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Abstract 12 

 Nonlinear variations in GNSS station height time series include contributions from non-tidal 13 
mass loading and temperature-driven thermoelastic displacement (TED). However, a globally 14 
consistent station-level TED product has not been widely available. Here we present a global 15 
dataset of vertical TED for approximately 14,000 GNSS stations over 2000–2023, generated using 16 
a full-spectrum layered finite-element model. The model is driven by hourly ERA5 soil-17 
temperature forcing and parameterized with SoilGrids-derived depth-dependent subsurface 18 
properties, allowing within-day temperature variability to be incorporated into daily TED time 19 
series that retain seasonal and nonseasonal components. For the 2,612 stations with 20 
documented foundation-depth information, site-information-constrained solutions agree closely 21 
with SoilGrids-based solutions, with annual-amplitude differences mostly about 0.01–0.03 mm 22 
and annual-phase differences generally within 1–3°. Sensitivity tests using ±10% perturbations in 23 
the linear thermal expansion coefficient, thermal diffusivity, and Young’s modulus indicate that 24 
the amplitude and phase of the annual TED component are stable under reasonable parameter 25 
uncertainty. Globally, annual TED amplitudes are mostly within about 0.2–1.2 mm and locally 26 
exceed 1.5 mm, with larger signals concentrated in arid inland and continental regions. The 27 
percentile-based peak-to-peak variability of the full daily TED series commonly reaches 2–4 mm 28 
and locally approaches 5–6 mm. When applied alone to GNSS height time series, TED produces 29 
positive WRMS reductions at about 79% of the assessed stations, with most improvements within 30 
3–5% and the largest reductions reaching about 10%. The dataset is publicly available for direct 31 
use in GNSS height time series correction and related geophysical applications: 32 
https://doi.org/10.5281/zenodo.21069958 (Lu et al., 2026a). 33 

1. Introduction 34 

 Over recent decades, Global Navigation Satellite System (GNSS) reference station coordinate 35 
time series have become an important data source for investigating crustal deformation, vertical 36 
land motion, surface mass redistribution, and terrestrial reference frame stability (Clarke et al., 37 
2005; Jiang et al., 2013; Blewitt et al., 2018; Li et al., 2020). In GNSS height time series, non-tidal 38 
atmospheric loading, non-tidal ocean loading, and hydrological loading induced vertical 39 
displacement have been reported to explain roughly 40–50% of the annual signal (Dong et al., 40 
2002; van Dam et al., 2007; Fritsche et al., 2012; Li et al., 2025). In addition to mass loading, 41 
temperature variations can induce thermal expansion and contraction of GNSS station 42 
monuments and the surrounding ground materials, producing thermoelastic deformation in 43 
GNSS height time series (Romagnoli et al., 2003; Prawirodirdjo et al., 2006; Fang et al., 2014; Xu 44 
et al., 2017; Li et al., 2024). If mass loading and thermoelastic effects are not properly accounted 45 
for, they may complicate the geophysical interpretation of coordinate time series and potentially 46 
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affect the long-term stability of the terrestrial reference frame (Altamimi et al., 2023). 47 

 Temperature-related deformation at GNSS stations can arise from both above-ground 48 
monument thermal expansion and subsurface thermoelastic displacement. Monument thermal 49 
expansion can often be estimated using relatively direct expansion models when the monument 50 
height, material, and structural configuration are known (Yan et al., 2010; Lu et al., 2024; Wang 51 
et al., 2025). In contrast, subsurface thermoelastic displacement (TED) depends on the downward 52 
propagation of temperature variations, the vertical distribution of soil and bedrock properties, 53 
as well as the elastic response of the shallow subsurface. As temperature variations diffuse into 54 
the shallow ground, they cause depth-dependent thermal strain in soil and bedrock beneath 55 
GNSS stations. This strain is transferred elastically to the ground surface and appears in GNSS 56 
height time series (Biot, 1956; Berger, 1975). Previous studies have shown that shallow 57 
subsurface thermoelastic effects can contribute to seasonal height variations at some GNSS sites 58 
(Yan et al., 2009; Hill et al., 2009). Although the annual component is usually dominant, 59 
thermoelastic displacement may also contain semiannual and nonseasonal components because 60 
the temperature forcing includes variations beyond a simple annual cycle and the subsurface 61 
thermal response is site dependent. Millimetre-level nonseasonal thermoelastic displacements 62 
have been reported in some regions and can be detected by high-precision geodetic observations 63 
(Lei et al., 2020). On the other hand, unmodelled thermoelastic station motion may also affect 64 
the estimation of global geodetic parameters, such as geocenter motion. For example, Wei et al. 65 
(2025) showed that unmodelled thermoelastic displacement at GNSS stations can project into 66 
the annual signal of the Z component in GNSS-derived geocenter estimates. This signal should be 67 
interpreted as an apparent geocenter variation associated with station displacement and 68 
network geometry, rather than true motion of the Earth’s centre of mass. Accounting for 69 
thermoelastic station motion may therefore reduce this apparent annual signal and improve the 70 
consistency of GNSS-derived geocenter estimates across independent solutions. 71 

