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Abstract

:

Continuously operating Global Navigation Satellite Systems (cGNSS) can be used to convert relative values of vertical land motion (VLM) derived from Interferometric Synthetic Aperture Radar (InSAR) to absolute values in a global or regional reference frame. Artificial trihedral corner reflectors (CRs) provide high-intensity and temporally stable reflections in SAR time series imagery, more so than naturally occurring permanent scatterers. Therefore, it is logical to co-locate CRs with cGNSS as ground-based geodetic infrastructure for the integrated monitoring of VLM. We describe the practical considerations for such co-locations using four case-study examples from Perth, Australia. After basic initial considerations such as land access, sky visibility and security, temporary test deployments of co-located CRs with cGNSS should be analysed together to determine site suitability. Signal to clutter ratios from SAR imagery are used to determine potential sites for placement of the CR. A significant concern is whether the co-location of a deliberately designed reflecting object generates unwanted multipath (reflected signals) in the cGNSS data. To mitigate against this, we located CRs >30 m from the cGNSS with no inter-visibility. Daily RMS values of the zero-difference ionosphere-free carrier-phase residuals, and ellipsoidal heights from static precise point positioning GNSS processing at each co-located site were then used to ascertain that the CR did not generate unwanted cGNSS multipath. These steps form a set of recommendations for the installation of such geodetic ground-infrastructure, which may be of use to others wishing to establish integrated InSAR-cGNSS monitoring of VLM elsewhere.
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1. Introduction and Background


Vertical land motion (VLM), i.e., subsidence or uplift, arising from natural (e.g., tectonic) and/or anthropogenic (e.g., subsurface resource extraction) phenomena affects geodetic benchmark heights and complicates the sea level record at tide gauges [1,2]. Earth-orbiting artificial satellites, including Global Navigation Satellite Systems (GNSS, notably GPS) [3] and/or Interferometric Synthetic Aperture Radar (InSAR) [4,5,6] can be used to measure and monitor VLM. Whilst these techniques are complementary, there are two key differences that need to be considered when integrating these different types of measurements.



The first key difference is that GNSS provides estimates of VLM in terms of ellipsoidal heights at discrete points, whereas InSAR provides estimates of range change in the satellite’s slanted line of sight (LoS) on regional scales (10 s to 100 s of km) at spatial resolutions reaching <10 m. The LoS of a SAR satellite is most sensitive to VLM, due to the usually steep incidence angle of the sensor, but the near-polar orbital plane of SAR satellites means that it also contains any motion in the east-west and, to a much lesser extent, north-south directions. Therefore, to directly compare/integrate the two measurement types, either the 3D GNSS coordinates should be mapped into the 1D InSAR LoS, or the vertical component of motion should be extracted from the LoS InSAR measurement. The latter may be achieved by transforming all LoS displacements into the vertical direction under the assumption that no relative horizontal motion is occurring [7]; through combination of InSAR measurements made from different satellite geometries or “look” directions (e.g., ascending versus descending orbits [8]); or through removal of any relative horizontal motion determined by GNSS [9,10]. We assume hereafter that one of these approaches has been adopted and therefore we are measuring only VLM with both techniques.



The second key difference is that GNSS provides VLM in an absolute sense with respect to some defined reference frame [11,12,13,14], whereas InSAR provides VLM estimates relative to the time of the first SAR acquisition and a local spatial reference within the imaged area. This may be the mean VLM of all pixels in the image [15], or a far-field point or reference region in the images, where it is assumed that no VLM is occurring [16,17]. Alternatively, other geodetic observations, such as GNSS, may be used to constrain VLM at reference point(s), and to convert relative InSAR-measured VLM to absolute VLM in a global reference frame [18,19,20].



In order to make precise comparisons between these two measurement types and thus fully integrate InSAR and GNSS, a ground network of artificial InSAR corner reflectors (CRs) can be deliberately co-located with continuous GNSS (cGNSS). The CRs provide a high-quality, temporally stable phase response in SAR imagery, which is required for reliable InSAR time series of VLM [21]. The deliberate co-location with cGNSS ensures that there are coherent InSAR image pixels close to the cGNSS, and that the position of the cGNSS can be located in the InSAR image. The co-location also avoids the need to use the average of groups of pixels around the cGNSS station under the assumption that they represent the same VLM [22,23]. Any differential VLM between the CR and cGNSS should be monitored via regular repeat differential levelling and used to calibrate InSAR VLM rates. This configuration is particularly advantageous when attempting to measure small-magnitude VLM (e.g., mm/year rather than cm/year).



