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Circadian disruption, a breakdown in the regularity of activity patterns across the
24-h day, can lead to a variety of maladies. Some individuals and organizations
object to the twice-yearly, seasonal changes in local time because it contributes to
circadian disruption. The number of days required to re-entrain the circadian
system to the new local time following transitions to or from daylight saving time is
not completely understood, but several simple rules of thumb (i.e., heuristics) have
beenoffered tominimize the days to re-entrainment and, thus, circadian disruption
(e.g., go for a morning walk). Recently, the authors developed a computational
model for predicting circadian phase from calibrated light-dark exposure patterns,
based largely on the pioneering work of Kronauer and colleagues. This model was
used here to predict the days to re-entrainment of the circadian systems of “larks”
and “owls” to a new local time if they were exposed to one of three specific light
interventions. Simulations showed that the timing of a light intervention must
account for chronotypes (e.g., timing of minimum core body temperature) and
directionof shift (i.e., phase advanceor delay) to achieve re-entrainment to the time
changemore quickly. Simple heuristics are not necessarily adequate forminimizing
the days to re-entrainment.
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1 Introduction

Models are developed to help us understand natural phenomena. Whether simple
heuristics or complex algorithms, the value of any model depends upon its ability to
accurately predict natural phenomena, both in terms of direction and magnitude. The
present study employs a recently published computational model, the circadian stimulus
(CS)-oscillator model (Rea et al., 2022), which is aimed at predicting light-induced phase
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changes, to accelerate re-entrainment following the shift from
standard time to daylight saving time, and vice versa. Some of
those predictions are counter to common heuristics (Tumin,
2023; Suni, 2024) for reducing circadian disruption.

Since the seminal publication of Circadian Clocks (Aschoff,
1965), much has been learned about the human master clock in
our brain and how its timing is affected by light exposure on the
retina. Ideally, the master clock will synchronize or entrain to the
local, daily cycle of light and dark. Through entrainment, the master
clock orchestrates the ideal timing for executing our physiological
and behavioral functions over the entire 24-h daily cycle. Indeed, it is
the ability of the master clock to anticipate what needs to happen,
and when, that makes the circadian system so remarkable.Without a
consistent, synchronizing 24-h cycle of light and dark, however, the
master clock loses its ability to accurately anticipate and then control
the best timing of physiology and behavior. As has been shown in
innumerable studies, health and reproductive success (Miller and
Takahashi, 2014; Swamy et al., 2018) are compromised by
disruption of a regular circadian cycle resulting from disruption
of a regular 24-h cycle of light and dark exposure on the retina.

The mountain of accumulated knowledge about the master clock
in response to light can ideally be boiled down into simple heuristics for
promoting circadian entrainment (e.g., UL Standards and
Engagement, 2019) and thus, better health. By consistently exposing
our retina to bright days and dark nights, the master clock can
consistently influence what biologically needs to happen at what
time(s) and thereby can orchestrate the entire circadian system for
better chances of survival and reproduction. But we clearly do not
always behave in accordance with that simple rubric. Rather, as a
highly intelligent and highly social species, we findmany ways to break
the synchrony between the natural 24-h light-dark exposure pattern
and the light-dark exposure profiles that we actually experience,
thereby negatively impacting the timing of the master clock. For
example, modern humans commonly travel rapidly across time
zones, placing the timing of the master clock at odds with the new
local times of sunrise and sunset (Meir, 2002). We also work and play
into the night, limiting our exposure to bright light while we sleep
during the day and extending exposure to dim light well into the night
(Qin et al., 2003). Even without rapid, trans-meridian travel or shift
work, nearly all of us living within the built environment (Cox-Ganser
and Henneberger, 2021) experience insufficient light exposures during
the day and prolonged light exposures after sunset (Reiter et al., 2007;
Bonmati-Carrion et al., 2014; Smolensky et al., 2015).

Many people around the globe experience the sudden change in
local clock time twice a year, forcing us to re-entrain our biological
clock to the new local time. Therefore, our complicated modern
lifestyles limit the predictive power of any simple heuristic. That
being the case, we need to develop more-complex predictive models
that consider the complicated sociological and technological
environment in which we live. To do so, we need to integrate
three conceptual domains into a more complete and thereby more
accurate predictive model of circadian entrainment.

