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1. Introduction
A steadily growing number of areas exposed to noise and the resulting detrimental effects on the usable value and the prices of real estate may pose a significant problem in the process of managing real estate in urban areas.
Pursuant to the provisions of the EU Environmental Noise Directive
2002/49/EC, the key document for the assessment and management of environmental noise, and the Polish Environmental Protection Law, Poland is under obligation to perform acoustic audits and develop action plans for areas where noise
levels exceed the relevant limit values.
The provisions of the Environmental Protection Law place county administrators under the obligation to develop and update noise maps every five years. The
maps support the assessment of exposure to noise, they identify the main sources
of noise and areas where the relevant limit values are exceeded. The information
presented in noise maps serves merely as guidance on the degree of noise emissions in a given area, and it indirectly points to the resulting decrease in real estate
prices. Information on the harmful effects of excessive noise on local property
markets, in particular transaction prices and real estate prices, would significantly
contribute to the development of effective action plans to enhance the usable value
and prices of urban property.
The aim of this study was to present the methodology and the results of spatial analyses investigating the impact of noise on the average prices of residential
real estate in the city of Olsztyn in north-eastern Poland.
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2. Literature Review
Noise generated by street traffic is one of the most detrimental factors that affect the usable value of urban space and, consequently, real estate prices. The impact of noise on market prices may be assessed by analyses of primary sources,
such as market surveys, as well as statistical models investigating cause and effect
relationships, mostly regression models [25]. The advantages of market surveys
over econometric models have been discussed by Smith and Mansield [23]. Nonetheless, market surveys often deliver subjective information regarding noise annoyance, and the respondents are frequently unable to relate the above factor to
the economic value of property [22]. Unlike surveys, statistic models rely on transaction prices which reflect the actual decisions made by market participants and
not only their readiness to make purchase decisions. It should be noted, however,
that analysis results are also largely determined by the choice of variables and the
functional form of the model. The first regression models accounting for the effect
of road traffic noise on property prices have been developed many years ago by
Nelson [20], Hughes and Sirmans [13], Bateman et al. [5], Wilhelmsson [29] and
Huang and Palmquist [12]. As rightly noted by Bateman et al. [5], regression models illustrating the effect of noise on prices aim to explain price variability with the
use of selected property characteristics, including annoyance caused by exposure
to road traffic. Bateman points out that prices are determined by the specific attributes of the local market, and, above all, they reflect the relationship between
demand and supply which are very difficult to quantify. The above author presents detailed results of modeling the effects of noise on property prices, including
the demand for peace and quiet, for different market segments.
The noise depreciation sensitivity index (NSDI) is a robust measure of noise
effects on real estate prices. NSDI determines the percentage depreciation in property prices per 1 dB increase in noise levels. According to Nelson [20] and Bateman et al. [5], NSDI ranges from 0.4% to 0.5% for apartments on average. Similar
analyses were carried out on the land market to show NSDI values as high as
1.3% [15]. NSDI values were also discussed by Blanco and Flindell [6] in a review
of studies performed in the US, Canada and selected European cities. The use of
spatial autoregressive models to determine NSDI values on the housing market
was also discussed by Theebe [25] on the example of Amsterdam. Theebe argues
that noise intensity and property prices are not always bound by a linear correlation. He supports his claim by stating that the sound intensity level expressed in
decibels is a logarithmic, and not a linear, measure of noise intensity.
Other price-forming factors also significantly contribute to the effects of environmental noise. Real estate may vary substantially with regard to its legal and
physical attributes. According to the regressive modeling approach, real estate
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prices reflect variations such as size, age, technical condition and standard, which,
when combined with other environmental factors, support the development of
a correct model [6]. In a study modeling the effect of noise on property prices,
Brandt and Maening [7] analyzed 20 attributes related to the real estate and its location, and his approach significantly improved the fit of the model. In Brandt’s
study of the city of Hamburg, NSDI was determined at 0.23% at the significance
level of 0.01.
In the above models, the noise effect on prices is generally regarded to be
a stationary phenomenon which does not change in space. The above statement
leads to the assumption that the two factors are bound by the same correlation at
every point of the analyzed area. An alternative hypothesis, postulating that those
dependencies vary in space, can also be proposed.
The principles for the spatial modeling of price-forming factors have been discussed by Dubin [10] and Pace et al. [21]. The above authors examined the residuals from a regression analysis to search for variables that have not been accounted
for in the model and whose value is determined by location. Spatial correlations
between noise intensity and prices were also investigated by Anderson et al. [2]
who relied mostly on traditional regression models, but also noted that modeling
errors are regularly distributed in space.
Spatial analyses can significantly enhance model significance, and they can
accurately reflect the dependencies on the real estate market. To date, few authors
have performed spatial analyses with the involvement of geographically weighted
regression and geostatistical methods. For this reason, this study emphasizes the
use of the above methods as tools that support an evaluation of spatial variation in
noise effects on real estate prices.

