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Abstract: As a carrier of cultural characteristics of historic districts, the soundscape has unique
advantages in shaping regional cultural personality, and mastering its spatiotemporal characteristics
is crucial for preserving soundscape heritage with natural and humanistic environments as its kernel.
Focusing on the Three Square and Seven Alleys historic and cultural district in Fuzhou, this paper
analyzes the spatial and temporal patterns of the physical acoustic indicators of the soundscape, the
spatial dependence of the sound source harmony, and the spatial relationship between the two. It
was found that the physical acoustic indicators showed dynamic changes in spatial and temporal
scales and reflect specific human activity and behavioral patterns; sound source harmony showed
spatial autocorrelation in both global and local models, with prominent spatial characteristics; and
the physical acoustic indicators may negatively affect soundscape perception. The study emphasizes
the importance of the regional cultural connotation of soundscape in urban planning. It provides a
scientific basis for the planning, designing, and managing of soundscape resources in historic and
cultural districts and world heritage sites.

Keywords: soundscape; spatial and temporal characteristics; sound source harmony; physical acoustic
indicators; spatial autocorrelation; the Three Square and Seven Alleys; historic and cultural district

1. Introduction

As an important cultural heritage of the city, the historic and cultural district carries
the identity and development history of a town [1], and its protection, renewal, and rational
utilization have always been one of the core topics discussed by academics [2]. The Three
Square and Seven Alleys in Fuzhou is one of the representative neighborhoods of China’s
famous historical and cultural cities. Its intact traditional buildings and complete street
texture [3] constitute a unique space and symbolize the city’s identity. As a living cultural
heritage [4], soundscape is closely linked to people’s subjective emotions and collective
memories [5] and is crucial to shaping the cultural personality of a region [6]. In the case of
historic and cultural districts, soundscape heritage not only maps the spatial quality and
historical originality [7] but also affects the production and life of residents in a specific
area [8]. The unique sounds within the Three Square and Seven Alleys, such as the sounds
of the Fuzhou dialect, hawking, folk activities, and crafts building [9], are part of its unique
intangible cultural heritage that should be emphasized and protected. However, in the
modernization process, the soundscape heritage [10] in the historic and cultural districts,
which is based on the natural and humanistic environment, is facing the crisis of being
replaced by industrial, traffic, and mechanical sound sources. Therefore, studying how to
protect and inherit the unique soundscape of historic districts is of great significance for
maintaining urban cultural heritage [5,11].
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Nowadays, scholars no longer equate a good soundscape with simply reducing the
noise level [12,13], but emphasize the importance of the individual’s subjective perception
of the soundscape [14]. Soundscape perception studies cover sound source identifica-
tion, evaluation, and characterization [15,16], and this information can be transformed
into management strategies and become an entry point for cultural heritage conservation.
In the realization dimension of using soundscape maps to visualize soundscape informa-
tion [17], spatiotemporal dynamic distribution characterization is one of the critical research
paths [18]. Wang Yaping et al. evaluated the historical neighborhood environment through
audio–visual perception experiments to provide a reference for the study of improving the
preference of sound elements and the satisfaction of sound environment [19]. Rui Qingx-
uan et al. explored the differences in sound source preferences, the interaction between
sound sources and soundscape perceptions, and their effects on the evaluation of historical
perceptions in the Central Avenue historic district in winter and summer, providing new
ideas for highlighting the landscape features of the historic district [20]. However, most of
these studies are limited to specific spatial and temporal frameworks and do not explore
dynamic change characteristics in the spatial and temporal dimensions. Therefore, in-depth
excavation of soundscape information at different scales and exploration of the spatiotem-
poral distribution characteristics of soundscape perception in historic neighborhoods are
crucial for enhancing the soundscape experience.

From a spatial perspective, environmental and soundscape variables are spatially
autocorrelated and interact [21–23]. The variable nature of soundscape perception im-
plies that exploring the patterns of its spatial dependence is essential. Hong and Jeon
pointed out that urban spaces’ functions, activities, and visual characteristics play a crucial
role in soundscape perception [24], i.e., spatial dependence may affect urban soundscape.
However, few studies on soundscape mapping have considered spatial dependence when
exploring the relationship between soundscape variables. Liu Jiang et al. explored the
spatial dependence of soundscape in the Gulangyu Island area based on the spatiotemporal
dynamic characteristics of soundscape perception. They found that soundscape percep-
tion and landscape perception in the scenic area have prominent spatiotemporal dynamic
characteristics [25]. Still, they mainly focused on the spatial dependence of soundscape
and landscape perception and lacked research on the relationship between soundscape
variables, such as acoustic or perceptual attributes [26]. Using soundscape maps to vi-
sualize soundscape information and explore the spatial dependence of soundscape can
reveal the interrelationships between soundscape perception and its influencing factors.
This approach helps planners and managers identify the main disturbing aspects of the
soundscape environment in scenic areas and provides a basis for developing solutions and
protection measures [27].

This study focuses on the Three Square and Seven Alleys historic and cultural district
in Fuzhou, visualizes soundscape information through soundscape maps, breaks through
a specific spatial and temporal scope, and explores the spatial and temporal dynamic
distribution of sound source perception and the spatial relationship between soundscape
perception and influencing variables. The study aims to address the following three
questions: (1) What is the spatial and temporal pattern of physical acoustic indicators in the
soundscape of historic and cultural districts? (2) What is the spatial distribution pattern of
sound source harmony, and (3) What is the spatial relationship between physical acoustic
indicators and sound source harmony? By analyzing spatial and temporal scales, this study
expects to explore the relationship between the perceptual elements of soundscapes and
provide optimization suggestions for the planning and design of soundscapes in historical
and cultural neighborhoods.