1.1 Retinal response to light

First, we must define light as it affects the master clock. Light is a
biophysical construct that reflects the spectral and absolute

sensitivities of the human retina to optical radiation. The
photopic luminous efficiency function [V(λ)], or the “eye spectral
sensitivity curve,” was developed by the International Commission
on Illumination (CIE) in the 1920s (Commission Internationale de
l’Éclairage, 1926) to support international commerce for the
emerging electric lighting industry such that a lumen (visually
effective radiant flux) was the same in one country as it was in
another. V(λ) was created from empirical psychophysical
experiments without the benefit of a clear understanding of how
the human retina converts optical radiation into neural signals to the
brain. Today we know that V(λ) represents the spectral sensitivity of
two cone photoreceptors (L-cone and M-cone) in the retina as they
feed one multi-neuron channel connecting the retina to the
conscious brain. We also now know that the neural channel
characterized by the V(λ) spectral sensitivity function does not
function at low light levels, like starlight. The luminous efficiency
of the so-called scotopic channel [V′(λ)] was established by the CIE
in the 1950s (Jansen and Halbertsma, 1951) and is characterized by
the rod photoreceptor action spectrum. A scotopic function was
needed because the spectral and absolute sensitivities of rods are
very different than those for the two-cone, photopic channel [V(λ)].
Indeed, we now describe the human eye as having a “duplex retina”
(Barlow, 1972), one channel for daytime, photopic light levels, and
one channel for nighttime, scotopic light levels. As the neuroscience
has progressed since the 1920s and 1950s, we now know that there
are five photoreceptors in the retina and, even more importantly,
that they all participate in many neural channels that leave the eye to
reach different parts of the brain. Light for each of these channels will
be different because the photoreceptors and neurons that convert
optical radiation into neural signals leaving the eye differ from light
that stimulates the photopic or scotopic channels (Rea, 2012).

One of the multi-neuron channels leaving the retina, the
retinohypothalamic tract (RHT) of the optic nerve formed by the
axons of the intrinsically photosensitive retinal ganglion cells
(ipRGCs), reaches the suprachiasmatic nuclei (SCN), the master
biological clock in the brain. This light-sensitive channel drives the
timing of the biological clock, where, hopefully, it sends neural
signals to support a robust synchrony between the exogenous light-
dark cycle and the endogenous diurnal-nocturnal cycles of
physiology and behavior. Not surprisingly perhaps, the
combinations of photoreceptors and neurons that form this
neural channel are complex. A quantitative model of both the
spectral sensitivity and the operating characteristics of the RHT
neural channel has been developed (Rea et al., 2021a) that,
importantly, is consistent with human retinal neural anatomy
and physiology (Rea et al., 2021b).

Briefly, the spectral sensitivity of the RHT neural channel
(Figure 1A) is characterized by what is termed circadian-effective
light (CLA). All five photoreceptors in the retina (L-cone, M-cone,
S-cone, rod, and ipRGC) contribute to CLA and their relative
participation in spectral sensitivity changes with the amount of
optical radiation incident on the retina. The operating
characteristics of the RHT channel are modeled in terms of
circadian stimulus (CS), which quantifies the magnitude of the
neural signal generated by the retina from threshold to saturation
(Figure 1B), typically following a sigmoid-like function (DeLean
et al., 1978; Evans et al., 1993). Dark for this neural channel can be
defined as CLA levels below CS threshold, and bright as CLA levels
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above CS saturation. For the RHT neural channel, CLA from full
moonlight is below CS threshold but well above rod threshold, and
CLA from daylight, even on a cloudy day, is above CS saturation but
well below cone saturation. CLA levels within the indoor built
environment are almost always between CS threshold and CS
saturation as illustrated in Figure 1B.

1.2 Calibrated ambulatory light data

Second, we need to be able to capture representative profiles of
calibrated light and dark exposures to the human retina as they
might affect the timing of the master clock. Ambulatory light
measurement devices must be used so that the timing, duration,
and amount of the circadian-effective light exposures are recorded
over the course of the 24-h days. These light measurement devices
must be calibrated in terms of the RHT channel spectral and
absolute sensitivities, CLA and CS, respectively. Ideally these
devices should measure optical radiation near the person’s eyes,
but this is often not practical or acceptable to the person,
compromising the spatial accuracy of these measurement devices
to various degrees (Figueiro et al., 2013). The first such calibrated
circadian-effective light measurement device, the Daysimeter, was
developed in 2005 (Bierman et al., 2005). The sensor was worn near
the eyes and included three optical sensors (RGB). Through post-
processing, the spectral sensitivity and the operating characteristics
of the RHT neural channel were used to estimate the magnitudes of
the circadian-effective light exposures every 3 min throughout the
recording period, typically over seven consecutive days.

