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Abstract: Effective monitoring of human activity in urban areas is essential for social stability
and urban development. Traditional monitoring methods include wearable devices, survey sensor
networks, and satellite remote sensing, which may be affected by privacy and weather conditions.
Ambient seismic noise recorded by seismometers contains rich information about human activity
and exhibits significant temporal and spatial variations, which provides valuable insights into social
mobility. In this study, we investigated the correlation between human activity and ambient seismic
noise in the Guangdong-Hong Kong-Macao Greater Bay Area (GBA) using the data recorded by
138 seismometers. Our results indicate that ambient seismic noise produced by human activity in
the GBA is mainly concentrated between 2 and 20 Hz. The spatial distribution of ambient seismic
noise exhibits a strong correlation with population and economy. Our results show that the analysis
of ambient seismic noise can reveal the spatial and temporal impacts of different factors on human
activity in the GBA, such as day and night, holidays, weather changes, national policies, and the
coronavirus disease 2019 (COVID-19) pandemic. Furthermore, the analysis of 12-year-long ambient
seismic noise at the Hong Kong seismic station shows a close connection between long-term changes
in ambient seismic noise and local social development. This study suggests that the analysis of
ambient seismic noise represents a novel method to gather critical information about human activity.
Seismometers, which are widely deployed worldwide, have great potential as innovative tools for
sensing human activity.

Keywords: ambient seismic noise; sensing human activity; Guangdong-Hong Kong-Macao Greater
Bay Area (GBA); COVID-19 pandemic; cultural seismic noise

1. Introduction

Over the past few decades, urbanization has been a significant global process. As
reported, the world’s total population reached 7.7 billion as of 2020, with 56.2% of the
population living in urban areas. Over the next ten years, the world will further urbanize,
and the urban population will reach 60.4% by 2030 [1]. As the number of urban dwellers
continues to grow, effective monitoring of human activity in urban areas is essential for
social stability and urban development. Human activity monitoring encompasses two
levels: macro-level collective human activity sensing and individual-specific recognition.
Macro-level collective human activity sensing refers to the monitoring and analysis of ag-
gregated data on the activities of a large population of people, which focuses on capturing
and understanding patterns of human behavior at a broader scale, such as cities or organi-
zations. By analyzing data collected from various sources, such as social media [2], mobile
devices [3], survey sensor networks [4], satellite remote sensing [5], and public records [6],
researchers and organizations can gain insights into collective behavior, social dynamics,
and environmental impacts. On the other hand, individual-specific recognition refers to
the tracking and analysis of an individual’s physical and cognitive activities throughout
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the day, which can provide valuable insights into an individual’s daily habits, including
their level of physical activity, sleep pattern, heart rate, and more [3,7,8]. The main methods
for individual-specific recognition include wearable devices, mobile apps, and machine
learning algorithms [8-10], etc. The main distinctions between the two levels are the dif-
ferences in the research targets and the timeliness of the data analysis. Individual-level
research emphasizes nuanced analysis of single activities to achieve extremely microscopic
distinctions, which greatly requires real-time analysis [11]. Macro-level analysis focuses on
the research of human behavior patterns at a broader scale, which usually lags behind data
acquisition. In addition, macro and individual analysis can be organically combined. For
example, Wi-Fi technology can be classified into conducting macroscopic human activity
research, and also be used to carry out efficient, wide-area, and safe accurate recognition of
individual activities [12]. However, it is worth noting that some human activity sensing
methods can raise privacy and ethical considerations, as they involve analyzing large-scale
data that may contain personal information from social media, wearable devices, and
public records, etc. Moreover, satellite remote sensing and survey sensor networks can be
affected by adverse weather conditions such as cloud cover, haze, or rainfall, which can
reduce data quality or prevent data acquisition altogether.

Recently, a new approach to human activity monitoring has emerged, utilizing ambient
seismic noise recorded by seismometers [13-15]. This method has the ability to detect
different types of human activity and understand the spatial and temporal impact of
specific events on human activity. Seismometers sense environment changes by capturing
the vibrations from various objects, which involves fewer privacy concerns and minimal
weather interference. Therefore, it is expected to provide an effective complement to
traditional methods of human activity monitoring, offering near-real-time and continuous
human activity monitoring.

Since the early era of seismic instrumentation, it became clear that seismometers were
capable of recording a wide variety of natural and human-made phenomena [16]. In the
second half of the 19th century, seismologists established the link between meteorology
and ambient seismic noise [17]. As reported by Diaz [16], Wiechert proposed that low-
frequency ambient seismic noise was mainly generated by coastal waves in 1904 [18], and
Zoeppritz linked ambient seismic noise to moving offshore storm systems in 1908 [19].
In order to know the characteristics of ambient seismic noise, numerous theoretical and
experimental studies have been conducted on the components and generation mechanisms
of ambient seismic noise. Based on different generation mechanisms, ambient seismic noise
can be classified into three main types: (1) self-noise, which is generated by seismometers
and their recording systems [20]; (2) natural seismic noise, which originates from natural
environmental changes such as ocean waves [21], wind [22], and air pressure [23], and is
mostly a low-frequency signal below 1 Hz; (3) cultural seismic noise, which is generated
by human activities such as recreational activities [14], transportation [15], and industrial
production [24], and typically comprises high-frequency signals greater than 1 Hz.

Seismology has benefited from a surge in seismic data volume, computational power,
and corresponding methodological development. These advances have enabled seismolo-
gists to extract rich information about the vibration sources and subsurface media from
ambient seismic noise. In the past decades, researchers have used natural seismic noise
as a tool to observe ocean wave intensity [25-27], track storms [28-30], decipher ice sheet
processes [31-33], and image high-precision subsurface structures [34-37]. Recently, seis-
mologists have deciphered a wealth of information about human activity from cultural
seismic noise, such as football games [38], nuclear tests [39], transportation [40], etc. Espe-
cially during the coronavirus disease 2019 (COVID-19) pandemic, the studies of cultural
seismic noise worldwide revealed the impact of the epidemic on different regions [13,41-45].
However, most cultural seismic noise studies have been limited to a small number of seismic
stations, failing to provide information on the spatial variability of human activity.

