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Ground vibrations recorded by ﬁber-optic cables
reveal trafﬁc response to COVID-19 lockdown
measures in Pasadena, California
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The COVID-19 lockdown has unprecedently affected the dynamics of our society. As trafﬁc
ﬂow is a good proxy for societal activity, trafﬁc monitoring becomes a useful tool to assess
the lockdown’s impacts. Here we turned two strands of unused telecommunication ﬁbers in
Pasadena, California into a seismic array of ~5,000 sensors and detected ground vibrations
caused by moving vehicles along the streets above the cable. We monitor the number of
vehicles and their mean speed between December 2019 and August 2020 in high spatial and
temporal resolution, and then analyze the trafﬁc patterns change due to the COVID-19
lockdown. Our results show a city-wide decline in trafﬁc volume and an increase in speed due
to the lockdown, although the level of impact varies substantially by streets. This study
demonstrates the feasibility of using telecommunication ﬁber optic cables in trafﬁc monitoring, which has implications for public health, economy, and transportation safety.
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ransportation is a critical component of people’s lives.
Therefore, trafﬁc data has become an important manifestation of societal activity, and to some extent, social patterns. In particular, changes in trafﬁc due to external forcing
occur at broad time scales, from minutes or hours (e.g., accidents)
to days (e.g., holidays and road constructions), even years (e.g., an
economic boom or recession). The spatial pattern is often multiscale as well, ranging from state-wide highway networks to local
streets, from business centers to residential areas. Thus, multiscale continuous trafﬁc monitoring in high spatial and temporal
resolution is critical for an accurate understanding of social
patterns.
The outbreak of the Coronavirus Disease 2019 (COVID-19)
pandemic has unprecedently affected all aspects of society. Due to
the rapid and easy spread of COVID-19, governments around the
world issued a series of guidelines and orders to slow down the
spread of COVID-19, including social distancing, restrictions on
large public gatherings, and state-wide lockdowns, etc. The
COVID-19 pandemic and the accompanying measures brought
massive changes to the way we live, work, and interact with each
other. As trafﬁc ﬂow is a good proxy for societal activity, trafﬁc
monitoring becomes a useful tool to see how COVID-19 has
changed our daily lives and how society has performed in preventing the virus spread1–5.
To better monitor and manage trafﬁc, a variety of technologies
have been applied in the last decades, from stationary sensors
(e.g., radar guns, manual counters, embedded roadway sensors,
cameras) and onboard GPS systems (e.g., in-car sensors, mobile
devices)6,7. The stationary sensors can provide high-accuracy and
high-resolution trafﬁc data, though they suffer from spatial
sparseness due to the high costs of installation and maintenance.
On-board GPS systems have higher spatial coverage, owing to the
rapid development of wireless communication networks and
widespread use of mobile phones in recent years; yet they suffer
from low sampling rates. In particular, using mobile phone
location data in trafﬁc monitoring has major privacy concerns;
inadequate sampling (some use location services other not, likewise some use Android others on iPhone) could result in biases
according to cultural background, socioeconomic status, and
habits7. Thus, the current trafﬁc monitoring methods still face
many challenges, as to provide large-scale continuous and accurate monitoring capability in high spatial and temporal
resolution.
Distributed acoustic sensing (DAS) is an emerging technology
that may be employed to overcome the above limitations to
improve trafﬁc monitoring8,9. DAS converts a standard singlemode optical ﬁber into an array of distributed sensors that can
detect tiny vibrations from earthquake shaking, vehicles moving,
etc. There have been several previous studies showing that DAS
contains rich trafﬁc information, including the low-frequency
quasi-static deformation caused by vehicle loading and highfrequency (>3 Hz) surface waves radiated by vehicle-road
dynamic interaction10–17. Previous studies have demonstrated
the feasibility of using DAS to estimate the vehicle counts and
vehicle speeds13,17. Thus, the high spatial resolution (meterscale), high temporal sampling (up to 1 kHz), long-distance range
(up to 50 km), and continuous running mode of DAS allows us to
conduct large-scale continuous trafﬁc monitoring in high spatial
and temporal resolution13,17–19. Especially, by leveraging the preexisting roadside telecommunication ﬁbers in urban areas, we are
able to conduct city-wide trafﬁc monitoring in an affordable and
scalable way.
In November 2019, the California Institute of Technology
(Caltech) and the City of Pasadena, California cooperated to turn
two strands of unused ~37 km telecommunication ﬁber cables in
Pasadena, California into a city-wide DAS array (hereinafter
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referred to as the Pasadena DAS array, Fig. 1)14. The Pasadena
DAS array continuously records strain measurements at an 8–10
m channel spacing with a total of ~5000 channels. In this study,
we used the Pasadena DAS array to demonstrate the feasibility of
DAS in trafﬁc monitoring. In particular, the continuous operation
mode and broad city-wide coverage of the Pasadena DAS array
provide us a rare opportunity to understand the trafﬁc patterns
change due to the COVID-19 pandemic in multi-scales.
Results and discussion
Trafﬁc monitoring using DAS. Here, we use DAS records to
constrain two fundamental trafﬁc parameters: trafﬁc volume and
mean speed. Trafﬁc volume is deﬁned as the total number of
vehicles that pass a section of road during a given time period and
the mean speed refers to the average speed of all the passing
vehicles6. We take advantage of the array nature of DAS to
estimate the trafﬁc volume and mean speed using a beamforming
technique (see Methods and Supplementary Figs. S1–S4). Figure 2
shows examples of trafﬁc stream parameters estimated for one of
the DAS subarrays located on an arterial street in Pasadena (E.
Colorado Blvd., Fig. 1). Clear periodic patterns at different time
scales (weekly and daily) and the effect of COVID-19 lockdown
can be observed from the data. The large quantity of trafﬁc data
in high spatial and temporal resolution obtained by our method
allows us to assess the impact on trafﬁc patterns due to the
COVID-19 lockdown across multiple scales.
Effect of COVID-19 lockdown on trafﬁc patterns. The COVID19 lockdown and the accompanying measures have undoubtedly
affected the trafﬁc, but by how much and on what temporal and
spatial scale? A global-scale analysis of high-frequency seismic
noise, presumably caused by human-related activities, shows that
there was a ~50% drop of anthropogenic noise between March
and May 2020, compared to pre-lockdown level20–24. Telematics
data (e.g., Apple and Google mobility reports) also show that
trafﬁc in major cities around the world has declined by around
50–70% during the lockdown period, followed by a gradual
rebound with the reopening of the economy (Fig. 3b)1,2. However, both the high-frequency noise and telematics measurements
suffer from low spatial and temporal resolution and do not have
real vehicle counts. Moreover, these measurements tend to be
biassed toward some speciﬁcs, e.g., high-frequency noise measurement is highly related to the station location and the local
geology, while the telematics data tend to be biased by the user
behaviors (e.g., the difference in Apple and Google mobility
reports in Fig. 3b). In contrast, our results contain objective and
reliable measurements of vehicle volume and speed with a high
spatial and temporal resolution, thus we can more precisely
quantify the multi-scale impact on trafﬁc patterns due to COVID19 lockdown.
To examine how the COVID-19 lockdown has impacted the
trafﬁc, we chose one of the subarrays located on the arterial street
in Pasadena (E. Colorado Blvd., Fig. 1) to show trafﬁc volume
changes over time. Before the lockdown, the trafﬁc volume shows
clear weekly cycles (except holidays) but remains largely constant,
with an average daily trafﬁc volume of 24,500 vehicles in working
days. After the rapid increase of new COVID-19 cases in the
middle of March and the implementation of state-wide lockdown
order on 19 March, there was an abrupt ~40% drop in trafﬁc
volume compared to the pre-lockdown level (from 01 December
2019 to 18 March 2020; the pre-lockdown is referred to the
aforementioned period unless otherwise speciﬁed). The initial
decline in trafﬁc volume preceded the ofﬁcial lockdown order by
several days, coinciding with the rapid increase of new conﬁrmed
COVID-19 cases (Fig. 3). This suggests that the Pasadena
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Fig. 1 The Pasadena distributed acoustic sensing (DAS) array. a The sketch shows the principle of trafﬁc monitoring using DAS. DAS transforms an
along-road ﬁber optic cable into a distributed array of seismic sensors. Vehicles moving along the road generate vehicle-loading quasi-static deformation
that can be detected by the DAS array. The recorded signals (real data recorded by the Pasadena DAS array, ﬁltered to 0.25–2.0 Hz) along the array
represent the trajectory of moving vehicles, with the slope showing the vehicles’ speed. b The map shows the locations of the Pasadena DAS array, with the
symbols showing featured locations near the Pasadena DAS array. Basemap is generated by MATLAB geographic plotting functions and is hosted by Esri.

