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Abstract

Scientific applications critically depend on the ITRF and impose the most stringent
requirements on terrestrial reference frame accuracy and long-term stability. A recent US
National Research Council report (Minster et al., Precise geodetic infrastructure: national
requirements for a shared resource. The National Academies Press, Washington, DC, 2010)
found that the applications demanding the highest accuracy and long-term stability were
sea level, geodynamics from vertical land motion and large-scale horizontal deformation,
and decadal satellite survey missions. A key recommendation was to make a long-term
commitment to maintain the ITRF to ensure its continuity and stability, so as to provide a
foundation for Earth system science and studies of global change. In this paper, we focus
on characteristics of the ITRF that have demands placed upon them by these most stringent
scientific users. We consider in detail each characteristic in terms of what the user needs,
and provide examples of how such needs can be met, and identify factors that strengthen or
weaken terrestrial reference frames from a user’s perspective. We find the most important
feature of a terrestrial reference frame is “predictability”, the ability of the frame to predict
future positions of stations in a multi-technique network to support science. Specifically, the
key requirement of the ITREF, in order to support the most demanding scientific applications
with large societal impacts, is to provide access to station coordinates that have secular
predictability at the level of 1 mm per decade (0.1 mm/year).
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et al. 2010; Plag and Pearlman 2009). In its report, the
National Research Council in the United States discussed in
detail the national requirements for precise geodetic infras-

Given that the emphasis of this REFAG symposium is on how
to improve and develop future versions of terrestrial refer-
ence frames (TRFs), it is of useful to consider requirements
and desirable characteristics from the user’s perspective.
Of all the users of TRFs, it is scientific users that place
the most stringent demands on these characteristics (Blewitt
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tructure as a share resource (Minster et al. 2010). The
report identifies the most stringent scientific applications,
including the study of sea level change, geodynamics, orbit
determination of decadal satellite missions, and vertical land
motion. The report notes that the International Terrestrial
Reference Frame (ITRF) enables coordinates from multiple
techniques to be meaningfully compared anywhere on the
Earth’s surface (Altamimi et al. 2011), and thus forms the
basis of scientific investigations using the Global Geodetic
Observing System (Plag and Pearlman 2009). The ITRF is
also inherited by denser, continental-scale TRFs to support
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more targeted science (Blewitt et al. 2013; Brunini and
Sanchez 2013; Bruyninx et al. 2012), thus the relationships
between TRFs have a solid foundation through the ITRF.

One of most difficult problems that an accurate and stable
ITRF addresses is how to tie together time series of global
sea level change from different satellite altimeter missions
(Nerem et al. 2010). The ITRF also addresses the problem
of being able to reference tide gauge data with respect to a
stable and physically meaningful origin, so that sea level can
be mapped in a system consistent with altimetry, and can be
compared from one decade to the next (Blewitt et al. 2010;
Santamaria-Gémez et al. 2012). The interpretation of vertical
land motion in terms of geodynamic processes also places
stringent demands on coordinate accuracy and stability (Plag
and Pearlman 2009). These processes include glacial iso-
static adjustment, ice sheet mass variation, coastal subsi-
dence, mountain growth, decade-scale hydrological loading,
and elastic strain accumulation at plate boundaries. In many
cases the requirements on the TRF to support these scientific
applications also have societal implications, for example,
the need for accurately referenced surface displacements to
improve tsunami early warning systems around the Pacific
Rim, the risk to infrastructure from coastal subsidence, and
the depletion of water resources in central California (Amos
et al. 2014).

In this paper, to consider the user’s perspective, we first
categorize the TRF characteristics that have user demands,
and then each of these characteristics are discussed in some
detail. We then consider the most stringent application,
which is the determination of long-term change in sea level,
to learn how those characteristics are used to meet scientific
goals. Finally, we infer the key requirements on ITRF to
support geodynamics and climate change, and attempt to
answer the question, “What is the primary mission of a
terrestrial reference frame?”

2 Terrestrial Reference Frame
Characteristics That Have User
Demands

What is the primary mission of a terrestrial reference frame?
Whatever the answer to this question may be, it should relate
to meeting the user’s needs. We will keep this question in
mind as we consider the desirable characteristics that a TRF
should have to meet the needs of science, and we will attempt
to answer it in the Sect. 4.

Let us first categorize the types of characteristics that
may have user demands, and then we will look at these
characteristics in some detail:

1. the associated reference system;
2. reference frame definition and inheritance;
3. realization;
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spatial coverage;
temporal coverage;
quality; and

life cycle.

