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Keywords: Regional public attention has been critical during the COVID-19 pandemic, impacting the
Regional public risk perception effectiveness of sub-national non-pharmaceutical interventions. While studies have focused on
Multi-level spatiotemporal heterogeneity public attention at the national level, sub-national public attention has not been well investigated.
Spatiotemporal non-stationary regression Understanding sub-national public attention can aid local governments in designing regional
STVC

scientific guidelines, especially in large countries with substantial spatiotemporal disparities in
the spread of infections. Here, we evaluated the online public attention to the COVID-19
pandemic using internet search data and developed a regional public risk perception index
(PRPI) that depicts heterogeneous associations between local pandemic risk and public attention
across 366 Chinese cities. We used the Bayesian Spatiotemporally Varying Coefficients (STVC)
model, a full-map local regression for estimating spatiotemporal heterogeneous relationships of
variables, and improved it to the Bayesian Spatiotemporally Interacting Varying Coefficients
(STIVC) model to incorporate space-time interaction non-stationarity at spatial or temporal
stratified scales. COVID-19 daily cases (median contribution 82.6%) was the most critical factor
affecting public attention, followed by urban socioeconomic conditions (16.7%) and daily pop-
ulation mobility (0.7%). After adjusting national and provincial impacts, city-level influence
factors accounted for 89.4% and 58.6% in spatiotemporal variations of public attention.
Spatiotemporal disparities were substantial among cities and provinces, suggesting that observing
national-level public dynamics alone was insufficient. Multi-period PRPI maps revealed clusters
and outlier cities with potential public panic and low health literacy. Bayesian STVC series models
are systematically proposed and provide a multi-level spatiotemporal heterogeneous analytical
framework for understanding collective human responses to major public health emergencies and
disasters.
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1. Introduction

In the face of major public health emergencies and social disasters, public attention and public risk perception can affect human
behavior choices, which is, therefore, essential for crisis management [1,2]. The ongoing COVID-19 (Corona Virus Disease 2019)
pandemic has caused millions of deaths and inflicted profound consequences on social and economic development worldwide [3,4].
Due to the growing variants of SARS-CoV-2, the unequal vaccine distribution worldwide, as well as the adjustment of prevention and
mitigation strategies, non-pharmaceutical interventions (NPIs), including personal protective equipment and social distancing stra-
tegies, can be relied on as effective manners to control the spread of COVID-19 worldwide [5,6]. The adoption of NPIs has remained a
priority for many countries when a fast-spread variant of COVID-19 emerges, even for those with a high level of vaccination [7,8]. As
the effectiveness of NPIs depends on population-level spontaneity, cooperation, and fast acquisition of updated information, it is
critical to determine how people respond to the information on the pandemic as well as intervention policies worldwide [9,10], both in
developed countries and developing countries [11,12].

The collective human attention to COVID-19 can impact the effectiveness of regional NPIs in terms of the timing and imple-
mentation of prevention measures to further influence the actual progress of the pandemic [9,10]. The Internet has played a pivotal
role during this unprecedented pandemic and serves as the predominant source for the general public to acquire news and other health-
and disease-related information [13-16]. With the explosion of modern internet information, human attention to crucial information is
of critical importance [17]. Internet search engine products, such as Google Trends and Baidu Index, have been widely used as in-
dicators to illustrate the collective public attention to COVID-19 [18-20]. In China, infoveillance studies based on the Baidu Index
identified two critical periods for early-stage disease control when national public attention was low [9,21]. In the United States,
infoveillance studies using Google Trends showed that the initial public attention to COVID-19 at the national level was limited,
short-lived, and even decreased during the critical period when increasingly strong control strategies were put in place [13,22]. Using
Google Trends, similar findings reflective of relatively low-level public attention were also reported globally in both early infected
developed and developing countries [9,10,12]. However, most COVID-19 infodemiology studies using internet search engine data are
currently conducted at the national level [9,10,13,21,22].

There is an urgent need to conduct sub-national level evaluations on the collective human attention for better informed local
interventions. Spatial heterogeneity can lead to substantial local variations in COVID-19 timing and severity [23,24]. Research sug-
gests that a region-by-region social distancing measure played an essential role in mitigating the COVID-19 pandemic [25,26]. A
one-size-fits-all strategy for COVID-19 based on such national-level findings could be socially and economically unfeasible [27,28],
underlining the need to consider spatial heterogeneity (disparities) across different levels of administrative divisions [25,29]. Going
beyond the concept of spatial heterogeneity, an increased number of studies have emphasized the necessity of an integrated
perspective of utilizing spatiotemporal heterogeneity to facilitate differential control of COVID-19 [30,31], especially in large coun-
tries in terms of both the landscape and population sizes, such as the US [32,33] and China [34]. Existing spatiotemporal studies on
COVID-19 lack the insights provided by analyses of fine-scale data of regional public attention, defined as the collective human
attention at the geospatial level.

More importantly, the level of regional public attention itself might not always reflect the level of regional public risk perception
due to the neglect of actual local pandemic risk across different locations [35,36]. For example, low attention areas with high risks of
COVID-19 may indicate a relatively lower risk perception to COVID-19, while high attention areas with low risks could reveal an
excessive risk perception, which can cause potential public panic and thereafter trigger substantial economic loss and social unrest [37,
38]. Identifying the regions with unmatched public attention and local risk provides information on the priorities of pandemic in-
terventions within a country or a large study area. Therefore, beyond regional public attention, it is of great concern to investigate
variations in regional public risk perception across space and over time. However, no available studies have identified the various
levels of both regional public attention and regional public risk perception of COVID-19 while taking into account the spatiotemporal
heterogeneity.

Unlike traditional indicators of public risk perception based on the population survey [2,35,38], the regional public risk perception
can be characterized by estimating the spatially heterogeneous associations between regional public attention and the severity of the
local pandemic. Numerous studies using different online platforms have shown the significant association between online public
attention and COVID-19 reported cases across various countries around the globe [9,12] as well as within specific countries such as the
US [22] and China [39,40]. It is noteworthy that socioeconomic conditions could also affect the regional public attention arising from
internet search engines, since the dissimilarities in economic conditions would lead to disparities in the amount of people searching the
Internet [41]. Amidst densely populated and economically developed areas, people paid more attention to the dynamics of infections
through the Internet [42]. Research also showed that socioeconomic factors were associated with online searches (Google Trends)
about health and epidemics [43,44]. Additionally, restrictions on population mobility may lead to increased attention to the Internet
[45,46]. For instance, during the very beginning of the outbreak in China, the movement of people from hard-hit areas increased public
attention to the outbreak and affected search behaviors [47,48]. Therefore, in addition to considering the impacts of actual pandemic
severity on regional public attention, the impacts of socioeconomic conditions and population mobility should be simultaneously
observed in order to accurately estimate the regional public risk perception.

To address the above research gaps, we investigated the regional public attention and regional public risk perception of the COVID-
19 pandemic in China. We applied a multi-level spatiotemporal heterogeneous analytical framework using a series of spatiotemporal
regressions based on Bayesian Spatiotemporally Varying Coefficients (STVC) modeling. Specifically, the STVC model is an emerging
Bayesian local regression approach that is used for exploring the spatiotemporal heterogeneous/varying relationships between
dependent and independent variables [49,50]. To further evaluate the spatiotemporal interaction effects of observable explanatory
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variables on the target variable, we updated the STVC model with a new Spatiotemporally Interacting Varying Coefficients (STIVC)
model. Our objective with China’s case study is four-fold. Using Baidu Index, we first collected and processed internet search engine
data to represent daily regional public attention to COVID-19 across 366 prefecture-level cities during the first nationwide pandemic
wave. Then, we utilized Bayesian STVC series models, mainly including STVC and STIVC, to investigate the in situ spatiotemporal
variations of the regional public attention regarding COVID-19 as well as the spatiotemporal heterogeneous associations between the
regional public attention and the actual severity of COVID-19 at multiple administrative levels (i.e., national, provincial, and city
levels) of China. Further, we put forward a regional public risk perception index (PRPI) as a more informative indicator to elucidate the
collective human responses to COVID-19 within each city and across various stages in China. Finally, we produced maps of regional
PRPI and identified their cluster and outlier areas to alert potential public sensitive areas in China.