community responded quickly and spontaneously to the COVID19 outbreak. After the dramatic initial drop, the daily trafﬁc
volume remained at a relatively low level for about 3 weeks,
indicating the local residents were strictly following the “Stay-atHome” order to help prevent the spread of the virus. Then, the
trafﬁc volumes have slowly crept upward since the middle of
April. The increase in volume began about a month prior to the
ﬁrst loosening of lockdown orders on May 8th, suggesting that
local residents’ reactions to the “Stay-at-Home” order evolved
over time. At the end date of our analysis on August 1, 2020, the
trafﬁc volume remained about 75% of its pre-lockdown level, due
to the ongoing closure of schools and restrictions on business
operations as the COVID-19 cases kept increasing.
In addition to the long-term variation, our trafﬁc data reveals
clear weekly and diurnal patterns, though the behavior is quite
different before and after the COVID-19 lockdown (Fig. 3b, c).
On a weekly scale, before lockdown, the trafﬁc volume remains
largely consistent from Monday to Saturday, with a sudden
decline on Sunday. After the COVID-19 lockdown, the weekly
cycle shows clear peaks from Thursday to Saturday. The periodic
pattern is more pronounced in the ﬁrst few weeks in April, which
can be directly observed in the original data (Fig. 3). The periodic
weekly pattern shows that people prefer to go outside on Friday
and Saturday during the lockdown period, though the reasons
and motivations are unclear. On a daily scale, the COVID-19
pandemic and accompanying “Stay-at-Home” order has caused a
drop in trafﬁc volume throughout the day, with the most
substantial trafﬁc volume reduction (~65%) observed during the
morning and evening. During the daytime, the average trafﬁc
volume drop is less prominent (~20%), as essential business and

