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Abstract: The CORS network is a volunteer-based network
of Global Positioning System reference stations located
mainly in the US and its territories. We discuss the most re-
cent comprehensive reprocessing of all GPS data collected
via this network since 1996. Daily data for GPS weeks 834
through 1933 were reprocessed leading to epoch 2010.0 co-
ordinates and velocities of 3049 stations aligned to IGS14.
The updated realization of the US National Spatial Refer-
ence System derived in this work has been in use since late
2019. As a validation of the results, the derived velocity
field is compared to several other solutions and to three
regional geophysical and geodetic velocity models. These
comparisons uncovered unstable stations which move dif-
ferently than the regional kinematics around them. Once
these are ignored, we estimate the horizontal and verti-
cal stability of this updated realization to be better than
~0.3 and ~0.6 mm/year, respectively. We use the position
residuals and estimated uncertainties from this reprocess-
ing to derive long-term stability measures for all active sta-
tions serving longer than 3 years. These measures exposed
~60 CORS with the poorest long-term stability, which have
been consequently excluded from serving as mapping con-
trol.
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1 Introduction

The volunteer-based, multi-purpose NOAA CORS Network,
currently consisting of ~1900 operational (and ~500 de-
commissioned) GPS stations (see dynamic map at https://
geodesy.noaa.gov/CORS_Map/), was established by a co-
operative effort involving 235 organizations from various
US government agencies, academia, and private sector.
This network was designed to support a broad spectrum of
GPS science and engineering applications, all of which re-
quire highly accurate coordinates at all times [1]. Although
heterogeneous in the sense that its stations are built and
operated by many organizations, this network is supposed
to meet high quality and stability specifications. NGS uses
the CORS network for defining and accessing the US NSRS,
the infrastructure for all surveying and mapping activities
in the country [2]. It is necessary, therefore, to ensure that
the reference-coordinates and velocities of all CORS are as
accurate and their uncertainties as realistic as possible.
The quality/stability of the different stations of this hetero-
geneous network has never been quantified.

NGS intermittently reprocesses all collected daily GPS
data via this network in a large campaign called “Multi-
Year CORS Solution” or MYCS. The first reprocessing,
MYCS1, was released in 2011 [3]. We discuss the second re-
processing, MYCS2, completed in 2018. We first describe
the data and their quality control procedures in section 2.
The creation of the daily position time series by a dual-
step adjustment is described in section 3. The combination
of the solutions, velocity computation, and the alignment
to IGS14 [4] is described in section 4. This includes some
details of discontinuity detection, the handling of nonlin-
ear motion, velocity constraints, and the computation of
reference-position and velocity uncertainties taking time-
correlated noise and surface loading effects into account.
The examination and validation of the accuracy of the de-
rived velocity field is described in section 5. This valida-
tion uncovered spatially unstable stations where signifi-
cant disagreements with regional deformation patterns oc-
cur, likely due to localized crustal motion. In section 6,
measures of long-term CORS quality are introduced based
on the long-term stability of each station over the years.
These measures are used for ranking all stations in terms
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of their fitness to serve as geodetic control for mapping.
A summary ends the presentation in section 7.

Supplementary material is separated from the main
manuscript to keep it concise, but hoping that it could
help in explaining and clarifying some aspects of our work
and presentation. The supplementary material includes
five sections, eighteen figures and three tables. Section S1
describes the automated edge detection filter we used. Sec-
tion S2 describes the comparison of MYCS2 velocities to
other solutions. Section S3 describes the fuzzy clustering
method we used to separate spatially stable from unstable
CORS. Section S4 presents some examples of long-term un-
stable CORS, inadequate for mapping control. Finally, sec-
tion S5 describes differential entropy as a complexity, i. e.
instability, measure of position residual time series, which
is hopefully more sensitive than the RMS to all stochas-
tic properties of the time series, including time-correlated
noise.

