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Abstract
Frequent, low-latency measurements of the Earth’s rotation phase, expressed as UT1−UTC critically support the current
estimate and short-term prediction of this highly variable Earth orientation parameter (EOP). Very long baseline interferometry
(VLBI) Intensive sessions provide the required data. However, the IntensiveUT1−UTCmeasurement accuracy depends on the
accuracy of numerousmodels, including theVLBI station position. Intensives observedwith theMaunakea (Mk) and Pie Town
(Pt) stations of the Very Long Baseline Array (VLBA) illustrate how a geologic event (i.e., the Mw 6.9 Hawai‘i Earthquake
of May 4th, 2018) can cause a station displacement and an associated offset in the values of UT1−UTC measured by that
baseline, rendering the data from the series useless until it is corrected. Using the nonparametric Nadaraya–Watson estimator
to smooth the measured UT1−UTC values before and after the earthquake, we calculate the offset in the measurement to be
75.7 ± 4.6 µs. Analysis of the sensitivity of the Mk-Pt baseline’s UT1−UTC measurement to station position changes shows
that the measured offset is consistent with the 67.2 ± 5.9 µs expected offset based on the 12.4 ± 0.6 mm total coseismic
displacement of the Maunakea VLBA station determined from the displacement of the co-located global navigation satellite
system (GNSS) station. GNSS station position information is known with a latency on the order of tens of hours and thus
can be used to correct the a priori position model of a co-located VLBI station such that it can continue to provide accurate
measurements of the critical EOP UT1−UTC as part of Intensive sessions. In the absence of a co-located GNSS receiver,
the VLBI station position model would likely not be updated for several months, and a near real-time correction would
not be possible. This contrast highlights the benefit of co-located GNSS and VLBI stations in support of the monitoring of
UT1−UTC with single-baseline Intensives.

Keywords UT1 · VLBI · GNSS · Intensives · Kı̄lauea · Maunakea · VLBA

1 Introduction

Precise and current knowledge of the phase of the Earth’s
rotation, represented as Universal Time (UT1), is paramount
to several applications, from precise pointing of astronomi-
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cal telescopes to navigation with global navigation satellite
systems (GNSSs) (Gambis and Luzum 2011). However, the
rotation rate of the Earth is highly variable and challeng-
ing to predict. Thus, it is critical to regularly monitor UT1,
expressed asUT1−UTC, the difference betweenUT1and the
very regular and predictable time scale coordinated universal
time (UTC).

Very long baseline interferometry (VLBI) is the most
accurate andprecise techniqueused todetermineUT1−UTC.
Additionally, VLBI is unique in its ability to measure UT1
directly. Satellite techniques for determining Earth orien-
tation parameters (EOPs), like GNSS, cannot differentiate
between changes in the orbital parameters of the satellites
and the Earth’s rotation phase. To measure all five EOPs
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as well as contribute to the maintenance of the International
Celestial Reference Frame (ICRF,Charlot et al. 2020) and the
International Terrestrial Reference Frame (ITRF, Altamimi
et al. 2016), the International VLBI Service for Geodesy and
Astrometry (IVS) organizes two24-hmulti-station observing
sessions each week (Nothnagel et al. 2017). Due to the time-
consumingdata transfer and the large dataset being correlated
and processed, the latency of these sessions is generally 10–
15 days, too long to be useful in the short-term predictions
of the International Earth Rotation and Reference Frame
Service (IERS) Rapid Service/Prediction Center (RS/PC).
Observing sessions with latency on the order of a day or less
are key to maintaining accurate and precise knowledge of
the current value of UT1−UTC and allowing for accurate
short-term predictions (Luzum and Nothnagel 2010).

VLBI sessions of short duration (1–2h), typically utiliz-
ing only two stations, and generally with long east–west
baselines, are still sensitive to UT1−UTC, but require suf-
ficiently few resources that they can be observed daily and
produce a UT1−UTC estimate with a latency of 24h or less.
Such sessions, called “Intensives,” have been observed since
1984 (Robertson et al. 1985), and several Intensive series
are observed at the present time (i.e., Finkelstein et al. 2011;
Nothnagel et al. 2017).

With the geometric limitations of Intensives and the rel-
atively low number of observations in them, only a few
parameters can be estimated. To account for the physical
realities of the observing system that cannot be estimated,
analysts rely on accurate models to provide the a priori
information needed to make an accurate measurement of
UT1−UTC. Nothnagel and Schnell (2008), Malkin (2011,
2013), Nilsson et al. (2017), Landskron and Böhm (2019),
and forthcoming work by Kern et al. (2022) discuss how
errors in the a priori models (e.g., nutation, polar motion,
tropospheric gradients, ocean tide loading, etc.) propagate
into errors in the estimated value of UT1−UTC.

Beyond those small errors, earthquakes and other geologic
activity can cause large departures from the typical station
position motion in the a priori models. The position motion
models for VLBI stations are updated no more frequently
than every few months and require that several 24-h sessions
that include the affected station have been observed subse-
quent to the geologic event. Thus, in the absence of means to
update the stationposition in near-real-time, a station affected
in such a way cannot be used to provide the desired accurate,
low-latency measurement of UT1−UTC. MacMillan et al.
(2012) demonstrated that a VLBI station position model can
be modified by incorporating station position measurements
from a co-located GNSS receiver. Applied with sufficiently
low latency, these corrections can enable a station to continue
to participate in Intensive sessions and provide accurate mea-
surements of UT1−UTC.

In this work, we investigate the impact of the Hawai‘i
earthquake ofMay 4, 2018 (momentmagnitude (Mw) 6.9) on
geodetic stations close to the earthquake’s epicenter. Roughly
80km from the epicenter, near the summit of Maunakea, sit
theMKEAGNSS station and theMK-VLBA (Mk)VLBI sta-
tion of the Very Long Baseline Array (VLBA), less than 90m
apart. The MK-VLBA station participated in a daily Inten-
sive series with the Pie Town VLBA Station (PIETOWN;
Pt) from 2011–2021 (Geiger et al. 2019). The occurrence of
an earthquake in relatively close proximity to both a GNSS
station and a VLBI station that is regularly involved in an
Intensive series provides an opportune case study for explor-
ing the connection between a coseismic displacement of the
GNSS station and any concurrent discontinuity in the value
of UT1−UTC measured by the VLBI Intensive series. A
critical part of that connection is the sensitivity of the VLBI
Intensive UT1−UTC measurement to changes in the posi-
tions of the participating stations. That is explored here by
simulating small errors in the a priori VLBI station positions
and calculating the resulting offsets in the measurements of
UT1−UTC.

The details of the Mk-Pt data series are given in Sect. 2
alongwith thedescriptionof their co-locatedGNSS receivers.
The IVS Intensive series observed between the 20m radio
telescopes of the Kōke‘e Park Geophysical Observatory
(KOKEE; Kk) and the Wettzell Geodetic Observatory
(WETTZELL; Wz) is included as a control series in this
study and is also described in Sect. 2. Section3 contains the
description of the analysis techniques, particularly the data
smoothing that enables the estimation of discontinuities and
the sensitivity analysis, as well as the results of the analysis.
These results are discussed in Sect. 4. Section5 concludes the
work.