The Guangdong-Hong Kong-Macao Greater Bay Area (GBA), which has a large
population and dense urban clusters, is the fourth largest bay area in the world after the
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New York Bay Area, San Francisco Bay Area, and Tokyo Bay Area [46]. In 2017, the GBA
had a population of about 70 million and a GDP of RMB 10 trillion (about USD 1.5 trillion),
accounting for 12.2% of China’s GDP [47]. As an emerging and rapidly growing economic
region in China, comprehensive monitoring of human activity in the GBA is crucial for
regional social stability and urban development. In the GBA, the Guangdong Earthquake
Agency has built several intensive seismic networks for a long time to monitor seismic
activity and geological hazards. In addition, several intensive mobile seismic networks
have been developed by various researchers to obtain the fine geological structure of the
GBA [48-50]. These seismic stations record abundant cultural seismic noise data generated
by human activity. Therefore, using these data to monitor human activity in the GBA can
enrich approaches for monitoring human activity in urban agglomerations and provide
an effective complement to traditional methods. Moreover, the study of cultural seismic
noise in the GBA can provide an important case for future human activity monitoring in
different regions using local seismic observation networks.

In this study, we used cultural seismic noise collected from local seismic stations to
analyze the spatial and temporal characteristics of human activities in the GBA during
different periods. By analyzing the signal characteristics and energy spectrum trends of
cultural seismic noise, we examined the spatial and temporal effects of daily human activity,
the COVID-19 pandemic, and social development in the GBA. Furthermore, we explored
the potential of cultural seismic noise as an innovative technology for sensing human
activity in urban areas.

2. Data and Method
2.1. Data

We used seismic noise data recorded by 138 seismometers deployed in the GBA to
study the correlation between human activity and ambient seismic noise (Figure 1). The
dataset contains three parts: (1) The data were recorded by a dense temporary seismic array
consisting of 109 portable short-period seismometers (5 s-50 Hz) from November 2019 to
May 2020 (triangles in Figure 1). Three instruments failed to record usable data due to
malfunctions. The stations were spaced at an average interval of 15 km, and the sampling
rate was fixed at 100 Hz. Each station recorded seismic noise for an average of four months;
(2) the data recorded by the Guangdong permanent seismic stations from 15 December 2019
to 20 January 2020 (circles in Figure 1). We selected 9 broadband seismometers (60 s-50 Hz)
and 19 short-period seismometers (5 s-50 Hz) in the GBA, all with a sampling rate of
100 Hz, and (3) the data from the Hong Kong seismic station (pentagon in Figure 1). This
station is a broadband seismometer (120 s-50 Hz) with a sampling rate of 100 Hz. It joined
the global seismic network in 2010 and has been in operation to date. We used 12-year-long
continuous seismic data from 2010 to 2022. Overall, these seismic stations covered all
regions of the GBA, including different environments such as urban and rural areas.

2.2. Method
2.2.1. Power Spectral Density

The quality of the seismic data was assessed by calculating the power spectral density
(PSD). To determine the seismic noise levels at different stations, we calculated the PSD
of each station using the method of McNamara and Buland [51], which can effectively
quantify seismic noise levels across different frequency bands. Before the PSD calculation,
we performed the demean, detrend, and instrument response corrections for all data. The
PSD was calculated using the seismological open source software ObsPy 1.4.0 [52], and
specific data processing was based on the open source SeismoRMS package [53]. When
calculating the PSD, we set the parameters to 50% overlap and a time window of 30 min.
The processing principle of each noise segment was based on Welch’s method [54]. The
PSD values were expressed in decibels (dB) with a unit of m? s~* Hz ™!, in the frequency
domain. The specific calculation process for the PSD is as follows.



Remote Sens. 2023, 15, 5340

4 of 25

- 23°

~22°

Residential Area

Railroads

Temporary Shortperiod Stations
Permanent Shortperiod Stations
Sl Permanent Broadband Stations
e & HKPS

Error Stations L
Cities

¥

Y

—

30 km

©p

| | T
113° 114° 115°

Figure 1. Locations of seismic stations in the GBA. The map displays the 138 seismic stations in
this study. The red star in the inset represents the location of the study area. Blue triangles and
circles denote the short-period seismometers; Orange circles denote broadband seismometers; Black
triangles represent faulty stations. Temporary stations, Guangdong permanent stations, and Hong
Kong station are denoted by triangles, circles, and pentagons, respectively. The locations of cities are
labeled with Guangzhou (GZ), Shenzhen (SZ), Zhuhai (ZH), Foshan (FS), Huizhou (HZ), Dongguan
(DG), Zhongshan (ZS), Jiangmen (JM), Zhaoqing (ZQ), and Hong Kong (HK) labeled. Dark gray
areas indicate residential areas, and solid gray lines indicate major railroads. The labeled stations are
discussed in detail in this study, with P025 and P030 situated in urban areas and P016 and P100 in

rural areas.

The method computes the PSD via a finite-range FFT of the original data and is
advantageous for its computational efficiency, where x(t) is the time series. The Fourier
transform of the time series can be expressed as

X(f,T) = /OT'x<t>e*"2”ffdt (1)

where Tj is the length of the time series segment, and f is the frequency.
In discrete frequency values (fi), the Fourier transform can be expressed as

x, = XUeTt) @
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In the formula, f, = k/(NAt), k=1, 2, 3,..., N — 1, where At is the sample interval
and N is the number of sampling points in the intercepted period, which can be expressed
as N = T;/At.

Hence, using the Fourier components as defined, the total PSD estimate is defined as

P = 7‘Xk| 3)

As is apparent from Equation (3), the total power Py is simply the square of the
amplitude spectrum with a normalization factor of 2Af/N. It is critical to apply this
standard normalization when comparing PSD estimates with the high-noise model and
low-noise model (NHNM, NLNM) proposed by Peterson [55].