2. Data Sources and Processing
2.1. Sample Plot Overview

Fuzhou, the Three Square and Seven Alleys Historic and Cultural District (Hereinafter
referred to as the Three Square and Seven Alleys) is located in the center of Fuzhou,
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a national historical and cultural city with a history of 2200 years, with a planned scope of
protection of about 38 hm2, which is a large-scale and more completely protected historic
and cultural district in China and is known as the “A living fossil of the Chinese urban
neighbourhood system” and “China’s Museum of Ming and Qing Dynasty Architecture”;
it is one of the typical representatives of the domestic dynamic, open mode, with the
composite functions of residence, commerce, culture, and tourism [28]; characterized by a
deep historical and cultural background, diverse visiting groups, and rich types of sound
sources, it is very suitable as a research object. The Three Square and Seven Alleys consists
of the main street—“South Back Street” and nine alleys arranged in sequence from north
to south on both sides, including Yijinfang, Wenrufang, Guanglufang, Langguan Alley,
Tower Alley, Huang Alley, Anmin Alley, Gong Alley, and Jibi Alley. The landscape pattern
is arranged in a “fishbone-like” structure [29]. Before the formal research, according to the
analysis of spatial evolution laws, interrelationships, and type characteristics, the study
area of the Three Square and Seven Alleys is divided into five types of street and alley
space types [30], i.e., main street space, square space, alley space, li space, courtyard space,
and a total of 36 monitoring sample points were selected according to the accessibility and
representativeness of the sample points (Figure 1).
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Figure 1. Case study area: (a) location of the Three Square and Seven Alleys in Fuzhou, Fujian
Province, China; (b) distribution of sampling points in different spatial types.

A total of 17 familiar sound sources were identified in the study area through on-site
research and classified into six types: biological sound, geophysical sound, human activity
sound, folk activity sound, mechanical sound, and musical sound (Table 1) [9].

Table 1. Typical sound source composition in the historic and cultural district.

Sound Source Category Sound Source Name (Number)

Biological sound Birdsong (BS)
Geophysical sound Tree rustling (TR),

Water sounds (WS)
Human activity sound Footsteps (FS)

Adult talk (AT)
Playful children (PC)

Shops sound (SS)
Horn sound (HS)

Folk activity sound Religious music sound (RM)
Manual tapping (MT)

Specialized folk performance (SF)
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Table 1. Cont.

Sound Source Category Sound Source Name (Number)

Mechanical sound Construction sound (CS)
Urban traffic sound (UT)

Machinery buzz (MB)
Musical sound Broadcast music sound (BM)

Street performer sound (SP)
Shop music sound (SM)

2.2. Data Sources

The research was conducted on the rest days with low wind speed and clear and
mild weather, respectively, on 10–11 November 2023, and 24–25 November 2023. The
sampling points satisfyied the characteristics of accessibility and typicality to ensure the
differences in functional space, landscape, and spatial scales, and the spacing between two
neighboring sound-walking points was more than 100 m. There are 36 sampling points with
relatively uniform spatial distribution. Soundscape monitoring data, soundscape percep-
tion data, and pedestrian flow statistics were collected through on-site sound monitoring
and questionnaire surveys.

2.2.1. Soundscape Monitoring Data

A sound level meter (AWA6228) was used to measure the acoustic index data at
each selected sample point, including the equivalent continuous A sound level (LAeq) and
cumulative percent sound level L10 (reflecting foreground sound characteristics) and L90 (re-
flecting the background sound characteristics). And synthetic parameters L10–L90 were
introduced in the subsequent analysis to reflect the dynamic characteristics of the acoustic
metrics [31]. The low-frequency sound pressure measurement range was 20–132 dBA,
and the high-frequency sound level measurement range was 30–142 dBA. Sound pressure
measurements were 30 s each time and repeated 20 times, with the sound level meter
calibrated before each measurement. Measurements were conducted quietly, avoiding
pedestrian visits, to ensure more accurate results. The collection time was concentrated in
8:30–10:30, 10:30–12:30, 12:30–14:30, 14:30–16:30, 16:30–18:30, and 18:30–20:30.

2.2.2. Soundscape Perception Data

After the data collection of acoustic indicators was completed, tourists were randomly
selected within 150 m of the selected sample point for soundscape perception data collection.
The questionnaire was anonymous, and the respondents were informed in advance of the
purpose of the survey and the survey method. The questionnaire survey period was the
same as the acoustic indicator data collection period and, to minimize the bias that may be
introduced by the selection of respondents at a particular point in time, the study controlled
the number of questionnaires to be distributed consistently at each selected sample point.
This approach ensured that the data collection was balanced and representative and that
the amount of information obtained from each sampling point was equal, thus improving
the reliability and validity of the study results.

The questionnaire of this study was divided into two main parts. The first part was
designed to investigate the basic information of the respondents, including gender (male
and female), age (<18 years old, 18–30 years old, 31–45 years old, 46–60 years old, and
>60 years old), education level (junior high school and below, senior high school or middle
school, bachelor’s degree or college, and master’s degree and above), frequency of visit
(1 time or less per month, 2 or 3 times per month, 4 times per month or more), and the
purpose of travelling (out-of-town travel, walking for neighborhood residents, research and
study, work, eating, visit a shop, watching exhibitions, extracurricular learning, others).

In the second part, the respondents’ perceptions of various sound sources in their space
were investigated in terms of perceived occurrences of sound (POS), perceived loudness
of sound (PLS), and preference for sound (PFS), which were evaluated using a five-point
Likert scale (1 very low, 5 very high). A five-point scale of POS was used as follows:
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1—never heard, 2—occasionally heard, 3—average, 4—heard more frequently, 5—heard
very often. The five-point scale of PLS was used as follows: 1-very weak sound, 2—weak
sound, 3—average, 4—loud sound, 5—very loud sound. The five-point scale of PFS:
1—very annoying, 2—more annoying, 3—average, 4—more likeable, 5—very likeable [32].