 Thermoelastic modelling approaches for GNSS stations include both analytical models and 72 
numerical methods. Analytical models have been developed using idealized elastic media, such 73 
as elastic half-space and uniform elastic-sphere models, to describe temperature-driven 74 
deformation at GNSS sites (Dong et al., 2002; Yan et al., 2009, 2010; Fang et al., 2014; Xu et al., 75 
2017). These models provide useful physical insight into thermoelastic deformation and can be 76 
computationally efficient once the analytical solution is formulated. However, many of them rely 77 
on homogeneous or effectively depth-invariant thermophysical and elastic properties, or on 78 
simplified descriptions of shallow subsurface structure. This limits their ability to represent the 79 
attenuation and phase lag of thermal signals caused by soil–bedrock stratification, and makes it 80 
difficult to account for station-to-station differences in shallow subsurface conditions. Recent 81 
studies have therefore emphasized the importance of incorporating more realistic subsurface 82 
structure, such as bedrock depth, lithology, and depth-dependent material properties, when 83 
modelling temperature-driven deformation in GNSS height time series (Li et al., 2024; Lu et al., 84 
2024). By comparison, one-dimensional finite-element model (FEM) provides a practical 85 
numerical approach for addressing these limitations because it can represent material 86 
heterogeneity and layer-interface effects more flexibly than analytical models based on idealized 87 
elastic media. For thermoelastic problems in layered media, FEM can solve the transient heat-88 
conduction problem and compute surface displacement induced by the resulting temperature-89 
dependent strain within a consistent numerical model (Lei et al., 2020). 90 

 For global TED applications, broad station coverage, extended temporal coverage, globally 91 
available temperature and subsurface properties are needed to describe TED variability across 92 
different climate and subsurface settings. Public GNSS archives now provide access to on the 93 
order of 14,000 continuous stations, making it necessary to develop a globally consistent TED 94 
product for direct use with daily GNSS height time series. In this study, we implement a full-95 
spectrum layered finite-element model (FEMFL) at the global scale and release a public dataset of 96 
daily vertical TED time series for approximately 14,000 GNSS stations worldwide over 2000–2023. 97 
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The model is driven by hourly ERA5 soil-temperature forcing and parameterized using SoilGrids-98 
derived depth-dependent subsurface properties (Lu et al., 2026b). The dataset is released as a 99 
versioned product, with station information and data-description files provided to facilitate 100 
consistent use and future updates. The resulting TED series are intended as a subsurface 101 
thermoelastic correction that can be used alongside non-tidal loading products in GNSS time 102 
series analysis, with potential applications in vertical land-motion studies, terrestrial reference 103 
frame assessment, and geocenter-related investigations (Altamimi et al., 2023; Wei et al., 2025). 104 

 The remainder of this paper is organized as follows. Section 2 describes the input data, model 105 
configuration, and computational procedure used to generate the TED dataset. Section 3 106 
presents the main spatiotemporal characteristics of the dataset, assesses its stability and internal 107 
consistency, and examines its effect on GNSS height time series. Section 4 describes the data 108 
availability and usage of the TED product. Section 5 discusses the applicability and limitations of 109 
the dataset and outlines possible future updates. 110 

2. Materials and methods 111 

   This section describes the data sources, model configuration, and processing procedure used 112 
to generate the global TED dataset. The dataset provides daily vertical temperature-driven 113 
subsurface thermoelastic displacement time series for approximately 14,000 continuously 114 
operating GNSS stations over 2000–2023. It is produced using a consistent processing procedure, 115 
as summarized in Fig. 1. This procedure includes defining the station list and data span, preparing 116 
the ERA5 soil-temperature forcing, building the layered subsurface model parameters, 117 
computing station-level TED time series with FEMFL, checking the consistency of the output files, 118 
and organizing the data for release. Station locations and data spans are compiled from publicly 119 
available GNSS station information. The thermal forcing is derived from ERA5 soil-temperature 120 
fields, and depth-dependent subsurface properties are parameterized using SoilGrids. The 121 
vertical thermoelastic response is then computed with FEMFL and distributed in a standardized 122 
station-level format for direct use with daily GNSS height time series. 123 
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 124 

Figure 1 Overview of the data sources, modelling procedure, evaluation steps, and release 125 
structure of the TED dataset. The main inputs include ERA5 soil-temperature forcing, SoilGrids-126 
derived layered subsurface properties, and GNSS station information. The procedure includes 127 
station selection, temperature-forcing preparation, subsurface parameterization, FEMFL 128 
computation, consistency checks, technical evaluation, and release of station-level TED time 129 
series with file organization and data-description information. 130 

2.1. GNSS station selection and temporal coverage 131 

 The GNSS station information and daily position time series are obtained from global GNSS 132 
solutions produced by Nevada Geodetic Laboratory (NGL). These solutions are based on 133 
continuous observations from stations in the International GNSS Service (IGS) network together 134 
with many regional GNSS networks (Blewitt et al., 2018). For this study, we use stations with at 135 
least three years of valid daily coordinate solutions within 2000–2023. This threshold provides a 136 
basic requirement for estimating annual and semiannual components, while retaining a 137 
sufficiently large station sample for global analysis. 138 

 Because the present model requires land-based soil-temperature forcing and shallow 139 
subsurface properties, we exclude stations located in Antarctica, Greenland, permanent ice-140 
covered regions, glacier-covered regions, and their surrounding buffer zones. These sites are not 141 
included in the released dataset or subsequent statistical analyses because their surface thermal 142 
boundary conditions and shallow subsurface properties cannot be reliably represented using the 143 
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current global input datasets. In contrast, stations located in coastal or lake-side environments 144 
are retained as long as valid land-based temperature forcing and subsurface properties are 145 
available. 146 

 Stations affected by seasonal snow cover are not systematically removed, because doing so 147 
would exclude many otherwise useful GNSS stations in northern Europe, Canada, the northern 148 
United States, northern Japan, and mountainous regions. Instead, the influence of seasonal snow 149 
cover is treated as a source of uncertainty and discussed as a limitation of the current product. 150 
After this screening, the dataset contains approximately 14,000 stations distributed across the 151 
major ice-free land regions and a wide range of climate settings (Fig. 2). The same screening 152 
criteria are applied to all subsequent statistical analyses and figures. 153 

