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A clock at a higher altitude ticks faster than one at a lower
altitude, in accordance with Einstein's theory of general rela-
tivity. The outstanding stability and accuracy of optical clocks,
at 107" levels', allows height differences® of a centimetre
to be measured. However, such state-of-the-art clocks have
been demonstrated only in well-conditioned laboratories.
Here, we demonstrate an 18-digit-precision frequency com-
parison in a broadcasting tower, Tokyo Skytree, by developing
transportable optical lattice clocks. The tower provides the
clocks with adverse conditions to test the robustness and a
450 m height difference to test the gravitational redshift at
(1.4+9.1) x10-5. The result improves ground-based clock
comparisons’® by an order of magnitude and is comparable
with space experiments'®". Our demonstration shows that
optical clocks resolving centimetres are technically ready for
field applications, such as monitoring spatiotemporal changes
of geopotentials caused by active volcanoes or crustal defor-
mation? and for defining the geoid'", which will have an
immense impact on future society.

Einstein formulated general relativity (GR) as the theory of
gravity in 1915, in which he explained the origin of gravity is the
curvature of space and time. Over the century since then, alternative
theories of gravity have been proposed, and they have been tested
in many ways'®. Although GR is believed to be the best theory of
gravity, there are aspects that are not completely satisfactory. First,
although special relativity has been integrated with quantum theory
as quantum field theory, GR is not yet unified, preventing a single
ultimate theory. Second, the current standard cosmological model
based on GR has to introduce unknown ‘dark energy’ to explain
the accelerating Universe'®. Plausible solutions to the ‘dark energy’
problem are to throw away the cosmological principle (a homoge-
neous and isotropic Universe) or to modify GR. Thus, the precise
measurement of the validity of GR is an important step towards
understanding fundamental physics, even in the classical regime.

GR predicts the dilation of time in a deeper gravitational poten-
tial; this is referred to as gravitational redshift. The gravitational
redshift between clocks (Av=v,—v,) located at positions 1 and 2
is given by their gravitational potential difference AU=U, - U, as

(1+a; (1)

Av
141 o
to first order of AU, where v, is the clock frequency at location 1

(2), cis the speed of light and a denotes the violation from GR (a=0
for GR). The measurement of « at different locations serves as a test
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of local position invariance (LPI), which describes the result of a
non-local gravitational experiment being independent of place and
time, which is at the heart of Einstein's equivalence principle, the
starting principle of GR.

The first redshift measurement was carried out in the series of
Pound-Rebka-Snider experiments’ in the early 1960s, in which
they obtained |a| < O(1072) with a height difference of Ah=23m.
Later, the Gravity Probe A mission'” obtained |a|~1.4x 10~* using
a hydrogen maser in a spacecraft launched to Ah=10,000km.
Recently, using two Galileo satellites that accidentally took elliptic
orbits with a height difference of Ak ~ 8,500 km, new constraints were
reported as =(0.19+2.48) X 10~° (ref. ') and a=(4.5+3.1) X 10~°
(ref. ). The uncertainty of a is mainly given by ACZ—U?/—’:, suggesting
that accurate frequency measurement of clocks (u,=0v/v) is at the
heart of the endeavour, in particular, for ground experiments with
Ah less than a kilometre, as AU is nearly four orders of magnitude
smaller than the space experiments. A comparison of optical lattice
clocks at RIKEN and The University of Tokyo® with Ah~15m has
so far demonstrated a = (2.9 +3.6) X 107, limited by u.=5.7x107"5.
Constraining a to better than 10~ on the ground has remained
uninvestigated, as it requires outstanding clock accuracy or
height differences.

Transportable optical clocks with uncertainties below 1076
(refs. '*-°) and laboratory-based clocks with uncertainties of 10~
(refs. '=>°) or below* offer new possibilities for testing fundamental
physics on the ground, for example, a test of Lorentz symmetry*' or a
searchfordarkmatter?”~>". ThePhysikalisch-TechnischeBundesanstalt
(PTB) and Istituto Nazionale di Ricerca Metrologica (INRiM) team
has reported a=x1072 by comparing a transportable clock in the
middle of a mountain and a laboratory clock, with Ah=1,000m
(ref. °). Here, we demonstrate a test of the gravitational redshift of
a=(1.4+9.1)x10~° by developing a pair of transportable optical
lattice clocks and operating them with a height difference of
Ah~450m at Tokyo Skytree.