Several iterations of the Daysimeter have since been developed
(Bierman et al., 2005; Miller et al., 2010; Rea et al., 2010; Figueiro
et al., 2013). The accuracy of the calibration has improved as a better
understanding of the spectral sensitivity (i.e., CLA 2.0) (Rea et al.,
2021a) and operating characteristics (i.e., CS) of the channel has
increased. However, again underscoring the complexity of human
behavior, the spatial accuracy of the Daysimeter has been
compromised to some degree because, as noted previously,
subjects have been reluctant to wear the device near the eyes as it
was originally designed (Figure 2A). Subjects were more compliant

when the Daysimeter was worn as a pendant (Figure 2B) without,
unlike wrist-worn devices, compromising accuracy compared to
measurements at the eyes (Figueiro et al., 2013). Notwithstanding,
continuous calibrated ambulatory light measurements across several
days are essential for characterizing the 24-h light-dark exposure
pattern that synchronizes, or disrupts, the biological clock with
respect to a person’s local position on Earth. Without that
information, it is impossible to characterize circadian
entrainment or how a light intervention might affect
entrainment. We have used the Daysimeter in Figure 2B
successfully in several field studies (Figueiro et al., 2014; Rea
et al., 2016).

1.3 Response of the biological clock to
retinal input

Third, once the RHT neural channel signal to the SCN has been
quantified, it is then necessary to model how the biological clock
processes that signal for downstream communication of circadian
phase to the many various systems that govern our physiology and
behavior. Kronauer (1990) and colleagues (Kronauer et al., 1999)
developed a van der Pol oscillator model of the SCN whereby its
phase changed in response to photic input from the retina, measured
in terms of photopic (two cone) illuminance. Several investigations
have utilized this model, or variations on it, to predict light-induced
phase changes quantified in terms of the predicted changes in clock
time for the minimum core body temperature (CBTmin), a common
marker of circadian phase (Refinetti, 2020). Many of these studies
have been in a laboratory setting (St Hilaire et al., 2007; Mott et al.,
2011) while others have used personal light measurement devices in
the field (Woelders et al., 2017; Huang et al., 2021). All of these
studies show a predictive accuracy of photopic (two cone) light-
induced circadian phase changes no better than approximately 1 h.

The recently developed CS-oscillator model (Rea et al., 2022)
retains the basic structure of the Kronauer et al. (1999) model, but
the photic input is defined in terms of CS (Rea et al., 2021a; b). Four
independent studies measuring circadian phase changes (Sharkey
et al., 2011; Appleman et al., 2013; Figueiro et al., 2014; Rea et al.,

FIGURE 1
Spectral sensitivity of the RHT channel to monochromatic sources and to polychromatic “warm” (b (blue) – y (yellow) ≤ 0) and “cool” (b–y > 0) lights
(A). Operating characteristic of the RHT channel from threshold to saturation (B); the value gradient illustrates CLA levels that would commonly be found
in different locations and times of day. Also shown in panel (B) are the average CS levelsmeasured during the day and during the night (before bedtime) for
the two exemplar subjects in the present study (see Section 2.1).
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2016), before and after a light intervention, were used to compare
the predictive accuracies of the Kronauer et al. (1999) and CS-
oscillator models. In these four studies light measurement devices
(Daysimeter) calibrated in terms of photopic illuminance (lux) or
CLA were used to continuously measure personal light exposures
over 24 h for 1 week. The predicted phase changes in dim light
melatonin onset, another measure of circadian phase, ranged from
mean absolute error (MAE) between 0.91 h and 1.43 h using the
Kronauer et al. (1999) model, with an average MAE of 1.07 h (1 h,
4 min). With the CS-oscillator model the range of MAE values was
narrowed to between 0.59 h and 0.63 h with an average MAE of
0.61 h (37 min). To reach this level of accuracy from the CS-
oscillator model, the initial circadian phase of an individual must be
accurately estimated to properly assess the impact of a light
intervention on altering circadian phase. It is also worth noting
that the entire 24-h exposure pattern is needed for this level of
accuracy, undermining the simple heuristic often repeated that only
light exposures during the morning and the evening need to be
considered to predict phase changes.

1.4 Goal of the present study

The present study utilizes information in all three
aforementioned domains to predict how circadian phase is
affected by personal light profiles experienced by two working
adults, a typical “morning” (lark) type and a typical “evening”
(owl) type (Lack et al., 2009), before and after the twice-yearly
seasonal changes in local time at two geographically distant US cities
(Boston and Detroit), but within the same (Eastern) time zone. We
begin with exemplar, 7-day, 24-h, light-dark (and activity-rest)
patterns obtained from calibrated Daysimeters that were worn as
pendants (i.e., as in Figure 2B) by the two individuals. The
Daysimeter records raw photic light levels from three channels,
R, G, and B, and movement from three orthogonal accelerometer
channels, x, y, and z. Through post-processing, calibrated light levels
can be quantified in terms of photopic illuminance in lux, or
circadian-effective light, at CLA 1.0 (Rea et al., 2010) or CLA 2.0
(Rea et al., 2021a; b) levels. The CLA 2.0 levels represent a refined
version of the 1.0 version of the model used to characterize light for

the circadian system, based on recent nocturnal melatonin
suppression data collected to test predictions from the
1.0 version (Nagare et al., 2019b; Nagare et al., 2019c; d). From
the processed CLA levels, CS levels can then be determined (Rea
et al., 2021a; b). From the processed accelerometer data, an activity
index (AI) is determined (Miller et al., 2010). AI is the root mean
square (RMS) deviation in acceleration in the three (x, y, and z)
accelerometer channels for each logging interval.

