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Abstract
During May and June 2015, an outbreak of the Middle East respiratory syndrome (MERS) occurred in Korea, which raised 
the fear of contagion throughout society and suppressed the use of public transportation systems. Exploring daily ridership 
data of the Seoul bus transportation system, along with the number of infected patients and search volume in web portals, 
we observe that ridership decreased abruptly while attention was heavily focused online. Then this temporal reduction recov-
ered exponentially with a characteristic time of 3 weeks when newly confirmed cases began to decrease. We also find with 
the data of ranked keywords of web portals that areas with severely reduced ridership tended to cluster and spatiotemporal 
variations of such clusters were highly associated with general hospitals where MERS patients were treated. On the other 
hand, the spatial reduction in ridership relaxed algebraically with the distance from a general hospital while the outbreak was 
severe. We further probe the influence of the epidemic outbreak in the framework of linear response theory, which relates the 
responses to the epidemic outbreak (“perturbation”) with correlations in the absence of the perturbation. Indeed, the spatial 
correlation function of the ridership changes is observed to follow a power law, sharing the same exponent as the spatial 
relaxation of the response function. This new theoretical approach offers a useful tool for understanding responses of public 
transportation system to epidemic or accidental disasters.

Keywords Public transportation · Epidemic outbreak · Spatiotemporal pattern · Power law

1 Introduction

Public transportation is regarded as an important factor 
contributing to the rapid and extensive spread of infectious 
disease. For instance, in the beginning of the massive public 

transport era, infected crews and passengers of ships and 
trains spread Spanish flu, which brought about a pandemic 
killing an estimated 20–50 million people in the year 1918 
[1]. The prevalence of the severe acute respiratory syndrome 
(SARS) in the year 2002 showed how air travel contributed 
to the rapid spread of the newly emerging infection and 
could potentially even start a pandemic [2]. Most recently, 
the outbreak of novel coronavirus infection (COVID-19), 
having begun in China and spread rapidly over the world, 
also witnessed a striking instance of the key role of public 
transportation. On the other hand, public transportation is 
profoundly susceptible to epidemic outbreaks, especially in 
a metropolis, where public transportation accounts for a con-
siderable percentage of passenger traffic and thus constitutes 
an integral part of everyday life. Newly emerging infections 
usually provoke restrictions in freight and passenger trans-
port, which causes immediate and severe economic reper-
cussions [3]. At an individual level, people’s trip-making 
decisions have also been found to be influenced by epidemic 
outbreaks, resulting in trip rescheduling, re-routing, and 
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cancellation [4–7]. Because many infectious diseases spread 
through various personal contacts, spatiotemporal behaviors, 
e.g., trip trajectories, of passengers are crucial for prevent-
ing or provoking a catastrophic outbreak [8–11]. Thus, a 
primary aim of our current study is to investigate changes in 
public transportation ridership (i.e., the number of passen-
gers) induced by an epidemic outbreak, which could poten-
tially provide valuable information for public health policies 
via a better understanding of epidemic dynamics.

Much research has been devoted to understanding the 
human movement under regular stationary circumstances, 
revealing the collective properties in daily activities of 
individuals [8, 12–21]. However, research on human move-
ment under disturbed circumstances [11, 22–25], such as 
violent conflicts, life-threatening epidemic outbreaks, and 
other large-scale emergencies, still remains rather limited. 
In this regard, the outbreak of the Middle East respiratory 
syndrome (MERS) in the Republic of Korea during May and 
June 2015 provides an extraordinary opportunity to study 
public transportation in turmoil and to identify its social and 
economic impact [26, 27]. Note in particular that the out-
break in Korea was the largest one outside the Middle East 
and that it was localized mostly in Seoul, where about 2/3 of 
all passengers used public transportation. On the other hand, 
COVID-19 is still ongoing in Seoul, as well as throughout 
the world, and as a result ridership data are actively being 
gathered. The study of the MERS case is also expected to 
provide a guide to analyzing the case of COVID-19 when 
it is subdued.