2. Material and methods

2.1. Data

Internet search engine data can quantitatively depict the regional public attention in response to COVID-19, widely over a country,
locally at sub-national scales, and spatiotemporally. The most widely used internet search product internationally is Google Trends
[12,22]. However, Google withdrew from China in 2010, and Baidu (a Google equivalent) serves as China’s most representative
internet search product for exploring the public’s online search behaviors. Based on Baidu’s massive netizens’ behavior data, Baidu
Index (https://index.baidu.com/) can tell users how much a particular keyword (weighted search frequency) has been searched on
Baidu, the trend of ups and downs over time, and where the netizens who pay attention to these keywords are geographically
distributed [10]. Like Google Trends, Baidu Index can be restricted to a specific administrative location (e.g., city) and a specific period
(e.g., day) to measure the real-time internet-derived public attention to COVID-19. Since 82.47% of Chinese internet users have been
using the Baidu search engine to retrieve their information as of September 2021, this study adopted the Baidu Index to reflect daily
public attention to COVID-19 across 366 prefecture-level cities in China for the first time [39,40].

We retrieved the original Baidu Index data through a publicly available tool (https://github.com/Hexmagic/BaidulndexNew),
which uses Python technologies to simulate users’ operations on the Baidu Index web page and uses image recognition technologies to
obtain the final Baidu index data corresponding to keywords at different times and in different regions in numerical forms [51]. Our
city-level Baidu Index data covers the study period from December 31, 2019 (the first case of public reporting information in China) to
March 18, 2020 (pandemic under control over China), which is recognized as China’s first nationwide pandemic wave [3,4,52]. We
selected twelve Baidu Index keywords regarding COVID-19 from those with the highest ranking in the search volume during the study
period, as recommended by an official Baidu Keyword Mining platform (http://stool.chinaz.com) [51]. The twelve search keywords
regarding COVID-19 are (in Chinese): “Pneumonia of unknown cause”, “Real-time updates on the COVID-19 across the country”,
“Asymptomatic carrier”, “COVID-19”, “What are the symptoms of COVID-19”, “The latest on COVID-19”, “COVID-19 map”,
“COVID-19 (in English)”, “2019-ncov”, “sars”, “ncp (novel coronavirus pneumonia)”, and “SARS-CoV-2".

In general, the target variable, such as COVID-19 regional public attention, within regression-like modeling can only be one.
However, more than one research keyword related to the phenomenon of interest can be obtained via Google Trends or Baidu Index.
Here, we adopted the principal component analysis (PCA) to reduce the dimensionality of datasets and extract the most critical in-
formation as a one-dimension variable from twelve search keywords [53]. The PCA’s first component (renamed as ‘composite Baidu
Index’) represents the overall daily public attention to COVID-19 within each city throughout the study period in China, which is
further used as the dependent variable in the following models (Supplementary Table 1).

Including daily reported disease cases, we also collected regional data on the daily population mobility status and yearly urban
socioeconomic conditions that may influence the regional online public attention to COVID-19. The historical city-level reported data
of COVID-19 in China, including daily cumulative cases and daily new cases, were obtained from an open-source COVID-19 data
collection and analytics platform [54]. For the same period, we obtained the population mobility data, including inflow and outflow
population, from the Baidu Migration platform (http://qianxi.baidu.com) to quantify the daily movement of the population across
cities in China. We also collected twenty urban socioeconomic factors that may depict spatial disparities in searching behavior among
multiple cities from the latest published China City Statistical Yearbook (http://www.stats.gov.cn/tjsj/). Due to raw data limitations,
these city-specific socioeconomic covariates do not reflect daily variation characteristics. To reduce the multicollinearity issue by
limiting the variance inflation factor (VIF) to less than 10, we selected GDP per capita, population density of primary industry em-
ployees, and average employee salary as final socioeconomic covariates from twenty variables [55]. Supplementary Table 2 sum-
marizes the details of these urban socioeconomic covariates and their VIF values. These regional socioeconomic factors were only
treated as auxiliary covariates to control the main effects of those space-time factors with daily variations. All geospatial-scale data
used is publicly accessible and does not involve any personal information, so no ethical approval is required.

2.2. Statistical analytics

2.2.1. Multi-level spatiotemporal heterogeneous modeling framework

We developed a generic framework of multi-level spatiotemporal heterogeneous modeling (Fig. 1) to investigate the COVID-19
pandemic by focusing on the regional public attention and regional public risk perception (associations between public attention
and local pandemic risk levels). We regressed city-specific public attention to COVID-19 (Y) across 366 cities and throughout the
pandemic wave of COVID-19 in China with the consideration of three aspects of explanatory factors (Xs) — local pandemic risks (X1
and X2) as the core factors, population mobility (X3 and X4) and urban socioeconomic conditions (X5-X7) as the control factors. To be
specific, the seven explanatory factors were cumulative cases (X1), new cases (X2), inflow population (X3), outflow population (X4),
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GDP per capita (X5), population density of primary industry employees (X6), and average employee salary (X7). All factors were
normalized to eliminate the dimensional impact and ensure their comparability within regression modeling.

Regarding China’s COVID-19 research, we focused on two main objectives supported by this multi-level spatiotemporal analytical
framework. The first objective of this study was to investigate how the regional public attention (composite Baidu Index) was
spatiotemporally distributed at the national, provincial, and city levels throughout China with descriptive regressions. The second
objective was to explore how the explanatory factors are associated spatiotemporally with the disparities in regional public attention
using interpretative regressions. The city-specific associations between regional public attention (Y) and reported cases (X1 and X2)
were further extracted for mapping the regional public risk perception across Chinese cities. These two objectives were achieved with
the consideration of two underlying characteristics: spatiotemporal heterogeneity and multiple levels (e.g., national, provincial, and
city levels in China).

The core and key statistical technology for implementing this analytical framework lies in the Bayesian STVC-based series models
belonging to a generic class of spatiotemporal non-stationary regression. Based on the Bayesian STVC model, a full-map local
regression to identify the spatiotemporal heterogeneity in relationships of variables [49,50], we propose a more sophisticated Bayesian
STIVC model with the pivotal incorporation of the covariates’ spatiotemporal interaction non-stationarity [56] based on the spatial
stratified heterogeneity (SSH) [57] and the temporal stratified heterogeneity (TSH). Bayesian STVC and STIVC models are seen as
interpretive tools (analysis for influence factors) for identifying spatiotemporal heterogeneous associations among variables [50,58].
We adopted the Spatiotemporally Varying Intercepts (STVI) and Spatiotemporally Interacting Varying Intercepts (STIVI) models,
which are two simplified forms of the STVC and STIVC models without incorporating explanatory factors’ spatiotemporal
non-stationary effects. Unlike STVC and STIVC models, the STVI and STIVI models belong to those descriptive approaches (or
space-time smoothed mapping methods) for describing the dependent variable (Y) [59,60].

Finally, we collected and visualized those critical space-time scale outputs from Bayesian STVC series models (STVI, STIVI, STVC,
and STIVC) to help understand the phenomenon of interest. Bayesian STVI and STIVI models estimated three sets of posterior pa-
rameters for the dependent variable (Y), i.e., time-intercepts (TIs), space-intercepts (SIs), and space-time-intercepts (STIs), which
referred to the overall temporal trend of public attention to COVID-19 at the national level, differentiated temporal trends at the
provincial level, and spatial variations at the city level. In contrast, Bayesian STVC and STIVC models estimated time-coefficients
(TCs), space-coefficients (SCs), and space-time-coefficients (STCs) as another three key posterior parameters to determine the asso-
ciations of explanatory factors with public attention at the national, provincial, and city levels, among which the SCs and STCs of
associations between regional public attention and local pandemic risk levels (X1 and X2) led to the final proposition of the regional
public risk perception index (PRPI).

