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Abstract: In view that cities will continue to house the majority of the world’s population at an increasing rate in the face of climate change,
this paper studies urban resilience by examining the response history of the mean-square displacement of the citizens of large cities prior to
and upon historic natural hazards strike. The recorded mean-square displacements of large numbers of cellphone users from the cities of
Houston, Miami, and Jacksonville when struck by hurricanes Harvey 2017, Irma 2017, and Dorian 2019 together with the recorded mean-
square displacements of the citizens of Dallas and Houston when experiencing the 2021 North American winter storm suggest that large cities
of average population density when struck by natural hazards are inherently resilient. The recorded mean-square displacements presented in
this study also validate a mechanical model for cities, previously developed by the authors, that is rooted in Langevin dynamics and predicts
that following a natural hazard, large cities revert immediately to their initial steady-state behavior and resume their normal, preevent
activities. The inherent ability of large American cities to revert to their normal, preevent, steady-state response as evidenced in this study
by the recorded mean-square displacement of their citizens needs to be further explored for other cities around the world with different
resources, and socioeconomic structures. DOI: 10.1061/JENMDT.EMENG-7102. © 2023 American Society of Civil Engineers.

Introduction

Natural hazards such as earthquakes, hurricanes, coastal flooding,
winter storms, and wildfires, among others, are environmental
phenomena that have the potential to impact the infrastructure of
societies together with their urban and natural environment (Smith
and Katz 2013). In view that cities will continue to house the ma-
jority of the world’s population at an increasing rate in association
with the face of climate change; urban resilience is an increasingly
popular subject among scholars and policymakers (Bruneau et al.
2003; Godschalk 2003; Cimellaro et al. 2010; Da Silva et al. 2012;
Jabareen 2013; Meerow et al. 2016).

Urbanization is an ever-growing, pressing challenge. As re-
cently as 1950, only 30% of the world’s population lived in cities.
Today more than 50% is urbanized, and by 2,050, more than ¾ of
the world’s population is expected to live in cities (Brockerhoff
1998; Bettencourt and West 2010). As cities continue to grow,
many of them along the coasts of continents that are prone to natu-
ral hazards, urban resilience has become a subject of interest in vari-
ous disciplines (Bruneau et al. 2003; Godschalk 2003; Da Silva

et al. 2012; Jabareen 2013; Meerow et al. 2016). The many chal-
lenges associated with rapid urban growth, community resilience,
and sustainable development are receiving increasing attention;
yet, in practice, they have been treated as independent issues
(Bettencourt and Kaur 2011).

Our definition of urban resilience adopted in this study is rooted
in the seminal work of Holling (1973, 1996), who distinguishes
engineering resilience from ecological resilience. The more tradi-
tional definition associated with engineering resilience hinges upon
the ability of a system to assume stable equilibrium (or steady-state
regime at equilibrium), and in this case, resilience is defined as the
capacity of the system, following a disturbance (shock), to recover
its initial equilibrium state and revert to its normal, preevent activ-
ity. The second definition associated with ecological resilience em-
phasizes conditions far from equilibriumwhere instabilities can flip
a system into another regime of behavior—that is, a different equi-
librium state. In this case, resilience is associated with the magni-
tude of a disturbance (shock) that needs to be absorbed by the
system before it changes its structure and stabilizes at a different
equilibrium state (Holling 1996). In this work, which builds upon
our past study (Makris et al. 2023), urban resilience to natural haz-
ards is defined as the ability of a large city, following a natural
hazard, to revert to its initial steady-state behavior and resume
its normal, preevent activities—a definition that matches Holling’s
(1996) definition of engineering resilience.

Cities are complex networks or even networks of complex net-
works (Gao et al. 2012)–including the transportation infrastructure
(roads, bus lines, and a subway network when available), water and
gas utility networks, the electricity grid, telecommunication net-
works (telephone and internet) together with overriding social
networks (Bettencourt 2013; Lhomme et al. 2013; Cruz et al. 2013).
Fig. 1 shows schematically the superposition of the various afore-
mentioned infrastructure networks for the Dallas metroplex in
Texas. All these complex networks have been created and upgraded
independently at different times with no apparent common design
principles. In addition to these aforementioned material, electricity,
and electronic networks, perhaps the most robust network that
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serves urban resilience is the living network of the citizens since
cities are essentially the physical manifestation of the daily inter-
actions of its citizens facilitating the generation of creativity,
growth, progress, and leadership together with economic, intellec-
tual, and social wealth.

While the functionality of cities is served with the superposition
of a variety of large-scale, complex networks as schematically
shown in Fig. 1 with no apparent common design principles, it
appears that cities display a difficult-to-interpret self-organizing
behavior that leads to deterministic patterns. In an effort to express
mathematically this emergent, self-organizing behavior in associ-
ation with the need to develop a quantitative, science-based under-
standing of the dynamics and response of cities when subjected to
natural hazards, Makris et al. (2023) envisioned a city to be a matrix
where people (cellphone users) are driven by the city’s economy
and other personal and societal driving incentives while using
the collection of its infrastructure networks similarly as thermally
driven Brownian particles move within a complex viscoelastic
material (Mason and Weitz 1995; Mason et al. 1997a, b; Gittes
et al. 1997; Schnurr et al. 1997; Mason 2000; Huang et al. 2011;
Jannasch et al. 2011; Li and Raizen 2013).

Mobile phones carried by the citizens of a large city offer rich
data on human mobility patterns, and we show that ensemble aver-
ages of cellphone GPS location data [mean-square displacement
(MSD)] reveal detailed information on the response of cities to
natural hazards as well as to sudden evacuation orders. Our study

concentrates on a “single-state equilibrium” which is the response
history of the mean-square displacement of the citizens of the entire
city when it operates under normal conditions–a response param-
eter that describes with remarkable fidelity the physical manifesta-
tion of the daily interactions of the citizens of a large city through
their collective mobility patterns. Our study examines: (1) the
recorded mean-square displacement ¼ hr2ðtÞi from three large US
cities (Houston, Miami, and Jacksonville) when subjected to
category 4 and 5 hurricanes (2017 Harvey, 2017 Irma, and 2019
Dorian), and (2) the response of the Dallas and Houston metro-
plexes that were subjected to the February 2021 North American
winter storm; and reveals that the MSD ¼ hr2ðtÞi of all the afore-
mentioned cities when subjected to the corresponding violent
natural hazard reverts immediately to its preevent pattern upon
the expiration of the duration of the natural hazard. This invariant,
systematic ability of large American cities following a natural
hazard to revert immediately to their initial steady-state behavior
and resume their normal, preevent activities suggests that large
American cities are inherently resilient to natural hazards. The
analysis presented in this paper is system wide for the entire urban
center. The response and recovery time of smaller, local commun-
ities in these large American cities to natural hazards will be
examined in a future study together with the response of other cities
around the world with different resources and socioeconomic
structures.

