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Abstract

:

Ice motion is an essential element for accurately evaluating glacier mass balance. Interferometric synthetic aperture radar (InSAR) has been widely applied for monitoring ice motion with high precision and wide coverage in the Antarctic. However, the ionospheric effects can significantly impact InSAR-based ice-motion measurements. At low radar frequencies in particular, the ionospheric effects have been regarded as a serious source of noise in L-band SAR data. The split-spectrum method (SSM) is commonly used for correcting the ionospheric effects of the InSAR technique. However, it requires spatial filtering with the relatively large factors used to scale the sub-bands’ interferograms, which often results in an unwrapped phase error. In this paper, a reformulation of the split-spectrum method (RSSM) is introduced to correct the ionospheric effects in the Grove Mountains of East Antarctica, which have slow ice flow and frequent ionosphere changes. The results show that RSSM can effectively correct the ionospheric effects of InSAR-based ice-motion measurements. To evaluate the ability of ionospheric correction using RSSM, the result of ionospheric correction derived from SSM is compared with the results of RSSM. In addition, ionosphere-corrected ice motion is also compared with GPS and MEaSUREs. The results show that the ionosphere-corrected ice velocities are in good agreement with GPS observations and MEaSUREs. The average ice velocity from the InSAR time series is compared to that from MEaSUREs, and the average ionosphere-corrected ice velocity error reduces 43.9% in SSM and 51.1% in RSSM, respectively. The ionosphere-corrected ice velocity error is the most significant, reducing 86.9% in SSM and 90.4% in RSSM from 1 November 2007 to 19 December 2007. The results show that the ability of RSSM to correct ionospheric effects is slightly better than that of SSM. Therefore, we deduce that the RSSM offers a feasible way to correct ionospheric effects in InSAR-based ice-motion measurements in Antarctica.
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1. Introduction


The working Group I report of the Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC) was released in August 2021. AR6 indicates that the components of the cryosphere have rapidly been shrinking under climate warming over recent years. The rapid shrinking of the cryosphere makes it the most significant potential contributor to rising global mean sea levels [1,2]. Ice motion is a fundamental observation required to predict the behavior of the cryosphere and global climate change in the future [3,4]. Large-scale ice-motion measurements in Antarctica are vital for determining the mass balance of ice sheets [5]. In recent years, many remote-sensing techniques have allowed for the measurements of glacial movements over large areas, making them an indispensable tool for monitoring ice motion in Antarctica [6,7]. To monitor ice motion based on SAR images, phase- or offset-based means can be applied [8,9]. Phase-based methods include differential interferometric SAR, while offset-based methods can be classified into the speckle-tracking (ST) method and the feature-fracking (FT) method [10]. They have all been widely applied in ice-motion measurements in Antarctica [11,12].



The ST method is based on the cross-correlation of the coherence of the broad-band speckle-noise pattern and uses this to calculate ice motion from differential SAR data pairs [13]. The FT method is also based on this cross-correlation and only depends on image features. The ST and FT have more robustness for regions of fast flow, especially in the outlet glaciers, where InSAR techniques may be difficult to unwrap because of low coherence [8,14]. One drawback of them, however, is that their resolution is limited by the need to cross-correlate patches with widths of several tens of pixels [7,8]. Compared with ST and FT, InSAR techniques have been applied to monitor ice motion from phase differences between repeated SAR acquisitions [7,13]. The InSAR techniques are used for periodic observations of ice motion over long time intervals with large experimental areas [15]. Although InSAR techniques only obtain radar line-of-sight (LOS) signals, they can provide higher accuracy and better spatial resolution. In areas of the slow flow of ice motion, such as the Grove Mountains area in the Chinese PANDA section of East Antarctica, with a maximum ice velocity of 40 m/yr, InSAR-based ice velocity estimates showed much better results than ST or FT [16,17].