travel are still ongoing. Here, we acknowledge that our trafﬁc
volume estimates tend to be saturated during the extremely
rush hour (Supplementary Figs. S5–S7), thus the actual peak
hour trafﬁc change may be more substantial than the current
estimates.
As our trafﬁc data cover city-wide areas with a high spatial
resolution (Fig. 1), we can quantify the effect of COVID-19
lockdown on trafﬁc on different roads. We estimated the average
daily (working days) trafﬁc volume before and after lockdown
order and then used their ratio to calculate the trafﬁc volume
change due to the COVID-19 lockdown. As shown in Fig. 4a, the
COVID-19 pandemic and the accompanying “Stay-at-Home”
order generally drove an average ~15% drop in trafﬁc volume
compared to the pre-lockdown level. However, the level of impact
largely varies by road. We select six locations to provide a
representative sample of city-wide trafﬁc patterns (Fig. 4b–g). The
most dramatic drop in trafﬁc volume is on roads near Caltech,
with an average of 50% (up to 65%) decrease in trafﬁc volume
throughout the day (Fig. 4g). While on the arterial streets, the
trafﬁc volume drop is on average 30% (Fig. 4e, f), with the largest
trafﬁc volume reduction during morning and night (up to 50%).
The large drops in trafﬁc volume in the morning and evening are
expected, as fewer people are commuting for work and bars and
restaurants are closed during the lockdown period. For some of
the busiest roads in Pasadena (e.g., Fig. 4d), the trafﬁc volume did
not decline substantially from its pre-lockdown level, suggesting
that essential business is still ongoing. In contrast, the trafﬁc
volume has increased near the main hospital, especially in the
daytime (Fig. 4b), indicating that the hospital is seeing a surge in
demand during the COVID-19 pandemic. Visualizing the data
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Fig. 2 Trafﬁc stream parameter estimation results. The long-term variations of trafﬁc parameters for one of the subarrays located on an arterial street in
Pasadena (E. Colorado Blvd). A zoom-in ﬁgure is shown in the upper panel to highlight the periodic patterns at daily and weekly scales.

provides a clear assessment of where particular areas are mostly
affected by the COVID-19 pandemic.
The dramatic drop in trafﬁc volume during the COVID-19
lockdown period means less trafﬁc congestion, potentially
suggesting a higher mean trafﬁc speed. We estimated the mean
trafﬁc speed before and after the lockdown order and then used
their ratio to deﬁne the degree of trafﬁc speed change due to the
COVID-19 lockdown. Similar to the trafﬁc volume, the level of
impact on trafﬁc mean speed largely varies by road. In general,
there is very little change of speed before and after the lockdown
on streets with pre-lockdown trafﬁc speed already close to or
slightly above the speed limit, suggesting that people still follow
their travel behavior and drive as they normally do. On the other
hand, a substantial trafﬁc speed increase happens in areas where
congestion normally occurs (Fig. 5). For example, on the road
near the Huntington Hospital (Fig. 5b), the mean speed increased
4