Like SARS and COVID-19, MERS is a respiratory infec-
tious disease that spreads via close contact with infected 
persons. With symptoms including fever, cough, and short-
ness of breath, it is known to be a lethal epidemic [28]. Only 
14 days after the first patient was confirmed on 20 May, the 
number of people diagnosed with the deadly disease jumped 
to 30. The growth rate of the infected population climaxed 
on 7 June and became zero after 4 July. As of 28 July, the 
number of people diagnosed with MERS in the Republic of 
Korea was 186 and the death toll was 36. The rapid spread 
and fatality of MERS evoked the fear of contagion through-
out society and, thus, affected people’s daily life. People 
tended to avoid outdoor activities and to shun public places 
[26]. This behavioral change induced an economic slow-
down across the nation, including a reduction in the demand 
for tourism, entertainment, leisure, and dining [29]. The 
private education industry was also diminished due to the 
temporary shutdown of schools. It also adversely affected 
consumer expenditures [30]. In particular, public transport 
ridership, i.e., the number of passengers using public trans-
port, was examined, and the MERS outbreak was reported 
to have resulted in a decrease in transit ridership in areas 
with relatively larger numbers of rail stations [31]; this result 
is in agreement with the report that the risk of the SARS 

infection was greater in Asian countries with high popula-
tion densities [32]. A further report was that the impact of 
the MERS outbreak could be heterogeneous with respect to 
the start time, magnitude, and duration of avoiding public 
transportation [33]. The decrease in transport ridership at the 
peak time lasted for a very short period during the outbreak 
and proliferation of MERS while the decrease was greater 
and lasted longer in off-peak afternoons.

We use the ridership data of each stop in the Seoul bus 
transportation system to investigate the change induced by 
the MERS outbreak. Specifically, the system is considered 
to have been in equilibrium before the MERS outbreak and 
to have been perturbed by the outbreak. Then, the responses 
of the system to the perturbation are studied by means of 
linear response theory, which is a standard tool in statisti-
cal mechanics [34–37]. Most of all, it gives the response 
function in terms of the correlation function in equilibrium; 
this relation, known as the fluctuation-dissipation theorem, 
allows one to probe the response behavior, regardless of the 
detailed nature of the system and the perturbation. Relaxa-
tion to the stationary state and the corresponding behavior of 
the system are examined. The ridership in total is observed 
to decrease abruptly upon the outbreak and to relax exponen-
tially with the characteristic time of 3 weeks. In particular, 
both the logarithmic change in the ridership and the spatial 
correlation function are found to exhibit power-law behav-
iors, in agreement with the fluctuation-dissipation theorem.

2  Seoul bus transportation system 
and MERS outbreak

The Seoul bus system is a major transportation mode in Met-
ropolitan Seoul, accounting for more than 26% of the modal 
share in the year 2015 [38]. As of May 2015, there were 612 
bus service routes and 15714 bus stops in total, among which 
10588 stops were located in Seoul. More than 12,000,000 
transactions were made on a weekday before the decrease 
caused by the MERS outbreak. The detailed information 
regarding the transactions is collected via smart cards, 
including the departure/arrival times and places tracked by 
the global positioning system. The smart-card data are man-
aged by the Seoul City Government and not open to the pub-
lic. With special permission, we have had access to the data, 
without any personal identification, collected from 17 to 23 
May as well as from 3 to 17 June 2015. Processing these 
data together with the data on daily ridership of every stop 
without spatial information, open to the public from 2015 
[39], we obtain extensive ridership data for several years. 
The total ridership data from 2015 to 2018 indicate similar 
seasonal trends every year. To avoid the seasonal effects on 
the comparison, we, thus, adopt the ridership data for 2016 
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as the reference. Note that the number of bus stops in 2015, 
matching those in 2016, is given by N = 7994.

As shown in Fig. 1, the total ridership M(t) =
∑

�
s(�;t) , 

where s(�;t) denotes the number of passengers using the stop 
at location � on given day t, exhibits weekly periodicity, obvi-
ously due to the sharp decrease on weekends [40]. In addi-
tion, small dips are observed on some weekdays, especially, 
Tuesdays and Thursdays, which presumably reflects the com-
mon lifestyle pattern of people who do not commute regularly. 
Here, the MERS outbreak induced a noticeable reduction in 
total ridership. The onset of MERS did not immediately affect 
the total ridership. While the first case of MERS in Korea 
was officially reported on 20 May 2015, the total ridership 
remained steady for 2 weeks thereafter, followed by an abrupt 
decrease. This decrease is distinctive in comparison with the 
data for the year 2016 because the total ridership in 2015 was, 
on average, larger than that in 2016 by 2%. Indeed, the impact 
of the MERS outbreak was significant enough to destroy the 
above-mentioned weekly regularity in the total ridership. This 
sudden decrease was apparently triggered by the sequence 
of events on 2 June: The death, which had occurred the day 
before, was confirmed as the first death, and a second death 
as well as the first tertiary case was reported. The downtrend 
in total ridership lasted for 4 days due to the rising number of 
patients [see Fig. 2a for the number m1 of new cases reported], 
as well as the paucity of information on the infection route. 
During the downtrend, the names of hospitals treating patients 
were not disclosed, so concerns among people resulted in an 
unceasing drop in the total ridership. The media extensively 
covered the events, and the concern over MERS was greatly 
heightened, as manifested by the Google search volume m2 