Brownian Motion and Langevin Dynamics

Brownian motion is the thermally driven random motion of micro-
particles (Brownian particles such as pollen grains, organelles,
or macromolecules having a size from submicrometer to a few
micrometers) immersed in a fluid due to the random forces, fRðtÞ,
that originate from the random collisions of the rapidly moving
fluid molecules on the Brownian particles (Landau and Lifshitz
1980; Attard 2012). Since Einstein’s (1905) seminal paper that
presented for the first time the long-term relation (diffusive regime)
between the mean-square displacement of Brownian particles,
r2ðtÞ, and the diffusion coefficient of the fluid, D (hr2ðtÞi ¼ 2Dt),
there has been a growing interest on this physical process given that
the equation that describes the motion of a Brownian particle im-
mersed in some liquid that is in thermal equilibrium applies to a wide
range of stochastic (random) processes from which deterministic
time-response functions emerge when the system is at a steady-state
equilibrium (Mason and Weitz 1995; Attard 2012; Li and Raizen
2013; Coffey and Kalmykov 2012).

Soon after Einstein’s (1905) paper in which Brownian motion
was explained by solving a diffusion equation, Langevin (1908)
explained Brownian motion by adopting an entirely different
approach (Landau and Lifshitz 1980; Attard 2012; Coffey and
Kalmykov 2012). In his 1908 seminal paper, Langevin mingles
statistical and continuum mechanics to formulate the equation of
motion of a Brownian microsphere with radius R, and mass m,
suspended in a Newtonian viscous fluid with viscosity, η, when
subjected to the random forces, fRðtÞ, that originate from the
collisions of the fluid molecules (of the order of 1014 collisions
per second) on the Brownian microsphere

m
dvðtÞ
dt

¼ −ζvðtÞ þ fRðtÞ ð1Þ

where vðtÞ ¼ drðtÞ=dt = particle velocity and ζvðtÞ is a viscous
drag force which according to Stoke’s law; and ζ ¼ 6πRη
(Landau and Lifshitz 1959). The random excitation, fRðtÞ, has
a zero-average value over time, hfRðtÞ ¼ 0i, while for the

Fig. 1. Transportation, utility, and telecommunication infrastructure
networks of the Dallas metroplex that have been created and upgraded
independently during different times with no apparent common design
principles. The superposition of these independent infrastructure
networks creates a difficult-to-interpret “redundancy” that apparently
serves urban resilience.
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memoryless, Newtonian viscous fluid that only dissipates energy,
the correlation function contracts to a Dirac delta function
(Lighthill 1958)

hfRðt1ÞfRðt2Þi ¼ Aδðt1 − t2Þ ð2Þ

with A = constant that expresses the strength of the random force.
Given the random nature of the excitation force fRðtÞ, the

Langevin Eq. (1) can be integrated in terms of ensemble averages
in association with Eq. (2). The mean-square displacement of
particles suspended in a viscous fluid with viscosity, η, was first
evaluated by Ornstein (1917) (see also Uhlenbeck and Ornstein
1930) for all time scales (including the ballistic regime at early
times)

hr2ðtÞi ¼ NKBT
3πR

1

η
ðt − τð1 − e−t=τ ÞÞ ð3Þ

where N ∈ f1; 2; 3g = number of spatial dimensions; KB = Boltz-
mann’s constant; T = equilibrium temperature of the fluid; and
τ ¼ m=ð6πRηÞ = dissipation time of the perpetual fluctuation-
dissipation process that governs Brownian motion.

In a recent paper, Makris (2020) showed that the time-response
function 1

η ðt − τð1 − e−t=τ ÞÞ appearing on the right-hand side of
Eq. (3) is the creep compliance (strain history due to a unit-step
stress) of the inertoviscous fluid (Makris 2017, 2018) that is a
parallel connection of a dashpot with viscosity η (the viscosity
of the Newtonian fluid within which the Brownian particles are
immersed) and an inerter with distributed inertance,mR ¼ m=ð6πRÞ
with units ½M�½L�−1

JðtÞ ¼ 1

η
ðt − τð1 − e−t=τ ÞÞ ð4Þ

Accordingly, Eq. (3) can be expressed as

hr2ðtÞi ¼ NKBT
3πR

JðtÞ ð5Þ

The result of Eq. (5) is of central interest in this work because it
relates the mean-square displacement—that is an ensemble average
from a stochastic (random) process, to a deterministic time-
response function that is the creep compliance (strain history
due to a unit-step stress) of the inertoviscous fluid. Building on
the work of Mason and Weitz (1995) in association with the work
of Wang and Uhlenbeck (1945), Makris (2020) showed that
Eq. (5) is invariably true for Brownian motion within any linear,
isotropic viscoelastic fluid where JðtÞ is the creep compliance
(retardation function) of a viscoelastic network that is a parallel
connection of the linear viscoelastic material within which the
Brownian particles are immersed and an inerter with distributed
inertance mR ¼ m=ð6πRÞ. Eq. (5) also holds for the case where
the density of the fluid surrounding the Brownian microparticles
is appreciable (Makris 2021b); and in this case, in addition to
the Stokes viscous drag, the Brownian motion of the immersed
microparticles develops the Boussinesq hydrodynamic memory
(Boussinesq 1885).

A Mechanical Model for Cities

In view of the overarching validity of Eq. (5) regardless of the
complexity of the mechanism that the immersed Brownian particles
exchange forces with the surrounding fluid (viscous, inertia, hydro-
dynamic memory, or viscoelastic forces), Makris et al. (2023) built

upon the profound implications of Eq. (5) to conjecture a corre-
sponding relation for cities

hr2ðtÞi ¼ WJðtÞ ¼ A0

�
Uðt − 0Þ − C

�
cosðωRtÞ

þ γ
2

�
sin

�
8

7
ωRt

�
− sin

�
6

7
ωRt

����
ð6Þ

where hr2ðtÞi = mean-square displacement of cellphone users as
computed by averaging over a city ensemble of GPS location traces
of the motion of M citizens (IDs)

hr2ðtÞi ¼ 1

M

XM
j¼1

r2jðtÞ ¼
1

M

XM
j¼1

x2jðtÞ þ y2jðtÞ ð7Þ

and W = proportionality constant having the units of energy
(force × length).