 154 

Figure 2 Spatial distribution and temporal coverage of GNSS stations. 155 

2.2. Temperature forcing data 156 

 The temperature-driven thermoelastic deformation is controlled by near-surface 157 
temperature perturbations that propagate downward through heat conduction, produce 158 
thermal strain, and are converted into vertical elastic displacement at the ground surface. The 159 
timing of the temperature forcing is therefore important, especially when daily TED corrections 160 
are derived from temperature fields that vary within the day. In this study, soil temperature from 161 
ECMWF ERA5 reanalysis is used as the thermal forcing (Hersbach et al., 2018). The shallowest 162 
ERA5 soil-temperature layer, representing 0–7 cm depth, is used to prescribe the near-surface 163 
upper thermal boundary forcing. Since ERA5 soil temperature is used rather than air temperature, 164 
part of the effects associated with surface insulation processes, including seasonal snow cover, 165 
is implicitly included in the thermal forcing. However, snow depth and snow thermal properties 166 
are not explicitly represented in the current model, which may introduce additional uncertainty 167 
in regions with strong seasonal snow cover. ERA5 soil-temperature fields are used on the 0.25° × 168 
0.25° regular latitude–longitude grid. For stations close to coastlines or large lakes, ocean and 169 
lake grid cells are not used for the upper-boundary forcing. Only valid land grid cells with soil-170 
temperature values are considered. 171 

 To account for within-day temperature variability and reduce the potential aliasing 172 
associated with a single globally fixed sampling epoch, the hourly ERA5 soil-temperature record 173 
is sampled at four equally spaced epochs per day. The selected 0–7 cm soil temperatures are 174 
then used as the upper-boundary forcing at 6-hour intervals. This treatment captures the main 175 
diurnal-scale variability relevant to daily TED estimates while keeping the global computation 176 
tractable. In addition to the 0–7 cm layer, the ERA5 soil-temperature layers at 7–28, 28–100, and 177 
100–289 cm are used as auxiliary information on the subsurface temperature profile and the 178 
deeper thermal background (Lu et al., 2026b). 179 
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2.3. Layered thermophysical and mechanical properties 180 

 Thermal diffusivity controls how temperature variations attenuate and lag with depth, while 181 
linear thermal expansion coefficient and elastic parameters control how the resulting thermal 182 
strain is converted into surface displacement. To describe the shallow subsurface conditions at 183 
each station, we use SoilGrids-derived depth-dependent soil properties (Hengl et al., 2017). 184 
SoilGrids provides soil-property predictions for six standard depth intervals: 0–5, 5–15, 15–30, 185 
30–60, 60–100, and 100–200 cm. These layers allow the main vertical variations in shallow soil 186 
properties within the upper 2 m to be represented. In this study, we use SoilGrids 2.0, which 187 
provides global land soil-property maps at 250 m spatial resolution (Poggio et al., 2021). Ocean 188 
and lake areas are not assigned valid SoilGrids values; therefore, for stations close to coastlines 189 
or large lakes, only valid land soil-property values are used to construct the layered subsurface 190 
column. 191 

 For each GNSS station, the SoilGrids-derived depth profiles are extracted and used to 192 
estimate the thermophysical parameters required by the model, including thermal conductivity 193 
and volumetric heat capacity, from which thermal diffusivity is derived. Elastic and thermoelastic 194 
parameters, including Young’s modulus, Poisson’s ratio, and the linear thermal expansion 195 
coefficient, are assigned according to the corresponding material class and then mapped onto 196 
the layered structure. Below 2 m, globally consistent high-resolution soil-property information is 197 
not available from SoilGrids. The use of 2 m as the lower limit of the SoilGrids-derived layers 198 
therefore reflects the depth range of the available global soil dataset, rather than an assumption 199 
that thermoelastic effects vanish below this depth. In the model, the medium below 2 m is 200 
represented by a homogeneous bedrock background with prescribed thermal and elastic 201 
properties. This treatment preserves the shallow-layer contrasts represented by SoilGrids while 202 
using a simplified description of the deeper thermal and elastic background. 203 

 It should be noted that SoilGrids does not provide globally consistent and reliable shallow 204 
subsurface properties beneath ice sheets, glaciers, or ice shelves. Stations located in these 205 
regions and their surrounding buffer zones are therefore excluded from the released dataset and 206 
the subsequent statistical analyses. The present subsurface parameterization also does not 207 
explicitly include time-varying soil moisture. Because soil moisture can modify thermal 208 
conductivity, volumetric heat capacity, and effective thermal diffusivity, its influence is treated 209 
as a source of uncertainty and is partly reflected in the parameter-sensitivity tests. 210 

2.4. Thermoelastic displacement modelling 211 

 We compute temperature-driven vertical TED using FEMFL. The detailed formulation and 212 
numerical implementation of FEMFL are described in Lu et al. (2026b); here we summarize the 213 
main settings used to generate the global TED dataset. For each GNSS station, the shallow 214 
subsurface is represented by a one-dimensional, vertically layered soil–bedrock column. The 215 
model is run independently for each station and does not use a horizontal finite-element mesh, 216 
so the spatial sampling of the dataset is determined by GNSS station locations. The layered 217 
column consists of SoilGrids-derived layers in the upper 2 m and a homogeneous bedrock 218 
background below. The thermophysical, elastic, and thermoelastic parameters of each layer are 219 
assigned using the SoilGrids-based parameterization described in Section 2.3 and are assumed to 220 
be uniform within each layer. The half-space is assigned prescribed thermal and elastic properties 221 
and represents the deeper thermal and elastic background where globally consistent station-222 
scale stratigraphic information is not available. 223 

