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The grid method is the most widely used technique for measurement-based noise assessment, and
indeed is part of the ISO 1996-2 standard. Nevertheless it has certain disadvantages. The present work
is an analysis of the grid method for evaluating noise, firstly in the city of Caceres and, secondly in
two other smaller towns. Using as reference a 200 metre grid study, a study was made of the effect of
varying the size and form of the grid on the city’s overall noise value, the percentage of data found to lie
above some reference thresholds, and the noise value assigned to a certain zone of the city. The ISO 1996
recommendations of the necessity of new sampling points and the method’s predictive capacity for these

new measurements were also analyzed.
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1. Introduction

With the rapid growth of cities in the last few
decades, noise has become one of the major concerns
of citizens, and its evaluation and control is now an
integral part of the responsibilities of the public au-
thorities of developing countries (COM, 2002).

Different methods have been proposed for select-
ing sampling points in measurement-based noise as-
sessment [BROWN, LaM (1987) give an extensive re-
view]. Of these, the grid method has long been the
most commonly used. Indeed, it is part of the ISO
1996-2 standard in both the old (ISO 1996-2, 1987) and
the revised (ISO 1996-2, 2007) versions. It has certain
disadvantages, however, so that a number of alterna-
tive methods have been proposed (GLASER, SILVER,
1979; BRODERSON et al., 1981; CHAKRABARTY et al.,
1997; PiccoLo et al., 2005; BARRIGON et al., 2005;
2010; ROMEU et al., 2006), but none of them have as
yet achieved generalized acceptance.

Basically, the grid method consists of superposing
a certain grid over the map of a city. The nodes of
the grid are then taken to be the sampling points,
although sometimes only some of the nodes are cho-
sen. The elements of the grid are generally squares,
but other polygons may be used. The grid size can be
regular or may vary from one zone of the city to an-

other. Indeed, when a greater than 5 decibel difference
is measured between two adjacent points, according to
ISO 1996-2 (ISO 1996-2, 1987; ISO 1996-2, 2007) an
additional sampling point should be measured between
these two points. Various studies using this method are
reviewed by Brown and Lam (1987), and more recent
applications can be found elsewhere (ZANNIN et al.,
2002; SOMMERHOFF et al., 2004; MARTIN et al., 2006).

The present work studies the grid method for the
evaluation of urban noise. For this purpose, in the city
of Céceres [a medium-sized town (about 95000 inhabi-
tants) located in the southwest of Spain], an initial 200
metre grid (involving 645 measurements) was used as
reference, and then, with the same measurements, an
analysis was made of the effect of increasing the grid
size or of rotating the grid. In the same way, we stud-
ied the ISO 1996 recommendations for the necessity
of new sampling points, and the method’s predictive
capacity by using grid sizes larger than 200 metres to
“predict” the known values at points inside the squares
of that grid. Some of the studies carried out in the city
of Céceres were also applied in two smaller towns (Don
Benito and Olivenza), in order to corroborate the re-
sults obtained in Caceres.

In sum, the goals of the present work were:

1. To study the procedure’s capacity to provide an
overall evaluation of noise in a town.
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2. To evaluate the influence of varying the grid size
on the noise value associated with a given zone of
the town.

3. To analyze the ISO 1996-2 recommendation with
respect to the need for new measurements.

4. To study the method’s capacity to predict the
noise value of new measurements.

The work is structured as follows. Section 2 de-
scribes the towns, and the methods used for the sam-
pling point selection, for the noise measurements, and
for the statistical analysis. Section 3 presents the re-
sults, and Sec. 4 the conclusions.

2. Methods
2.1. The towns studied

The city of Céaceres has a population of about
95000 inhabitants (increasing to over 110000 during
the teaching period due to the influx of more than
10000 students at the University of Extremadura and
an important number of tourists). It is the second
largest town of Extremadura (region located in the
southwest of Spain). The old part of the town centre
(it is a UNESCO World Heritage site) is characterized
by pedestrian streets (except that reduced traffic is al-
lowed in some of them). The desire to conserve this
old part of the town and the differences in altitude of
the various parts of the town have been the major fac-
tors influencing urban development in general, and the
width and conformation of almost all the city streets in
particular. In recent years, the construction of a ring-
road around the town has changed its traffic patterns,
greatly reducing the number of heavy vehicles and, to
a lesser extent, other vehicles that pass through the
town. Industrial activities are of minor relevance, and
are concentrated mainly in the outskirts, outside the
study area (shown in Figs. 1 to 3). The mean annual
temperature and rainfall are 16.1°C and 523 mm, re-
spectively.

The town of Don Benito has a population of about
35000 inhabitants and is the fifth largest town of Ex-
tremadura. It has no historical part, and is located in
a flat region near the River Guadiana.

The town of Olivenza has a population of about
10000 inhabitants and is located very close to Portu-
gal (indeed Olivenza belonged to Portugal from 1297
to 1801). It has a walled old part, and most of it
streets are paved with stones of a narrow U-shaped
cross-section.

2.2. Selection of sampling points for the noise map
grids studied

2.2.1. The city of Cdceres

To apply the grid method to the city of Céceres, the
area of the city (approximately 10 km?) made it possi-

ble to select a fairly small grid size as reference. In par-
ticular, for the sampling point selection a 200 m resolu-
tion square grid was drawn on the town map. A similar
grid size has been used in previous studies (GARCIA
et al., 1990; SANCHIS et al., 2000; BARRIGON MORIL-
LAS et al., 2002), although coarser grids are usually
employed (SOMMERHOFF et al., 2004; MARTIN et al.,
2006; etc.).

The nodes of this grid were selected as the measure-
ment points. When a point was inaccessible, the near-
est accessible point was selected. With this grid size,
there were a total of 215 measurement points, form-
ing 168 squares. Squares corresponding to industrial
zones were not considered. Figure 1 shows the map of
Céceres with this 200 metre size grid that served as
the reference for the study.