shown in Fig. 2b. After the first cured patient was reported 
on 6 June and the release of the names of the hospitals on 7 
June, the total ridership gradually recovered from the influ-
ences of MERS. The weekly regularity was instantly restored. 
Comparison between 2015 and 2016 in Fig. 1 shows that the 
decrease was progressively alleviated except in the beginning 
of the summer vacation. (Note that the summer vacation lasts 
mostly from mid-July to mid-August in Korea.)

The ridership in a public transportation system varies 
greatly stop by stop, and its distribution usually assumes a non-
Gaussian form such as log-normal or Weibull form, character-
ized by skewness and heavy tails [43]. While the multiplicative 
Yule-type process is inherent for the temporal fluctuations of 
the ridership, correlations between the changes of ridership, 
in general, depend on the time distance, i.e., the time required 
for traveling between stops, and exhibit spatial scale invari-
ance [19, 20].

Given such characteristics, we define the logarithmic 
change of ridership as

where s∗(�;t) and s(�;t) are the expected ridership and the 
actual ridership, respectively, of the stop at location � on 

(1)�(�;t) ≡ ln

[
s(�;t)

s∗(�;t)

]
,
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Fig. 1  Time evolution of the total ridership M in the years 2015 
(black) and 2016 (red). The first Saturday in June of each year, which 
is 6 June in 2015 and 4 June in 2016, is taken as the origin of time 
(t = 0) . The three arrows mark the 3 days when the first infection 
(20 May), first death (2 June), and first cure (6 June) were officially 
reported in 2015. While the spiked dips manifest the weekly periodic-
ity, the valley centered around t = 8 reflects the summer vacation
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Fig. 2  a Daily number m
1
 of new infections reported [41], b rela-

tive number m
2
 of searches in Google [42], and c mean logarithmic 

change � , with error bars representing the first and the third quartiles, 
evolving in time t. In c, data for weekends and holidays are omitted, 
and the blue line, which describes the exponential relaxation to zero 
with characteristic time � ≈ 3  weeks [Eq.  (4)], has been obtained 
via fitting the weekday data for 6 weeks (from 8 June to 17 July, i.e., 
0 ≤ t ≤ 6 ). The origin of time t and the three arrows mark the same 
days as in Fig. 1
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given day t. Expected ridership can be estimated in various 
ways: When probing fluctuations in 1-week data, one may 
take the time average of the data over 5 weekdays as an 
estimate of expected ridership. In case that sufficient data 
are available, one can take the average over the same days of 
the week to eliminate daily trends. If the data cover a year or 
longer, one can consider the ridership a year before or later.

To examine how the daily ridership evolved in time, we 
compute the logarithmic change in Eq. (1) for every stop in 
Seoul, from the ridership data of 2016. Taking the spatial 
average (i.e., average over all stops), we obtain the mean 
logarithmic change given by

and plot its time evolution in Fig. 2c, with error bars repre-
senting the first and the third quartiles. The time line of the 
behavior is disclosed well by the cross-correlation between 
the ridership change �

t
 and the number m1(t) of new infec-

tions reported or the number m2(t) of Google searches. Spe-
cifically, it is measured using the Pearson correlation coef-
ficient with time lag Δt:

where �̄� ≡ ⟨𝜇
t
⟩ and m̄

k
≡ ⟨m

k
(t)⟩ are the means of �

t
 and 

m
k
(t) ( k = 1, 2 ), respectively. Computing ��,mk

 from Eq. (3), 
we find that the cross-correlation between the ridership 
and the number of case reports reaches its minimum at a 
time lag of zero while the minimum of the cross-correlation 
between the ridership and the search volume is located at a 
time lag of 4 days: ��,m2

(Δt) → min at Δt = 4 days, which 
coincides with the downtrend lasting for 4  days. (Here the 
number of new infections and the search volume are given 
on a linear scale because both datasets include zeros.) This 
suggests that the behavior of the logarithmic change cor-
rectly describes the time line of the MERS outbreak. When 
only weekdays are considered, the mean logarithmic change 
began to decrease on 2 June, hit bottom on 11 June, and 

(2)�
t
≡ ⟨�(�;t)⟩ ≡ 1

N

�

�

�(�;t)

(3)𝜌𝜇,mk
(Δt) ∝ ⟨(𝜇

t+Δt − �̄�)(m
k
(t) − m̄

k
)⟩,

increased to zero eventually, meaning recovery to the level 
in the year 2016.