2 CORS data

Acceptance of a station into the CORS network requires
that it must meet the NGS CORS quality guidelines [5, 6],
which recommend stability and monumentation require-
ments. A CORS is equipped with a dual-frequency receiver
and its antenna must have absolute calibration informa-
tion from the IGS. When a partner agency requests that its
station becomes a CORS, they provide documents includ-
ing photos of the equipment and settings, a metadata log
file and a link to download data. NGS examines the pho-
tos for sky obstructions, ensures that the serial numbers
in the photos match those in the log file, ensures that the
settings are stable and conform to the guidelines and that
antennas are properly mounted and away from interfer-
ence. Three days of data are downloaded and run through
program TEQC [7] to ensure that at least 90 % of all possi-
ble data have been logged and multipath values MP1 and
MP2 are not excessive. A CORS should track data down to
at least 5 degrees above the horizon, the cycle slips must
not be excessive, no cycle slips above elevation angle of 40
degrees should occur, and the proposed station should be
~70 km away from currently existing CORS.

In MYCS2, daily RINEX data are passed through TEQC
again. If the number of observations in a daily RINEX
file, the number of outliers, the percentage of data in
the file and the number of cycle slips fall outside cer-
tain thresholds then the station is rejected from the daily
analysis. Otherwise, the RINEX file’s header records are
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Figure 1: Histogram of time series length in years (bins are centered
on the number of years) for MYCS2 stations serving >3 years. The
average life span of the CORS network is ~9 years. 82 % of stations
served for 5 years or more.

modified replacing the antenna type, geocentric Carte-
sian coordinates and eccentricity values with those ex-
tracted from our database, and the file is decimated to
30 seconds. The RINEX files are then passed through the
legacy program “clockprep” to remove millisecond clock
jumps, mostly in older data (https://gps.alaska.edu/jeff/
software.html), and “cc2noncc” to correct C1 code biases
(https://www.nrl.navy.mil/ssdd/sites/www.nrl.navy.mil.
ssdd/files/files/cc2noncc.f). All L1 and L2 phase and code
observations are used in our processing down to elevation
angle of 10°. The code observations are used for receiver
clock synchronization and to help in ambiguity resolution
with the Melbourne-Wiibbena (MW) combination [8]. Fig-
ure 1 shows the lifetime histogram (bins centered on the
year) for all MYCS2 stations serving more than 3 years and
statistics in years of their time series length. The average
lifetime in the CORS network is ~9 years.

3 CORS daily coordinate
adjustments

To avoid biases due to poorly understood and hence ne-
glected regional correlations, the daily adjustment pro-
cedure consists of two separate adjustments: the or-
bits/global adjustment and the CORS adjustment. The for-
mer is similar to the procedure that results in the final GPS
orbits which the NGS analysis center submits weekly to
the IGS. It is a global adjustment computed for establish-
ing a fully consistent Earth Centered Earth Fixed (ECEF)
reference frame to be used for the CORS adjustment [3].
The CORS adjustment connects the CORS network result-
ing in positions relative to that global frame. Both adjust-
ments are computed using the NGS software PAGES [9].
The ambiguity resolution in MYCS?2 relies on the ion-free
and Melbourne-Wiibbena combinations instead of the ion-
free and wide lane combinations used in previous process-
ing. This has improved the NGS contribution to the IGS
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since Week 1820, removing biases between NGS products
and those of other IGS analysis centers (Rebischung 2015,
personal communication). Processing daily GPS data from
3049 stations collected over 21 years requires large com-
puting power. NGS utilized the MS Azure© cloud comput-
ing service. Using as many as 50 virtual servers simultane-
ously, the entire daily position adjustments data process-
ing took about 3 weeks.

The global adjustment employs a global network of
IGS stations with a fairly homogeneous geographic distri-
bution. The modeling of force fields affecting the dynamics
of GPS satellites and stations adheres to IERS conventions
[10]. The second order ionospheric effect has not been
modeled at NGS yet. Surface loading due to atmospheric,
hydrological and non-tidal ocean mass are not modeled
at NGS as usual for most IGS analysis centers. Estimated
parameters include the satellites’ geocentric positions and
velocities, five solar radiation pressure scaling parameters
in three orthogonal directions, hourly tropospheric wet
zenith path delay corrections, geocentric station positions,
and earth orientation parameters (EOPs). To define an
ECEF frame, the positions of all stable IGS core stations are
constrained in a no net rotation (NNR) inner-constraints
manner. Stable IGS core stations are those which are nei-
ther experiencing postseismic motion nor have jumps in
their time series between the time of the release of the
1GS14 reference frame and the day of the reprocessed data.
The NNR constraint defines the orientation of the global
frame thereby completing its definition. The baselines pro-
cessed in the global adjustment are determined by a De-
launay triangulation of the global network [3]. Figure S1
of the supplementary material presents an example of an
IGS network used in the global adjustment and the Delau-
nay triangulation that defines the processed baselines. The
processing is done in individual regions separately, where
a region consists of a star-like portion of the Delaunay tri-
angulation, including a hub and the baselines connected
toit. The processing of regions is done in parallel, resulting
in all regional normal matrices, which are then combined,
the NNR constraint is applied and the system is inverted.
If necessary, the process is iterated until convergence.