Nk

2.1 The Associated Reference System
Terrestrial reference frames are specific realizations of ter-
restrial reference systems (IERS 2010). The associated refer-
ence system comprises fundamental constants, conventions,
and models. To be useful scientifically, we must consider
physical characteristics of the reference system. The follow-
ing provide some examples, all of which are subjects of
ongoing research in the geodetic community:

1. The accurately predictable part of a station’s motion,
for example, solid Earth tidal displacements, may be
modeled at the observation level of data analysis. The
unpredictable or less-accurately predictable parts may be
the target of scientific investigation, for example, co/post-
seismic displacements.

2. The origin may be coincident with the entire Earth system
center of mass (CM), which requires that the predictable
part of the station motion model relating to mass redistri-
bution such as ocean tides must consistently account for
displacement of the Earth’s geometrical figure from CM,
so called “geocenter motion”.

3. Scale is specified by the conventional speed of light
together with timing measurements of sufficient accu-
racy in a consistent relativistic framework. For satellite
geodesy, the so-called near-Earth approximation of the
general relativistic metric defined by the International
Astronomical Union (IAU) suffices (unlike interplanetary
missions, for example). Scale is a function of the adopted
reference gravitational potential, such as a conventional
geoid for an Earth-fixed observer, or the potential at
Earth’s center of mass, or the solar system’s center of
mass. Since different reference potentials may be more
convenient to perform observation modeling, the scale of
the reference system should be unambiguously defined,
among the various possible choices (IERS 2010).

4. The reference system must take care with any models
that may affect scale, models that should be consistent
with the conventional speed of light. Examples include
GM, atmospheric refractivity, and system biases
such as those associated with satellite reflectors and
antennas.

5. The rotation of the reference system is mathematically
arbitrary and thus conventional, but to be useful to geo-
physicists, it should be defined to be consistent with
some physical principle, such as the no-net rotation of the
tectonic plates, or the rotation of hot spots representing
the mantle, or the integrated surface motion of the Earth
(Kreemer et al. 2006).
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2.2 Reference Frame Definition

and Inheritance

“Reference frame definition” is the method chosen to realize
the origin, scale, and orientation of the TRF, and their time
evolution. Examples are:

1.

Origin: One option is to use SLR for its superior orbit
modeling and predictability, setting degree-1 gravity
terms to zero.

. Scale: One option is to use VLBI, given its insensitivity

to GM. Another option is to use SLR, given its less
sensitivity to errors in atmospheric refractivity.
“Inheritance” is often used to ensure continuity and con-

sistency of the TRF. Examples are:

1.

Maintain the same orientation as the former ITRF, so
as to ensure continuity of polar motion time series and
consistency in updated station coordinate time series.

. 1GS08 is aligned with ITF2008 to ensure reference frame

consistency, which improves precision for daily GPS
orbit alignment in the terrestrial frame (Rebischung et al.
2012).

. Stable North America reference frame NA12 (Blewitt

et al. 2013) was realized using time series in global
reference frame IGSO8 (Rebischung et al. 2012) to ensure
reference frame consistency with ITRF2008 (Altamimi
et al. 2011), while allowing for a different no-net rotation
condition to meet scientific needs.

23 Realization

TREF realization extends the reference frame definition and
inheritance by a self-consistent process that explicitly deter-
mines the coordinates of stations of each contributing tech-
nique. There are specific aspects of design in the process of
TREF realization that may address user’s needs:

1.

The selection of space-geodetic techniques used to supply
the input data and TRF stations allows for a synergis-
tic combination, such that the TRF can better conform
to the physical ideal expressed by the associated ref-
erence system. In addition, techniques such as GNSS
densify the frame by orders of magnitude, facilitating
user access to the frame. Thus, GNSS user solutions
that use such a TRF become leveraged by SLR and
VLBI (without the user having to explicitly use such
data), and become more physically grounded for scientific
interpretation.

Multi-technique site collocations and local ties between
the stations are required to enable a rigorous combination
of techniques. The number, spatial distribution, and vari-
ety of techniques of collocated sites have an impact on the
quality of the combination, and thus the ability of GNSS
to gain leverage from VLBI and SLR.

3. Relative data weights between contributing techniques,

and between contributing solutions within each technique
will have an impact on the quality of the combination, thus
ongoing assessment is needed to determine the optimal
relative weights that give the most physically meaningful
and high-quality frame.