To operate Sr-based optical lattice clocks at 10™'® uncertainty,
reducing the blackbody radiation (BBR) shifts'~* and the higher-
order light shifts*>* is of prime concern. Applying a small-sized
BBR shield as depicted in Fig. 1a, the ambient temperature in the
spectroscopy region is controlled at 245K by a four-stage Peltier
cooler. In addition, we reduce the total lattice light shift to 110~
by tuning the lattice laser to frequency v, = 368,554,470.4 +0.2 MHz,
with polarization parallel to the bias magnetic field (Fig. 1a), and
by setting the lattice depth to 81E;, where Ej is the lattice photon
recoil energy”, compensating the multipolar- and hyperpolari-
zability-induced light shift with the electric-dipole light shift*. To
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Fig. 1| Transportable optical lattice clocks. a, Schematic of a clock spectroscopy block installed inside an ultrahigh-vacuum (UHV) chamber. Magneto-
optically trapped (MOT) ultracold &Sr atoms are loaded into a one-dimensional (1D) optical lattice that is formed inside a power-buildup ring cavity
consisting of four mirrors (M1-M4). A partial reflector (PR) set 10 mm behind M4 provides a reference surface for the Doppler noise cancellation (DNC).

Atoms are transported into an 18-mm-long BBR shield with two apertures of Tmm diameter by a moving lattice detuned Ay, =y, —

vy, within the cavity

linewidth. Polarizations of the clock, pumping and lattice lasers are parallel to the quantization axis e, defined by a bias magnetic field of 66 uT, while

that of the sideband cooling (SBC) laser is perpendicular to e;. b, A clock system installed in an observatory floor at 450 m in Tokyo Skytree. The physics
package for spectroscopy is surrounded by p-metal shielding. ‘Laser boxes’ 1and 2 with outer dimensions of 44(W) x 30(H) x 64(D) cm?, which include
lasers and optics in the upper side and their control electronics in the lower side, are mounted on 19-inch racks. ¢, Two identical clocks are set with a height
difference of 450 m. On the ground floor, a clock laser is locked to a reference cavity at 1,397 nm with an instability of 1x10-" at 1s and is delivered by
Doppler-noise-cancelled (DNC) telecom fibres. A ‘laser distributor’ delivers the sub-harmonics of the clock laser, the second-stage cooling (1,379 nm) and

optical lattice (1,627 nm) lasers that are stabilized to a transfer cavity.

accommodate both the well-defined ambient temperature and lat-
tice intensity, we install a ring cavity to transport the atoms into the
BBR shield, where the cavity linewidth of ~6 MHz allows transport-
ing atoms by detuning the counter-propagating-laser frequencies
Av,=v,—vy,. The BBR shield also protects lattice-trapped atoms
from colliding with the thermal Sr beam from the oven.

The physics package for the clock spectroscopy is set inside a
magnetic shield box with a side length of ~60cm (Fig. 1b) and is
operated by two laser boxes (labelled 1 and 2, Fig. 1c). Laser box 1
includes cooling (461 nm, 496 nm) and repumping (679 nm) lasers
stabilized via a wavelength meter to within a few MHz. Laser box 2

412

includes lasers used for cooling on the spin-forbidden transition
(1,=689nm), clock spectroscopy (4,=698 nm) and the optical lat-
tice (4;=813nm), which require high frequency stabilities. They are
phase-stabilized to the second harmonics of corresponding infra-
red lasers with 24,=1,379nm, 24,=1,397 nm and 24,=1,627 nm,
which are conveniently sent via telecom fibres so as to share stable
lasers between the two clocks. On the ground floor, we set a clock
laser at 2, with an instability of 1 107" at 1s. A laser distribu-
tor box generates frequency-stabilized lasers at 24, and 24, using a
transfer cavity that is monitored by the clock laser 24,. This distrib-
utor box also delivers a radiofrequency (RF) reference at 20 MHz
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Fig. 2 | Gravitational potential differences investigated by three
different methods of chronometric levelling, laser ranging and GNSS
complemented by spirit levelling and a gravimeter. a, An upper clock