The CORS daily adjustment is computed next. To tie
the CORS network to the aforementioned global frame,
daily GPS data from all IGS stations of the global adjust-
ment are processed together with the CORS data, forming
a global network that is dense (~2400 stations) in the US
(Figs. S1 and S2). Figure S2 of the supplementary material
schematically describes the connection of CORS to IGS sta-
tions and the CORS-baselines processed in a CORS daily
adjustment. The data processing of this network broadly
follows that of the global adjustment with two exceptions.
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The CORS baselines are defined by finding the closest IGS
station and forming a baseline between the two, and the
datum is defined by constraining all global parameters (or-
bits, EOPs, daily IGS station coordinates and hourly tro-
pospheric zenith path delay parameters at those stations)
to values which resulted from the global adjustment. This
introduces the same global reference frame into the CORS
adjustment, resulting in daily positions of all CORS relative
to the global NNR frame in the form of daily SINEX files,
including all daily spatial correlations between all coordi-
nates.

The quality of the MYCS2-derived orbits and IGS sta-
tion coordinates is verified by comparing them to IGS prod-
ucts. Finally, weekly SINEX files are computed as weighted
means of the daily SINEX files, iteratively inspecting daily
coordinates as compared to the weekly mean and using
thresholding to remove daily outliers. This procedure re-
sulted in 1100 weekly SINEX files for weeks 834 to 1933 rel-
ative to global, weekly NNR reference frames.

4 Combination of the weekly SINEX
files, velocity estimation and
alignment to 1GS14

The combination of the weekly SINEX files and their align-
ment to IGS14 is computed using IGN’s software CATREF
[11]. We analyze weekly rather than daily position time se-
ries because, for mapping, there is no practical benefits
to be gained, only computational burdens, from analyzing
daily position time series. Basically, combining a time se-
ries of weekly SINEX files and aligning them to IGS14 con-
sists of two steps. First, transforming each weekly SINEX
file into IGS14 which results in spatially correlated posi-
tion time series of all stations and second, parameteriz-
ing the trajectory of each station as piecewise linear, with
a reference-epoch position and linear velocity for each
piece. Such parameterization can be used to predict future
positions relative to IGS14. Because of the spatial correla-
tions between all position time series (about a quarter of
all correlations are larger than 0.25 and correlations of 0.75
are not uncommon), both of the above steps are done si-
multaneously in one large adjustment procedure.

We detected discontinuities and outliers iteratively.
The first iteration starts without declaring any disconti-
nuities or outliers, and results in “raw” position residu-
als (e. g., Fig. S3) which uncover most sizable discontinu-
ities and outliers. An automatic edge detection algorithm
called “the weak elastic string” [12, 13] is then applied to
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the “raw” position residuals of that iteration to detect dis-
continuities (see section S1 and Fig. S3). These are mod-
eled in the following iteration, edge detection is applied
to its position residuals to detect smaller discontinuities,
and the iterations go on until no more discontinuities are
found. The weak elastic string misses discontinuities in
difficult situations when the edge is immersed in noise
or when consecutive edges occur due to the presence of
large slopes in the residuals. Therefore, in the last few it-
erations, visible discontinuities and outliers are detected
manually [14, 15]. Figure S4A shows the position residual
time series of station AB14 in Alaska in an initial iteration
and Fig. S4B shows the final residuals after all spikes due
to snow accumulation on the antenna had been deleted.
Before the last few iterations, we replace our discontinu-
ities for all IGS14 stations by the IGS-detected discontinu-
ities. For stations such as ALRT (located in northeastern
Canada, close to Greenland), where our detected discon-
tinuities conflicted with those of the IGS [4], the station
was not treated as an IGS14 (reference) station. Because
of all discontinuities occurring at many stations, MYCS2
has 8221 solutions even though it involves only 3049 sta-
tions. Our discontinuity detection procedure did not rely
on information about equipment changes until the very
last step because many equipment changes do not cause
discontinuities in position time series. Once all discontinu-
ities are detected, their dates are correlated with the dates
of equipment changes and, unless a clear discrepancy is
found, the detected discontinuity dates are replaced by the
logged equipment change dates. Along the west coast, in
Alaska and in a few other seismically active spots around
the world, detected discontinuity dates are also correlated
with dates of large earthquakes and when they match, the
detected date is replaced by the recorded date of the earth-
quake. Thus, detected discontinuity dates were often cor-
rected by several days and sometimes by a week or even
two.