. The selection of TRF stations and time-windows of

acceptable data can affect the quality and long-term
stability of the origin, scale, and orientation of the frame.
In particular, if a TRF station has non-stationary variation
from linear motion (such as random walk monument
noise, or post-seismic deformation), its future position
will be less predictable, therefore degrading the quality of
the frame. Stationary processes such as flicker noise and
repeatable seasonality are of less concern as they do not
affect long-term predictability, however they may affect
relative data weights of contributing stations.

. The estimation of empirical station motion model

parameters is required. For example, station velocities
are required because secular motion from tectonics and
plate boundary deformation is not sufficiently well known
a priori. Moreover, GNSS time series generally suffer
from discontinuities arising from equipment changes, and
all techniques are generally prone to permanent displace-
ments due to earthquakes. Note that from a user’s perspec-
tive, the estimated parameters define the realized frame.
Estimated parameters are conditioned by the choice of
the frame origin, orientation, scale, and their evolution
in time, and in turn, the user has access to these frame
parameters through alignment to the predicted station
positions. At present, the ITRF estimated parameters for
each station include coordinates at a conventional epoch,
station velocity coordinates, step coordinates, and local
tie discrepancies. Currently it is not possible to physically
model seasonality with sufficient accuracy (Davis et al.
2012), therefore empirical parameters such as annual and
semi-annual sine and cosine amplitudes are currently
being considered to enhance the sub-annual realization
of ITRE. Of particular concern is the out-of-phase
seasonality of the northern and southern hemisphere,
which currently may bias the sub-annual realization of
scale and frame origin. For example, seasonal inter-
hemispheric surface mass redistribution would lead to
seasonal variation in hemispheric scale and mean station
position (through degree-1 deformation). Hemispheric
asymmetry in the station distribution could therefore lead
to anomalous seasonal variation in scale and origin.

. Quality control (QC) is defined as the screening of input

data, which in this case are the contributing geodetic
solutions. Quality assessment (QA) is defined as the
evaluation of the final product, which in this case are the
estimated station motion parameters, and thus the realiza-
tion of origin, scale, and orientation. The effectiveness of
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Fig. 1 Spatial coverage for geodetic GPS stations routinely processed by the Nevada Geodetic Laboratory, http://geodesy.unr.edu

QC is of paramount importance to improve the quality
of the final product. QA is a somewhat more difficult
process, and a conservative approach can be valuable
to put bounds on the physical interpretation in scientific
investigations. For example, a QA determination that the
origin drift is accurate to 0.5 mm/year (Altamimi et al.
2011) has important implications for conclusions that may
be drawn on global sea level rise.

24 Spatial Coverage

Spatial coverage of a TRF has significant impact on the
usefulness of a TRF to various users. Spatial coverage is
important to consider at global, continental, regional and
local scales. For example:

1.

Global coverage is required to accurately represent the
physical Earth and its rotation, and is used for global-scale
geodynamics (Plag and Pearlman 2009).

. Continental coverage is used for plate tectonics, and to tie

national reference systems to ITRF (Blewitt et al. 2013;
Brunini and Sanchez 2013; Bruyninx et al. 2012)

. Regional coverage is used to characterize plate boundary

deformation.

4. Local coverage, or “footprint”, is used to assess the local

physical stability and monumentation of TRF stations
(Minster et al. 2010).

. TRFs naturally have a “spatial domain of applicability”

relating to the extent of their spatial coverage. On the one
hand, ITRF has global extent, and so is applicable glob-
ally. On the other hand, NA12 should only be used in or
near North America (Blewitt et al. 2013). For frames that
are not global, the user’s geodetic solutions will generally
degrade moving away from the region encompassed by
the network.

. In addition to spatial extent, spatial sampling also has

important consequences for scientific interpretation.
Hemispheric asymmetry in the SLR global network can
create systematic biases in the realization of the ITRF
origin and scale. The frame can also be biased because
of oversampling on specific continents. Assuming
that spatially-correlated systematic errors exist in any
contributing network solution, one might consider a
scheme to de-weighting regions that are oversampled.
In a sense, this is analogous to generating normal points,
but in this case, in the spatial domain.

. Figure 1 shows the current spatial coverage for >12,000

geodetic GPS stations that are processed routinely by
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the Nevada Geodetic Laboratory (http://geodesy.unr.edu).
The asymmetry of the distribution is strikingly obvious.