The mathematical model appearing in the right-hand side of
Eq. (6) was merely constructed by Makris et al. (2023) by using
techniques for manipulating signals in radio communication
(Gray and Graham 1961; Silver 2011). The function Uðt − 0Þ
appearing in Eq. (6) is the unit-amplitude Heaviside step-function
(Lighthill 1958), ωR ¼ 2π=24 ¼ π=12 rad=h is the daily frequency;
while parameters A0, C, and γ are constants of the amplitude-
modulation model.

In Eq. (7), rjðtÞ is the distance of IDj from its homeHj at time t.
The origin of every IDj (home Hj) was identified by extracting the
most frequent location occupied by IDj during the time interval
from 1:00 AM to 4:00 AM. As an example, Fig. 2 shows East–West
(longitude) xjðtkÞ and North–South (latitude) yjðtkÞ displacements
of IDj from its “home” Hj at time tk. Accordingly, when IDj

moves to the east of its origin (home), Hj, its displacement projec-
tion, xj, is negative; whereas, when it moves to the west of its home,
Hj, its displacement projection, xj, is positive. Similarly, when IDj

moves to the north of its home, Hj, its displacement projection, yj,

Fig. 2. Displacement rjðtkÞ of IDj at time tk from its “home” Hj. In
statistical mechanics and microrheology the symbolΔrjðtkÞ rather than
rjðtkÞ is often used to express the distance of a probe from its “origin”.
In this work, the symbol Δ is dropped since the displacement rj is
always measured from the fixed origin Hj at all times given that
we only work with ensemble averages (not time averages). (Map data
from Esri, FAO, NOAA, USGS, Powered by Esri.)
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is positive; whereas, when it moves to the south of its home, Hj, its
displacement projection, yj, is negative. For every city, the GPS
location data of a large number of IDs (hundreds of thousands
to millions) are distilled to retrieve the IDs that appear close
to the top of every hour for every day in a given month–that
is 24 ðh=dayÞ × 30 ðdays=monthÞ ¼ 720 appearance=month or
24 ðh=dayÞ × 31 ðdays=monthÞ ¼ 744 appearance per month.

For every city and every month, the displacements rjðtkÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2jðtkÞ þ y2jðtkÞ

q
of each IDj at time tk are organized as shown

in Table 1.
Fig. 3 plots the time history of the mean-square displacement

MSD ¼ hr2ðtÞi as defined by Eq. (7) ofM ¼ 1409 IDs for August,
M ¼ 1712 IDs for September andM ¼ 1999 IDs for October 2020
in the greater Miami area shown in Fig. 4 that appeared close to the
top of the hour during the entire duration of each month. Fig. 3
reveals that the MSD for the city of Miami exhibits a remarkable
periodicity with people moving more during the weekdays and less
on Sundays that are marked with green dots. At the same time,
fewer people are staying at home during the weekends than during

the weekdays. Accordingly, in the steady-state regime of the city of
Miami together with the daily oscillations with frequency ωR ¼
2π=24 ¼ π=12 rad=h (carrier wave), there is a weekly modulation
(message signal). This amplitude-modulation steady-state response
of the MSD of cities as depicted in Fig. 3 is captured with the
amplitude-modulation model appearing on the right of Eq. (6)
(Makris et al. 2023). Fig. 5 compares the recorded MSD ¼
hr2ðtÞi from the city of Miami shown in Fig. 3 with the predictions
of the calibrated amplitude-modulation model given by Eq. (6) with
A0 ¼ 60 km2, C ¼ 0.7, and γ ¼ 0.25.

The requirement for an IDj to appear at the top of every hour
every day for all 30 or 31 days in a month is a very demanding
requirement and we lose many IDs that have a nearly perfect
appearance over the duration of the month. Accordingly, for cities
and years where the number M of IDs that occupy all the cells of
Table 1 becomes low (say M < 360), the requirement for 720 or
744 appearances in a month is relaxed to a lower yet significant
threshold number (say at least P ¼ 700 or sometimes down to
at least P ¼ 540 appearances in a month)—that is, each column
of Table 1 needs to show at least P ¼ 700 or P ¼ 540 (depending
on the threshold value, P) nonempty cells. With this relaxation, IDs
that their displacements rjðtkÞ are missing in Table 1 are included
as long as the appearances of any IDj is above the threshold
number P. As an example, Fig. 6 plots the time history of the
mean-square displacement MSD ¼ hr2ðtÞi of cellphone users in
the greater Jacksonville area in Florida shown in Fig. 7 during
Q3 andQ4 of 2021 that appeared close to the top of the hour during
the entire duration of each month at least P ¼ 600 times. As shown
in Fig. 6, in this way we can distill a large number of valuable IDs
(at least 600 appearances per month) ranging from 26,072 IDs
in the month of November 2021 to 30,709 IDs in the month of
August 2021.

With this relaxation, the number of IDs in an ensemble, MðtkÞ,
(IDs appearing along each row of Table 1) becomes time-
dependent, and Eq. (7) is expressed as

hr2ðtkÞi ¼
1

MðtkÞ
XMðtkÞ

j¼1

r2jðtÞ ¼
1

MðtkÞ
XMðtkÞ

j¼1

x2jðtÞ þ y2jðtÞ ð8Þ

Fig. 8 compares the recorded MSD ¼ hr2ðtÞi from the greater
Jacksonville, Florida, area shown in Fig. 7 under normal steady-
state operational conditions (No event) with the predictions of
the calibrated amplitude-modulation model given by Eq. (6) with
A0 ¼ 90 km2, C ¼ 0.6, and γ ¼ 0.35.

Table 1. GPS location data of M cellphone users (IDs) appearing at the top of each hour of every month

Time ID1 ID2 IDj−1 IDj IDjþ1 IDM−1 IDM

t1 r1ðt1Þ r2ðt1Þ rj−1ðt1Þ rjðt1Þ rjþ1ðt1Þ rM−1ðt1Þ rMðt1Þ
t2 r1ðt2Þ r2ðt2Þ rj−1ðt2Þ rjðt2Þ rjþ1ðt2Þ rM−1ðt2Þ rMðt2Þ
tk−1 r1ðtk−1Þ r2ðtk−1Þ rj−1ðtk−1Þ rjðtk−1Þ rjþ1ðtk−1Þ rM−1ðtk−1Þ rMðtk−1Þ
tk r1ðtkÞ r2ðtkÞ rj−1ðtkÞ rjðtkÞ rjþ1ðtkÞ rM−1ðtkÞ rMðtkÞ
tkþ1 r1ðtkþ1Þ r2ðtkþ1Þ rj−1ðtkþ1Þ rjðtkþ1Þ rjþ1ðtkþ1Þ rM−1ðtkþ1Þ rMðtkþ1Þ
t719 r1ðt719Þ r2ðt719Þ rj−1ðt719Þ rjðt719Þ rjþ1ðt719Þ rM−1ðt719Þ rMðt719Þ
t720 r1ðt720Þ r2ðt720Þ rj−1ðt720Þ rjðt720Þ rjþ1ðt720Þ rM−1ðt720Þ rMðt720Þ