For the small minority of stations with nonlinear mo-
tion, we linearize their motion by inserting discontinu-
ities which divide their position time series to short lin-
ear segments, each preferably longer than three years. To
account for the nonlinearity, the velocity of each segment
is free to adjust as dictated by the data. The boundaries
of the linear segments are visually and iteratively deter-
mined to try to minimize the curvature of the position
residuals while keeping a reasonable segment length, and
deleting data when segments are too short. An example
of the performance of this linearization strategy is shown
in Fig. S5, where the black curves represent the predicted
IGS14 position of station AREQ, reconstituted using the
IGS14 reference-epoch position, velocity and postseismic
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deformation model [4, 16]. The blue line in Fig. S5 repre-
sents a reconstitution using our linearized solution. AREQ,
being located near the Nazca subduction zone in southern
Peru, is one of the worst cases of the performance of the
linearization strategy. The RMS difference between the lin-
earized (blue curve) and nonlinear trajectory (black curve)
of Fig. S5 is 1.8 mm in the East, 1.3 mm in the North and
2.5mm in Up component, and the maximum differences
are 6.2, 4.7 and 5.7 mm, respectively. The nonlinear motion
of this small minority of stations is relevant to our analy-
sis for one single purpose alone: avoiding their degrading
effect on the NSRS. We exclude these stations from defin-
ing the NNR frames in the daily adjustments, we remove
them from the IGS14 SINEX file before using it as a datum
for the alignment, we include these stations in all our Do-
Not-Use files as geodetic control for our online positioning
engines, and we advise the mapping community to avoid
them as geodetic control in all mapping activities.

Velocity constraints are applied to force velocities
of the solutions on both sides of every manmade dis-
continuity to be equal. Discontinuities due to unknown
causes (~15% of all discontinuities) are considered man-
made while discontinuities caused by natural distur-
bances (e. g., earthquakes, postseismic motion, nonlinear-
ities due to manmade non-uniform subsidence and other
nonlinearities) are allowed to change the velocity. In the fi-
nal analysis, 2836 out of 3049 MYCS2 stations have a single
velocity. In addition, during the 21 years of CORS history
analyzed in the MYCS2, 389 pairs of stations have occu-
pied the same physical point or points close to one another
(<50 meters apart), usually following and continuing each
other in time. Assuming that localized CORS motion rela-
tive to the bedrock is negligible, we constrain the velocities
of such pairs to be equal.

To minimize aliasing due to periodic surface loading
effects [17, 18, 19] in the combination and alignment ad-
justments, we split the procedure to three steps. First, we
estimate Helmert’s transformation parameters necessary
for aligning the 1100 weekly SINEX files to 1GS14, adopt-
ing the subnet method [20]. The transformation parame-
ters are thus computed avoiding regional correlations (or
so-called common-mode errors) by relying on a homo-
geneously distributed global sub-network of stable core
IGS stations (Fig. S6) as a representation of IGS14, and the
scale factors were not estimated to minimize the magni-
tude of possible aliasing, especially in the heights. In the
second step, the combination is computed constraining
the transformation parameters to their values obtained by
the subnet method. A final, more accurate, alignment to
IGS14 is finally computed by aligning the combined SINEX
file of the second step to IGS14 using all stable IGS stations,
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rather than only the subnet. Also, in the final analysis, we
discard estimated velocities of stations serving less than 3
years [21] and replace them by predicted velocities using
the TRANS4D velocity model [22, 23].