 The released TED product represents subsurface thermoelastic deformation only. It does not 224 
include thermal expansion of the above-ground structures, such as concrete pillars, steel masts, 225 
rooftop monuments, buildings, or antenna-support structures. These monument-related effects 226 
can be important at individual stations and have been reported in previous studies (e.g., 227 
Romagnoli et al., 2003; Yan et al., 2009, 2010; Lu et al., 2026b). They are not included in this 228 
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release because globally complete information on monument height, material, geometry, 229 
anchoring condition, and local thermal environment is not available for most GNSS stations. The 230 
TED series should therefore be interpreted as a subsurface thermoelastic correction, rather than 231 
a complete correction for all temperature-related site effects. 232 

 The thermal part of the model is based on one-dimensional transient heat conduction. 233 
Temperature and heat flux are continuous across layer interfaces. The upper boundary 234 
temperature is prescribed using ERA5 soil-temperature forcing, while the lower boundary 235 
represents a stable deep thermal background and reduces boundary effects associated with the 236 
finite model depth. The model is driven at 6-hour intervals, so within-day temperature variations 237 
can be considered while the final product remains a daily TED time series. As an order-of-238 
magnitude estimate, the characteristic thermal penetration depth can be approximated by 𝛿 =239 

#𝜅𝑃/𝜋, where 𝜅 is thermal diffusivity and 𝑃 is the forcing period. For typical near-surface 240 

diffusivities of 0.3 × 10!" to 1.0 × 10!"	𝑚#𝑠!$, diurnal temperature variations mainly affect 241 
the upper 0.1–0.2 m, whereas annual temperature variations can reach about 1.7–3.2 m. The 242 
SoilGrids-based layering in the upper 2 m therefore captures the main shallow subsurface 243 
contrasts, while deeper annual-scale thermal effects are represented in a simplified way by the 244 
homogeneous bedrock half-space. In the mechanical part of the model, temperature changes 245 
produce thermal strain within each layer, and the finite-element system is solved to obtain the 246 
corresponding vertical displacement at the ground surface. To reduce the influence of uncertain 247 
initial deep-temperature conditions, a spin-up calculation is applied before generating the final 248 
TED series for 2000–2023. 249 

 GNSS coordinate time series are typically provided at daily resolution, whereas near-surface 250 
temperature and the resulting thermoelastic response depend strongly on local solar time. If 251 
temperature forcing is sampled at only one fixed epoch, stations at different longitudes 252 
correspond to different local times, and part of the diurnal temperature signal may be aliased 253 
into longer-period components. To reduce this effect, FEMFL is driven by ERA5 soil-temperature 254 
forcing sampled at 00:00, 06:00, 12:00, and 18:00 UTC, producing four TED realizations for each 255 
station. Each realization is decomposed into annual, semiannual, and residual components. The 256 
annual and semiannual components are averaged using amplitude–phase vectors to treat the 257 
cyclic nature of phase consistently and to preserve the mean magnitude and timing of the 258 
seasonal signal. The residual component is averaged from the four 6-hour samples within each 259 
day. The final daily TED series is obtained by adding vector-averaged harmonic component and 260 
the daily averaged residual component, producing a correction series compatible with daily GNSS 261 
height time series. 262 

2.5. Model performance metrics 263 

 To consistently quantify the key amplitude characteristics of the TED product and its 264 
correction impact on GNSS vertical time series, we compute the annual-cycle amplitude and 265 
phase, the nonseasonal variability, and the WRMS improvement of GNSS residuals. For each TED 266 
series 𝑢(𝑡), we fit an annual and semiannual harmonic model with a linear term: 267 

𝑢(𝑡) = 𝑎% + 𝑏𝑡 + ∑ [𝑐&𝑐𝑜𝑠(𝜔&𝑡) + 𝑠&𝑠𝑖𝑛(𝜔&𝑡)]#
&'$ + 𝜀(𝑡) (1) 268 

where 𝑎% is the constant term, 𝑏 is the linear term, 𝜔$ and 𝜔# correspond to the annual 269 
and semiannual frequencies, respectively, and 𝜀(𝑡) denotes the residual. The annual amplitude 270 
and phase are defined as: 271 

𝐴()) = #𝑐$# + 𝑠$# (2a) 272 

𝜙()) = 𝑎𝑡𝑎𝑛2(𝑠$, 𝑐$) (2b) 273 

 To quantify the remaining variability after removing linear term and the annual/semiannual 274 
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harmonics, let 𝑢D(𝑡) denote the fitted reconstruction. The residual is 𝑟(𝑡) = 𝑢(𝑡) − 𝑢D(𝑡) , and 275 
the nonseasonal variability is measured by the root-mean-square (RMS) of 𝑟(𝑡): 276 

𝑅𝑀𝑆)*)+,( = J$
-
∑ 𝑟(𝑡.)#-
.'$  (3) 277 

where 𝑁 is the number of valid samples. 278 

 For the GNSS height time series 𝑥(𝑡), we quantify scatter using the weighted root-mean-279 
square (WRMS): 280 

𝑊𝑅𝑀𝑆 = J∑ 0!"
!#$ [2(4!)!2̅%]&

∑ 0!"
!#$

 (4) 281 

𝑥̅0 =
∑ 0!2(4!)"
!#$
∑ 0!"
!#$

 (5) 282 

where the weights are 𝜔. = 1 𝜎.#⁄ ; when observation uncertainties are unavailable, we use 283 
equal weights (𝜔. = 1). The WRMS reduction rate is defined as: 284 