from below the speed limit before lockdown to close to the speed
limit after the COVID-19 lockdown. This is mainly because fewer
vehicles on the road lead to less congestion and allow trafﬁc to
move closer to its “free-ﬂow” speed. Less congestion can be
directly observed from the speed-volume relation (Fig. 5b–g),
which describes how trafﬁc behavior changes non-linearly as a
function of trafﬁc stream state6. On the speed-volume diagram,
the uncongested trafﬁc is shown on the top part of the curve; with
the increase of trafﬁc volume, trafﬁc ﬂow becomes saturate and
the congestion happens, which causes the trafﬁc speed to fall
abruptly. The exact speed-volume dynamics for each street
depend on the many factors (e.g., road design, trafﬁc lights, and
stop signs), but comparing the speed–volume before and after on
each individual road shows that city-wide there is less congestion
during the COVID-19 lockdown period (Fig. 5b–g). Visualizing
the data provides a clear indication of congestion within the city,
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Fig. 3 The impact on trafﬁc volume due to the COVID-19 pandemic in multiple time scales. a The daily new conﬁrmed COVID-19 cases and cumulative
COVID-19 cases in Pasadena, CA, sourced from ref. 28. b The long-term variations of daily trafﬁc volumes are shown as circles, colored by the day of the
week. The vertical lines mark several important dates during the observation period. The pink and blue lines show the Apple (Region: Los Angles; Type:
Driving) and Google (Region: Los Angles, Type: Transit) mobility reports, respectively. Note the Apple and Google mobility reports are only available at
urban and/or regional scales. c The weekly patterns of daily trafﬁc volume before and after the lockdown order, with the gray shadowed region shows the
trafﬁc volume change compared to the baseline (pre-lockdown level). d Similar to (b), but for the diurnal periodic pattern. The error bars represent one
standard deviation.

which allows city Department of Transportation engineers to
better understand the performance of each section of the road.
The consistency between our study and the conventional
measurements by the Department of Transportation (Supplementary Figs. S5–S7) and the mobility reports (Fig. 3b)
demonstrates the feasibility of using pre-existing telecommunication ﬁber-optic cables in trafﬁc monitoring. In a similar DASbased trafﬁc monitoring study13, Lindsey et al. (2020) analyzed
the low-frequency quasi-static ground deformation caused by
moving vehicles along a DAS array in Palo Alto, CA, and
employed a template matching detection algorithm to estimate
the trafﬁc volume and its response to the COVID-19 lockdown.
However, due to the need for different templates for each channel
and day in their methods13, they only studied two representative
locations along with the DAS array over the early days of the
lockdown. Moreover, their method can only provide trafﬁc
volume estimates. In comparison, we estimated both trafﬁc

volume and speed for each section of the ﬁber, and thus our
results contain detailed city-wide trafﬁc patterns and allow us to
conduct the congestion analysis to understand the spatial
variation of trafﬁc dynamics. Finally, using longer durations of
data, we have captured the response of trafﬁc patterns to the
COVID-19 lockdown at several time scales, from changes in
daily/weekly routines to long-term recoveries.
Conclusion
The COVID-19 pandemic and accompanying measures have
brought massive changes to our daily lives. In this study, we
conduct city-wide high spatial and temporal resolution trafﬁc
monitoring using a 37-km long DAS array in Pasadena, California to understand changes in trafﬁc patterns due to the
COVID-19 lockdown. Our results show that there in general has
been a decline in trafﬁc volume and an increase in speed city-wide
compared to the pre-lockdown level, however, the level of impact
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Fig. 4 The impact of trafﬁc volume due to the COVID-19 pandemic on different roads. a The map shows the average daily trafﬁc volume change before
and after the lockdown from DAS-based transportation analysis. b–g Diurnal periodic patterns before and after the lockdown at six representative locations
city-wide, with their locations shown in (a). The gray lines show the trafﬁc volume change due to the COVID-19 pandemic, compared to the baseline (prelockdown period). The error bars represent one standard deviation. Basemap is generated by MATLAB geographic plotting functions and is hosted by Esri.

largely varies by region and time. The most dramatic drop in
trafﬁc volume is near university campuses (up to 60%); while the
trafﬁc volume drop is less on arterial streets, as the essential
business and traveling are still ongoing. In contrast, the road near
the hospital shows a clear increase in trafﬁc volume after the
6

COVID-19, suggesting that the hospital is seeing a surge in
demand during the COVID-19 pandemic. In terms of trafﬁc
mean speed, very little change of speed happens to streets that
were already close to or slightly above the speed limit, while the
most noticeable trafﬁc speed changes come in areas where
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Fig. 5 The impact on trafﬁc mean speed due to the COVID-19 pandemic on different roads. a The map shows the degree of mean trafﬁc speed change
before and after the lockdown from DAS-based transportation analysis. b–g Mean speed and speed–volume relation before and after the lockdown. The
black lines show speed limits on each road. The error bars represent one standard deviation. Basemap is generated by MATLAB geographic plotting
functions and is hosted by Esri.