25 Temporal Coverage
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2.6 Quality

The quality of a TRF can be characterized in several ways.
Some of the following concepts were articulated by the
National Research Council report (Minster et al. 2010):

1. Accuracy refers to how close a determined quantity is to

Temporal coverage affects the quality of the frame with time.
Some aspects of temporal coverage are important to consider
from the user’s perspective:

1. TRFs have a start date and an end date of contribut-
ing data. The predictability of TRF station coordinates
degrade at least quadratically with time, even for the ideal
case of a perfectly secular frame, and so rapidly degrade
outside of this time window. Therefore it is imperative to
update the TRF from time to time, typically every few
years, depending on the time span of contributing data. As
the time span increases with each subsequent frame real-
ization, the frame can be updated less frequently. It should
be noted, however, that a significant problem remains
whenever a great earthquake displaces a significant region
within the TRE. To resolve this problem, temporary fixes
may be required in between significant TRF updates.

2. Each station has a “time window of applicability” to the
frame. At most, this window can include all possible data,
from when the station began delivering data, to the general
end date of all contributing data to the frame. However a
common situation is that a station may only have linear
behavior within a specific time window, because the sta-
tion was in the region of a great earthquake, and is subject
to post-seismic deformation. There could be time spans
where a station was behaving poorly, perhaps because of
failing equipment, or periods where there was snow and
ice on an antenna. These windows of applicability need to
be carefully specified to the user (Blewitt et al. 2013).

3. That each station has a time window implies that at any
given epoch, there will generally be a different subset of
contributing stations to the frame. Indeed, the subset at
the start time of the frame may not even overlap with the
subset at the end time of the frame. This situation requires
that there be significant times of overlap between stations
such that the frame is stable as a function of time. This
is a temporal analogue to struts within a spatial structure.
Naturally, stations with longer time series and less steps
(discontinuities) provide more stability to the frame, pro-
vided their station coordinates are accurately predictable
(i.e., secular with stationary noise). This has implications
on the stewardship of equipment at fundamental stations,
which have multiple collocations. For example, it may not
be a good idea to swap old GPS equipment for new GNSS
equipment. Rather it might be better to install the GNSS
equipment in addition to the old GPS equipment.

the truth, and precision refers to how close the determi-
nation of a quantity can be repeated. Consistently high
accuracy requires high precision.

. Reference frame accuracy and precision refers to the

determination of scale, orientation, and origin of a frame.
This aspect of quality is important for the study of geo-
dynamics and climate change, particularly in the deter-
mination of vertical land motion and sea level rise. Note
that some of these parameters may not be observable to
a specific technique, for example, VLBI is insensitive to
the Earth center of mass. GNSS techniques determine
scale with extremely high precision, but have an unknown
overall bias between the satellite center of mass and
electrical phase center of the transmitter, which requires
calibration by SLR. Orientation must be conventionally
aligned for all systems, though GNSS techniques deter-
mine the position of the rotational pole with extremely
high precision.

. Station coordinates themselves are, strictly speaking, not

observable. However, it is useful to consider the concepts
of “internal accuracy” and “internal precision,” which
refer to the determination of coordinates within a given
TRE. This internal aspect of quality is important to the
scientific user who studies Earth deformation. A reason-
able proxy for internal precision is the standard deviation
in repeated estimation of station coordinates, though it
should not be assumed that this scatter is constant in
time and geographic location. Internal accuracy is more
difficult to assess. A reasonable proxy for internal accu-
racy is the degree to which different techniques agree
on station coordinates, though local ties confound this
assessment. It should also be recalled that all techniques
use the IERS conventions (IERS 2010), hence errors in
those conventions may not be well assessed by looking at
differences between solutions.

. Stability refers to predictability, that is the ability of the

TREF to extrapolate station coordinates accurately into the
future (and into the past, though with less application for
space-based geodesy). Stability requires that the scale and
origin have long-term accuracy and predictability. As a
consequence, the best stability requires long-term linear
behavior of the origin and scale. The useful lifetime of a
TREF is related to its stability. Good stability is a result of
having longer contributing time series, simple empirical
station motion models (e.g., linear with few or no steps),
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and lots of overlap in time windows of applicability.
Good stability also requires continuous monitoring of
the TRF to detect and retire TRF stations that have
poorly predicted positions, for example, some stations
may have unstable monumentation, or may be subject
to regional instability from hydrological effects, or may
have step discontinuities due to earthquakes or changes of
equipment. Users that absolutely depend on TRF stability
include satellite altimeter missions to measure long-term
change in sea level, and scientists studying acceleration of
ice sheet melting in polar regions.