2.2.2. Bayesian STVC model

Spatiotemporally Varying Coefficients (STVC) model is a kind of Bayesian local spatiotemporal non-stationary regression, aiming
to simultaneously quantify spatial and temporal heterogeneous associations between the dependent variable (Y) and various inde-
pendent variables (Xs) with the consideration of spatial and temporal autocorrelation [49,50]. The Bayesian STVC model is designed to
discover the structured spatiotemporal non-stationarity inherent in geospatial-related research questions. Compared with the
frequentist-based local spatiotemporal non-stationary regressions [61,62], Bayesian ones have the advantages of being to a real
full-map (complete and unified) modeling approach [63,64], incorporating prior knowledge and uncertainties (credible intervals on
parameters) into modeling directly [65,66], as well as being much more flexible in model extensibility [50].

The STVC model follows a space-time independent assumption to assure the feasibility of Bayesian inference and computation,
which is particularly convenient for spatiotemporal big data research with a larger range and a more refined scale [50]. Equations (1)
and (2) give the complete form of an STVC model.

n,=80n €Y) = Zf:]fs(ﬂiksxifk) + Zj‘::lfT(yrmTXi”") +f5(8) +fr(y,) + Z:I:lﬂhcxirh +a+ e @

H ~ Nicar (01 [T/IR.\} 7)1 7 ~ Ngw (0; [Ter} 7)-, & ~ Nicar (0, [TgR.;] 7)7 W~ New(0, [z, R] ") (&)

In equation (1), #, = gy« € Y) denotes the data likelihood level, with 7, being the structural additive predictors, y;, being
space-time observations of the city-level public attention (Y) in space i and time t, and g( -) being the likelihood function to link 7, and
¥ie. The right-hand side of equation (1) denotes the space-time process level, where #, can account for different types of fixed and
random effects in an additive way. For an STVC model, three types of effects for observable explanatory factors can be incorporated:
the spatial non-stationary random effects 21,11 fs(uySXin) for K space-dimension factors SX (X1-X7) with spatial variations, the tem-
poral nonstationary random effects S, fr(yy, TXimm) for M time-dimension factors TX (X1-X4) with both spatial and temporal vari-
ations, and the global-scale stationary fixed effects S"h_,3,CXn for H additional factors CX. & represent modeling residuals at
spatiotemporal units, which can be modeled via a normal distribution, &, ~ N(0,02).

Among the STVC'’s six posterior parameters { ., ¥un> Pn: &is Wi @}, py are defined as the space-coefficients (SCs) representing the
spatially heterogeneous associations between regional public attention (Y) and factors SX across all study locations, ., are the time-
coefficients (TCs) that measure the temporally heterogeneous associations between Y and factors TX during each time frame, f3, are the
overall coefficients of control factors CX (no such factors in this case), £; are the space-intercepts (SIs) representing the spatial pattern of
Y, y, are the time-intercepts (TIs) representing the temporal trend of Y, and « is the global intercept. Note that only the local pa-
rameters SCs and TCs are two necessary components of an STVC model, while all the other four parameters, including SIs and TIs, are
optional [50,58,67].
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Functions fs( -) and fr( -) denote the spatial and temporal latent Gaussian models (LGMs) adopted to estimate the random effects for
local parameters SCs and SIs, and TCs and TIs [68,69], as described in equation (2). In detail, according to the first and the second law
of geography [70,71], the intrinsic conditional autoregressive (iCAR) prior model is used as a common spatial LGM to consider the
spatial autocorrelation to fit the random effects of spatial heterogeneity [72]. We set u ~ Nicar (0, [t,R;s] ") and & ~ Nicar (0, [zR;] ™) for

space-scale parameters y; = (iy, ..., ﬂn), and & = (&, ..., 5,1)/, where 7, and 7; are precision parameters, R, is a n x n spatial neigh-
borhood matrix with diagonal elements equal to the number of neighbors of each city and non-diagonal elements (R;); = — 1 if cities
and j are neighbors, and (R;); = 0 otherwise; the symbol — denotes the Moore-Penrose generalized inverse of a matrix [59]. Here, two
cities are considered as neighbors if they share a common border. In contrast, the random walk (RW) prior model is adopted as a typical
temporal LGM to estimate the temporally heterogeneous random effect using an autocorrelated neighboring structure. We set y ~

Nrw(0, [z,R;]”) and y ~ Ngw(O, [z, R,]") regarding time-scale parameters y, = (yy, ..., YT)/ and v, = (v, ...,y/T)/, where 7, and 7, are
precision parameters, and R, is the T x T structure matrix of a RW [59].

Moreover, in order to perform a descriptive spatiotemporal analysis simply for regional public attention to COVID-19 (Y), we
reduced the STVC model into a global-scale spatiotemporal regression, renamed Spatiotemporally Varying Intercepts (STVI) model, by
removing all covariates’ non-stationary components, i.e., S x_,fs(#3xSXix) and S M . fr(yyTXim). Such descriptive STVI model is
expressed in equation (3),

Ny =80u€Y) = Z,L,Iﬁzxirl +15(&) +fr(w,) + a+ e 3

where Y8 x =X sxuY™ TxuU Y2 CX, with X denoting L explanatory factors with an overall coefficient 5, under the global
stationary assumption. The STVI model is advantageous in analyzing the in situ spatiotemporal structured variations (y;) by directly

visualizing local parameters &; and y,.

2.2.3. Bayesian STIVC model

A potential limitation of the original Bayesian STVC modeling lies in its assumption of space-time independence. A space-time
interaction assumption for covariates’ nonstationarity at the spatial local heterogeneity (SLH) level has been proposed under fre-
quentist statistics [61,62]. Unfortunately, such frequentist-based local spatiotemporal non-stationary regression is not a full-map
modeling approach, the issue of which can be avoided with Bayesian statistics [63,64]. Even so, under Bayesian statistics, an
SLH-level spatiotemporal interaction non-stationary assumption could be too complex and lead to an unusable local regression with far
worse model performances and unacceptable computing time, especially when facing the fine-scale spatiotemporal big data in practice
[50].

To ensure a moderate modeling complexity and inference feasibility for a Bayesian non-stationary regression of spatiotemporal
interaction, we propose a Bayesian Spatiotemporally Interacting Varying Coefficients (STIVC) model to incorporate the non-stationary
random effects of spatiotemporal interaction for covariates (explanatory factors) at the spatial stratified heterogeneity (SSH) level,
instead of at the SLH level (the most refined spatial scale). Geographical SSH is ubiquitous in the real natural world and society, for
example, climate zones, worldwide continents, and various administrative levels within a country or a region [57,73]. Hence, the
STIVC model using SSH to define the spatiotemporal interaction is called the standard STIVC model. This study adopts the provincial
level of China as the SSH effect, in which each province includes various cities.
2.2.3.1. Standard STIVC (with SSH-type spatiotemporal interaction) model. For the study area of China, we considered two adminis-
trative levels of spatial heterogeneity, including the provincial level and the city level. We defined the LSH layer as n first-level cities,
labeledasi =1, . . .,n. For each first-level city i, daily observations are available, which are marked byt =1, . . .,T. The LSH layer
is nested within the SSH layer and is defined as m second-level provinces, labeled asz =1, . . .,Z. The complete form of a standard
STIVC model with the SSH-type spatiotemporal interaction is formulated using equations (4) and (5).

K M H
=80 €Y) =Y fs(uuSXu) + > Ssr (SciomTXiom ) +15(&) +for (@) + Y, BCXinn + @ + & Q)

#~ Nicar (0, [1,R]7), 6 ~ Ny(0, [15Ru] "), & ~ Nicar (0, [1:R] ), @ ~ Ny (0, [ruRy] ") (5)

In equation (4), z(i) denotes that the first SLH-level city i belongs to the second SSH-level province z. In terms of covariates’
posterior coefficients {ty, 8z, Br}, g and p, are the same as in equation (1), which denote the city-specific spatial non-stationary
impacts of main factors (X1-X7) and national stationary impacts of control factors (no such factors in this case), respectively. The
space-time parameters ,;m represent the SSH-level spatiotemporal interaction non-stationary impacts of main factors (X1-X4) with
daily variations, reflecting that in each province z, the factors’ temporal impacts are heterogeneous. In terms of those posterior
intercept components {a, &, i}, @ and & represent the global intercept and the city-level spatial intercepts, respectively. The
space-time parameters @, are the SSH-level spatiotemporal interaction intercepts to depict the public attention variations y; at the
provincial level [74]. Spatiotemporal residuals &; follow &; ~ N(0,0?).

