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Abstract Bedrock thermal expansion includes prominent seasonal (annual and semiannual) terms and
intricate nonseasonal variations (high-frequency change and transient signals). However, the nonseasonal
variations are usually ignored in geodetic studies due to defects in analytical solutions. In this study, we
calculate the full-spectrum bedrock thermal expansion displacement using the skin temperature from the
ERAS reanalysis data set. The results show that the nonseasonal variations of bedrock thermal expansion,
with a range (maximum minus minimum) reaching 3 mm in some regions, can be observed by geodetic
instruments and thus cannot be ignored. Moreover, the mean power of the nonseasonal variations accounts
for 20% of the entire thermal expansion. Without considering the influence of the nonseasonal variations,
this “noise” would remain in the original observations and contaminate related geophysical inversions.

Plain Language Summary Like any natural material, bedrock exhibits thermal expansion,
resulting in volume variations in response to surface temperature changes. Previous studies on the
analytical calculations of bedrock thermal expansion indicated that harmonic expansion of the surface
temperature in the time or space domain was required. This type of harmonic method could consider
only seasonal (annual and semiannual) terms and would inevitably ignore nonseasonal variations such as
high-frequency change and transient signals. To avoid this disadvantage, we use the finite element
method to numerically calculate the full-spectrum bedrock thermal expansion and then study its seasonal
and nonseasonal impacts on the Global Positioning System height time series. Our results demonstrate
that the range (maximum minus minimum) of nonseasonal variations can reach 3 mm and can be observed
by Global Positioning System height time series. Considering the nonseasonal variations of bedrock
thermal expansion allows us to study other geophysical phenomena with higher precision and accuracy.

1. Introduction

The Earth's lithosphere is always in motion due to factors including mass redistribution (Tregoning & van
Dam, 2005; Fu et al., 2012;), plate tectonics (Koulali et al., 2011; Serpelloni et al., 2013), and earthquakes
(Feng et al., 2010; Galetzka et al., 2015). Global Positioning System (GPS) technology has been widely used
to investigate mass and non-mass signals (Fu et al., 2015; Ji & Herring, 2011). Previous studies have shown
good consistency between GPS and GRACE (Gravity Recovery and Climate Experiment) or load models in
regions with large mass signals (Chanard et al., 2014; Hao et al., 2016; Pan et al., 2018; Yan et al., 2016).
However, the annual signals in GPS only decrease to a certain extent when applying corrections from
GRACE or load models at the global scale (Dong et al., 2002; Zou et al., 2014). The apparent inconsistency
in the long-term trends and interannual terms between GPS and GRACE/load models also limit their com-
bined use in studies of nonseasonal variations (Han, 2017; Santamaria-Gémez & Mémin, 2015). In addition
to the known errors and limitations of GPS/GRACE/load models, other non-mass signals, such as bedrock
thermal expansion, can cause inconsistencies as well (Dong et al., 2002; Fang et al., 2013; Yan et al., 2009).

A temperature change will cause thermal expansion of the monument and bedrock under a GPS antenna
(Berger, 1975). Based on a half-space model, Dong et al. (2002) calculated the bedrock thermal expansion
displacement (TED) with a vertical annual amplitude of 0.56 mm. Yan et al. (2009) extended the half-space
model to other frequencies and found that the vertical annual amplitude of TED could reach 1.3 mm in some
regions. By using the uniform elastic sphere model developed by Fang et al. (2013), Xu et al. (2017) investi-
gated the influence of bedrock thermal expansion on GPS time series and found that the annual amplitude
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reaches approximately 3 mm for radial displacement and approximately 1.5 mm for transverse components.
All these studies are based on an analytical calculation of TED, indicating that harmonic expansion of the
surface temperature in the time or space domain is required. In this way, only seasonal (usually annual
and semiannual) terms are considered, whereas nonseasonal variations, such as high-frequency change
and transient signals, are inevitably ignored.