There is limited published literature on monitoring VLM using deliberately co-located cGNSS and CRs. Studies that do combine InSAR and cGNSS to measure VLM tend to do so without the use of CRs [9,18,24,25], and many InSAR-based studies that have deployed CRs do so primarily to increase the spatial coverage of coherent pixels, without the use of cGNSS [26,27,28,29,30,31,32,33]. Fu et al. [34] validated displacement measurements from such a CR network in China with episodic GPS measurements made at the CR locations over a 140 day period, but no information was given on the distance between the GPS and CR. Other recent applications of CRs and GPS have focused on absolute positioning of CRs, with relative cGNSS [20] or relative GPS [19] used to determine the precise locations of CRs in 2D or 3D, respectively. Larger-scale (over 10,000 s km2) CR-GNSS networks include 40 CRs co-located (within 50 m) with episodic-occupation GNSS stations throughout the Surat Basin, Australia [35], and national-scale initiatives to monitor VLM, where the use of co-located cGNSS and CRs is in varying stages of development [36,37,38].



Here we use the example of Perth, Australia, to describe a series of tests conducted before new permanent installations of co-located ground infrastructure to support integrated cGNSS and InSAR monitoring of VLM. In documenting these efforts, we aim to provide some framework for efficiently establishing operational integrated satellite-based VLM monitoring that may be applicable elsewhere. In Perth, InSAR and cGNSS, coupled with repeat levelling over many 10 s of km (not described in this study), are currently being used to measure, map and monitor subsidence caused principally by groundwater extraction [39,40,41]. Once sufficient data has been collected from the network of ground infrastructure described here, the measurements will be integrated in future studies to determine VLM in a global or regional reference frame. The improvements to geodetic infrastructure resulting from this study will help to overcome the challenges identified by Featherstone et al. [39] of measuring small magnitude (<7 mm/year) subsidence, and avoid the need to make further inferences about the magnitude of VLM occurring at the Fremantle tide gauge [40].




2. Ground Infrastructure for Measuring VLM in Perth


The Perth region hosts a mixture of existing cGNSS infrastructure (Figure 1). The cGNSS stations we discuss in this study are those labelled on Figure 1, and detailed in Table 1.



This includes two cGNSS (PERT and STLG) that are on deep-seated (~1.5 m) pillars, a new cGNSS co-located with a tide gauge at Fremantle (FMTL), and HIL1, that is also located on a tide gauge. (A fifth cGNSS site, labelled BEEN in Figure 1, is soon to be under construction and is therefore omitted from Table 1.) The remaining cGNSS stations in Figure 1 are installed on buildings that can sometimes be subject to changes in height unrelated to VLM, e.g., settlement or thermal expansion and contraction. These commercial installations were never intended to monitor VLM, but instead to provide real-time kinematic GNSS corrections to fee-paying users.



Prior to the work described here, there were no artificial CRs deployed in the Perth region, so previous InSAR studies exploited naturally occurring distributed scatterers from buildings, roads and natural surfaces [41]. During the period of this study, which began in October 2015, SAR imagery over the Perth region was acquired by two satellite missions: X-band Stripmap mode images from TerraSAR-X (TSX: [42]) operated by the German Aerospace Centre (DLR; see Acknowledgements); and C-band Interferometric Wide Swath mode images from the European Space Agency (ESA) Sentinel-1B satellite [43], which began to collect imagery in September 2016. The CRs we use here are triangular trihedral designs of 1 m inner-leg dimension and have been previously characterised during prototype design experiments, where they were shown to be suitable for both X- and C-band SAR data [44].



The cGNSS and CR co-locations resulting from this study are listed in Table 2. This includes the installation of a CR at an existing IGS (International GNSS Service; [45]) cGNSS station PERT (Figure 1 and Table 1), and a commercially operated cGNSS station at Stirling (STLG in Figure 1 and Table 1). A new cGNSS and co-located CR have been installed at Fremantle (FMTL in Figure 1 and Table 1) at a distance of ~1.5 km from the tide gauge, which is—to the best of our knowledge—the first cGNSS-CR-tide-gauge co-location globally, or certainly in Australia [46]. Finally, a proposed co-located cGNSS and CR installation has been tested and is now awaiting construction at the Beenyup wastewater plant (BEEN in Figure 1), which is to inject treated wastewater into subsurface aquifers.




3. Practical Considerations for Installing Geodetic Infrastructure


3.1. General


The installation of permanent ground infrastructure for any satellite-based VLM monitoring requires sites that (i) have unobstructed sky visibility down to 10 degrees for cGNSS and in the satellite LoS for CRs, (ii) are secure against theft and/or vandalism, (iii) have the landowner’s permission, and (iv) can host ground monuments that, ideally, are connected to bedrock. In sedimentary basins such as in Perth, however, bedrock is not always close to the ground surface at sites that satisfy items (i–iii), so deep-seated foundations have had to be used instead.