2 Observations

2.1 Kōke‘e–Wettzell VLBI Intensives

TheVLBI stationsKOKEEon the island ofKaua‘i inHawaii,
USA (∼ 500km to the northwest of the MK-VLBA sta-
tion on the island of Hawai‘i) and WETTZELL in Germany
together have participated in Intensives under the auspices
of the IVS for over 20 years. These sessions are designated
as the “INT1”s and are typically observed Monday through
Friday at 1830 UTC. The Kk station is in the northern trop-
ics (22.126◦ N) and the Wz station is in the mid-latitudes of
the northern hemisphere (49.145 ◦N). They have a longitude
difference of 172.5◦ and a baseline length (the straight-line
distance between the two stations) of 10,357km. Figure1
shows the locations of the two stations. Simulations per-
formed by Schartner et al. (2021) and Kern et al. (2022)
indicate that the length and orientation of this baseline is
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Fig. 1 Map showing the locations of the VLBI stations used in the IVS
Kk-Wz and VLBA Mk-Pt Intensives

Table 1 Properties of the Kk-Wz series and its observational setup

Property Value

# of channels 16

Channel bandwidth 4 MHz

Sampling rate 1 bit/sample

Total data rate 128 Mbps

S-Band frequencies 2212.99, 2222.99, 2257.99

(lower edge) 2297.99, 2317.99, 2322.99 MHz

X-Band frequencies 8178.99, 8182.99, 8222.99, 8422.99

(lower edge) 8562.99, 8682.99, 8782.99, 8842.99

8858.99, 8862.99 MHz

Telescope diameters 20m

Baseline length 10,357km

close to the optimal baseline for Intensives that could be
achieved from the Earth’s surface.

The Kk-Wz IVS Intensive sessions observe sources in
the S-band (2.2–2.4 GHz) and X-band (8.1–8.9 GHz) in
right circular polarization. To enable the calibration of the
ionospheric delay for each observation, the radio signal is
simultaneously passed into both receivers. The data are chan-
nelized into six channels in the S-band and 10 in the X-band,
for a total of 16 channels each with a 4 MHz bandwidth
(increased to 8MHzbandwidthper channel onApril 1, 2022).
The data are then sampled at the Nyquist rate and digitized
at 1 bit/sample for a total data rate of 128 Mbps (256 Mbps
after channel bandwidth increase). These recording details,
the frequencies of the channels, and other details of the ses-
sions are listed in Table 1.

Like most VLBI Intensive sessions, the IVS INT1s are 1-
hour in duration. The session schedules are created using the
program sked1 using a mode which calculates the duration
of each scan based on the expected flux density of the source
and a user supplied signal-to-noise ratio (SNR) target. These
schedules can include up to∼20 unique observations of radio
quasars called “scans.”

2.2 Maunakea—Pie TownVLBI Intensives

In late 2011, the United States Naval Observatory (USNO)
began observing Intensive sessions on the Very Long Base-
line Array (VLBA). Though the naive optimal choice for an
Intensive baseline on the VLBA would be the longest base-
line, which is the 8611km baseline between the Maunakea
and St. Croix (SC-VLBA; Sc) stations, simulations by Kern
(2021) identify the baseline between theMaunakea and Han-
cock (HN-VLBA;Hn) stations as the baselinewith the lowest
expected formal errors. However, when the series was initi-
ated, practicalities led to the consideration of other stations
of the array for use in the Intensive series. One of the chal-
lenges with Intensives is estimating the water content of the
atmosphere, and very moist sites are likely to have elevated
measurement uncertainties or systematic errors. The Mau-
nakea station is at an elevation of 3763m, thus above much
of the atmospheric moisture, and Pie Town (PIETOWN; Pt)
is in a semiarid climate at an elevation of 2365m above sea
level. Both stations also had access to fiber optic networks to
enable the rapid e-transfer of data, which other stations of the
VLBA did not have when the series commenced. The atmo-
spheric water content of the St. Croix site, along with the
desire to transfer the observation data over the internet rather
than by parcel service, led to the selection of the Mk and Pt
stations for use in the USNO VLBA Intensive series. The
geographic locations of these stations are shown in Fig. 1.

Just like the IVS Kk-Wz Intensives, the Mk-Pt sessions
utilized right circularly polarized simultaneous S-band and
X-band observations made possible by a dichroic screen,
which allows for calibration of the differential ionospheric
delay for each observation. Also similarly, six channels were
recorded in the S-band and ten channels in the X-band. One
major difference between the IVS and VLBA stations is the
backend recording hardware. The VLBA Intensives were
observed with the polyphase filter bank (PFB) personality
of the ROACH (Reconfigurable Open Architecture Comput-
ing Hardware) Digital Backend (RDBE). This personality
provides 16 channels, each with 32 MHz bandwidth, sam-
pled at the Nyquist rate, and digitized at 2 bits per sample for
a total data rate of 2048 Mbps, 16 times more than the Kk-

1 https://ivscc.gsfc.nasa.gov/IVS_AC/sked_cat/
SkedManual_v2018October12.pdf.
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Table 2 Properties of the Mk-Pt series and its observational setup.
Note that, there are two S-Band frequency setups. The original setup
was replaced by the newer setup on August 1, 2020

Property Value

# of channels 16

Channel bandwidth 32 MHz

Sampling rate 2 bits/sample

Total data rate 2048 Mbps

S-Band frequencies 2052, 2084, 2116

(lower edge), 1st setup 2212, 2244, 2276 MHz

S-Band frequencies 2188, 2220, 2252

(lower edge), 2nd setup 2284, 2348, 2380 MHz

X-Band frequencies 8428, 8460, 8492, 8556

(lower edge) 8620, 8684, 8748, 8812

8844, 8876 MHz

Telescope diameters 25m

Baseline length 4796km

Wz series. The specific channel frequencies are described in
Table 2 along with other details of the sessions.

During the initial commissioning period of the VLBA
Mk-Pt Intensives, the sessions were 40min in duration and
provided numbers of scans in the low 20s. The desired signal-
to-noise ratio (SNR) could be achieved for most sources
with a short scan duration of 16s because of the higher data
rate and higher sensitivity of the larger 25m antennas of the
VLBA, compared to the Kk-Wz Intensives. These shorter
scan times allowed the VLBA Intensives to observe at least
asmany scans as the IVS INT1s in less time. On February 15,
2013, the session duration was extended to 45min, enabling
the recording of closer to 30 scans per session.

There were several additional changes to the Mk-Pt ses-
sions over the years. The duration of sessions was doubled
to 90min on February 24, 2017. On August 1, 2020, the
duration changed again to 60min, consistent with the 1-hour
duration of the Kk-Wz Intensives, and the S-band frequen-
cies were modified at that time as well to avoid persistent
and worsening radio frequency interference. Beginning on
December 15, 2020, the sessions were scheduled using the
VieSched++ (Schartner and Böhm 2019) software instead
of the SCHED2 program of the National Radio Astronomy
Observatory (NRAO). This change was made so that the
scan length could be calculated based on the target SNR
and the expected flux density of the source, rather than the
fixed scan duration that SCHED required.Aftermany years of
observations, analysis of the Mk-Pt Intensive series showed
that it suffered from unacceptably high contributions from
uncorrected systematic errors (discussed in Sect. 4.2), and
the series was discontinued on April 29, 2021.

2 http://www.aoc.nrao.edu/software/sched/index.html.

Table 3 Properties of the MKEA GNSS station

Property Value

Site code MKEA00USA

Distance to MK-VLBA 87.772m

Antenna type Javad RingAnt-DM

Radome SCIS

Receiver type JAVAD TRE_3GTH DELTA

Table 4 Properties of the PIE1 GNSS station

Property Value

Site code PIE100USA

Distance to PIETOWN 61.795m

Antenna type Ashtech 701945 Rev. E

Choke-ring

Radome None

Receiver type JAVAD TRE_3GTH DELTA

2.3 Maunakea and Pie Town GNSS data

The International GNSS Service (IGS) collects data from
over 500 GNSS stations (Johnston et al. 2017). The IGS sta-
tions are permanentlymountedGNSS antennas and receivers
that operate continuously andutilize oneormore satellite sys-
tem(s) to determine their position with a precision of∼3 mm
in the horizontal and ∼6mm in the vertical (Johnston et al.
2017). One of these stations is co-located with each of the
MK-VLBA and PIETOWNVLBA stations and are identified
as MKEA and PIE1, respectively. The GNSS and VLBI sta-
tions are in close proximity to each other (within 90m) and
are effectively in the same place, geologically. Therefore,
tectonic plate motion and site movement can be assumed to
be the same for both stations at each site. Additionally, the
impact of sources of systematic effects on the measurements
of the position of each station, such as solid Earth tides and
the troposphere, will be almost identical at each site. Under
these assumptions, the measured position evolution of one
station at a site determined through one technique can be
transferred to the other station at that site. In this instance, it
particularly allows us to determine if and which of the MK-
VLBA and PIETOWN stations moved, and by how much,
potentially causing the UT1−UTC discontinuity.