Finally, the seismometer instrument response is removed by dividing the PSD estimate
by the instrument transfer function to acceleration, in the frequency domain. For direct
comparison to the NLNM, the PSD estimate is converted into decibels with respect to
acceleration (meters/second?)?/Hertz.

In addition, previous studies indicated that observing variations in ground displace-
ment can provide a more accurate reflection of human activity [13,42,56]. To calculate the
seismic noise level in the ground displacement, we converted the PSD of acceleration in dB
into the displacement power spectrum (Disppow) using the following conversion equation:

1wa]=1omgw{m/1x(m/¥)/H4 )

Disppow = 10F4BI/10) / (277 £)? ®)

The root mean square (rms) of the time domain displacement (dyms) in the selected
frequency band is then related to Dispor, via Parseval’s identity:

f'mzx
rms \// Dlsppow )df (6)

Wllﬂ

2.2.2. Probability Density Function

To further understand the variation in seismic noise at each station, it is important to
conduct a probability density function (PDF) analysis of the PSD. This method provides
insights into the statistical properties of seismic noise in the frequency domain distribution,
including the median, mean, and modal PSD information [51]. When performing the PDF
analysis of seismic noise, we preferred to select the median PSD to represent the noise
level of the station in different frequency domains (Figure 2). This step can exclude data
anomalies such as earthquakes, system transients, instrumental glitches, and calibration
pulses [42]. The specific calculation process for the PDF is as follows.

When evaluating the ambient noise at seismic stations in this study, the 30 min PSD
unit is utilized to generate multiple smoothed PSD curves. Subsequently, the PDF of
seismic noise at the stations is calculated. In order to adequately sample the PSD, we
resampled the entire frequency range at intervals of 0.125 octaves. The power values are
averaged between short periods (T;) and long periods (Tj). The corresponding period is
the collective average in the octave range.

T, = 2T, )

T, = vV TsTb (8)

T calculates the average density of the power spectrum for the next interval by
increasing the octave by 0.125. T; = T x 20125 51 the values of T and Ty, are recalculated.
This is used to calculate the average value of the PSD in the period range of the next central
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period. Then, the probability statistics are obtained in units of 1 dB between —40 dB and
—200 dB, and the PDF is expressed as
Naip
P — B
(f,dB) N, )
Nyp is the number of PSD values at a certain frequency, and Ny is the number of

all PSD values with f as the central frequency. After the above steps, the probability
distribution of the PSD approximately from —40 dB to —200 dB is obtained (Figure 2).
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Figure 2. Probability density function (PDF) analysis for the vertical components of different stations.
We analyzed data from November 2019 to 24 January 2020 (before the COVID-19 pandemic outbreak).
The black solid line represents the median PSD, and the two gray dashed lines represent the high-
noise model and low-noise model (NHNM, NLNM) proposed by Peterson [55]. (a—d) correspond
to stations P025, P030, P016 and P100, respectively, with P025 and P030 situated in urban areas and
P016 and P100 situated in rural areas.

3. Results
3.1. Characteristics of Cultural Seismic Noise in the GBA

Previous studies have shown that seismic noise in different frequency bands has
different sources and generation mechanisms [16,57]. Seismic noise with a frequency
greater than 1 Hz is primarily produced by human activity. These activities generate
vibrational energy that is coupled to the Earth and propagates through high-frequency
surface waves, attenuating within a few kilometers of the noise source [58,59]. Therefore,
based on the frequency characteristics of cultural seismic noise, we focused on seismic
noise greater than 1 Hz.

We calculated the PSD-PDFs and spectrograms for the vertical components at each
station (Figures 2—4). We analyzed seismic noise data from November 2019 to 24 January
2020 (before the COVID-19 pandemic outbreak), aiming to minimize the effects of the
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pandemic on human activities and learning about the characteristics of cultural seismic
noise in the GBA before the pandemic. The impact of the COVID-19 pandemic on GBA is
discussed in Section 4.2. In this study, we selected four representative stations located at
different settings in the GBA (Figure 1). P025 and P030 were located in densely populated
urban areas with abundant human activity. The PSDs of the vertical components at these
stations exhibited a rapid increase at approximately 2 Hz and soon exceeded the high-
noise model proposed by Peterson [55] as the frequency increased (Figure 2a,b). P016
and P100 were located in sparsely populated rural areas with limited human activity. The
PSDs of these stations were basically between the high-noise model and low-noise model
(Figure 2¢,d). The PDF diagrams of all the stations show a clear “separation” or “dispersion”
phenomenon in the frequency band above 2 Hz, which corresponds to the day and night
variations in human activities [59]. This result indicates that all stations have recorded
different levels of cultural seismic noise.

Frequency [Hz]

Figure 3. Median PSDs of vertical components for all the stations. We analyzed data from November
2019 to 24 January 2020 (before the COVID-19 pandemic outbreak). Each solid gray line in the figure
represents the median PSD of an individual station. The blue circle denotes the peak frequency of
cultural seismic noise greater than 1 Hz for each station. The red solid line represents the average
curve of the median PSDs of all the stations. The two gray dashed lines in the figure are the high-noise
model and low-noise model (NHNM, NLNM) proposed by Peterson (1993) [55].

To compare the noise levels among different stations, we calculated the median PSD
of each station, which represented the noise levels at different frequencies (black solid line
in Figure 2). This approach has been widely used in various regions [42,59,60]. Figure 3
shows the median PSDs of the vertical components for all stations. The median PSDs of
49 stations significantly exceeded the high-noise model proposed by Peterson [55]. The
peak frequency of cultural seismic noise was mainly concentrated between 2 and 20 Hz
(Figure 3, blue circles). Furthermore, Figure 3 indicates that the level of cultural seismic
noise in the GBA ranges between —160 dB and —60 dB, with a change of up to 100 dB at
different stations. The red solid line in Figure 3 represents the average curve of the median
PSDs for all stations, revealing that cultural seismic noise begins to increase rapidly at
frequencies greater than 2 Hz, and the peak frequency is approximately 14 Hz.
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Figure 4. The vertical component spectrums of the stations are located in different environments.
We used data from 19 December 2019 to 3 January 2020 (before the COVID-19 pandemic outbreak).
(a—d) correspond to stations P025, P030, P016, and P100, respectively, with P025 and P030 situated in
urban areas and P016 and P100 situated in rural areas.