3.2. cGNSS


Mature, tried and tested standards and recommended practices (SARPs) for the installation of cGNSS have been compiled by numerous national government or international agencies [47]. In Australia, these are promulgated by the Intergovernmental Committee on Surveying and Mapping [48]. These SARPs were followed during the test and permanent cGNSS installations.



Our particular concern was the potential of multipath (reflected signals) caused by the co-located CR, which is a deliberately designed reflecting object. Characterisation of carrier-phase multipath at cGNSS sites is not only non-trivial, but also can adversely affect VLM rates determined from the daily ellipsoidal height time series [49,50]. Multipath prevails in the post-fit carrier-phase residuals, which are the difference between the calculated and observed values [51,52].



We desire to avoid multipath from the CR, but achieve a close enough co-location to allow for regular short-range repeat levelling (following standards outlined in [53]) to monitor any differential VLM between the cGNSS and CR. We therefore took a two-pronged approach to multipath management: (1) locating each CR at least 30 m away (greater than the 20 m specified in [48]) from the cGNSS and out of visual line of sight, subject to the SAR pre-analyses described in Section 3.3; and (2) carrying out temporary test GNSS and CR co-locations, followed by analysis of the zero-difference ionosphere-free carrier-phase (LC) residuals and ellipsoidal height time series from the precise point positioning (PPP) GPS technique [54]. We compared the mean ellipsoidal heights and the average of the daily RMS of the carrier-phase (LC) residuals, measured during these co-location tests, to that measured over an equal time-period directly before and directly after the test (for test epochs, see Table 2). From this, we assessed whether there were changes in ellipsoidal heights or LC carrier-phase residuals that would be indicative of increased multipath.



We chose the PPP technique over a network solution (which outputs double difference (DD) carrier-phase residuals) because in the latter, it not possible to discriminate which site is generating the multipath. We used the NASA JPL GIPSY software version 6.4 for the daily processing, with JPL fiducial-free ’repro 2.1’ orbits and satellite clocks held fixed, a 10 degree elevation angle cut-off, correcting for satellite and receiver phase centre variations using the IGS08 models, modelling tidal ground displacements according to the IERS Conventions 2010 [55], and estimating tropospheric zenith wet delays and horizontal gradients every 5 min, applying the VMF1 tropospheric mapping function [56]. Zenith wet delay and horizontal gradients were estimated using process noise values of 3 mm/√hr and 0.3 mm/√hr, respectively, and ambiguities were fixed to integers, with the coordinates represented in the IGS08 reference frame after transforming the fiducial-free outputs using JPL ’repro 2.1’ daily Helmert (seven) transformation parameters.



This GIPSY-based PPP GPS analysis procedure has been used for monitoring small geophysical movements of a few mm per year [40,57,58]. The quality of PPP coordinate solutions is commensurate with DD relative solutions: for example, [59] describe the computation of a GPS velocity field for the Mediterranean region using the GIPSY (in PPP mode), Bernese (in DD mode) and GAMIT (in DD mode) softwares, and found that the RMS difference from the combined solution of both the DD and PPP solutions were 0.20–0.25 mm/year, based on nearly 900 stations.




3.3. InSAR CRs


In addition to the general considerations (items i–iv in Section 3.1), there are additional steps that should be taken when selecting a suitable position for installation of CRs for InSAR. CRs provide high-intensity radar reflections in SAR imagery that are visible above the level of background signal (or “clutter”), thus maintaining a high signal-to-clutter ratio (SCR) over time and facilitating interferometric phase measurements with low variability and a high signal-to-noise ratio [21,44].



In an urban monitoring network, it is inevitable that some sites are located in areas with higher levels of background clutter due to other man-made structures. In these cases, the accompanying CR should be positioned where background scattering is as low as possible, whilst still adhering to the landowner’s conditions, to ensure that the reflection from the CR can be identified correctly with a high SCR [31]. Such sites can be identified by visual pre-analysis of SAR backscatter intensity images, which are calculated from the level 1 single-look complex images provided by the space agencies. Once the most suitable CR test site is selected for each co-location, a temporary CR can be deployed on a wooden palette for two or more SAR satellite passes.



When deployed, the CR must be orientated such that the azimuth and elevation of the boresight vector (originating from the intersection of the three triangular plates) is directed in the SAR satellite’s LoS. This can be achieved using the freely available, physics-based Systems Tool Kit modelling environment [60], and the procedures described in [61], to account for the orbit and look angle of the SAR sensor, and the location of CR deployment. Orientation parameters were initially calculated for descending (north to south) passes of TSX, which was the only SAR satellite operating over Perth at the beginning of this study. However, TSX and Sentinel-1B, which became available in September 2016, have a similar orbital configuration (i.e., right-looking SAR instrument in a descending pass) and look angles (~32° to ~36°), therefore the orientation parameters are within the alignment accuracy (few degrees [61]) and are applicable to descending passes of both missions.