2.3. Data Processing

The research was conducted on rest days with low wind speed and clear and mild
weather on 10–11 November 2023, and 24–25 November 2023, respectively. After excluding
invalid questionnaires, 362 valid questionnaires were obtained (Figure 2), with a validity
rate of 97%. After the reliability test, the Cronbach’s alpha coefficient was 0.828 (>0.7),
and the questionnaire was highly reliable. Validity analysis was performed by KMO and
Bartlett’s sphericity test, where KMO = 0.802 (>0.6), significance p = 0.000 (<0.01), and the
validity of the questionnaire was good.
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Figure 2. Statistics on sample information on social, demographic, and behavioral indicators of
respondents (N = 362).

Based on the soundscape monitoring data, the physical acoustic indicators data of each
observation point in each sampling period were calculated and visualized in ArcGIS10.7
by comparing different interpolation methods provided in the spatial analysis tools. The
inverse distance weighting (IDW) method was selected to produce soundscape information
maps to analyze the spatiotemporal dynamic characteristics of the acoustic indicators.
The IDW is a method of treating data distribution at irregular intervals that can estimate
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the potential value of any location within a region based on the location and value of
known points. This means of interpolation can show the spatially smooth distribution
characteristics of the values [33], and IDW is especially suitable for areas with multi-point
uniform dispersion characteristics, which can ensure that the interpolation results follow
the actual situation of the original sample points and maintain the authenticity of the data.
This study also cites a variety of spatial analysis metrics, and the flow of all metrics used is
shown in Figure 3.
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2.3.1. Comprehensive Evaluation Indicators for Soundscape Perception

To more comprehensively analyze the presence and harmony of sound sources in the
study site, two comprehensive indicators of sound source perception, sound dominant
degree (SDD) and sound harmonious degree (SHD), were used to analyze the subjective
perception evaluation information [34]. Sound dominant degree (SDD) refers to the degree
of dominance of the sound source in a particular soundscape, expressed as the product of
perceived occurrences of sound (POS) and perceived loudness of sound (PLS). The formula
is shown in (1) [35]:

SDDji = POSji × PLSji (1)

where j is the jth sample, and i is the ith sound source.
Source harmony is determined by source dominance and source preference, reflecting

the dominance of a particular source in the environment and the degree of conformity of
people’s choice for it [34]. The formula is shown in (2) [35]:

SHDji =

[
1

(e∑n
j=1 PFSji ln−PFSji + 1)

− 0.5

]
× SDDji (2)

where j is the jth sample, i is the ith sound source, and n is the sample size. The degree of
sound dominance determines the degree of sound source harmony. The preference degree
of the sound source utilizes the characteristics of the exponential function to determine the
value of its direction. When the preference degree is greater than the mean value of the
preference degree, the greater the dominance degree and the greater the degree of harmony.
On the contrary, if the preference degree is smaller than the average value of the preference
degree, then the dominance degree is more significant, and the harmony degree is more
minor; multiplying the direction value of the preference degree with the dominance degree
can obtain the harmony degree of the sound source.

To eliminate the influence on the calculation results due to the different index scales,
the sound source harmony is standardized by the extreme value method, and the calculation
formula is as shown in (3) [36]:

Si = (X − Xmin)/(Xmax − Xmin) (3)

where Si is the standardized score of the indicator, and X is the raw indicator value,
the Xmax, and Xmin are the maximum and minimum values of the original indicators.
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2.3.2. Spatial Analysis of Soundscape Perception Features

Based on the analysis of previous studies, the global model is universal and more
applicable to all situations in soundscape planning applications [37]. Global statistics can
better reflect the general characteristics of Soundscape in space. Still, due to the interference
of many factors in the surroundings, the global model is not always valid for Soundscape,
and the soundscape perception changes as the surrounding environment changes [38].
In this study, the global and local spatial autocorrelation models are used to analyze the
harmony of various types of sound sources more deeply, to explore the autocorrelation of
the sound source harmony between each sampling point and the neighboring sampling
points, and to obtain the spatial distribution pattern of soundscape perception in the
study area.

1. Global spatial autocorrelation

Global spatial autocorrelation analysis can be used to test for spatial correlation and
clustering of source types across the study area. Moran’s I statistic is the most widely
used measure and test for spatial autocorrelation. Compared to other tests of spatial
autocorrelation, Moran’s I has better statistical efficacy in the presence of W misspecification.
Global Moran’s is calculated as follows [39]:

I =
n

∑i ∑j wij

∑i ∑j wij(xi − x̃)
(
xj − x̃

)
∑i(xi − x̃)

(4)

where n equals the number of spatial units indexed by i and j; x is a correlation variable
representing the global mean; and wij denotes the spatial weight between i and j, which
can be of any form, including binary, random, or distance-based weights.

By the significance test of Moran’s I index, if Moran’s I is significant at a given con-
fidence level and I > 0, it means that the source types are spatially positively correlated
and clustered together; the closer the I value is to 1, the less spatially different the source
types are; if Moran’s I is significant and I < 0, it means that the source types are negatively
correlated spatially and the closer the I value is to −1, the more critical the spatial dif-
ference is [40]. Global autocorrelation was tested for significance through p-values and
z-scores, where z-scores indicate multiples of the standard deviation, and when z > 1.96,
z < 1.96, or z > 2.58, z < 2.58, it indicates that there is significant or high significant spatial
autocorrelation of an attribute of the element in space [41].