set in a 7-m?2-large room in the observatory floor, as shown in Fig. 1b, is
fibre-linked to the other clock on the ground floor. GNSS antennas are set
on the 458 m floor and on the ground. The height differences between

the antennas and clocks are measured by spirit levelling. Laser ranging

is performed in four separate segments as indicated by red arrows. We
measure the gravitational accelerations g, and g,s, at O m and at the 450 m
floor, respectively, and apply the average value g = Lz-%" b,c, Ramsey
spectra measured in the observatory floor (b, blue circles) and the ground
floor (e, red circles) show the gravitational redshift of ~21.18 Hz.

generated by a Rb clock (with an uncertainty of ~107'°) and a timing
signal to operate the clocks; both are sent by amplitude modulation
of a carrier at 1,=1,550nm. These four infrared lasers are mixed
by wavelength division multiplexing modules and sent to the two
clocks by telecom fibres, where we install Doppler noise cancellers
with a servo bandwidth of 10kHz.

While running the clocks, the geopotential difference between
them is investigated by means of the Global Navigation Satellite
System (GNSS) and laser ranging complemented by spirit levelling
and gravity measurements (Fig. 2a). The height of the core pillar of
the tower from Om to 370m and the height from 385m to 445m,
which covers 94% of the total height difference Ah, is continu-
ously monitored by laser ranging. The remaining 25m is intermit-
tently measured by laser ranging and spirit levelling (see Methods).
Figure 2b,c shows the Ramsey spectra measured on the observatory
floor and on the ground floor, respectively, with a pulse duration
of 11ms and a free evolution time of 20ms. The frequency shift
of Av=v,—v,~21.18 Hz corresponds to a gravitational redshift
of the clock frequency (v,~429.228 THz) for a height difference
of ~450m. The clock laser frequencies v, and v, are stabilized to
the respective Ramsey spectra with a free-evolution time of 40 ms
using frequency shifters (FS1 and FS2). By synchronously inter-
rogating the clock transitions, we reduce the Dick effect®>”, allow-
ing the Allan deviation to improve from 1xX 107" at 1s to 5X 107
after 5x10*s (Supplementary Fig. 1b). To reduce uncertainties for
the gravitational redshift, we operate the two clocks with the same
experimental conditions to reject some systematics, as described
in the Methods.
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Figure 3 summarizes the geopotential measurements carried
out by the clocks, GNSS, laser ranging and gravimeter. We con-
ducted GNSS measurements for five days in October 2018 to obtain
Ah=452.650+0.039m. This agrees with the simultaneous laser
ranging value of Ah=452.631+0.013m within 1o uncertainty,
validating the consistency of the height measurements. The laser
ranging continuously monitors the long-term height variation
of the tower corresponding to a temperature variation of 10°C.
Figure 3b presents 11 measurements taken to determine the gravita-
tional redshift of Av(Skytree)/v, =(49,337.8 +4.0(sys) + 1.5(stat)) X
1078, After the measurements at Skytree, we transported the system
back to RIKEN and compared the two clocks at the same height
(Fig. 3d). The measured fractional beat note Ay(RIKEN)/v,=
(—0.3+3.5(sys) +3.1(stat)) x 107*¢, as shown in Fig. 3c, confirms
the reproducibility of the clocks. Table 1 presents a summary of
the height and frequency measurements. During the measurement
period ‘modified Julian date’ (MJD) 58,571-58,577, the gravita-
tional redshift is observed to be Av/v,=(49,337.8+4.3)X107% as
mentioned above, while the gravitational potential difference mea-
sured by laser ranging gives gAh/c* = (49,337.1 +1.4) x 1078 with
height difference Ah=452.596(13)m and gravitational accelera-
tion g = 9.797248(24)m s % (see Methods). These results indicate
a value of a=(1.4+9.1)x 107, giving the best constraint on the
gravitational redshift on the ground. This result is complementary
to space tests as it covers the short range (450 m from the surface) in
addition to the already covered long range (10*km)'*" for LPI tests
at the 10~° uncertainty level.