In equation (5), the same iCAR prior model is utilized as the spatial LGM to estimate those space-varying parameters y; and ¢; at the
first SLH level with citiesi =1, . . .,n. The main improvement of an STIVC model lies in incorporating the space-time interaction
random effects for covariates’ coefficients &, and intercepts w, at the second SSH level with provinces z = 1, . . ., Z. This

essential parameter § = (611, ..., 8171, ..., 621, ...,5ZT)/ is named space-time-coefficients (STCs) and is estimated by adopting a sophisti-
cated spatiotemporal interaction prior model fs;( -), that is, § ~ N (0, [z5Rs] ), where 75 is a precision parameter and R, represents a
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ZT x ZT matrix designed as an interaction of the corresponding spatial and temporal structure matrices. In this case, the component Ry,
is defined as Ry =I, ® R, where ® denotes the Kronecker product, I, denotes an identity matrix of SSH dimension Z x Z, following an
exchangeable prior distribution that is given for the second provincial-level random effects, and R; denotes a T x T structure matrix of
time following an RW prior model [56]. This type of space-time interaction assumes that the structured temporal trends are different
from region to region at the SSH-based provincial level. In practice, we have four types of spatiotemporal interactions to choose from

’

Ref. [56]. Similarly, the same fs( -) can be used to estimate the space—time-intercepts (STIs) ® = (@11, ..., @17, ..., ®71, ..., @zr) , that is,
® ~ Ng(0,[roRs] ). Like an STVC model, only the local parameters SCs (1) and STCs (J,(;m) are two indispensable components of an
STIVC model, while all other posterior parameters are alternative.

After removing the explanatory factors’ non-stationary random effects, i.e., Zle fs (4 SXin) and fozl fs1(82(1)mTXim), the STIVC
model is reformed into a Spatiotemporally Interacting Varying Intercepts (STIVI) model, as presented in equation (6). Compared with
the previous STVI model, the STIVI model is more efficient in exploring the temporal variations of regional public attention y;, in each
province instead of over China as a whole by taking advantage of the space-time parameters STIs (w;;,).

=80 €Y) =3 BXu +f5(&) + for(@ar) +a+ e 6
2.2.3.2. Extended STIVC (with TSH-type spatiotemporal interaction) model. To ensure moderate model complexity, the standard STIVC
model estimates the spatiotemporal interaction random effect by sacrificing the space scale, e.g., from city to province level of China.
In practice, we could have geospatial data collected at many time points that can be divided into different stages (time intervals).
Under this condition, we may want to keep the space scale constant and explore its varying patterns across various stages. To meet this
requirement, instead of weakening the space scale based on SSH, we introduce the temporal stratified heterogeneity (TSH) to develop
an extended variant of the Bayesian STIVC model by defining the spatiotemporal interaction random effect through grouping the time
span, leading to the regression relationships of variables kept to the smallest space scale but with temporal disparities across various
stages.

Here, we constructed a customized STIVC model for mapping China’s varying public risk perception of COVID-19, without
considering spatiotemporal intercept terms, global auxiliary explanatory variables, and the global intercept, which are not indis-

pensable for an STIVC model. For each city i, daily observations marked by t =1, . . ., T are available. Assuming that these temporal
observations can be further divided into Q stages (time intervals), labeled as ¢ =1, . . .,Q, the customized STIVC model with TSH-
type spatiotemporal interaction in line with China’s COVID-19 case is formulated in equations (7) and (8).
M M D
Ny =80u €Y) = fr (SigomTXim ) + Zm:]fr(}’nnTxirm) + Zl,:,fs (MigSxia) + €i (7)
m=1
8~ Nu(0,[t5Ry] ), v ~ New (0, [1,R] ™), 4 ~ Nicar (0, [,R,] ) (€))]

In equations (7) and (8), q(t) denotes that the daily observation t belongs to the upper temporal stage q. The model estimates three
categories of posterior coefficients, i.e., {ig(ym,7mHiqa}. For M explanatory factors TX;,, (X1-X4) with both space and time variations,
the STCs (6iqym) is estimated at the city level and across various periods, and the TCs (y,,) is estimated at the overall national level. As
for D spatial covariates sx;; (X5-X7) without daily variations, the SCs (y;;) is estimated at the city level. The prior LGMs f( -) for pa-
rameters TCs and SCs are the same as defined in equations (1)-(4). Here, the space-time interaction component Ry, is defined as Ry, =
R; ® I;, where ® denotes the Kronecker product, R; denotes a n x n spatial structure matrix following an iCAR prior model, and I,
denotes an identity matrix Q x Q following an exchangeable prior distribution that is given for the temporal stratified random effect
[56,59]. This type of space-time interaction assumes that the structured spatial patterns are different from time to time at the TSH
level. The local parameters STCs § = (611, ..., 51Q, ---s On1s - E,IQ), describe the time-varying spatial associations between Y and space-
—time factors. This case study only used the extended STIVC (TSH-type) model to estimate STCs (5qm) to reveal the temporal dy-
namics of spatial public risk perception maps of COVID-19 across Chinese cities. The reduced intercept-version of this extended STIVC
(TSH-type) model is not shown here but can be implemented in a similar way to formulas (3) and (6).

2.2.4. Bayesian random-effect contribution percentage index

Beyond establishing Bayesian STVC series models, we simultaneously obtained a Bayesian random-effect contribution percentage
(RCP) index and its 95% credible intervals (CIs) to qualify the relative contribution (%) of one or more random effect components (e.g.,
spatial and temporal LGMs) in total variations of the target variable using the posterior variances of hyperparameters (details in
Supplementary Note 3). The Bayesian RCP index is used to provide quantitative information (percentage) on how much different
components (e.g., temporal, spatial, and spatiotemporal interaction random effects) can explain the space-time variations of China’s
city-level public attention to COVID-19, as well as to identify the overall contribution of explanatory factors after considering their
spatiotemporal heterogeneous associations with the target variable. Compared to mainstream methods in identifying the factors’
relative importance [57,75], the advantages of such an STVC-based RCP index mainly lie in two aspects. On the one hand, instead of
detecting the factors’ relative importance under a stationary assumption, the RCP index can characterize these considering their
spatiotemporal nonstationarity supported by Bayesian STVC series models. On the other hand, the 95% Bayesian CIs of the RCP index
can be simultaneously contained to access evaluation uncertainties via modern Bayesian computing methods and tools [66].
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2.3. Inference, implementation, and evaluation for Bayesian STVC series models

We employed the integrated nested Laplace approximation (INLA), a computational-efficient Bayesian inference method to esti-
mate the posterior parameters of the Bayesian STVC series models and calculate the Bayesian RCP index in software R through the R-
INLA package [69,76]. For this case study, log-gaussian was set as the likelihood function in R-INLA. The prior LGMs for fitting the
spatial and temporal random effects of local regression parameters were set as iCAR and RW models, respectively, with hyper-
parameters set as Penalized Complexity (PC) priors on the standard deviation. Consistent with common PC priors, we specified that the
probability of the standard deviation being greater than 1 is small, equal to 0.01 [65,66]. The key posterior parameters estimated by
Bayesian STVC series models mainly included SCs, TCs, and STCs, which are jointly utilized to reveal the complex, multi-level, and
heterogeneous relationships among variables under the space-time dimension. We used samples of 100,000 times for the RCP index to
obtain its 95% Bayesian ClIs.