2. Local spatial autocorrelation

The Anselin Local Moran’s I metric of local statistics is used to analyze when global
spatial autocorrelation does not exist in sound source harmony and to find the location
of local spatial autocorrelation that may be masked; when global spatial autocorrelation
exists in sound source harmony, the analysis is explored to analyze the presence of spatial
heterogeneity. It can effectively reflect the different degrees of spatial differences and
significance levels between each sample point and its neighboring regions [42].

When I > 0 indicates that the element has neighboring elements containing equally
high or equally low values of the attribute, the element is part of a cluster and is spatially
homogeneous; when I < 0 indicates that the component has neighboring elements con-
taining different values, the element is an outlier and the spatial distribution is spatially
differentiated [42]. The formula of Anselin Local Moran’s I model is as follows [43]:

Ii =
(xi − x)∑n

j=1 wij
(
xj − x

)
∑n

i=1(xi − x)2 (5)

where xi and xj are the attribute values of the ith and jth elements, x is the average of
the attribute values, and wij is the spatial weight between the ith and jth elements. The
article utilized the clustering and outlier analysis tools in ArcGIS to implement the process.
The inverse distance method was chosen for the spatial relationship parameters. Different
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types of spatial clustering or dispersion in high-value clustered areas (HH), low-value
clustered areas (LL), high and low outliers (HL), and low and high anomalies (LH), as well
as non-significant (NS), were derived.

3. Spatial relationship between physical sound level and soundscape perception

Band collection statistics is a spatial multivariate statistical analysis method for cal-
culating raster band statistics information, which describes the spatial correlation of two
datasets by calculating the covariance and correlation matrix between the layers. In this
study, we utilized the band collection statistics of GIS spatial multivariate analysis to
import sound level and soundscape perception raster maps into the analysis, construct
the correlation coefficient matrices between different raster data, and explore the spatial
correlation between sound level and soundscape perception [35]. The correlation coefficient
Corr was used to express the correlation between two spatial variables, and the correlation
coefficient was in the range of [−1, 1]. The larger the absolute value is, the stronger the
correlation is, and the formula follows [44]:

Corrij =
∑n

k=1(zik − µi)(zjk − µj)

(m − 1)δiδj
(6)

where the correlation coefficient Corrij, in general, the correlation coefficient 0 < |Corr| ≤ 0.1 is
considered to be weak correlation, when 0.1 < |Corr|≤ 0.3 is low correlation, 0.3 < |Corr|≤ 0.5
is medium correlation, 0.5 < |Corr| ≤ 0.8 is high correlation, 0.8 < |Corr| < 1 is significant
correlation, and |Corr| = 1 is complete correlation [45]; i, j are raster layers; µ is the mean value
of layer image elements; m is the number of image elements; zik is the kth image value of layer
i; zjk is the kth image value of layer j; and δ is the standard deviation.

3. Results and Analysis
3.1. Characterization of Spatial and Temporal Patterns of Physical Acoustic Indicators
3.1.1. Characterization of the Spatial Distribution of Physical Acoustic Indicators

The spatial distribution pattern of the physical acoustic indicators (LAeq, L10, L90, L10–L90)
for different periods is shown in Figure 4. On the whole, the areas with high values of
sound pressure level in all periods are mainly distributed at the entrances and exits of the
main streets in the south and the north, and the sound pressure levels of the inner space of
the lanes and courtyards are always at a lower value. The overall distribution of sound
pressure levels in the Three Square and Seven Alleys showed a high level at the end of the
main road and a low level in the inner courtyard, with the peaks of LAeq occurring at the
entrances and exits of the western side of the Square Road from 16:30 to 18:30 (E1) and the
entrances and exits of the southern side of the main street from 18:30 to 20:30 (F1), and the
highest fluctuating differences between the peaks of L10 (F2) and L10–L90 (F4) occurring
from 18:30 to 20:30 in the southern side of the Square Road. L10 (F2) peak values and
L10–L90 (F4) fluctuations with the most significant difference between the two areas oc-
curred in the south of the main street entrance at 18:30–20:30, probably because most tourists
will leave from the south of the main street entrance and exit in that time; the L90 (D3) in
the courtyard space of the Shouzheng Hall at 14:30–16:30 reached the peak value of the
day, probably because the residents of the Three Square and Seven Alleys time travel less;
the flow of people to the tourists are mainly concentrated in the main street area. The
Shouzheng Academy is far from the main street, and the neighborhood is under renovation,
so the background sound was more robust than in other times and spaces. The lower
sound pressure levels in the mile and courtyard spaces on either side of the central main
street may be because these spaces are primarily cultural spaces with less foot traffic. The
changes in the high values of acoustic indicators in different periods also specifically reflect
the activity pattern of the Three Square and Seven Alleys. From the morning (8:00–10:30) to
the evening (18:30–20:30), the location of the high-value areas changed gradually, from the
southern entrance and exit of the main street (A1–A4) to the li spaces and courtyard spaces
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of the popular attractions (C1–C4), to the courtyard spaces near the Shouzheng Academy
(D1–D4), and finally to the southern entrance and exit of the main street (F1,F2).
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3.1.2. Time-Varying Characteristics of Physical Acoustic Indicators

The temporal variation of the overall physical acoustic indicator values is shown in
Figure 5. The overall trend of physical acoustic indicators throughout the day is simi-
lar, showing an upward-to-downward and then upward-to-downward trend; the acous-
tic indicators both reached their lowest and highest values of the day in the morning
(8:30–10:30) and evening (16:30–18:30). Among them, L10–L90 had the most significant
fluctuation differences in acoustic indicators in the morning and in the evening and later
(10:30–12:30, 16:30–18:30, and 18:30–20:30), 9.8, 9.7, and 9.6, respectively, and the minor
fluctuation difference in the afternoon period (14:30–16:30), 8.1.
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3.2. Spatial Distribution Pattern of Sound Source Harmony
3.2.1. Characteristics of the Spatial Distribution of Sound Source Harmony