These 215 measurement points were used for a first
analysis of the 200 metre grid. Then the same measure-
ments were used to compute noise maps with coarser
grid sizes in which no new measurements were neces-
sary. The different grid sizes studied were:

a. the initial 200 m grid size,

b. two different placements of a 283 m grid size (ob-
tained by rotating 45° the initial 200 m grid)
(shown in Fig. 2),

c. four different alternatives of the 400 m grid size
(two of them shown in Figs. 3a,b),

d. nine different alternatives of the 600 m grid size
(one of them shown in Fig. 3¢),

e. four different alternatives of the 800 m grid size.
Although there are twelve possible alternatives,
only the four that would involve more than 10
sampling points were selected. One of these alter-
natives is shown in Fig. 3d.

Information about the number of measurement
points and the number of grid squares of each alter-
native analyzed is provided in Table 1.

2.2.2. The other towns studied

In the towns of Don Benito and Olivenza (with ar-
eas of 7.5 km? and 2 km?, respectively) the same grid
resolution as in Caceres was used in order to allow com-
parisons. In these towns the different grid sizes studied
were:

a. the initial 200 m grid size,

b. the two different placements of a 283 m grid size,
and

c. the four different alternatives of the 400 m grid
size.

Information about the number of measurement
points and the number of grid squares of each alter-
native analyzed is provided in Table 7.
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Fig. 2. City map and sampling points of Cdceres. The two alternatives of the 283 m (200 m rotated) size grid used.
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Fig. 3. City map and sampling points of Céceres. Two of the alternatives of the 400 m size grid used (a) and (b). One of the alternatives of the 600 m size grid studied (c).
One of the alternatives of the 800 m size grid studied (d)
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Table 1. Grid size, measurement points, number of measurements, grid squares, new necessary points according to ISO

1996-2 recommendations, and percentage represented by these new necessary points with respect to the measurement

points employed for the different alternatives of each grid method analyzed. I: grid of 200 metres; IT-III: 45°-rotated 200

metre grid (grid of 283 metres) (two alternatives); IV-VII: 400 metre grid (four alternatives); VIII-XVI: 600 metre grid
(nine alternatives); XVII-XX: 800 metre grid (four alternatives).

Alternative

100 o[V | v ] VI [VIIVII] IX | X | XT | XTI XTI XTIV [ XV [ XV XVIT] XVITT [ XIX | XX
Grid size (metres) 200283 | 283|400 400|400 | 400| 600 [ 600|600 |600]600| 600 | 600 [600| 600 | 800 | 800 | 800 800
Measurement, points 215]102]104| 53| 55| 48| 49| 23] 20| 21| 17| 18] 18] 19] 19| 19] 12| 11 | 11] 13
Measurements 645|306]312[153 | 165]144]147| 64| 60| 63| 51| 54| 54| 57| 57| 57| 36| 33 | 33| 39
Grid squares 168] 71| 71| 32| 34| 29| 20| 10| 10| 10| 8] of of 10| 10| 0] 5| 5| 4] s
Minimum additional new | 1051100 | 99| 42| 53| 46| 49| 20| 20| 17| 17| 12| 13| 18| 16| 17| 6| 10| 11| 10
nCCCSSary pOlntS
Eﬁﬁ‘g;?gjﬁgo(n% new | g6l o8| 95| 79| 96| 96|100| 87 |100| 81|100| 67| 76| 95| 84| 89| 50| 91 |100| 77

2.3. Measurement procedure

All the measurements were made in the period from
8 a.m. to 8 p.m. (working hours). The measurements
were made on different days of the week (only working
days were studied) and at different time-intervals of
the day looking for an uniform distribution along the
whole temporal period. To this effect, at each sam-
pling point, in Olivenza and Céceres, three measure-
ments were made in three different time-intervals ran-
domly selected from the following four: [8 a.m.—11 a.m.;
11 am.-14 p.m.; 14 p.m.~17 p.m.; 17 p.m.—20 p.m.].
In Don Benito, measurements were carried out in the
four time intervals. Fifteen minute samples were used
for each measurement.

Measurements in Caceres were carried out by two
people during the months of April and May of the year
2005 (8 weeks) following the ISO 1996-2 (ISO 1996-2,
1987) guidelines, using a 2238 Briiel & Kjaer type-I
sound-level meter, with tripod and windshield. Cali-
bration was performed using a 4231 Briiel & Kjaer cali-
brator. In Don Benito and Olivenza, the measurements
were made by one person with the same equipment
in the years 2005 (4 weeks also during the months of
April and May) and 2007 (3 weeks during the months
of March and April), respectively. The measurement
days corresponded to the typical continental climate
of spring when the weather conditions were convenient
(no rain or wet roads, and light winds).

The measurement points were located at the ver-
tices of the cells or, when these were inaccessible, at
the nearest location. This nearest location was looked
for by making concentric circles with an increasing ra-
dius, until finding an appropriate sampling location.
The placement of the sound level meter was similar
for all the sampling points near a street — approxi-
mately one meter from the curb, oriented to the cen-
tre or the road and far enough to any reflecting sur-
face. The sampling selection procedure implied that in

some cases sampling points were located away from
roads; the percentage of points near a street was 93,
95 and 78% in Céceres, Don Benito and Olivenza, re-
spectively.

The volume of traffic was determined and catego-
rized visually (cars, heavy vehicles, and motorcycles)
during sampling, and other relevant information (noise
sources, meteorological conditions, street dimensions,
road surface type, conservation of road surface, etc.)
was also noted. At each measurement, Lacq, Lari,
Lario, Larso, Largo, Largg, Lar max, and LAp min,
in dBA, were recorded. Although some objections to
the use of Lacq have been raised (CAN et al., 2008),
for the present study only the results for this indicator
will be analyzed due to its importance as a reference
indicator of the assessment of noise and its effects on
people in standards and legislation (ISO 1996-1, 2003;
COM, 2002).

2.4. Statistical methods

The noise value assigned to each sampling point
(G;j) was the energy average of the different measure-
ments carried out at that point (three or four measure-
ments, as mentioned). Uncertainty of sampling point
noise value was calculated according to the ISO 1996-2
(ISO 1996-2, 2007).