By analyzing the spectrogram of each station, we identified the dominant frequency
bands of cultural seismic noise in the GBA (Figure 4). Previous studies have demonstrated
that cultural seismic noise typically exhibits a diurnal pattern corresponding to people’s
daily routines, with greater intensity during the day than at night and weaker intensity on
weekends than on weekdays [14,61,62]. Consequently, we examined the spectrograms for
each station based on this feature. For stations in urban areas, cultural seismic noise was
primarily concentrated in the range of 2-20 Hz. Although seismic noise greater than 20 Hz
exhibited a diurnal pattern, its intensity was relatively weak (Figure 4a,b). The stations
in rural areas showed similar characteristics but with weaker intensities compared to the
stations in urban areas (Figure 4c,d). Moreover, the peak frequencies of cultural seismic
noise in the GBA, as shown in Figure 3, were mainly concentrated in the range of 2-20 Hz
(Figure 3). Thus, we proposed that the 2-20 Hz range is the dominant frequency band for
cultural seismic noise in the GBA. Next, we explored the relationship between cultural
seismic noise and human activities in this frequency band.

3.2. Spatial Distribution of Cultural Seismic Noise in the GBA

Previous studies have shown that cultural seismic noise levels are closely related
to regional population density and economic development [44,63,64]. Consequently, we
analyzed the correlation between cultural seismic noise and population density [65] as
well as gross domestic product (GDP) [66,67] in the GBA (Figures 5 and 6). Figure 6a,b
illustrate the spatial distribution of population density and GDP in the GBA, respectively.
Overall, population density and GDP had similar spatial distributions, both exhibiting
higher values in Guangzhou, Shenzhen, Foshan, and Hong Kong (Figures 1 and 6a,b).
As the cultural seismic noise in the GBA was concentrated at 2-20 Hz, we calculated the
average noise level in this band based on the median PSD of each station. Figure 5 shows
the spatial distribution of cultural seismic noise in the GBA. High noise levels were mainly
concentrated in Guangzhou, Foshan, Dongguan, and Zhongshan, which corresponded
to the distributions of population density and GDP. However, Shenzhen and Hong Kong
exhibited different features due to the limited number of stations (Figures 1, 5 and 6a,b).
On average, cultural seismic noise in urban areas was approximately 30 dB higher than that
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in rural areas (Figure 5), indicating the impact of population and economy on local cultural
seismic noise. To further investigate, we calculated the average population density and
GDP within a 10 km radius of each station. The correlation analysis revealed a correlation
coefficient of 0.32 between cultural seismic noise and population density and a correlation
coefficient of 0.27 between cultural seismic noise and GDP. The linear relationships between
these parameters are shown in Figure 6¢,d.
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Figure 5. Spatial distribution of average cultural seismic noise in 2-20 Hz in the GBA. We used data
from November 2019 to 24 January 2020 (before the COVID-19 pandemic outbreak). The red triangles
indicate stations with high noise levels. The blue triangles indicate stations with low noise levels.
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Figure 6. (a) Spatial distribution of population density in the Guangdong-Hong Kong-Macao Greater
Bay Area. (b) Same as (a), but for the gross domestic product (GDP). (c) Average cultural seismic noise
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in 2-20 Hz of each station, with the average population density within 10 km around each station.
(d) Same as (c), but with the average GDP within 10 km around each station. We analyzed data from
November 2019 to 24 January 2020 (before the COVID-19 pandemic outbreak). The red solid lines in
the figures represent the results of the line fitting of cultural seismic noise with population and GDP,
respectively, and r indicates their correlation coefficients.

4. Discussion
4.1. Daily Human Activity

A multitude of human activities occur at or near the Earth’s surface at various times
and locations. Seismometers in urban environments record daily human activity as near-
continuous signals. These intricate signals are generally stronger during the day than at
night, less intense on weekends than on weekdays, and more pronounced in urban areas
than in rural areas [13,61,62]. Moreover, human activities can be influenced by inclement
weather or traditional festivals [64,68,69]. As mentioned previously, the dominant fre-
quency of cultural seismic noise ranges from 2 to 20 Hz in the GBA. Consequently, in our
subsequent analysis, we specifically focused on seismic noise within this frequency band to
explore the characteristics of daily human activity in the GBA.

4.1.1. Day/Night

Diurnal variation is the most significant feature of human activity [61-63]. Owing to
regional differences in human activity, the daily cultural seismic noise exhibited distinct
patterns at each station. We can learn about the work and rest schedules of local residents
by analyzing the daily fluctuations in cultural seismic noise [14,44,62]. In this study, we
calculated the daily variation of cultural seismic noise at each station in the GBA. Figure 7
shows two representative stations. Generally, cultural seismic noise reached its minimum
between 0 a.m. and 5 a.m., then rapidly increased, peaking between 7 a.m. and 10 a.m.
It temporarily decreased between 11 a.m. and 2 p.m. and later swiftly recovered and
persisted until approximately 5 p.m. local time. Subsequently, the cultural seismic noise
rapidly declined until midnight (Figure 7a,c). In addition, some urban environmental
stations maintained relatively high noise levels during the night, which correlated with the
city’s nightlife (Figure 7a). Interestingly, a few stations, such as P003, exhibited higher noise
levels at night. We suggested that this phenomenon might be attributable to the traffic
conditions near the station. There is a highway located approximately 80 m northwest of
P003. We surmised that the traffic flow on this highway might be greater at night than
during the day, which could potentially explain the stronger nighttime noise level at P003
(Figure 8). To comprehend the diurnal variation characteristics of human activity in the
GBA, we calculated the daytime (7 a.m.—5 p.m.) and nighttime (0 a.m.-5 a.m.) noise levels
at each station. The results indicated that 95% of the stations in the GBA exhibited day and
night variations in noise levels associated with human activities (Figure 9a). The average
nighttime noise level in the GBA decreased by 40.4% compared to the daytime noise level,
with stations in urban areas experiencing significant changes (Figure 9a).