From the CS-calibrated, 7-day light-dark pattern, the CS-
oscillator model was engaged to predict CBTmin with respect to
local time before-and-after the transition times to standard time
(ST) during the autumn (November) and to daylight saving time
(DST) during the spring (March). From the two, lark and owl,
before-and-after determinations of CBTmin, the days to re-
entrainment (DTR) were then determined. DTR is defined as the
number of days it takes for the internal biological clock of an
individual to temporally re-align itself to local clock time
following the autumn or the spring transition. The exemplary
light-dark patterns were then virtually modified in several ways
to illustrate how the CS-oscillator model could be used to predict
DTR following those virtual light interventions. A goal of the present
study was to determine how various, practical light interventions
could be used by larks and owls to minimize DTR following the two
seasonal changes in local clock time. Recognizing the infinite
variations in behavior patterns, light exposure patterns, individual
chronotypes, and geographical location, our general goal was to
develop a more refined and accurate set of heuristics so that
individuals could more rapidly adjust to the transition to
and from DST.

2 Methods

2.1 Exemplar subject profile selections

Figures 3A,B show 7-day average daily levels of CS and AI
(arbitrary units) for two employed subjects (denoted “A” and “B”)
who participated in one of our Light and Health Institute online
educational programs in September 2022. Subjects were permanent
daytime workers and wore the Daysimeter as a pendant for a week at

FIGURE 2
Examples of the Daysimeter worn near the eyes (A) and worn as a pendant (B). Images with permission of the Lighting Research Center.
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their home/work location prior to beginning the program. A variety
of tabulated metrics derived from the Daysimeter data are shown in
Table 1. Of particular note, CBTmin (see Section 2.2 for determining
CBTmin), was calculated from the CS-oscillator model (Rea et al.,
2022). Based upon that determination, subject A was classified as a
“lark” (Figure 3A) and subject B was classified as an “owl”
(Figure 3B) (Gale and Martyn, 1998; Roenneberg et al., 2003).
The terms lark and owl are used here to characterize their
relative CBTmin times, both of which lie near the center of the
range for “morning types” and for “evening types,” respectively
(Lack et al., 2009). In the context of exemplar subject selection for
the present study, however, we wanted to not only select subjects
who were different in terms of their predicted CBTmin, but we also
wanted to select ones who were “typical” of individuals working and
residing indoors most of the day, given that most Americans spend
90% of their time indoors (U.S. Environmental Protection Agency,
1989). It is noteworthy that their phasor magnitudes, indicating the
strength of the synchronization between the 24-h light-dark and 24-
h activity-rest rhythms (Rea et al., 2008), were very similar,
indicating that both subjects were equally entrained to their
personal light-dark exposure patterns and their activity-sleep

schedules. Consistent with the similar phasor magnitudes, the
difference between the CBTmin and wake time was about 3 h for
both subjects, a value not unlike that found in other studies for
entrained individuals (Carrier et al., 1999). Naturally, however, the
phasor angles, which indicate the relative offset between the light-
dark cycle and the activity-rest cycle (Rea et al., 2008), of the two
subjects were quite different, consistent with their CBTmin values
and their lark and owl categorizations.

Although phasor magnitudes and angles depend upon the
synchrony between the 24-h light-dark and activity-rest patterns,
irrespective of absolute levels of CS and AI, it is important to note
that the average daily CS and AI levels are both quite similar for the
two subjects. Further, the CS and AI levels for these two subjects are
like those for subjects from other similar studies (e.g., Figueiro et al.,
2012). Moreover, their average CS levels are typical of subjects who
spend most of their active hours in indoor spaces (Figueiro et al.,
2019; Figueiro et al., 2020). What is more, it is noteworthy that their
daytime CS levels, presumably associated with commercial
workspaces, are higher than those associated with their evening
light levels, presumably associated with residences (Rea et al., 2020).
Again, this difference between daytime and evening CS levels is
typical of subjects from other studies. The grey-value gradient in
Figure 1B illustrates CS levels that would likely be experienced
outdoors at night, indoors at night, indoors during the day, and
outdoors during the day. The average CS levels during daytime and
during evening from Figures 3A,B are, as would be expected,
consistent with the nominal categories illustrated in Figure 1B.