__ The noise value assigned to each square of the grid
(S) was the arithmetic mean value of the four nodes of
the square. The noise value assigned to each square is
taken to be the expected value for every point located
inside that square. Uncertainty of this value was cal-
culated from uncertainty of sampling points, according
to the GUM (ISO/ IEC Guide 98-3, 2008).

To study the predictive capacity of the grid
method, all the grids larger than the 200 m reference
grid included at least one measured 200 m sampling
point inside each square. The actual sound level of
these points, Gj;, was compared with the expected
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value, S (Gij), of the corresponding square of the grid.
The difference between the two will be termed the pre-
diction error: er.n = Gij — S(Gij).

Information about the tests used as part of the
Analysis of Variance (ANOVA) can be found elsewhere
(SAHAIL, AGEEL, 2000).

3. Results and discussion

In this section, after a global description of all the
measurements carried out, we shall first present the
results of the study of the city of Céceres (Subsecs. 3.2
to 3.5). The conclusions obtained for Céceres will be
compared with those obtained for the results of Don
Benito and Olivenza (Subsec. 3.6).

8.1. Overall description of measurements

As shown in Tables 2 and 7, more than one thou-
sand measurements were carried for this study (645,
344 and 144 in Céceres, Don Benito and Olivenza,
respectively). In Fig. 4, the bar charts of all these
measurements are shown. As it can be seen the major
percentage of measurements was in the 55-70 dBA
interval.

As mentioned, in the major part of measurements
traffic flow was present (93, 95 and 78% in Céceres,
Don Benito and Olivenza, respectively). The mean
values of flow of light vehicles (with mass under 3.500
kg), heavy vehicles (trucks and buses) and motorcycles
were 285, 16, and 12 vehicles per hour in the city of
Céceres, whilst in Don Benito they were 228, 10, and 7

Table 2. Overall study of the city of Céceres for all the alternatives studied of the grid method. I: grid of 200 metres; IT-I11:

45°-rotated 200 metre grid (grid of 283 metres) (two alternatives); IV-VII: 400 metre grid (four alternatives); VIII-XVI:

600 metre grid (nine alternatives); XVII-XX: 800 metre grid (four alternatives). Symbols used: T — arithmetic mean value;
on—1 — standard deviation; oz — typical error; k = 1.96.

Alternative
1 II IIT v Vv VI VII VIII IX X
Grid size (metres) 200 283 283 400 400 400 400 600 600 600
ff:fn]zz;;iixc;ii 61.3+0.5| 61.7£0.8| 61.1£0.7| 60.6£1.0| 61.1£1.1| 61.4+1.1| 62.5£1.0| 62.8+£1.3| 60.7£2.0| 59.8+1.7
(dBA) (6.6) (6.8) (6.5) (6.2) (7.0) (6.6) (6.4) (5.6) (7.9) (6.7)
of:;rlfl. fi—z(o—n(;iil‘)cs 61.840.8| 62.3£1.2| 61.6+£1.2| 61.2+1.5| 61.7£1.7| 61.9£1.8| 63.0£1.7| 63.4+£2.0| 61.3+£3.2| 60.4+2.7
(ABA) 61 | 62 | 61 | 7 | (63 | (62 | (60) | (50) | (73) | (63)
T+tk-og(on-1) | 61.9£0.5| 62.5+0.7| 61.84+0.7| 61.6+1.2| 62.0+1.1| 61.3£1.0| 63.3+£0.9| 63.8+1.5| 61.9+£2.5| 61.3+2.1
of grid squares (3.5) (3.1) (3.2) (3.4) (3.4) (2.8) (2.3) (2.5) (4.1) (3.4)
Sampling points | g5 ¢ 87.3 85.6 86.6 83.6 83.3 91.8 100 75.0 85.7
over 55 dBA (%)
Sampling points
31.6 34.3 30.8 24.5 30.9 33.3 38.8 39.1 35.0 28.6
over 65 dBA (%)
Squares over
97.0 98.6 100 93.8 97.1 100 100 100 90 90
55 dBA (%)
Squares over
24.4 21.1 16.9 15.6 23.5 10.3 20.7 30.0 20.0 10.0
65 dBA (%)
XI XIT XIIT XIV XV XVI XVII XVIII XIX XX
Grid size(metres) 600 600 600 600 600 600 800 800 800 800
zf:fn]zé;iixc;ii 63.7+1.9| 58.3£1.4| 63.0+1.8| 63.2+£1.6| 60.5+1.7| 59.7£1.6| 64.6+1.7| 58.84£2.2| 59.24+2.2| 59.0+£1.8
) (70) | G4 | 66 | ©3) | ©5 | 60 | 3 | 63 | 64 | 67
O:E :;I]; f‘i—i(o—n(:irllzs 64.3+3.1| 58.5+£2.4| 63.5+2.9| 63.6£2.7| 60.9+2.7| 60.1£2.6| 64.9+2.7| 59.8£3.7| 59.7+3.6 | 59.7£2.7
(ABA) 65 | (53) | (62 | (60 | (61) | (58 | (8 | (62 | 61 | (50
Ttk -og(on—1) | 64.2£1.7| 58.8+1.8| 62.84+1.6| 64.0+1.0| 61.3+1.4| 59.8+1.5| 64.4+1.1| 60.44+3.1| 60.4+1.9| 61.3+2.0
of grid squares . . . . . . . 5 . .
f grid 2.4 2.8 2.4 1.6 2.2 2.4 1.2 3 2.0 2.4
Sampling points
94.1 72.2 94.4 89.5 84.2 73.7 91.7 72.7 81.8 84.6
over 55 dBA (%)
Sampling points
52.9 11.1 27.8 42.1 26.3 21.1 50 27.3 27.3 15.4
over 65 dBA (%)
Squares over
100 100 100 100 100 100 100 100 100 100
55 dBA (%)
Squares over
37.5 0 11.1 30.0 10.0 0 20.0 0 0 0
65 dBA (%)
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Fig. 4. Bar charts of the measurements carried out in the different studied cities.

vehicles per hour, respectively, and in Olivenza these
values were 68, 5, and 4 vehicles per hour, respectively.