4.1.2. Weekdays/Weekends

Another notable aspect of human activity is the distinction between weekdays and
weekends [14,63,70]. In contrast to the obvious variation in day and night, the difference
between weekdays and weekends’ cultural seismic noise in the GBA was relatively minimal
and not universally observed across all stations (Figures 7 and 9b). Generally, the noise
levels on weekdays were higher than those on weekends, and the main differences occurred
during the daytime hours (Figure 7a). However, the noise levels in rural areas remained
virtually identical on weekdays and weekends (Figure 7c). To examine the variation in cul-
tural seismic noise in the GBA between weekdays and weekends, we calculated the average
noise level for both weekdays and weekends during the daytime hours (7 a.m.-5 p.m.) at
each station. On average, the noise level in the GBA was approximately 1.8% lower during
the weekends. Furthermore, the stations with decreased seismic noise were predominantly
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located in urban areas (Figure 9b), highlighting the differences in living patterns between
urban and rural populations in the GBA.
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Figure 7. (a) Hour-wise variation of cultural seismic noise at P030. (c) Same as (a), but representing
P100. We analyzed data from November 2019 to 24 January 2020 (before the COVID-19 pandemic
outbreak). (b) Daily variation of P030 cultural seismic noise and local air temperature over time.
(d) Same as (b) but representing P100. P030 and P100 are located in the urban area and rural area,
respectively. Noise levels are expressed in terms of ground displacement. A light green background
signifies weekdays, while a white background denotes weekends. All times are presented in local time.
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Figure 8. (a) Location of P003. There is an expressway approximately 80 m to the northwest. The
red triangle indicates station location. The yellow arrow points to an expressway. (b) Hour-wise
variation in cultural seismic noise at P030. We analyzed data from November 2019 to 24 January 2020
(before the COVID-19 pandemic outbreak). It can be seen that the noise level is significantly greater
at night than during the day. Noise levels are expressed in terms of ground displacement. All times

are presented in local time.
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Figure 9. Spatial distribution of cultural seismic noise in the GBA at different periods. The percentage
of cultural seismic noise change is calculated based on ground displacement changes. (a) Changes
in cultural seismic noise at nighttime (0 a.m.-5 a.m.) compared to daytime (7 a.m.-5 p.m.) with
135 stations available. Blue indicates a decrease in noise level at night. (b) Changes in cultural
seismic noise on weekends compared to weekdays, with 135 stations available. Blue indicates a
decrease in noise level during the weekends. (c) Changes in cultural seismic noise during New
Year’s Day compared to weekdays, with 120 stations available. Blue indicates a decrease in noise
level during New Year’s Day. (d) Changes in cultural seismic noise during the temperature decrease
(18-23 December 2019) compared to the weekends, with 122 stations available. Blue indicates a
decrease in noise level during the temperature decrease.

4.1.3. Traditional Festival

Previous studies have shown that cultural seismic noise changes significantly during
traditional festivals such as the Chinese Spring Festival [44,64], Christmas [13,69], and
others. In our dataset, 120 stations recorded cultural seismic noise during the New Year’s
Days, a three-day holiday for Chinese citizens. Due to factory closures and school vacations,
cultural seismic noise levels on New Year’s Day were considerably lower than usual
(Figures 7b and 10). To investigate the variations in cultural seismic noise within the GBA
on New Year’s Day, we computed the average noise levels at each station during this
period. The results showed that 77% of the stations experienced a reduction in noise levels
(Figure 9c). The average noise level in the GBA decreased by approximately 8.1% on New
Year’s Day, indicating a more substantial reduction and broader impact than those observed
on weekends (Figure 9b,c).
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Figure 10. Changes in cultural seismic noise at all the stations in the GBA before the COVID-19
pandemic outbreak. Each solid gray line represents the change in cultural seismic noise at a station
during the daytime hours (7 a.m.—5 p.m.). The thick red line indicates the average of all the sta-
tions. Cultural seismic noise level expressed as normalized ground displacement. The light green
background denotes weekdays, while a white background indicates weekends.

4.1.4. Temperature Drop

Daily weather changes also affect human activity [68]. In our dataset, two significant
decreases in cultural seismic noise occurred before the COVID-19 pandemic outbreak
(Figure 10). We believed that one decrease resulted from the impact of New Year’s Day,
based on the timing of its occurrence. However, what caused the other drop in cultural
seismic noise before New Year’s Day? Upon further investigation, we inferred that weather
conditions were the most likely influencing factors. According to a report from the Guang-
dong Provincial Meteorological Bureau, the average temperature across the entire province
dropped by 6-8 °C from 18 to 23 December in 2019 due to cold air and local rainfall
(Figure 7b,d). This sudden temperature drop reduced people’s willingness to travel, lead-
ing to changes in the cultural seismic noise recorded by the stations. To assess the impact
of this temperature drop on cultural seismic noise in the GBA, we calculated the average
noise level at each station during this period. However, as this coincided with a weekend,
we compared the results with the average noise levels on other weekends to exclude the
influence of weekends on cultural seismic noise. The results revealed that 64% of stations
experienced a reduction in cultural seismic noise (Figure 9d). The average noise level in
the GBA decreased by approximately 5% due to the temperature drop. Interestingly, the
affected stations were primarily located in rural areas, while the urban areas remained
largely unaffected (Figure 9d). The two representative stations, as depicted in Figure 7, ex-
hibited distinct characteristics. P030, which is situated in an urban area, primarily displayed
differences between weekdays and weekends, with no impact from weather changes on
its recorded cultural seismic noise. In contrast, P100, which is located in a rural area, was
more prone to changes induced by weather (Figure 7b,d).