In summary, we have developed a pair of compact and accurate
optical lattice clocks that can be operated outside laboratories and are
capable of centimetre-level chronometric levelling. By transporting
the clocks to a broadcasting tower and providing them with a height
difference of 450 m, we have tested the gravitational redshift at the
10 level, which is comparable to recent space experiments. A fur-
ther constraint on @ may be set by improving the clock’s uncertainty.
By applying a state-of-the-art clock laser” and synchronous inter-
rogation of fibre-linked clocks®, orders of magnitude improvement
of the measurement stability will be possible. Such real-time and
accurate geopotential measurements at the centimetre level, which
are inaccessible by conventional spirit levelling or GNSS height
determination, will open up new applications of optical clocks in
future geopotentiometry' and fundamental physics.
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Fig. 3 | Height and frequency differences between two clocks. a, Height differences Ah between the clocks are measured by GNSS (green squares),

laser ranging (brown line) and the beat note of the clocks (blue circle) after applying systematic corrections. The continuous laser ranging measures a
height variation of ~5cm that corresponds to the seasonal change in the outer temperature (10 °C) over six months. The red shaded region shows the
uncertainties of height measurements by laser ranging. b, The gravitational redshift measured at Skytree (blue circles) is consistent with the gravitational
potential difference measured by the laser ranging and gravity measurements (brown line). ¢, The beat note of two clocks set at the same height (red
triangles) demonstrates an excellent reproducibility of (=0.3 +4.7) x10-". Error bars in a-c show the square-root sum of the statistical and systematic
uncertainties of each measurement. Dashed lines show the average of the clock measurements. Yellow shaded regions show the square-root sum of the
statistical and systematic uncertainties of the beat note of the clocks. MJD, modified Julian date. d, A pair of clocks tested at the same height. The system
operates by providing cooling water, a 24V power supply and a clock laser, which are not displayed in the photograph.

Table 1| Summary of height measurements and the frequency difference of two clocks

Measurement period Height difference Ah (m) Frequency difference Av/v, (10-8)
GNSS Laser ranging 450m-0m Same height
MJD 58,414-58,417 452.649(39) 452.632(13) - -
MJD 58,420-58,422 452.652(39) 452.631(13) - -
MJD 58,571-58,577 - 452.596(13) 49,337.8(4.3) -
MJD 58,599-58,623 = = = -0.3(4.7)
a parameter a:%:’g%71 =1.4(9.1)x107°

The height differences measured by GNSS and laser ranging are consistent within 2cm, which is less than the uncertainty of the measurements. Parameter a (equation (1)) is calculated from the
gravitational redshift and height difference obtained by laser ranging performed for the same period (MJD 58,571-58,577) with g = 9.797248(24)m 52, The numbers in parentheses indicate 1o

uncertainties.
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Methods

Experimental set-up for a one-dimensional optical lattice inside a ring

cavity and state preparation in a BBR shield. In the experimental set-up, ¥Sr
atoms with a nuclear spin of I=9/2 are laser-cooled and trapped by a two-stage
magneto-optical trap (MOT) sequentially on the 'Sy(F=9/2)—'P,(F=11/2) and
1S,(F=9/2)—P,(F=9/2,11/2) transitions at 461 nm and 689 nm, respectively*
(Fig. 1). During the first-stage MOT, atoms relaxed to the *P, metastable state are
captured by a Green-MOT on the *P,(F=13/2)—(5s5d)*D,(F=15/2) transition at
496 nm. We use this transition because optical pumping of the hyperfine states

to *P,(F=13/2) is more efficient than using the *P,—>S, transition at 707 nm. In
the Green-MOT, atoms are optically pumped to the 'S, state or *P, state via the
(5s6p)°P, state, where atoms relaxed to the *P, state are optically pumped to either
the 'S, or *P, state by a repumping laser on the *P,—(5s6s)S, transition at 679 nm, as
shown in Supplementary Fig. 2.