3.2. Overall noise assessment of the city

One of the aims of noise studies is to give an over-
all picture of a city’s noise situation. This objective
is sometimes extended to determining the number of
inhabitants exposed to harmful noise levels. Thus in
general, two different values are given: firstly an overall
value for the noise in the city, and secondly the per-
centage of noise values that surpass a certain threshold
value. For this study, the 55 dBA value given by the
WHO (2000) for serious annoyance in daytime and the
65 dBA value suggested by the OECD as the daytime
exposure limit (OECD, 1986) were used as reference
values.

Table 2 presents the average values obtained for
each grid studied. These values are the means of the
measurements carried out, the means of the sampling
point values, and the means of the grid square values
(the numbers of measurements, sampling points, and
grid squares of each case were given in Table 1). The
table also gives the percentage of values of the sam-
pling points or of the squares that surpass the afore-
mentioned two reference values.

As a control of the data corresponding to each
grid, the values of each set of sampling points [G;;]
were analyzed by the Shapiro-Wilk test, resulting in
only the data of one of the 800 metre grids showing
a significantly non-normal distribution. The ANOVA
test found no significant differences within any of the
groups of grids (there being four groups established:
the 283 metre grid groups — with two configurations;
the 400 metre grid group — with four configurations;

and the 600 and 800 metre grid groups — with 9 and 4
configurations, respectively).

We shall take as reference the value for the 200
metre grid (column 1 of Tables 1 and 2) to discuss the
mean values obtained for the other grids applied to the
city map. One observes in the Table 2 that, for the two
alternatives of the 283 metre grid size which have fewer
than half the points of the reference (200 m) grid, the
mean values calculated for the city differed from the
reference by less than 0.6 dBA. For the four possible
alternatives of the 400 metre grid the mean values dif-
fered from the reference by less than 1.2 dBA. And
for the different alternatives of the 600 and 800 me-
tre grids (nine and four, respectively) the mean values
differed from the reference in the range —3.0 dBA to
+2.4 dBA and —3.3 dBA to +2.5 dBA, respectively.
This observed behaviour is not far from that expected
statistically when a reduced sample of data of a stud-
ied population is taken by randomly selecting points.
Thus, as mentioned above, the ANOVA found no sig-
nificant differences within the noise values of the sam-
pling points of each group of grids (for instance, among
the nine alternatives of the 600 metre grid). Also, con-
sidering the mean value and the 95% confidence inter-
vals (Fig. 5), one observes that almost all the results
overlap.

Considering the typical error of the mean values
(also shown in Table 2), as it can be seen and as it could
be expected, these values increase when increasing the
size of the grid for the three values [those obtained from
the measurements, points and grids squares]. Thus,
considering, as example, uncertainty associated to the
city’s overall mean values obtained from the sampling
points values, the mean values of the calculated uncer-
tainties are close to 1 dBA for the 200 and 283 me-
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tre grid sizes, increasing to values between 2 dBA and
3.5 dBA for the 600 and 800 metre grid sizes, respec-
tively.

Therefore, results from mean values and typical er-
rors are both indicating that the increase in the size of
the grid produces an increase in the uncertainty of the
city mean values. Grid size values higher than 400 m
involves uncertainties of the calculated mean values
greater than 2 dB.

With respect to the standard deviations associated
with the calculated mean values (Table 2) which pro-
vides us information about the dispersion of the data
we can see that they remained practically constant for
all the grid sizes in all the three types of mean val-
ues (from measurements, points or grid squares) even
though the numbers of values used in the calculation
are very different. This behaviour is indicative of no
great change in the variability of the noise data with
the variation of the number of measurements points
Comparing the values associated with the means of
the measurements and the means of the noise values
of the points, the standard deviations are quite simi-
lar in all the alternatives studied. This would be the
case if the three measurements of each sampling point
were similar, and is thus coherent with an adequate
characterization of the noise at the point in the period
of the day studied with the temporal sampling strat-
egy used. Finally, the standard deviation of the mean
of the squares is clearly lower than the standard de-
viation of the mean of the noise values of the points.
This behaviour is indicative of a clear difference be-
tween the four values of the grid squares with, when
the value of each square is obtained from the average
values of its four points, the variability being reduced
as the higher and lower noise values compensate each

other. This reduction of the variability in sound levels
will be confirmed below.

Table 2 also lists the percentages of sampling points
whose noise values surpassed some reference threshold.
As one observes, as the grid size was increased, the
changes in the percentage of sampling points surpass-
ing these two thresholds relative to the 200 metre grid
reference percentages were slight for the 283 metre grid
(in absolute terms, from +0.0 to +1.7% and from —0.8
to +2.7% for 55 dBA and 65 dBA levels, respectively),
appreciable for the 400 metre grid (in absolute terms,
from —2.3 to +6.2% and from —7.1 to +7.2% for the
55 dBA and 65 dBA levels, respectively), and marked
for the 600 and 800 metre grids (in absolute terms for
the 600 metre grid, from —13.4 to +14.4% and from
—20.5 to +21.3% for the 55 dBA and 65 dBA levels,
respectively). These results indicate a loss of sensibil-
ity for noise impact or noise exposure assessment when
increasing the size of the grid.

Finally, the behaviour for the percentages of
squares whose noise values surpass these threshold lev-
els (Table 2) is clearly different from that of the sam-
pling point values. One observes from the table that
with increasing grid size, there was generally an in-
crease in the percentage of squares with values over
55 dBA, but a decrease in the percentage of squares
with values over 65 dBA. This is again indicative of
a reduction in the variability of the values when av-
eraging them over the corners of each square, as was
described above.

A partial conclusion that may be drawn from the
results discussed in this subsection is that, bearing in
mind the uncertainty due to the number of measure-
ments, the study of noise by the grid method can pro-
vide good data with which to evaluate a town’s average
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noise level with a relatively small number of measure-
ments. Nevertheless, to obtain the percentage of values
that surpass a certain threshold, the major differences
observed for grids equal or coarser than 400 metres
seem to indicate that such large sizes can lead to im-
portant mistakes in the estimates. Even for for the 283
metre grid, comparing to the 200 metre grid, we found
a variation in the percentage of squares with values
over 65 dBA, from 24.4% to 16.9% (reduction of 30%).