2.2 Days to re-entrainment (DTR)

As previously noted, the CS-oscillator model permits
estimations of CBTmin clock time from a subject’s daily (24-h)
personal light-dark exposure profiles (measured in terms of CS),
like those shown in Figures 3A,B. CBTmin is both an input to the CS-
oscillator model and an output from the model. To begin the process
of estimating CBTmin, an initial estimated value of CBTmin is entered
into the model along with the personal light-dark exposure pattern
representing several (in this study, seven) 24-h days of time-series
light exposure data for an individual. The CS-oscillator model
calculates the individual’s new CBTmin clock time based on the

FIGURE 3
Temporal light-dark exposure (CS, shaded) and activity (AI, solid line) profiles, each averaged over 7 days, for subject A, the lark (A), and subject B, the
owl (B). The star represents the time of CBTmin based upon the light-dark exposure profile.

TABLE 1 Metrics derived from Daysimeter data for subjects A and B.

Parameter Subject A Subject B

Wake time (typical) 07:00 09:00

Bedtime (typical) 23:20 02:15

Hours of inactivity (sleep) 7 h, 40 min 6 h, 45 min

Baseline (initial) CBTmin 03:51 06:04

Difference between CBTmin and wake time 3 h, 9 min 2 h, 56 min

Phasor magnitude 0.35 0.30

Phasor angle (h) 1.37 2.32

Mean waking activity index (AI) 0.10 0.12

Mean circadian stimulus (CS); wake to bed 0.16 0.15

Mean CS (wake time to 19:00) 0.22 0.22

Mean CS (19:00 to bedtime) 0.02 0.03
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light exposure profile, to a precision of 0.01 h. To identify an
individual’s baseline CBTmin time, assuming a continuous 7-day
weekly light exposure profile that repeats indefinitely, the CS-
oscillator model is run iteratively using the calculated CBTmin

time from the previous run as its input, until the resulting
CBTmin time does not change within 0.01 h.

For the re-entrainment analyses, the initial CBTmin value was the
asymptotic CBTmin for the baseline period, then shifted by 1 h to
represent the immediate clock-time shift associated with the
transition to or from DST. Several iterations of the model
calculations were then conducted with the same 7-day light-dark
exposure pattern. After each iteration, a new CBTmin value was
output from the model, representing the CBTmin time resulting from
the previous estimated CBTmin value and the light-dark exposure
pattern. The resulting CBTmin is then entered into the model again
and, using the same light-dark exposure pattern, the next CBTmin is
output. Eventually, the estimated CBTmin would reach an
asymptotic value.

As an example of this process, the solid line in Figure 4 shows
how CBTmin would change during a series of model iterations
when clock time had been advanced 1 h (Δ = 60 min) as would
occur in the spring following the transition from ST to DST. To
estimate the DTR following a time change in the spring and in the
autumn, a criterion shift in CBTmin of 50 min (Δ = 50 min) was
selected for all model iterations in the present study. This
criterion was selected for three reasons; first, because as
shown in Figure 4, a shift approaching 60 min can take as
much as three times longer to achieve than a shift of 50 min.
Second, the CS-oscillator model’s precision level of 0.01 h, while
mathematically accurate, is not necessarily accurate in real-world
conditions where other factors such as diet (Potter et al., 2016) or
exercise (Youngstedt et al., 2019) can effect small changes in
circadian phase. Third, as asymptotic model predictions can be
unreliable (Sandberg et al., 2021), and a 50-min criterion shift is
close to the inflection point of the re-entrainment curve in
Figure 4 where it changes from very steep to nearly flat, using
this criterion provides a more reliable estimate of the relative

time needed to re-entrain following DST-related transitions. In
the example shown in Figure 4, the DTR is equal to 9 days. The
baseline, or initial, CBTmin for both subjects, based strictly upon
their personal light-dark exposure pattern, is shown in Table 1.

In estimating DTR, we explicitly assumed that the activity-rest
pattern would be governed by the local clock time for the two
working subjects without regard to a change in local time from ST to
DST, and vice versa (e.g., people must get to work at the same clock
time before and after a seasonal change in local time). Further,
because these two subjects were (presumably) exposed only to
indoor lighting the relationship between the activity-rest pattern
and the light-dark pattern would always remain the same. Thus, in
terms of local clock time, the relationship between their sleep time,
including bedtime, midsleep, and wake time, and their personal
light-dark exposure pattern would remain unchanged.