To quantify the duration of MERS effects on passenger 
behavior, we fit an exponential function

to the data in the relaxation interval after the peak of anxiety. 
Considering also the possibility of power-law relaxation, we 
have attempted to fit an algebraic function and obtained a 
root-mean-square error of 0.098, substantially larger than the 
value 0.058 for the exponential function. The relaxation, is 
thus, more consistent with an exponential one, albeit alge-
braic relaxation may not be decisively ruled out, character-
ized by the relaxation time � = 20.9 ± 1.9 days ( ≈ 3 weeks) 
and the amplitude a = 0.087 ± 0.005 . Such an exponential 
decay may be interpreted as the effects of MERS decreasing 
at a rate proportional to its current amount.

To analyze the spatiotemporal relaxation of the ridership 
under the external perturbation caused by the MERS out-
break, we now focus on the period of 6 weeks between 8 
June and 17 July. Figure  3 presents heatmaps, displaying 
the spatial distribution of logarithmic changes �(�) given 
by Eq.  (1) on 1 June and on 8 June. The color of each grid 
in the heatmap represents the mean logarithmic changes of 
bus stops within the grid. The size of each grid is 500 m, 
which has been chosen in such a way that bus stops in each 
grid are within walking distance [44]. Note that in contrast 
with the heatmap 1 week earlier, the heatmap on 8 June is 
covered almost by blue grids. This manifests an overwhelm-
ing decrease in ridership over the entire region of Seoul.

Another feature is the spatial extent to which the logarith-
mic changes vary with each other. While changes of rider-
ship at bus stops are coupled to each other, the bus routes 
and human mobility are finite. Accordingly, the logarithmic 
changes within some spatial extent should display the same 
tendency in variations. To visualize such spatial extent, we 
distinguish in Fig. 4 the grids with logarithmic changes 
below and above the mean value � in the entire region of 
Seoul, which are colored cyan and magenta, respectively. 

(4)�
t
= −ae−t∕�

Fig. 3  Spatial distribution of 
the logarithmic changes in 
Seoul (a) on 1 June and (b) on 8 
June. Each grid of size 500 m is 
colored according to the mean 
logarithmic changes of stops 
inside the grid

(b)(a)
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The large cluster of cyan grids, emerging with the MERS 
outbreak, manifests the enlargement of the spatial extent 
in which the logarithmic changes vary from each other. 
Such severe decreases were caused by the hospitals treating 
patients. The majority of infected patients were treated in a 
few hospitals, which attracted great attention. For instance, 
the large cyan cluster observed at the right bottom in Fig. 4a 
is attributed to Samsung Medical Center (SMC) (marked 
with a red solid circle), popularly known as the main source 
of infection. As additional hospitals were newly reported in 
the beginning of the recovery stage, the clusters kept modi-
fying. The number of hospitals related to MERS reached 
more than 30 in Seoul. By analyzing the top 100 daily key-
words in the 2 most popular search engines in Korea, Naver 
and Daum, we sorted and sequenced seven general hospitals. 
From 7 to 11 June, the hospitals were newly listed every day 
in the daily keywords. In Fig. 4a, b, these hospitals are desig-
nated by black solid circles if they were included in the daily 
keyword list before 8 June and before 15 June, respectively. 
Note that in contrast with (a), there are hospitals marked 
with circles on the left as well as at the right bottom of 
(b); this provides an explanation for the newly formed large 
cluster on the lower left.