Atoms with a temperature of a few pK are loaded into a 1D optical lattice
inside a ring cavity. The input power of 22mW for each counter-propagating
lattice laser is enhanced by a factor of ~170, which yields a trap depth of 14 pK
(81E;). The atoms in the lattice are transported over 16 mm into a BBR shield by a
moving lattice’, by applying a 60-ms-long frequency chirp to one of the counter-
propagating lattice lasers following a cubic polynomial function with a maximum
frequency excursion of 1.8 MHz, which is well within the cavity linewidth of
~6 MHz. The relative phase of the counter-propagating lattice lasers is stabilized by
detecting the beat note of the lasers transmitted through the cavity and by feeding
back to a frequency shifter, as shown in Fig. 1a.

Inside the BBR shield, the atoms are optically pumped to the
1S, (F=9/2,mp=+9/2) states by a n-polarized laser resonant to the 'S,—*P,(F=7/2)
transition. The vibrational states of atoms in the axial direction of the lattice are
sideband-cooled by a laser resonant to the 'S,—*P,(F=11/2) transition”, which
reduces the average vibrational quantum number to n <0.1. To select one of the
Zeeman substates, m=+9/2 or —9/2, we excite the atoms to the *Py(m,=+9/2 or
—9/2) state with a 22-ms-long clock n-pulse, which is narrow enough to resolve
the spacing of Zeeman substates of ~72 Hz. Atoms in other Zeeman substates are
blown away from the lattice by a laser resonant to the 'S,—'P, transition. After
interrogating the clock transition 'S,—P, at 698 nm, we transport the atoms
outside the BBR shield and measure the excited fraction of atoms by laser-induced
fluorescence on the 'S,—'P, transition. Based on the signal, the frequency shifter is
steered to keep the clock laser resonant to the Sr clock transition. The cycle time
of the clock interrogation is 1.6 s. We typically average for 10*s to achieve 10717
instability (Supplementary Fig. 1b).

Uncertainty budgets for the gravitational redshift measurements. To reduce the
systematic uncertainties for the beat note of two clocks, Av=v,—wv,, we operated
the two clocks under approximately the same conditions, including the BBR shift,
second-order Zeeman shift, lattice and probe light shifts, and collisional shift, to
reject some systematics by making them as similar as possible. The corrections
and uncertainties for a single clock and beat note measurement are summarized
in Supplementary Table 1. The budget for a single clock is represented by that of
clock 1, used at 0m.

BBR shift. The clock transition was interrogated in a well-defined temperature
determined by the BBR shield, whose temperature was monitored by two platinum
resistance thermometers and stabilized by a four-stage Peltier cooler at 245K. The
thermometers were calibrated within 23 mK. The reproducibility of the controllers
was investigated to 2mK. These uncertainties gave a BBR shift uncertainty of

1.3x 107" for the beat note of the clocks.

The shield has two apertures with diameters of ¢)=1.00(5) mm to introduce
the atoms and lasers. Consequently, the interrogated atoms are exposed to the
external room-temperature environment at T,,, =298(5) K with a solid angle of
£2=19(4) msr, which give a BBR shift uncertainty of 1.4 X 107, The inner wall of
the BBR shield is black-coated with Ultra Black (provided by Acktar) to reduce
the multiple reflections of room-temperature BBR”. Applying a Monte Carlo
ray-tracing simulation, the BBR shift induced by the multiple reflections gives an
uncertainty of 1.6 X 10" for the black-coated inner wall with an emissivity of 0.9.
The uncertainty of the BBR shift due to the atom loading position was calculated
to be 2.7 x 10" for a position uncertainty of +1 mm, provided by the uncertainty
of the initial lattice loading position for the MOT. The overall BBR uncertainty was
evaluated as the square-root-sum of these four contributions.

Zeeman shift. A bias magnetic field of 66 pT was applied to define the quantization
axis for clock spectroscopy. The magnetic field was stable within 0.03 pT over

the measurement period of one week thanks to a p-metal shield surrounding

the physics package. The first-order Zeeman shift and the vector light shift

were cancelled out™ by averaging two Zeeman components of the clock
transition frequencies v, that correspond to the 'Sy(m,==+9/2) and *Py(m;=+9/2)
states. The first-order Zeeman shift of v, —v_= 651 Hz was continuously
monitored. By applying the same bias magnetic field (agreeing within 66 ppm