Following the test CR installations, intensity images were analysed to assess the suitability of the CR deployment. For each site and satellite, we calculated a time series of the SCR at the location of the CR using a set of co-registered intensity images. For each image, the SCR is calculated by comparing the backscatter intensity in a window containing the CR response (4 × 4 pixels for TSX; 2 × 2 pixels for Sentinel-1B) relative to the backscatter intensity from surrounding scatterers in a 15 × 15 pixel window [30]. A test deployment is deemed successful if the SCR for TSX is of the order of 30 dB, a level considered to be acceptable for calibration purposes [62], and the CR is then permanently installed. If the test deployment is unsuccessful, the temporary CR is redeployed in another location and these tests repeated until a suitable site is found.



The brightness of the CRs is greater in TSX than Sentinel-1B imagery (e.g., see Figure 2) due to the higher radar frequency [44] and higher spatial resolution (5 m in slant range and 20 m in azimuth range for Sentinel-1B, compared to 1.2 m in slant range and 3.3 m in azimuth range for TSX). Similarly, variations in environmental conditions over time due to, e.g., precipitation, are expected to cause trends in clutter [44], but have differing effects on the two satellites due to the difference in the radar frequencies and thus spatial resolutions with respect to the CR and surrounding background scatterers [30]. However, these effects are not significant for the purposes of this study and we do not discuss them further here.





4. cGNSS and CR Co-Locations


4.1. New CRs at Existing cGNSS Sites: Perth and Stirling


The first CR test installations were made at two existing cGNSS sites: Perth and Stirling (PERT and STLG in Figure 1 and Table 1), as detailed in Table 2. In both cases, the CR was temporarily deployed for two overpasses of TSX (~20 days). Figure 2 shows backscatter intensity images at PERT for the CR located 34 m from the cGNSS. This site has few other man-made structures, therefore low levels of background clutter (−12 dB on average for TSX over the area shown in Figure 2b before temporary CR deployment). Consequently, the CR is clearly visible in the intensity imagery, with SCRs of ~30 dB for TSX and ~13 dB for Sentinel-1B.



Unlike PERT, STLG is located in an environment with higher levels of background clutter (Figure 3a). Therefore, selecting a suitable, low clutter site that was reasonably close to the cGNSS, but did not impact upon the landowner, was more problematic. The initial test location (location 1 in Figure 3a,c) was 46 m away from the cGNSS, but had a background clutter value of −8 dB for TSX, 33% larger than that at PERT. Consequently, the phase response from the CR was considered to be cluttered by the response from surrounding scatterers.



A second test deployment (location 2 in Figure 3a,d,e) was carried out 196 m from the cGNSS, but in a less cluttered area (background TSX clutter value of −12 dB) where the CR could be more easily identified in the intensity imagery. This location offered a small improvement, with the time series in Figure 3f showing that the SCR for TSX increased by ~20 dB for a CR placed at location 1, and by ~25 dB at location 2. The SCRs for TSX and Sentinel-1B for the permanent installation at location 2 are ~30 dB and ~11 dB, respectively.



Time series of ellipsoidal heights and LC carrier-phase residuals at STLG and PERT indicated that the CRs did not cause detectable LC carrier-phase GPS multipath at these two sites (Figure 4). The mean GPS ellipsoidal heights when the CRs were in place are commensurate with those measured over the same time period directly before and after the CR was installed (Table 3), all falling within a range of 7 mm at PERT and 4 mm at STLG, and commensurate with the overall height time series standard deviations of 7 mm and 5 mm for PERT and STLG, respectively. These insignificant differences were further confirmed by a t-test. The average of the daily RMS of the LC carrier-phase residuals when the CR is in place are also commensurate with the mean measured over the same time period directly before, and directly after the CR was installed (Table 3).



In light of these co-location tests, the CR installations at PERT and STLG (location 2) were made permanent by bolting the reflector to a specially constructed concrete foundation. Each foundation is one-metre square with a 0.6 m central core attached to metal reinforcing rods driven into the ground until refusal (~2 m) for added stability. Local levelling ties between the CR and cGNSS at both PERT and STLG were completed in October 2016 to first-order levelling standards, where the two-way levelling disclosure must be <2√d, where d is the distance of the traverse length between benchmarks [53].



We would expect any strong generator of multipath to manifest in the ellipsoidal heights and LC carrier-phase residuals within 24 h of CR installation, and certainly within the ~20-day CR test periods used in Table 3. This is further supported by comparison of the average of the daily RMS of the LC carrier-phase residuals in the 5, 10, 20 and 40 days directly before the permanent installation to the 5, 10, 20 and 40 days directly after the permanent installation, respectively (Table 4). Regardless of the time window chosen, we observe no detectable increase in the average RMS of the carrier-phase residuals. This vindicates our >30 m separation between the CR and cGNSS and placing them out of visual line of sight, but we suggest readers carry out more comprehensive multipath testing if one, or both of these conditions are not met.