. Spatial heterogeneity of the probability distribution func-
tion (PDF) of coordinate accuracy can occur due to non-
uniformity in TRF station distribution or source distri-
bution. For example, GPS satellites do not pass near
the celestial pole, hence vertical precision is weaker in
polar regions. Oceans are poorly sampled compared to
continents. As a result, certain hemispheres of the Earth
are more poorly sampled, for example, the hemisphere
centered on the Pacific Ocean. This leads to global asym-
metry and geographic dependence in the level of errors
in user’s positions. The comments previously made with
regard to spatial coverage apply to this problem.

. Temporal heterogeneity of the PDF, or “heteroscedastic-
ity”, is a common feature of geodetic time series, with
data from earlier years having more scatter and bias
than more recent data. This naturally arises because new
techniques typically have growing networks in earlier
years. However, the opposite can occur, where in older
networks the number of stations can decrease in time, or
where equipment ages and starts to generate more noisy
data. Recent degradation is of particular concern for the
SLR network contributing to the ITRF, as this would
heavily impact TRF stability, discussed above. This is
because data at both the start and end of a time series have
more effective leverage in the determination of the secular
trend and thus the prediction of future coordinates, which
is so essential for climate change science. This raises the
issue of long-term commitment to essential contributing
techniques in the ITRF, particularly at multi-technique
stations. In any case, care should be taken when realizing
a TRF to properly account for heteroscedasticity. Formal
error naturally takes into account number of stations, but
will not take into account geographic systematic error that
can occur when a long running station in a remote region
fails and is not replaced. Nor does formal error account
for time-dependent noise in the data, such as the seasonal
variation in scatter that is seen in GNSS time series arising
from seasonal tropospheric conditions, and increase in
noise due to decreased signal to noise ration when antenna
elements start to fail.

2.7
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Life Cycle

Reference frames have to be upgraded from time to time. As
aresult, a TRF can be said to have a life cycle, which can be
summarized by the following iterative process:

1.

User requirements demand a new TRF. This naturally
occurs when the stability of the frame is approaching a
critical point where accuracy no longer meets the user
requirements. Or a new and fundamentally better frame
may be demanded by new science.

The reference system is upgraded. In particular, models
of the observables, station motion, source structure, etc.
are typically improved with time. New models are rec-
ommended to contributing analysis centers to facilitate
consistency and incremental improvement in accuracy
with each frame release (IERS 2010).

. The TRF is designed to best meet user requirements. For

example, the end date of contributing data is specified.
The list of contributing stations is reassessed based new
criteria, and on the changing list of potential candidate sta-
tions. A new technique may be introduced into the ITRF
combination, or how it contributes may be strengthened
or relaxed. The way that the origin is realized may be
revisted and a new method may be applied. The empir-
ical station motion model may be expanded to include
seasonal terms. A new scheme to determine relative
weights of contributing solutions might be implemented
(Altamimi et al. 2011).

. Contributing analysis centers reprocess data over a spec-

ified time span (e.g., Steigenberger et al. 2006). Ideally,
the specified time span is the full history to improve
predictability. However there may be mitigating circum-
stances in practice, for example, sparseness of observa-
tions and/or high levels of uncertainty in the quality of
earlier solutions.

. The TRF is realized and published (Altamimi et al. 2011).
. The TRF is used. For best results, this requires users

to reprocess all their data using the new recommended
models of the upgraded TREF, and to apply transformations
into the new frame.

. The TRF is inherited by new frames. For studies of

tectonic plate boundary deformation and possible intra-
plate deformation, scientific users often prefer to refer
to a frame that is co-rotating with the stable interior of
the plate, for example, the NA12 frame constructed by
Blewitt et al. (2013). The first step in producing NA12
was to determine a frame aligned to ITRF with a much
denser network in North America than in ITRF. The
second step was to apply a rotation rate to the frame
to minimize the apparent rotation of stations selected
to represent the stable interior of North America. Other
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examples of inherited regional frames include SIRGAS
in South America (Brunini and Sanchez 2013) and the
EUREF Permanent Network in Europe (Bruyninx et al.
2012).

8. The TRF degrades with time. Actually, frame degradation
begins well before the last date of contributing data. This
is because it is typical to impose a lower limit on the
time span of contributing stations to the input solutions.
For example, contributing stations to the NA12 frame
must have a minimum of 5.5 years of continuous data
(Blewitt et al. 2013). Given that the last date of contribut-
ing data is 2012.1, this means that the last contributing
stations started to deliver data no later than 2006.6, which
represents the time of maximum number of contributing
stations. Since that time, stations are not added, and
can only be removed because either dataflow stopped
from the stations, or because its position is no longer
predictable. This reduction of stations in time causes the
frame to degrade in precision since 2006.6. Moreover,
since 2012.1, the lack of any contributing data causes the
stability to degrade quadratically in time. At some critical
point in the future, the frame will degrade beyond the
threshold of user requirements. Before this happens, we
need to loop back to the top of this list, and again work
our way through the previous item.

