into the picture in an 
advisory role. This act directed the FAA to pre
scribe regulations that were economically reason
able, safe, and technically practical for effec
tively controlling and abating aircraft noise. 
Subsequently, major legislation, funding, research, 
and development focused on source control, in par~ 

ticular with Federal Aviation Regulation (FAR) Part 
36 requirements between 1969 and 1977. The effects 
became apparent through the 1970s and into the 1980s. 

Specifically, in 1969, FAR Part 36 noise stan
dards were applied to aircraft of new design such as 
the DC-10 and LlOll, which are significantly quieter 
than the first-generation turbojet aircraft. After 
their feasibility had been demonstrated, the noise 
standards were extended in 197 3 to new production 
airplanes. As a result, 727 and DC-9 aircraft manu
factured since 1973 had to meet the 1969 standards. 
In 1976 the same noise standards were applied to all 
larger civil turbojet aircraft including those de-
.... ..: -- ... ..::i L-..-•.-..-- , n..:-n .. _..:;i ---··.c-.-.1..h- ..... ..::i i.... .... .c .... _ .... , n..,'"j 
U.L~ll'CU ... 111::;'.LV.L'C .L.;;!V:l' CUJU IUQllU.LQ."'\.U.L'CU ~'C.LV.L'C .L.:l'l.J• 

The stringency of the standards was increased in 
1977 for new aircraft designs such as the 757 and 
MD-80. The new standards are commonly referred to as 
Stage 3 limitsi Stage 2 limits are those initially 
adopted in 1969, and Stage 1 are aircraft that are 
unable to meet either of the noise standards. As of 
January 1, 1985, only aircraft that meet Stage 2 or 

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

Stage 3 may operate in the United States without an 
exemption. Since 1973 only aircraft that meet Stage 
2 standards have been produced and since 1977 only 
Stage 3 aircraft have been approved for new design. 

As newer and quieter aircraft were being intro
duced into the fleet, a general trend of reduced 
noise exposure around airports, even with increased 
operations, was projected. However, the effects of 
the Airline Deregulation Act of 1978 disturbed this 
trend. The older and noisier aircraft were not being 
retired, but were being used more and more by small 
air carriers. 

In a statement before the House Subcommittee on 
Transportation, Aviation, and Material (West Palm 
Beach, Florida, April 1, 1985), John Wesler, Direc
tor of FAA' s Office of Environment and Energy, ex
plained why the problem persists and the difficul
ties in obtaining added compliance with stricter 
standards: 

There are approximately 2,900 larger commer
cial airplanes now in use by U.S. air car
riers, and over 100 in use by private opera
tors. Of these, approximately 350 were 
designed for and meet the Stage 3 noise 
limits. Perhaps 200 more in current use 
could meet that standard with minimal modi
fications or weight limitations. This leaves 
on the order of 2,350 larger aircraft which 
would have to be retired completely from 
U.S. service and replaced by new models or 
re-engined, since the use of "quiet na
celles" or "hush kits" cannot reach Stage 3 
noise performance. The only aircraft cur
rently being re-engined are the Douglas DC 
8-60 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 use
ful life left. Consequently, the reasonable
ness of such a major replacement of re
engining program is obviously one which 
requires a great deal of study and discus
sion. 

The passage of the Aviation Safety and Noise 
Abatement Act (ASNA) of 1979 provided the foundation 
for a parallel effort toward source control by 
bringing the FAA into the land use compatibility 
arena. ASNA required the FAA to identify land uses 
normally compatible with various exposures of noise 
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and to promulgate regulations for airports to volun
tarily submit noise exposure maps and compatibility 
and control programs for dealing with expected noise 
impacts. 

FAR PART 150 

In response to ASNA, the FAA issued FAR Part 150, 
Airport Noise Compatibility Planning (interim rule, 
19811 final rule, 1985), which prescribes the re
quirements for airports for which noise maps and 
planning programs are to be submitted. The proce
dures are a formal and legal outgrowth of the FAA' s 
prototype Airport Noise Control and Land Use Compat
ibility (ANCLUC) programs of 1977-1982. The purpose 
of the program is twofold. First, it gets the air
port operator to identify present and future noise 
patterns and noncompatible land uses around the air
port (noise exposure maps), so that some degree of 
legal protection through constructive knowledge is 
established for subsequent actions. Second, a pro
gram is formulated of solutions to the noise prob
lems identified by the noise maps. The solutions 
take the form of operational controls, such as 
flight path location and preferential runway usage, 
or land use planning techniques such as zoning and 
acquisition. 