4.2. New Co-Located cGNSS and CR Site: Fremantle


The long-recording (since 1897) Fremantle tide gauge was not previously co-located with a cGNSS (Figure 1), and assuming that VLM at the tide gauge is identical to that at the 32-km-distant cGNSS at PERT is questionable [40]. Ideally, a cGNSS should be placed in very close proximity to a tide gauge so that the derived VLM is representative of that at the tide gauge [63], which allows for the separation of any VLM from the tide gauge record. However, the Fremantle tide gauge is situated next to the Western Australian Maritime Museum building, masking a large proportion of the sky for both GNSS and SAR satellites, and whose architecture makes it an extremely strong generator of GNSS multipath. Additionally, potential sources of electrical interference to GNSS come from communications towers nearby to support the shipping port’s operations.



Finding a suitable site proximal to the tide gauge proved problematic in the developed town of Fremantle. Numerous sites were rejected for one, more or all of the reasons covered in Section 3.1. A potentially suitable site was found in the grounds of a school ~1.5 km away from the tide gauge (Figure 5a), far closer to the tide gauge than PERT (Figure 1), and therefore much easier to conduct first-order levelling connections.



Priority was first given to identifying a secure location for the cGNSS within the school grounds, and a test GNSS installation was carried out 7–11 December 2015. Analysis of the PPP GPS LC carrier-phase residuals showed this site to be cleaner than PERT or STLG (Table 3), the average RMS being 7.2 mm. Following the successful GNSS test deployment, TSX backscatter intensity imagery was used to identify prospective sites in the school grounds with low background clutter for the temporary CR deployment (Figure 5). A prospective site was selected with background clutter levels of −10 dB, and that was offset from the proposed cGNSS site by 122 m, and not inter-visible because of vegetation (Figure 6c). The temporary CR was then deployed for three overpasses of TSX (Table 2) and the intensity images re-analysed, showing the site to be suitable (Figure 5b–e). The SCRs calculated for TSX and Sentinel-1B (available ~six months after permanent CR deployment) at this site are ~26 dB and ~14 dB, respectively.



We permanently installed the cGNSS (named FMTL: Figure 1, Table 1, Figure 6a) and CR (Figure 6c), using the same CR foundation construction as for PERT and STLG. A zero-epoch first-order levelling traverse (following the procedures described in Section 4.1) was completed in May 2017, which connected the FMTL cGNSS, its reference/witness marks, four monuments on the concrete foundation upon which the CR is mounted, and the Fremantle tide gauge. The placement of three witness marks for all sites is largely the same, each being placed at a bearing of 120° and 3 m from the cGNSS antenna. It is planned that levelling surveys here and at all other co-located CR and cGNSS sites will be repeated at least annually, specifically at the same time of year with the same equipment and field procedures so as to reduce any residual systematic errors.




4.3. Proposed Co-Located cGNSS and CR Site: Beenyup


A new (fourth) co-located cGNSS and CR installation is soon to be constructed at the Beenyup wastewater treatment plant (BEEN in Figure 1), which is to inject ~28 GL/year of potable water into subsurface aquifers. Recent observations linking wastewater injection to ground uplift made in the United States [64] set a precedent for monitoring possible VLM that may be linked to managed aquifer recharge at this site, and the residual effect, if any, upon broader regional subsidence in Perth caused by groundwater extraction.



We repeated our series of site-suitability experiments, carrying out a simultaneous GNSS and CR test deployment. A temporary GNSS receiver was installed 12–15 December 2016. The average of the four days of PPP GPS LC carrier-phase residuals was 10.8 mm, commensurate with the values for PERT and STLG (Table 3), but noisier than FMTL (7.2 mm).



Prior to the test deployment period at Beenyup, the Sentinel-1B satellite began to acquire and release SAR imagery over Perth. Therefore, backscatter intensity imagery from both TSX and Sentinel-1B could be analysed simultaneously to select a location for the CR test installation. The CR was deployed for four overpasses of both satellites (Table 2). Like PERT, this site is characterised by few other man-made structures and low levels of background clutter (−12 dB for both TerraSAR-X and Sentinel-1B). Figure 7 shows that the CR is visible in intensity imagery for both missions with SCRs of ~31 dB for TSX and ~15 dB for Sentinel-1B.





5. Discussion


5.1. Recommendations


The test experiments and procedure described here may be of use to others wishing to install co-located cGNSS and InSAR CR ground infrastructure for operational integrated monitoring of VLM elsewhere. Figure 8 shows a flowchart of our recommended procedures, and the approximate time taken to complete each step of the installation.