3. Materials and Methods
The impact of environmental noise on the usable value and prices of residential real estate was assessed with the involvement of both statistical and
geostatistical methods. In the first stage of the study, a map of unit prices of apartments was developed by kriging interpolation. The above approach supported
a comparison of the spatial distribution of prices and noise levels in the examined
locations. ANOVA tests were performed to evaluate the impact of noise on real estate prices. To determine the spatial correlations between prices and noise intensity, a geographically weighted regression model (GWR) was built, and the spatial
distribution of the strength and significance of the analyzed relationships was
identified. Cokriging interpolation was used to generate a price distribution map
where noise intensity was input as an additional variable.
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The use of geostatistical methods in spatial analyses of the real estate market
has been discussed by Anselin [3], Haining [11] and Leuanghton et al. [19]. The
venture point for investigating spatial correlations on the property market can be
the assumption that the interactions between the studied objects in space are characterized by spatial auto-correlation. Spatial auto-correlation is defined as the degree of correlation between a variable in a given location and the value of that
variable in a different location. The problem of spatial auto-correlation on the real
estate market has been discussed by Basu and Thibodeau [4], Ismail et al. [14],
who analyzed the spatial distribution of residuals from a regression analysis by
calculating semivariograms. Tu et al. [26] relied on the spatial auto-correlation
phenomenon to suggest guidelines for the determination of property boundaries
based mostly on spatial factors. The above authors also demonstrated that the spatial segmentation of the housing market can be performed with the use of the
same method.
Kriging is a geostatistical method that provides the best, unbiased linear estimators of a regionalized variable. Sample data (measuring points) inside the estimation area (sample search area) is assigned respective weight, referred to as
kriging weight factors, in such a way as to minimize the mean squared error of estimation (kriging variance). This method assigns greater weight to points situated
closer to the observer, but weights are determined using a variogram or
a semivariogram calculated from a classical semivariance estimator [4, 24]:
g$( h) =

1 n
å ( z(si + h) - z( si ))2
2 n i =1

(1)

where z(si + h) and z(si) are the values of the analyzed attribute at points separated
by distance h, and n is the number of the pairs of points separated by distance h.
The semivariogram function, developed by mapping semivariance values dependent on distance h in the chart, describes the structure of variability in the studied
population. The weighted mean is determined using the below estimator:
N

Z$ v = å w i Z( x i )

(2)

i =1

The weights determined by the semivariogram are assigned to produce estimators that are unbiased and characterized by minimal variance, referred to as
kriging variance.
The most popular kriging estimators include ordinary kriging, which is used
when the means are unknown, and simple kriging, which is applied in non-stationary models with a known mean for the entire population or for computing
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local estimates of the mean. According to many experts [9, 24, 28, 31], kriging is
the best method for interpolating non-heterogeneous natural phenomena because
kriging algorithms contain procedures ensuring the minimization and random
distribution of errors (the estimator is unbiased, which implies that negative and
positive errors are balanced out). Kriging accounts for general data trends, and it
is a useful method when data is not uniformly distributed. Kriging interpolation
supports the estimation of the searched value at any point of the analyzed area.
With the use of the above procedure, unit value can be estimated separately for
each point, where point s0, at which value is appraised, may be the geometric center of any building containing the apartments in the studied area.
Co-kriging is a natural extension of the kriging technique when multi-dimensional data is available. The main variable is estimated in a given location
based on auxiliary data and variables in the neighborhood. When prices and noise
levels are highly correlated, their values can be used in conjunction to estimate every variable in succession. The ordinary co-kriging estimator represents the linear
combination of weights w ai with variables situated in the neighborhood of the estimated point x0 [27]:
N

ni

Zi*0 ( x 0 ) = å å w ai Z( x a )