𝛥𝑊𝑅𝑀𝑆(%) = 89:;'()!89:;*+''
89:;'()

× 100% (6) 285 

where 𝑊𝑅𝑀𝑆<(= and 𝑊𝑅𝑀𝑆>*<<  denote the WRMS of the original GNSS vertical time series 286 
and the WRMS after applying the TED correction alone, respectively. 287 

 In the parameter-sensitivity analysis, we apply a ±10% relative perturbation to a selected key 288 
parameter at each station and recompute TED. The difference between the perturbed and 289 
baseline solutions in the annual cycle is then quantified as: 290 

∆𝐴()) = 𝐴())
(±$%%) − 𝐴()),				∆𝜙()) = 𝜙())

(±$%%) − 𝜙()) (7) 291 

where the perturbed and baseline solutions are compared in terms of their annual-cycle 292 
amplitude and phase. For summary statistics, we use the absolute amplitude and phase 293 
differences to represent the sensitivity magnitude. 294 

3. Results and analysis 295 

   This section presents the main results and technical evaluation of the FEMFL-derived TED 296 
product. We first describe the spatial and temporal characteristics of the TED time series and 297 
compare their amplitudes with above-ground monument thermal expansion, non-tidal loading 298 
displacements, and the traditional homogeneous FEM solution. We then assess the stability and 299 
internal consistency of the product using comparisons with site-information-constrained FEMFL 300 
solutions, parameter perturbation tests, and spectral diagnostics. Finally, we examine the effect 301 
of TED on GNSS height time series through TED-only WRMS changes. 302 

3.1. Thermoelastic displacement characteristics 303 

 The station-based characteristics of the FEMFL TED product are shown in Fig. 3. The annual 304 
amplitudes are mostly within about 0.2–1.2 mm, with locally larger values exceeding 1.5 mm in 305 
regions with strong seasonal temperature contrasts. Relatively large signals are mainly found in 306 
mid-latitude continental areas, including parts of North America, Europe, East Asia, and Australia, 307 
whereas humid maritime regions and low-latitude areas generally show weaker annual 308 
responses. The annual phase shows a clear hemispheric contrast, consistent with the opposite 309 
seasonal heating cycles in the Northern and Southern Hemispheres. In addition to the fitted 310 
annual component, we use the difference between the 95th and 5th percentiles of the full daily 311 
TED series to describe the robust peak-to-peak variability. This metric reduces the influence of 312 
occasional extreme values while retaining the main range of the modelled displacement. The 313 
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robust peak-to-peak variability commonly reaches 2–4 mm in continental regions and locally 314 
approaches 5–6 mm. After removing linear term and the annual and semiannual harmonics, the 315 
remaining nonseasonal TED variability is mostly below 1 mm, but can locally reach millimetre 316 
level. These results indicate that the TED product is dominated by annual signal at most stations, 317 
while nonseasonal variability remains detectable in some regions. 318 

 319 

Figure 3 Station-based characteristics of the FEMFL TED product: (a) annual amplitude, (b) annual 320 
phase, (c) percentile-based peak-to-peak variability of the full daily TED series, and (d) 321 
nonseasonal variability after removing the linear term and annual and semiannual harmonics. 322 

 The temporal behaviour of TED is further illustrated using four representative stations, AARS, 323 
SHAO, KSCO, and BRO1 (Fig. 4). These examples show that the modelled displacement is 324 
generally dominated by a clear seasonal cycle, with nonseasonal variations superimposed on the 325 
annual signal. The linear, annual, and semiannual terms describe the dominant seasonal 326 
structure of the TED series, while the residuals retain variability that is not represented by these 327 
fitted components. The peak-to-trough displacement reaches about 1–2 mm at AARS, SHAO, and 328 
BRO1, and is larger at KSCO. After removing the fitted components, the residual TED is generally 329 
below 1 mm, with some variations approaching 0.5–1.0 mm. These examples show that the 330 
released product contains both the dominant seasonal thermoelastic response and smaller 331 
nonseasonal components. 332 

 The representative time series in Fig. 4 also show low-frequency variations that appear as 333 
trend-like signals over 2000–2023. To examine the possible origin, Fig. 5 compares the long-term 334 
trends in ERA5 soil temperature with those in the TED series. The spatial pattern of TED trends is 335 
broadly consistent with that of the ERA5 soil-temperature trends, particularly over continental 336 
regions with pronounced temperature variations. Among the four ERA5 soil-temperature layers, 337 
the 7–28 cm layer shows the strongest station-scale relationship with TED trends (Pearson r = 338 
0.719). This relationship becomes slightly stronger when using 5° × 5° grid-cell median values (r 339 
= 0.758). These results suggest that the low-frequency variations in TED mainly reflect the long-340 
term variability of the temperature forcing and the associated subsurface thermal response, 341 
rather than being dominated by numerical artefacts. 342 

 Figure 6 compares the annual amplitude of TED with monument thermal expansion and non-343 
tidal loading displacements. The median annual amplitude is about 0.50 mm for the traditional 344 
homogeneous FEM solution and about 0.71 mm for the FEMFL product, indicating that 345 
introducing depth-dependent subsurface properties generally increases the annual TED 346 
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amplitude. The FEMFL TED amplitude is comparable to monument thermal expansion, whose 347 
median value is about 0.40 mm for stations with available monument information. Compared 348 
with non-tidal loading, TED is generally smaller than hydrological loading, but its annual 349 
amplitude overlaps with the lower-to-middle ranges of NTOL and NTAL. These comparisons 350 
suggest that TED is a small but measurable correction component for high-precision GNSS height 351 
analysis. 352 