In short, test co-locations of GNSS and CRs, followed by analysis of GNSS LC carrier-phase residuals (from PPP processing) and SCRs (from backscatter intensity imagery) are used to efficiently identify suitable sites before the installation of permanent ground infrastructure. Our primary concern was GNSS multipath caused by the co-located CR. We managed this by placing the CR at least ~30 m from the GNSS and not in visible line of sight. This strategy was vindicated by the test installations, and later confirmed after the permanent installations. On average, installation of a CR at the sites in this study resulted in SCRs of ~29 dB for TSX and ~13 dB for Sentinel-1B. These values are commensurate with SCRs observed for CRs installed in natural environments with X- and C-band SAR satellites [30,44], and suggests that our CRs are well placed for calibration of both datasets.




5.2. Integrating InSAR and cGNSS to Determine VLM


The advantages and disadvantages of the two techniques discussed in this paper are described elsewhere in the literature [24,65], including the factors that affect measurement accuracy, and the relative biases of each approach. Preliminary comparisons of the vertical displacement at HIL1 (for location, see Figure 1) relative to PERT from cGNSS and InSAR [41] indicate that there is consistency between the two measurement types in Perth, with displacements from Sentinel-1 and TSX within error of those recorded by cGNSS. As described in Section 1, we will be able to integrate measurements from both SAR missions with cGNSS, using the cGNSS-derived VLM to convert the relative InSAR-derived VLM to absolute values via the co-located CRs. This will be the focus of future studies, as some period of time must first elapse to allow collection of sufficient data to determine a reliable estimate of the VLM. In saying “some period of time”, we are being deliberatively speculative about how long this should be, as this appears to remain an open question, which depends on both the measurement precision and the magnitude of the VLM.



One consideration for cGNSS-derived VLM demonstrated by [66] is that a period of at least 2.5 years is the minimum time span needed in the presence of annual signals, depending on the relative amplitudes of the linear and seasonal signals. He et al. [67] review other factors that can affect the precision of cGNSS-derived VLM. These, and primary citations, comprise reference frame stability [14], undetected offsets [68], seasonal loading models [69], common-mode errors [70], choice of noise model [57], choice of time series analysis software [61], and choice of GPS processing software and strategies [71]. An additional factor not included in [67] that affects GPS-derived VLM estimation is multipath [50] (Section 3.2).



The accuracy of the VLM estimate from InSAR is primarily a function of the frequency of acquisitions, the length of the observation period, and the magnitude of changes in atmospheric refraction [72,73], the latter of which is the largest source of measurement error. (Note that, because of the shorter instrument wavelength, λ ≈ 3.1 cm compared to λ ≈ 5.6 cm, X-band InSAR data experience greater dispersion due to the atmosphere than C-band, therefore TSX data are expected to be more sensitive to atmospheric variations than Sentinel-1B.) For the orbital repeat intervals of TSX and Sentinel-1B (11 and 12 days, respectively), [41] estimate that it would take around one year to detect the most recently published rate of VLM at cGNSS HIL1 (−3.12 ± 0.92 mm/year between 2005 and 2012: [40]). However, this estimate is likely to be optimistic as it does not account for seasonal effects. As such, we leave this to be determined by future research after we have acquired a longer time series of data.



In order to combine the cGNSS and InSAR measurements, the simplest approach will be to use a 1D polynomial [74,75], referencing all pixels to a CR proximal to a cGNSS from which the absolute VLM can be estimated and used to transform the InSAR data. Alternatively, higher order polynomials may be used to reduce the differences between the VLM estimated at the cGNSS and CRs across the network [3]. Interpolation of the cGNSS observations onto the same spatial grid as InSAR (using, e.g., Kriging or its geodetic counterpart, least squares prediction [76]), followed by optimisation may be used to determine the (full 3D) displacement field. This approach has been successful where cGNSS geodetic networks contain an order of magnitude more cGNSS stations than are available in Perth [9,77], and/or broad-scale levelling measurements [78]. Once the VLM estimates have been integrated into a consistent reference frame, the results from our network in Perth may be placed for integration into global analysis of coastal subsidence and sea level change.




5.3. Scope for Future Deployments


The co-located installations of ground infrastructure in Perth described here have been dictated by the existing locations of cGNSS on deep-seated pillars (PERT and STLG), the desire to determine VLM at tide gauges to correct the tide gauge record [40] (FMTL), and proximity to managed wastewater injection back into exploited aquifers (BEEN). The number of permanent sites has also been constrained by cost. If resources become available to install more sites, it will be possible to use the expected pattern of ground deformation inferred from groundwater drawdown measured at artesian monitoring bores, geophysical modelling [79], or reconnaissance InSAR studies [41] to determine the optimum spatial sampling of CRs and cGNSS in different settings [80]. A prime candidate site for another CR installation is the existing co-located cGNSS and tide gauge at Hillarys (HIL1 in Figure 1 and Table 1).