3.3. Assignation of a noise value to a region
of the city

One of the major aims of the noise assessment is
to determine which part of the population is affected
by noise. In the grid method, one way of doing this is
to assign to the area inside each grid polygon a noise
value calculated from the values at its corners.

Differences between the grid sizes and alternatives
were analyzed in two ways. In one approach, we fo-
cused on the percentages of squares whose noise values
surpassed the two threshold levels (55 and 65 dBA).
As was noted above, an increase in the grid size led
qualitatively to the disappearance of the quieter and
noisier regions of the city. This implies that these re-
gions will be overestimated and underestimated, re-
spectively, i.e., that the estimation of the noise levels
supported by the affected population will be erroneous.
In the other approach, we analyzed the possible change
in the value of a particular region of the map (the
areas of the 200 metre grid were taken as reference).
This analysis was carried out only for the four alter-
natives of the grid with a size of 400 metres which,
according to the previous subsection, would seem to
give results comparable to those of the reference val-
ues of the 200 metre grid. Table 3 presents the results
for the variations in the values assigned to these areas
(initial squares of the 200 metre grid). One observes
that more than 10% of the initial squares presented
variations greater than 5 dBA, and more than 30%
presented variations greater than 3 dBA in the value
assigned to the interior of the square. Table 4 presents

Table 3. Variation in the noise value of a square of the 200

metre grid size when this region is included in a square of

the 400 metre grid size. I: 400 metre grid (alternative I);

II: 400 metre grid (alternative II); III: 400 metre grid (al-

ternative III); IV: 400 metre grid (alternative IV). Initial
squares in the 200 metre grid size: 168.

I I | 1Ir | 1Iv

Initial squares (200 m) that are in-

side the new grid (400 m) 128 1 136 | 116 ) 116

Variations greater than 3 dBA 46 | 58 | B3 | 37
Variations greater than 3 dBA (%) | 35.9 | 42.6 | 45.7 | 31.9
Variations greater than 5 dBA 17 | 26 17 | 16

Variations greater than 5 dBA (%) | 13.3 | 19.1 | 14.7 | 13.8

Table 4. Variation with respect to the reference levels (55

and 65 dBA) of the noise value of a square of the 200 metre

grid size when this region is included in a square of the 400

metre grid size. I: 400 metre grid (alternative I); II: 400

metre grid (alternative II); III: 400 metre grid (alternative

III); IV: 400 metre grid (alternative IV). Initial squares in
the 200 metre grid size: 168.

I |II IV
The value is still over 65 dBA | 8|20| 4|12
The value is under 65 dBA 22(17(28|16
No data 11| 4] 9|13
Change to a value over 65 dBA| 9(12| 8|12
Still under 65 dBA 88(88| 77|77

Values initially
over 65 dBA

Values initially
under 65 dBA

No data 30|27]421|38
It was also over 65 and now is
over 55 dBA 3013713285
;tswda],;:nder 65 and now is over 39105183 |28
Values initially
over 55 dBA |It was also over 65 and now is ol ol ol o
under 55 dBA
It was under 65 and now is un-
der 55 dBA 34t
No data 411274749
Change to a value over 55 dBA| 0| 0
Values initially —
under 55 dBA Still under 55 dBA 5 1] O
No data o 4| 4| 2

the results for the selected regions (initial squares of
the 200 metre grid) compared to the two threshold
levels (55 and 65 dBA). One observes that between 16
and 28 of the 41 squares with an initial value (in the
200 metre grid) over 65 dBA were evaluated at levels
below that threshold in the 400 metre grid. Also, of
the 127 squares initially under 65 dBA, between 8 and
12 surpassed this reference level in the 400 metre grid.
The difference between these two sets of values (the
number of squares that changed in surpassing or not
the threshold value) is congruent with the aforemen-
tioned reduction in variability in calculating the values
inside the squares. For the 55 dBA threshold, very few
squares were initially below this value, and the con-
clusions than can be drawn are therefore less clear.
Nevertheless, one does observe again the reduction in
variability of the sound values.

One can conclude from this section that increasing
the size of the grid reduces the noisier zones of the city,
and thus underestimates the noise to which that part
of the population is subjected. For the quieter zones,
the effect is the contrary. The reduction of these zones
by increasing the grid size leads to an overestimate of
the noise to which this portion of the population is
subjected.

As a partial conclusion of the results discussed in
this subsection, the 400 metre grid size seems to give
values of the noise exposure that are quite different
from those obtained with the 200 metre grid size.
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8.4. The necessity for new measurements according
to ISO 1996-2

According to ISO 1996-2: 1987 (ISO 1996-2, 1987),
if the difference between two adjacent nodes is greater
than 5 dBA, an additional sampling point in the mid-
dle of these two points should be measured. This rec-
ommendation is also part of ISO 1996-2: 2007 (ISO
1996-2, 2007).

This recommendation was not taken into account
in the study of the 200 metre grid, since this was taken
to be the reference size. The increase in the number of
sampling points according to the ISO recommendation
was calculated for all grid sizes (Table 1). One observes
that for all the sizes and alternatives analyzed, more
than 50% of new points are necessary (indeed, this
increase is generally greater than 75% of the initial
points of a given alternative).

In some of the sizes analyzed, such as the case of the
400 metre grid, there is a measured value in the middle
of each side of the square, and thus it was possible to
analyze the ISO 1996-2 recommendations. To this end,
all four alternatives of the 400 m grid were studied (the
results are presented in Table 5).

Table 5. Analysis of the ISO 1996-2 recommendation on the

necessity for new measurements in the middle of the sides of

the squares. I: 400 metre grid (alternative I); IT: 400 metre

grid (alternative II); III: 400 metre grid (alternative III);
IV: 400 metre grid (alternative IV).