As an incentive to get airports to voluntarily 
comply with FAR Part 150, the Airport and Airway Im
provement Act of 1982 provided for not less than 8 
percent of the Airport Improvement Program (AIP) 
funds to be used for noise compatibility planning 
and programs following ASNA. For an airport to use 
federal AIP funds for noise 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, noise abatement and mitigation ac
tions detailed in the plan become eligible for AIP 
noise funds. In 1984 the amount available for noise 
compatibility programs was $64 million. 

Noise planning meeting the criteria contained in 
r'AR Part 150 is eligible for 75 percent federal 
funding to primary airports enplaning 0. 25 percent 
or more of the total number of passengers enplaned 
annually at all commercial service airports (i.e., 
major and medium hubs) and 90 percent federal fund
ing for all other commercial service and public-use 
airports. Measures designed to achieve compatible 
land use or attenuate noise or both that are in
cluded in approved programs, such as land acquisi
tion and soundproofing, are eligible for 80 percent 
federal assistance. 

Thus, the major efforts being put forth today by 
the FAA and airport operators are to identify the 
noise around airports and to plan for its control. 
To do this, the FAA has developed standardized noise 
planning tools and methods. In particular, the Lan 
or DNL (day-night noise level) metric was selected 
as the choice for determining average noise exposure 
around an airport. The FAA has also developed a com
puter program to predict noise exposure levels 
around an airport based on aircraft operational and 
sound level data. The program, Integrated Noise 
Model (INM) , provides a means for determining exist
ing and future noise levels under a variety 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 equivalent be used 
for noise compatibility planning studies. 

INM BACKGROUND 

'rhe INM is a computer-based mathematical model used 
for predicting total impact of aircraft noise at and 
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around airports. The INM calculates noise exposure 
from information provided by the user (physical lay
out of airport runways and flight tracks, any non
standard alternate operational or performance data, 
frequency and time of operation) and data contained 
in the model (aircraft noise levels, operational and 
performance data). Results can be expressed for a 
variety of noise metrics either at specific re
ceiver locations or as contours of equal noise expo
sure for selected values. 

Version 1 of the model was released in 1978. It 
had a limited data base but provided the first step 
toward consistency in aircraft noise analysis. The 
following year, the FAA released Version 2, which 
expanded the aircraft data base and input options. 
In 1982 the currently used Version 3 was issued. It 
included further enhancements for determining noise 
impacts and updated the data base of aircraft noise 
levels and performance. A fourth version is under 
development with special emphasis on tasks to pro
duce a fully standardized method of calculating air
port noise (~) . 

The identification of a noise metric and the re
finements of a selected model are necessary and 
proper steps for obtaining consistency in the deter
mination of aircraft noise impacts. However, even 
with a completely accurate model, there is great 
latitude in the use and application of the model. 
The user has complete control over the selection of 
the scenario he wishes to model. Associated with 
this are the assumptions made to represent the sce
nario. These include the determination of what con
stitutes the time period (average or peak day) to be 
modeled, the description of flight tracks or corri
dors, the selection of typical aircraft from the 
data base, determination of operational conditions, 
and the projection of future operations and condi
tions. The dictum "garbage in equals garbage out" is 
highly appropriate. The following discussion focuses 
on the major areas of user choice in running the INM 
and the possible effects of those choices. 

DATA BASE LIMITATIONS 

The INM data base (l_) has a selection of 66 air
craft, including commercial, military, and genera 1 
aviation types. Associated with each aircraft is at 
least one of 38 sound exposure level (SEL) curves 
that describe thrust-distance-noise relationships. 
In addition, there are 56 approach profiles and 199 
takeoff profiles in the data base that describe ve
locity, altitude, and thrust level as a function of 
horizontal distance from a reference point. 

The proper selection of an aircraft and its oper
ational characteristics is dependent on the best de
termination of those aircraft that use the airport 
compared with those available in the model. Earlier 
aircraft noise impact analyses generally considered 
aircraft as one of the following: 

Two-engine narrow body 
'l'hree-engine narrow body 
Four-engine narrow body 
Three-engine wide body 
Business jet 

(DC-9, B737) 
(B727) 
(B707) 
(DC-10/LlOll) 
(Lear) 

Standard take-off and approach profiles were as
signed to all aircraft. Whatever was produced by the 
computer program was generally accepted as the 
truth. Because the selectivity was limited, consis
tency may have been good, but reality could be far 
away. 