We summarized the specific formulas of the implemented Bayesian STVC family of models (Supplementary Note 4), including STVI,
STIVI, STVC, STIVC (SSH-type), and STIVC (TSH-type), and evaluated their modeling performances (Supplementary Table 3). The
STIVC models turned out to be the optimal regressions with the best model fitness and predictability, revealing the effectiveness of
constructing spatiotemporal interaction random effects for observable explanatory factors combined with SSH/TSH theories. Among
two STIVC models, the standard STIVC (SSH-type) model is more practical because it identifies the day-by-day temporal heterogeneity
within each province, which is of great significance for regional-specific time-varying pandemic prevention and control. In contrast,
the extended STIVC (TSH-type) model sacrifices the time precision and is only used as a complement for producing multi-period public
risk perception maps. It should also be noted that five sub-models within the Bayesian STVC series modeling system cannot be
substituted for each other because their key posterior parameters are different in the interpretation of practical applications. For
instance, only the STVC model could estimate the average spatial effect over the study area for producing the total public risk
perception map; and only the standard STIVC (SSH-type) model was appropriate for detecting fine-scale time differences within each
region, consistent with our research focusing on daily risks of COVID-19. The applied scenarios of the five Bayesian STVC-based models
are shown and compared in the results section.

2.4. Regional public risk perception index and mapping

We propose a regional index about public risk perception, representing the spatial heterogeneous/varying associations between the
regional public attention and the actual risk of local emergencies, using Bayesian STVC and STIVC models. Here, the regional public
risk perception index (PRPI) for China’s COVID-19 public attention case is calculated using equations (9) and (10).

PRPI; = pi; ) + Y x, for STVC and STIVC (SSH — type) models ©)

PRPIy = 8ig(x1 + Gigo.x2 for the STIVC (TSH — type) model (10)

The local parameter y; denotes the posterior median values of SCs in each city i, estimated by the STVC or the standard STIVC (SSH-
type) model. Covariates X1 and X2 are cumulative cases and new cases of COVID-19, jointly representing the city-specific severity of
the COVID-19 pandemic. The y; from the STVC model depicts the average spatial effect of PRPI. In contrast, the y; from the standard
STIVC (SSH-type) model should be seen as a residual or excess spatial effect of PRPI as its estimation removes the second provincial-
level spatiotemporal interaction effects. The local parameter &) from the STIVC (TSH-type) model denotes the posterior median
values of STCs for each city i and each time interval g(t), referring to the time-varying regional patterns of PRPI. Concerning other
studies, one or more different factors should be selected to represent the actual local risk of a major emergency.

To detect public sensitive areas, we adopted a mainstream cluster and outlier analysis approach for regional PRPI maps to detect
their statistically significant hot spots, cold spots, and two types of spatial outliers based on the Anselin Local Moran’s I statistic in
ArcGIS software [77]. Four types of informative zones about COVID-19 regional risk perception were identified: High-High Cluster
with high public attention and severe outbreaks of COVID-19, High-Low Outlier with high public attention but mild outbreaks,
Low-High Outlier with low public attention but severe outbreaks, and Low-Low Cluster with low public attention and mild outbreaks.
The Not Significant areas in cluster and outlier maps indicate that the regional PRPIs among these cities are not statistically significant
(less than 90% confidence) to form a cluster or an outlier.

3. Results

3.1. Spatiotemporal disparities in regional public attention to COVID-19 in China

Using the Bayesian STVI and STIVI models, we first analyzed the temporal trends of daily public attention to COVID-19 at national
and provincial levels during the pandemic wave in China so far. We focused on seven key events (events I-VII) within the period from
December 31, 2019, when the Wuhan Health Commission announced a possible outbreak of an unknown new pneumonia, to March
18, 2020, one week after the World Health Organization (WHO) declared a pandemic and local pandemic was under control
throughout China (Fig. 2a) [3,21]. After the Wuhan Health Commission announcement (event I), national-level public attention
remained steady at the outset and increased rapidly after two weeks when human-to-human transmission of an unknown new
pneumonia was confirmed (event II). During this period, national-level public attention followed a similar pattern of daily reported
cases and continued to increase for the next four days when the Wuhan city lockdown was announced (event III) and peaked two days
later when public health emergency responses were activated in all provinces across China (event IV). National public attention
decreased steadily but remained relatively higher than within the first two weeks, despite the WHO declaring COVID-19 to be a public
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health emergency of international concern (event V), which was followed by news of mass infections in prisons in China (event VI), and
the declaration of a pandemic by the WHO three months after the initial announcement of an outbreak (event VII) (Fig. 2b). This could
be attributed to the decreased number of new cases identified in China as well as the steady number of cumulative cases reported
during the corresponding period (Fig. 2b).

While changes in the overall national public attention correlated to key events taking place in China, at the provincial level, large
disparities were observed in different regions and provincial-level trends were found to deviate from the national public attention
trend (Fig. 2c and Supplementary Fig. 1). Unlike the national-level public attention, there was a relatively more immediate increase in
public attention in the provincial level cities of Beijing and Shanghai, which decreased before the decrease in the national trend (events
II to VII). In contrast, public attention in some provinces, such as Hubei (the province where Wuhan city is located), Guangdong,
Xinjiang, and Tibet, trended much lower during the same period (between events I and II). In some of these provinces, public attention
peaked later than in Beijing or Shanghai, and subsequent temporal fluctuations failed to follow the national trend (events II to VII)
(Fig. 2¢).

The temporal differences identified at the provincial level suggested the existence of substantial regional disparities in the public
attention to COVID-19 across China. To further investigate if there were city-specific differences in public attention, we first used the
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Fig. 2. Temporal and spatial disparities in regional public attention (Baidu Index) to COVID-19 between China’s national, provincial, and city levels. a, Timeline of
seven key COVID-19 events (I-VII) during China’s first pandemic wave from December 31, 2019 to March 18, 2020. b, The overall time trend of the national public
attention using parameter time-intercepts (TIs) with 95% ClIs; c, Spatial disparities in six representative provincial-level time trends of public attention using parameter
space-time-intercepts (STIs) with 95% ClIs; d, Total public attention map to present regular regional patterns among cities using parameter space-intercepts (SIs). e,
Residual public attention map to identify irregular regional differences among cities using parameter SIs by adjusting the provincial-level spatiotemporal interactive
effects. f, Percentages (Bayesian RCP index with 95% CIs) of public attention variations explained by the national-level temporal trend (b) and the total city-level
spatial patterns (d). g, Percentages of public attention variations explained by the provincial-level temporal trends (c) and the residual city-specific spatial differ-
ences (e). Panels b, d, f are extracted from the STVI model, and panels c, e, g are extracted from the standard STIVI model.
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Bayesian STVI model to generate the total public attention map across 366 cities (Fig. 2d). This map showed regional differences of
clusters across China with higher public attention in the eastern provinces and lower public attention in the western provinces. In
contrast, after using the Bayesian STIVI model to adjust for provincial-level spatiotemporal interactive variations (Fig. 2c), a residual
public attention map was generated to reveal the irregular local differences between cities (Fig. 2e). By removing the provincial level
impacts from the total public attention map, the residual map uncovered high attention cities in the lower public attention divisions
such as Western China, and uncovered low attention cities in higher public attention divisions, such as Eastern, Southern, and Central
China. For example, in the western province of Xinjiang, the total map suggested that the public attention in the whole province was
low (Fig. 2d). However, the residual map suggested that public attention was not homogenous. While most parts of the province
displayed a low to a medium pattern of public attention, public attention in the provincial capital, Uriimqi, was exceptionally high,
comparable to major cities in the eastern provinces (Fig. 2e). This phenomenon was found to be similar in Qinghai province, where the
total map suggested low public attention throughout the province, while the residual map indicated high public attention in the
provincial capital of Xining. In practice, these two types of COVID-19 city-specific public attention maps can be applied to reveal
regional clusters and local disparities, respectively.