(3)

i =1 a =1

Co-kriging is generally applied when sufficient quantities of data relating to
the main variable are not available, but there are vast quantities of reliable data on
the spatial distribution of the additional variable which is significantly correlated
with the main variable. The researchers have concluded that noise intensity can be
an additional variable.
The relationship between prices and noise levels can be illustrated with the use
of a classical regression model. In general, regression models fail to directly account for potential interactions (spatial auto-correlation) between the intensity of
a given phenomenon in space, and they assume that the price shaping process in
geographical space is stable [17]. In this case, the significance of parameters in classical regression models is not affected by the spatial structure of the studied phenomenon, which could lead to the misinterpretation of results [8], in particular on
the assumption that real estate markets are characterized by spatial heterogeneity.
Various methods of accounting for the spatial structure of the studied phenomenon in regression models have been discussed in literature [3, 11]. One of the
reviewed methods proposes to assign weights to observations which, owing to
their location in space, could have a theoretically greater impact on the analyzed
phenomenon than other observations. The above can be expressed with the use of
geographically weighted regression.
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Geographically weighted regression (GWR) is used on the assumption that the
modeled parameters can be estimated separately at every point in space for which
the values of the dependent variable and the independent variable are known. The
interactions between the studied objects in space are often characterized by the observation that elements found close to one another are more similar than objects
that are far apart. The above principle can be used to estimate the modeled parameters in a given location on the assumption that the observations made at points
closer to the studied object will have greater weight than the more distant observations [8]. A standard GWR model equation will take on the following form:
y i = b 0 ( x i , y i ) + b1 ( x i , y i ) × x i + e i ,

(4)

or, for many independent variables:
y i = b 0 ( x i , y i ) + b1 ( x i , y i ) × x1i + b 2 ( x i , y i ) × x 2 i +...+b m ( x i , y i )x mi + e i ,
for i = 1, 2, ..., n

(5)

The value of the modeled parameters is determined by location which, in this
case, is expressed by coordinates (xi, yi). The parameters of the GWR model are estimated similarly to classical models, but the weights of observations determined
by location are taken into account:
b$( x i , y i ) = ( XT W( i ) X ) -1 XT W( i )Y

(6)

where W(i) is the matrix of weights that are a function of the distance between the
location described by coordinates (xi, yi) and the location of every observation
point. The above matrix takes on a diagonal form, and its elements can be expressed in various ways, mostly [17]:
é æ dij
w ij = ê1 - çç
êë è h

2
ö ù
÷÷ ú
ø úû

2

(7)

where dij is the distance between locations i and j, and h is the bandwidth. The
above parameter indicates the spatial range that generates observations for the calculations, indicating that wij = 0 for dij > h.
The GWR model produces a series of fields mapped by the estimated parameters. The differences in the value of those parameters in space suggest that dependent variables’ effect on the independent variable and, consequently, the spatial heterogeneity of the examined phenomenon are characterized by local variance [8]. Since parameter estimation takes place at selected points in space, local
variance at any given point may be determined by spatial interpolation, and the
result may be presented in map form (such as an isarithmic map).
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4. General Characteristics of Source Data
Analyses were carried out in the city of Olsztyn in north-eastern Poland.
Olsztyn has an estimated population of 180,000, and it covers the area of more
than 88 km2. Environmental factors play an important role in the investigated region owing to an abundance of natural features, including lakes and forests within
Olsztyn’s administrative boundaries. The main source of noise is road traffic, and
it is intensified in the afternoon in the city’s busiest streets. The annoyance effects
of railway and industrial noise are less profoundly experienced.
The main source of information on noise intensity is a noise map which describes the present and forecast acoustic environment of the area, including
a graphic presentation in the form of several data layers on a base map [16]. Noise
maps are developed to assess the acoustic climate of the examined region and to
develop noise abatement programs [18]. The information on noise intensity levels
for the studied area was obtained from a noise map of Olsztyn kept by the Environmental Protection Department of the Olsztyn Municipal Office. Basic noise
data is presented on the map in the form of indicators LDWN and LN. LDWN indicates
long-term averaged noise levels in decibels, determined for all the corresponding
periods of a year at various times of the day, and LN denotes long-term averaged
noise levels determined for all night time periods throughout the year. Noise
maps also feature information on areas threatened by noise (road traffic, industrial
and railway noise) as well as data on noise emission limits (Fig. 1).

