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M Check for updates

The historical association of time with the rotation of Earth has meant that
Coordinated Universal Time (UTC) closely follows this rotation'. Because the
rotation rate is not constant, UTC contains discontinuities (Ileap seconds), which
complicates its use in computer networks? Since 1972, all UTC discontinuities have

required thataleap second be added®. Here we show that increased melting of ice
in Greenland and Antarctica, measured by satellite gravity*®, has decreased the
angular velocity of Earth more rapidly than before. Removing this effect from the
observed angular velocity shows that since 1972, the angular velocity of the liquid
core of Earth has been decreasing at a constant rate that has steadily increased the
angular velocity of the rest of the Earth. Extrapolating the trends for the core and
other relevant phenomena to predict future Earth orientation shows that UTC as
now defined will require a negative discontinuity by 2029. This will pose an
unprecedented problem for computer network timing and may require changes
inUTC to be made earlier thanis planned. If polar ice melting had not recently
accelerated, this problem would occur 3 years earlier: global warming is already
affecting global timekeeping.

Many activities, such as communications, network computing, posi-
tioning and financial markets®, require a consistent, standardized
and precise timescale. This is now provided by Coordinated Uni-
versal Time (UTC), created by international coordination and used
everywhere'. In UTC, the unit of the timescale is the second, defined
by a physical oscillator (caesium atoms). The history of horology
shows that oscillator-based definitions (before 1940 from pendula)
have been used in almost all timescales in the past few centuries,
whether the time was distributed by the bells of a turret clock’®,
time balls’®, telegraphy'®" or radiowaves'>". All such timescales
have also included rules that coupled the timescale to the rotation
of Earth, either by changing the oscillator frequency (in horologi-
cal parlance changing the rate) or by introducing a discontinuity
(resetting the clock).

Before 1955, any high-quality timescale had to be coupled to
the rotation of Earth because this was more stable than any avail-
able oscillator, so the second was defined as a specified fraction of
the time Earth took to rotate oncerelative to the stars. A count of these
rotational seconds produced a timescale labelled UT1. Atomic fre-
quency standards based on caesium are so much more stable than
the rotation of Earth that the first paper announcing a working cae-
sium oscillator was immediately followed by one suggesting that
this frequency be used to define a‘physical second’. A timescale using
such seconds was established in 1955, and subsequent work™* cre-
ated, withinafew years, an atomic timescale labelled TAL. UT1 and TAI
were defined to agree on1January 1958; since then they have diverged
because the Earth spins at a variable rate. This variability has com-
plicated UTC in the past and seems likely to do so even more in the
near future.

Causes of spin-rate changes

Taking the viewpoint that” ‘the Earth is ageophysical laboratory, nota
timekeeper’, we specify its spin rate as the time-varying angular veloc-
ity, w,(¢), of its solid part (the mantle and crust). We describe varia-
tions in w, by the normalized difference from a reference value w:
A, =(w,— wy)/w,. (We use subscripted 4s throughout to designate the
normalized differences.) Integrating 4, from 1958 onwards gives the
difference between UT1and TAL

ChangesinA4,occur because of the conservation of angular momen-
tum, which for the solid Earth is C,w,, C,being the moment of inertia of
this part about the polar (spin) axis. This angular momentum is con-
nected to the total angular momentum of the Earth, H, by

Cw,=H-[Cw,+C,w, +Cw]l, 1)

wherethethreetermsinbrackets are the angular momentaof the fluid
parts of Earth: the first and second represent the air and the water
above the solid part, and the third the (mostly fluid) core withinit. Each
of these parts has its own moment of inertia Cand mean angular velo-
city w. Variations in 4,, and hence in UT1, can be caused by changes
in any of the other variables; because TAI-UT1 is the integral of 4,
longer-period changes have the most effect on this difference. Rewrit-
ing equation (1) as

w,=H/C,— [rw,+ r,w,+roc] )

shows the relative importance of the other angular velocities. As
r,=C,/C,=15x10"%r, is 5x10™* and r_ is 0.13, changes in w, are
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much more important than similar changes in w, and w,,. A motion
of 1ms™in the atmosphere and 30 m yrin the core alter w, by the
same amount.