To determine the effects of the instantaneous change in
local clock time from ST to DST and from DST to ST, we re-
assigned the previous CBTmin value (e.g., 04:00) to the new CBTmin

after the transition, which would be 1 h later (e.g., 05:00) in the
spring and 1 h earlier (e.g., 03:00) in the autumn with respect to the
local clock time prior to the clock time change. This places the
baseline estimated CBTmin from the CS-oscillator model at odds
with the new, shifted CBTmin. Again, keeping the relationship
between light-dark pattern and the activity-rest pattern fixed
before and after the shift in local clock time, we were then
able to determine how many iterative cycles, or days, it would
take for CBTmin to reach the 50-min criterion shift to the new local
clock time. In other words, we were able to determine how long it
would take to return to the same temporal difference between
CBTmin and local clock wake time as before the change in local
time; this difference was approximately 3 h for both
subjects (Table 1).

For our analyses we further assumed that the two subjects
either resided/worked in Boston, near the eastern border of the
Eastern Time Zone, or in Detroit, at a similar latitude but near the
western border of the Eastern Time Zone, where sunrise is
50 min later.

FIGURE 4
Illustration of the predicted change in CBTmin (Rea et al., 2022), represented by the heavy black line, for subject A following the transition to DST.
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3 Results

3.1 DTR without light intervention

The baseline CBTmins prior to the change in local time and the
CBTmins after the change in local time and the resulting predicted
DTRs for Boston and for Detroit were determined for both subjects.
Since these two subjects only experienced indoor lighting, the 50-
min difference in sunrise had, as expected, little or no effect on DTR
for both the lark and the owl. Given their personal light-dark
exposure patterns were different, however, it would take the owl
longer than the lark to re-entrain to the time changes, both in the
spring and in the autumn (Table 2).

As noted in Section 1.4, our primary goal in this study was to
explore the impact of different practical light interventions that
might be taken by larks and or owls following the change from ST to
DST, and vice versa, to determine if and how DTR could be reduced,
thereby minimizing the duration of circadian disruption due to the
sudden change in local clock time. Three presumably practical
calibrated light interventions were selected for modeling with the
CS-oscillator model. Each light intervention was added to the light-
dark profiles in Figures 3A,B, quantified in terms of the amount (CS)
and duration (hours) and by the local time it was applied. It should
be emphasized that these interventions are intended to be carried
out after the transition to DST or ST and would be expected to cease
once re-entrainment was established. An unchanged indoor
behavioral profile before and after the transition will ensure
continual entrainment of the stabilized circadian phase to the
original, unchanged, light exposure profile.

3.2 DTR with light interventions

3.2.1 Self-luminous display
A recent meta-analysis investigating changes in screen time

following the COVID-19 pandemic revealed that leisure (non-
work/non-academic) screen time has increased by 0.7 h per day
in adults (Trott et al., 2022). Several studies have characterized light
exposures at the eye from self-luminous displays. For instance,
Gringras et al. (2015) reported that smartphones (iPhone 5S,
Apple Inc., Cupertino, CA, United States) can deliver a light level
of 51 lx at the eye when operated from a typical reading distance of
about 22.5 cm. For typical self-luminous spectra, this would
translate into a CS value of 0.12. With regard to self-luminous
displays, Wood et al. (2013) and Nagare et al. (2019a) have
reported that iPads (iPad Air 2 and IPad 2, respectively, Apple
Inc., Cupertino, CA, United States) deliver around 70 lx at the eye
for an average viewing distance of 30.5 cm, or a CS of 0.13. For this

virtual intervention, it was assumed that both the lark and the owl
viewed a self-luminous display (CS = 0.13) for 30 min beginning at
19:00, around dinner time. For the two profiles under investigation
in this paper, this clock time corresponds to the end of higher
interior light level exposures (e.g., those from the workplace during
the day) and the beginning of lower interior light level exposures
(e.g., those from typical of a residence indoors) (Rea, 2000).

3.2.2 Trip to Florida
It is not uncommon for people in Boston and in Detroit, having

approximately the same north latitude (42°N), to vacation in Miami,
which is in the same time zone but much further south (28°N)
during the colder months. In March during the change in local clock
time, the day lengths in all three cities are approximately 12 h. In
November, during this change, the day lengths are slightly shorter
(10 h) in the northern cities than in Miami (11 h). One would expect
the time spent outdoors in Miami would be longer than it would be
in Boston and Detroit because of warmer weather, particularly when
a person is on vacation. For this virtual intervention, it was assumed
that the lark and the owl residing in Boston and the lark and the owl
residing in Detroit both flew to Miami the Saturday evening of the
clock change in spring and autumn. They then spent the next week
outdoors in bright daylight. For this virtual intervention it was
assumed that the lark and the owl kept the same activity-rest cycle
they had exhibited in their respective cities. Because the owl would
get up well past sunrise, however, the duration of their daylight
exposure would naturally be less (9 h) than it would be for the lark
(11 h). To simulate the light levels they would experience while
outdoors in daylight, the recorded CLA light exposure profiles (for
the daylight hours) in Figures 3A,B were all multiplied by a factor of
10, a representative multiplier for outdoor versus indoor light
exposures for many individuals (Rea, 2000).