3  Formulation and data analysis

In this section, we investigate the spatiotemporal changes of 
ridership in a framework based on linear response theory. 
Changes of ridership at different stops should be coupled 
with each other because passengers use at least two stops 
to ride and to alight. This gives rise to interesting collective 
behaviors in the spatial distribution of changes, which is 
manifested by the correlation function

(5)
Γ(�, ��;t, t�) ≡ 𝜎−2

t

�
⟨𝜓(�;t)𝜓(��;t�)⟩ − 𝜇

t
𝜇
t�

�
= ⟨�̃�(�;t)�̃�(��;t�)⟩

with the standard deviation �
t
≡ √

N−1
∑

�
[�(�;t) − �

t
]2 . 

Here, for convenience, we have defined the normalized 
change as

which vanishes upon averaging: ⟨�̃�(�;t)⟩ = 0.
We consider the system to have been essentially in 

equilibrium without any external perturbation, i.e., in 
the absence of the epidemic outbreak. In that case, there 
is no explicit time dependence; namely, the ridership 
does not vary appreciably day by day, which allows one 
to suppress the time variable t in Eqs.  (1), (2), (5), and 
(6). (See Appendix for the discussion on the case of a 
time-dependent perturbation.) By analogy with a physical 
system in statistical mechanics, we introduce formally a 
distribution function P(�) and henceforth express ⟨⋯⟩ as 
the (statistical) ensemble average with respect to P(�) . 
We further define the dimensionless “energy function” 
as E(�) ≡ − lnP(�) + C , where C is a constant ensur-
ing the normalization of P(�) . This gives the distribu-
tion function in the canonical form P(�) = Z−1e−E(�) , 
where the “temperature” has been absorbed into the 
energy function. Obviously, the normalization constant 
Z ≡ e−C = T re−E(�) , where Tr stands for the summation 
over all configurations, i.e., integration with respect to 
all �(�) , corresponds to the partition function. Then, the 
outbreak of an epidemic is considered to have brought 
about an appreciable perturbation to the system, and we 
are interested in how the system responds to such an exter-
nal perturbation.

Suppose that the perturbation h(�) (> 0) given at loca-
tion � pulls the change �(�) upward. This can conveni-
ently be taken into account by introducing an additional 
term −

∑
�
h(�)�̃�(�) to the energy function E(�) ; such a 

linear term should be appropriate unless h(�) or �̃�(�) is 
large. Then �̃�(�) acquires a non-vanishing average value 
in response to the perturbation h(�):

(6)�̃�(�;t) ≡ 𝜓(�;t) − 𝜇
t

𝜎
t

,

Fig. 4  Spatial distribution of 
the logarithmic changes relative 
to the mean value (a) on 8 June 
and (b) on 15 June. The size of 
each grid is the same as that in 
Fig. 3. Grids with the logarith-
mic changes below and above 
the mean are colored cyan and 
magenta, respectively. The red 
solid circle represents SMC 
whereas black solid circles des-
ignate those hospitals included 
in the daily keyword list (a) 
before 8 June and (b) before 
15 June (b)(a)
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with the linear response function

Showing that Eq.  (8) leads to K(�, ��) ∝ ⟨�̃�(�)�̃�(��)⟩0 is 
straightforward, where ⟨⋯⟩0 denotes the (equilibrium) 
average in the absence of the perturbation. Thus the linear 
response function is, up to a constant, equal to the correla-
tion function:

where the subscript 0 signifies the absence of a perturbation. 
Note that Eq. (9) is just a simple instance of the fluctuation-
dissipation theorem relating responses to the applied pertur-
bation with equilibrium fluctuations in the absence of that 
perturbation [36]. In particular, it is rather general, involving 
neither the energy function E(�) nor the perturbation h(�, t) ; 
this allows the response behavior to be probed without speci-
fying the detailed nature of the system and the perturbation.

As described in Sect. 2, the Seoul bus transportation system 
is well developed and accommodates numerous stops popu-
lated densely and rather homogeneously over the whole area, 
which makes taking the continuum description with transla-
tional and orientational invariance reasonable. The transla-
tional invariance may not exist in some transportation systems 
[45, 46], but this is not the case for our dataset, where the pas-
senger trips are diverse in character, spread out, and distributed 
rather well at all times of a day, thus not being restricted to 
regular commuting. Then, the summations in Eqs. (2) and (7) 
are understood as corresponding integrations whereas Eq. (9) 
reduces to K(r) ∝ Γ0(r) , with r ≡ |� − �

�| being the distance.
In the previous section, the epidemic outbreak was shown 

to have induced a striking decrease in ridership, as manifested 
by the spatial distributions of the logarithmic changes. Particu-
larly small values of the logarithmic change were observed to 
be localized in typical areas near the hospitals treating patients. 
Namely, the normalized logarithmic change dropped sharply 
near the hospital and rose to zero as the distance from the 
hospital was increased. Such features reflect the presence of 
a negative perturbation localized most conspicuously at SMC 
in Seoul; the effects of MERS were most severe and SMC 
became the hottest spot of infection.