3 Scientific User Demands: The Example
of Sea Level Rise

Satellite altimeter measurements from the Topex/Poseidon,
Jason-1, and Jason-2 missions suggest that global mean sea
level is over the last two decades now rising 1 mm/year faster
than what tide gauges infer over the century prior to that
(Nerem et al. 2010). This result depends critically on the
quality of the TRF (Minster et al. 2010). Notably, the altime-
ter measurements derive from three different missions that
have different time spans. Therefore to infer a recent secular
rate using all three missions requires that the measurements
of sea surface height be completely consistent.

Consider the following chain of dependency on the TRF
(Blewitt et al. 2010). The satellite radars only measure the
range between sea surface and the satellite. The satellite posi-
tion at any time can be inferred by precision orbit determina-
tion using three techniques: GPS, DORIS, and SLR (Cerri
et al. 2010). These positions must be accurate with respect to
the Earth center of mass, and with respect to absolute scale
as set by the conventional speed of light, hence the need for
SLR and VLBI. Bias in the radar measurement is calibrated
using buoys or tide gauges with positions determined by GPS
with respect to the Earth center of mass at the origin of the
TRF (Watson et al. 2015). Moreover, to infer sea level change
from tide gauges with respect to the Earth center of mass
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requires monitoring vertical land motion at the tide gauge
using GPS in the TRF, or some combination of nearby GPS
and local leveling (Santamaria-Gémez et al. 2012).

Considering these dependencies tells us the user require-
ments of ITRF for this most stringently demanding applica-
tion:

1. ITRF must have continuity spanning all of the missions
and going forth into the future, and must have sufficient
coverage in the past to infer secular vertical land motion
at tide gauges. Even then, there is the limitation that we
cannot know for sure that vertical land motion has been
linear prior to the space geodetic era.

2. ITRF must be stable to interpret measurements made
more recently than the last contributing data to ITRF.

3. GPS, DORIS, SLR, and VLBI must contribute signifi-
cantly to ITRF.

4. Local ties at collocation sites between all ITRF con-
tributing techniques must be accurate to exploit inter-
technique synergy demanded of sea level change inves-
tigations.

5. All techniques must have their data processed using
IERS conventions consistent with ITRF.

6. ITRF must accurately align its origin with the Earth
system center of mass.

7. ITRF must have a scale and origin that is accurate and
stable in time.

8. Frame degradation due to stations that recently lack
predictable frame coordinates (such as due to equipment
changes or earthquakes) must be monitored and miti-
gated to support current missions.

9. Balanced, collocated coverage in time and geographic
location is required to reduce spatio-temporal biases that
can mimic decadal-scale variations in regional sea level.

10. Systematic errors of techniques contributing to ITRF
must be monitored (e.g., by intercomparison) and mit-
igated as well as possible, for example by appropriate
relative weighting of the contributing solutions, or by
using specific techniques to realize specific aspects of
the ITRF (e.g., SLR for origin).

Ultimately, when answering the question as to whether
sea level rise is really accelerating, all of the above points
must be addressed with sufficient rigor to assess the statistical
significance of the results. It should also be noted that
improving the TRF is a minimum requirement, in that other
errors associated with altimetry must also be addressed.

4 Conclusions

Scientific users place the most stringent demands on the
TREFE. Such users need to interpret physical vertical station
motions and large-scale horizontal deformation. The most
stringent application is the determination of long-term sea
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level change, vertical land motion, and multi-technique satel-
lite orbit determination. Such applications need to access a
physical origin and scale with high accuracy and stability, at
the level of 1 mm/decade. By meeting such a requirement,
we can meaningfully connect data from satellite altimeters
to GNSS buoys for radar calibration, we can consistently
determine vertical land motion in a global system, and
we can meaningfully compare data from different satellite
missions to infer secular variation over decades.

This brings us back to our original question: “What is the
primary mission of the TRF?” Considering the most stringent
application discussed above, the answer to this might be
“predictability”. We primarily need the ability to predict
accurately the coordinates of a multi-technique network of
stations required by the user at any time needed, past, current,
and future. To the most stringent users, this “predictability”
defines the essence of a successful TRF.
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