3.2.3 Morning walk
Recent statistics suggest that about 49 million people in the U.S.

reported engaging in running and jogging activities in 2021 (Statista,
2024). An even greater number of people (115 million) reported
engaging in walking for fitness activities during the same year. In
fact, the physical activity guidelines from the American Heart
Association recommend at least 150 min of moderate intensity
aerobic activity per week (>30 min per weekday) to improve
health and wellbeing (American Heart Association, 2024). It has
been well-documented that even on cloudy days, daylight can deliver
very high light levels at the eye (CS ≥ 0.5). For this virtual
intervention, it was assumed that the lark and the owl went for
an outdoor (CS = 0.5) morning walk for 45 min, 30 min
after waking.

The results of the three intervention simulations are shown in
Table 3. In some cases in Table 3, an asterisk (*) indicates when the
intervention shifted the individual in the wrong direction for the
DST-related transition in clock time (e.g., when an intervention
caused a phase advance but the DST-related transition called for a
phase delay). The DTRs in both Boston and Detroit were the same
for these virtual light interventions. (A separate virtual light
intervention comparing Boston and Detroit is discussed later to
illustrate how a later sunrise in Detroit would affect predicted
changes in circadian phase.) Of particular interest, the DTR
values in Table 3 show that the same intervention can produce

TABLE 2Days to re-entrainment (DTR) for the lark and the owl following the
transitions between DST and ST, with no change in light-dark exposure
profiles relative to clock time.

Intervention Season (Goal) DTR

Lark Owl

None Autumn (delay) 10 14

Spring (advance) 10 15
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very different outcomes depending upon the season when the local
time change occurred. As a prime example, a 45-min morning walk
in the spring accelerates re-entrainment because it provides bright
light exposure to advance circadian phase, but that same walk in the
autumn prevents re-entrainment because it is counter to one
wanting to delay circadian phase.

It is also interesting to consider light at night by the evening self-
luminous display exposure. This has no effect on the owl because the
timing of the light exposure is well before their CBTmin and outside
both the delay and advance phase response to light (see Table 2).
However, the same evening light exposure has a profound effect on
the lark because, again, the timing of the light exposure is during the
delay phase response to light and closer to their CBTmin.

As already noted, these virtual light interventions had little or no
differential effect between Boston and Detroit for the morning walk
or for the evening self-luminous display. The reason is that these two
light interventions simulated here did not differentially influence
DTR because they were not differentially exposed to daylight. The
self-luminous display exposure in both Boston and Detroit was
never accompanied by daylight because it was viewed indoors and
the morning walkers in both Detroit and Boston were outside after
sunrise. Suppose the morning walks were taken by the lark
immediately after waking during the springtime, rather than
30 min after waking (which resulted in a DTR of 6 days
according to Table 3). In this case, the earlier exposure to
daylight during the walk in Boston would have advantaged the
lark in Boston (reducing DTR from six to 5 days). However, because
the sun would not have risen in Detroit at the same clock time, the
earlier walk would disadvantage the lark (increasing DTR from
6 days to 9 days). For the owl, there is less difference because the sun
has already risen by the time the owl wakes up, regardless of location
within the time zone.

4 Discussion

There has been a great deal of discussion among politicians,
bureaucrats, and the public about the wisdom of preserving or
eliminating DST. Some people voice a preference for ST all year long
while others prefer to have DST throughout the year. Others,
perhaps the majority, like the fact that there are two yearly
changes in local clock time so that, with respect to local clock

time, they can commute to work in daylight during the winter and
can enjoy daylight on the patio or in the backyard during the
summer (Coogan et al., 2022).

Many chronobiologists do not like the seasonal changes in local
time because most people live by local clock time, not biological
time. This can create a sudden change in the light-dark exposure
cycle relative to clock time which governs the activity-rest cycle.
Chronobiologists know that this sudden disparity between clock
time and biological time creates circadian disruption which has been
linked to poor sleep (Harrison, 2013), accidents (Sullivan and
Flannagan, 2002; Lahti et al., 2010), and even mortality (Poteser
and Moshammer, 2020). As a result, many chronobiologists have
argued for discontinuation of the seasonal changes in local time,
often favoring ST over DST.