The mean values of the dominance of each type of sound source at each sampling point
were standardized, and the spatial distribution of every kind of sound source harmony was
obtained by the inverse distance weight method. The spatial distribution patterns of the
six types of sound source harmony are shown in Figure 6. The distribution of harmonics of
different kinds of sound sources is different. The spatial distribution of biological sound
and geophysical sound acoustic harmonics is similar, with higher scoring areas located in
the southern part of the Three Square and Seven Alleys and at the entrance of Langguan
Alley, which is rich in vegetation. Lower scoring areas were located in the parking lot
area under construction in the study area and in the western part, where there is less
vegetation. The high values of human activity sound harmony were concentrated in the
street space with low traffic flow, and the low values were focused on the main street
space with high traffic flow and the street space close to the main street, which shows that
people’s preference for human activity sound is low. Music sound harmony was lower in
the main street space; the farther away from the main street, the higher the sound harmony.
The high values of the sound harmony of folk activity sound were mainly distributed at
the entrances of the alleys and temples, and the low values were primarily concentrated
in the northern part of the Three Square and Seven Alleys and the main street and other
areas with high pedestrian flow. Mechanical sound harmony was low near the city road
and high in the space far away from the city road. Overall, spaces away from the main
street had relatively high sound source harmony, while areas with higher foot traffic and
sound levels had lower sound source harmony.
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3.2.2. Global Spatial Dependence of Sound Source Harmony

The global autocorrelation results of the harmonics of the six types of sound source
harmony are shown in Table 2. The global Moran’s I index was positive, and all the sound
source types had spatial positive autocorrelation in a clustering pattern. Folk activity
sound, human activity sound, and biological sound harmony showed extremely significant
clustering patterns, in which the z-score of biological sound harmony was 3.941, with the
most significant spatial positive autocorrelation; the z-score of mechanical sound harmony
was 1.961, with a significant spatial positive autocorrelation; and the geophysical sound
and musical sound harmonies showed a clustering pattern spatially, but the z-scores were
not significant, and the degree of clustering was small.

Table 2. Results of global spatial autocorrelation analysis of sound source harmony.

Source Harmony Moran’s I z-Score p

Biological sound 0.436 3.941 ** 0.000
Geophysical sound 0.096 1.083 0.279

Human activity sound 0.405 3.607 ** 0.000
Folk activity sound 0.344 3.244 ** 0.001
Mechanical sound 0.205 1.961 * 0.050

Musical sound 0.139 1.475 0.140
Note: * z < 1.96 or z > 1.96, ** z < 2.58 or z > 2.58.

3.2.3. Local Spatial Dependence of Sound Source Harmony

Compared to the global model, the local spatial model possessed more accuracy
and could effectively identify the specific location of occurrence of different types of
sound source perception clusters or outliers [35]. To further explore the existence of
spatial heterogeneity, it was necessary to conduct an in-depth study on the local spatial
autocorrelation of various types of sound source harmony to reveal whether the phenomena
of positive correlation and negative correlation coexist in the same space.

The results of the local spatial autocorrelation of the sound source harmony are shown
in Table 3. HH and LL represent the spatial homogeneity of the sound source harmonies,
where HH indicates high sound source harmony in a region. The sound source harmony of
the surroundings was also high. LL indicates that the harmonies of the sound sources in an
area were low. The harmonies of the surrounding sound sources are also low. Both cases
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exhibited spatial positive autocorrelation. HL and LH represent the spatial heterogeneity
of sound source harmony, with HL indicating that the harmonization of a sample point
was high compared to that of the surrounding sound sources and LH indicating that the
harmonization of a sample point was low compared to that of the surrounding sound
sources, both of which show spatial negative autocorrelation. The remaining unlabeled
points indicate that the local Moran’s I index of sound source harmony at the sample points
was insignificant and showed a random distribution pattern [35].

Table 3. Results of local spatial autocorrelation analysis of sound source harmony.

Source Harmony Distribution Model Sample Point

Biological sound
HH L-L2, L-L3, L-Y4
LL l-f2, l-x1, l-x2, l-y1, l-y2, l-y3
HL L-L1

Geophysical sound

HH R-X6
LL Z2
HL L-Y3
LH L-Y4

Human activity sound
HH l-f2, l-x1, l-l1, l-y3
LL z1, z2, r-x1, r-x4, r-y1, r-y2,r-y3

Folk activity sound
HH L-F2, L-Y2
LL z1, z2, r-x1, r-y1, r-y2
LH L-L1

Mechanical sound
HH l-f1, l-l2, r-l3
LL R-X6
LH L-F2

Musical sound

HH L-Y3
LL R-Y1
HL R-X1, R-Y2
LH R-Y1

The number of sample points with HH and LL clustering patterns was higher for hu-
man activity sound, folk activity sound, and biological sound; mechanical sound harmony
mainly showed HH clustering patterns; the distribution of sample points with HH and LL
clustering patterns was similar for folk activity sound and human activity sound source
harmony; abnormal values were observed for all sound sources except for sound source
harmony of human activity sound, with musical sound being the primary source type for
which abnormal values were observed.

