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Abstract

Vertical crustal displacements induced by atmospheric, hydrological, cryospheric, and
oceanic load changes are detectable with sub-cm accuracy by precise continuous GPS
measurements. Areas subjected to rapid load changes due to ice sheet melt, drought,
massive groundwater extraction, or lake level drop, are characterized by a dominant
non-linear vertical signal. Here, we investigate possible relations between vertical crustal
movements and climate change by analyzing the relations between observed GPS vertical
movements, predicted movements, and climatic indices, where we have long GPS time
series (>20 years). Applying our analysis to GPS records from western and eastern North
America indicates different load change characteristics. In the western US, the seasonal and
climatic signals are dominated by hydrological load changes and, consequently, the GPS
signal correlates well with the Palmer Severe Drought Index (PSDI) calculated for the same
region. However, vertical crustal movements in eastern North America, as detected by long
GPS time series, reveal poor correlation with PSDI and other climatic indices. Our results
suggest that long continuous GPS observations of vertical crustal displacements primarily
driven by climate related changes in water storage can serve as independent measures of
regional-scale climate change in some cases, mainly in western north America.
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of thousands of years, as recorded by uplifted shorelines in
Fenoscandia and in other near polar regions (Morner 1979).
Smaller load changes induce smaller movements, which are

1 Introduction

Displacement of the Earth’s crust, mostly in the vertical
direction, occurs in response to load changes induced by the
atmosphere, hydrosphere, and cryosphere; these components
of the Earth system are affected by climate change. The
largest load changes occur by sediment deposition and the
melting of thick ice sheets and results in tens or even hun-
dreds of meters of vertical crustal movements over periods
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measured nowadays using space geodetic techniques, mainly
GPS and InSAR, with sub-cm accuracy level (Wdowinski
and Eriksson 2009). GPS observations in Greenland and the
northern Atlantic regions revealed non-linear rates of crustal
uplift, reflecting the accelerating rate of ice mass loss in
the region in response to the changing climate (Jiang et al.
2010; Bevis et al. 2012). Similarly, GPS observations in the
western US, mainly in California, detected transient crustal
movements, reflecting crustal response to changes in the
hydrological load due to changing lake levels, groundwater
depletion, and the California drought (Amos et al. 2014;
Brosa et al. 2014; Wahr et al. 2013; Hammond et al. 2016).
The above two examples demonstrate that observations of
the GPS vertical component can be used as a proxy for
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climate variability as it indirectly observes hydrological and
cryospheric mass changes.

Crustal deformation in response to load change has exten-
sively studied using elastic deformation with both forward
and inverse modeling techniques (e.g., Davis et al. 2004;
van Dam et al. 2007). In particular, studies of hydrological
load change found that vertical GPS movements have a
capability for estimating changes in terrestrial water content
(TWC) changes through inversion of vertical deformation
(e.g., Tregoning et al. 2009; Fu et al. 2012). The application
of GPS vertical movements for TWC estimation was verified
mostly in western North America by comparing the GPS
observations to predicted movements derived from hydro-
logical load models and GRACE observations. However, it
is not clear if GPS vertical movements can be used for
estimating TWC changes in other regions, such as eastern
North America.

In this study we hypothesize that vertical crustal
movements recorded by long continuous GPS time series
(>20 years) can provide an independent measure of climate
variability. If so, our study will provide an insight into
the sustainability of geodetic reference frames, as climate
change progresses. The rational for the hypothesis is the
observed crustal response to hydrological load changes, as
presented above. Thus, our first attempt is to compare vertical
GPS movements with hydrological climate indices, as the
Palmer Drought Severity Index (PDSI; Alley 1984). We
also compare the observed GPS movements with predicted
movements calculated from modeling the crustal response to
hydrologic load changes, based on both a hydrological model
and GRACE observations. Our results indicate that vertical
GPS movements correlate with the predicated hydrological
load and PDSI mainly in the western North America. In
locations where vertical GPS movements do not correlate
well with PDSI, mainly in eastern North America, we
explore possible correlations with other climate indices,
such as the North Atlantic Oscillation (NAO). However,
our results indicate poor correlation with these indices,
suggesting that vertical GPS time series have only a limited
sensitivity to climate change.

2 Data

Our study relies on multiple data types, as we seek to
find casual relations between vertical crustal movements,
hydrological load estimates, and climate indices. The vertical
crustal movements are determined from long continuous
GPS time series. In this study, we use daily solutions pro-
vided by the Nevada Geodetic Lab (NGL - http://geodesy.
unr.edu/) in the IGSO8 reference frame. NGL also provides
solutions in the NA12 reference frame; however, in these
solutions a significant part of the hydrological signal is
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removed due to the continental scale spatial filtering (Blewitt
et al. 2013).