congestion normally occurs. The change in speed is mainly due to
fewer vehicles on the road, which has less congestion and allows
trafﬁc to move closer to its “free-ﬂow” speed. The change in
trafﬁc patterns before and after the COVID-19 pandemic will
help governments determine the impact of COVID-19 on trafﬁc

in different locations, and has potential implications for public
health, the economy, trafﬁc safety. This study also demonstrates
the feasibility of using pre-existing telecommunication ﬁber optic
cables in trafﬁc monitoring. The objective, accurate, reliable, and
continuous trafﬁc data obtained by DAS allow the city
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Department of Transportation engineers to assess the performance of the current state of each road, which ultimately leads to
improvement in designing further roads and transportation
efﬁciency.
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Methods
In this study, we take advantage of the array nature of DAS to estimate the trafﬁc
volume and mean speed using a beamforming technique. More than 50 TB of continuous DAS data were recorded by the Pasadena DAS array during the nine-month
study period (2019/12–2020/8). For our analysis, we divided the continuous DAS time
series into 10-min segments with 25% overlapping to reduce the variance of the trafﬁc
estimation. For each 10-min segment, we removed the linear trend, the mean value,
and the common-mode noise following the standard DAS processing procedures25.
We ﬁltered the data with a bandpass ﬁlter of 0.25–2.0 Hz for vehicle identiﬁcation, as
spectrogram analysis shows clear trafﬁc signals within this frequency band (Fig. S1).
We then divided the entire DAS array into overlapping sub-arrays, with each subarray containing 21 channels sliding every 5 channels. For each sub-array, we ﬁrst
conducted data quality control by removing those channels with a cross-correlation
coefﬁcient with adjacent channels smaller than 0.5. We then used 4th root slant
stacking26 to estimate the vehicle speed over the 15 mph (~24 km/h) to 80 mph
(~128 km/h) speed range (Fig. S2). Instead of tracking individual vehicles, this study
aims to focus on the statistical behavior of trafﬁc parameters. Thus, we use local
maxima analysis to ﬁnd the peaks whose amplitude is above the average amplitude to
estimate the vehicle counts and mean speed per 10 min (Fig. S2). However, the local
maxima analysis tends to underestimate the trafﬁc volume if vehicles are passing in
close proximity of each other (e.g., during rush hour, Fig. S2). Thus, we measure the
duration of the signal over the median value of the minimal identiﬁed peaks from the
local maxima analysis (Fig. S3), and we convert the duration to trafﬁc volume using
the averaged statistical duration of a single vehicle (Fig. S4).
To verify the accuracy of our method, we compared our DAS-based trafﬁc
volume data with the real trafﬁc counts from the Trafﬁc Count Database System
from the Department of Transportation (DOT), Pasadena27. Note that the DOT
trafﬁc counts were measured using stationary devices, thus the DOT measurements
are only available at sparse locations and at particular dates (the exact counting
date of each measurement is based on the DOT’s schedule), due to the high costs of
installation and maintenance. We used the pre-lockdown (from 01 December 2019
to 19 March 2020) DAS-based trafﬁc volume data to calculate mean diurnal
(working days) trafﬁc volume, and we randomly selected 10 representative DOT
locations across the entire ﬁber path (TCDS counting dates within 2010-2020, as
we do not have concurrently operated stationary sensors for a direct comparison)
and used the nearest DAS channel for comparison. Calibration with the real trafﬁc
counts data from the DOT shows that our method can generally resolve the trafﬁc
volume (Figs. S5-S7), though some of the locations show clear differences between
the two studies (e.g., DOT6 and DOT9 shown in Fig. S7). As the DOT measurements were conducted at a particular date, the difference in DOT measurements
and our study could be due to the long-term evolution of trafﬁc volumes with the
development of economy, population, travel habits, etc., and/or the short-term
variation of trafﬁc volumes due to the weather conditions or other stochastic
processes (Figs. S8–S10), as well as the limitations of dark ﬁber installations (e.g.,
coupling, cable position, the multi-lane road against a single road-side ﬁber). To
better estimate, the trafﬁc volume, including the amplitude information, highfrequency signals, or using more sophisticated methods (e.g., machine learning) is
required, which will be left for further studies.
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Data availability
The obtained trafﬁc data (in MATLAB format, a MATLAB script is also provided to load
and plot the data) in this study can be downloaded from CaltechDATA achieve at https://
doi.org/10.22002/D1.2022.
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The codes used in this study are available from Dr. Xin Wang (wangxin@mail.iggcas.ac.cn)
upon reasonable request.
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