To prevent unmodeled periodic loading effects from
inflating error estimates and to account for time corre-
lations in the time series [24, 25, 26, 27, 28, 19, 29], we
use the CATREF output to reconstruct adjusted geocen-
tric Cartesian position time series for all stations. These
time series are free of outliers, linearized, have well known
discontinuity dates, and contain surface loading effects
and time-correlated noise. Program CATS [30] is then used
to analyze these series, modeling and removing disconti-
nuities, approximating loading effects by an annual and
semiannual sinusoids and removing them, and separat-
ing white from colored noise assuming that all noise is
zero-mean Gaussian and assuming that the colored noise
can be described by a general power-law model [29]. Fig-
ure 2 shows the orders of magnitude of the CATS-derived
CORS velocity uncertainties and their decay with increas-
ing lifespan. These uncertainties are slightly worse than
those of IGS stations [29], reflecting the differences in data
quality and stability between the CORS and the IGS net-
works.

Fig. 3 presents a histogram of derived spectral indices
of the colored noise, showing a significant spread around
flicker noise (index = —1.0). There are 23 stations, excluded
from Fig. 3, which have X, Y or Z spectral indices smaller
than -3.0. Every one of these sites has weaknesses that
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lead to its extreme spectral behavior, too short discontin-
uous lifespan is chief among them, and most of these sta-
tions are decommissioned. Among the rest of the stations
(Fig. 3), there are 58 that show random walk or smaller in-
dex (3.0 < index < -2.0). Most of these stations have
abnormalities of some kind. Of these, 29 have timespan
shorter than a total of 150 weeks, usually spread over sev-
eral years with significant data gaps, and the great ma-
jority are decommissioned. Also, many of these stations
have variable seasonal behavior, improperly sampled by
the data due to short life span and data gaps. We also
found one missed outlier in two stations, a missed jump
of ~10 mm before the last few months of the life of station
EIL2, and unmodeled nonlinearity in the Up components
of stations MOSV and NEYK at the beginning of 2013. Of
the 58 stations, those with the longest lifespan have ei-
ther experienced large earthquakes and postseismic mo-
tion (e.g., VANU, NTUS, ASPA, TONG, SAMO and AREQ),
manmade non-uniform subsidence (e. g., BKR2, P105 and
P565) or seriously unstable behavior such as MNEY likely
due to failing hardware, NAUS due to massive hydrologi-
cal seasonality, and TXTR probably due to unstable mon-
umentation causing large horizontal drifts. Finally, of all
stations represented in Fig. 3, there are 395 stations with
spectral indices between —-0.5 and 0.0. Unlike the previ-
ous case, the residual time series of the longest serving
(>7 years) 100 of these stations have no abnormalities. In
fact, the great majority of their residual time series are
less noisy and less seasonal than average, with no signifi-
cant nonlinearity (e. g., STJO, PDEL, CAGS, LAMT, UVFM,
GUST and PIMO). Of the 395, there are 110 stations with
shorter life spans than 3 years, which happen to have the
largest spectral indices, closest to 0.0. These also hap-
pen to have corresponding white noise amplitude close to
zero because the maximum likelihood estimation method
used in program CATS has difficulties separating the col-
ored from the white noise in short time series. We have
not used extreme spectral indices between iterations as
a tool for detecting abnormalities, such as missed out-
liers, edges, excessive seasonality or mismodeled nonlin-
earities, but such tool would probably be useful in future
work.

5 The estimated velocity field and
detecting unstable CORS

We first compare our estimated velocity field to those of
several other velocity solutions. These comparisons are
summarized in section S2 and Fig. S7 of the supplementary
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material, and show no outstanding differences between
the different solutions.