The hydrological load estimates are calculated based on
the Global Land Data Assimilation System (GLDAS; Rodell
et al. 2004) and GRACE gravity field observations. We
did not include atmospheric and non-tidal load calculations,
as these loads are significantly small when compared with
the amplitude of the hydrological loading signal. We also
used time series of climate indices as provided by the
National Oceanic and Atmospheric Administration (NOAA).
We used PDSI values of the sub-state divisions, according
to the locations of the selected GPS stations, which are
available at https://www.ncdc.noaa.gov/cag/divisional/time-
series. We also used time series of the North Atlantic Oscil-
lation (NAO), Atlantic Multidecadal Oscillation (AMO),
and El Nifio/Southern Oscillation (ENSO). All indices are
provided by NOAA at https://www.esrl.noaa.gov/psd/data/
climateindices/list/.

3 Methodology

The main tool for testing our hypothesis is to conduct a
systematic comparison between time series of vertical GPS
movements, predicted crustal movements due to hydrologic
load changes, and climate indices. Before conducting such
a comparison, we need first to select suitable GPS records
for the analysis and also compute the predicted movements
for the same locations using GLDAS model results and
GRACE observations. The GPS site selection was based on
the following three criteria: The site (1) must be located
in North America [25-55°N; 50-130°W]; (2) have a time
series with a time span longer than 20 years; and (3) have
at least 6,000 daily solutions. Based on these criteria, we
found a total of 177 stations (Fig. 1). However, many of
these time series contain steps and transient behavior, which
most likely represent artifacts due to equipment/firmware
change, co-seismic displacements, and other unexplained
behavior. Using timing of offsets provided by NGL, we
corrected the time series for the noted offsets. Unreported
offsets where detected and corrected using a best-fit step
function algorithm. After time series cleaning, we found
that only 87% (155 stations) have periods without unusual
behavior (strange transients) that can be used in the compari-
son. Additional pre-comparison processing includes detrend-
ing the series, as some, especially those in northern lati-
tudes, contain a significant trend (up to 4 mm/year) reflect-
ing crustal response to Glacial Isostatic Adjustment in this
region.

For the selected 155 GPS stations, we predicted crustal
movements due to hydrological load changes using GLDAS
and GRACE observations. The GLDAS water storage loads
were obtain from the GLDAS website (https://Idas.gsfc.nasa.
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Fig. 1 Location map of GPS station in north America with continuous data acquired over a period of more than 20 years. Red circles and text

mark the location of the four GPS time series presented in this study

gov/gldas), which provides water storage values comprised
of soil moisture, canopy water, and snow water equivalent
with a spatial resolution of one degree grid spacing at
monthly intervals. The GRACE-derived load changes were
determined by convolving the gravity field coefficients with
load Love numbers (in the CF reference frame defined by
the GPS). The GRACE data are the CSR RO5 products.
GRACE C20 is replaced with the C20 determined from
SLR. Degree-1 is restored to the spherical harmonic files.
The data are then destriped (Swenson and Wahr 2006) and
subsequently filtered with a 350 km Gaussian averaging
kernel. High frequency atmospheric and oceanic de-aliasing
products were added back into the gravity fields. For the
GLDAS data, we estimated the crustal response to loading
by converting the water equivalent values to surface mass
and then convolving them with Farrell’s (1972) Green’s
functions (Gutenberg-Bullen B Earth model) that have been
converted into to a center of figure frame. This reference
frame is consistent with the frame that is estimated by GPS
time series that have been transformed into a reference frame
such as IGS08.

The comparisons between time series of vertical GPS
movements, predicted crustal movements due to hydrologic
load changes, and climate indices are conducted both visu-
ally and quantitatively. The visual comparison is conducted
by using smooth curves through the time series data point
based on a lowpass filter with 0.5-year cutoff, which accounts

for multi-year and seasonal variations, but not daily changes.
The daily values have much more variability and are con-
sidered as measurement noise. The quantitative comparison
is conducted using a correlation analyses of mean monthly
values, which are quantified by the Pearson product-moment
correlation coefficient (R?).