and for a month with 31 days
t721 r1ðt721Þ r2ðt721Þ rj−1ðt721Þ rjðt721Þ rjþ1ðt721Þ rM−1ðt721Þ rMðt721Þ
t743 r1ðt743Þ r2ðt743Þ rj−1ðt743Þ rjðt743Þ rjþ1ðt743Þ rM−1ðt743Þ rMðt743Þ
t744 r1ðt744Þ r2ðt744Þ rj−1ðt744Þ rjðt744Þ rjþ1ðt744Þ rM−1ðt744Þ rMðt744Þ
Note: Entries in boldface are indicative missing entries when an ID needs to appear only at least P < 720 (or P < 744) times at the top of the hour in a
given month.

Fig. 3. Time history of the mean-square displacement ¼ hr2ðtÞi ¼
1
M

P
M
j¼1 r

2
jðtÞ (ensemble average) of M ¼ 1,409 for August, M ¼

1,712 IDs for September, and M ¼ 1,999 IDs for October 2020, in
the Miami greater area of Florida under normal steady-state operational
conditions (no event). Dots atop the suppressed spikes indicate
Sundays.
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Response of Large Cities to Natural Hazards

Urban resilience in this work is investigated and quantified by
studying: (1) the response of the Dallas and Houston metroplexes
that were subjected to the February 2021 North American winter
storm, and (2) the response of three large US cities (Houston,
Miami, and Jacksonville) when subjected to category 4 and 5
hurricanes.

The February 2021 North American Winter Storm

The North American winter storm happened during the 3rd week of
February 2021 and ended sometime toward the end of that week

before Sunday, February 21, 2021 (National Weather Service 2021;
NOAA 2021). Over 4 million people lost power due to the storm
which resulted in a state-wide crisis in Texas causing major damage
to the Texas power grid.

Fig. 9 plots the time history of the mean-square displacement
MSD ¼ hr2ðtÞi as defined by Eq. (8) of M ¼ 30373 IDs for
January with P ¼ 720,M ¼ 34921 IDs for February with P ¼ 650
and M ¼ 25257 IDs for March with P ¼ 720 of year 2021 in the
Dallas metroplex that appeared close to the top of each hour during
the entire duration of each month.

Fig. 9 reveals that while the MSD for the Dallas metroplex
exhibits the same daily and weekly periodicity that emerges from
the city of Miami shown in Figs. 3 and 5 and the city of Jacksonville

Fig. 4. GPS locations of anonymous cellphone users (IDs) in the greater Miami area recorded during (a) September 2020 (normal conditions with no
event. 1712 IDs recorded at the top of each hour); and (b) September 2017 when the greater Miami area was hit by category 5 hurricane Irma. 853 IDs
recorded at the top of each hour with at least 540 appearances during the month of September 2017 (P ¼ 540). (Map data from Esri, FAO, NOAA,
USGS, Powered by Esri.)

Fig. 5. Comparison of the predictions of the calibrated amplitude-
modulation analytical expression of hr2ðtÞi given by Eq. (6) with
the recorded mean-square displacement of the citizens of Miami under
normal, steady-state operational conditions (no event) during the
months of August, September, and October 2020 shown in Fig. 3.

Fig. 6. Time history of the mean-square displacement ¼ hr2ðtÞi
(ensemble average) of IDs that have at least P ¼ 600 appearances every
month close to the top of the hour in the Jacksonville, Florida, greeter
area under normal, steady-state operational conditions (No event)
during the Q3 and Q4 of 2021.

© ASCE 04023076-5 J. Eng. Mech.
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shown in Figs. 6 and 8, it also exhibits a noticeable suppression
during the duration of the North American winter storm. Fig. 9
shows that immediately after the expiration of the cold winter storm
[sometime by Saturday, February 20, 2021 (NOAA 2021; National
Weather Service 2021)], the city of Dallas resumes normal activity
with the MSD of its citizens to revert to its normal oscillation
pattern as recorded before the storm, suggesting that the Dallas
metroplex exhibits a great degree of engineering resilience as
defined by Holling (1996). The prediction for the response of the
Dallas metroplex following the North American winter storm with
the amplitude-modulation model given by Eq. (6) has been presented
in Makris et al. (2023).

The same inherent and immediate resilience to the 2021 North
American winter storm manifested by the city of Dallas is also man-
ifested by city of Houston, Texas, and also resumes normal activity
upon the expiration of the winter storm with the MSD of its citizens
to revert to its normal oscillation pattern as shown in Fig. 10. The
number of distilled IDs that appear at the top of the hour for the
duration of each month of Q1 of 2021 is also shown in Fig. 10.

Fig. 11 compares the recorded MSD ¼ hr2ðtÞi of the citizens in
the greater Houston area during Q1 of 2021 shown in Fig. 10 with
the predictions of the calibrated amplitude-modulation model given
by Eq. (6) under normal steady-state operating conditions with
A0 ¼ 80 km2, C ¼ 0.6, and γ ¼ 0.25.

In the next section, we show that the amplitude-modulation
model, as conjectured by Eq. (6), predicts that the postevent be-
havior of the MSD of a large city is indeed identical to its preevent
behavior as revealed by the recorded MSDs shown in Figs. 9 and
10. Fig. 11 plots the time history of the mean-square displacement
of cellphone users in the greater Houston area shown in Fig. 12 that
were recorded during the period January 1 to March 31, 2021.

Prediction of the Measured Postevent Regime of Cities

In view of the satisfactory performance of the analytical expression
offered by Eq. (6) to capture the steady-state regime of cities under
normal, operating conditions as shown in Fig. 5 for the regime of
Miami and Fig. 8 for the regime of Jacksonville, in this section; we
validate the conjecture described by Eq. (6)—that the mechanical
model with creep compliance

Fig. 7. GPS locations of anonymous cellphone users (IDs) in the greater Jacksonville area recorded during (a) September 2021 (normal conditions
with No event: 27952 IDs with P ¼ 600); and (b) September 2017 when the greater Jacksonville area was hit by category 5 hurricane Irma. 412 IDs
recorded at the top of each hour with at least 540 appearances during the month of September 2017 (P ¼ 540). (Map data from Esri, FAO, NOAA,
USGS, Powered by Esri.)

