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Surface displacement measurements collected using continuous Global Positioning System (cGPS) stations include the contribution of both endogenic processes (e.g., plate tectonics, isostasy) and exogenic processes that show seasonal variation (e.g., climate). These seasonal variations distort the tectonic signals and limit the usefulness of short-term investigations. This paper explores cGPS and meteorological time series collected in southern Africa and investigates whether the usefulness of cGPS time series can be improved by accounting for the seasonal effects of the dominant meteorological processes. The study is carried out using time, frequency, and time-frequency domain signal processing (inferential) analysis techniques. It was found that from the considered atmospheric processes, thermally-induced effects, which are not corrected for in the cGPS data, are the most prominent meteorological contributors in the vertical annual deformation component observed in cGPS time series. The effects of heave action (due to seasonal subsurface water infiltration and absorption, as well as changes in the water table) and changes of water mass distribution (caused by infiltration, transportation, extractions, and evaporation) on the displacement time series are much smaller. This suggests that correcting for thermal expansion, contraction, and thermal-induced errors could reduce the annual seasonal deformation component observed in cGPS position measurements in southern Africa and, most probably, in other parts of the world subjected to large seasonal variations in atmospheric temperatures. Reducing the magnitude of the seasonal components would increase the usefulness of short-term cGPS campaigns.
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INTRODUCTION
The continuous Global Positioning System (cGPS) is a space geodetic technique that measures positional changes on the Earth’s surface. cGPS measurements are used to study, infer, and monitor plate tectonic motion and drift rates, crustal deformation caused by earthquakes and volcanoes, and crustal motion due to geodynamic and hydrospheric processes (Rabbel and Schuh, 1986; Yan et al., 2009; Argus et al., 2014; Knowles et al., 2020). cGPS data have been used to investigate many space and Earth science research questions, for example, Cilliers et al. (2004) and Malservisi et al. (2013) used the South African cGPS TrigNet network to study the ionospheric conditions over southern Africa, and to investigate the dynamics of the South African portion of the African plate, respectively.
cGPS position measurements generally contain annual and semi-annual seasonal deformation components that are not accounted for and, thus, distort the cGPS measurements (Figure 1). Rabbel and Schuh (1986), van Dam and Wahr (1998), and Yan et al. (2009) attribute these deformation signals to seasonal and partly seasonal variations from multiple sources including surface loading owing to solid Earth tides, pole tides, oceanic tides, atmospheric mass variations, and non-tidal surface fluctuations. Moreover, processing- and equipment-induced errors contribute to the observed seasonal variations. Thermal expansion and contraction of the cGPS monument and the bedrock, along with soil consolidation and the extraction of surface and subsurface water mass near a cGPS station are also thought to be significant contributors of local surface deformation signals (van Dam et al., 2001; Romagnoli et al., 2003; Yan et al., 2009). The vertical displacement of these seasonal deformation components tends to be largest as some exogenic processes (e.g., atmospheric loading and oceanic loading) induce greater surface displacement in the vertical direction than in the horizontal direction (Figure 1) (Dong et al., 2002; Min et al., 2005; He et al., 2015).
[image: Figure 1]FIGURE 1 | cGPS daily position time series of station BETH located in Bethlehem, South Africa. (A) Detrended and interpolated vertical surface displacement time series at the station. (B,C) are detrended and interpolated horizontal surface displacement time series x (easting) and y (northing) directions, respectively. 27.
This study sought to better understand cGPS and meteorological data collected in southern Africa and draw inference on the seasonal influence of meteorological processes and climatic zones on the vertical component of cGPS surface displacement measurements. This study is fitting, as in some areas (e.g., the Amazon basin) mass loading has been demonstrated to be driven by its local climatic system, and cGPS measurements have been observed to have high enough temporal resolution to enable the correlation of cGPS measurements and that of several other environmental parameters (Romagnoli et al., 2003; Davis et al., 2004; Yan et al., 2009; Fu et al., 2013; Knowles et al., 2020). Additionally, Knowles et al. (2020) suggest that cGPS time series record displacements are driven by local- and large-scale climate oscillations. Southern Africa is an ideal place to conduct such research because it has several well-maintained cGPS (Figure 2A) and meteorology stations, situated in regions of varying climatic zones (Figure 2B), and low seismic and tectonic activity.