With the improvement of computing power, an increasing number of geoscientists have adopted numerical
methods to solve partial differential equations (PDEs) (Liu et al., 2018; Quintal et al., 2011). Among them,
the finite element method (FEM) can overcome problems related to the smoothness of the input data in
the analytic method and have the ability to address complex geometries and various material behaviors
(Trasatti et al., 2011; Simpson, 2017). Therefore, we use FEM to calculate the full-spectrum TED and then
analyze the impacts of its seasonal terms and nonseasonal variations on the GPS height time series. The
paper is organized as follows: Section 2 briefly introduces the numerical solution of TED. The annual term
and nonseasonal variations of TED, together with their impacts on selected global GPS height time series,
are analyzed in section 3. Conclusions are presented in section 4.

2. Numerical Solution of Bedrock Thermal Expansion

In this paper, only the vertical TED is considered. The one-dimensional PDE of heat conduction is repre-
sented by (Berger, 1975; Dong et al., 2002)

5 &
Tg;’t)zzc Efji’”m (xe[-L;0]), v

where T(x,t) is the temperature; x = 1 mm?/s (Bording et al., 2016; Dong et al., 2002) represents thermal dif-
fusivity; H denotes the internal heat source of the material and the latent heat flux caused by, for example,
surface evaporation and condensation (zero in our case); and [ indicates the length (depth) of the model. At
the Earth's surface, x = 0. Two boundary conditions and one initial condition are required to solve this para-
bolic equation with a second-order spatial derivative and a first-order time derivative:

T(X = 07 t) = Tsurface:

2
T(X = _17 t) = Tmean, ( )

T(xv L= 0) = T'mean- (3

The boundary conditions (equation (2)) indicate that the nodal temperature of the model on the Earth's
surface is always the same as the instantaneous surface temperature Tgy,sace (external force), and the tem-
perature at the deepest part of the model is fixed to the mean surface temperature of the region for a period
of time (e.g., 30 years). The initial condition of the model (equation (3)) is set as the nodal temperatures equal
to the mean surface temperature when ¢ = 0. This initial condition is not practical; therefore, FEM requires a
certain initial time so that the nodal temperatures are close to the real temperature.

The procedure of obtaining a numerical solution consists of two steps. The first step is to discretize the con-
tinuous PDE with boundary and initial conditions into a series of algebraic equations. The second step is to
obtain the temperature of each node by solving the above discrete algebraic equations (Mercer et al., 1975;
Simpson, 2017). In our study, the Galerkin FEM was used to numerically solve the nodal temperatures
(see supporting information for details). After obtaining the temperature distribution, the TED h(t) can be
calculated as follows (Rychlewski, 1984):

1+
1-v

h(t) Y o (Ti—Trer), €
where 12 is the gain factor that considers the thermal stress, v = 0.25 represents the Poisson's ratio,
a = 1.5 x 107> °C™! indicates the coefficient of thermal expansion (Dong et al., 2002; Turcotte &
Schubert, 2014; Xu et al., 2017), x is the length (depth) of each element after discretization, T; denotes the
nodal temperature, and Ty is the reference temperature.

LET ET AL.

20f 8



Geophysical Research Letters 10.1029/2019GL086022

The quality of the numerical solution is influenced by various errors and stability. All numerical methods
introduce discretization errors and computational errors, among which discretization errors can be reduced
by improving the finite element number (spatial resolution), while round-off errors can be controlled by
selecting efficient solvers. Stability describes the errors of numerical solution decay with time. However,
even a stable solution can still be inaccurate (e.g., due to the existence of bias). Thus, it is also important
to assess the accuracy of a numerical solution by directly comparing it with an analytical or approximate
solution (Simpson, 2017). Here we use the approximate solution of the harmonic method given by Yan
et al. (2009) as a reference:

1+v n x T
h(t) = T ay, A \/gicos (colt—go,-— Z) , (5)

where v and a have the same meaning as in equation (4); A;, @;, and ¢; are the amplitude, frequency, and
initial phase of the ith harmonic (only annual and semiannual terms in our case) of the surface temperature,
respectively. Notably, the summation sign in equation (5) is the summation of n decomposed harmonics of
surface temperature, while the summation sign in equation (4) is the summation of TEDs for all elements
with different nodal temperatures.