Fig. 9. Time history of the mean-square displacement ¼ hr2ðtÞi
(ensemble average) of cellphone IDs in the Dallas metroplex duringQ1

of 2021. Dots atop the suppressed spikes indicate Sundays.

Fig. 8. Comparison of the predictions of the calibrated amplitude-
modulation analytical expression of hr2ðtÞi given by Eq. (6) with
the recorded mean-square displacement, r2ðtÞ, of the citizens of
Jacksonville, Florida under normal, steady-state operational conditions
(No event) during the Q3 and Q4 of 2021 shown in Fig. 6.
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JðtÞ ¼ hr2ðtÞi
A0k

¼ 1

k

�
Uðt − 0Þ − C

�
cosðωRtÞ

þ γ
2

�
sin

�
8

7
ωRt

�
− sin

�
6

7
ωRt

����
ð9Þ

is indeed a mechanical analog for cities that predicts with remark-
able fidelity the postevent regime of cities (Makris et al. 2023).
In Eq. (9), k ¼ W=A0 is a constant with units of stiffness
(½F�=½L�).

In our analysis, natural hazards such as earthquakes, hurricanes,
and winter storms that start and end abruptly and are system wide
are represented mathematically with an elementary rectangular
pulse of amplitude F0 and duration Te which is expressed as

FðtÞ ¼ F0½Uðt − 0Þ − Uðt − TeÞ� ð10Þ

where Uðt − ξÞ = unit-amplitude Heaviside step-function that ini-
tiates at time t ¼ ξ (Lighthill 1958). Other societal stressors such as
pandemics and economic crises are stressing cities during larger
time scales along which the city may develop mechanisms to
readjust (Meerow et al. 2016). Accordingly, for such prolonged
crises that ramp-up gradually and may have long tails, different
loading patterns than the rectangular pulse described in Eq. (10)
may be more suitable.

The creep compliance, JðtÞ (displacement history due to a unit-
step force), is a time-response function of a linear system. Given the
linearity of the mechanical model for a city as expressed by Eqs. (6)
or (9); the response, uðtÞ, of the mechanical model due to a force
excitation FðtÞ is offered through the convolution integral

uðtÞ ¼
Z

t

0−
hðt − ξÞFðξÞdξ ð11Þ

where FðξÞ = time history of the acute shock−in this analysis the
rectangular pulse given by Eq. (10); and hðtÞ = impulse response
function (Clough and Penzien 1970; Oppenheim and Schafer 1975;
Harris and Crede 1976; Reid 1983; Makris 2021a) that is defined
as the resulting displacement history, uðtÞ, due to an impulsive
force input FðtÞ ¼ δðt − ξÞ with ξ < t. Given that δðt − ξÞ ¼ dU
ðt − ξÞ=dt, the impulse response function of a linear system
hðtÞ ¼ dJðtÞ=dt where JðtÞ is its creep compliance (displacement
history due to a unit-step force). Accordingly, the impulse response
function of the mechanical model of a city described in Eq. (6) is

hðtÞ ¼ dJðtÞ
dt

¼ 1

k

�
δðt − 0Þ þ CωR

�
sinðωRtÞ

− γ
2

�
8

7
cos

�
8

7
ωRt

�
− 6

7
cos

�
6

7
ωRt

����
ð12Þ

Substitution of the expression of the impulse response function
given by Eq. (12) into Eq. (11) after using the forcing function FðξÞ
as expressed by Eq. (10), the normalized displacement response
from the amplitude-modulation model when subjected to a rectan-
gular pulse of duration Te is (Makris et al. 2023)

k
F0

uðtÞ ¼Uðt− 0Þ−Uðt−TeÞþC

�
−cosðωRtÞþ cosðωRðt−TeÞÞ

− γ
2

�
sin

�
8

7
ωRt

�
− sin

�
8

7
ωRðt−TeÞ

�

− sin

�
6

7
ωRt

�
þ sin

�
6

7
ωRðt−TeÞ

���
ð13Þ

With reference to Figs. 10 or 11, prior to the arrival of the North
American winter storm, the city of Houston, Texas, was operating
under normal conditions, and its mean-square displacement hr2ðtÞi
of its citizens is described satisfactorily with the amplitude-
modulation model given by Eq. (6) and plotted at the top of
Fig. 13(a) (see also Fig. 11). While Houston was operating under
normal conditions, on Sunday Feb 14, t0 ¼ 0, it was suddenly sub-
jected to the North American winter storm that is described with the
rectangular pulse with a duration Te ¼ ð6 daysÞ × ð24 h=dayÞ ¼
144 hours as shown in Fig. 13(b) that is the duration reported
by the media (National Weather Service 2021). The overall
response upon the city of Houston is subjected to the acute cold
storm (postevent response) is the superposition of its steady-state
response under normal operating conditions given by Eq. (6) and
shown in Fig. 13(a) and its response due to the rectangular pulse

Fig. 10. Time history of the mean-square displacement ¼ hr2ðtÞi
(ensemble average) of cellphone IDs in the greater Houston area during
Q1 of 2021. Dots atop the suppressed spikes indicate Sundays.

Fig. 11. Comparison of the predictions of calibrated amplitude-
modulation analytical expression of hr2ðtÞi given by Eq. (6) under
normal steady-state operational conditions (no event) in the greater
Houston area with the recorded mean-square displacement hr2ðtÞi
of the citizens of Houston, Texas during Q1 of 2021 shown in Fig. 10.
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given by Eq. (14) and shown in Fig. 13(c). Accordingly, the “post-
event” response of a city described with the amplitude-modulation
model given by Eq. (6) is

kJðtÞ− k
F0

uðtÞ ¼ Uðt− TeÞ−C

�
cosðωRðt− TeÞÞ

þ γ
2

�
sin

�
8

7
ωRðt− TeÞ

�
− sin

�
6

7
ωRðt− TeÞ

���

ð14Þ

The right-hand side of Eq. (14) that results after subtracting
Eqs. (13) from (6) is precisely of the same form as Eq. (6) and
reveals that upon the expiration of the acute shock (rectangular
pulse), the amplitude-modulation model predicts that the city
reverts immediately to its normal preevent activities (identical
hr2ðtÞi as before the acute shock) as evidenced by the recorded
MSD of the Dallas metroplex shown in Fig. 9 and the greater
Houston area shown in Figs. 10 and 11. When the duration of
the rectangular pulse is an integer multiple of a day as shown in
Fig. 13(b), the sine functions appearing in Eq. (13) do not cancel
because of the multiplication factors 8=7 and 6=7, resulting in the
small undulations that override the rectangular pulse response
shown in Fig. 13(c). The small undulations cancel only when
Te ¼ 7 days ¼ 1 week ¼ 168 h as shown in Fig. 14(c).