4.2. Impact of COVID-19 Pandemic on GBA

The World Health Organization declared the coronavirus disease 2019 (COVID-19)
outbreak a global health emergency in January 2020 and a pandemic in March 2020 [71].
After the COVID-19 pandemic outbreak, China firstly implemented emergency lockdown
measures and restricted all non-essential human activities. Schools, shopping malls, facto-
ries, and other public places were successively closed to mitigate the spread of the virus [72].
Subsequently, other countries also implemented lockdown measures [13,41,73]. Although
the COVID-19 pandemic has been brought under control, the lockdown measures have
significantly affected people’s daily lives, industrial production, and other human activities.
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During the COVID-19 pandemic, cultural seismic noise studies worldwide have revealed
a significant reduction in global high-frequency seismic noise owing to the decrease in
human activity [13,42,43]. Since the first case was reported in Guangdong Province on
19 January 2020, the number of infected individuals in Guangdong has rapidly increased.
On 24 January, Guangdong Province initiated a Level 1 response to this major public health
event by implementing lockdown measures and restricting all non-essential human activi-
ties. Subsequently, national and local governments adopted dynamic measures depending
on the number of new cases. On 24 February 2020, Guangdong Province adjusted the
response level to Level 2 and lifted the lockdown measures. To investigate the impact of the
COVID-19 pandemic on human activity in the GBA, we examined the spatial and temporal
characteristics of cultural seismic noise in the GBA during this period.

In our dataset, 88 stations recorded cultural seismic noise during the COVID-19 pan-
demic. In this study, we assessed the impact of the lockdown measures on cultural seismic
noise during the pandemic. The results show that 79 stations experienced a significant
decrease in cultural seismic noise during the COVID-19 pandemic (Figure 11). Cultural
seismic noise in the GBA began to decline around 17 January 2020, coinciding with the
approach of the Spring Festival, during which factories, schools, and other establishments
successively closed (Figure 11). Cultural seismic noise reached its minimum level around
24 January (Spring Festival), the same day when Guangdong Province initiated the lock-
down measures to restrict all non-essential social activities. Subsequently, most stations
underwent a “quiet period” lasting approximately 24 days, until about February 17 when
cultural seismic noise began to gradually recover (Figure 11).

Figure 12 shows the variation characteristics of cultural seismic noise at four typi-
cal stations in different environments. For stations located in urban areas, such as P025
and P030, a significant reduction in cultural seismic noise was observed during the lock-
down period. These stations experienced a “quiet period” of approximately 24 days until
17 February 2020, when the cultural seismic noise began to rise rapidly and then returned
to the pre-lockdown noise levels in a short time (Figure 12a,b). During the lockdown, the
daytime cultural seismic noise decreased by 94% in P025 and 65% in P030, whereas the
nighttime cultural seismic noise decreased by 91% in P025 and 78% in P030. However, for
the stations in rural areas, such as P016 and 100, the reduction in cultural seismic noise
was less or remained relatively stable during the lockdown (Figure 12¢,d). At station P016,
the cultural seismic noise decreased by 54% and 19% during the daytime and nighttime,
respectively, and gradually recovered after the lockdown ended (Figure 12c). At station
P100, the cultural seismic noise remained relatively stable before and after the lockdown,
decreasing by 20% and 10% during the daytime and nighttime, respectively (Figure 12d).
Overall, during the lockdown period, the daytime and nighttime cultural seismic noise
in the GBA average decreased by 61% and 57%, respectively, and the stations with larger
decreases were basically located in urban areas (Figure 13). These results suggest that urban
areas have been more severely affected by the pandemic than rural areas.

After the outbreak of the COVID-19 pandemic, the pattern of human activity in
the GBA changed significantly owing to the implementation of the lockdown measures.
Figure 14 shows the variation in cultural seismic noise throughout the day at four typi-
cal stations in different environments before and after the lockdown. Firstly, before the
lockdown, some stations exhibited higher cultural seismic noise levels on weekdays than
on weekends. However, after the lockdown, this difference diminished, as observed at
station P030 (Figure 14b). Secondly, during the lockdown period, some stations no longer
displayed a slight decrease in cultural seismic noise during lunchtime (11 a.m.-2 p.m.),
such as stations P025 and P016 (Figure 14a,c). Finally, the lockdown measures changed
people’s night lives. For example, before the lockdown, the nighttime cultural seismic noise
at station P030 remained at a high level and lasted until midnight, but this phenomenon
disappeared after the lockdown (Figure 14b). Notably, not all stations experienced changes
in cultural seismic noise after the lockdown, such as some stations in rural areas where the
cultural seismic noise level and pattern remained essentially the same before and after the
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lockdown (Figure 14d). Thus, these results suggest that the cultural seismic noise recorded
by stations can reflect changes in people’s lifestyles during the COVID-19 pandemic.
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Figure 11. The variation of cultural seismic noise with time for 88 stations whose recording time
covers the COVID-19 pandemic phase. Cultural seismic noise levels are expressed as normalized
ground displacement, with the darker color indicating quieter. The red dot-dash line marks the
initiation of lockdown measures on 24 January 2020. The label “LD Start” means “Lockdown Start”.
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Figure 12. The variation of cultural seismic noise at stations in different environments before and
after lockdown. (a-d) represent stations P025, P030, P016 and P100, respectively, with P025 and
P030 situated in urban areas, and P016 and P100 in rural regions. Cultural seismic noise levels are
expressed as ground displacement. The light blue solid line represents the daily cultural seismic
noise change, and the blue solid line indicates the daytime (7 a.m.-5 p.m.) cultural seismic noise
variation. The orange solid line denotes the nighttime (0 a.m.—5 a.m.) cultural seismic noise variation.
The red dot-dash line indicates the start of the lockdown on 24 January 2020. The label “LD Start”
means “Lockdown Start”.
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Figure 13. Spatial distribution of cultural seismic noise changes at each station in the GBA after the

lockdown. (a) displays the change in cultural seismic noise during the daytime (7 a.m.-5 p.m.) after

the lockdown. A darker blue indicates a greater decrease in cultural seismic noise. (b) is the same as

(a) but represents the change of cultural seismic noise at nighttime (0 a.m.-5 a.m.) after the lockdown.
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Figure 14. Hour-wise variation of cultural seismic noise at stations in different environments before
and after lockdown. (a—d) represent stations P025, P030, P016 and P100, respectively, in which P025
and P030 are located in urban areas and P016 and P100 are located in rural areas. The cultural seismic
noise levels are expressed as ground displacement.