We further calculated the Bayesian RCP index for STVI and STIVI models to quantify the degree to which variations in China’s
COVID-19 public attention could be explained by the temporal and spatial effects at various administrative levels. Given the regional
public attention itself in the STVI model (Fig. 2f), we noticed that the national-level temporal trend (Fig. 2b) accounted for 47.2% (CIs:
9.2%-65.7%) of variations, while the remaining variations (47.7%, CIs: 30.6%-64.5%) were mainly contributed by the total city-level
spatial patterns (Fig. 2d). Moreover, in the STIVI model (Fig. 2g), the provincial-differentiated trends (Fig. 2c) drastically increased the
contribution of temporal dimension up to 81.9% (CIs: 76.4%-85.4%), resulting in the remaining city-specific spatial variations
(16.1%, CIs: 12.6%-21.5%) being interpreted as the residual regional public attention (Fig. 2e). Lower uncertainties (narrower range
of CIs) of spatiotemporal components in the STIVC model also suggest the necessity of incorporating the temporal effects of provincial-
level differences for public attention instead of a single national-level temporal effect.
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Fig. 3. Contribution percentages of factors accounting for spatiotemporal variations of China’s city-level public attention to COVID-19. a, Contribution percentages
(Bayesian RCP index with 95% CIs) of three main groups (I-III) of factors in STVC and standard STIVC models. Group I: daily COVID-19 cases (X1 cumulative cases, X2
new cases), group II: daily population mobility (X3 inflow population, X4 outflow population), and group III: urban socioeconomic conditions (X5 GDP per capita, X6
population density of primary industry employees, and X7 average employee salary). b, Contribution percentages of four daily varying factors (X1-X4) with both space
and time variations in STVC and standard STIVC models. Here, the STIVC model refers to the standard model that takes the SSH-type spatiotemporal interactions
into account.
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3.2. Investigating factors affecting regional public attention to COVID-19

We have shown that regional public attention in China to the pandemic was not uniform and showed substantial disparities be-
tween national, provincial, and city levels (Fig. 2). Beyond descriptive modeling and mapping, elucidating the locally spatiotemporally
varying relationships between COVID-19 regional public attention and potential influencing factors can lead to a better understanding
of the collective human behavior during the COVID-19 pandemic. We further used the STVC and the standard STIVC (SSH-type)
models to investigate the multi-level associations between regional public attention and seven city-specific factors (X1-X9) (Fig. 1).
These seven factors covered three categories, i.e., group I: daily progression of COVID-19 (X1 cumulative cases, X2 new cases), group
II: daily population mobility (X3 inflow population, X4 outflow population), and group III: urban socioeconomic conditions (X5 GDP
per capita, X6 population density of primary industry employees, and X7 average employee salary). X1-X4 represented primary factors
with both space and time variations. X5-X7 showed the urban socioeconomic differences in affecting original public web search be-
haviors. As urban socioeconomic factors were not published with daily variations, they were regarded as additional ancillary infor-
mation and only served as space-scale control covariates in our models.

According to the Bayesian RCP evaluation results for STVC and standard STIVC (SSH-type) models (Fig. 3), we first found that the
daily progression of COVID-19 (group I) accounted for most space—time variations of regional public attention, that is, 71.4% (ClIs:
64.8%-76.9%) and 82.6% (CIs: 77.6%—86.4%), followed by the unban socioeconomic conditions (group III) with RCPs of 28.0% (ClIs:
22.5%-34.6%) and 16.7% (CIs: 12.9%-21.7%) (Fig. 3a). In contrast, the daily population mobility status (group II) showed limited
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Fig. 4. Temporal heterogeneous associations between regional public attention and daily varying factors at the national and provincial levels in China. a, National-
level impacts of daily varying factors (X1-X4) on public attention using parameter time-coefficients (TCs) with 95% ClIs. b, Provincial-level average impacts of factors
(X1-X4) on public attention mapped using the average effect of space-time-coefficients (STCs). ¢, Provincial-level public risk perception: temporally varying asso-
ciations (STCs with 95% CIs) between daily public attention and COVID-19 cases (X1 and X2) demonstrated large disparities across 31 provinces in China. d, Bayesian
RCP index with 95% Cls in STVC and STIVC models: differences in contribution percentages of factors at the time (national), space-time (provincial level) and space
(city level) scales. Only factors X1 through X4 have time-dimension variations, namely, X1 cumulative cases, X2 new cases, X3 inflow population, and X4 outflow
population. Vertical dashed lines represent those important events (I-VII) regarding China’s COVID-19 development in terms of influencing collective public attention
(Fig. 2a). Here, the STIVC model refers to the standard model with an SSH-type spatiotemporal interaction.
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contribution to modeling regional public attention (0.6% with CIs 0.5%-0.7% and 0.7% with CIs 0.5%-0.9%) in both spatiotemporal
models. Daily COVID-19 reported cases (X1 and X2) turned out to be the key driver of COVID-19 regional public attention in China.
Regarding the four factors (X1-X4) with spatiotemporal variations (Fig. 3b), we further found that the daily cumulative cases (X1) with
64.6% (ClIs: 57.7%-70.2%) and 78.0% (Cls: 69.5%-82.5%) accounted for much higher variations than the daily new cases (X2) with
6.8% (CIs: 5.6%-8.4%) and 3.9% (CIs: 2.3%-13.7%) in the STVC and STIVC (SSH-type) models. During the first wave in China, the
daily mobility of citizens played a mild role (0.6%-0.7%) in affecting the spatiotemporal changes in urban public attention. To
summarize, the spatiotemporal disparities in city-level collective public attention to COVID-19 were highly associated with daily
reported cumulative and new cases.

3.3. Temporal associations between regional public attention and daily varying factors

Temporally, among four factors (X1-X4) with daily variations, we first found that the national-level influence of cumulative cases
(X1) was much stronger than that of new cases (X2) at the beginning of the study period (Fig. 4a). In contrast, in the middle and later
stages of the study period, new cases (X2) had more influence on public attention than cumulative cases (X1). Reflecting from the
transition in major influence from cumulative cases to new cases, the change in public health policy in China after January 20, 2020,
when the human-to-human transmission was confirmed (event II), might have played a key role in such alteration. After the WHO
declared a public health emergency of international concern (event V), the impacts of cumulative cases (X1) stayed flat, which might
be associated with the relatively slow increase in COVID-19 cumulative cases in China [52]. In contrast, the country-level impact of
new cases (X2) increased rapidly and became stable after the lockdown in Wuhan (event III). In March 2020, China’s pandemic was
generally under control, and the daily reported new cases were less than ten [52]. As a result, the impacts of new cases (X2) showed a
slightly decreasing trend since early March 2020. The results also showed that the national temporal contributions of inflow and
outflow population (X3 and X4) were relatively small. The main factors that explained the national-level dynamics of public attention
were the daily reported COVID-19 cumulative and new cases (X1 and X2).

At the provincial level, we introduced the STCs, critical outputs from the standard STIVC (SSH-type) model, to explore the
spatiotemporal interactive associations between main space-time factors (X1-X4) and regional public attention. Consistent with
national-level results (Figs. 3 and 4a), the provincial-differentiated contributions of both inflow (X3) and outflow (X4) population to
public attention were found to be low in all provinces, whereas cumulative cases (X1) and new cases (X2) were highly correlated with
regional public attention (Fig. 4b). We further evaluated the daily influences of cumulative and new cases on public attention in 31
provinces across China (Fig. 4c) and the daily influences of population mobility (Supplementary Fig. 2). These provincial associations
between COVID-19 progression and regional public attention can also be interpreted as the provincial-level public risk perception of
COVID-19. The daily influences of cumulative cases (X1) in most provinces were relatively consistent with those at the national level.
However, the provincial-level public risk perception to cumulative cases of COVID-19 in nine provinces, such as Shaanxi, Inner
Mongolia, and Tibet, showed an opposite trend compared to the national average. For new cases (X2) in most provinces, the daily
varying impacts in most provinces on public attention increased first (after event II) and flattened afterward, which was generally
consistent with the results at the national level. However, the public risk perception of new cases of COVID-19 in Qinghai, Tibet,
Xinjiang, and other eight provinces demonstrated decreasing trends, especially in the middle (events II-VI) and late-stage (events VI-
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Fig. 5. Regional public risk perception of COVID-19 maps across Chinese cities. a, Total public risk perception map (PRPI; estimated by the STVC model) shows
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VII) of China’s first wave. We further observed that during the worst pandemic phase (events V-VII), only the public in Beijing,
Shanghai, Liaoning, and Hubei paid the same high-level attention to both new and cumulative cases, suggesting a uniform public risk
perception in these four provincial-level regions.