Estimation of the Recovery Time of a City by
Synchronizing the Recorded and Predicted MSDs

Fig. 13(d) shows that when we used as the duration of the rectan-
gular pulse Te ¼ 144 h, which is the duration reported by the
media (National Weather Service 2021) as the predicted response
of Houston’s MSD following the storm is identical to the preevent
MSD, yet it appears that the predicted postevent MSD is approx-
imately one day out of phase of the recorded MSD. This one extra
day is the time that the greater Houston area needed to fully recover
from the February 2021 North American winter storm.

Fig. 14 shows the predicted preevent and postevent response of
the city of Houston when the duration of excitation of the rectan-
gular pulse is Te ¼ ð7daysÞ × ð24 h=dayÞ ¼ 168 h and shows that
for this pulse-duration Te ¼ 168 h, the predicted postevent MSD
synchronizes with the recorded postevent MSD, indicating that the

Fig. 12.GPS locations of anonymous cellphone users (IDs) in the greater Houston area recorded during: (a) February 2021 when Houston was hit by
a North America Winter Storm. 11067 IDs with P ¼ 650; and (b) August 2017 when Houston was hit by hurricane Hervey. 1654 IDs with P ¼ 540.
(Map data from Esri, FAO, NOAA, USGS, Powered by Esri.)

Fig. 13. (a) Normalized behavior of the city of Houston under normal
conditions as given by Eq. (6); (b) acute shock on a city expressed with
a rectangular pulse with duration Te ¼ 144 h that is an integer multiple
of a day ¼ 24 h; (c) normalized response of the city of Houston to the
rectangular pulse alone with duration Te ¼ 144 h; and (d) pre- and
postevent response of Houston [(a–c), solid dark lines] which is iden-
tical to the preevent response of Houston (a). The thin red lines are the
normalized recorded MSD of the Houston metroplex prior to, during,
and after the North American winter storm during the 3rd week of
February 2021 as distilled from the recorded GPS location data.
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recovery time of the greater Houston area to the February 2021
North American winter storm was of the order of a single day.
Accordingly, the postevent synchronization of the recorded and
predicted MSD allows us to estimate the recovery time of an urban
center with an accuracy of the order of 1=2 day ¼ 12 h.

The August 2017 Hurricane Harvey

The inherent resilience of a city is evidenced by the recovery of the
mean-square displacement of its citizens immediately after the
expiration of the natural hazard, as shown in Fig. 9 for the Dallas
metroplex and Figs. 10 and 11 for the greater Houston area when
hit by the 2021 North American winter storm, and is examined for
more intense natural hazards known to have created unprecedented
damage.

Hurricane Harvey was a category 4 storm that hit Texas on
August 25, 2017, and made landfall three times in six days
(Amadeo 2018). Together with the 2017 Hurricane Irma, it is
considered the 1,000-year return period of precipitation extreme

(Vu and Mishra 2019). By the end of August 2017, one-third of
Houston was under, water forcing close to 30,000 people out
of their homes into shelters. Loses from damage exceeding
$100 billion—that is more than any other natural disaster in US
history other than hurricane Katrina back in August 2005. Never-
theless, cellular phone service in Houston remained functional
despite isolated outages with only 3.5% of cellular towers in Harris
County to go down; while in Nueces County, 19% of its cellular
towers were not working (Ehlinger 2017).

Fig. 15 plots the time history of the mean-square displacement,
hr2ðtÞi, of cellphone users in the greater Houston area shown in
Fig. 12 that were recorded during the period July 1 to October
31, 2017, and appeared close to the top of the hour at least P ¼
540 times during the entire duration of each month. In spite of
the unprecedented damage inflicted by Hurricane Harvey in the
greater Houston area, Fig. 15 reveals that immediately after the
passage of Hurricane Harvey (August 31, 2017) the city of Houston
resumes its normal, preevent activity with the MSD of its citizens to
revert to its normal oscillation pattern as recorded before the
hurricane, suggesting that the greater Houston area exhibits a great
degree of engineering resilience as defined by Holling (1996).

Fig. 16 compares the recorded MSD ¼ hr2ðtÞi of the citizens in
the greater Houston area during the period July 1 to October 31,
2017, shown in Fig. 15 with the predictions of the calibrated,
amplitude-modulation model given by Eq. (6) under normal,
steady-state operating conditions (No event) with A0 ¼ 110 km2,
C ¼ 0.6, and γ ¼ 0.25. An interesting observation is that while the
values of parameters C ¼ 0.6 and γ ¼ 0.25 for the greater Houston
area are the same for years 2021 (Fig. 11) and 2017 (Fig. 16), the
mean value of the MSD ¼ 80 km2 for year 2021 is smaller than the
mean value of the MSD ¼ 110 km2 for year 2017.

This suggests that less average area is covered on average by
the citizens of Houston in year 2021 than in year 2017, which
may be due to changes in the commuting patterns following the
postpandemic era.

Prediction of the Houston MSD Following
Hurricane Harvey

With reference to Figs. 15 and 16, prior to Hurricane Harvey’s land-
fall, the greater Houston area was operating under normal

Fig. 14. (a) Normalized behavior of the city of Houston under normal
conditions as given by Eq. (6); (b) acute shock on a city expressed with
a rectangular pulse with a duration Te ¼ 168 h that is an integer multi-
ple of a day ¼ 24 h; (c) normalized response of the city of Houston to
the rectangular pulse alone with duration Te ¼ 168 h; and (d) preevent
and postevent response of Houston [(a–c), solid dark lines] which is
identical to the preevent response of Houston (a). The thin red lines
are the normalized recorded MSD of the Houston metroplex prior
to, during, and after the North American winter storm during the 3rd
week of February 2021 as distilled from the recorded GPS location data.

Fig. 15. Time history of the mean-square displacement ¼ hr2ðtÞi
(ensemble average) of cellphone IDs in the greater Houston area
which appeared at least P ¼ 540 times per month during the period
July 1, to October 31, 2017. Dots atop the suppressed spikes indicate
Sundays.
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conditions, and its mean-square displacement, hr2ðtÞi, of its citi-
zens is described satisfactorily with the amplitude-modulation
model given by Eqs. (6) or (9) and plotted in Fig. 17(a) (see also
Fig. 16). While Houston was operating under normal conditions, on
August 25, 2017, t0 ¼ 0, Hurricane Harvey struck Houston for
some 7 days and this intense loading to its population and infra-
structure is described with a rectangular pulse with duration Te ¼
168 hours as shown in Fig. 17(b).