Here, we aimed to analyze the factors that contributed to the changes in cultural
seismic noise observed in the GBA during different periods (Figure 15). As mentioned
above, the variation in cultural seismic noise between weekdays and weekends was small
before the COVID-19 pandemic outbreak, and two significant decreases in cultural seismic
noise were observed owing to the temperature drop and New Year’s Day. As the Spring
Festival approached, the overall cultural seismic noise in the GBA began to decline rapidly
as factories, schools, and other establishments closed sequentially, and then reached its
lowest point on 24 January 2020. The COVID-19 pandemic outbreak and subsequent
lockdown measures coincided with the Spring Festival. During the lockdown period, all
non-essential human activities were restricted in the GBA to reduce the spread of the virus.
As aresult, most areas experienced a “quiet period” of approximately 24 days. Interestingly,
the recovery of cultural seismic noise began on 17 February 2020, even before the lockdown
measures were lifted. Upon further investigation, we discovered that the Chinese gov-
ernment implemented a national toll road-free access policy on 17 February 2020, which
led to a gradual return of traffic flow and subsequent recovery of cultural seismic noise
in the GBA. This finding suggests that the cultural seismic noise recorded by the stations
mainly originated from vehicles. By mid-March 2020, the cultural seismic noise in the
GBA returned to near pre-pandemic levels, followed by several significant decreases. We
speculated that the first decline in cultural seismic noise was due to the sudden increase in
the number of people infected with the virus, leading to a reduction in people’s activities
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Normalized Displacement

outside for health. The second significant decline occurred during the Qingming Festival,
a traditional Chinese festival during which Chinese people have a three-day holiday and
memorialize their ancestors. During this period, cultural seismic noise dropped approxi-
mately twice as much as on New Year’s Day before the COVID-19 pandemic outbreak. We
inferred that the main reason for this phenomenon was that the Chinese government called
on the public to reduce travel arrangements and avoid the movement of people during
holidays influenced by the COVID-19 pandemic. As a result, it enhanced the decline in
cultural seismic noise during the festival. Based on the characteristics of cultural seismic
noise changes before and after the COVID-19 pandemic in the GBA, it is evident that
monitoring and analyzing cultural seismic noise over time can provide valuable insights
into human activity during different periods.
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Figure 15. The variation of cultural seismic noise at all the stations in the GBA before and after the
COVID-19 pandemic outbreak. Each gray solid line represents the change in cultural seismic noise at
a station during the daytime hours (7 a.m.-5 p.m.). The solid red line represents the average of all
the stations. Cultural seismic noise levels are expressed as normalized ground displacement. The
light green background denotes weekdays, and the white background represents weekends. The red
dot-dash line marks the initiation of the lockdown on 24 January 2020. The label “LD Start” means
“Lockdown Start”. The orange label explains the reason for the change in corresponding cultural
seismic noise.

Furthermore, we compared the variations in cultural seismic noise with other social
statistical data from the GBA (Figure 16). Transportation, industrial production, tourism,
and retail trade in the GBA have been greatly affected by the COVID-19 pandemic. As
expected, there were strong correlations between cultural seismic noise and these social
statistical data, and all exhibited a considerable decline during the pandemic. Among these,
freight volume shows the highest correlation coefficient of 0.9357 (Figure 16). Notably,
significant differences were observed among the various data types. For instance, cultural
seismic noise rebounded swiftly following the lifting of the lockdown, and noise levels
in May 2020 approached those before the COVID-19 pandemic outbreak. Conversely, the
social statistical data exhibited a more gradual recovery, and in June 2020, they had not yet
returned to their pre-pandemic levels (Figure 16a).
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Figure 16. (a) Comparisons between cultural seismic noise and social statistical data in the GBA. The
Social statistical data include freight volume, passenger volume, electricity consumption, tourism
and retail trade. (b) Scatter plot illustrating the correlation between cultural seismic noise and
social statistical data in (a), with r denoting the correlation coefficient. All data utilized for plotting
are normalized.