[image: Figure 2]FIGURE 2 | (A) Location of cGPS station in the African continent. (B) Climatic zones in southern Africa (modified after Hepburn and Radloff, 1998). 27. Southern Africa is a largely semi-arid region, consisting of five different climatic zones (i.e., the Mediterranean, Desert, Sahelian, Dry tropical, and Wet tropical climatic zones). Its general climate varies from dry arid conditions in the west to humid tropical conditions in the north and east sides.
MATERIALS AND METHODS
Description
In this paper, we used data from the South African TrigNet geodetic network and the South African Weather Service (SAWS) to investigate the seasonal effects of changing atmospheric temperature, pressure, rainfall, and humidity processes on vertical cGPS surface displacement measurements. The cGPS data are archived and processed by the geodetic laboratory at the University of Nevada Reno (UNR) (http://geodesy.unr.edu/index.php) (Blewitt et al., 2018). The data processing is based on the International GNSS Service (IGS14) realization of the International Terrestrial Reference Frame 2014 (ITRF14) (Altamimi et al., 2016; Rebischung et al., 2016). The processing by UNR includes corrections for tropospheric effects (i.e., hydrostatic and non-hydrostatic delays), first-order ionospheric effects, solid Earth tides, pole tides, and oceanic tide loading. However, it does not include corrections for non-tidal loading effects (e.g., atmospheric pressure, ocean bottom pressure, surface hydrology), seasonal thermal expansion, and shrink-swell heave effects. The complete processing procedure of the cGPS dataset is given at http://geodesy.unr.edu/gps/ngl.acn.txt. The meteorological data used are from meteorological ground stations managed by the SAWS. To be able to analyse the data for annual and semi-annual seasonal variation, both the cGPS and meteorological data were corrected for long term tectonic and climatic variations by detrending the data. In preparing the data for spectral analysis, the data were detrended, zero centred, interpolated and windowed to minimise the occurrence of spectral distortion, leakage, shift, and the formation of false peaks.
All the data used for the study were acquired in South Africa (Figure 3) because 1) most of the cGPS stations in southern Africa are in South Africa; and 2) the cGPS data from other southern African countries have many gaps, which makes it difficult to apply signal processing techniques. Our results are expected to be valid in other southern African regions as the environmental setting is similar.
[image: Figure 3]FIGURE 3 | Spatial distribution of the chosen cGPS and meteorological stations. 28.
Analysis Techniques
Inferential signal processing techniques were used to explore the nature of the chosen cGPS and meteorological datasets and to infer their relationships. The time series were decomposed and correlated in the time, frequency, and time-frequency domains. The various analysis techniques are briefly described below.
Spearman’s correlation coefficient (rho) is a nonparametric (distribution free) rank correlation time domain technique defined as (Gauthier, 2001; Mukaka, 2012):
[image: image]
where [image: image] is the difference in rank for each continuous variable pair [image: image] and [image: image], while [image: image] is the total number of continuous variable pairs (Mukaka, 2012). The technique is used because it is not affected by outliers, nor assume linearity and normality (Gauthier, 2001).
The Fourier Transform (FT) is a frequency domain decomposition technique used in this study to uncover the dominant frequency components of the cGPS and meteorological time series. The FT [image: image] of a time series [image: image] is defined as (Cooper and Cowan, 2008; Mallat, 2009):
[image: image]
where [image: image] is the frequency of the time series, i is the imaginary unit, x(t) is the dataset to be analyzed, and [image: image] is the time. In this study, Fourier analysis is implemented using the Fast Fourier Transform (FFT), which is an efficient technique for implementing the discrete Fourier transform (DFT) (Cochran et al., 1967; Mallat 2009; Trauth, 2010; Ryan, 2015). The Welch periodogram was used to produce the power spectrum of the datasets and the FFT was used to compute the amplitude of the time series (Warner, 1998).
The magnitude-squared coherence (MSC) is a complex frequency domain technique used in this study to determine and quantify the relationship strength of the components of the cGPS and meteorological time series in the frequency domain (Torrence and Compo, 1998; Friston et al., 2011). The technique is mathematically defined as:
[image: image]
where [image: image] is the cross-power spectral density of time series [image: image] and [image: image], [image: image] and [image: image] are the power spectral densities of [image: image] and [image: image], and [image: image] is the coherence (Friston et al., 2011).