The receivers for theGNSS stations are changed or altered
periodically, which can cause discontinuities in their posi-
tion histories. In this analysis, for each station, we opt to
utilize only data from the same equipment setup, choosing
the time period that spanned the moment of the UT1−UTC
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discontinuity. According to the station log for MKEA,3 this
time frame is from February 23, 2016 through September 23,
2018. Details of theMKEA station are given in Table 3. From
the PIE1 log,4 this time frame is from June 30, 2017 through
October 1, 2018, andproperties of this station are described in
Table 4. The time period where both stations have unchanged
setups is thus June 30, 2017 through September 23, 2018.

The IGS produces a daily product that contains the posi-
tion of each of the stations in its network. For the ranges
of days described, we retrieve the daily combined terres-
trial reference frame solutions from the 3rd IGS reprocessing
campaign (“Repro3”)5 and extract the positions for the
MKEA and PIE1 stations. The processing method for the
Repro3 data is described on the IGS website.6

3 Analysis and results

3.1 VLBI

3.1.1 VLBI session editing and UT1−UTC calculation

The purpose of VLBI Intensives is to measure UT1−UTC.
To extract that value, the data of each session are first corre-
lated and processed by the correlator assigned to the session.
For the Mk-Pt VLBA Intensives and the Kk-Wz IVS inten-
sives, this is the Washington Correlator based at the USNO.
The USNO VLBI Analysis Center then updates the delay
model and associates meteorological data with the session to
determine the observed group delays. Then, through inter-
active session editing with the nuSolve software package
(Bolotin et al. 2012), any delay ambiguities are resolved, and
a group delay solution is fit at both the X- and S-bands. Cor-
rections to the group delay due to the ionosphere are then
calculated and applied, followed by iterative inflation of the
observation uncertainty (so that the reduced χ2 of the delay
residuals with respect to the delay model is unity) and outlier
elimination.

To calculate the value of UT1−UTC at each session,
a parameterized model is fit to the data using a linear
least squares minimization fit. The model contains a single
UT1−UTCparameter, two or three clock polynomial param-
eters for the non-reference station(s), and a zenith wet delay
for each station. For a two-station Intensive, this means that
five or six parameters (depending on the number of clock
parameters) are estimated for each session. This is done with
theCalc/Solve package (Ryan et al. 1980;Ma et al. 1986;

3 https://files.igs.org/pub/station/log_9char/mkea00usa_20220428.
log.
4 https://files.igs.org/pub/station/log_9char/pie100usa_20210802.log.
5 https://cddis.nasa.gov/archive/gnss/products.
6 https://igs.org/acc/reprocessing/#repro3-conventions-modelling.

Caprette et al. 1990; Ryan et al. 1993). Station positions
and UT1−UTC cannot be estimated simultaneously from
observations from a single baseline. To accurately estimate
UT1−UTC, the station positions and velocities must be fixed
to correct values. There are numerous other values that are
fixed in the model. The extragalactic radio source positions
are assumed to be correct and theX andY polarmotion EOPs
are interpolated from the IERS RS/PC’s products. Models
describing the celestial pole motion and alterations to the sta-
tion positions due to geophysical phenomena are assumed
following the recommendations of the IERS Conventions
(Petit and Luzum 2010). From the least squares fit, a mea-
surement of UT1−UTC and a formal error are produced for
each viable session. Periodically, the values are re-calculated
as part of a self-consistent global solution of 24-hour VLBI
sessions that simultaneously solves for source positions, sta-
tion positions, station velocities, and EOPs. The UT1−UTC
values used in this analysis are from the usn2019c Inten-
sive solution.7 Included in that data set are 2238 UT1−UTC
measurements in the Mk-Pt series and 1629 measurements
in the Kk-Wz series over the same time period spanned by
the Mk-Pt sessions (November 4, 2011–January 1, 2020).

3.1.2 UT1−UTC Residuals and the Nadaraya–Watson
estimator

Before a time series ofUT1−UTCmeasurements can be used
in a combination with other measurements of UT1−UTC, it
must be evaluated for its accuracy and precision by compar-
ing the series to a reference series. A reference series takes
multiple inputs from multiple measurement techniques and
combines them to create a time series that ostensibly more
accurately reflects the true EOPs than any one contributing
series. Three institutions produce regularly updated refer-
ence series: theObservatoire de Paris (OPAR),8 theUSNaval
Observatory (USNO),9 and NASA’s Jet Propulsion Labora-
tory (JPL).10 In all three of the reference series, the Mk-Pt
series is not used as an input serieswhile theKk–Wz series is.
The analysis presented here uses the finals2000A.all
file produced by the USNO as the reference series.

Comparison of an observation series to the reference series
consists of calculating the residuals between the two series.
Though the reference series is reported at a consistent time
of day, midnight UTC, the entries in the observation series
are not at the same time as the reference series, nor always
at a consistent time of day. So, the reference series is inter-

7 https://cddis.nasa.gov/archive/vlbi/ivsproducts/eopi/usn2019c.eopi.
gz.
8 https://hpiers.obspm.fr/eoppc/eop/eopc04/eopc04_IAU2000.62-
now.
9 https://maia.usno.navy.mil/ser7/finals2000A.all.
10 https://keof.jpl.nasa.gov/predictions/latest_midnight.eop.
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polated to the epoch of each VLBI UT1−UTCmeasurement
using a Lagrange interpolation of order two before subtract-
ing the reference series from the observation series. The
formal error of each resulting residual is the quadrature sum
of the UT1−UTC formal error and the formal error of the
interpolated reference series value. Any systematic offset or
drift in the residual series is removed by subtracting a line fit-
ted to the data using a weighted linear least squares fit, where
the weights are the inverse square of the formal errors of the
UT1−UTC residuals. If the corrected residuals are relatively
flat and free from anomalies, the series can be considered for
inclusion in the creation of a reference series.

Figure2 shows the modified residuals for both the Kk-Wz
and Mk-Pt observation series, and a sharp discontinuity in
the Mk-Pt residuals is present in mid-2018, while there is
no such discontinuity in the Kk-Wz series. The UT1−UTC
residuals must be continuous with time, so a series contain-
ing a discontinuity does not make for a suitable observation
series. Before the Mk-Pt series can be used in a combined
series, the reason for the discontinuity in the residuals must
be determined and rectified. The first step in doing that is to
determine the magnitude of the offset. However, doing so is
not as simple as calculating the difference in the values before
and after the jump. It is clear that there is scatter around the
mean residual, so first we need to establish that mean value.
However, there is structure in the residuals with time, and a
mean over all time would not appropriately capture that vari-
ation. A nonparametric regression providing an estimate of
the local mean about a point, such as the Nadaraya–Watson
estimator (NWE, Nadaraya 1964; Watson 1964), is suitable
for this circumstance.