 The boxplot comparison in Fig. 6 shows the overall amplitude difference between FEM and 353 
the FEMFL solutions. To further examine how these differences are distributed spatially, Fig. 7 354 
maps the station-by-station differences in annual amplitude, robust peak-to-peak variability, and 355 
annual phase. Both solutions use the same temperature forcing and temporal sampling strategy, 356 
so their differences mainly reflect the effect of introducing depth-dependent thermophysical, 357 
elastic, and thermoelastic properties. The annual-amplitude difference, defined as FEMFL minus 358 
homogeneous, is generally within about ±0.2 mm at most stations, but locally reaches 0.3–0.4 359 
mm. The peak-to-peak displacement difference shows a similar spatial pattern, suggesting that 360 
subsurface layering affects not only the annual component but also the overall range of the TED 361 
series. The annual-phase difference is expressed as the minimum angular difference between 362 
two solutions and is mostly within several tens of degrees. These spatially coherent differences 363 
indicate that subsurface layering modifies both amplitude and the timing of TED, especially in 364 
regions where shallow soil–bedrock contrasts are more pronounced. 365 

 366 

Figure 4 Examples of vertical TED time series at four representative GNSS stations. The upper 367 
panels show the daily FEMFL TED series together with the fitted linear, annual, and semiannual 368 
components. The lower panels show the residuals after removing these fitted components. 369 
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 370 

Figure 5 Relationship between low-frequency TED variations and ERA5 soil-temperature trends. 371 
(a) Linear trends of ERA5 soil temperature at 7–28 cm depth during 2000–2023. (b) Linear trends 372 
of TED after removing the annual and semiannual components. (c) Relationship between soil-373 
temperature trends and TED trends at GNSS stations. The table in panel (c) summarizes Pearson 374 
correlation coefficients for the four ERA5 soil-temperature layers at the station and 5° × 5° grid-375 
cell scales. 376 

  377 

Figure 6 Comparison of annual vertical displacement amplitudes from TED, monument thermal 378 

expansion, and non-tidal loading at 2,612 GNSS stations with documented monument 379 

information. TED-FEM denotes the traditional homogeneous FEM solution, while TED-FEMFL 380 

denotes the FEMFL solution used for the released TED product. Thermal-monument denotes 381 

above-ground monument thermal expansion estimated from the available monument 382 

information. HYDL, NTOL, and NTAL denote hydrological, non-tidal oceanic, and non-tidal 383 
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atmospheric loading displacements, respectively. The inset plot provides a magnified view of the 384 

annual amplitudes of TED and monument thermal expansion. 385 

 386 

Figure 7 Station-based differences between the FEMFL TED product and the traditional 387 
homogeneous FEM solution. Panels (a)–(c) show the differences in annual amplitude, percentile-388 
based peak-to-peak displacement, and annual phase, respectively. 389 

3.2. Technical evaluation of the TED dataset 390 

 The TED dataset is evaluated here from three aspects: influence of the SoilGrids-based 391 
subsurface parameterization, sensitivity to key thermal and elastic parameters, and spectral 392 
behaviour of the modelled time series. These tests are intended to assess the stability and 393 
internal consistency of the released TED product. They should not be interpreted as an 394 
independent validation of the FEMFL model itself, because the same modelling framework is used 395 
in the comparisons. All evaluations in this section use the updated station set after applying the 396 
screening criteria described in Section 2.1. 397 



 

 

Page 13 of 21 

 Figure 8 examines the effect of using SoilGrids as the global source of shallow subsurface 398 
information. For the 2,612 stations with documented foundation-depth information, FEMFL 399 
solutions generated with SoilGrids-based parameters are compared with solutions constrained 400 
by the available site information. These stations are mainly distributed in North America, Europe, 401 
Australia, and parts of South America, where foundation records are relatively complete. The 402 
resulting differences are small: annual-amplitude differences are mostly about 0.01–0.03 mm, 403 
and annual-phase differences are generally within about 1–3°. Stations with shallow foundations 404 
show slightly larger differences than those with deeper foundations, which is expected because 405 
they are more directly affected by near-surface temperature variations. Overall, these 406 
differences are much smaller than the typical annual TED signal, suggesting that the SoilGrids-407 
based parameterization introduces limited uncertainty in the modelled annual cycle for these 408 
stations. 409 

 410 

Figure 8 Effect of SoilGrids-based subsurface parameterization on TED estimates. The map shows 411 
spatial distribution of the 2,612 stations with documented foundation-depth information. The 412 
inset box-and-scatter plots compare the annual-amplitude and annual-phase differences 413 
between SoilGrids-based and site-information-constrained FEMFL solutions for shallow- and 414 
deep-foundation groups in selected regions. 415 
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 The parameter-sensitivity results are summarized in Fig. 9. The linear thermal expansion 416 
coefficient 𝛼, thermal diffusivity 𝜅, and Young’s modulus 𝐸 are each perturbed by ±10%, and 417 
the resulting changes in the annual TED amplitude and phase are examined. The amplitude 418 
response is generally limited. The largest sensitivity occurs mainly in dry inland regions, where 419 
stronger seasonal temperature forcing also produces larger TED signals. In these regions, most 420 
annual-amplitude changes remain below about 0.15 mm, although a small number of stations 421 
show larger responses. Humid coastal regions usually show weaker sensitivity, mostly below 0.1 422 
mm, while high-latitude regions show intermediate behaviour. Among the three tested 423 
parameters, 𝛼  and 𝜅  have a more direct influence on the annual amplitude, whereas the 424 
effect of 𝐸 is generally smaller. The phase response is also moderate, with most annual-phase 425 
changes within about 1–3° and only a limited number of stations reaching several degrees. These 426 
results indicate that the modelled annual TED cycle is relatively stable under reasonable 427 
perturbations of the main thermal and elastic parameters, although larger sensitivity can occur 428 
in regions with stronger near-surface thermal contrasts. 429 