The response of the greater Houston area to the rectangular
pulse shown in Fig. 17(b) is offered by Eq. (13) and is plotted
in Fig. 17(c). The overall response of the greater Houston area
following the response to Hurricane Harvey (postevent response)
is the superposition of its steady-state response under normal
conditions and its response due to the rectangular pulse as
described by Eq. (14) and plotted in Fig. 17(d) following the
expiration of the rectangular pulse. Eq. (14) predicts the imme-
diate recovery of the MSD ¼ hr2ðtÞi of the citizens of Houston
as evidenced by the recorded MSD shown in Fig. 15 because
the right-hand side of Eq. (14) is precisely of the same form
as Eq. (6).

By selecting a duration of the rectangular pulse, Te ¼ 7days ¼
168 h the predicted postevent response is perfectly synchronized
with the recorded postevent response as shown in Fig. 17(d). Given
that August 31, 2017, was a Thursday, the recorded MSD shown
in Figs. 15, 16, and 17(d) shows that the greater Houston area
had reverted to its normal prehurricane behavior by Saturday,
September 02, 2017, demonstrating a remarkable engineering resil-
ience (Holling 1996).

The September 2017 Hurricane Irma

Following Hurricane Harvey, in less than two weeks, category 5
Atlantic Hurricane Irma hit Miami on September 9, 2017, creating
widespread power outages. The storm surge caused coastal flood-
ing from Homestead to downtown Miami and portions of Miami
Beach (Tropical Winds Newsletter 2017). Hurricane Irma is the
fifth costliest hurricane to hit the mainland United States and caused
an estimated $50 billion in damage according to the National
Hurricane Center (Huber 2018).

Fig. 18 plots the time history of the mean-square displace-
ment ¼ hr2ðtÞi of cellphone users in the greater Miami area shown
in Fig. 4 that were recorded during the period July 1, to December
31, 2017, and appeared close to the top of the hour at least P ¼
540 times during the entire duration of each month. Fig. 19
compares the recorded MSD ¼ hr2ðtÞi of the citizens in the greater
Miami area during the period July 1 to December 31, 2017, shown
in Fig. 18 with the predictions of the calibrated, amplitude-
modulation model given by Eqs. (6) or (9) under normal steady-
state operating conditions (no event) with A0 ¼ 95 km2, C ¼ 0.6,
and γ ¼ 0.25.

In agreement with the observations reported upon examining the
recorded MSDs of Houston, the mean value of the MSD ¼ 60 km2

of the greater Miami area during 2020 shown in Fig. 5 is smaller
than the mean value of the MSD ¼ 95 km2 of the greater Miami
area during 2017, as shown in Fig. 19. The smaller average area
covered by the citizens of Miami in year 2020 (60 km2) reflects
the changes in the commuting patterns of the citizens during the
pandemic era.

Fig. 16. Comparison of the predictions of the amplitude-modulation
model (A0 ¼ 110 km2, C ¼ 0.6 and γ ¼ 0.25) given by Eq. (6) under
normal steady-state operational conditions (no event) in the greater
Houston area with the recorded mean-square displacement hr2ðtÞi
of the distilled number of IDs shown in the figure for each month
during the period July 1, to October 31, 2017.

Fig. 17. (a) Normalized behavior of the city of Houston under normal
conditions as given by Eq. (6); (b) acute shock on a city expressed with
a rectangular pulse with a duration Te ¼ 168 h that is an integer multiple
of a day ¼ 24 h; (c) normalized response of the city of Houston to the
rectangular pulse alone with duration Te ¼ 168 h; and (d) pre- and
postevent response of Houston [(a–c), solid dark lines] which is identical
to the preevent response of the city (a). The thin red lines are the normal-
ized recordedMSD of the Houston greater area prior to, during, and after
Hurricane Harvey which happened in late August 2017 as distilled from
the recorded GPS location data.
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Fig. 20 plots for the greater Miami area the corresponding plots
appearing in Fig. 17 that were analyzed in detail for the city of
Houston when hit by Hurricane Harvey and reveals that our ana-
lytical model expressed with Eqs. (6) or (9) that yields Eq. (14)
captures the recorded posthurricane response of the city of Miami
with remarkable accuracy as shown in Fig. 20(d). The posthurri-
cane recorded and predicted MSDs are perfectly synchronized,
revealing that the greater Miami area reverted immediately to its
postevent regime confirming our thesis that large urban centers
exhibit an inherent engineering resilience.

Upon hurricane Irma hit the greater Miami area it climbed to the
north by staying close to the west coast of the Florida peninsula.
Nevertheless, from September 9 to 14, the city of Jacksonville on
the east coast (Atlantic coast) experienced a tropical storm that
created power outages for more than 260,000 citizens in the greater
Jacksonville area. A combination of storm surges, high tides, and

heavy rainfall caused record water levels in St. Johns Rivers that
resulted in major flooding (Stepzinski 2017).

Fig. 21 plots the time history of the mean-square displacement,
hr2ðtÞi, of cellphone users in the greater Jacksonville area shown in
Fig. 7 that were recorded during the period August 1, to November
30, 2017, and appeared close to the top of the hour at least P ¼ 540
times during the entire duration of each month. Fig. 22 compares
the recorded MSD ¼ hr2ðtÞi of the citizens of the greater Jackson-
ville area during the period August 1, to November 30, 2017,
shown in Fig. 21 with the predictions of the calibrated amplitude-
modulation model given by Eqs. (6) or (9) under normal steady-
state operational conditions (No event) with A0 ¼ 100 km2,
C ¼ 0.6, and γ ¼ 0.25.

Again, in accordance with what has been calculated for the cities
of Houston and Miami, the mean values of the Jacksonville
MSD ¼ 100 km2 for year 2017 is larger than the mean value of the
Jacksonville MSD ¼ 90 km2 for year 2021 due to the changes in
the commuting patterns of the citizens during the postpandemic era.

Fig. 23 plots for the greater Jacksonville area the corresponding
plots appearing in Fig. 17 that were analyzed in detail for the city of
Houston when hit by Hurricane Harvey and reveal once again that

Fig. 18. Time history of the mean-square displacement ¼ hr2ðtÞi
(ensemble average) of cellphone IDs in the greater Miami area which
appeared at least P ¼ 540 times per month during the period July 1,
to December 31, 2017. Dots atop the suppressed spikes indicate
Sundays.