The NWE is a function that returns an estimate of the
value of a regression function m at a given point, x , based
on an average of a sample {(Xi ,Yi )}Ni=1, weighted by a ker-
nel, K . The original NWE does not take into account the
uncertainty in the sample values. The sample of interest here
does have formal errors on the UT1−UTC values, and that
additional information should not be ignored. Thus, in this
work, the kernel used with the basic NWE is extended so
that the weights are determined by the product of a standard
Gaussian kernel and the inverse square of the formal error,
σYi . Specifically, for each point x for which an estimate of
the local mean is desired,

m̂x =
N

∑

i=1

wi Yi =
N

∑

i=1

K (x − Xi )
∑N

j=1 K (x − X j )
Yi (1)

where N is the number of samples in the series and K is the
weighted Gaussian kernel, and given as

K (x − Xi ) = 1

σ 2
Yi

exp

[

−
(

x − Xi√
2h

)2
]

(2)

with h as the kernel bandwidth.
In this work, the uncertainties of the estimates are calcu-

lated via the propagation of uncertainty as

σm̂x =
√

√

√

√

√

N
∑

i=1

[

σYi K (x − Xi )
]2

[

∑N
j=1 K (x − X j )

]2 . (3)

A bootstrap resampling approach to estimating the con-
fidence interval of the regression function could also be
considered.

The kernel bandwidth is determined through leave-one-
out cross-validation. In this process, the NWE is applied to
find the estimated value at each Xi of the N samples while
excluding that sample from the data used to calculate the
estimate. The statistic

S = 1

N

N
∑

i=1

|Yi − m̂Xi | (4)

is used to evaluate how well the estimated values fit the sam-
ple data. This statistic is calculated for a range of potential
values of the kernel bandwidth, h, and a parabola is fit to the
resulting values of the statistic in the vicinity of theminimum
statistic. The bandwidth at the minimum of the parabola is
the one that best fits the sample data. This critical bandwidth
is subsequently used to calculate the final estimates of the
regression function.

Before the NWE is applied to each series, individual
UT1−UTC residuals with large formal errors are removed.
The applied threshold is calculated for each series as the
mean formal error of the residuals plus three times the stan-
dard deviation of those formal errors (54.1 µs for Mk-Pt and
34.4 µs for Kk-Wz). Figure 3 shows the NWE fit to both
data series in the timeframe from after the major mainte-
nance at the MK-VLBA station of November 14, 2015 to
January 1, 2020. In this range, there are 1142 Mk-Pt ses-
sions and 764 Kk-Wz sessions. The regression function is
estimated at the times of the Intensive measurements and
applied to the Mk-Pt series in two sections, one on either
side of the discontinuity, while the Kk-Wz series is fit in a
single section. After the NWE is applied, outliers are also
removed. An outlier is defined as a data point that has a
absolute normalized residual greater than a specified value.
Here, the residual is the difference between the UT1−UTC
residual and the estimated value of the UT1−UTC residual
calculated by the NWE. That post-estimate residual of the
UT1−UTC residual is normalized by the uncertainty in the
post-estimate residual, which is calculated as the quadrature
sum of the uncertainty of the UT1−UTC residual and the
uncertainty in the Nadaraya–Watson estimate as calculated
by Equation 3. These outliers are removed iteratively, with
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Fig. 2 The residuals of UT1−UTC measurements as compared to the
USNO reference series for the Mk-Pt VLBA Intensives, in blue, and
the Kk-Wz IVS Intensives, in orange, as a function of time, denoted in
modified Julian date (MJD) and Gregorian year. Residuals with large
formal errors have been removed from both series (> 54.1 µs for Mk-
Pt and > 34.4 µs for Kk-Wz) as have large outliers. The systematic

offset and drift calculated from the entirety of each series have also
been subtracted. Even after these treatments, the Mk-Pt series exhibits
a negative slope from 2012 through mid-2018, while from mid-2018 to
2020, the slope is relatively flat and the residuals have a positive offset,
as indicated by the purple lines

Fig. 3 The residuals of UT1−UTC measurements as compared to the
USNO reference series for the Mk-Pt VLBA Intensives, in light blue,
and the Kk-Wz IVS Intensives, in light orange, as a function of time,
denoted in modified Julian date (MJD) and Gregorian year. The Mk-
Pt series is split into two sections, one on either side of May 4, 2018
(the date of the seismic event experienced at the MK-VLBA station).

Both series have had large outliers and any systematic offset and drift
removed, though for the Mk-Pt series, the systematic corrections were
calculated for the first section only and applied to both. In corresponding
darker colors, the residuals are overlaid with the regression functions
calculated by the Nadaraya–Watson estimator with 3-sigma confidence
intervals shown
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the NWE re-calculated after every removal of outliers until
no more are removed.

3.1.3 Mk-Pt UT1−UTC discontinuity estimate

Now equipped with a method of estimating the local mean
value of the residuals, we can calculate the difference of
the UT1−UTC values from before and after the observed
discontinuity in the Mk-Pt series. When preparing this cal-
culation, it became clear that the value of the estimated jump
is fairly sensitive to the kernel bandwidth used in the esti-
mation. In turn, the kernel bandwidth, determined through
leave-one-out cross-validation, depends on how many and
which points are present in the time series. A stringent out-
lier threshold of three times the normalized residual reduces
the number of points used in the estimator, which results
in a small bandwidth for the second section of the Mk-Pt
data series. This makes the regression function very sensi-
tive to high frequency variations in the UT1−UTC residuals,
decreasing the benefit of the fit for the second section. On
the other hand, a generous outlier threshold of five times the
normalized residual removes very few points, and the cal-
culated bandwidth for the second part is more similar to the
bandwidth calculated for the first section.

An outlier threshold of four times the normalized residual
of a data point provides a compromise. It is small enough
that the visually obvious outliers are eliminated, yet doesn’t
make it so that the kernel bandwidth is so small as to render
the fit unhelpful. Thus, this is the value used in preparing
the data series for the final analysis shown in Fig. 3. From
those nonparametric regression functions, where the critical
kernel bandwidths for the Mk-Pt series are 17.240 and 6.629
for before and after the earthquake, respectively, and 18.281
for the Kk-Wz series, the shift in the estimate of UT1−UTC
is

�(UT1−UTC)MK−V LBA = 75.7 ± 4.6 µs. (5)

This value is in the middle of the range of values calculated
with different outlier thresholds, so is deemed a reasonable
value with which to move forward, understanding that the
calculated uncertainty likely under-represents the true uncer-
tainty in the calculated difference.

3.2 GNSS

The purpose of investigating the position history of theGNSS
stations co-located with the VLBA stations is to see if a dis-
continuity in that time series also occurred in the vicinity
of the seismic event that is suspected of causing the dis-
continuity in UT1−UTC. Visually inspecting IGS Repro3
station position data from approximately three months on
either side of the seismic event, as shown in Fig. 4, a clear

break is present in the MKEA position time series, while no
break is present at PIE1.

Aswith theVLBImeasurements ofUT1−UTC, determin-
ing a position shift is not as simple as taking the difference
in the positions from before and after the seismic event. So,
similar to the analysis of the UT1−UTC data from theMk-Pt
baseline, we apply the NWE to theMKEAposition history to
identify estimated positions of the GNSS station from imme-
diately prior to and immediately after the seismic event.11

The NWE is also applied to the PIE1 data, but in one contin-
uous segment because no discontinuity is apparent. The time
span of data over which the regression function is calculated
is the span determined in Sect. 2.3, June 30, 2017–September
23, 2018. For the GNSS kernel regression, the critical band-
width, shown in Table 5, determined through leave-one-out
cross-validation, as was done in Sect. 3.1.2, differed between
the different coordinate axes and between the two segments
of the same coordinates of MKEA.

The resulting estimated jumps in the MKEA station posi-
tion for each coordinate are listed in Table 6. Converting the
Earth Centered Earth Fixed (ECEF) coordinate system dis-
placements into the local tangential coordinate system, the
total displacement is 12.4 ± 0.6 mm down and to the south-
east.