Using Bayesian RCP indices, previous space-time decomposition in regional public attention (Fig. 2g) showed that the provincial-
level temporal variations contributed more than the city-level spatial variations. However, after introducing spatiotemporal hetero-
geneous impacts of various factors on regional public attention (Fig. 4d), we discovered that the city-level impacts of factors were the
most important, as they accounted for 89.4% (ClIs: 80.2%-95.8%) of all contributions after adjusting the national-level temporal
impacts (10.7%, Cls: 4.2%-19.8%) in the STVC model, and still accounted for 58.6% (CIs: 51.3%-64.2%) of all contributions after
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Fig. 6. Maps of multi-period regional public risk perception of COVID-19 considering the temporal stratified disparities (periods I to II, II to VI, and VI-VII) across
Chinese cities, and their outlier and cluster maps. I-VII refer to key events related to COVID-19 progression during the nationwide wave in China (Fig. 2a). Three maps
(PRPqu(t)) use the same posterior space-time-coefficients (STCs) fitted by the extended Bayesian STIVC model with the TSH-type spatiotemporal interaction. A uniform
standard is adopted for the color stratification of mapping.
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adjusting the provincial differentiated temporal impacts (41.4%, CIs: 35.8%-48.7%) in the STIVC (SSH-type) model. Hence, mapping
spatially heterogeneous associations between the local progression of COVID-19 (dominant factors) and regional public attention can
aid in further determining the city-level public risk perception of COVID-19 in China.

3.4. Mapping regional public risk perception of COVID-19

The spatial associations between the progression of COVID-19 (daily cumulative and new cases) and regional public attention to it
enabled us to further determine the regional public risk perception index (PRPI) at the city level during the pandemic in China. We first
visualized three thematic maps of regional PRPI to describe collective internet human behaviors in response to COVID-19 across
Chinese cities in general. Specifically, the total public risk perception map (Fig. 5a) was the sum of province-level trends and city-
specific characteristics to show an overall pattern of risk perception, using PRPI; from the STVC model. The residual public risk
perception map (Fig. 5b) removed the province-level spatiotemporal interactive effects and retained the city-specific additional risk
perception, using PRPI; from the standard STIVC (SSH-type) model. The cluster and outlier map for total public risk perception (Fig. 5c)
highlighted four categories of geographical zones concerning COVID-19 risk perception, i.e., clusters with high-attention to COVID-19
and high-risk of COVID-19 (High-High Cluster), clusters with low-attention and low-risk (Low-Low Cluster), outliers with high-
attention but high-risk (High-Low Outlier), and outliers with low-attention and high-risk (Low-High Outlier).

Across 366 Chinese cities, the total public risk perception map (Fig. 5a) revealed obvious spatial gradient changes. In Central,
South, and Northeast China, the COVID-19 cases were more influential on city-level public attention, while in West China, the city-
level impacts of COVID-19 cases were at relatively low levels. Using its cluster and outlier map (Fig. 5c¢), we further showed that
189 (51%) cities were areas with high-risk and high-attention clusters, mainly distributed in Central, South, and Northeast China.
High-High Cluster could refer to those normal response cities where the public maintained a high level of concern and the local in-
fections were relatively severe. In contrast, 74 cities (20%) in West China were identified as low-risk and low-attention clusters, which
could refer to those cities where the pandemic was relatively mild, and the public was relatively calm or unconcerned. Additionally, 8
cities (2%) were identified as outliers of low-attention but high-risk of COVID-19, suggesting that in these cities, although the
pandemic was severe, the public’s COVID-19 risk perception was relatively low. The public literacy in these cities might be relatively
low, making guiding coordinated population actions essential for establishing local public health strategies. Lastly, 17 cities (5%) cities
were identified as the high-attention but low-risk outliers, suggesting there could be an overabundance of attention compared with the
severity of the pandemic in these cities. The city-level total public risk perception map and its cluster and outlier map were made to
uncover spatial agglomeration areas where regional or clustered level strategies could be implemented. Throughout the entire study
period, less than 10% of cities were recognized as outlier clusters. On the other hand, the residual public risk perception map (Fig. 5b)
highlighted the irregular and additional city-specific risk perception after removing the provincial-level spatiotemporal interaction
effects to further indicate whether one city would need more location-specific interventions. In practice, maps Fig. 5a and c might be
helpful for rapid macro policy formulation targeting national, district, or regional organizations. In contrast, map Fig. 5b might be
more helpful for local departments within a region in identifying areas that require additional attention.

The city-level associations between regional public attention and reported cases of infections could vary over time in practice,
suggesting that the regional PRPI could also vary temporally. According to Fig. 2a and b, we delineated China’s first round of COVID-
19 (from December 31, 2019 to March 18, 2020) as three periods: the early state with low public attention (period I to II), the rapid
rising stage of public attention (period II to VI), and the leveling-off stage of public attention (period VI-VII). Our primary consideration
for choosing event II (when the human-to-human transmission was confirmed) and event VI (news of mass infections in prisons in
China) as the time separation points lies in that, since event II, the national public attention in China rose rapidly and peaked in about
one week. Event VI was the last major event to raise public attention in China, after which, public attention continued to decline but
remained relatively high. Considering the above three stages of public attention in the progression of China’s COVID-19 pandemic, we
finally produced the multi-period regional public risk perception maps (Fig. 6), using the PRPI;, ® (posterior STCs) estimated by the
extended STIVC (TSH-type) model. The overall spatial patterns of regional PRPI of the three stages were found to be similar, but the
risk perception of the early stage (I-II) was the highest. As China’s pandemic progressed onto a relatively stable stage, the percentage of
abnormal cities with high-low and low-high outliers declined from 5% in the first (I-II) and second (II to VI) periods to 3% in the third
period (VI-VII). Time-varying regional public risk perception maps are expected to assist dynamic change in policymaking of the real-
time prevention and control of the ongoing COVID-19 pandemic.

4. Discussion

While collective human attention is indispensable to pandemic control and prevention, regional public attention in response to the
COVID-19 pandemic was not taken seriously or utilized effectively worldwide [9,10,12]. This is the first in-depth study, to our
knowledge, investigating regional public attention and regional public risk perception of COVID-19 using city-level internet search
engine data in China. We came up with an innovative regional index (PRPI) to depict the spatial heterogeneous associations between
regional public attention and actual local severity of a major emergency, e.g., reported risk levels of COVID-19. Bayesian STVC series
models were extended not only to achieve the estimation of PRPI but also to successfully reveal the existence of significant spatio-
temporal disparities both in regional public attention to COVID-19 and in its associations with influencing factors during China’s
pandemic wave at national, provincial, and city levels. Multi-level spatiotemporal findings highlighted the importance of formulating
varying and precise health promotion strategies to mitigate the ongoing COVID-19 pandemic. Understanding the extent to which the
collective public at the fine-scale level responded to the COVID-19 pandemic from both spatial and temporal dimensions is expected to
support proactive public relations and social mobilization strategies [78,79]. The key contributions of this work are elaborated and
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discussed hereafter.

First, the proposed regional public risk perception index (PRPI) serves as a comprehensive indicator reflecting regional human
health attention to COVID-19, due to it highlighting the local associations between collective public attention and actual pandemic risk
level from a spatiotemporal heterogeneous perspective. We demonstrated that the actual local risk of COVID-19 had a dominant in-
fluence on the online public attention in China [39,40], so it is unreasonable to use only regional public attention to represent col-
lective health behavioral responses or collective health literacy. Traditional indicators of public risk perception based on
questionnaires or interviews are difficult to be implemented within every fine-scale region of a large study area [35,36]. The proposed
regional PRPI overcomes these limitations. Through cluster and outlier analysis for regional PRPI, we can further identify four types of
zones that may require different targeting strategies. Across 366 Chinese cities, overall, less than 10% of cities showed abnormal public
risk perception (potential public panic areas and potential low health literacy areas), with most showing normal and stable responses.
In practical work, we can use the total PRPI map to facilitate policy interventions at a higher administrative level, the residual PRPI
map to identify specific areas where local containment strategies are needed, and the time-varying PRPI maps to provide real-time
support for routine containment as the COVID-19 pandemic periodically deteriorates. The regional PRPI provides a fast-response
and dynamic-change geospatial way to inform the governments to take local actions in response to major emergencies from a pub-
lic perspective.