Finally, when active SAR transponders [46,81] become commercially available and can be operated legally within Australian signal transmission restrictions, we intend to explore further co-locations of transponders at these (and other) sites. This extends to the additional consideration of co-located DORIS beacons [23,82].





6. Conclusions


Using the example of Perth, Australia, we have described the practical considerations necessary for installing ground-based infrastructure to monitor VLM using cGNSS and SAR satellites. We present a series of recommendations that readers may adopt during the installation process, including the use of SCRs calculated from SAR intensity imagery to install CRs in regions of low background clutter, and tests on the spatial separation of the CR from the cGNSS to reduce multipath effects. In Perth, these installations will facilitate the integration of InSAR and cGNSS measurements to measure sub-cm scale VLM in an absolute reference frame. This will aid in our efforts to (1) constrain VLM in response to groundwater extraction and managed wastewater recharge, and (2) measure the impact of VLM upon the sea level record from local tide gauges.
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Figure 1. The distribution of ground-based geodetic infrastructure for measuring vertical land motion (VLM) in the Perth region, including: new, proposed and existing continuous GNSS (cGNSS); corner reflectors (new and proposed); and existing tide gauges. The rectangle shows the extent of TerraSAR-X InSAR scenes. The extent of the Sentinel-1B InSAR scenes covers the entire region. STLG—Stirling; PERT—Perth; FMTL—Fremantle; BEEN—Beenyup wastewater injection plant; HIL1—Hillarys. Inset: Map of Australia with the study region highlighted by the red rectangle. 
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Figure 2. Corner reflector (CR) installation at the existing cGNSS site PERT (location shown in Figure 1). (a) Google Earth view of the site showing the cGNSS (red dot) and location of the CR (white circle). (b) TSX georeferenced backscatter intensity image prior to CR installation. (c) Same as for (b) but after CR installation. (d) Sentinel-1B georeferenced backscatter intensity image prior to CR installation. (e) Same as for (d), but after CR installation. (f) Time series of signal-to-clutter ratio (SCR). Red lines and grey boxes indicate times when the CR was deployed. 
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Figure 3. Corner reflector (CR) installations at the existing cGNSS at Stirling (STLG in Figure 1). (a) Google Earth view of the site showing the cGNSS (red dot), the initial higher-clutter CR site (white circle labelled location 1) and permanent CR location (white circle labelled location 2). (b) TSX georeferenced backscatter intensity image prior to installation. (c) Same as for (b) but after the CR installation at location 1. (d) Same as for (b,c), but after the CR was installed at the permanent location. (e) Sentinel-1B georeferenced backscatter intensity image after permanent CR installation. (f) Time series of signal-to-clutter ratio (SCR) at locations 1 and 2. Red lines and grey boxes indicate times when the CR was deployed. 
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Figure 4. (a–c) Daily RMS of all receiver to satellite zero-difference ionosphere-free carrier-phase (LC) residuals (mm) calculated from static PPP processing using the NASA JPL GIPSY software (version 6.4). (d–f) Daily ellipsoidal height time series (mm) from the same PPP processing used for (a–c). Red lines and grey boxes indicate times when the accompanying corner reflector (CR) was temporarily/permanently deployed at each cGNSS site (Table 2). 
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Figure 5. Corner reflector (CR) installation at John Curtin College of the Arts, ~1.5 km from the Fremantle tide gauge (labelled FMTL in Figure 1). (a) Google Earth view of the site showing the location of the tide gauge (white triangle), cGNSS (red dot) and CR location (white circle). Inset: enlarged view of the site showing the same area as (b–d). (b) TSX georeferenced backscatter intensity image prior to CR installation. (c) Same as for (b) but after CR installation. (d) Sentinel-1B georeferenced backscatter intensity image after CR installation. (e) Time series of signal-to-clutter ratio (SCR) at the location of the CR. Red lines and grey boxes indicate times when the CR was deployed. 
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Figure 6. The co-located permanent cGNSS and corner reflector (CR) installations at FMTL (Figure 1 and 5): (a) two-metre-tall pillar hosting a Dorne-Margolin-type choke-ring antenna, (b) solar panel and padlocked housing beneath for the GNSS receiver, batteries and 4G modem, and (c) the CR on a concrete foundation. Images courtesy of Ken Leighton. 
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Figure 7. Corner reflector (CR) test installation at Beenyup wastewater injection plant (BEEN in Figure 1) as observed by both TSX and Sentinel-1B. (a) Google Earth view of the site with the CR location shown by the white circle. (b) TSX georeferenced backscatter intensity image prior to CR installation. (c) Same for (b) but after CR installation. (d) Sentinel-1B georeferenced backscatter intensity image prior to CR installation. (e) Same as for (d) but after CR installation. (f) Time series of signal-to-clutter ratio (SCR) at the location of the CR. Red lines and grey boxes indicate times when the CR was deployed. 
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Figure 8. Flowchart of the recommended procedures for determining suitable sites for co-located cGNSS and corner reflectors (CRs) for integrated operational monitoring of vertical land motion (VLM). The time line provides a guide as to the time that should be allowed for each step, assuming that the user has access to, and experience with, the SAR and cGNSS data and processing tools. SARPs—standards and recommended practices. 
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Table 1. Existing and new cGNSS infrastructure in the Perth region that was operating during the period of, and is also described in, this study (cf. Figure 1). GA—Geoscience Australia; RTKNetWest: http://www.rtknetwest.com.au/.
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	Name
	Type
	Local Operator
	Monument
	Receiver Type
	Antenna Type
	Longitude
	Latitude