3.3 ConnectingMKEA displacement to Mk–Pt
UT1−UTC discontinuity

With the observation from Sect. 3.2 that there was a coseis-
mic displacement of the MKEA station, we now explore
whether themagnitude and direction of that shift can account
for the discontinuity in the Mk-Pt UT1−UTC residuals. The
expected discontinuity of UT1−UTC residuals due to a shift
in a participating station’s position is calculated as the dis-
crete total differential of UT1−UTCwith respect to the three
coordinate axes of the ITRF, given as

�(UT1−UTC)expected =
∑

A=X ,Y ,Z

SA�A (6)

where the SA= ∂(UT1–UTC)/∂A are the sensitivities of
UT1−UTC to station position shifts and the �A are the sta-
tion position shifts in each orthogonal coordinate.

Due to the proximity of the MKEA and MK-VLBA sta-
tions, we make the assumption that the station position shift
of MK-VLBA due to the earthquake is the same as the dis-

11 The station log for MKEA reports that 3cm of vertical station dis-
placement was observed when a cable was replaced in December 2019.
This is attributed to a slow signal degradation from the time that the
cable was installed in 2015. Over a 4–5 years span, the day-to-day
change in the station position values due to this effect is well below
the measurement uncertainties. Because this effect wouldn’t impact the
coseismic displacement estimates, it is ignored in this analysis.
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Fig. 4 The IGS Repro3 time series of the X, Y, and Z positions of the
MKEA and PIE1 GNSS stations co-located with the MK-VLBA and
PIETOWN VLBA stations, respectively. For each coordinate series,
the mean position as determined from the measurements from May 5th
through May 25th, 2018 inclusive is subtracted to more easily see the
relative changes. The date of the earthquake is marked by the verti-
cal dotted line in both stations. The solid blue line is the regression
function calculated with the Nadaraya–Watson estimator, with 3σ con-
fidence bands. Though the regression function was calculated over the

time span identified in Section 2.3, June 30, 2017–September 23, 2018,
the plot shows only the three months on either side of the earthquake so
that the discontinuity is more visible. A position shift is evident in the
MKEA data at the time of the earthquake, so the smoothing is applied
to the MKEA data in two parts. For the PIE1 data, which does not show
a position discontinuity, the smoothing is done in one part. Note the dif-
ference in the scale of the vertical axis between the two stations, which
enhances the variability of the PIE1 series relative to the MKEA series

Table 5 The critical kernel bandwidths, h, determined through leave-
one-out cross-validation, of the Nadaraya–Watson Estimator applied to
each of the three spatial axes for the MKEA station before and after the
earthquake and the PIE1 station

Axis MKEA pre-EQ MKEA post-EQ PIE1

X 1.134 5.855 1.311

Y 1.663 5.771 1.300

Z 1.488 4.870 1.270

Table 6 MKEA station displacements, in millimeters (mm), for each
orthogonal axis and the corresponding contribution to the total expected
shift in UT1−UTC as calculated in Sect. 3.3. Also tabulated is the total
magnitude of the station shift and corresponding impact on the VLBI
measurement of UT1−UTC

Axis Displacement
(mm)

�(UT1−UTC)
contribution
(µs)

X 1.6 ± 1.2 −0.8 ± 1.0

Y −7.4 ± 0.6 24.4 ± 3.0

Z −9.9 ± 0.5 43.6 ± 5.0

Total 12.4 ± 0.6 67.2 ± 5.9

placement of theMKEA station. In this way, we already have
the station position shifts of the MK-VLBA station.

Nowwe assess the sensitivity of the estimated UT1−UTC
value to offsets in a station’s position relative to its pre-

sumed value. If a station was in a different place from the
fixed position used in the calculation of the theoretical delay,
some combination of free parameters in the least squares
adjustment would have to deviate from their true values to
accommodate that error. The clock parameterswould bemin-
imally affected as would the zenith wet delay parameters.
To minimize the difference between the observed delay and
computed theoretical delay, the model fit would “rotate” the
Earth, resulting in a shift in the value of UT1−UTC.

To determine howmuch the estimate ofUT1−UTCwould
change due to a change in a station position that is unac-
counted for, rather than trying to mimic the reality and
develop a method of correctly altering the observed delays,
we take advantage of the fact that real observed delays with
simulated model station position shifts, and therefore artifi-
cial theoretical delays, provide the correct magnitudes of the
sensitivities, just with the opposite sign, as we now demon-
strate.

For a given observation of a source by the participating sta-
tions, the observedminus theoretical delay residual, retaining
only the first term, is

�τ = −Q(b − b0) · s (7)

whereQ is the transformationmatrix from terrestrial to celes-
tial reference frame coordinates (the product of rotations for
precession, nutation, UT1, and polar motion), b is the true
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baseline vector, b0 is the a priori baseline vector, and s is
the unit vector in the source direction. Here, Q is defined to
include the factor of the inverse of the speed of light (1/c).
Shifting one station position results in a baseline change,�b.
Adding a contribution to the actual delay corresponding to a
change of �b in the baseline vector

�τ1 = −Q([b + �b] − b0) · s
= −Q(b − b0 + �b) · s
= �τ − Q(�b) · s.

Conversely, modifying the theoretical delay with the same
change �b

�τ2 = −Q(b − [b0 + �b]) · s
= −Q(b − b0 − �b) · s
= �τ + Q(�b) · s.

Apparently, the modified delay residuals �τ1 and �τ2 are
different from the original delay residual �τ by the same
magnitude, but with opposite signs. In the estimation pro-
cess, �τ is a linear combination of residuals due to each
of the estimated parameters. The part of the total resid-
ual due to UT1−UTC is directly proportional to the offset
of UT1−UTC from its a priori value. Thus, changes in
UT1−UTC due to identical station shifts applied to the true
and assumed station positions will correspondingly be of the
same magnitude but also with opposite signs.

After establishing control values of UT1−UTC for hun-
dreds of Kk-Wz and Mk-Pt Intensive sessions using the
unaltered model station position, we estimate UT1−UTC
again for the same sessions after shifting, in turn, the model
station position for a station in the Intensive network by
+100mm in the X, Y, and Z directions of the ECEF Cartesian
coordinates of the ITRF. For each direction shift, station, and
session, we then calculate the difference of the UT1−UTC
values estimated from the altered and unaltered station posi-
tions, divide it by the scale factor of 100mm, and reverse
the sign. The sensitivity is the mean of these values with the
sample standard deviation reported as the uncertainty.

For the Mk-Pt baseline, the sensitivities for a shift in
the a priori station position of MK-VLBA and PIETOWN
are shown in Table 7 along with the values for KOKEE
and WETTZELL from the Kk-Wz baseline. As would be
expected, the sensitivities of the PIETOWN station are the
exact opposite of those of MK-VLBA, and likewise for
KOKEE and WETTZELL.

Evaluating Eq.6 with the MKEA station displacements,
�A, from Table 6 (as proxies for the shifts of MK-VLBA)
and the MK-VLBA sensitivities, SA, from Table 7, we find
that the expected shift of theMk-Pt UT1−UTC residuals due
to the shift in the MK-VLBA position is

Table 7 Sensitivities of UT1−UTC to changes in the a priori station
positions forMK-VLBAandPIETOWNin theMk-PtVLBAIntensives,
and for KOKEE and WETTZELL in the Kk-Wz IVS Intensives. All
units are µs/mm

Coord Mk Pt

X −0.5 ± 0.47 0.5 ± 0.47

Y −3.3 ± 0.31 3.3 ± 0.31

Z −4.4 ± 0.45 4.4 ± 0.45

Kk Wz

X 0.4 ± 0.06 −0.4 ± 0.06

Y −1.3 ± 0.09 1.3 ± 0.09

Z −0.1 ± 0.12 0.1 ± 0.12

�(UT1−UTC)expected = 67.2 ± 5.9 µs. (8)

The determination of the sensitivities and the station dis-
placement as measured through GNSS are completely inde-
pendent, so the errors are propagated assuming uncorrelated
Gaussian uncertainties.