Sound source harmony showed that the sample points of HH agglomeration were
mainly distributed in the space of the square, the space of the li, and the courtyard space of
the left half of the Three Square and Seven Alleys; the sample points of LL agglomeration
were concentrated in the space of the main street, the space of the alley and the courtyard
space of the left half of the Three Square and Seven Alleys. The geophysical sound, biologi-
cal sound, and music sound source harmony at the former residence and the memorial hall
appeared HL anomalies; maybe the Shouzheng Hall and Zen Master’s Memorial Hall and
other nodes of the courtyard had less circulation of people and there were courtyards that
were blocked, so the sound source harmony compared to the surroundings was high. The
sound source harmony of folk activities sound and machinery sound had LH anomalies
near the parking lot and the entrance/exit of the alley, and the parking lot and the entrance
had a large flow of people, and frequent sound of machines, so the sound source harmony
was low compared to the surrounding area. The overall space was represented as sample
points with the same sound source harmony distribution pattern, characterized by sim-
ilar spatial types. All sound source-type perceptions in the local spatial model showed
significant spatial autocorrelation.
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3.3. Spatial Relationship between Physical Acoustic Indicators of the Soundscape and the Perceived
Sound Source Harmony

The results of the spatial correlation between the soundscape physical acoustic indica-
tors and the sound source harmony are shown in Table 4. The spatial correlation coefficient
Corr was in the range of [−1, 1]; when Corr > 0, it is a spatially positive correlation, showing
a clustering pattern and the absolute value of the coefficient is more considerable, the more
significant the clustering tendency is; when Corr < 0 it is a spatially negative correlation,
showing a discrete pattern and the absolute value of the coefficient is smaller, the more
significant the discrete tendency is; when Corr = 0 it is no dependence relationship [35].

Table 4. Spatial correlation coefficients between physical acoustic indicators and sound source harmony.

Source Harmony LAeq L10 L90 L10–L90

Biological sound 0.061 0.061 0.298 0.236
Geophysical sound 0.031 −0.021 0.471 0.013

Human activity sound −0.043 −0.221 −0.683 −0.659
Folk activity sound −0.118 −0.228 −0.554 −0.545
Mechanical sound 0.149 0.147 −0.426 −0.291

Musical sound −0.319 −0.434 −0.527 −0.607

The sound source harmony other than biological sound showed different degrees of
negative spatial correlation with each physical acoustic indicator, in which the Corr values
of the harmony of human activity sound, folk activity sound, and musical sound with each
physical acoustic index were all negative, with more obvious discrete effects, and were
more influenced by physical acoustic indicators. Biological sound source harmony showed
a spatial positive correlation with each physical acoustic indicator; the Corr values were all
less than 0.3, and the degree of clustering was smaller. Geophysical sound source harmony
was spatially positively correlated with LAeq (0.031), L90 (0.471), and L10–L90 (0.013), and
spatially negatively correlated with L10 (−0.021), with the physical acoustic indicators
showing little clustering or dispersion, except for those with L90; mechanical sound source
harmony was spatially positively correlated with LAeq (0.149) and L10 (0.147), but their
degree of clustering was small. Each physical acoustic indicator showed different spatial
correlations with each sound source harmony, with L90 showing the most significant
correlation with each sound source harmony.

4. Discussion
4.1. Spatial and Temporal Variations of Physical Acoustic Indicators in the Three Square and
Seven Alleys

The overall distribution of sound pressure levels in the Three Square and Seven
Alleys shows a high level at the end of the road trunk and a low level in the courtyard
space (Figure 4). The high sound pressure level at the end of the main road may be
because the main street and the entrances and exits of the alleys serve as distribution
spaces, prone to crowd gathering and a relatively noisy acoustic environment [46,47]. The
sound pressure level in the courtyard space is low, probably because the courtyard space
is mostly the former residence of celebrities, cultural space, exhibition attractions, etc.,
which is relatively closed compared with other street and alley spaces, with less flow of
people. This kind of space carries the spatial function of cultural exchange and spiritual
dissemination, so the acoustic environment is relatively quiet [48]. The overall physical
acoustic indicators change from morning to evening from a rising to falling to a rising to
falling trend, and in the morning (8:30–10:30) and evening (16:30–18:30), two hours to reach
the day’s low peak and peak, respectively (Figure 5). The main factor causing changes
in physical acoustic indicators may be the flow of people in different functional spaces
at various times of the day. High crowd density, frequent activities, and spatial locations
tend to gather more traffic flow, i.e., one of the main factors triggering the high and wide
range of sound levels [35,49]. These findings suggest that physical acoustic indicators
reflect the activity level and behavioral patterns of human activities to a certain extent.
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Therefore, in soundscape planning, noise control can be carried out at different spatial and
temporal nodes with high values of LAeq, L10, and L90, as well as significant differences
in the fluctuations of L10–L90, depending on the objective properties of the soundscape,
e.g., implementation of dynamic noise control measures and installation of temporary noise
barriers for morning and evening acoustic peak hours (8:30–10:30 and 16:30–18:30).