 430 

Figure 9 Sensitivity of the annual TED cycle to ±10% perturbations in key parameters. Box-and-431 
scatter summaries are shown for three regional groups: arid interior, humid coastal, and high 432 
latitude (defined as stations with absolute latitude ≥60°). The tested parameters are 𝛼 (linear 433 
thermal expansion coefficient), 𝜅 (thermal diffusivity), and 𝐸 (Young’s modulus). 434 

 The spectral behaviour of TED series provides an additional check on the temporal structure 435 
of the dataset (Figs. 10 and 11). The latitudinally stacked spectra show a dominant annual peak 436 
at 1 cpy and a weaker semiannual peak near 2 cpy in all latitude bands, consistent with 437 
temperature-driven origin of the modelled displacement. Spectral power is also present at higher 438 
frequencies, indicating that the released series retain nonseasonal variability rather than 439 
representing only fitted annual and semiannual terms. The annual peak is stronger in mid- and 440 
high-latitude bands than in low-latitude bands, reflecting the stronger seasonal temperature 441 
cycle outside the tropics. The regional spectra show similar features, but with clear differences 442 
in spectral power among regions. North America, Europe, and East Asia generally show stronger 443 
annual and semiannual peaks, whereas Australia and some lower-latitude or maritime regions 444 
show weaker seasonal power. The spectra decrease smoothly toward higher frequencies, with 445 
no clear artificial high-frequency artefacts. Taken together, the SoilGrids comparison, parameter 446 
perturbation tests, and spectral diagnostics suggest that the TED dataset is internally consistent 447 
and reasonably stable for the main annual and subannual signals. Larger uncertainties may still 448 
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occur at stations with complex monument structures, poorly documented foundations, strong 449 
seasonal snow cover, time-varying soil moisture, or freeze–thaw conditions. 450 

 451 

Figure 10 Latitudinally stacked power spectral densities of the TED time series. 452 

 453 

Figure 11 Regionally stacked power spectral densities of the TED time series. 454 

3.3. Effect of TED on GNSS height time series 455 

 The effect of TED on GNSS height time series is first examined by applying the TED correction 456 
alone, without removing NTAL, NTOL, or HYDL (Fig. 12). Positive WRMS reductions are found at 457 
about 79% of the assessed stations, indicating that removing TED reduces the scatter of GNSS 458 
height series at most sites. The improvement is generally modest, mostly within 3–5%, and locally 459 
reaches about 5–10%. Some stations show negative WRMS reductions, locally around −2% to 460 
−5%, indicating that the TED-only correction does not improve every GNSS height series. This 461 
behaviour is expected because TED is only one part of the non-tectonic vertical displacement 462 
observed by GNSS, and its amplitude is usually smaller than hydrological loading and many local 463 
site-dependent signals. Even so, the spatial pattern suggests that TED explains part of the GNSS 464 
height variability, especially in continental regions with stronger seasonal temperature forcing. 465 

 Figure 13 compares the WRMS changes obtained from the FEMFL correction and the 466 
traditional homogeneous FEM correction. The difference between the two corrections is smaller 467 
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than the TED-only WRMS reduction itself, mostly within about ±1–2% and locally approaching 468 
±3%. Positive values are more common in parts of North America and Europe, where FEMFL gives 469 
slightly larger WRMS reductions than the homogeneous FEM solution. This pattern is broadly 470 
consistent with the annual-amplitude and annual-phase differences shown in Fig. 6. The 471 
improvement from FEMFL should therefore be interpreted as a refinement of the homogeneous 472 
FEM correction through depth-dependent subsurface parameterization, rather than as a large 473 
change in the overall scatter of the GNSS residuals. 474 

 The representative stations in Fig. 14 help explain why the TED-only improvement is limited 475 
at some sites. At AARS and KSCO, HYDL and NTAL can reach several millimetres, and individual 476 
NTAL fluctuations can exceed 10 mm. At SHAO and BRO1, the non-tidal loading displacements 477 
are generally smaller, mostly within a few millimetres, but hydrological and ocean loading still 478 
contribute clear seasonal variations. By comparison, TED is smoother and usually remains around 479 
the 1–2 mm level. The lower panels show the GNSS height series before and after removing the 480 
combined TED, HYDL, NTAL, and NTOL corrections, only to illustrate the relative timing and 481 
amplitude of these displacement components. The direct assessment of the TED product is based 482 
on the TED-only WRMS reduction in Fig. 12 and the FEMFL–homogeneous FEM comparison in Fig. 483 
13. 484 

 485 

Figure 12 Global distribution of WRMS changes after applying the TED-only correction to GNSS 486 

height time series. Positive values indicate reduced WRMS after removing TED, while negative 487 

values indicate increased WRMS. 488 

 489 

Figure 13 Difference in WRMS reduction between FEMFL TED correction and the traditional 490 

homogeneous FEM correction. Positive values indicate a larger WRMS reduction from the FEMFL 491 

correction. 492 
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 493 

Figure 14 Component comparison at four representative GNSS stations. The upper panels show 494 

modelled displacements from NTAL, NTOL, HYDL, and TED. The lower panels compare the raw 495 