I I | II1 | IV

Segments with difference greater
than 5 dBA

Intermediate point has difference with
both ends less than 5 dBA

Intermediate point has difference greater
than 5 dBA with one of the ends

42 | 53 | 46 | 49

30 | 35| 31| 34

Intermediate point has difference greater
than 5 dBA with both ends

Segments with difference less than
5 dBA

Intermediate point has difference with
both ends less than 5 dBA

Intermediate point has difference greater
than 5 dBA with one of the ends

40 | 35 | 29 | 27

18 | 17 | 18 | 15

Intermediate point has difference greater

than 5 dBA with both ends 15113 110 6

Considering first those adjacent points which differ
by more than 5 dBA, one observes in the table that
only for a very small percentage of these intermedi-
ate points (between 2% and 14%) did the noise value
differ by less than 5 dBA relative to the two adjacent
points. For the rest of the intermediate points recom-
mended by ISO 1996-2, the value differed by more than
5 dBA relative to one (or even to both) of the adjacent
points, and thus one (or two) additional intermediate

point(s) would have to be measured according to the
ISO standard. Indeed, after measuring the first set of
new points indicated by the ISO 1996-2 recommenda-
tion (42, 53, 46, and 49 for the four different alterna-
tives of the 400 metre grid), an even greater number
of new points would have to be measured in a second
step according to that same recommendation (42, 61,
59, and 56, respectively, in all cases more than 100%
of new points).

In considering the segments whose end points had
noise values which did not differ by more than 5 dBA,
and hence according to the ISO 1996-2 recommenda-
tion did not require intermediate points to be mea-
sured, one finds that in approximately 50% of the cases
the intermediate point had a noise value that now dif-
fered by more than 5 dBA from either one or both of
the end points.

These results seem to suggest that the need for
measurements at intermediate points recommended by
ISO 1996-2 implies a continuous process of measuring
at new points in a process that would probably finish
when the distance between points was so small that
the entirety of a street segment had been measured.

Furthermore, the present results showed that, even
in the 50% of the intermediate points where the ISO
1996-2 standard did not recommend new measure-
ments from probably assuming that there would be
an almost constant value in the noise field, the results
showed that this assumption is a mistake.

3.5. Predictive capacity of the grid method

To study the predictive capacity of the method, the
difference was calculated between the values measured
for the points inside the squares (G;;) (as noted above,
in all the grid sizes greater than 200 m there was at
least one measured point inside the square) and the
predicted values, i.e., the noise values assigned to the
area inside the grid squares calculated by averaging
their corners — S. This value was termed the prediction
error er.p;, as explained above. The new points consid-
ered for the calculation of the prediction errors were
not used for the grid calculations. They were always
located inside the squares, with points in the sides of
the square never being considered.

Table 6 lists the statistics associated with these pre-
diction errors. From this table, one can draw the fol-
lowing conclusions.

Firstly, the median values of the prediction errors
er.n for the 283-metre grid size were below 1 dBA,
indicating that these prediction errors were distributed
around the value zero, which is statistically coherent.
For greater grid sizes, there were some median values
that were greater than 2 dBA, indicating a certain bias
in the results. Obviously, such a bias is undesirable,
and these greater grid sizes would not be good options
for the characterization of the noise of this city.
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Table 6. Overall values of the prediction error [er.p;]. II-III: 45°-rotated 200 metre grid (grid of 283 metres) (two
alternatives); IV-VII: 400 metre grid (four alternatives); VIII-XVI: 600 metre grid (nine alternatives); XVII-XX:
800 metre grid (four alternatives).

Alternative

I | II |III|IV |V |VI|VII|VII|IX | X | XI |XII|XIII|XIV|XV [XVI|XVII| XVIII| XIX| XX
Grid size (meters) 200| 283 | 283 | 400 | 400 | 400 | 400 | 600 | 600 [ 600 | 600 | 600 | 600 | 600 | 600 | 600 | 800 | 800 | 800 | 800
Mean value of the pre-l ol 6| 06| 1.4|1.3|-2.2|-2.3[0.7|0.3|-2.4) 40| 09 |-20/0.9 | 19| -1.8| 1.5 | 2422
diction errors (dBA)
Median value of the pre-| o gl 061 0.2 | 0.2|1.0|-2.2|~1.6[ 09 0.6 [~0.1| 46 | 1.3|-1.6| 09| 27 |-2.0| 0.9 |3.1| 1.7
diction errors (dBA)
Mean value of the abso-
lute values of prediction 43 (44|52 |54|54|45|57|52|50(57|65[49|45 (46|52 55| 52 |50](5.3
errors (dBA)
Number of points 71|71 32 34 (29|29 | 40 |40 |40 | 32 |36 | 36 | 40 | 40 | 40 | 45 45 36 | 54
Sum of the uncertainties
(k = 1) < prediction er- 57.7152.1171.9155.9|37.9|48.3|67.5[65.0(52.5| 50.0 |77.8|58.3| 52.5|50.0{57.5| 60.0 | 57.8 |63.9]|53.7
ror (% of points)
Sum of the uncertainties
(k = 1.96) < prediction 19.7119.7|31.3 (29.4|24.1|17.2 | 35.0|30.0{25.0| 34.4 |55.6|30.6 | 30.0 |22.5|35.0| 40.0 | 28.9 |27.8|37.0
error (% of points)

Secondly, the means of the absolute values of the
prediction errors indicated a major deviation of the
new data from the predictions of the grid method.
For all the alternatives studied, this mean value was
greater than 4 dBA, indicating that the grid method
may be unsuitable for noise evaluation in locations
other than the sampling points.

Thirdly, considering the uncertainties associated
both to the sampling point and to the square of the
grid, in a high percentage of the sampling points (usu-
ally over 50%), the value of the prediction error was
higher than the sum of these two uncertainties for a
coverage factor of 1. These percentages were also im-
portant for a coverage factor of 1.96 (near 20% or
higher) As it can be seen in the city of Céceres this
value increases when increasing the grid size, which
corroborates the fact that an increase in the size of the
grid size implies a loss in the accuracy and the predic-
tive capacity of the method

Finally, in a previous work (BARRIGON et al., 2011)
the prediction errors of the grid method were compared
with those of an alternative method (the categoriza-
tion method). The results showed that the prediction
errors associated with the grid method were greater
than those of the categorization method (BARRIGON
et al., 2011).