4 Discussion

4.1 Accounting for the UT1−UTC discontinuity

There are several potential causes of the discontinuity in the
UT1−UTC residuals measured by the Mk-Pt VLBA inten-
sives.With numerous inputs to the geometricmodel, a change
in the reality of any of them (e.g., polar motion or celestial
pole offsets) not reflected in the model assumptions could
have an impact on the measurement of UT1−UTC. How-
ever, the anomaly is only visible on data from the Mk-Pt
baseline series, so the issue has to be associated with the par-
ticipating stations, not the a priori EOPs. A one-time change
in the observing stations’ electronics could also have had an
impact, but no such changes were detected in the other rou-
tine uses of the VLBA stations. Furthermore, a discontinuity
in UT1−UTC like this has been seen before in the IVS inten-
sive series that included the 32m station at Tsukuba, Japan
(TSUKUB32). This was traced to the effects of the 2011
Tohoku earthquake that resulted in a relatively large move-
ment (at the level of a few meters) of the TSUKUB32 station
(MacMillan et al. 2012). All these factors strongly suggest
that either the MK-VLBA or PIETOWN stations had sud-
denly moved. It is known that the PIETOWN station is not
simply following the motion of the tectonic plate it sits on,
but has a nonlinear component to its long-term positional
trajectory (Petrov et al. 2009) which potentially could have
had a sudden shift. However, the coincidence of the Kı̄lauea
eruption and associated earthquake with the UT1−UTC dis-
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continuity pointed suggestively at MK-VLBA as the station
that had moved and caused the jump in the UT1−UTC mea-
surements.

To test this hypothesis, we evaluated the size and direction
of the jump seen in the VLBI data and developed amethodol-
ogy of converting station position time series from co-located
GNSS stations into an expected shift of theUT1−UTCvalue.
The two methods of calculating/estimating the UT1−UTC
displacement do comport with each other within a 3σ thresh-
old. The difference of the values reported inSect. 3.1.3 (Eq.5)
and Sect. 3.3 (Eq.8) is 8.5 ± 7.5 µs, which is 1.14 σ .

There are many sources of noise that can contribute to
the difference between the values produced by the two meth-
ods. As discussed in Sect. 3.1.3, the selection of the outlier
elimination threshold has an impact on the calculated discon-
tinuity. The choice of the time to calculate the discontinuity
also plays a small role in the final calculation. In this case,
that time for both the VLBI and GNSS series was the same,
but it was at the closest midnight epoch to the moment of the
earthquake, not at the moment of the earthquake itself. The
uncertainties of the measurements certainly capture some
of these effects, but the systematic errors are likely under-
represented. Furthermore, the assumption that the position
shift experienced at MKEA is identical to that experienced
at MK-VLBA may be imperfect, and thus contribute to the
discrepancy, even though the two stations are very close.
Regardless, the results of Sect. 3 are consistent with the
hypothesis that the station position displacement is what
caused the value of UT1−UTC to shift.

After such a station displacement event,VLBI global solu-
tions are able to solve for the station position before and after
the earthquake and thus also produce values for the posi-
tion shift. However, in order to calculate this shift, several
sessions involving the station in question must have been
observed, which usually takes several months. For some sta-
tions, in addition to the initial station coseismic displacement,
a post-seismic deformation model is required to account for
nonlinear stationmotion as the station settles into a new equi-
librium (see Altamimi et al. 2016, Section 3.4).

In the case of the 2018 displacement of the MK-VLBA
station, the UT1−UTC residuals and the GNSS data are con-
sistent with the event being a simple discontinuity, with no
post-seismic deformation. This is supported by the results of
the ITRF2020 analysis.12 Furthermore, a recent VLBI global
solution from theUSNOVLBIAnalysisCenter,usn2022a,
calculates a position of the MK-VLBA station before and
after May 4, 2018. The solution did not call for modeling a
post-seismic deformation. The MK-VLBA station position
shift from the solution is 6.8 ± 0.9mm in X, −5.1 ± 1.0mm
in Y, and −13.0 ± 0.9mm in Z, or 15.5 ± 0.9mm slightly
down and to the southeast. This translates to an expected dis-

12 https://itrf.ign.fr/ftp/pub/itrf/itrf2020/ITRF2020-psd-vlbi.snx.

continuity in the Mk-Pt UT1−UTC residuals of 70.6 ± 8.6
µs. Though these station position shifts are slightly different
from those determined for the MKEA station in Sect. 3.2
(more so in X than in Y or Z), the total magnitude of the
shifts of both MKEA and MK-VLBA and the correspond-
ing expected induced discontinuity in the UT1−UTC value
are similar. These measurements of the displacement of the
MKEA and MK-VLBA stations are consistent in displace-
ment direction with analysis of interferometric synthetic
aperture radar (inSAR) data which concludes that the south-
eastern flank of Maunakea (which is ∼ 90km northwest of
the earthquake epicenter) slipped down and to the southeast
in the direction of Kı̄lauea as a result of ∼ 5m of fault slip
to the southeast at the site and time of the earthquake (Neal
et al. 2019).

The reality that an unforeseen station position shift
can change the measurement of UT1−UTC in low-latency
single-baseline Intensive measurements has some impor-
tant consequences. Any station displacement would have
an immediate effect on the measurement of UT1−UTC.
For Intensive series that are being used operationally to
inform the global awareness of UT1−UTC, any position
shift needs to be detected and corrected quickly. The time
between VLBI global solutions, which could be used to
update the station a priori values, is at least a few months.
The latency of detections of position shifts of GNSS stations
is a few hours or days. This work, building on prior work by
MacMillan et al. (2012), shows that the UT1−UTC offset
can largely be corrected by using the GNSS position shift
in conjunction with the baseline’s sensitivity of UT1−UTC
to a change in the position of the participating stations. The
correction can be done using sensitivities for each affected
station in a single baseline for all sessions, or the sensi-
tivities could be determined on a session by session basis
using the technique employed in Sect. 3.3. Regardless of how
exactly the correction is determined, it can be calculated and
applied quickly, supporting the low-latency measurement of
UT1−UTC while the updated station position is determined
more accurately from a global solution.

4.2 Mk-Pt Intensive series characteristics

By using different a priori station positions through time that
account for station displacements, the residuals of Intensive
series, computed with the method described in Sect. 3.1, no
longer contain any UT1−UTC discontinuities, and thus pro-
vide another set of data with which to evaluate the Mk-Pt
series. As mentioned in Sect. 2.2, the session duration of the
Mk-Pt Intensives changed over the course of the series. With
the increased number of scans in longer sessions, it would
be expected that the session formal error would go down,
and perhaps so would the scatter of the residuals as quan-
tified by the weighted root-mean-square (WRMS). Using
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Table 8 Descriptive statistics of the Kk-Wz IVS Intensives and the three timeframes of theMk–Pt VLBA Intensives with different session durations

Intensive
series

Number of
sessions

Mean Number of
Obs per session

Mean formal
error (µs)

Residual WRMS
(µs)

NWE Residual
WRMS (µs)

Mk-Pt (45 min) 1012 28.3 22.0 36.2 31.8

Mk-Pt (90 min) 849 55.2 14.3 33.5 23.5

Mk-Pt (60 min) 142 41.7 20.5 31.7 28.6

Kk-Wz (60 min) 1561 17.4 12.5 13.0 12.5

the UT1−UTC values of the Intensives calculated in the
usn2022a solution, which accounts for the MK-VLBA
station displacement, we separately examine the periods
when the Mk-Pt VLBA Intensives had a duration of 45min
(February 15, 2013–February 23, 2017), 90min (February
24, 2017–July 31, 2020), and 60min (August 1, 2020–April
29, 2021), calculating the WRMS of the residuals and the
mean formal error of the sessions for each time frame. We
also calculate these values for the Kk-Wz baseline over the
whole time span (February 15, 2013–April 29, 2021) for ref-
erence. The resulting statistics are shown in Table 8.