	PERT
	Existing (scientific)
	GA
	Deep-seated pillar
	Trimble NetR9
	TRM59800.00 NONE
	115.885
	−31.802



	STLG
	Existing (commercial)
	RTKNetWest
	Deep-seated pillar
	Trimble NetR9
	TRM55971.00 NONE
	115.819
	−31.866



	FMTL
	New (scientific)
	Curtin University
	Deep-seated pillar
	Trimble NetR9
	TRM59800.00 NONE
	115.755
	−32.049



	HIL1
	Existing (scientific)
	GA
	On tide gauge
	Leica GRX1200GGPRO
	ASH701945C_M NONE
	115.739
	−31.826
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Table 2. Co-located cGNSS and CR installations in the Perth region described in this study. Included are the dates of test/permanent CR deployment and the availability of SAR data.
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Site

	
cGNSS Status

	
Test CR Deployment

	
Permanent CR Deployment




	
Dates

	
SAR Data Available

	
Date

	
SAR Data Available






	
PERT

	
Existing (installed 18 August 1993)

	
18 May–8 June 2016

	
TSX

	
3 November 2016

	
TSX Sentinel-1B




	
STLG

	
Existing (installed 1 October 2012)

	
Location 1: 23 November–10 December 2015

	
TSX

	
-

	
-




	
Location 2: 18 May–8 June 2016

	
TSX

	
10 August 2016

	
TSX (Sentinel-1B ~45 days after installation)




	
FMTL

	
Installed during this study Test installation (7–11 December 2015) Permanent installation (9 July 2016)

	
18 March–27 April 2016

	
TSX

	
19 May 2016

	
TSX (Sentinel-1B ~135 days after installation)




	
BEEN

	
Proposed/awaiting construction Test installation (12–15 December 2016)

	
12 December 2016–27 January 2017

	
TSX Sentinel-1B

	
-

	
-
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Table 3. Comparison of the GPS-only mean ellipsoidal heights (m) and the average of the daily RMS of the LC carrier-phase residuals (mm) measured directly before, during, and directly after test and permanent corner reflector (CR) installations. The time period used before and after the test installation is equal to the duration of the test (given in Table 2), and for the permanent installation a time period of 20 days is used.
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Site

	

	
Test CR Installation

	
Permanent CR Installation




	
Before

	
During

	
After

	
Before

	
After






	
PERT

	
Height (m)

	
12.670

	
12.668

	
12.664

	
12.671

	
12.667




	
LC residual (mm)

	
9.6

	
9.3

	
9.0

	
8.6

	
8.9




	
STLG location 1

	
Height (m)

	
−0.021

	
−0.019

	
−0.019

	
-

	
-




	
LC residual (mm)

	
10.3

	
10.6

	
10.6

	
-

	
-




	
STLG location 2

	
Height (m)

	
−0.019

	
−0.019

	
−0.023

	
−0.021

	
−0.021




	
LC residual (mm)

	
10.8

	
10.5

	
10.3

	
10.8

	
10.3
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Table 4. Comparison of the GPS-only average of the daily RMS of the carrier-phase (LC) residuals (mm) measured over different time periods directly before and directly after permanent corner reflector (CR) installations. The dates of the permanent installations are given in Table 2.
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Site

	
5 Days

	
10 Days

	
20 Days

	
40 Days




	
Before

	
After

	
Before

	
After

	
Before

	
After

	
Before

	
After






	
PERT

	
8.5

	
8.5

	
8.5

	
8.7

	
8.6

	
8.9

	
9.0

	
9.1




	
STLG location 2

	
11.9

	
9.9

	
11.0

	
10.2

	
10.8

	
10.6

	
10.7

	
10.1
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