8.6. Application of the same method to the smaller
towns of Don Benito and Olivenza

As mentioned in the Introduction, in order to
enrich the study and to corroborate the above partial
conclusions, the same methodological approach was
applied to the towns of Don Benito and Olivenza. As
these towns are smaller than Céceres, only 200 to 400
metre grid sizes were considered. Table 7 provides
information about the number of measurement points
and the number of grid squares of each alternative

Table 7. Grid size, measurement points, number of measurements, grid squares, new necessary points according
to ISO 1996-2 recommendations, and percentage represented by these new necessary points with respect to the
measurement points employed for the different alternatives of each grid method analyzed in the towns of Don Benito
and Olivenza. I: grid of 200 metres; II-1II: 45°-rotated 200 metre grid (grid of 283 metres) (two alternatives); IV-VII:
400 metre grid (four alternatives).

Don Benito Olivenza
Alternative Alternative
I Im | mr | 1v | v | VI |VII| I Im (mr|1v | v | VI |VII

Grid size (metres) 200 | 283 | 283 | 400 | 400 | 400 | 400 | 200 | 283 | 283 | 400 | 400 | 400 | 400
Measurement points 86 43 41 21 21 20 21 48 23 19 12 11 10 10
Measurements 344 | 172 | 164 | 84 | 84| 80| 84| 144 | 69| 57| 36| 33| 30| 30
Grid squares 65| 28| 27| 12| 12| 11| 12| 32| 14| 10 5 5 4 4
Minimum additional new necessary points 68| 36| 36| 15| 14| 17| 18| 51| 22| 19| 12| 11
Minimum additional new necessary points (%) | 79| 84| 88| 71| 67| 85| 86| 106 | 96 | 100 | 100 | 100 | 90 | 80
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analyzed. One observes that there were clearly fewer

grid (grid of 283 metres); IV-VIIL: 400 metre grid. Symbols used: T — arithmetic mean value; o,—1 — standard deviation; oz — typical error; k = 1.96.

Table 8. Overall study of the towns of Don Benito and Olivenza for all the alternatives studied of the grid method. I: grid of 200 metres; IT-TII: 45°-rotated 200 metre

N h «©
=g FEFelic 2o | o s | 2 measurement points and grid squares than were used
SlFmeered| 2 18 | = | & for the study in the city of C4
PO e e y in the city of Céceres.
D I Table 8 presents the same information of the overall
- = R D I noise assessment of these two towns as did Table 2 for
— < 2] . s
> § pr % 1 % s sl 8|8 g | o the city of Caceres. One observes that the mean values
N - obtained, their typical errors and the standard devia-
© |o |- tions show a similar behaviour to those described for
= E g 5 f E = ol I = the city of Caceres. The behaviour of the percentage of
N
TeTlg e T e |t T measurements that surpass the studied thresholds (55
@ — 1= and 65 dBA) is also similar, although in this case the
§ pe - _c|\1_| = flfl = _c|\1_| o | w | e percentage differences relative to the reference value
E § 2 = z ~ - = Jd ® | | S |° (200 metre grid) for the 283 metre grid are greater (in
o=z N absolute terms) for the sampling points over 65 dBA
=<
2 |9 |z (with differences of around 6% in both Don Benito
=R N RN b =1 Z218]< and Olivenza). For the 400 metre grids, that in the
R - = B study of Céceres seems to be an appropriate size, but
=T T in Don Benito, except for the 55dBA reference level,
SlTalEelnS | x| 2| - there were large differences (for example, the percent-
Sl nees D R | R | & | age of points over 65 dBA in two of the 400 metre
S R grid studies differed by more than 13% from the ref-
SR DI A erence value), and in Olivenza the difference reached
§ ﬁ g £ g ;';.' g,/ E E g 2 more than 20% in one of the cases.
218 |8 With respect to the assignation of a noise value to
= = |= a region of the town, for Don Benito between 2.1%
= 79935 « | @ s | @ and 6.3% of the initial squares presented variations
— [ .
|5 g e g < % S8 || 5|38 greater than 5 dBA, while between 20.5% and 37.5%
of the initial squares presented variations greater than
- = < 3 o 2 e S I 3 dBA. For Olivenza these ranges were 0-30% and 25—
= £ S5 @ < £ =2 lg ¢S 3 80%, for variations greater than 5 dBA and 3dBA, re-
g |8 |8 spectively. These results are slightly lower for varia-
I REEE] tions over 5 dBA but similar for variations over 3 dBA
— O AN~~~ . . . ’ . .
SIESIEZIAI 2 2183 to those obtained in the city of Caceres. Considering
N Z e I - B B B I the grid squares that initially presented a value over
ole — = 65 dBA in the town of Don Benito (21), between 2
EIES slizlfalnala || o |~ and 12 of them were evaluated at levels below that
RIEIZ|S |2 8|5 8w L 228 threshold in the 400 metre grid. Of the 44 squares ini-
=R < 10 i) . .
A= i Dt tially under 65 dBA in that town, between 5 and 20
212 _|s surpassed this threshold in the 400 metre grid. For the
SR dad3dZ s 2|82 rest of the variations in Don Benito and for all of them
I B> T B B i - in Olivenza, the data were insufficient to allow conclu-
e I sions to be drawn, but the two cases described for Don
S ARSI S v | v | o | » Benito are congruent with the results for Céceres, and
= S ey Do [ B o) =] o
Ol B e S e L - B B similar partial conclusions can be drawn.
D I With respect to the necessity for new measure-
S |2 & - w | w - ments according to ISO 1996-2, the numbers of new
S E E § ;}/ § :;_'/ S| S o points needed (listed in. Table. 7) are similar in percent-
S S |o age terms, and even higher in Olivenza, than for the
| = city of Céceres. Considering for the 400 metre grids the
. AFE] =] S I I intermediate point of each segment (Table 9), one ob-
IR it B R RS 5o 5o serves that, as also in the results for the city of Céceres,
= ©w = ‘3 3 S S
g ﬁg §.§ £ % aé 2 s &5 only in a small proportion of cases (between 0% and
E g g g ” gfg E = E = § 5 g 5 24%) does the intermediate point between two vertices
'_z IR STIESE z 2 s which differ by more than 5 dBA present a noise value
5 |—|z;| g ‘:' g |—|z;| 518 g8 E” s which differs by less than 5 dBA from either of the
5 2 two adjacent points. Again, approximately 50% of the
° intermediate points between two vertices which differ
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Table 9. Analysis of the ISO 1996-2 recommendation on the necessity for new measurements in the middle of the
sides of the squares in the towns of Don Benito and Olivenza. I: 400 metre grid (alternative I); II: 400 metre grid
(alternative II); III: 400 metre grid (alternative III); IV: 400 metre grid (alternative IV).