3. Results and Discussion

3.1. Numerical Solution

As mentioned in the previous section, it is not practical to set all the initial nodal temperatures equal to the
mean surface temperature. The element number and model depth are also important to the precision of
FEM solutions. Through simulation analysis (Figures S1-S3 in the supporting information), the FEM model
we use here has an initial time of 5 years, a depth of 100 m and an element number of 10,000. We then use the
daily average skin temperature from the ERAS5 reanalysis data set to calculate the TED time series for a total
of 19 years from 2000 to 2018 (Hersbach, 2018). Skin temperature is defined as the temperature of the surface
at radiative equilibrium, and it is derived from the surface energy balance. It forms the interface between
soil, snow or ice, and the atmosphere (see ERAS online documentation for details). The TED time series cal-
culated by the FEM and the harmonic methods for three selected IGS sites (GUAO, LHAZ, and MCM4) are
shown in Figure 1, along with their differences (nonseasonal variations) and the local mean annual tempera-
ture (root-mean-square with respect to the reference model [number of elements: 10,000; depth: 100 m] as a
function of model depth is shown in Figure S4). We can see that FEM can recover the periodic deformation
caused by the seasonal terms of temperature and capture the irregularity caused by nonseasonal variations.
Although there is a time delay caused by the heat conduction process, the nonseasonal variations of the TED
time series shows consistency with the mean annual temperature in the long-term trend. The temperature of
the GUAO site is relatively stable, the change in the mean annual temperature for 2000-2018 was less than 4
°C. Correspondingly, the TED time series obtained by the FEM mainly contains seasonal signals, and the
nonseasonal variations are less than 1 mm. The LHAZ site is located in Lhasa, China, where the mean
annual temperature has been rising in recent years. Consistent with the temperature trend, the TED time
series obtained by the FEM contains an uplift signal with a magnitude of approximately 2 mm. This nonsea-
sonal trend, if not considered, can be wrongly attributed to other phenomena, for example, the change of
terrestrial water storage, which may lead to incorrect geophysical interpretations. The MCM4 site is located
on the Antarctic continent. The FEM-calculated TED time series experiences an upward period from 2004 to
2011 and then becomes stable. Since both bedrock thermal expansion and the melting of ice sheets are both
related to temperature change, the seasonal and nonseasonal impacts of the TED must be removed before we
use GPS time series to invert the mass loss of ice sheets; otherwise, the result will be contaminated.

3.2. Annual Term of the Bedrock Thermal Expansion Displacement

We use a total of 2,002 GPS height time series provided by the Making Earth Science Data Records for Use in
Research Environments project to study the impact of the annual TED on geodetic observations. The GPS
height time series has been corrected by conventional geophysical corrections (e.g., solid Earth tide and
ocean tide loadings). We also consider the environment loading effects, including the atmosphere, hydrol-
ogy, and ocean bottom pressure loading, on the GPS height time series. Atmospheric mass loads are
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Figure 1. TED time series of GUAO (top), LHAZ (middle) and MCM4 (bottom). The left-hand panels are the TED time series calculated by FEM (red) and the
harmonic method (blue). The right-hand panels are the corresponding difference (red, FEM solution minus harmonic solution) and the local mean annual

temperature (blue).

derived from the nontidal atmospheric surface pressure obtained from 0.5° X 0.5° 3-hourly the European
Centre for Medium-Range Weather Forecasts operational data (Tregoning & van Dam, 2005).
Hydrological loads are obtained from the global hydrological model LSDM on a regular 0.5° X 0.5° global
grid (Dill & Dobslaw, 2013). Nontidal ocean mass loads are derived from the 3-hourly ocean bottom
pressure on a regular 1.0° x 1.0° global grid from the MPIOM ocean model (van Dam et al., 2012).
Notably, the environment loads vary among different data centers (Jiang et al., 2013; Zou et al., 2014).
Since our main purpose is to study the impact of bedrock thermal expansion on the GPS height time
series, only the Deutsche GeoForschungsZentrum (GFZ) products are selected here for reference (Dill &
Dobslaw, 2013).