4.2. Spatial Distribution Patterns of Sound Source Harmony in the Three Square and Seven Alleys

The distribution areas of low and high sound source harmony in the Three Square and
Seven Alleys are different, with prominent spatial characteristics (Figure 6). The areas with
high values of biological sound and geophysical sound source harmony are located in the
southern part of the Three Square and Seven Alleys and the entrance and exit of Langguan
Alley, etc., which are rich in vegetation. The ecological quality of these areas is good, and it
is easy to attract birds, insects, and other sound-producing organisms to congregate [50];
the wind-blown foliage sound will be more prominent where the vegetation is rich and
concentrated, so the perceived frequency of these two types of sound sources is higher
in these areas. The degree of sound source harmony is high. The low mechanical sound
source harmony values are mainly concentrated near the urban road, and the high values
focus on the area far from the urban road. This may be due to the low preference for
mechanical sounds, such as traffic and construction sounds [51], and areas close to urban
roads, which are dominated by traffic functions and have a high traffic volume. Hence, the
mechanical sounds are more pronounced and become the primary source of the sound,
which can lead to a decrease in the degree of harmony, while in the area far away from the
city road, the mechanical sounds, such as traffic sounds, are no longer the primary sound
source, and the degree of sound source harmony is increased. Areas with high values of
sound source harmony of folk activities are mainly located at the mouths of alleys and
in areas where temples are concentrated. These are the concentrated areas of special folk
performances or religious music playing, with a high frequency of perception and high
sound source harmony. Influenced by the functional space, human activities are mainly
concentrated in the main street, and the high flow of people is one of the main factors
affecting the change of the sound source harmony of music and the sound of folk activities.
Therefore, the low values of the sound source harmony of human activities, the sound of
music, and the sound of folk activities are all concentrated in the main street, and the high
values are focused on the space far away from the main street. In summary, the dominant
position of different sound sources in the spatial dimension of the Three Square and Seven
Alleys varies according to the function of the place, which confirms the conclusion of the
previous study [24,52]. Therefore, according to the perceptual attributes of the soundscape,
the functional spaces with lower or higher sound source harmony of various sound sources
can be regulated or protected, and different types of soundscape can be created in other
areas according to their spatial characteristics, such as at the mouths of alleys, temples
and other places with frequent folk activities, and planning of regular folk performances
and cultural displays, to enhance the perceived frequency and harmony of the cultural
soundscape, and at the same time, using soundscape design to guide the flow of tourists
and reduce the pressure on the sound environment of the main street.

The study of global spatial autocorrelation found that sound source harmony showed
different degrees of spatial positive autocorrelation (Table 2), which verified that there is
some spatial interaction of sound source harmony, i.e., there is spatial dependence, and that
differences in the type of sound source can lead to different degrees of spatial differences
in the soundscape. The clustering pattern of human activity sound (3.607) and biological
sound (3.941) harmonics is the most significant, and the spatial difference is slight compared
with other sound source types. It may be because the Three Square and Seven Alleys cover
a vast area, most of the area is far away from the main traffic arteries, the internal travel is
based on walking, and the greenery is planted in an orderly manner in the neighborhood
so that human activities and biological activities are evenly distributed in the Three Square
and Seven Alleys. These two types of sound sources have the most significant similarity in
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the sound source harmony of the individual sampling points with those of the neighboring
areas, forming the substrate for the internal sound of the historic and cultural district. This
phenomenon also reflects the similarity of human activities and the natural environment
per space unit with the surrounding space [35]. The sound source harmony of folk activity
sound (3.244) shows a highly significant clustering pattern, probably because folk event
sounds are mainly generated by music played in temples and ancestral halls, performances
of folk events, etc., which has less spatial variability within the scenic area [53]. Although
the sound source harmony of mechanical sound (0.205) shows an aggregation pattern, its
z-score (1.961) was smaller than that of biological sound, human activity sound, and folk
activity sound, and considering that most of the sampling points set up at the edge of the
area were located at the border between the Three Square and Seven Alleys and the city
traffic, the mechanical sound harmony will be affected by the city traffic sound at the edge
area, but the traffic sound inside the space is not affected much [54]. From the above, it
can be seen that the perception of sound sources inside the Three Square and Seven Alleys
will be influenced by the neighboring environment, not randomly distributed, and the
soundscape space is self-contained in the city with a self-organized spatial layout pattern.,
which aligns with the results of the previous studies [27,35]. Therefore, different sound
source types should be regulated at the macro level to maintain the overall homogeneity
in the region. The sound source types that show a very significant aggregation pattern in
source harmonization, such as human activity sound, biological sound, and folk activity
sound, can be protected as a whole, preserving the memory of the original place and
creating a landscape atmosphere that is different from that of the urban space.

The research results of local spatial autocorrelation show that the distribution pattern
of soundscape perception quality is closely related to the spatial type, and the sample
points with the same distribution pattern of sound source harmony have similar spatial
functional characteristics (Table 3). Sound source harmony shows that the sample points of
the LL cluster are concentrated in the space of the main street, the space of the alley, and the
courtyard space of the right half of the Three Square and Seven Alleys, and the space of this
type of area is relatively mobile, and the noise interference generated by human activities
and traffic circulation is more serious; the sample points of the HH cluster were mainly
distributed in the space of the square, the space of the alley, and the courtyard space of the
left half of the Three Square and Seven Alleys, and the space of this type of area is relatively
static, with a secluded environment, low sound level, and far away from all kinds of noise
pollution. Among them, the LL clustering sample points of the sound source harmony of
folk activity sound were concentrated in the space of the main street of the Three Square
and Seven Alleys and the right side of the alley near the main street, the courtyard space,
the low sound source harmony of this sound source is opposite to the positive effect that is
generally believed, probably because of the distribution of the sound of the region of the
folk activities of the sound of the penetration of the sound of the folk, folk sounds mixed,
and the lack of, or challenging to reflect the local characteristics of the local culture, and
cannot evoke emotional resonance [55]. The HH clustering sample sites are concentrated on
the left side of the main street in the remote and quiet space of the workshop and courtyard.
The distribution area is usually for the former residences of celebrities, exhibitions of
famous artists’ works, and Zen space and other independent spaces. These venues are
important carrier spaces for cultural exchanges with high soundscape quality [8,56]. It is
thus concluded that there may be a positive relationship between the distribution pattern of
the perceived quality of soundscape in the Three Square and Seven Alleys and the cultural
environment in which it is located. Exploring the factors that influence space type on the
propagation of sound sources and the degree of matching between the cultural attributes
expressed by the sound sources and the environment can provide a reference for optimizing
soundscape in the surrounding areas with similar spatial environments.
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4.3. Spatial Relationship between Physical Acoustic Indicators and Sound Source Harmony in the
Three Square and Seven Alleys