4 Results

We analyzed vertical GPS time series of 155 sites with long
continuous daily solutions (>20 years) and obtained mixed
results. Here we present the results of four representative
sites, ECHO, PSU1, GODE, and CCVS5 located in both
western and eastern parts of the US (Fig. 1). We chose these
four sites, as they are located in different environments and
climatic conditions. ECHO is located in the Basin and Range
Province in eastern Nevada at an elevation of 1,684 m and
subjected to semi-arid climate. PSU1 is located in an open
area within the campus of Pennsylvania State University
at an elevation of 311 m and is subjected to temperate
climatic conditions. GODE is also located in an open area
at elevation of 14.5 m in the state of Maryland, outside
Washington DC, and is also subjected to temperate climate.
CCVS5 is located within a NASA facility in Cape Canaveral
at elevation of 2 m and is subjected to hot and humid sub-
tropical climate.
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Fig. 2 Time series of vertical
crustal movements and the PDSI
climate index for the site ECHO,
located in southeastern Nevada.
(a) Observed daily GPS
movements (blue dots) and their
smooth representation based on
lowpass filter with 0.5-year cutoff
(red line). (b) Predicted monthly
vertical crustal movements due to
a hydrological load based on the
GLDAS model (blue dots) and
GRACE observations (orange
dots). Continuous smooth
representations of the predicted
movements is shown in the solid
blue (GLDAS) and cyan
(GRACE) based on the same
lowpass filter. (¢) Calculated
monthly PDSI values for western
Utah (blue dots) [source: NOAA]
and their smooth representation
using a lowpass filter. Negative
PDSI values indicate drought
conditions and positive values
indicate wet conditions. (d)
Superposition of all four
time-series used for visual
comparison between the time
series. The PDSI series is plotted
inversely to demonstrate the
inverse correlation between the
climate index and the vertical
crustal movements. (e)
Correlation between observed
monthly averaged GPS
movements and predicated
GLDAS movements. (f)
Correlation between observed
monthly averaged GPS
movements and calculated PDSI
values

The analysis of ECHO compares time series of vertical
GPS movements, predicted movements due to hydrological
load changes (GLDAS and GRACE), and the PDSI for south
central Nevada (Fig. 2). The GPS time series extends over
a period of 20.04 years with 6,443 daily solutions, reflecting
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86% temporal coverage of the measurement period. The time
series deviates within a range of 20 mm and contains both
multi-year and seasonal periodic signals, as emphasized by
the lowpass filter smooth curve (red line in Fig. 2a). The
predicted movements due to hydrologic load changes by both
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Table 1 Correlation coefficient (R?) and RMS (mm) results of correlation analyses among GPS, GLDAS, GRACE, and PDSI time series at three

selected GPS station locations

Site GPS-GLDAS GPS-GRACE GPS-PDSI GLDAS-GRACE GLDAS-PDSI GRACE-PDSI
ECHO R? 0.60 0.58 —0.61 0.57 —0.56 —0.36
RMS 2.59 2.77 1.97
PSU1 R? 0.58 0.54 —0.28 0.80 —0.27 —0.11
RMS 3.01 3.02 1.97
GODE R? 0.31 0.20 —0.20 0.81 0.29 —0.17
RMS 3.76 4.20 1.41
CCV5 R? —0.22 0.38 —0.20 —0.08 —0.04 —0.28
RMS 4.16 3.81 1.63

GLDAS and GRACE are dominated by seasonal variations
and some changes from one year to another (Fig. 2b). The
PDSI time series is also characterized by seasonal changes
and multi-year signals of long troughs (droughts — negative
PDSI values) and short duration peaks (wet conditions —
positive PDSI). According to the PDSI time series, droughts
occurred during 1996-1998, 2002-2004, 2006-2011, and
2012-2017, whereas wet conditions occurred in 1995, 1998,
2005 and 2019 (Fig. 2c). A visual comparison of all four
time-series is conducted using the smooth curves of all series
(Fig. 2d). The comparison shows an overall very good fit
among the four series, as in the trough of 2005, but also
some deviations, as the trough of 2011 where the GPS curve
(red) is significantly lower than the other curves. Quantitative
comparison among the time series using the Pearson product-
moment correlation coefficient (R?) reveal strong positive
correlation (0.60) between the GPS and GLDAS series (Fig.
2e) and strong negative correlation (—0.61) between GPS and
PDSI series (Fig. 2f). Correlation analysis among all four
time-series reveal strong positive or negative correlations
(0.55-0.6) except between GRACE and PDSI (—0.36) (Table
D).