For periods between a few days and a few years, most of the change
in w,comes from two sources. The firstis changesin C=C, + C,, + C.as
the Earth is deformed by the tidal forces from the Moon and Sun. Most
of these tidal-deformation changes cause UT1 variations of a few mil-
liseconds, although one UT1variation has aperiod of 18.6 years and an
amplitude™ of 0.18 s. The second source is changes in C,w, and C,w,,
related to atmosphere and ocean motions, with the largest contribu-
tion® from changes in w,. Seasonal changes in C, and w, cause UT1 to
vary by about 0.025 s. Spectral analysis shows that nonseasonal vari-
ationsinthese terms (also dominated by changesin w,) are the largest
contributor to changes in 4, for periods from days to about 5 years.
The variations in 4, induced by atmosphere and ocean motions are
close to white noise, creating a random-walk variation in UT1 of less
than+0.3 sinthe past 50 years.

Tidal forces also apply a torque to the whole Earth, reducing H and
hence w,: thisis known as tidal friction. On the time scales treated in this
paper, the ocean tides are essentially constant® and the tidal friction
diminishes w,at a constant rate. Measurements of lunar motion* show
that tidal friction causes 4, to change by -2.77 x 10 yr™,

Another cause of steady changes in w, is the decrease in C,from the
continued readjustment of Earth following the melting of theice caps
that covered the Canadian Arctic and Fennoscandia. This readjustment,
termed glacial isostatic adjustment (GIA)?>*, does vary over millennial
timescales, but over centuriesit steadily makes the Earth more spheri-
cal, causing 4, to change by about*** 0.9 x 10 yr,

Becausetidal friction and GIA cause a quadratic variationin TAI-UTI,
the sumofthese has tended to dominate the predictions of this differ-
ence®. But changes in C,, and w, must also be considered; when they
are, recent and near-term changesin UT1canbeseento be affected by
them in consequential ways.

Recent changesinspin caused by ice andiron

Changes in C,, can best be found by measuring the total moment of
inertia C=C,+ C, + C, and correcting for changes in C;and C,. Cis
proportional to one term in the spherical harmonic expansion of the
gravity field of Earth, denoted by /,, so its changes can be measured
to high accuracy by tracking satellites*>*. Changes in /, because of
redistribution of mass on the surface of Earth scale’ to changes in w
asd,=-17§/,.

Figure 1shows the longest series of /, available from satellite meas-
urements. The rate from 1976 to 1991, —0.35 x 10 ° yr%, has first been
removed; thisis the sum of -0.54 x 10° yr! from GIA-induced changes
in C,and 0.19 x 10 yr' from changesin C, caused by ice near the poles
melting with the water distributed over the oceans??. This processis
partofthe twentieth-century sea-level rise and is termed present-day
mass transfer (PDMT). For melting or freezingin highlatitudes, achange
in107°in/, corresponds to about a2.3-mm change in sea level®.

After seasonal adjustment, this /, time series shows an accelerating
rate of change; fitting a parabola gives a departure from zero around
1986, extending behaviour noticed as early as 2002 (refs. 30,31) but
now much clearer. The parabolic fit gives a current rate of 10 % yr?,
closely corresponding to the estimates of the current rate of sea-level
change from added ocean mass®®,

Figure 2a-cshows how thisincreased rate of change in C,,compares
with other sources of change in 4,,. Figure 2a shows the observed
changes in 4, starting in 1962 (when the necessary data became
available), after removing changes from the tidal-deformation and
atmosphere and ocean motions contributions. The remaining 4, is a
smooth, irregular and declining curve with w,increasing over the past
50 years. Currently, 4, is close to zero, meaning that w, is close to the
value assumed when the atomic second was defined; for complicated
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Fig.1|ChangesinJ,.a, Monthly variationsin/, estimated fromsatellite
tracking?, with the trend to 1991 removed. The original values areingrey. The
bluelineis partofthe correctionapplied to w,:zerobefore1983.6,from1983.6
totheend of the dataitis the values obtained by seasonal adjustment and
smoothing. Thered curveisaquadratic fit to the smoothed and adjusted data,
givenby 0.128 x 10™'¢?, where tis years from 1985.9; the blue line follows this
after the end of the data. The greenlineis analternate version of /,(¢) with no
acceleration.
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historical reasons'***, the TAl second is approximately the average
value of the UT1 second between 1750 and 1892.