The annual amplitudes and phases of the GPS height time series, mass loads, and mass loads + TED are
shown as arrows in Figure S5. Both the FEM and the harmonic method give identical annual amplitudes
and phases; therefore, we show only the FEM results as an example. Compared with the mass loads, the
annual signal of mass loads + TED is closer to that of GPS. Figure 2 shows the annual amplitude reduction
ratio of the GPS height time series after mass loads + TED correction for the total 2,002 sites (the reduction
ratio after mass loads correction is shown in Figure S6), with the global distribution of the FEM-derived
annual amplitude as its basemap. We observe that regions with obvious annual signals mainly include the
eastern and northern parts of Asia as well as the northern part of Canada, with a maximum amplitude of
more than 1.8 mm. This finding is consistent with the values obtained by harmonic methods implemented
by other investigators (Xu et al., 2017; Yan et al., 2009), which further proves the effectiveness of our FEM
method. Regions with weak annual signals are concentrated near the equator, where the temperatures
remain high throughout the year. The higher the reduction ratio, the more consistent the annual signals
of GPS and models, indicating that the models can better interpret the annual signal in the GPS time series.
After mass loads + TED correction, the annual amplitudes are reduced at 1,829 sites (91% of the total sites),
with a mean reduction ratio of 55%. If considering only mass loads, the mean reduction ratio is 47%
(Figure S6), which indicates that bedrock thermal expansion can explain approximately 8% of the GPS-
observed annual signal. Sites with negative ratio reductions (173, 9% of the total sites) are mainly located
on islands, at the equator, and in Antarctica, possibly due to the defects of the geophysical models that we
used in these regions or uninterpreted geophysical signals that are out of phase with the models, for example,
loads of ice sheets.
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Figure 2. Reduction ratio of annual amplitudes for 2,002 GPS height time series after correction by mass loads + TED. The
annual amplitudes of 1,829 (91%) sites are reduced, with an average reduction ratio of 55%. The basemap shows the
global distribution of the FEM-derived annual amplitude.

3.3. Nonseasonal Variations of the Bedrock Thermal Expansion Displacement

We subtract the seasonal terms from the full-spectrum TED time series calculated by the FEM to obtain the
nonseasonal variations, and then we calculate its range (maximum minus minimum) from 2000 to 2018
(Figure 3). We observe that the regions with large ranges are mainly concentrated on the land around the
Bering Strait, the Russian Siberian plain, and the Tibet Plateau. In these regions, the maximum range may
exceed 3 mm, which is approximately the maximum peak-to-peak value of the annual amplitude. In addition,
the nonseasonal variations contain both irregular long-term trend and interannual changes and thus cannot
be modeled using least squares with simple long-term linear trends (Figure S7). The TED calculated by the
existing harmonic methods contains only seasonal terms, while the nonseasonal variations of bedrock
TED with millimeter-level magnitude are ignored. This ignored signal will remain in the original observa-
tions, making the GPS time series more “noisy” and affecting the geophysical interpretation of the geodetic
time series. For example, the surface displacement of 1 mm roughly reflects the surface loading mass of a 30-
mm equivalent water height. Therefore, the nonseasonal variations of bedrock thermal expansion may par-
tially explain the inconsistency between GPS-inverted and GRACE-observed long-term and interannual
changes in the surface mass (Chanard et al., 2014; Han, 2017; Santamaria-Gémez & Mémin, 2015).
Furthermore, the regions with large ranges are mainly located on the coast, which means that the bedrock
thermal expansion would mostly affect the GPS time series in these regions and thus influence the precise
determination of global and regional sea level changes (Mazzotti et al., 2008; Wppelmann et al., 2007).
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Figure 3. Ranges (maximum minus minimum) of the nonseasonal variations for the TED.
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Figure 4. SNR between seasonal terms and nonseasonal variations of the TED.