Today the flexibility of the INM allows for more 
refinement of the aircraft selection process. For 
example, the variety of common narrow-body commer-



58 

TABLE 1 Common Narrow-Body Jet 
Aircraft in INM Data Base 8 

Type 

Four engines 
DC-8-50/JT3D-3 
DC-8-60/ JT3D-7 
DC-8-60/CFM-56" 
DC-8-60/JT3D-7QN 

Three engines 
B727-200/JT8D-7 
B727-100/JT8D-7 
B727-200/JT8D-15 
B727-200-JT8D-9QN 
B727-100/JT8D-7QN 
B727-200/JT8D-l SQN 
B727-200/JT8D-l 7 

Two engines 
BAC111/SPEY512 
DC-9-3 Of JTS D-9 
DC-9-10-JT8D-7 
DC-9-30/JT8D-9QN 
DC-9-10/JT8D-7QN 
DC-9-SO/JT8 D-l 7 
DC-9-80 (MIH:IO)/JT8D-2098 

B737 /JT8D-9 
B737 /JT8D-9QN 
B737/JT8D-l 7 

!NM Name 

DC850 
DC860 
DC8CFM 
DCSQN 

727200 
727100 
727Dl5 
727Q9 
727Q7 
727QIS 
727Dl7 

BAClll 
DC930 
DC910 
DC909 
DC907 
DC950 
DC980 
737 
737QJ\T 
737Dl 7 

8 Narrow-body aircraft with high-bypass-ratio jet engines. 

cial aircraft available in the model is listed in 
Table 1. The choice is dependent on the aircraft 
series and engine configuration. Selecting an air
craft from this group is often not an easy choice 
because it is difficult to determine the exact se
ries and engines of aircraft using an airport. For 
example, the most prolific and noisiest engine, the 
JTSD, was manufactured in over 10 different configu
rations; FAA registration figures show over 75 
models of the B727. 

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

TABLE 2 Common Wide-Body Jet Aircraft 
in INM Data Base 8 

Type 

Three engines 
DC-10-10/CF6-6D 
DC-10-30/CF6-6D 
DC-I 0-40/JT9D-20 
LI01 l/RB21 l-22B 
LIOl l-500/RB211-524 

Two engines 
A300/CF6-SOC 
B767 /CF6-80A 
B757/RB211-53SC0 

B757/JTIOD" 

!NM Name 

DCIOIO 
DC!030 
DC1040 
L!Oll 
L!Oll 5 

A300 
B767 
757RB 
757JT 

aNarrow-body aircraft with high-bypass ratio jet engines, 

should be noted that the recently introduced B757 
aircraft, although not actually considered a wide 
body, uses the quieter high-bypass-ratio engines 
characteristic of the wide-body fleet. A similar 
situation exists for the new MD-80 (DC980), which is 
not a wide-body aircraft and technically does not 
have high-bypass-ratio engines but produces signifi
cantly less noise than relative aircraft. With the 
new-generation aircraft entering the national fleet, 
the old generality that a narrow body is loud and a 
wide body is quiet is no longer valid. 

The same problem exists for business jet air
craft. Table 3 shows a general aviation aircraft 
selection available in the !NM, ranging from light 
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TABLE 3 Common General Aviation Jet 
Aircraft in INM Data Base 8 

Type 

Lear 35/TFE-731 
Lear 25/CJ610 
Sabre 75/CF700 
Citation/IT! SD 
Composite GA Jet 

JNM Name 

GALTF 
GALTJ 
GAMTF 
GALQFT 
COMJET 

turbofan (Citation) to turbojet aircraft (Lear 25). 
The composite jet is an approximation of the na
tional fleet average. 

Of ten the modeler does not have adequate informa
tion to be as specific as the model allows, or he 
has too much information that needs reducing, or the 
clei'lirecl aircraft is still nnt in the moclel. He m;iy 
also be faced with trying to select an aircraft 
fleet of limited known composition for projecting 
future noise conditions. In any event, the modeler 
is faced with a predicament of which aircraft to use 
in the model. An assumption of representative air
craft must be made. 