Level of noise
45–50 dB
50–55 dB
55–60 dB
60–65 dB
65–70 dB
70–75 dB
more than 75 dB

Fig. 1. Section of a noise map for the city of Olsztyn (LDWN for road traffic)
Source: www.olsztyn.eu
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Information on the spatial distribution of noise data, mainly the LDWN indicator of traffic noise intensity, was used in the analysis.
Apartment prices were supplied by the Register of Real Estate Prices and
Values kept by the Department of Geodesy and Real Estate Management at the
Olsztyn Municipal Office. The analysis covered more than 1100 transactions completed in 2008–2010. The real estate market was relatively stable in the examined
period, and no significant price changes were noted over time. The unit prices of
the analyzed apartments ranged from PLN 1663 to 7980/ m2, and the average price
was below PLN 4400/ m2 (Fig. 2).

Basic
statistics
Valid n
Mean
Median
Minimum
Maximum
Variance
Std. deviation

1110
4379.28
4335.21
1662.71
7980.03
750811.80
866.49

Fig. 2. Empirical distribution of unit apartment prices

In view of Olsztyn’s specific spatial structure, the highest number of transactions was registered in central and southern parts of the city which have been predominantly zoned for the construction of residential apartments.

5. Results and Discussion
In the initial study aiming to determine the spatial correlations between noise
intensity and average transaction prices, the spatial distribution of prices was analyzed by ordinary kriging. The resulting empirical variogram (Fig. 3) points to the
presence of a spatial auto-correlation in the studied area, therefore, the least
squares approach was applied to fit the theoretical model. A spherical model with
a nugget effect was used.

Spatial Analysis of the Effect of Noise on the Prices and Value of Residential...

21

600000

500000

400000

Nugget effect:
error variance: 329320
Spherical model:
scale: 267570
length: 2491.23

300000

200000

100000

0
0

500

1000

1500

2000
2500
Lag Distance

3000

3500

4000

Fig. 3. Variogram of average unit prices of apartments with the fit theoretical model

The resulting cartographic presentation (Fig. 4) and a noise map (Fig. 1) support a direct comparison of average prices and noise levels at every point of the
analyzed area.

Fig. 4. Analysis of the spatial distribution of average apartment prices with the use of
ordinary kriging interpolation methods
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Noise intensity data is not directly related to apartments which can differ subject to their location inside a building. For this reason, it has been assumed that
the determined noise level will apply to the entire building. This approach could
pose significant problems because various parts of the building could be exposed
to different levels of noise. To compensate for that shortcoming, the maximum,
minimum and average noise level LDWN was determined for each building containing the analyzed apartments. The performed analyses accounted mostly for maximum noise levels to which the building is exposed.
The impact of noise on apartment prices was assessed with the use of the
ANOVA test, a statistical method for determining the presence of differences between means in several populations. This method estimates the probability with
which the analyzed factors could explain the differences between the observed
means in groups. The purpose of the ANOVA test in this study was to verify
whether noise levels significantly affect apartment prices. As part of the analysis,
the general variance in the dependent variable was divided into inter-group and
intra-group variance [1]. When a given type of variance is compared against residual variance, i.e. random error variance (using Snedecor’s F-distribution), the result indicates whether the analyzed factor (noise intensity) significantly affects
transaction prices.

F=3.78, p=0.0010
Effective hypothesis decomposition

ANOVA
(Max Noise – Average Price)
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MS

F

p

11349804171
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0.0000
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F=1.31, p=0.25

ANOVA
(Min Noise – Average Price)
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Fig. 5. Results of the analysis of variance (ANOVA)
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The results of the ANOVA test indicate that noise levels contribute to a significant variation in the unit prices of apartments in Olsztyn (Fig. 5). Maximum noise
levels were a significant parameter at the level of 0.001.
The maximum noise level was the most significant parameter in buildings
characterized by varied noise intensity. Pearson’ correlation coefficient between
maximum noise intensity and average prices reached –0.135, and it was significant
below the level of 0.05. The results of a simple regression analysis suggest that
unit prices decrease by PLN 16.53/m2 per every 1 dB increase in noise intensity
(Fig. 6).
Av Price = 5392,2118-16,5264*x
9000

Simple regression

8000

B

Std.
error

t

p

Intercept

5392.21

231.63

23.28

0.000000

Max
Noise

–16.53

3.7

–4.46

0.000009

Average Price
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MAXVAL

Fig. 6. Results of a regression analysis of average prices and maximum noise intensity