Second, we showed that incorporating the scientific research perspectives of spatiotemporal heterogeneity and multiscale effects
are important and helpful for risk management of major emergencies like COVID-19 and interdisciplinary fields, such as infodemiology
and infoveillance [20]. Uniform and one-size-fits-all public health interventions could be ineffective and costly in containing the
COVID-19 pandemic [27,28,80]. Our discoveries of spatiotemporal disparities in China suggested that a science-based guideline
should consider collective public demands and be tailored to both local conditions and changing circumstances to provide immediate
and precise actions responding to COVID-19 [31,33]. COVID-19 studies on NPIs and vaccination performed at a national level should
also be cautiously interpreted when downscaled to regional and local levels [81]. This study not only reveals the necessity of
spatiotemporal heterogeneity but also demonstrates the importance of multiscale effects in regional public concern and risk perception
surveys. During the COVID-19 pandemic, local prevention strategies can be effective in many aspects on a smaller scale of geographic
administrative division; however, implementing these local strategies would require substantial input in labor forces, health care
resources, and social coordination [79]. In order to better allocate and manage public attention resources, we designed a multi-level
spatiotemporal heterogeneous analytical framework to support the cost-effective idea that higher-level organizations provide over-
arching guidelines while allowing lower-level organizations to design different policies. In China, for example, paying attention to
national-level public dynamics alone was not enough to fully understand COVID-19 due to substantial spatiotemporal disparities
discovered among cities and provinces in this work. Among them, the provincial-level spatiotemporal effects accounted for 81.9% of
variations in Chinese cities’ regional public attention. Even after adjusting provincial time-varying impacts, the city-specific effects
accounted for 58.6% of regional public risk perception variations. Reference to public information only at the national or provincial
level may lead to uncertainties or unsuccessful pandemic prevention policies [15]. For all these reasons, we recommend a multi-level
response system for major emergencies, such as cities with a high level of irregular heterogeneity being considered separately, whereas
most cities with uniform or clustered patterns can be controlled through provincial or national measures to reduce the social and
financial burdens posed on the public.

Third, across the globe and in different developing and developed countries, previous studies not only confirmed that internet
search data such as Google Trends and Baidu Index had a significant correlation with the real-time number of COVID-19 reported cases
[12], but also that many countries failed to take advantage of public attention in the early stage of the pandemic, resulting in more
severe outbreaks [9,10]. Our study reached similar conclusions under China’s context [39,40] at the urban scale from an integrated
perspective of time and space. Despite COVID-19 response strategies vary from country to country, all governments require close
attention to public awareness, risk perception, attitudes, opinions, and sentiments [9]. Over the past two years, the COVID-19
pandemic has gone through different phases, and accordingly, the factors influencing public attention are constantly changing.
Until May 2022, as the COVID-19 pandemic entered the Omicron phase, the up-to-date internet search keywords and influence factors
will likely focus on vaccines (third and fourth injections), self-testing, and home-based testing to better evaluate the current regional
online public attention to COVID-19 for both developing and developed countries [82,83]. Encouragingly, the method innovatively
proposed in this study for identifying the spatiotemporal disparities of both regional public attention and regional public risk
perception is applicable to all countries and regions.

Fourth, in terms of methodologies, we officially proposed the series models of Bayesian STVC, so far covering STVC [49,50], STIVC,
STVI, and STIVI, as a new kind of spatiotemporal non-stationary regression approach that can be widely used to explore spatiotem-
porally varying and multi-level relationships of variables, including temporal, spatial, and spatiotemporal interaction heterogeneity.
Bayesian STVC series models are designed within the real full-map Bayesian hierarchical modeling framework with flexibility in model
extensibility [50,63,64]. The STVC and STIVC models are the two cores of Bayesian STVC series modeling, which are based on the
non-stationary assumptions of spatiotemporal independence and spatiotemporal interaction, respectively. Compared with the pre-
vious STVC model, in addition to considering space-time interactions, another advantage of the improved STIVC model resides in its
flexibility in analyzing complex space-time coupling data organized in two levels, such as counties/cities within states/provinces at
the space scale [74], or days/seasons within months/years at the time scale. Moreover, through introducing spatial (or temporal)
stratified heterogeneity to define the spatiotemporal interaction non-stationarity, the STIVC model not only ensures the proper
complexity of the model and the feasibility of Bayesian inference and improves model fit and prediction ability, but also avoids the
over-fitting problem of an SLH-level spatiotemporal interaction non-stationary regression [50]. In contrast, the STVI and STIVI models
serve as two simplified versions of the STVC and STIVC models without considering any non-stationary effects of covariates and are
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thus used only to fit the multiscale spatiotemporal variation towards the target variable [58,67]. For this COVID-19 case, Bayesian
STVC series models were successfully used to achieve the spatiotemporal analysis of the description and influencing factors for regional
public attention and to further estimate the regional PRPI for advanced cluster and outlier mapping analysis to identify sensitive areas.
A multi-level spatiotemporal heterogeneous analytical framework was also well designed by taking advantage of the Bayesian STVC
series modeling to assist in coming up with spatially targeted and rapidly changing strategies for the ongoing COVID-19 pandemic and
major emergencies in the future.

Lastly, to overcome the limitations of this study, future studies could improve the understanding of how regional public attention
and risk perception interact with NPIs, vaccines, and other emerging strategies in containing COVID-19. First, the public health crisis
may arouse a positive public response to NPIs and disruptive emotions against those strategies [15]. In this study, we did not separate
these different attitudes toward COVID-19 due to the original limitations embedded in the internet search engine data. As more in-
formation has been released through social media, the overall public responses to the pandemic largely supported the NPIs in China
[42,84]. For future studies in countries where mixed public responses were previously identified, we suggest that social media
complement the internet search engine data to investigate regional public responses and behaviors [15,17,85]. Second, this study
mainly focused on the nationwide wave of the pandemic in China when the vaccines for SARS-CoV-2 were not available. Therefore, we
did not explore how regional public risk perception was altered by rapid vaccination in China, and the regional public attention might
drop due to high vaccination coverage rates and lifted NPIs. Choosing different search keywords on testing or vaccination will be an
essential topic requiring further investigation [82,86]. Third, as regional collective efficacy, including regional public risk perception,
played an essential role in shaping the spread of COVID-19, our findings may be used to guide immediate actions for the ongoing
pandemic. Regional spatiotemporal scale information relevant to the public can serve as viable modeling inputs for assessing infection
transmission and the effectiveness of regional NPIs within a country and worldwide. Finally, the regional PRPI could be extended to
consider more attribute dimensions to reflect collective public health behaviors more comprehensively and specifically [35,36].

5. Conclusions

Using Bayesian STVC series models to focus on a multi-level spatiotemporal heterogeneous perspective, we presented the first study
to demonstrate the significant spatiotemporal disparities towards associations of regional internet public attention with its influencing
factors across 366 cities during the first COVID-19 pandemic wave in China. Uniform COVID-19 mitigation strategies concerning
public attention and risk perception are not adequate for all cities within China. The regional public risk perception index (PRPI)
identified abnormal regions with insufficient or excessive attention by integrating the areal public attention data with local infection
risks to inform targeted subnational intervention strategies. Some cities seemed to overreact to the pandemic and might implement
excessive interventions, while some other cities might show low-level responses while the infection risk level was higher than what
they perceived. PRPI is effective in identifying sensitive regions to improve collective human responses in front of major emergencies
and disasters. The spatiotemporal heterogeneity in regional public risk perception highlights the importance of localized information
to guide effective containment strategies. The national, provincial, and city-level findings from China further revealed that it is
necessary to establish collaborations and coordination between national and subnational governments to facilitate effective responses
to the spread of infections. More importantly, we proposed Bayesian STVC series models systematically for the first time, aiming to
analyze complex spatiotemporal heterogeneous associations between the target variable and various explanatory variables in the real
world, which can be applied in broader nature and social sciences to solve space-time scale issues related to description, influencing
factor analysis, and prediction.
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