To describe the stationary spatial behavior during the epi-
demic, we, thus, write the perturbation in the form

where h (> 0) is the perturbation strength, �(⋯) is the Dirac 
delta function, and �

c
 is the location of SMC in Seoul. Plug-

ging this into Eq. (7), we obtain

(7)⟨�̃�(�)⟩ =
�

�
�

K(�, ��)h(��)

(8)K(�, ��) =
𝛿⟨�̃�(�)⟩
𝛿h(��)

����h(��)=0
=

𝛿2 ln Z

𝛿h(��)𝛿h(�)

����h(��)=h(�)=0
.

(9)K(�, ��) ∝ Γ0(�, �
�),

(10)h(�) = −h�(� − �
c
),

where Eq. (9) has also been used. Namely, the response in 
the logarithmic change is described precisely by the equilib-
rium correlation function in the absence of the perturbation.

Because the unperturbed system is considered homo-
geneous, isotropy should exist around the location �

c
 of 

the perturbation. Accordingly, ⟨�̃�(�)⟩ depends only on the 
distance from �

c
 , so we may write −�̃�(r) ≡ ⟨�̃�(�)⟩��−�c�=r , 

where ⟨⋯⟩��−�c�=r denotes the average over all stops sepa-
rated from �

c
 by distance r. Equation  (11), thus, takes the 

simple form

where r is the distance from SMC.
We first examine the correlation function between nor-

malized logarithmic changes �̃� , relating the ridership of 
different stops separated by distance r. To obtain the equi-
librium correlation function, we consider a period before 
the MERS outbreak, specifically, weekdays from 10 May 
to 6 June (excluding one holiday). In contrast, weekdays 
from 6 to 20 June are selected as the rampant period, i.e., 
as the duration of the perturbation. For comparison, we also 
consider weekdays from 20 June to 4 July when the system 
apparently relaxed to equilibrium after the MERS outbreak. 
Computing the correlation function between each pair of 
stops and taking the average over the pairs separated by a 
given distance, we obtain the correlation functions for three 
periods and plot them in Fig. 5. In the figure, the data points 
are observed to display linear behavior on a log-log scale, 
indicating a power-law decay with distance r:

(11)⟨�̃�(�)⟩ = −hK(�, �
c
) ∝ −Γ0(�, �c),

(12)−�̃�(r) ∝ Γ0(r),

10−4

10−3

10−2

10−1

102 103 104

Γ

r (m)

Fig. 5  Decay of the correlation function Γ with distance r. Data 
points labeled by red crosses describe the correlation function before 
the outbreak of MERS (from 10 May to 6 June). Data points desig-
nated by black squares depict the function in the rampant period 
(from 6 to 20 June); those by blue circles represent the function after 
the outbreak (from 20 June to 4 July). The straight lines providing 
least-squares fits to the corresponding data and have slopes of 0.73 
(red and blue) and 0.59 (black)
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Attempts to use other functions such as an exponential one 
have yielded no better results, as judged via the root-mean-
square errors. The least-squares fit to the data points for r 
between 40 m and 4000 m allows us to estimate the exponent 
� . Specifically, the data for the period before the MERS out-
break give the equilibrium correlation function Γ0(r) decay-
ing algebraically with exponent �0 = 0.73 ± 0.03 . The data 
for the period from 20 June to 4 July also lead to essentially 
the same behavior, with exponent �0 = 0.73 ± 0.05 , which 
indicates that the system, indeed, relaxed to stationarity. Of 
interest is the observation that the correlation function in 
the rampant period also displays an algebraic decay, but is 
clearly distinguished from the others in that the exponent 
is smaller: � = 0.59 ± 0.04 . Note that a smaller � means a 
slower decay, which is observed in case when the decrease 
in ridership is obvious.