The continuous wavelet transform (CWT) is a time-frequency domain decomposition technique used in this study to decompose the cGPS and meteorological time series. The CWT is good at analyzing both continuous and discrete time series; unlike the FT, it is also good at decomposing non-stationary time series (Zhao et al., 2004; Baker, 2007; Kaiser, 2011). The CWT is mathematically defined as (Mallat, 1998, p. 5):
[image: image]
where s and u are the scale and translation (position) factors, respectively, f(t) is the time domain function being decomposed, [image: image] is the mother wavelet and ∗ means complex conjugate (Meyers et al., 1993; Cooper and Cowan, 2008). The method decomposes a time series at multiple scales using a linear combination of translated and dilated daughter wavelets, which enable it to easily map temporal variations in the spectral characteristics of a time series over time (Graps, 1995; Torrence and Compo, 1998; Baker, 2007; Cooper and Cowan, 2008; Fletcher and Sangwine, 2017). However, it is unable to obtain precise measurements of both frequency and time, as the technique has a trade-off between the accuracy in time and frequency as dictated by the uncertainty principle (Issartel et al., 2015). The complex Morlet wavelet transform was used in this study because of its nonorthogonality, similarity to the cGPS and meteorological time series, as well as for its high degree of smoothing (Torrence and Compo, 1998; Struzik, 2001; Mallat, 2009) (Figure 4). The complex Morlet wavelet transform is defined as (Teolis, 1998, p. 66):
[image: image]
where [image: image] is the bandwidth parameter, i is the imaginary unit and [image: image] is the wavelet centre frequency. A centre frequency and bandwidth value of one was used to compute the wavelet transform, so as to make the used scales equivalent to the wavelength (Cooper and Cowan, 2008), which is also an inverse of frequency.
[image: Figure 4]FIGURE 4 | (A) Real part of the complex Morlet wavelet and (B) Imaginary part of the complex Morlet wavelet. 28.
The wavelet-based semblance (WS) is a qualitative time-frequency domain technique used in this study to correlate the cGPS and meteorological time series in the time-frequency domain. Since the method uses phase information, it can be used to compute the correlation of time series with different units of measure and is mathematically defined as (Christensen, 2003; Cooper, 2009).
[image: image]
where n is an odd integer greater than zero, that allows the response of the technique to be refined, in this paper, n = 1 was used to compute the semblance results, while [image: image] refers to the local phase of the time series.
RESULTS AND INTERPRETATION
FFT and CWT Decomposition Analysis
Surface Displacement
Frequency and time-frequency domain decomposition results show that surface displacement time series consist of an annual and semi-annual deformation component (Figures 5A, 6A, 7A, Supplementary Material Appendix 1, Figures 1, 2, 3). The power of the annual displacement component is larger than that of the semi-annual component at most stations, often by one order of magnitude (Table 1). This is consistent with the findings in other areas of the world (Ray et al., 2008). The power of the time series varies systematically between the different climatic zones (Table 1). This implies that the magnitude of seasonal weather variation within a climatic zone has an influence on the magnitude of the deformation components observed in the surface displacement time series. The annual displacement components are largest in cGPS data from the Desert climatic zone and lower in time series at stations located in the Wet and Dry Tropical climatic zones (Table 1). The CWT spectrums show slight variation in cycle periods and frequency (non-stationarity) of the time series over time, this is characteristic of signals in the real environment (Figure 7).
[image: Figure 5]FIGURE 5 | Time domain displacement and meteorological time series at stations MALM, MFKG, and PSKA situated in the towns of Malmesbury, Mahikeng, and Prieska, respectively, the station names are the abbreviations of the town names where they are located. (A) cGPS surface displacement, (B) atmospheric temperature, (C) atmospheric pressure, (D) rainfall, and (E) humidity time series across stations in southern Africa. Due to a lack of space and similarity of the results, results for only three stations are shown. 29.
[image: Figure 6]FIGURE 6 | Fourier power spectra. (A) cGPS surface displacement, (B) atmospheric temperature, (C) atmospheric pressure, (D) rainfall, and (E) humidity decomposition spectra. 30.