As expected, for theMk-Pt baseline, themean formal error
decreases with increasing session duration. The WRMS of
the residuals behaves similarly, though the 60min sessions
have a lower residualWRMS than the 90min sessions. This is
likely due to the dissimilarity of the number of sessions used
in the calculation of the statistic. If the formal errors estimated
for each session properly captured all of the systematic error,
one would expect that the WRMS of the residuals would be
equal to the mean formal error. As the values in the table
show, theWRMS is consistently larger than the mean formal
error, indicating an uncaptured systematic error contribution.
Even for the Kk-Wz series, the WRMS of the residuals are
slightly higher than the mean formal error.

In addition to calculating the UT1−UTC discontinuity
in the Mk-Pt VLBA Intensive series, the application of the
NWE nonparametric regression highlights the presence of
periodic structure in the residuals, visible in Fig. 3. A similar
structure might also be present in the Kk-Wz IVS Intensive
series. This structure likely represents a part of the uncaptured
systematic error of the reported formal errors that is causing
the elevated WRMS in both series. The lower magnitude of
the sensitivity of UT1−UTCmeasurements from the Kk-Wz
Intensives to changes in KOKEE and WETTZELL station
positions relative to the sensitivity of the MK-VLBA and
PIETOWN stations is a possible reason for the difference in
amplitude of the periodic structure and requires additional
investigation.

To provide a numerical understanding of the impact of the
systematic errors in the UT1−UTC residuals, we addition-
ally calculate and report inTable 8 theWRMSof the residuals
of the UT1−UTC time series after subtracting off the NWE
regression function calculated at the epochs of all of the ses-
sions in each time frame. For the Kk-Wz series, this results

in a value of the WRMS of the “corrected” residuals that
is identical to the mean formal error. For the Mk-Pt series
segments, while the WRMS is lowered, the values remain
higher than the mean formal errors, suggesting that the mean
formal errors are under-estimated.

5 Conclusion

In this work, we examined the effects of the Mw 6.9 Hawai‘i
earthquake of May 4, 2018 on the MK-VLBA VLBI sta-
tion and the MKEA GNSS station. From the analysis, it
is clear that MKEA had a coseismic displacement, which
similarly affected the co-located MK-VLBA station. After
calculating the sensitivity of the Mk-Pt Intensive measure-
ment of UT1−UTC to a shift in the MK-VLBA position,
we calculated the expected discontinuity in UT1−UTC from
the observed MKEA coseismic displacement. The resulting
value of 67.2 ± 5.9 µs is consistent at the 1.14 σ level with
the UT1−UTC discontinuity of 75.7 ± 4.6 µs measured
in the Mk-Pt UT1−UTC series, very firmly connecting the
coseismic station displacement to the discontinuity in the
Mk-Pt UT1−UTC residuals. Reinforcing that result is that
the expected discontinuity in the UT1−UTC residuals based
on the usn2022a global solution station displacement is
70.6 ± 8.6 µs, which is 3.4 ± 10.4 µs (0.33 σ ) from the
expected discontinuity from the MKEA displacement and
5.1 ± 9.7 µs (0.52 σ ) from the calculated discontinuity in
the Mk-Pt residuals. Though the global solution was able to
correct for the impact of the earthquake on Intensive mea-
surements of UT1−UTC, it was roughly a year before the
USNO VLBI Analysis Center could make this correction.

Intensives monitor the vital EOP UT1−UTC, providing a
dailymeasurementwith latency generally under 24h.Having
a co-located GNSS station with a VLBI station participating
in Intensives ensures that there is amechanism to identify and
correct any station displacements relatively quickly. With a
simple discontinuity, an offset could be applied to all mea-
surements of UT1−UTC after the jump. However, in the
case of an event that exhibits post-seismic deformation, the
GNSS station position series would provide a means of cor-
recting the Intensive series within a few days or weeks of
the displacing event. Without a co-located GNSS station,
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corrections to the Intensive series from VLBI global solu-
tions alone could takemonths, rendering that baseline unable
to provide an accurate measurement of UT1−UTC in low-
latency Intensives. In order to maintain the needed frequent
and low-latency measurement of the phase of the Earth’s
rotation from Intensive sessions, the international commu-
nity would benefit greatly from ensuring that there is a GNSS
station co-located with any VLBI station involved in these
sessions.

In addition to allowing for a calculation of the discontinu-
ity in the Mk-Pt UT1−UTC residuals, the application of the
NWEsmoothing technique to the residuals reveals an oscilla-
tory feature with a roughly semi-annual period. This feature
is certainly present in the Mk-Pt series and is potentially
present in the Kk-Wz series as well. Comparison of the mean
formal error and the dispersion of the UT1−UTC residuals
indicate that there are systematic errors in the UT1−UTC
measurements that are not accounted for in the Mk-Pt inten-
sive series formal errors. The discovered oscillatory feature
explains some of the excess dispersion relative to the mean
formal errors.

Future work will focus on identifying and removing this
“wiggle” from Intensive UT1−UTC series. This work exam-
ined the sensitivity ofUT1−UTC to errors inmodeled station
position values, but only applied them to a single moment
in time. With GNSS stations co-located with both the MK-
VLBAand PIETOWNstations, a time series of corrections to
the Mk-Pt UT1−UTC series could be created. Furthermore,
there can be errors in the a priori values for the polar motion
parameters and the celestial pole offsets as well. Determin-
ing the sensitivities of any Intensive series to these errors
may also shed light on the source of the oscillation in the
UT1−UTC residuals. With a semi-annual periodicity in the
oscillation, investigation of potential issues with the mod-
eled solid Earth tides or tidal loading may also be warranted.
Through these, and complementary, investigations, we hope
to better understand the nature of the ’wiggle’ that we have
detected in measurements of UT1−UTC from the Mk-Pt
VLBA Intensives.

Acknowledgements Thanks are due to Julien Frouard of the USNO for
his assistance with the application of the Nadaraya–Watson estimator,
and also to JohnathanYorkofTheUniversity ofTexas atAustin,Applied
Research Laboratory and Sharyl Byram of the USNO for advice on
matters related to the GNSS stations. The authors acknowledge use
of the Very Long Baseline Array under the US Naval Observatory’s
time allocation. This work supports USNO’s ongoing research into the
celestial reference frame and geodesy. The VLBA is an instrument of
the National Radio Astronomy Observatory which is a facility of the
National Science Foundation operated under cooperative agreement by
Associated Universities, Inc.

Author Contributions CD and MJ designed the study. DM developed
the sensitivity calculation method which was implemented by CD. CD
performed the analyses, executed the calculations, prepared the figures,

and drafted the manuscript. All authors interpreted the results and pro-
vided input that shaped the analysis and manuscript.

Data availability All data products utilized in this analysis are in the
public domain. Links to their sources are provided in the text.