Don Benito Olivenza

I (I jar|v | 1 | I |Ir|Iv
Segments with difference greater than 5 dBA 15|14 |17 (18|12 |11 | 8 | 8
Intermediate point has difference with both ends less than 5 dBA 3 2 4 3 0 0 0
Intermediate point has difference greater than 5 dBA with one of the ends | 11 | 9 | 10 | 11 | 7 3 6 4
Intermediate point has difference greater than 5 dBA with both ends 1 3 3 4 5 8 2 4
Segments with difference less than 5 dBA 17|18 (13|14 | 4 | 4 | 5 5
Intermediate point has difference with both ends less than 5 dBA 9 2 1 2 2
Intermediate point has difference greater than 5 dBA with one of the ends | 5 1 1 0 3
Intermediate point has difference greater than 5 dBA with both ends 3 1 2 3 0

Table 10. Overall values of the prediction error [er.x:] for the towns of Don Benito and Olivenza. II-11I: 45°-rotated
200 metre grid (grid of 283 metres) (two alternatives); IV-VII: 400 metre grid (four alternatives).

Don Benito Olivenza
Alternative Alternative
I Ir | II | 1v \% VI | VII'| 1 Ir | 1Ir|1v | v | VI | VII

Grid size (meters) 200 | 283 | 283 | 400 | 400 | 400 | 400 |200| 283 | 283 | 400 | 400 | 400 | 400
Mean value of the prediction errors (dBA) —2.5| 26 |—-1.9|-0.8[—-1.3| 2.0 03]25|87]|16|42|-35
Median value of the prediction errors (dBA) —2.7]1 23 |-25[-0.8|-0.7| 2.2 0305|5118 |54]|-33
Mean value of the absolute values of prediction 38 | 43| 43 | 46|37 |37 64152874875 41
errors (dBA)
Number of points 28 | 27 | 12 12 11 12 14 | 10 5 5 4 4
Sum of the uncertainties (k = 1) < prediction error 28.6 |33.3|33.3 | 41.7 | 45.5 [33.3 50.0|40.0 80.0/20.0| 75.0 | 50.0
(% of points)
Sum of the uncertainties (k =1.96) < prediction 143 148] 83 11671 91 | 0.0 357030.0140.0120.0125.0! 0.0
error (% of points)

by less than 5dBA present a noise value which differs
by more than 5 dBA from at least one of the adjacent
points.

Finally, Table 10 presents the results respecting the
predictive capacity of the method for the towns of Don
Benito and Olivenza. The results for Olivenza are sim-
ilar to those for Caceres: while the 283 metre grids
have low median values of the prediction errors, the
400 metre grids have median values which are clearly
greater, indicative of a certain bias in the results. For
Don Benito, the medians of the prediction errors are
similar for the 283 metre and the 400 metre grids, and
indicative of bias in all the cases. The means of the
absolute values of the prediction errors are similar to
those obtained in Céceres, again indicating the risk of
using the grid method to estimate noise levels in loca-
tions other than at the points actually sampled.

Finally, considering the uncertainties associated
both to the sampling point and to the square of the
grid, the value of the prediction error was higher than
the sum of these two uncertainties for a coverage fac-
tor of 1 in a high percentage of the sampling points,
mainly in Olivenza. In these two cities it is not clear

the increase of this value when increasing the grid size,
which was observed in Caceres.

4. Conclusions

Some conclusions have already been outlined
above. They can be summarized as follows:

The grid method can be considered as a very ef-
ficient and inexpensive form of making an overall as-
sessment of the noise in a town. The influence of the
size of the grid did not seem to be relevant apart from
the widening of the confidence interval with increasing
grid size. Thus, grid size coarser than 400 metres leads
to uncertainties of the calculated mean values greater
than 2 dB.

For the assessment of how the population may be
subject to noise levels, however, the method seems to
be very sensitive to the size of the grid. Thus, increas-
ing the size of the grid caused an underestimate of
this incidence in the noisier parts of the city, and an
overestimate in the quieter parts. Based on the present
results, grid sizes coarser than 283 metres seem to be
inadvisable.
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The predictive capacity of the grid method seems
to be very limited in light of the present results. Thus,
taking as reference the 200 metre grid, the use of a 400
metre grid would imply major variations in the values
assigned to the points inside the grids. Also, for the
points in the centre of the 283 metre grid, the mean
value of the absolute values of the prediction error was
greater than 3.5 dBA.

The prediction errors associated with the method
can be considered as being large, and they increased
with increasing size of the grid.

Finally, the measurement of new points following
the ISO 1996-2 recommendation would seem to imply
an almost continuous need to measure new points at
an ever finer scale since the noise values of the inter-
mediate points implied the need to measure a further
set of new intermediate points. Furthermore, the mere
non-existence of 5 dBA of difference between two adja-
cent points did not imply that the intermediate point
would also lie within this range.

Future researches on the grid method considering,
for example, the reduction the size of the grid, compar-
ing results of grids with the same spacing but different
orientations or measuring intermediate points. could
be interesting for going into depth in the analysis of
this sampling (mapping) procedure.
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