The value of NSDI was estimated at 0.36%. and it is consistent with the findings reported by Nelson [20], Bateman et al. [5] and Theebe [25]. Despite a low coefficient of determination at 0.19, the analyzed dependency can be assumed to be
statistically significant. In our study, we analyzed the data from the entire surveyed area. Detailed investigations revealed that a better fit of the model would be
obtained if every residential estate in the studied area were analyzed separately.
Preliminary analyses confirm that noise intensity could significantly contribute
to variations in the usable value and, consequently, the unit prices of apartments.
The studied parameter’s influence could vary subject to individual location.
The spatial distribution of prices is affected by numerous factors, including location, predominant type of construction, proximity of transport routes and residential safety. Noise intensity is most profoundly manifested on a micro scale, i.e.
within a small district or residential estate. For this reason, a geographically
weighted regression model can be used to determine spatial correlations in detail.
The unit price of an apartment was the dependent variable in the model, whereas
the maximum noise level, expressed by indicator LDWN, was the independent
variable. The results of the GWR analysis are presented in table 1.
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Table 1. General results of the GWR analysis
Intercept (b0)

Error (b0)

Max val. (b1)

Error b1

Local R2

Min

4252.98

304.33

–29.206

4.681

0.001

Max

6046.36

850.12

–2.917

14.042

0.131

Average

5391.69

376.08

–15.803

6.030

0.032

The effect of noise intensity on apartment prices is spatially differentiated, as
demonstrated by the slope of the regression line. The spatial distribution of regression parameter â1 and the fit of the model measured by the coefficient of determination R2 are shown in figure 7.

Fig. 7. Spatial analysis of the strength of noise effects on prices and the fit of a statistical
model using geographically weighted regression and ordinary kriging methods

In regions marked by the lowest noise intensity, the value of coefficient â1
reached –2.917 PLN/dB, and in areas that are most affected by noise, it was equal
to –29.206 PLN/dB, which corresponds to NSDI values in the range of 0.07% to
0.67%. The local coefficient of determination ranged from 0.001 to 0.131.
Environmental noise had the greatest influence on real estate prices in the
south-eastern parts of Olsztyn which comprise mostly residential estates. In the
above area, maximum noise intensity did not exceed 60 dB, excluding apartments
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in the immediate vicinity of the main street. Noise had a slightly less profound effect on prices in estates situated closer to the city center despite a high degree of
spatial variation in noise pollution levels. The above could be attributed to the fact
that potential buyers who opt for apartments in downtown Olsztyn are more willing to accept the annoyance effects of urban noise.
The spatial distribution of the goodness of fit of the GWR model is similar to
that observed in the relationship between noise and prices. The most significant
correlations were reported in areas where noise had the greatest impact on real estate prices.
To account for the fact that price data is often incomplete and that transactions are unevenly distributed in space, the final map of apartment prices was developed by co-kriging based on the correlations between transaction prices and
noise intensity. The resulting map presents the spatial distribution of apartment
prices in view of noise levels (Fig. 8). Co-kriging methods supported the estimation of average prices in areas that are covered by the noise map but where no
transactions were registered. This approach improved the fit of the interpolated
space to the existing data.

Fig. 8. Comparison of interpolation results by ordinary kriging and co-kriging with the
use of noise intensity data for sections of the analyzed area

The differences between the results of kriging and co-kriging interpolation are
significant only when the main variable (transaction price) is significantly spatially
correlated with the additional variable. Therefore, the most reliable results are
noted in areas where the GWR model best fits market data. It should be noted,

26

R. Cellmer

however, that real estate prices are not always easy to model, and the results can
be burdened with relatively high error. The relationship between transaction
prices and the modeled values is illustrated in figure 9.

Fig. 9. Relationship between transaction prices and values obtained from a theoretical
model (co-kriging method)

6. Conclusions
The results of this study indicate that road traffic noise significantly impacts
the usable value and, consequently, the prices of real estate. The presented methodology supports the determination of the quantitative effects of environmental
noise on apartment prices and the generation of maps illustrating the influence of
noise on the spatial distribution of prices. The performed analyses validate the
usefulness of selected geostatistical methods in studies evaluating the effect of environmental factors on local real estate markets. The applied GWR models support the assessment of the spatial variation in noise effects on prices. The use of
co-kriging methods for interpolating average prices in view of noise levels contributes to the accuracy of maps of average real estate prices.
The information on the spatial variation in noise effects on prices provides
valuable inputs for the initiation of measures to mitigate noise and prevent a decrease in the usable value and prices of real estates.
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