To investigate whether the GPS daily solutions (Blewitt et al., 1992; Dong et al., 2002; King & Watson, 2010)
can detect the TED with millimeter-level magnitude, we calculate the root-mean-square (RMS) of the origi-
nal GPS height time series, the time series after subtracting the seasonal terms of the TED (harmonic solu-
tion), and the time series after subtracting both the seasonal terms plus the nonseasonal variations of the
TED (FEM solution) for the selected 2,002 GPS sites. The mean RMS values are 10.48, 10.38, and 10.35
mm, respectively, for these three cases; and station NRIL on the Russian Siberian plain shows the biggest
decrease caused by nonseasonal variations, with its RMS values as 12.69, 12.43, and 12.13 mm, respectively.
This result indicates that considering the nonseasonal variations would further reduce the GPS scatter by
30% compared with considering only seasonal terms. The RMS decrease also proves that nonseasonal varia-
tions do exist and can be detected in the GPS daily solutions, although the magnitude is 1 order smaller than
the errors in GPS time series or uncertainties in loading models.

To study the power ratio between the seasonal terms and the nonseasonal variations of the TED, we calcu-
late the “signal-to-noise ratio” (SNR) as follows:

SNR:PS/Pn57 (6)

where P is the power of seasonal terms and P, is the power of nonseasonal variations. We find that the glo-
bal SNR distribution shows an obvious regional feature (Figure 4). Seasonal signals dominate most land
regions in the middle and high latitudes, while nonseasonal signals are more pronounced around the equa-
tor. The mean SNR for all 2,002 GPS sites is approximately 4:1, indicating that, if only the seasonal influence
of the TED on the GPS time series is considered, approximately 20% of the full signal would be lost, resulting
in an underestimation of bedrock TED.

3.4. The Impact of Physical Parameters and Input Data

Physical parameters and input temperature are crucial to the accurate determination of the TED. With
different rock compositions and pressures, the thermal diffusivity x is in the range of 1-3 mm?/s
(Bording et al., 2016; Clauser & Huenges, 1995; Robertson, 1988), and Poisson's ratio v is in the range
of 0.1-0.4 (Turcotte & Schubert, 2014). Using different combinations of x and v, the calculated TED may
differ by three folds (Figure S8). We select another surface temperature product from NCEP/NCAR
(National Centers for Environmental Prediction/National Center for Atmospheric Research) (Kalnay
et al., 1996) to analyze the effects of different input data sets on TED (Figures S9-S10). The global dis-
tributions of the derived annual amplitude and range from the two selected data sets generally show
good consistency. The main differences are in the Andes and the Tibet Plateau, where the annual
amplitude differences can reach 1 mm and the range differences can reach 2 mm (Figure S11). This
finding indicates that topography is one of the main reasons for the uncertainty in the temperature pro-
ducts (Zhao et al., 2008). Figure S11c shows that the geopotential height data used by the two reanalysis
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products have large differences in the Andes and the Tibet Plateau. Due to the simple relation that the
rate of temperature decrease is ~6 °C for each 1-km altitude change, the temperature and its TED thus
show large differences in the regions. We then calculate the effect of the TED using surface temperature
from NCEP/NCAR on the 2,002 GPS height time series, which shows that the mass loads + TED
reduces the GPS annual amplitudes by 53%, while the nonseasonal variations account for approximately
23% of the thermal expansion signal. These results imply that, even with some differences, different data
sets can obtain similar TED results, while the choice of physical parameters would cause significant dif-
ferences in the final TED time series. To accurately calculate the TED, it is necessary to conduct an
experimental analysis of the physical parameters for the bedrock.

4. Conclusions

FEM can numerically solve geophysical PDEs without being affected by complex geometry or irregular input
data. In this paper, we use FEM to numerically calculate the full-spectrum bedrock TED and then study its
seasonal and nonseasonal impacts on the global GPS height time series. The maximum annual amplitude of
the TED using the skin temperature from ERAS reanalysis is 1.8 mm, which is consistent with the values
obtained by harmonic methods (Xu et al., 2017; Yan et al., 2009). Most importantly, our solution includes
nonseasonal variations that were previously ignored. The range of nonseasonal variations can reach up to
3 mm, which is approximately the maximum peak-to-peak value of the annual amplitude. Approximately
20% of the full thermal expansion signal would be lost if the impacts of the nonseasonal TED variations
on the geodetic observations were not considered. This “noise” could be misinterpreted as other signals,
which may result in an incorrect geophysical inversion.
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