GNSS height series with the series after removing the combined TED, HYDL, NTAL, and NTOL 496 

corrections. These panels are shown only to illustrate the relative timing and amplitude of 497 

different environmental displacement components, rather than to evaluate the correction 498 

performance of TED alone. 499 

4. Data availability 500 

 The released TED dataset provides daily temperature-driven vertical thermoelastic 501 
displacement time series for approximately 14,000 continuously operating GNSS stations over 502 
2000–2023. The archived dataset is available from Zenodo (DOI: 10.5281/zenodo.21069958; Lu 503 
et al., 2026a) and is also accessible through the Ground Motion Data Service (GMDS) platform 504 
(https://gmds.gnss.net.au/). On GMDS, users can search by station name and time span and 505 
download station-level TED time series together with the corresponding station information. The 506 
files are organized by station and include date tags, vertical TED displacements in millimetres, 507 
station latitude and longitude, record start and end dates, and dataset version information. 508 
Although the FEMFL model can be applied to earlier periods when the required temperature 509 
forcing and subsurface information are available, the current release covers 2000–2023. Future 510 
extensions to earlier periods will be considered after evaluating the consistency of the 511 
corresponding input datasets and broader application requirements. 512 

 This release provides daily vertical TED time series for direct use with daily GNSS height time 513 
series. Horizontal components are not included because the one-dimensional FEMFL model used 514 
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here estimates vertical thermoelastic displacement only. Although the model is driven by hourly 515 
ERA5 soil-temperature forcing, sub-daily TED series are not released in this version because the 516 
technical evaluation and GNSS-based assessment are based on daily GNSS coordinate time series. 517 
Sub-daily TED products may be considered in future releases after further validation with sub-518 
daily GNSS solutions. 519 

 The TED dataset is distributed as a versioned release. Future revisions or extensions, if any, 520 
will be archived as updated Zenodo releases, with the version number, release date, and a brief 521 
description of changes provided for each release. Users should cite the Zenodo DOI together with 522 
the specific dataset version used in their analysis. The TED series are intended mainly for 523 
correcting seasonal and nonseasonal thermoelastic variability in GNSS height time series. Linear 524 
trends fitted to the TED series should be interpreted with caution, because they may be affected 525 
by uncertainties in the long-term behaviour of the temperature forcing and model inputs. 526 

5. Discussion and conclusions 527 

 This study presents a global dataset of temperature-driven vertical thermoelastic 528 
displacement for approximately 14,000 continuous GNSS stations over 2000–2023. The dataset 529 
was generated using ERA5 soil-temperature forcing, SoilGrids-derived shallow subsurface 530 
properties, and FEMFL. By using four temperature samples within each day, the model reduces 531 
the dependence on a single fixed sampling time and allows within-day temperature variability to 532 
be considered while producing daily TED time series. Compared with the traditional 533 
homogeneous FEM solution, FEMFL represents shallow soil–bedrock stratification and therefore 534 
reduces the simplification associated with treating the shallow subsurface as homogeneous. The 535 
released product provides a globally consistent station-level TED correction that can be directly 536 
aligned with daily GNSS height time series. 537 

 The results show that annual TED amplitudes are mostly within about 0.2–1.2 mm and can 538 
exceed 1.5 mm in regions with strong seasonal temperature contrasts. Larger values are mainly 539 
found in continental and arid inland regions, whereas humid maritime and low-latitude areas 540 
generally show weaker responses. The percentile-based peak-to-peak variability of the full daily 541 
TED series commonly reaches 2–4 mm in continental regions and locally approaches 5–6 mm. 542 
After removing the linear term and the annual and semiannual harmonics, the remaining 543 
nonseasonal variability is mostly below 1 mm, but can locally reach the millimetre level. These 544 
results indicate that the TED product is dominated by the annual component at most stations, 545 
while still retaining smaller semiannual and nonseasonal variations. 546 

 The order-of-magnitude comparison shows that TED amplitudes are comparable to above-547 
ground monument thermal expansion at stations with available monument information. TED is 548 
generally smaller than hydrological loading, but its annual amplitude overlaps with the lower-to-549 
middle ranges of NTOL and NTAL. Technical evaluation based on documented foundation-depth 550 
information, parameter perturbation tests, and spectral diagnostics suggests that the annual TED 551 
cycle is relatively stable under reasonable uncertainty in the main thermal and elastic parameters. 552 
In GNSS height applications, applying TED alone reduces WRMS at about 79% of the analysed 553 
stations, although the improvements are generally modest, mostly within 3–5% and locally 554 
reaching about 5–10%. This indicates that TED can help reduce part of the temperature-related 555 
variability in high-precision GNSS height time series, but it should be used as a complementary 556 
correction together with non-tidal loading products rather than as a replacement for them. 557 

 Several limitations should be considered when using the dataset. The present product 558 
represents subsurface thermoelastic deformation only and does not include thermal expansion 559 
of above-ground monuments or other engineered structures, which may be important at 560 
individual stations such as tall pillars, rooftop installations, steel masts, or building-mounted 561 
antennas. The model also uses static shallow subsurface properties and does not explicitly 562 
represent time-varying soil moisture, snow depth and snow thermal properties, freeze–thaw 563 
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processes, or permanent ice conditions. Although ERA5 soil temperature is used as the upper 564 
thermal forcing and therefore may implicitly include part of the snow-related thermal effects 565 
associated with seasonal snow cover, the lack of explicit snow properties in the subsurface model 566 
may introduce additional uncertainty in snow-covered regions. Larger uncertainties may 567 
therefore occur at stations affected by strong seasonal snow cover, frozen ground, large soil-568 
moisture variations, complex coastal or lake-side environments, or poorly documented local site 569 
conditions. Future updates would improve the representation of snow, soil moisture, and frozen 570 
ground processes, and may consider sub-daily products or other model extensions after further 571 
validation with appropriate GNSS solutions and improved input datasets. 572 
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