AIRCRAFT COMPARISONS 

In order to gain an understanding of the relative 
contributions of specific aircraft types and engines 
to noise contours and to provide a simplistic indi
cation of the sensitivity of the !NM to aircraft se
lection and parameter changes, a graphical analysis 
of individual noise contours produced by the !NM was 
initiated. By using the !NM to produce noise 
contours for a given DNL and specific number of op
erations, the contour can be representative of an 
associated single-event noise exposure level for a 
particular aircraft. The derivation of this method
ology is as follows: 

DNL SEL + 10 log (Na + 10 Nn) 49.4 

SEL DNL - 10 log (Na + 10 Nn) + 49.4 

where 

DNL average day-night noise level, 
SEL sound exposure level, 

Na number of day operations (7 a.m. to 
10 p.m.), and 

Nn number of night operations (10 p.m. to 
7 a.m.). 

(1) 

(2) 

Assuming Na = 10 and Nn 
are obtained: 

O, the following values 

SEL 
90 
95 

100 
105 

DNL 
50.6 
55. 6 
60.6 
65.6 

An SEL of 95 IDNL = 55.6) was selected as the level 
for comparison of all aircraft and parameter modifi
cations in this analysis. DNL contours of 55.6 were 
prepared by the !NM for 10 approaches and 10 depar
tures for each aircraft in Tables 1-3. In addition, 
contours were prepared for other aircraft in the !NM 
for comparison. Each contour was plotted at a sim
ilar scale with approaches from the left and depar
tures to the right. Figures 1 through 9 show the 
contours of various groups of aircraft along with 
their !NM name and calculated contour area in square 
miles. 
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FIGURE 1 General aviation propeller aircraft noise 
contours. 
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FIGURE 2 Turboprop and large-propeller aircraft noise 
contours. 
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Figure 1 shows the relative levels of the single
engine (COMSEP) and twin-engine (COMTEP) general 
aviation propeller aircraft used in the model. As 
expected, these were the smallest of those studied. 
Very little approach noise is noted. In Figure 2, 
larger propeller and turboprop aircraft are shown. 
The DHC6 is a small turboprop with short-take-off
and-landing (STOL) performance abilities. This is 
made evident by the short departure contour. Al
though not characteristic of the small commuter tur
boprop fleet, it is the only selection of this type 
in the data base. The CV580 is a large twin-engine 
turboprop. Large twin-engine and four-engine pro
peller aircraft are shown as the TEP and 4EP con
tours. These represent the old DC-3 and DC-6,7, re
spectively, and are relatively loud. 

A significant difference in contours among gen
eral aviation jets is shown in Figure 3. The small
est is the GALQTF, a light, quiet turbofan jet rep
resented by the Cessna Citation. The largest is the 
GALTJ, or light turbojet, shown as the Lear 25. The 
COMJET, or composite general aviation jet, is avail
able for modeling of unknown fleet operations. It 
appears to be dominated by turbojet contributions. 
The last two contours are much larger than the two
engine commercial jet (DC-9, 737) contours. Because 
of this, the modeler should be careful in identify
ing actual general aviation jet activity, particu
larly if it is a significant portion of the overall 
operations. 

Figure 4 shows the commercial two-engine DC-9 
narrow-body aircraft noise contours. The DC-910 and 
the DC-930 are the untreated and noncomplying (with 
federal noise regulations) aircraft. Specific models 
of these aircraft have been issued exemptions and 
can still operate in the Uni tea States. The DC9Q7 
and DC9Q9 are the acoustically treated quiet nacelle 
versions of the DC-910 and DC-930, respectively. The 
significant difference of the treatment is obvious 
for approach noise, but there is very little dif-

CONTOUR AREA: 0.16 SQ. Ml. 

CONTOUR AREA 0.60 SO. Ml. 

CONTOUR AREA: 0.71 SO Ml. 

CONTOUR AREA: 5.63 SO. Ml. 

CONTOUR AREA: 4.18 SQ. Ml. 

FIGURE 3 General aviation jet aircraft noise contours. 
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FIGURE 4 DC-9 aircraft noise contours. 

ference in departure noise. Also shown is the DC-980 
or MD-80. This is the new version of the DC-9 with 
newer higher-bypass-ratio engines. Significant noise 
reduction for departures as well as approaches is 
noted. Improved performance character is tics add to 
the noise reduction. 