The study results show that the spatial relationship between the physical acoustic
indicators and the sound source harmony mainly indicates different degrees of spatial
negative correlation, with a more significant spatial dispersion trend (Table 4). The sound
source harmony of human activity sound, music sound, and folk activity sound showed a
significant spatial negative correlation with each physical acoustic indicator, indicating that
when the sound level is in a higher state, the sound source harmony of these three sound
sources will decrease, and the higher the physical acoustic indicators, the stronger the
spatial dispersion effect of the sound source harmony. Among them, the spatial negative
correlation between human activity sound source harmony and L90 was the most significant
(−0.683), i.e., when the background sound of the sound field is in the state of high sound
level for a long time, the human activity sound harmony will be affected to a greater
degree. With the enhancement of the background sound, the decline of human activity
sound harmony will be more significant. A possible reason is that the Three Square and
Seven Alleys have the dual attributes of a historic and cultural district and a commercial
pedestrian street with frequent human activities. The sound of human activities such as
footsteps, talking, and children’s playfulness has become the most common sound source
in the Three Square and Seven Alleys [29]. An increase in sound pressure level increases the
perception of human activity sound, decreasing the soundscape’s quality and negatively
affecting the sound source harmony [57]. People’s preference for the type of sound source
affects their subjective perception [58,59], and the sound of musical sound and folk activities
are favorite sounds as characteristic sound sources for a sense of place creation. When the
physical acoustic indicators increased, these two types of sound sources are masked by the
sound of human activities, affecting the soundscape’s quality and decreasing the sound
source harmony [55]. Although the spatial positive correlation between the biological
sound source harmony and each physical acoustic indicator is presented, the degree of
clustering is small, indicating that the bio-sound harmony increases when the sound level
is higher. Still, it is not significant, i.e., changes in physical acoustic indicators have a small
effect on the bioacoustic harmony, probably because the bio-sound is not affected by the
urban sound sources (human sound and traffic sound) and forms its system within the
Three Square and Seven Alleys [60]. Geophysical sound (0.471) and mechanical sound
(−0.426) harmony show less clustering or dispersion with physical acoustic indicators
except L90. That is, L90 significantly affects the sound source harmony of geophysical
and mechanical sounds, probably because geophysical and mechanical sounds act as
low-frequency background sounds [61,62], which change considerably with background
sound enhancement of these two types of sound sources. Based on the above, it can be
concluded that each physical acoustic indicator potentially negatively impacts the spatial
distribution of sound source harmony, consistent with previous studies’ results [35]. As a
result, measures can be taken to control the sound levels of physical acoustic metrics such
as L90, which have a significant impact and can improve the sound source harmony of
specific sound sources more effectively.

4.4. Limitations and Prospects

This study still has some limitations. Regarding sound sources, several artificially
created sounds within the scope of the research object, such as artificial birdsong, artificial
water sounds, etc., may impact sound source perception and need to be explored further.
For the analysis of temporal and spatial characteristics, only the physical acoustic indicators
of the research object have been analyzed in terms of time and space. They should not be
limited to space in terms of sound source perception. The temporal dimension is also a key
aspect in exploring spatial dependence [63], and it is necessary to combine the research.
Therefore, future studies need to consider expanding to longer-term soundscape monitoring
with more temporal data to analyze spatial correlations over different periods, such as
accumulating cross-seasonal time-series data, to explore soundscape characteristics of the



Buildings 2024, 14, 1753 17 of 20

study area more comprehensively, and to improve soundscape quality. In addition, this
study is based on the summary of the specific case of the Three Square and Seven Alleys,
and the generalizability of its conclusions needs to be verified by studies in larger areas.

5. Conclusions

In this study, soundscape information of the Three Square and Seven Alleys in Fuzhou
was obtained through field sound monitoring and questionnaire surveys, and soundscape
maps were used to visualize the data. This study identifies the spatial and temporal
patterns of the soundscape’s physical acoustic indicators and the sound sources’ spatial
characteristics. It explores the spatial relationship between physical acoustic indicators
and soundscape perception. The main findings include the physical acoustic indicators
(LAeq, L10, L90, L10–L90) show dynamic changes on the spatial and temporal scales, are
mainly affected by the flow of people in different functional spaces at other times of the
day, and reflect a certain level of activity and behavioral patterns of human activities.
Each sound source perception has prominent spatial characteristics, and sound source
harmonics differ in different functional spaces. Sound source harmony shows spatial
autocorrelation in both global and local models, and the distribution pattern of soundscape
perception attributes is closely related to the spatial type and influenced by the surrounding
environment. Sound source harmony and the physical acoustic indicators mainly show a
spatial negative correlation, and the physical acoustic indicators may hurt the perception of
sound source harmony. Therefore, in the management and protection of historic districts,
appropriate measures can be considered, such as the implementation of time-period crowd
dispersion strategies to manage the flow of people dynamically; the introduction of acoustic
barriers and sound-absorbing materials, such as green belts and noise-insulating walls, for
high-flow areas to reduce the noise level while maintaining the historical appearance of the
neighborhoods; and the development of specific soundscape planning guidelines based on
the functions of the places.

The above research results can provide a scientific basis and empirical data for the
optimization and future development of urban historic and cultural districts, help decision-
makers and planners to accurately meet the public’s expectations of soundscape, and guide
the development of refined construction and renovation strategies to enhance the quality of
soundscape and the overall quality and experience of urban historic spaces. Future research
will further explore the effects of visitor background, preference, specific sound sources,
spatial environment, and seasonal time on sound perception to deepen the understanding
of the complexity of soundscape management in historic districts and promote further
exploration of soundscape management and design.
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