The analysis of the PSUI site is presented in Fig. 3
and Table 1. The GPS time series extends over a period
of 21.58 years with 7,168 daily solutions, reflecting 91%
temporal coverage of the measurement period. The analysis
yields strong positive correlations among the GPS, GLDAS,
and GRACE time series (0.54-0.8), but poor negative corre-
lations with the PDSI series (0.11-0.28). The misfit between
PDSI and the other series is apparent in Fig. 3d.

The analysis of the GODE data is presented in Fig. 4
and Table 1. The GPS time series extends over a period
of 25.24 years with 8,302 daily solutions, reflecting 90%
temporal coverage of the measurement period. The analysis
yields poor correlations among the GPS, GLDAS, GRACE,
and PDSI time series (0.17-0.31), except for a strong positive
correlation between GLDAS and GRACE (0.8). The misfit
among all series can be seen in Fig. 4d.

The analysis of the CCV5 site is presented in Fig. 5
and Table 1. The GPS time series extends over a period
of 21.08 years with 6,716 daily solutions, reflecting 87%

temporal coverage of the measurement period. The analysis
yields poor correlations among the GPS, GLDAS, GRACE,
and PDSI time series (0.4-0.28).

In sites where we found a poor fit between GPS and PDSI
time series, as PSU1, GODE, and CCV5, we also conducted
correlation analyses with other climate indices, including
NAO, AMO, and ESNO. The rational for such a comparison
is that climate patterns can affect non-hydrologic loads, such
as atmospheric or non-tidal oceanic loads. However, our
results yielded poor correlations between GPS time series
and these other three climate indices.

The analysis of all 155 stations with long time series
(>20 years) revealed variable results in terms of correlations
between the GPS, GLDAS, GRACE, and PDSI time series.
The highest correlation levels were found among the GPS-
GRACE pairs, in which 88 pairs revealed moderate to high
correlation level (R? > 0.4). Most of the stations with higher
correlation levels are located in western North America
in inland areas of high elevation (Fig. 6). The correlation
level of the GPS-GLDAS and GLDAS-GRACE also showed
a fairly good correlation level (60 pairs with R? > 0.4).
However, the correlation level of the PDSI climate index
with GPS, GLDAS, and GRACE showed an overall poor fit
level.

5 Discussion and Conclusions

We conducted a systematic comparison analysis among
observed vertical GPS movements, predicted crustal
movements due to hydrologic load changes, and climate
indices, in order to test the hypothesis that vertical crustal
movements recorded by long continuous GPS time series
can provide an independent measure of climate change. Our
analysis yielded mixed results, in which we observed good
correlations between vertical GPS and PDSI time series at
some sites, mainly in western north America. However, our
results for eastern north America, yielded poor correlation
between vertical GPS and PDSI time series. Our results for
this region also yielded poor correlations between GPS and
three other climate indices, NAO, AMO, and ESNO. These
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Fig. 3 Time series of vertical
crustal movements and the PDSI
climate index for the site PSU1,

located in central Pennsylvania. 'g
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results suggested that vertical GPS time series can represent  vertical crustal movements due to hydrologic load changes.
the climate signal only in some sections of north America, Our analysis yielded, again, mixed results. We found in
mainly in the mountainous western section of the continent.  some locations, including ECHO and PSUI, moderate

We also conducted a systematic analysis between correlations between the two time-series, suggesting that
observed (GPS) and predicted (GLDAS and GRACE) vertical GPS time series can serve as a good independent
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Fig. 4 Time series of vertical

crustal movements and PDSI GODE
climate index for the site GODE,
located in central Maryland.
Explanations for (a—f) as in Fig. 2
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indicator of the hydrological load, which is used often for observed GPS movements, in such cases of poor correlation,
estimating Continental Water Storage (CWS). However, in represent most likely displacements in response to other
some locations, as in GODE, the correlation between the physical processes, such as seasonal soil compaction or
observed GPS movements and predicted movements by instability of the monument, which in many cases are
hydrological loading changes yield poor correlations. The located on buildings. These results suggest that vertical
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Fig. 5 Time series of vertical
crustal movements and PDSI
climate index for the site CCV5,
located in central Florida.
Explanations for (a—f) as in Fig. 2
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GPS time series cannot always serve as indicator for GLDAS- or GRACE-based movements can serve as
CWS. Furthermore, the results suggest that a correlation a useful tool for considering a GPS site for CWS
analysis between vertical GPS movements and predicted estimates.
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Fig. 6 Location map of GPS stations with long time series (>20 years). The color circles mark the correlation level between GPS and GRACE-

predicted vertical movements
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