The analyses performed for this study suggest that DTR
following a change in local time can be accelerated or prolonged
indefinitely depending upon the light-dark exposure cycle. The
heuristic that light can both delay and advance circadian phase is
certainly not new, but what is new is the potential of the CS-
oscillator model to quantitatively guide individuals experiencing a
change in local time so that they can minimize DTR and thus
minimize the duration of circadian disruption, based on the
chronotype and lifestyle. It is important to consider, at a
minimum, an individual’s chronotype (i.e., owl vs. lark) because
the analyses here demonstrate that different chronotypes will
respond differently to interventions like those discussed in this
paper. Because of this, some advice given to the general
population (e.g., “get daylight exposure in the morning” (Suni,
2024)) may not always be applicable or beneficial for re-
entrainment after ST/DST transitions.

Directionally, everyone knows that the biological clock must,
with respect to the new local clock time, advance in the spring and
delay in the autumn. Everyone also knows that re-entrainment of the
biological clock to the new clock time is not instantaneous. The exact
number of days to re-entrain has not been clear; some have some
have reported the time to re-entrain is 7 days (Monk and Folkard,
1976), but others say it can be accomplished in 2 days (Lahti et al.,
2010). The present study suggests that “doing nothing different”
after the local clock time change requires 10–15 days for re-
entrainment.

Two things should be made clear about this exercise. First, the
modeled quantitative predictions are just that, predictions. They are
offered here based upon the latest science, but any and all
predictions are and should be subject to empirical hypothesis
testing. These predictions are only as good as the accuracy of
information within the three domains described in Section 1 (the
retinal response to light, ambulatory light data and the response of
the biological clock). Without that information it would be difficult
to predict the magnitude or even the direction that a change in the
light-dark cycle might drive the biological clock.

Second, although we selected two real examples of daily light
profiles and life-style activity patterns for analysis, the
generalizability of the predictions for all people is limited. The
two subjects that we selected were ones who had limited
exposure to daylight. This seemed reasonable since the large
majority of human activity is carried out indoors (Cox-Ganser
and Henneberger, 2021). These data were also collected following
the worldwide COVID-19 pandemic and may reflect a greater

TABLE 3 Days to re-entrainment (DTR) for the lark and the owl for different
post-transition interventions.

Intervention Season (Goal) DTR

Lark Owl

Evening self-luminous display (30 min) Autumn (delay) 7 14

Spring (advance) * 14

Trip to FL Autumn (delay) 7 21

Spring (advance) 8 4

Morning walk (45 min) Autumn (delay) * *

Spring (advance) 6 6

*Re-entrainment not achieved.
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likelihood than before to stay indoors at home (Gold, 2023).
We modified these two actual light-dark profiles to determine
how additional, virtual, “practical” light interventions might
affect predictions of the direction of circadian shift and the time
to re-entrainment. We held lifestyle activity patterns constant
assuming that people’s work and social activities are governed
mainly by the local time, not biological time. There are literally
an infinite number of daily light profiles and daily lifestyle
activity patterns that are possible to model, including special
ones like those experienced by farmers (bright light all day),
computer analysts (dim light all day), flight attendants (non-24-h
light exposures), and firefighters (shift workers). The two profiles
we used in this paper could not possibly be indicative of the entire
Western population, but they are typical of “morning” (lark)
and “evening” (owl) types (Lack et al., 2009). Still, there is a
great deal more “custom” work that needs to be undertaken to
predict helpful, individualized light interventions, including better
understanding the slower circadian adaptation of older adults
(Costa, 2003) and those with large circadian rhythm amplitudes
(Reinberg et al., 1978). We hope, however, that the CS-oscillator
model can be a useful tool for enhancing our understanding of these
and related factors.

Notwithstanding, and assuming that our two cases are not
outliers, the guidance in Figure 5 is offered as “extended
heuristics” to suggest light interventions that might help with the
spring and autumn changes in local clock time. The green and red
hues represent the direction of phase change induced by the light
intervention with respect to the goal, either advance or delay. The
hue saturation represents the magnitude of the direction induced by
the light intervention. As previously mentioned, these three
extended heuristic interventions are meant to be temporary, only
occurring after the transition to DST or to ST until re-entrainment is
achieved. Further, based on the underlying light exposure profiles we
evaluated, the predictions described here apply to individuals who
are primarily exposed to indoor lighting, a large fraction of the
population.

5 Conclusion

The CS-oscillator model (Rea et al., 2022) used in the present
study provides “extended heuristics” that probably can help people

cope better with the twice-seasonal changes in local time associated
with DST. Whereas these twice-seasonal changes in local time affect
nearly everyone, their negative impact on the circadian system is
probably small with respect to those induced by irregular light
exposures experienced by individuals who engage in shift work or
frequent air travel across multiple time zones. The CS-oscillator
model is potentially important for developing strategies to minimize
circadian disruption in these particularly vulnerable populations,
but the model’s predictions need to be verified empirically and
extended to more extreme chronotypes and to shift workers before
formal implementation.
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