Figure 2b shows the contributionsto 4, of tidal friction, GIAand the
PDMT inferred from/, changes (blue, to match Fig.1); all have been set
tobezero(greyline) in1972. The contribution from PDMT without the
recentaccelerationisalsoshown (green; see Fig.1). These contributions
all have been extended as predictions to 2045, something easily done
for tidal friction and GIA. Extrapolating the parabolain Fig.1gives a
change supported by other predictions: from 2014 to 2050, it corre-
spondsto 0.11 m of sea-level change, closely matching one prediction
of the Sixth IPCC Report®.

Figure 2cshows 4, (w,) when these known contributions are removed
fromthe observed valuesin Fig. 2a: this canbe thought of as a‘Residual’
part of changes in the spin of Earth. The acceleration of PDMT after
1987 lowers the last part of this curve, so that from 1972 to the present
itisreasonably well approximated by a linear trend.

Interms of equations (1) and (2), changes in H, C,w,, C,@,,and C, are
fully accounted for, and the /, data rule out changes in C_; so the only
possible source for changesintheresidual seriesis changesin w.(which
do not affect/,). We know that motions in the fluid core exist and pro-
duce variations of the magnetic field of Earth®?, A spectral analysis* of
theseriesin Fig. 2cshows that at periods longer than 3 years the power
spectrum varies with frequency fasff with f=-2.4. For periods froma
few yearsto centuries, the spectrum of the axial dipole of the magnetic
field of Earth increases similarly but® with—6 < S <—4.

Measurements of 4, over the past 200 years show even larger irregu-
lar changes®, consistent with a very red spectrum for 4,,: although
these changes are sometimes called decadal, they become even larger
atlonger periods and can be modelled as a stochastic process*’. Core
motions have beeninvoked to explain why the long-termrate from GIA
andtidal friction,—1.85 x 10 yr!, might differ from the long-termrate
of -2.00 x 10° yr'' deduced from ancient eclipse records?**,
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Fig.2|Changesinspinrate and their effects on timescales. a-c, Observations
and causes of long-term changes in the nondimensionalized spinrate (4,,) of
Earth. Valuesincrease downwards to match the plots of changesin the excess
length of day. a, Observed daily values (after removal of known causes of
short-term changes) are plotted. TD, tidal deformation; OA atmosphere and
oceanmotions. b, Spin-rate changes produced by tidal friction (TF), PDMT
inferred from the/,changesshowninFig.1and postglacialrebound (GIA).

¢, Theseries obtained by subtracting the effectsinb from the observationina.
Thedashedlineisafittothisresidual seriesbetween1972 and the end of the
seriesina. Theblackline shows an extrapolation from the end of the residual
serieswiththesameslope.d, The result of summing the pastand future series
inband candintegratingthemto getchangein Earth orientation, expressed as
time. Black and grey step functions show how this would translateinto UTC,
withsteps (leap seconds). Theblue and greenlines correspond to the different
choices for PDMT; the purplelines correspond to different extrapolations
oftheresidual seriesinc. Asthe sumofresidual, GIA, PDMT and tidal friction
seriesmatchesthedataina, itsintegral (the blueline inb) closely matches
(andis nearly hidden by) the observed TAI-UT1 (red). The green line shows the
TAI-UT1difference that would have happened if PDMT had not accelerated;
thegreylinearounditshowsanalternate UTC.

Future spin, UTC and leap seconds

Extrapolating the series in Fig.2b,c provides alookinto the near future
of spinand timekeeping, which, because of the history of the UTC time-
scale®® can vary substantially for even small changes in spinrate. The
history of UTC began with coordinated time broadcasts that beganin
1960; the rules for these, formalized in 1963, initially combined the
annual changes inrate with occasional offsets of 0.1 s to track aseason-
ally corrected version of UT1.