[image: Figure 7]FIGURE 7 | Wavelet Transform (WT) decomposition spectra. (A) cGPS surface displacement, (B) atmospheric temperature, (C) atmospheric pressure, (D) rainfall, and (E) humidity decomposition spectra. Some of the characteristic CWT features observed in the plots are the exaggeration of low frequencies, suppression of high frequencies, and component frequency overlap. The spectra are also characterised by good time localisation. 31.
TABLE 1 | Climatic zone, latitude longitude, power, and amplitude of the analysed cGPS station, displacement time series.
[image: Table 1]Atmospheric Temperature
Atmospheric temperature time series are predominantly composed of an annual and semi-annual seasonal component. (Figures 5B, 6B, 7B, Supplementary Material Appendix 2, Figures 4, 5, 6). The semi-annual component is absent in the temperature time series in the Mediterranean climatic zone. The temperature time series are also characterised by a low noise level and a high degree of stationarity (Figures 6B, 7B, Supplementary Material Appendix 2, Figures 4, 5, 6). Annual seasonal temperature fluctuations are higher in time series from the Desert and Sahelian climatic zones, regions where the Intertropical Convergence Zone (ITCZ) does not move over, and lower in time series from the Dry and Wet Tropical climatic zones - regions where the ITCZ passes over (Table 2). This is because areas characterised by low levels of cloudiness are characterised by high temperatures and extreme seasonal temperature fluctuation, while areas of high cloudiness are characterised by low temperatures and low-temperature fluctuation, except during tropical storms (Hobbs et al., 1998; Barry and Chorley, 2010).
TABLE 2 | Quantified power of the annual and semi-annual frequency components forming the meteorological time series as obtained from FFT.
[image: Table 2]Atmospheric Pressure
Atmospheric pressure time series consist only of the annual seasonal component (Figures 5C, 6C, 7C, Supplementary Material Appendix 2, Figures 7, 8, 9). The time series are characterised by low levels of noise, variance, spectral averaging, and a high degree of stationarity (Figures 6C, 7C). Seasonal atmospheric pressure fluctuations are higher at stations from the Desert and Mediterranean climatic zones and lower at stations from the Wet and Dry Tropical climatic zones (Table 2). This is because subtropical deserts are high seasonal atmospheric pressure zones due to the seasonal presence of Hadley cells over them, and tropical climatic regions are low atmospheric pressure fluctuation zones (Nicholson and Flohn, 1980; Barry and Chorley, 2010; Bollasina and Nigam, 2010). Insolation differences due to the absence and presence of clouds in the Desert and Tropical climatic zones, respectively, may also play a role.
Rainfall
Rainfall time series predominantly consist of an annual seasonal component only, the phase of the annual component varies moving across the central, north-eastern, and south-western parts of southern Africa (Figures 5D, 6D, 7D, Supplementary Material Appendix 2, Figures 10, 11, 12). The time series are characterised by a high degree of noise and variance, which, according to Potter and Colman (2003), Jury (2013) and MacKellar et al. (2014) is caused by processes, such as the ITCZ, solar radiation, El Niño-Southern Oscillation (ENSO), and variations in atmospheric circulation. Seasonal rainfall fluctuations are higher in time series from the Wet and Dry Tropical climatic zones and low in time series from the Desert climatic zone (Table 2). These findings are consistent with known information, i.e., continental Dry and Wet Tropical climatic zones are characterised by well-defined alternating high rainfall and dry seasons (Hepburn and Radloff, 1998; Barry and Chorley, 2010).
Humidity
Humidity data consist of an annual and semi-annual seasonal component, except for stations in the Wet Tropical climatic zone (Figures 5E, 6E, 7E, Supplementary Material Appendix 2, Figures 13, 14, 15). The phase of the humidity time series varies as a function of time and spatial geographic location, similar to rainfall time series but less defined. In general, in the central and north-eastern parts of southern Africa, the moisture content is high during summer and low during winter; while in the south-western parts of southern Africa, humidity levels are high during winter and low during summer. It is important to note that at some stations (e.g., PSKA), a deviation is observed from this general trend. It is also observed that humidity fluctuations are greater in the semi-arid regions than in tropical regions, which could be because annual humidity fluctuation is more defined in the semi-arid region than in the tropics.