To examine the fine structure of the MYCS2 estimated
horizontal velocity field, we compute velocity residuals
(Fig. 4) with respect to the NA plate Euler pole located at
latitude 2.3°S and longitude 86.0°W with an angular veloc-
ity of 0.2010° per million years [31]. This Euler pole is inde-
pendent of any NA intraplate deformations, including hor-
izontal GIA, and any related assumptions [31]. Figure 4A
shows residual velocities to the east of the Rocky Moun-
tains (longitude 100°W), computed based on 914 CORS
and excluding ~100 stations that exhibit localized mo-
tion uncharacteristic of the surrounding stations (see sec-
tion S3 and Fig. S9). These velocity residuals exhibit clear
trends but still contain a significant amount of noise. To fil-
ter out this noise, we grid the velocity residuals of Fig. 4A
on a 1° x 1° grid using a weighted mean of the 200 near-
est neighbors, 50 in each quadrant, where weights are
taken as the inverse square distance of the neighbor from
the gridded corner, and where the East and North compo-
nents are gridded separately. The smoothed velocity resid-
uals produced by this simple procedure (Fig.4B) are al-
most identical to the intraplate velocity field of [31], and
are attributed entirely to horizontal GIA. The agreement
between our intraplate deformations (Fig.4B) and those
derived in [31] is a validation of the accuracy of our esti-
mated velocity field to the east of the Rocky Mountains. In
addition, these velocity residuals serve two more impor-
tant purposes. First, we used them to expose the ~100 sta-
tions excluded from Fig. 4 and shown in Fig. S9A, which
we deem as the “spatially unstable CORS” east of the Rock-
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ies. This is because the motion of each of these stations dif-
fers significantly from the regional crustal motion around
it. We detected and isolated these stations by an itera-
tive process of the previously mentioned noise smooth-
ing, followed by subtracting the smoothed residuals from
the original velocity residuals resulting in vectors of “ve-
locity noise”, and then clustering [32] these velocity noise
vectors into two clusters, the spatially stable and the spa-
tially unstable. As usual for most automations, this proce-
dure was completed by a visual intervention to clean up
a few questionable clustering decisions. Section S3 of the
supplementary material describes the fuzzy clustering al-
gorithm used for this purpose. The second reason for the
importance of the velocity residuals is that they lead to a
reliable estimate of the noise level of the MYCS2 velocity
field, which can be computed by subtracting the smoothed
velocity residuals of Fig. 4B, consisting purely of horizon-
tal GIA, from the original velocity residuals of Fig. 4A.
For both horizontal components, the means and medi-
ans of this noise are ~0.0 mm/year, the maximum value is
~1.0 mm/year, the (equal) means and medians of the abso-
lute values are 0.18 for the East and 0.20 mm/year for the
North, and the RMS values are 0.25 and 0.28 mm/year for
the East and North components respectively.

To the west of the Rocky Mountains and in Alaska,
we compute horizontal velocity residuals with respect to
two velocity models: TRANS4D vO0.2 [22, 23] and GSRM v2.1
[33]. The TRANS4D model in western CONUS is based on
block-fault models constrained to smoothly match the ve-
locities of continuous GPS stations and other trusted data.
In Alaska and western Canada, the TRANS4D model is
comprised of separate models to address tectonic, post-
seismic and GIA motions [22]. Figure 5A shows our hori-
zontal velocity residuals relative to the TRANS4D velocity
model (NGS-TRANS4D) at ~350 active CORS serving more
than 3 years, excluding ~25 such stations because they
exhibit localized behavior uncharacteristic of their neigh-
bors’ (Fig. S9B).

The GSRM v2.1 model [33] is a geodetic plate mo-
tion model which estimates (or in some cases, considers
and constraints) the angular velocity vectors of 50 tec-
tonic plates while allowing plate boundaries (~14 % of the
Earth’s surface) to deform. We used a 0.1° x 0.1° veloc-
ity grid, disseminated with the supporting information of
GSRM v.2.1, to predict velocities at the locations of the
previously mentioned ~350 CORS, and the resulting ve-
locity residuals are shown in Fig. 5B. Notice the similar-
ities of the plots and statistics of the two residual fields
of Fig.5, indicating that the combination of velocity er-
rors and inaccuracy of modern horizontal velocity model-
ing in California and western Oregon and Washington are
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degree grid.