We next probe how the logarithmic change varied with 
the distance from the hospital, which is expected to exhibit a 
substantial decrease in the immediate vicinity and to relax to 
the mean � at large distance. We, thus, compute logarithmic 
changes for all stops in Seoul and take the average over all 
stops separated from �

c
 by distance r, which gives �̃�(r) as 

described above. Plotted in Fig. 6 are the data for �̃�(r) during 
5 weekdays from 8 to 12 June, which belong to the duration 
of the perturbation, i.e., when MERS is rampant. Despite 
fluctuations of the data points, the overall behavior is mostly 
consistent with a power law behavior

Again, fitting an exponential function results in a larger 
value of the root-mean-square error (i.e., 0.33 versus 0.18). 

(13)Γ(r) ∼ r
−� .

(14)−�̃� ∼ r
−𝜙.

Fitting the data points for r below 4000 m, we estimate the 
exponent � = 0.69 ± 0.07 . Note that Eq. (12) requires � to 
equal �0 of the equilibrium correlation function Γ0(r) . Indeed 
� = 0.69 ± 0.07 coincides with �0 = 0.73 ± 0.03 within 
the error bars, thus confirming the validity of the fluctua-
tion–dissipation theorem.

4  Conclusions

Analyzing the Seoul bus ridership data during the MERS 
outbreak, we have studied the spatiotemporal behavior of a 
public transportation system under an external perturbation. 
The decrease in ridership caused by the MERS outbreak 
appeared 2 weeks after the official report of the first case. 
The relaxation of the decrease observed in all of Seoul has 
been found to be described by an exponential function with 
a characteristic time of 3 weeks, after which the correlation 
function also returned to the equilibrium one.

The spatial distribution of logarithmic changes mani-
fests a severe decrease in areas close to the hospitals treat-
ing patients. We have arranged the hospitals in time order 
from the daily keyword data in popular search engines and 
identified that the spatiotemporal variations of the hospitals 
match with formations of severely decreased areas. Particu-
larly, while the impact of MERS was most severe and SMC 
was the hottest spot of infection, the normalized logarith-
mic change dropped sharply near SMC, manifesting a local-
ized perturbation at SMC, and rose to zero as the distance 
from the hospital was increased, being characterized by a 
power-law spatial relaxation. Such features have been probed 
through the use of the linear response theory. We consider 
the system to have been in equilibrium before the MERS 
outbreak and then to respond to the localized perturbation. 
According to the fluctuation–dissipation theorem, spatial 
relaxation should be described by the equilibrium correla-
tion function. The equilibrium correlation function obtained 
from the data before the MERS outbreak has been observed 
to be characterized by a power law with an exponent coinci-
dent with that for spatial relaxation, thus indeed confirming 
the fluctuation–dissipation theorem.

Interestingly, the correlation function in the rampant 
period has also turned out to obey a power law, albeit the 
exponent is smaller. Here, the exponent of the power-law 
correlation function provides a measure of the degree of 
correlations. The smaller exponent during the rampant 
period reflects that the correlations decay more slowly com-
pared with those in normal periods without MERS. This 
indicates that, during the rampant period, each bus stop or 
region of the city reacted acutely to the changes in other 
stops or regions even when they were far away. Namely, 
people became concerned about what happened in areas they 
did not normally care about. On the other hand, dynamic 
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Fig. 6  Spatial relaxation of the normalized logarithmic change �̃� 
with the distance r from Samsung Medical Center. Scatter plots of 
data points in the rampant period of 5 weekdays (8–12 June) are pre-
sented, together with the fitted line, on a logarithmic scale. The slope 
of the line is −0.69
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scaling is apparently lacking in these spatiotemporal relaxa-
tion behaviors, presumably due to the difference between 
the spatial and the temporal localization properties of the 
perturbation, although limitations in the temporal resolution 
of the data do not allow clear conclusions (see Appendix for 
further discussion).

In addition to the bus system, the subway system serves 
as another major transportation mode in Seoul, making 
consideration of the subway ridership desirable. Unlike bus 
stops, however, subway stations are sparse and unevenly 
distributed. In particular, subway routes often offer faster 
connections and long-distance shortcuts to the bus routes. 
To extend this research by considering the public transporta-
tion combined with bus and subway routes, we, thus, need 
to devise a distance measurement other than the Euclidean 
distance. Specifically, the time distance between two regions 
might be a good candidate on which the correlation depends, 
because the shortest path in the combined transportation sys-
tem is determined by the travel time.