Other two-engine, narrow-body aircraft contours 
are shown in Figure 5. The BAClll, often considered 
to be one of the noisiest aircraft, has the longest 
approach noise contour. The 737 and 737QN contours 
are quite similar to those of the DC-930 and DC-9Q9. 
Still, there are specific differences among all of 
the two-engine, narrow-body aircraft, 

AIRCRAFT BAC 111 

AIRCRAFT 737 

AIRCRAFT 7370N 
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The differences between the 727-100 and 727-200 
three-engine, narrow-body aircraft are shown in Fig
ure 6. All these aircraft are required to comply 
with federal noise regulations. The 727Q7 contour 
shows the reduction achieved by quiet nacelle addi
tion to the 727-100. Again, there is more reduction 
in approach noise. The 727Ql5 contour represents the 
727-200 with the more powerful but treated nacelle 
engines. The contour is broader and shorter, depict
ing more power along with higher performance. 

Three-engine, wide-body aircraft contours are 
shown in Figure 7. These aircraft have high-bypass
ratio engines and produce much less noise than the 
older low-bypass-ratio engines found on the DC-9, 
737, and 727. These aircraft either meet or approach 
the most stringent federal noise requirements (FAR 
Part 36, Stage 3). There is very little difference 
between the DC-1030 and LlOll contours. 

Figure 8 shows the contours for three of the new
generation two-engine, high-bypass-ratio aircrnft. 
The contours are significantly smaller than those 
produced by low-bypass-ratio aircraft. The continued 
introduction of these and other new-generation air
craft into the fleet will eventually contribute to 
the reduction of aircraft noise impacts. 

The effect of acoustically treating the engines 
against completing re-engining of an aircraft is 
shown in Figure 9. The four-engine, narrow-body 
DCBQN represents the low-bypass-ratio engine with 
quiet nacelle treatment. The DC8CFM is the same air
craft with new high-bypass-ratio engines. The bene
ficial effects of noise reduction are obvious, and 
performance and fuel efficiency are increased as 
well. 

STAGE LENGTH COMPARISONS 

The effect of weight on departure performance of an 
aircraft may be noticed in the noise contour shapes. 
An INM user specifies the weight of an aircraft de
parture indirectly by assigning a stage length or 
first-destination distance category for each flight. 
Profiles for different stage lengths have different 
climb performance and thrust levels. Each stage 
length is associated with a take-off weight repre
sentative of a typical load factor and fuel required 

CONTOUR AREA: 2.3 1 SQ. Ml. 

CONTOUR AREA: 4.31 SQ. Ml. 

CONTOUR AREA: 3.76 SQ. Ml. 

FIGURE 5 BAClll and 8727 aircraft noise contours. 
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FIGURE 6 B727 aircraft noise contours. 
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FIGURE 7 OC-10 and LIOU aircraft noise 
contours. 
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FIGURE 8 A300-B757-B767 aircraft noise contours. 
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FIGURE 9 DC-8 aircraft noise contours. 

for such a flight. The following are the ranges of 
the aircraft stage lengths in the INM: 

Stage Length 
l 
2 

3 
4 

5 
6 
7 

Distance 
(nautical mi) 
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 

All of the previous contours shown in Figures 1-9 
were modeled with aircraft departures of stage 
length l. For comparison purposes, the DC-9, 727, 
767, and LlOll were modeled by assigning different 
stage lengths. The effects are shown in the contours 
in Figures 10-13. 

The DC-9 is usually used for short-haul opera
tions (less than 1,000 nautical mi). Figure 10 shows 
the contours for the typical stage lengths of the 
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ST AGE LENGTH I CONTOUR AREA J.26 SO. I.Al. 

ST AGE LENGTH 2 CONTOUR AREA 3.92 sa. Ml . 

FIGURE 10 DC-9 stage length comparison. 
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AIRCRAFT 767 
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FIGURE 11 8727 stage length comparison. 

STAGE 
LENGTH 1 

CONTOUR AREA 1.05 SQ. Ml. 

STAGE CONTOUR AREA 1.07 SQ. Ml. 
LENGTH 2 

STAGE 
LENGTH 3 CONTOUR AREA 1. 1 2 SQ. Ml. 

FIGURE 12 8767 stage length comparison. 

CONTOUR AREA 5 .2 I SQ. Ml. 

CONTOUR AREA 5.32 SQ. Ml . 

CONTOUR AREA 5.96 SQ. M•. 

CONTOUR AREA 6.29 SO. Ml. 