~0.5-0.7 mm/year. The velocity residuals in Alaska (Fig. 6)
are larger with RMS of ~1.4-2.2mm/year. Dissimilarities
between the ~0.5 mm/year level residuals of both models
in Fig.5 and the ~1.5mm/year residuals of Fig. 6 are be-
yond this paper, which presents a mapping datum. Ta-
ble S2 lists all the spatially unstable stations shown in
Fig. S9. The horizontal motion of these sites differs from
motion patterns around them either in magnitude or ori-
entation. Although we detect these sites based on their
horizontal velocity alone, it turned out that for many of
them (Fig. S9A), the horizontal instability is only a con-
sequence of the non-uniform vertical motion, e.g., sta-
tions located in subsidence zones in California’s Central
Valley, southern Texas and Louisiana and along the east-
ern coastline of the US and the shorelines of the Great
Lakes.

The stability, i.e. predictability of future positions,
is very important for mapping. Based on the velocity
comparisons mentioned above, we can make the state-
ment that the stability of the MYCS2 realization is better
than ~0.3 mm/year in each of the horizontal components,
which is consistent with [34]. In California and western
Oregon and Washington, the combination of horizontal
velocity uncertainty and inaccuracy of modern horizontal
deformation modeling (at least by both the TRANS4D v0.2
and GSRM v2.1 models) is ~0.5—-0.7 mm/year and in Alaska
itis ~1.4-2.2 mm/year. For a frame that is realized every ~10
years, these horizontal stability estimates are more than
sufficient for mapping and monitoring horizontal crustal
motion faster than ~1.0 mm/year. We cannot make a simi-
lar statement about vertical stability based on kinematics.
However, we comment in the next section on an estimate
of vertical stability.

6 CORS long-term stability based
on position time series

We know that relying on the complexity of position time
series and kinematics can only expose the poorest sta-
tions. Nevertheless, the quality of the CORS network is
not homogeneous and has never been evaluated before.
Furthermore, we show in this section and in the supple-
mentary material that relying on position time series alone
uncovers ~60 unstable CORS, some of which due to mal-
functioning equipment and unstable monumentation,
which should have never been used as geodetic control
for mapping.

We base the long-term stability of a station on its
(zero-mean) position residual time series and the uncer-
tainties of its estimated reference-epoch position and ve-
locity. The complexity of the position residuals reflects
the level of random noise, systematic errors, previously
missed small outliers and jumps and residual nonlinear-
ity modeling such as residual postseismic behavior (e. g.,
Fig. S5). The estimated uncertainties of the different solu-
tions of a station reflect the price paid in confronting the
station’s volatility, e. g., crustal and environmental insta-
bility and nonlinearity, or the so-called “distribution of
discontinuities”. To capture the entire complexity of both
residuals and uncertainties, we define a “modified posi-
tion residuals” time series as:

¢y

where t is an arbitrary epoch, ¢, = 2010.0, p; is the CATREF
residuals, P, and v are zero-mean random quantities with
stochastic properties identical to those of the reference-
epoch position and velocity of the corresponding solution.

C=pr+Py+vs(t-ty)
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The residuals p; are time-correlated and contain system- additional Gaussian white noise with variance equal to
atic errors. The variances of P and v were derived assum- that of the velocity of the corresponding solution multi-
ing colored (general power-law) noise. The modified resid-  plied by (¢ — t,)°.

uals are computed by adding to the residuals Gaussian The long-term average of the RMS of the modified
white noise with variance equal to that of P, and adding residuals, i.e. the RMS of the modified residuals divided
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by the number of years of operation of the station, is the
simplest measure of long-term stability of a station (Fig. 7).
Spikes in Fig.7 represent sites that are less stable than
others of similar lifespan. Examination of the time se-
ries of the stations causing the spikes exposed 60 stations
of the lowest stability (Table S3). After studying the lo-
cations and time series of these stations, we could clas-
sify them into 9 different categories: (1) Very close to ma-
jor earthquakes (e.g., MEXI, VERA, ASPA), (2) Affected
by manmade non-uniform subsidence (e. g., MMX1, P565,
P307, PLSB), (3) Having malfunctioning antenna/equip-
ment (e. g., HRST, MNEY, NELY, NETP), (4) Having signif-
icant horizontal instability, likely due to bad monumen-
tation (e. g., TXAN, AB36), (5) Having excessive seasonal
behavior (e. g., KYGB, MEWA, PMB1), (6) Located on ac-
tive volcanoes (e. g., P697, P693), (7) Having nonlineari-
ties caused by strain (e. g., ORES), (8) Having other kinds
of nonlinearities, likely hardware-related (e.g., TXBX,
MCHN) and (9) Everything else, which includes stations
with short lifespan and/or long data gaps and/or slight
nonlinearities and/or missed small outliers and/or discon-
tinuities. Section S4 and Figures S10 to S17 present exam-
ples of some of the most egregious long-term instabilities.
Other complexity measures of the modified residuals, such
as differential entropy [35] (see supplementary material
section S5), which is based on the entire probability distri-
bution function of the modified residuals (computed using
GMT [36]) rather than only its RMS, lead to similar conclu-
sions exposing the very same weak stations (Fig. S18).