Correlation Analysis
The time, frequency, and time-frequency domain comparisons show that surface displacement is directly and inversely proportional to atmospheric temperature and pressure changes, respectively. The correlation between atmospheric temperature, pressure, and surface displacement is highest in stations in the Desert, Sahelian, and Mediterranean climatic zones (Tables 3, 4), these are zones that receive the most solar radiation, heat, and least amount of water in southern Africa. The displacement-temperature correlation is observed to be smallest in the Dry and Wet Tropical climatic zones, which are climatic zones that are cooler and receive the most amounts of rainfall. In addition, the frequency and phase correlation results between surface displacement-temperature and surface displacement-pressure time series show a high and consistent frequency and phase correlation between the time series (Figures 8A,8B, 9A,9B, Supplementary material Appendix 3: Figures 16, 17).
TABLE 3 | Displacement time series correlation values with atmospheric temperature (T), atmospheric pressure (P), rainfall (R), and humidity (H) time series at the selected stations in southern Africa.
[image: Table 3]TABLE 4 | Coherence correlation strength of displacement vs. meteorological (average temperature, pressure, rainfall, and humidity) processes.
[image: Table 4][image: Figure 8]FIGURE 8 | cGPS surface displacement and meteorological time series coherence correlation spectra. (A) displacement-temperature (disp vs. temp), (B) displacement-atmospheric pressure (disp vs. pressure), (C) displacement-rainfall (disp vs. rainf), and (D) displacement-humidity (disp vs. humi). 32.
[image: Figure 9]FIGURE 9 | cGPS surface displacement and meteorological time series wavelet-based semblance correlation spectra. (A) cGPS surface displacement-temperature spectra, (B) cGPS surface displacement-atmospheric spectra, (C) cGPS surface displacement-rainfall spectra, (D) cGPS surface displacement-humidity spectra. 32.
Depending on the spatial location, rainfall and humidity time series are either directly or inversely correlated to surface displacement time series. The correlation of the time series is low in the time domain, that of the annual component is high to moderate in the frequency and time-frequency domains (Tables 3, 4; Figures 8C, D, 9C, D, Supplementary Material Appendix 3: Figures 16, 17). The displacement-rainfall and displacement-humidity correlation, at certain locations, is observed to be inconsistent over time (Figure 9).
The relation between the semi-annual component of the temperature and humidity time series with that of the cGPS surface displacement is too inconsistent to suggest that any of the considered meteorological processes have an influence, if at all, on the semi-annual deformation components (Table 4) (Figure 8).
DISCUSSION
Meteorological Time Series
The temperature, pressure, rainfall, and humidity fluctuations in southern Africa are primarily controlled by the complex interaction between midlatitude, tropical, and subtropical climate systems, together with the development, seasonal positional-shift, and interaction of atmospheric and oceanic circulation systems of the Atlantic, Indian, and Southern oceans (Chase and Meadows, 2007). This is apparent in the temperature and pressure data in southern Africa, which appear to be controlled by 1) the seasonal variation in the Sun’s radiation, 2) migration of the ITCZ away from the southern hemisphere (after summer periods) to the northern hemisphere, and 3) a shift of anticyclones from the southern Atlantic and Indian oceans towards the southern Africa continent in winter (Hobbs et al., 1998; Sun et al., 2017; Byrne et al., 2018).
The ITCZ is also the primary source of rainfall activity in the central and north-eastern parts of southern Africa, thus these regions are summer rainfall regions. In the south-western parts of southern Africa, rainfall is associated with the winter inflow of low- and high-level westerlies that carry moist air (Ellis and Galvin, 1994; Barry and Chorley, 2010).
Moist air, in the central and north-eastern parts of southern Africa, is brought by inflowing easterlies that carry moist air from the southwest Indian Ocean and warm Agulhas currents (Chase and Meadows, 2007; Jury, 2013). In the south-western parts of southern Africa, moist air is brought about by westerlies as they move towards the equator during winter (Chase and Meadows, 2007).