for the two clocks), the second-order Zeeman shift of ~—2.424(3) X 107'° was
mostly rejected and a correction as small as —3.28(4) X 10~ remained in the
redshift measurements.
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Lattice light shift. We applied the operational magic condition for Sr*** by tuning
the lattice laser to v, =368,554,470.4(2) MHz with a trap depth 81E;. The residual
light shift was estimated to be 1.1(6) X 10~'® (the finite vibrational quantum number
of n=0.06(2) causes major uncertainty). The lattice laser was linearly polarized
with an extinction ratio of >40dB. Its polarization vector €1, and the quantization
axis given by the bias magnetic field e; =B,,,/|By;,,| were aligned to be parallel by
controlling the magnetic field with three pairs of Helmholtz coils. The uncertainty
of the angle @ = cos ! (ey, - ep) was estimated to be less than 23 mrad, which
corresponds to an uncertainty of the tensor light shift of 0.5x 107'%. A tapered
amplifier was used for the lattice, where the amplified spontaneous emission
(ASE), which is 40 dB below the carrier spectrum with a resolution bandwidth of
1 nm, was spectrally filtered by a volume Bragg grating (VBG) with a bandwidth
of 35 pm. The light shift estimated by the ASE spectrum and the filtering
characteristic of VBG was less than 107"°.

Probe light shift. The probe light shift was determined with an uncertainty of 5%.
The intensity of the clock laser was determined with an uncertainty of 2.7% by
comparing the observed Ramsey fringes and the calculated spectra. As we applied
a similar clock laser intensity for two clocks, the probe light shift mostly cancelled
in the redshift measurement and gave a probe light shift uncertainty of 2.8 X 10~
(given by the uncertainty of the clock laser intensity).

Density shift. We designed the 1/e* diameter of the lattice laser to be 330 pm to keep
the atomic density relatively low. Assuming the density shift N, to be proportional
to the number of trapped atoms N, located at i=1,2, the clock frequency difference
Av,, including the density shift, is given by Avy= Av+ (k,N, —k,N,), where Av is
the gravitational redshift. We obtained Av by fitting the frequency difference Ay,
with variables N, and N,, and free parameters Av, k, and k,. The density shift of
alow 107" is included in Fig. 3, where we apply coefficients of k, =0.08(33) pHz
per atom and k,=—1.49(30) pHz per atom, obtained from the fitting. We typically
interrogated N~ 1,500 atoms.

First-order Doppler shift. Doppler noise cancellers were installed for the lattice and
clock lasers by sharing a partial reflector as a reference surface (Fig. 1a), where the
path length of L, ~ 10 mm between mirror M4 and the partial reflector remained
uncompensated. There was another uncompensated path of L, ~ 300 mm for the
clock laser. These introduced uncertainties in the first-order Doppler shift of

0.8 107" and 5.3 X 107", respectively, assuming a diurnal temperature variation
of 10K for L, in a room-temperature environment and 2K for L, on a water-cooled

breadboard.

Other contributions. Servo error was evaluated by averaging the imbalance of the
excitation fraction at a detuning of +y/2 from the centre of the Ramsey fringe,
where y~ 9 Hz is the linewidth of the spectrum with a free evolution time of 40 ms.
The resultant frequency shifts of 0.0(2) X 10~* and 0.1(2) X 10~'® at 0m and 450 m,
respectively, are corrected in Fig. 3b,c.

Background gas collision was estimated to be —5.4(1.0) X 10~'® based on ref. **,
assuming that the observed lifetime of 5.6(9) s is limited by collisional loss with H,
molecules. In the redshift measurement, the collisional shift was mostly rejected
and its uncertainty is given by that of lifetime measurements.

Evaluation of gravitational potential difference by measuring gravity and
height difference. In parallel with the chronometric levelling, the gravitational
potential difference between the two clocks was investigated by laser ranging

and GNSS, complemented by spirit levelling and a gravimeter. Supplementary
Table 2 summarizes the height measurements performed during MJD periods
58,414-58,417 and 58,420-58,422. Averaging the five-day-long height data of the
two clocks measured with GNSS results in 452.650(39) m, with the uncertainty
dominated by the statistics of the GNSS data. Measurement based on laser ranging
in the same period gives 452.631(13) m, which agrees with the GNSS measurement
within 16 uncertainty.