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, youwill need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

Altamimi Z, Rebischung P, Métivier L et al (2016) ITRF2014: a
new release of the International Terrestrial Reference Frame
modeling nonlinear station motions. J Geophys Res Solid Earth
121(8):6109–6131. https://doi.org/10.1002/2016JB013098

Bolotin S,BaverKD,Gipson JM, et al (2012)Thefirst release of νSolve.
In: International VLBI Service for Geodesy and Astrometry 2012
general meeting proceedings, pp 222–226

Caprette DS, Ma C, Ryan JW (1990) Crustal Dynamics Project data
analysis, 1990. Tech. Rep. REPT-91E00714, NASA

Charlot P, Jacobs CS, Gordon D et al (2020) The third realization of
the International Celestial Reference Frame by very long base-
line interferometry. Astron Astrophys 644:A159. https://doi.org/
10.1051/0004-6361/202038368

Finkelstein A, Salnikov A, Ipatov A, et al (2011) EOP determination
from observations of Russian VLBI-network “Quasar”. In: Pro-
ceedings of the 20th Meeting of the European VLBI Group for
Geodesy and Astronomy, Bonn, Germany, pp 82–85

Gambis D, LuzumB (2011) Earth rotation monitoring, UT1 determina-
tion and prediction. Metrologia 48(4):S165–S170. https://doi.org/
10.1088/0026-1394/48/4/S06

Geiger NP, Fey A, Dieck C, et al (2019) Intensifying the Intensives
with the VLBA. In: International VLBI Service for Geodesy and
Astrometry 2018generalmeetingproceedings:, Svalbard,Norway,
pp 219–222

Johnston G, Riddell A, Hausler G (2017) The International GNSS Ser-
vice. In: Teunissen PJ,MontenbruckO (eds) Springer handbook of
global navigation satellite systems. Springer, Cham, pp 967–982.
https://doi.org/10.1007/978-3-319-42928-1_33

Kern L, Schartner M, Böhm J, et al (2022) On the importance of accu-
rate pole and station coordinates for VLBI Intensive baselines. J
Geodesy. Submitted

Kern LM (2021) Simulation of VLBI Intensive sessions for the estima-
tion of UT1. Technische Universität Wien, Thesis

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/2016JB013098
https://doi.org/10.1051/0004-6361/202038368
https://doi.org/10.1051/0004-6361/202038368
https://doi.org/10.1088/0026-1394/48/4/S06
https://doi.org/10.1088/0026-1394/48/4/S06
https://doi.org/10.1007/978-3-319-42928-1_33


21 Page 14 of 14 C. Dieck et al.

Landskron D, Böhm J (2019) Improving dUT1 from VLBI Intensive
sessions with GRAD gradients and ray-traced delays. Adv Space
Res 63(11):3429–3435. https://doi.org/10.1016/j.asr.2019.03.041

Luzum B, Nothnagel A (2010) Improved UT1 predictions through low-
latency VLBI observations. J Geodesy 84(6):399–402. https://doi.
org/10.1007/s00190-010-0372-8

Ma C, Clark TA, Ryan JW et al (1986) Radio-source positions from
VLBI. Astron J 92:1020–1029. https://doi.org/10.1086/114232

MacMillanD,BehrendD,Kurihara S (2012)Effects of the 2011Tohoku
Earthquake on VLBI Geodetic Measurements. In: International
VLBI Service for Geodesy and Astrometry 2012 general meeting
proceedings, pp 440–444

Malkin Z (2011) The impact of celestial pole offset modelling on VLBI
UT1 Intensive results. J Geodesy 85(9):617–622. https://doi.org/
10.1007/s00190-011-0468-9

Malkin Z (2013) Impact of seasonal station motions on VLBI UT1
Intensives results. J Geodesy 87(6):505–514. https://doi.org/10.
1007/s00190-013-0624-5

Nadaraya EA (1964) On estimating regression. Theory Prob Appl
9(1):141–142. https://doi.org/10.1137/1109020

Neal CA, Brantley SR, Antolik L et al (2019) The 2018 rift eruption
and summit collapse of Kilauea Volcano. Science. https://doi.org/
10.1126/science.aav7046

Nilsson T, Soja B, Balidakis K et al (2017) Improving the model-
ing of the atmospheric delay in the data analysis of the Intensive
VLBI sessions and the impact on the UT1 estimates. J Geodesy
91(7):857–866. https://doi.org/10.1007/s00190-016-0985-7

Nothnagel A, Schnell D (2008) The impact of errors in polar
motion and nutation on UT1 determinations from VLBI Inten-
sive observations. J Geodesy 82(12):863–869. https://doi.org/10.
1007/s00190-008-0212-2

Nothnagel A, Artz T, Behrend D et al (2017) International VLBI Ser-
vice forGeodesy andAstrometry: delivering high-quality products
and embarking on observations of the next generation. J Geodesy
91(7):711–721. https://doi.org/10.1007/s00190-016-0950-5

Petit G, Luzum B (2010) IERS Conventions (2010). IERS Technical
Note 36:1

Petrov L, Gordon D, Gipson J et al (2009) Precise geodesy with the
Very Long Baseline Array. J Geodesy 83(9):859–876. https://doi.
org/10.1007/s00190-009-0304-7

Robertson DS, Carter WE, Campbell J et al (1985) Daily Earth rota-
tion determinations from IRIS very long baseline interferometry.
Nature 316(6027):424–427. https://doi.org/10.1038/316424a0

Ryan JW, Ma C, Schupler BP (1980) Mark 3 interactive data analysis
system. In: Radio interferometry: Techniques for Geodesy, Cam-
bridge, MA

Ryan JW, Ma C, Caprette DS (1993) NASA space geodesy program:
GSFC data analysis, 1992. Crustal Dynamics Project VLBI geode-
tic results, 1979–1991. Tech. Rep. NASA-TM-104572, NASA

Schartner M, Böhm J (2019) VieSched++: A New VLBI Scheduling
Software for Geodesy and Astrometry. Publications of the Astro-
nomical Society of the Pacific 131(1002):084,501. https://doi.org/
10.1088/1538-3873/ab1820

Schartner M, Kern L, Nothnagel A et al (2021) Optimal VLBI base-
line geometry for UT1−UTC Intensive observations. J Geodesy
95(7):75. https://doi.org/10.1007/s00190-021-01530-8

Watson GS (1964) Smooth regression analysis. Sankhyã Indian J Stat
Ser A 26(4):359–372

123

https://doi.org/10.1016/j.asr.2019.03.041
https://doi.org/10.1007/s00190-010-0372-8
https://doi.org/10.1007/s00190-010-0372-8
https://doi.org/10.1086/114232
https://doi.org/10.1007/s00190-011-0468-9
https://doi.org/10.1007/s00190-011-0468-9
https://doi.org/10.1007/s00190-013-0624-5
https://doi.org/10.1007/s00190-013-0624-5
https://doi.org/10.1137/1109020
https://doi.org/10.1126/science.aav7046
https://doi.org/10.1126/science.aav7046
https://doi.org/10.1007/s00190-016-0985-7
https://doi.org/10.1007/s00190-008-0212-2
https://doi.org/10.1007/s00190-008-0212-2
https://doi.org/10.1007/s00190-016-0950-5
https://doi.org/10.1007/s00190-009-0304-7
https://doi.org/10.1007/s00190-009-0304-7
https://doi.org/10.1038/316424a0
https://doi.org/10.1088/1538-3873/ab1820
https://doi.org/10.1088/1538-3873/ab1820
https://doi.org/10.1007/s00190-021-01530-8

	The importance of co-located VLBI Intensive stations and GNSS receivers
	A case study of the Maunakea VLBI and GNSS stations during the 2018 Hawai`i earthquake
	Abstract
	1 Introduction
	2 Observations
	2.1 Kōke`e–Wettzell VLBI Intensives
	2.2 Maunakea—Pie Town VLBI Intensives
	2.3 Maunakea and Pie Town GNSS data

	3 Analysis and results
	3.1 VLBI
	3.1.1 VLBI session editing and UT1-UTC calculation
	3.1.2 UT1-UTC Residuals and the Nadaraya–Watson estimator
	3.1.3 Mk-Pt UT1-UTC discontinuity estimate

	3.2 GNSS
	3.3 Connecting MKEA displacement to Mk–Pt UT1-UTC discontinuity

	4 Discussion
	4.1 Accounting for the UT1-UTC discontinuity
	4.2 Mk-Pt Intensive series characteristics

	5 Conclusion
	Acknowledgements
	References