Fig. 19. Comparison of the predictions of the amplitude-modulation
model (A0 ¼ 95 km2, C ¼ 0.6 and γ ¼ 0.25) given by Eq. (6) under
normal steady-state operational conditions (no event) in the greater
Miami area with the recorded mean-square displacement hr2ðtÞi of
the distilled number of IDs shown in the figure for each month during
the period July 1, to December 31, 2017.

Fig. 20. (a) Normalized behavior of the city of Miami under normal
conditions as given by Eq. (6); (b) acute shock on a city expressed with
a rectangular pulse with a duration Te ¼ 144 h that is an integer multi-
ple of a day¼ 24 h; (c) normalized response of the city of Miami to the
rectangular pulse alone with duration Te ¼ 144 h; and (d) preevent and
postevent response of Miami [(a–c), solid dark lines] which is iden-
tical to the preevent response of the city (a). The thin red lines are the
normalized MSD of the Miami metroplex prior to, during, and after
Hurricane Irma which happened in September 2017 as computed from
the recorded GPS location data.
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our analytical model expressed with Eqs. (6) or (9) captures the
recorded posthurricane response of the city of Jacksonville with
remarkable accuracy as shown in Fig. 23(d). Synchronization
of the recorded and predicted postevent MSDs is achieved by
selecting a pulse period Te ¼ 3days ¼ 72 h; therefore, the greater
Jacksonville area revert immediately to its prehurricane steady-state
regime.

The September 2019 Hurricane Dorian

Hurricane Dorian was an extremely powerful category 5 Atlantic
hurricane that is recorded as the most intense tropical cyclone to
strike the Bahamas. A weakened category 2 storm, Dorian passed
Northeast Florida nearly 90 miles offshore in the Atlantic Ocean.
The storm left ports of St. Agustin and flood-prone area in Jackson-
ville inundated; yet, officially did not receive reports of major

Fig. 21. Time history of the mean-square displacement ¼ hr2ðtÞi
(ensemble average) of cellphone IDs in the greater Jacksonville that
which appeared at least P ¼ 540 times per month during the period
August 1, to November 30, 2017. Dots atop the suppressed spikes in-
dicate Sundays.

Fig. 22. Comparison of the predictions of the amplitude-modulation
model (A0 ¼ 100 km2, C ¼ 0.6, and γ ¼ 0.25) given by Eq. (6) under
normal steady-state operational conditions (no event) in the greater
Jacksonville area with the recorded mean-square displacement
hr2ðtÞi of the distilled number of IDs shown in the figure for each
month during the period August 1, to November 30, 2017.

Fig. 23. (a) Normalized behavior of the city of Jacksonville under nor-
mal conditions as given by Eq. (6); (b) Acute shock on a city expressed
with a rectangular pulse with a duration Te ¼ 72 h that is not an inte-
ger multiple of a day ¼ 24 h; (c) Normalized response of the city of
Jacksonville to the rectangular pulse alone with duration Te ¼ 72 h;
and (d) Preevent and postevent response of Jacksonville [(a–c), solid
dark lines] that is identical to the preevent response of the city (a). The
thin red lines are the normalized MSD of the Jacksonville metroplex
prior to, during, and after Hurricane Irma that happened in September
2017 as distilled from the recorded GPS location data.

Fig. 24. Time history of the mean-square displacement ¼ hr2ðtÞi
(ensemble average) of cellphone IDs in the greater Jacksonville area
which appeared at least P ¼ 600 times per month during the period
July 1, to October 31, 2019. Dots atop the suppressed spikes indicate
Sundays.
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flooding. The city of Jacksonville, Florida, announced mandatory
evacuations effective on Monday morning September 2, 2019.

Fig. 24 plots the time history of the mean-square displacement
hr2ðtÞi, of the cellphone users in the greater Jacksonville area
shown in Fig. 7 that were recorded during the period July 1, to
October 31, 2019, and appeared close to the top of the hour at least
P ¼ 600 times during the entire duration of each month. The
recorded MSD shows clearly that on Monday, September 02, 2019,
the citizens of the greater Jacksonville area are following the eva-
cuation orders and they returned by Thursday, September 5, 2019,
following a tropical storm onWednesday, September 4 (Mazzei and
Bogel-Burroughs 2019). The city of Jacksonville resumes a normal
operating regime by late Thursday, September 5, 2019.

Conclusions

This paper contributes to emerging trends for developing a quanti-
tative, predictive framework for quantifying urban resilience. Our
study concentrates on a “single-state equilibrium” that is the response
history of the mean-square displacement of the citizens of the entire
city when it operates under normal conditions and proceeds by ex-
amining the recorded mean-square displacement hr2ðtÞi ¼ MSD of
thousands of cellphone IDs from (1) three large US cities (Houston,
Miami, and Jacksonville) when struck by category 4 and 5 hurricanes
(2017 Harvey, 2017 Irma, and 2019 Dorian), and (2) the metroplexes
of Dallas and Houston that were subjected to the February 2021
North American winter storm.

Our study shows that following any natural hazard, the recorded
postevent MSD resumes its preevent regime within a very short
time ranging from immediately up to 24 h after the end of the in-
tense hazard, indicating that large American cities exhibit an inher-
ent resilience to natural hazards within the context of engineering
resilience (Holling 1996). The analysis presented in this paper is
system wide for the entire urban center. A future study will focus
on quantifying: (1) the recovery time of smaller, local communities
in these large American cities when struck by natural hazards, and
(2) the recovery time of other cities around the world with different
resources and socioeconomic structures.

Our study also employs a previously developed mechanical
model for large cities that was derived by the authors by making
the conjecture that the MSD ¼ hr2ðtÞi of cities is proportional
to the creep compliance of the proposed model (Makris et al.
2023). This conjecture is rooted in Langevin dynamics which offers
remarkable predictions for the macroscopic frequency and time-
response functions of complex viscoelastic materials by only
monitoring the thermally driven Brownian motion of probe micro-
particles immersed within the viscoelastic material. Our mechanical
model for large cities predicts precisely what is uncovered by the
data—that following the natural hazard, large cities revert to their
initial steady-state behavior and resume their normal preevent
activities. Accordingly, our study presented both an inductive and
a deductive route for quantifying urban resilience. The inductive
route (a pattern recognition route that can be falsified with a
counterexample) concludes inherent urban resilience by merely
observing the recovery of the recorded MSDs of the aforemen-
tioned cities when struck by historic hurricanes and winter storms.
The deductive route that is central in our study hinges on the
premise that the MSD of a city is proportional to the creep com-
pliance of a mechanical model (in accordance with what emerges
from quantitative Brownian motion and Langevin dynamics), and
upon the premise is validated (from the aforementioned case
studies), a quantitative analysis framework emerges with predic-
tive capabilities.
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