The clock comparison was performed during the period MJD 58,571-58,577.
The laser ranging continuously monitored the height difference between the clocks
from October 2018 to April 2019 to find the seasonal variation of height Ah~5cm
due to the temperature change, as shown in Fig. 3a.

Laser ranging. We continuously measured the height in four separate sections
(0-150m, 150-250 m, 250-370 m and 385-445 m), which covers ~94%

(~427 m) of the total height, using four commercial laser distance meters
(LDM51, Jenoptik). Each measurement gave a height uncertainty of 4.7 mm,
including the systematic uncertainty of the instruments and statistical uncertainty.
The obtained data were corrected by monitoring the onsite temperature, humidity
and pressure, giving a height uncertainty of 2 mm. By including a short height
measurement (~4m), we estimated the overall uncertainty of the laser ranging to
be 10mm.

Spirit levelling. The height of the remaining part (~20 m) was measured by spirit

levelling on MJD 58,382, 58,414 and 58,417. The spirit levelling was conducted
with ZEISS Dini0.3 (instrument) and LD12 (rods), and the total uncertainty of
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the levelling was 2 mm. By including the miscellaneous heights of 0.575m from
the setting of the instruments measured with a ruler and the thickness of the floor
measured with a radar, the total uncertainty of the height measurement for laser
ranging and spirit levelling was 13 mm.

GNSS measurement. Height measurements using GNSS were performed in
October 2018 during MJD periods 58,414-58,417 and 58,420-58,422. As shown
in Fig. 2a, one of the GNSS antennas (ChokeRing TMR29659.00, Trimble) was
located at the 458 m floor and the other was set on the ground, ~700 m away from
Tokyo Skytree, where calm conditions were maintained during measurements.
GPS and GLONASS were monitored by GNSS receivers (Trimble R7 GNSS) with

1 Hz sampling during each period and were processed by the post kinematic
method with the final orbit of the International GNSS Service (IGS) using RTKLIB
software”. The fix rates were 99.5% and 94.7% during the first and second period,
respectively. To verify the difference in ellipsoidal and orthometric height between
Tokyo Skytree and the ground GNSS antennas, another GNSS measurement was
conducted at the foot of the tower for 6h on MJD 58,414. The data were processed
by the static method with the IGS final orbit using GAMIT/GLOBK software™*. The
height between the clocks and the GNSS antennas (~8 m) was measured by spirit
levelling. The uncertainty of the height measurement obtained by GNSS and spirit
levelling was 39 mm.

Gravitational acceleration measurement. The gravitational acceleration at the
locations of the clocks in Tokyo Skytree was measured on MJD 58,415 with
relative gravimeters, a LaCoste & Romberg gravimeter (Model G) and a Scintrex
CG-5 Autograv gravimeter. Both gravimeters are calibrated annually and show
consistent gravity values with uncertainties of 0.02 mGal. The results are connected
to the absolute gravity value at a reference point in Tsukuba, which is part of

the Japan Gravity Standardization Net 2016”. To obtain the baseline gravity

values between the location of the clocks and the reference point, we adopted
various corrections to the measurement data such as the effect of solid-earth tide,
ocean tide and atmospheric pressure. The gravitational acceleration in Tokyo
Skytree was measured to be g,=9.7979441 ms~* at 0m and g;5,=9.7965514 m 2

at 450 m. The averaged gravitational acceleration was determined to be

g =218 — 9.797248(24)m s 2. In the analysis of gravitational potential
difference, the higher-order terms of the height dependence of gravitational
acceleration contribute to  as small as 1.2 10~°. The measurement uncertainty
of 8g = 2.4mGal (=2.4X 10~ ms?), which corresponds to 5‘chAh ~1x1071,

is dominated by fluctuation of the gravity values measured at 450 m in Tokyo
Skytree due to vibrations of the tower. Seasonal and long-term changes in gravity
are typically less than 0.01 mGal and 0.01 mGal per year, both of which are much
smaller than the measurement uncertainty. The mass of Tokyo Skytree affects the
gravity measurement at 0 m and 450 m by 0.1 mGal, which is much smaller than
the measurement uncertainty.

Data availability
All data obtained in the study are available from the corresponding author upon
reasonable request.
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