For an average CORS (with a lifespan of about 9 years,
see Fig.1), the horizontal stability measures shown in
Fig.7 (~0.3 to 0.4 mm/year) are only very slightly larger
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than those derived from kinematics in the previous section
(see, e. g., Fig. S8). If this relation extends also to the verti-
cal component of the MYCS2 solution, it would mean that
its vertical stability is better than ~0.6 mm/year.

7 Summary

The most recent reprocessing of all daily GPS data col-
lected by the CORS network since 1996, MYCS2, is dis-
cussed and used to assess the stability of its stations. This
work was done for the purpose of the accurate predic-
tion of station positions to be used for an updated real-
ization of the US NSRS, aligned to 1GS14. All well-known
phenomena affecting the data (except the second order
ionospheric effect) are modeled in MYCS2 while a great ef-
fort is made to avoid adverse effects due to poorly under-
stood and hence unmodeled phenomena. We iteratively
linearize every nonlinearity, detect every single disconti-
nuity (first automatically but in the last iterations man-
ually), delete every single visible outlier, account for ev-
ery single spatial correlation between positions, account
for colored noise based on reasonable assumptions (gen-
eral power-law model), and attempt in different ways to
minimize aliasing effects due to periodic surface load-
ing.

As a regional reference frame aligned to IGS14, MYCS2
inherits its stability from 1GS14. However, additional mis-
modeling and imperfect assumptions (see, e.g., Fig.S5
and Figs. S9-S17) in the combination and alignment
of the MYCS2 to IGS14 can potentially add instability.
We estimate the stability of MYCS2 to be better than
0.3mm/year in each of the horizontal components and
better than 0.6 mm/year vertically. We show that the com-
bination of horizontal instability and inaccuracy of mod-
ern horizontal deformation modeling (at least by both the
TRANS4D v0.2 and GSRM v2.1 models) in California is
~0.5-0.7 mm/year and in Alaska is ~1.4-2.2 mm/year. For
a frame that is realized every ~10 years, these stability es-
timates are more than sufficient for mapping and monitor-
ing crustal motion faster than a ~1 mm/year.

In the supplemental information we show that, ex-
cluding stations in very active dynamic regions, our ve-
locity field is consistent with those of 4 other solutions
[37, 38, 39]. We then use the results of the reprocessing
to expose the poorest stations in the network, including
those having malfunctioning equipment. We list the CORS
of the poorest stability and present some examples of their
poor performance.
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Abbreviations

NA North America tectonic plate
Us United States

CONUS Conterminous US

NOAA National Oceanic and Atmospheric Ad-
ministration (US)

NGS National Geodetic Survey (US)

GPS Global Positioning System

GNSS Global Navigation Satellite System

CORS Continuously Operating Reference Sta-
tion

NSRS National Spatial Reference System
(US)

IGS International GNSS Service

1GS14 The latest IGS reference frame, re-
leased in 2015

IERS International Earth Rotation and Ref-
erence Systems Service

ITRF2014 International Terrestrial Reference
Frame of 2014

IGN Institut géographique national
(France)

CATREF Combination and Analysis of Terres-
trial Reference Frames

SINEX Station Independent Exchange (for-
mat)

TEQC Translation, Editing and Quality
Checking (software)

GSRM Global Strain Rate Model

GIA Glacial Isostatic Adjustment

TRANS4D Transformations in 4 Dimensions

CATS Creation and Analysis of Time Series

RMS Root Mean Square Error

UNR University of Nevada at Reno

PBO Plate Boundary Observatory
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MEA, MEaSUREs Making Earth System data records for
Use in Research Environments

GMT Generic Mapping Tools
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