Inthe 1960s, celestial navigation was widely used, bothatseaandin
the air, and the navigational community wanted abroadcast time tied,
asit previously had been, to Earth rotation. But the even larger com-
munity involved with radio and other telecommunications methods
wanted broadcasts to have astable frequency.Soin1972, the rules for

producing UTC (so named in1967) were changed to maintain a constant
frequency:intimekeeping terms, the length of the second was invari-
ant. But 1-s discontinuities were to be applied as needed to keep UTC
within 0.5 s of UT1. By the 1960s, Earth was and had been decelerating,
and so rotating more slowly than in the nineteenth century, which
defined the atomic second. In 1969, 4, was about —3.2 x 1078, making
the UT1day about 2.8 mslonger than the TAl day. Over ayear, UTC (tied
to TAI) would then be 1s behind UT1, so1s would be added to UTC: a
‘leap second’ discontinuity. Figure 2d shows that leap seconds were
atfirstneeded almost annually (23 times between 1972 and 1999); but
there have been only four in the past 23 years. This change occurred
because the slowing of the core has caused the solid Earth to rotate
morerapidly: 4,is now close to zero and the length of the day back to
its nineteenth-century value.

Extrapolating the series in Fig. 2c by fitting a straight line predicts
that 4, will continue to increase. Figure 2c shows how this affects the
predicted TAI-UTL: it starts to decrease so that before the end of this
decade asecond would need to be removed from UTC. This ‘negative
leap second’ will be needed if the extrapolated series in Fig. 2c stays
within the shaded region. Two extreme cases are given by varying the
straight-line extrapolation by twice the standard error of its estimated
value (purplelines): in one case, the negative leap secondis needed in
2026 (Fig. 2d, inset), and at the other extreme it never occurs, with no
positive leap second until 2040. The upper line approximates what
would occur if the core continued to slow at a constant rate but ice
melting was 100 times its current rate.

The consequences of a negative leap second, and the possible rem-
ediesforit, are affected by changes that have greatly altered the costs
and benefits of the current rules for UTC since 1972. Celestial naviga-
tionisnolongeraprimary or evensecondary method of positioning*.
Computer timekeeping and networking, nonexistent in 1972, is now
ubiquitous, andis based on counting seconds; thereisno way toinsert
(or remove) a ‘leap integer™®. The unpredictability of leap seconds
makes it challenging to synchronize a vast global infrastructure. Dif-
ferent web services currently handle leap seconds differently. Many
systems now have software that can accept an additional second, but
few if any allow for removing a second, so that a negative leap second
isexpected to create many difficulties.

Changing the rules for UTC to loosen its coupling to UT1 has been
extensively discussed since about 2000 (refs. 2,3,44,45). One possibil-
ity would be to have larger discontinuities at infrequent but regular
intervals; as theJulian calendar showed, an algorithmic procedure is
much easier to manage than an irregular one. In November 2022, the
CGPM (General Conference on Weights and Measures) resolved that the
maximum difference allowed for UTC-TAl should be increased before
2035 (https://www.bipm.org/en/cgpm-2022/resolution-4/). The analy-
sis presented here, showing a strong possibility of a negative second
within this decade, suggests amoreimmediate change to the rules for
UTC: never allow a negative discontinuity. Figure 2 suggests that, at the
1-slevel, differences between UT1and a UTC without leap seconds can
be predicted atleast a yearinadvance; this willbe valuablein supporting
any timescales*® that must be closely coupled to the rotation of Earth.

The acceleration in PDMT, which suggests a steady slowing of the
core, makes the likelihood of a future leap second more obvious. But
thisacceleration has also postponed the negative leap-second problem.
Figure 2d shows an alternate history in which the PDMT acceleration
did notoccur;inthis case, the first negative leap second would happen
3 yearsearlier. Changesin the core have made 4,, close enough to zero
that global warming and global timekeeping have become inextricably
linked and may be more so in the future.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

The/, data in Fig. 1 was derived from the original by adding a trend of
-0.35 %10 yr, which is the rate of change from 1976 to 1991. It was
then seasonally adjusted*, with smoothing over 1 year. A quadratic
function of time was fit over the entire time span by weighted least
squares, using the errors provided with the data; this quadratic is
0.128 x107™(¢t - 1985.9)> - 0.21 x 10 '°, where tis the date.

InFig. 2, the rate of 0.35 x 10 yr* has been reapplied to the two
PDMT series. The straight-line fit to the seriesin Fig. 2c was made using
aprocedure® thatallows for autocorrelation in this series. The slope of
thislineis-1.1+ 0.4 x 10°yr; itslarge standard error is a consequence
of temporal correlation in the series*,
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