DC9Q9. Stage length has no effect on approach noise 
but does show some change on departure contours. The 
727, a workhorse for short- to medium-haul flights, 
shows increasing noise exposure with increasing 
stage length, as shown in Figure 11. The higher
performance 767 aircraft shows less noise and less 
variation as a result of stage-length changes, as 
shown in Figure 12. Finally, the contours of Figure 
13 for a long-haul aircraft, the LlOll, 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 opportunity to 
select the altitude or elevation and temperature at 
the airport to be modeled. The contours in Figures 
1-13 were generated for an airfield with an eleva
tion of 50 ft and temperature of 80°F. To see the 
effect of changes in these parameters, the 727Q7 was 
modeled at runway elevations of 50, 1,000, and 5,000 
ft. Also, the 727Q7 was modeled with an elevation of 
50 ft and changes in temperature from 80° to 50° to 
20°F. The results are shown in Figures 14 and 15. 



AIRCRAFT L1011 STAGE LENGTH 1 CONTOUR AREA 1.30 SQ. Ml. 

AIRCRAFT L1011 STAGE LENGTH 3 CONTOUR AREA 1.39 SQ. Ml . 
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AIRCRAFT L1011 ST AGE LENGTH 6 CONTOUR AREA 1. 7 5 SQ. Ml. 
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FIGURE 13 LlOll stage length comparison. 
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FIGURE 14 B727 airport elevation comparison. 
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CONTOUR AREA 5.20 SQ. Ml. 

CONTOUR AREA 5.15 SQ. Ml. 

CONTOUR AREA 6.21 SQ. Ml. 

CONTOUR AREA 5.31 SO. Ml. 

CONTOUR AREA 6.41 SO. Ml. 

FIGURE 15 B727 airport temperatnre comparison. 
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Visually, there appears to be no major difference 
for the contours with changes in either elevation or 
temperature. Contour areas show a slight decrease in 
area with increasing altitude and increasing temper
ature. This is contradictory to the idea that with 
increasing elevation and temperature, aircraft per
formance drops and the noise is spread out longer on 
departure. Further investigation reveals that the 
INM uses the elevation and temperature parameters 
for adjusting aircraft velocity (referenced at 160 
knots). At higher elevations and temperatures, an 
aircraft must achieve greater ground speed for 
flight. With this higher velocity, there would be a 
shorter noise exposure time for a fly-over and a 
corresponding reduction in contour size. This would 
appear to agree with the contours shown in Figures 
14 and 15. 

However, the INM does not appear to adjust the 
departure profile for changes in elevation and tem
perature. For example, at higher elevations, addi
tional runway roll would be needed to achieve the 
necessary airspeed. 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 offset by the velocity correction is 
not clear. Preliminary indications are that it may 
be necessary for the user to modify departure pro
files by extending runway roll distance for a par
ticular elevation and temperature or select alterna
tive stage lengths that provide desired profiles. 

OTHER COMPARISONS 

There are several other areas in which the sensitiv
ity of the INM could be determined. However, this 
type of analysis would require the user to provide 
his own information and data on particular aircraft 
noise levels and operational characteristics. The 
foregoing analysis focused only on those parameters 
that are immediately available to the user in a "de
fault" form. 

Several studies have been conducted aimed at val
idating particular components of the INM and its 
data base (4-6). The components included comparisons 
of INM flight profiles and noise curves with ob
served values. Recommendations for corrections to 
the model were made in those studies. 

CONCLUSIONS 

This paper has provided a review and insight into 
the current airport noise analysis process and the 
problems facing the modeler. The extensive data base 
and the flexibility for user input make the INM a 
valuable state-of-the-art tool for today's noise 
compatibility studies as well as environmental im
pact assessments. Because critical decisions are be-
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ing made based on information derived from the INM, 
users must seriously consider a 11 assumptions made 
in a modeling effort. The simple sensi ti vi ty analy
sis done in this effort gives an indication of the 
latitude available for some assumptions dealing with 
aircraft type, stage length, elevation, and tempera
ture. 

No recommendations are made in such areas as 
combining aircraft into groups or stage length se
lection. Rather, this information may be used as 
guidance in selecting particular aircraft types or 
configurations for an analysis. The study does point 
to the need to adequately assess the sensitivity of 
the INM to changes in airport elevation and tempera
ture. Specifically, the effect of these parameters 
on the aircraft departure profiles needs to be clar
ified. 

In addition, a more intensive and complete inves
tigation into the sensitivity of the INM to varia
tions of all input variables should be conducted. 
The identity of the variables and their ranges that 
have the most effect on noise levels should be de
termined. The analysis should consider not only the 
absolute effects, but how these effects would mate
rialize in typical model usage. 
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