4.3. Human Society Development

Over the past few decades, the global economy and population have experienced
continuous growth, and cultural seismic noise has also changed. In this study, we used
12-year-long seismic data from the Hong Kong seismic station (HKPS) to analyze the
relationship between long-term cultural seismic noise changes and social development in
Hong Kong. The HKPS seismic station is located in the Central and Western District of
Hong Kong, which has a population of approximately 240,000 people and is among the
first areas to be developed in Hong Kong. Here, we analyzed the daytime (7 a.m.-5 p.m.)
cultural seismic noise between 2 and 20 Hz at this station. The results showed a decreasing
trend in cultural seismic noise over the 12 years, with a 23% decrease compared to the
noise levels measured in 2010 (Figure 17a,b). Concurrently, when comparing the changes
in population and traffic flow in Hong Kong’s Central and Western District from 2010 to
2021, it was observed that the local population declined by 9%, and road traffic declined
by 22.3% over the past 12 years (Figure 17a,b). Correlation analysis revealed that the
correlation coefficients between cultural seismic noise and population, as well as road traffic
in the Central and Western District, were 0.9441 and 0.8966, respectively, and the linear
relationships were depicted in the graphs (Figure 17d,c). Interestingly, when comparing
the changes in population, GDP, and vehicles for the entire Hong Kong region, the results
were the opposite. Over the past 12 years, the population, GDP, and vehicles in Hong
Kong increased by 5.5%, 61.1%, and 34.6%, respectively (Figure 18). These results show
a completely different trend from the variation in cultural seismic noise, indicating that
long-term analysis of cultural seismic noise can be another potential way of understanding
local social development.
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Figure 17. The comparison between long-term cultural seismic noise change and social development.
Using 12 years of seismic data from the Hong Kong seismic station (HKPS), we compared the annual
cultural seismic noise with the population and traffic flow at the location of the station (Central and
Western District, Hong Kong). Cultural seismic noise levels are expressed as ground displacement.
(a) The comparison between long-term cultural seismic noise change and population size. (b) Same
as (a), but represents the traffic flow. (c) Scatter plot illustrating the correlation between the cultural
seismic noise and population size in (a), with a linear relationship calculated between them. (d) Same
as (c), but represents the traffic flow.
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Figure 18. Comparison of long-term cultural seismic noise changes with the development of Hong
Kong society as a whole. Using 12 years of seismic data from the Hong Kong seismic station (HKPS),
we compared the annual cultural seismic noise with Hong Kong’s population, GDP and number of
vehicles. Cultural seismic noise levels are expressed as ground displacement. (a) The comparison
between long-term cultural seismic noise changes and Hong Kong’s population. (b) Same as (a),
but representing Hong Kong’s GDP. (c) Same as (a), but represents the number of vehicles in Hong
Kong. The cultural seismic noise level shows a decreasing trend over the 12-year period, while the
population, GDP and number of vehicles in Hong Kong show an increasing trend.
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4.4. Sensing Human Activity by Seismometer

Our planet vibrates constantly, sometimes with remarkable intensity but more often
with imperceptible intensity. Conventional seismology typically relies on rare large earth-
quakes to decipher vibration sources and path effects. However, human activities on the
Earth’s surface also generate seismic waves, which can be detected by seismometers at great
distances. Whether the source is transient (recreational; individual cars, trains, or airplanes),
harmonic (wind turbines, machinery), or diffuse (railroads, highways) (Figure 19), seis-
mometers can record vibrations in everything [74]. Everyday human activity is recorded
as a near-continuous signal, especially on seismometers in urban environments. These
complicated signals are the superposition of a wide variety of activities happening at differ-
ent times and places at or near Earth’s surface (Figure 19) [13]. By analyzing these signals
using seismological techniques, we can learn about the spatial and temporal characteristics
of human activity. However, ambient seismic noise recorded by seismometers currently
offers only an indirect and coarse measure of human activity intensity due to the spatial
variation and temporal overlap of multiple noise sources. Therefore, many seismologists
are currently committed to studying the signal characteristics of different human and natu-
ral activities in order to achieve specific target monitoring [15,75,76]. Although there are
currently some limitations to this tool, ambient seismic noise monitoring has several notable
advantages. For example, seismometers are relatively easy to install and maintain, and a
mature system for real-time data transmission already exists. Furthermore, seismic data
can be collected and utilized with minimal potential privacy concerns and without being
affected by weather conditions. Moreover, with the development of fiber-optic distributed
acoustic sensing technology, numerous communication fibers distributed underground
in cities will likely replace seismometers for collecting ambient seismic noise data. These
advantages pave the way for the systematic utilization of seismic sensors as tools for
monitoring human activity in urban areas.

Figure 19. The conceptual diagram of human activity sensing by seismometer.



Remote Sens. 2023, 15, 5340

22 of 25

5. Conclusions

In this study, we investigated the relationship between human activity and ambient
seismic noise using continuous waveform data recorded by 138 seismometers deployed in
the GBA. Our results indicate that cultural seismic noise generated by human activity in
the GBA is mainly concentrated in the range of 2-20 Hz. The spatial distribution of cultural
seismic noise is strongly correlated with population and economy, which is characterized
by higher noise levels in densely populated areas.

Through the analysis of cultural seismic noise during different periods, we successively
studied the effects of daily human activity, the COVID-19 pandemic, and long-term social
development on cultural seismic noise in the GBA. Research on cultural seismic noise
before the COVID-19 pandemic outbreak demonstrated that monitoring cultural seismic
noise could reveal the daily pattern of human activity. Both the diurnal variation in human
activity and the distinction between weekdays and weekends were well represented in
cultural seismic noise. Notably, we observed the spatial and temporal effects of New Year’s
Day and a temperature drop on human activities.

As expected, cultural seismic noise in the GBA significantly decreased during the
COVID-19 pandemic. The daytime and nighttime cultural seismic noise decreased by 61%
and 57%, respectively. The stations with larger decreases were predominantly concentrated
in urban areas, indicating that these areas were more severely affected by the pandemic.
Concurrently, people’s daily routines were changed due to the pandemic’s impact, which
was also evident in cultural seismic noise. By examining the variations in cultural seismic
noise in the GBA before and after the pandemic outbreak, we discovered that abnormal
fluctuations corresponded well with the large-scale human activity changes caused by
holidays, national policies, and pandemic conditions. Furthermore, a strong correlation
is found when comparing cultural seismic noise with various social statistical data in the
GBA. The analysis of cultural seismic noise during the pandemic indicates that monitoring
cultural seismic noise can provide valuable insights into human activity and assess the
spatial and temporal impact of a specific event on human activity.

Moreover, the analysis of 12-year-long cultural seismic noise recorded by the HKPS
revealed a close relationship between long-term changes in cultural seismic noise and local
social development. This finding suggests that long-term changes in cultural seismic noise
can serve as potential indicators of local social development.

In conclusion, effective monitoring of human activities is essential for social stability
and urban development. Our study highlights that ambient seismic noise contains rich
information about human activities and provides a good research case for the systematic
use of seismic sensors as a tool for monitoring human activities in urban areas.
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