Recall that the ridership at each bus stop, adopted as the 
local order parameter, has revealed power-law correlations 
in the Seoul bus system. Such power-law correlations are 
regarded as the essential collective behavior of criticality, 
which is a characteristic of complexity without a typical 
length scale. One is not surprised to observe complexity 
here, as many studies have been devoted to the complexity 
in urban transportation systems [15, 19, 47–49]. In addition, 
other properties such as scale invariance of fluctuations as 
well as the relation between the network density exponent 
and the fractal dimension of the system were also reported 
[20]. Naturally, such features are the consequence of the 
couplings between bus stops or regions of the city. As is 
well known, the competition between order attained by cou-
plings and disorder reflecting fluctuations or randomness is 
crucial for criticality. In the growth and fall of a city, these 
properties appear to be organized to generate the complex 
structure of the city [50]. These couplings are dictated by the 
travel behavior because passengers do not use bus or subway 
routes in a random way, but want to minimize the travel time 
between the origin and the destination. Understanding the 
couplings and fluctuations is essential for establishing theo-
retical models for transportation systems and cities, which 
is left for future study.

As for the outbreak of COVID-19, examining the affected 
ridership through the use of our model is certainly relevant. 
The Government of Korea first announced the seriousness of 
the pandemic on 14 February 2020. Subsequently, the number 
of passengers using the public transportation system in Seoul 
dropped by 38% compared to the previous year. As in the 
case of the MERS outbreak, the decrease was drastic, but the 
recovery was relatively gradual until the second stage of the 
pandemic. The drop at the peak of the second stage also turned 
out to be drastic, more than 30%. Note that while COVID-19 

is still ongoing, such ridership data are being actively accu-
mulated. Moreover, unlike the case of MERS, the outbreak of 
COVID-19 has occurred at diverse places in addition to hos-
pitals. In other words, it is not localized but global, spreading 
not only in Seoul but throughout Korea and the world. Thus, 
examining the responses to such delocalized perturbations in 
analyzing the public transportation data when COVID-19 is 
brought under control and stabilized would be of interest. We 
expect that the present study of the MERS outbreak should 
provide a useful guide to such a study of the pandemic.

These results should not only deepen our fundamental 
understanding of human dynamics but also improve emer-
gency responses. While aid organizations increasingly use 
distributed, real-time communication tools in the 21st century, 
disaster research often continues to rely on low-throughput, 
post-event data, such as questionnaires, eyewitness reports, 
and communication records between responders and relief 
organizations. The emergency case explored here indicates that 
collective changes in human activity patterns can be captured 
objectively and quantitatively. In addition, this study improves 
the understanding of the urban transportation system, which 
is essential for probing principles of social systems because 
a majority of people reside in urban areas in this modern age 
and most urban flows are realized through mass transportation 
system such as subways or bus networks.
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Appendix

To probe the relaxation behavior after the epidemic is over, 
we further consider a time-dependent perturbation h(�, t) , 
for which the standard linear response theory leads Eq. (7) to 
assume the general form [34, 35, 37]

with the linear response function

Specifically, in case that the perturbation h(��) is turned off 
at time t� = 0 , Eq. (15) for t > 0 reduces to

where R(�, ��;t) is the relaxation function given by [34, 37]

(15)⟨�̃�(�;t)⟩ =
�

�
�
∫

t

−∞

dt
�
K(�, ��;t, t�)h(��, t�),

(16)
K(�, ��;t, t�) =

𝛿⟨�̃�(�;t)⟩
𝛿h(��, t�)

����h(��,t�)=0
∝ ⟨�̃�(�;t)�̃�(��;t�)⟩0 ∝ Γ0(�, �

�;t, t�).

(17)⟨�̃�(�;t)⟩ =
�

�
�

R(�, ��;t)h(��),
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Now, we consider the temporal relaxation after the peak of 
anxiety, i.e., the response to turning off the perturbation. 
For instance, we may take the time-dependent perturbation 
in the simple form h(�, t) = −h�(� − �

c
)�(−t) , where �(t) is 

the Heaviside step function and �
c
 the location of SMC. Then 

reducing Eq. (17) to the form

which indicates that the relaxation is directly proportional 
to the retarded correlation function, is straightforward. 
However, obviously, only one MERS outbreak occurred in 
Seoul. Namely, there is only one data set or one member of 
the ensemble, disallowing a statistical (ensemble) average. 
Without the ensemble averages taken, Eq. (19), upon averag-
ing over all stops � , reduces to a self-evident relation, which 
makes it irrelevant to check whether the temporal relaxation 
and the retarded correlation exhibit the same behaviors as 
implied by Eq. (19).
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