Displacement Time Series
Similar to the studies conducted by Dong et al. (2002) and Ray et al. (2008), using a global dataset and Earth model, cGPS displacement time series in southern Africa are found to consist of two dominant seasonal components. Dong et al. (2002), Romagnoli et al. (2003) and Xu et al. (2017) link these deformation components to gravitational attraction, thermal, hydrodynamical, unmodeled, and error-related processes. The observed systematic variation of the power of the displacement time series suggests that the magnitude of seasonal weather variation within a climatic zone has an influence on the magnitude of the deformation components observed in the cGPS surface displacement time series. It indicates that changes in atmospheric temperature, atmospheric pressure, rainfall, and humidity processes in each climatic zone do have an influence on the surface deformation recorded by cGPS station. These findings demonstrate the influence of local effects on cGPS measurements, which is consistent with what has been found in other studies (Romagnoli et al., 2003; Nahmani et al., 2012; Fu et al., 2013; Knowles et al., 2020).
Meteorological Processes and Surface Displacement Relation
Generally, high temperatures cause thermal expansion of consolidated soil particles and water molecules in the near subsurface, expansion of the concrete and metallic components of the cGPS station, and the expansion of atmospheric air mass density (which results in a reduction in atmospheric pressure); all these phenomena may affect cGPS measurements. The opposite is thought to apply in cold conditions (i.e., winter), which might explain the high correlation observed between atmospheric temperature, pressure, and vertical displacement changes.
The type of interaction (viz. reinforcement or opposition) between rainfall and humidity effects vs temperature and pressure effects on surface displacement is thought to vary spatially as postulated below:
1 In southern Africa’s central and north-eastern parts, the rainfall-displacement and humidity-displacement time series are largely directly correlated. Thus, in summer, constructive interference may occur between rainfall and humidity surface deformation effects, with surface deformation effects induced by variations in atmospheric temperature and atmospheric pressure. Constructive interference may be occurring between surface deformation effects due to swelling on soil absorption of water and the seasonal tropospheric error introduced in the cGPS datasets due to high rainfall and humidity levels; with thermal expansion effects caused by thermal expansion of soil particles and water molecules in the near subsurface; and thermal expansion of concrete and metallic components of the cGPS stations in response to the prevalence of high temperatures and low atmospheric pressure.
2 In the south-western parts of southern Africa, the rainfall-displacement and humidity-displacements are anticorrelated. Thus, in winter, destructive interference may occur between rainfall- and humidity-induced surface deformation effects, with surface deformation effect induced by variations in atmospheric temperature and atmospheric pressure. In addition, destructive interference may occur between surface deformation effects due to soil absorption of water molecules and the seasonal tropospheric error introduced in the cGPS datasets due to high rainfall and humidity levels, with thermal contraction effects due to the contraction of soil particles and water molecules in the near subsurface, and thermal contraction of concrete and metallic components of the cGPS stations in response to the prevalence of cold temperatures and high atmospheric pressure.
The spatially inconsistent and weak relationship between surface displacement, rainfall, and humidity processes observed from time, frequency, and time-frequency correlation is interpreted to imply that rainfall and humidity processes have little influence on seasonal surface displacement variations. Thus, deformation due to surficial hydrology (i.e., gravitational loading and soil consolidation induced by changes in surface and ground water levels) is also observed to have lesser influence on the seasonal surface displacement variations, the dominant factor is temperature. These findings are different to what has been found in other research studies and highlight the importance of carrying out thermal corrections (Wahr et al., 2004; Schmidt et al., 2006; Nahmani et al., 2012).
CONCLUSION
This study examines cGPS surface displacement and meteorological time series with the aim of improving their understanding and inferring the seasonal influence that the meteorological processes considered in this study have on surface displacement measurements measured by cGPS systems in southern Africa. Atmospheric temperature variations (thermoelastic effects) are found to have higher correlation with surface displacement time series, suggesting a greater thermal influence on the surface displacement measurements than water mass changes. These findings imply that correcting for thermal expansion effects in summer, thermal contraction in winter, and thermally-induced seasonal errors (thermoelastic effects) could reduce the seasonal variations observed in cGPS displacement time series in southern Africa and increase the accuracy of the cGPS displacement measurements. In turn, this could improve the accuracy of short-term crustal deformation measurements and their usefulness, for example, in the assessment of seismic hazard.
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