Accurate ice-motion measurements are also critical for constraining ice-sheet models and a better understanding of their movement mechanisms. However, L-band InSAR ice-motion measurements have been severely influenced by ionospheric disturbances [18]. The ionospheric effects are included by phase advance, phase or amplitude scintillation, and Faraday rotation in the interferometric phase [19,20]. In Antarctica in particular, ionospheric fluctuations are very active. The ionospheric signal varies between InSAR image acquisition time and can bring the ionospheric effects into the interferograms, which serve as a source of noise for InSAR-based measurements [17]. Recent studies show that the ionospheric effects can cause an average of 17 m/yr and 8 m/yr errors in ST-based ice velocity estimated from L-band SAR images in West Antarctica and East Antarctica, respectively [10]. In Greenland and Antarctica, ionospheric errors reach 14 m/yr and 10 m/yr in InSAR-based ice motion measurements, respectively, which makes it difficult to analyze the mechanism of ice motion [13]. The estimation of the ionospheric phase is, therefore, a vital step in removing ionospheric effects from interferograms and improving the accuracy of InSAR-based ice-motion measurements [21,22].



Recently, several methods have been introduced to remove ionospheric effects from InSAR measurements [20,23]. The range group-phase delay method calculates the ionospheric phase based on the range shift between SAR images [24] and the accuracy is closely related to the quality of the SAR image coregistration in the range direction [25]. ALOS-1 PALSAR, however, has a low range resolution, and this limits the development of the range group-phase method. The Faraday rotation method can be estimated by absolute ionosphere total electron content (TEC) according to full-polarization SAR images [25]. However, in Antarctica, the number of full-polarization SAR images is very small, which limits the application of this method; the split-spectrum method (SSM) is considered the most responsible approach to estimating the ionospheric phase [26,27]. The concept of the SSM is to determine separate interferograms for spectral sub-bands, permitting separation of the dispersive and the nondispersive phase components [27,28]. One of the disadvantages is, however, that spatial filters can easily result in phase differences of 0.1 radians or more [29]. In this paper, we employ a reformulation of the split-spectrum method (RSSM) to remove the ionospheric effects from InSAR ice-motion measurements in the Grove Mountains of East Antarctica. RSSM estimates the ionospheric effects by utilizing a split-spectrum double-difference interferometric phase and a full-bandwidth differential interferometric phase [29]. On the one hand, RSSM only scales necessarily the unwrapped split-spectrum double-difference interferometric phase with a large coefficient. On the other hand, the full-bandwidth interferogram was used for ionospheric estimation instead of the sub-band interferogram. Those reformulated steps increase the robustness of the unwrapping and filtering [29].



We present the SSM and RSSM to estimate and correct the ionospheric effects for SAR interferograms. Section 2 restates the main content of SSM and RSSM for InSAR ionospheric correction with an emphasis on ice-motion measurement. Section 3 introduces the materials and implementation. A selected case study using L-band ALOS PALSAR in the Grove Mountains area of East Antarctica is given to analyze the significance of ionospheric effects for ice-motion measurements. An overall process of the implementation of the SSM and the RSSM is summarized, and its key procedures are analyzed in detail. Section 4 presents the experimental results of the ionospheric correction based on the SSM and the RSSM. The abilities of ionospheric correction using the RSSM in InSAR-based ice-motion measurements are discussed in Section 5. Section 6 gives our conclusion on ionospheric correction for ice motion in Antarctica, and a future research plan is briefly introduced.




2. Methodology


2.1. Ionospheric Effects on SAR Interferometry


For repeat-pass SAR data in the same area, due to different acquisition times of SAR interferometry pairs, different data are subject to different ionospheric effects. Those effects lead to localized phase features in SAR interferograms [30]. The ionosphere is active with fast spatial and temporal changes in Antarctica, where the ionospheric effects are relatively large than that of midlatitudes [31]. InSAR-based ice motion measurements are disturbed by the azimuth shift and ionospheric effects. The ionospheric effects are mixed in the SAR interferometry phase, which needs to be eliminated from the SAR interferograms [20,32]. The repeat-pass InSAR interferograms (  ∆ ∅  ) formed from two SAR acquisitions at different times contain different components as follows:


  ∆ ∅ =  ∅  d i s p l a c e m e n t   +  ∅  t o p o g r a p h i c   +  ∅  i o n o s p h e r e   +  ∅  f l a t   +  ∅  a t m o s p h e r e   +  ∅  o r b i t    



(1)




where the topographic phase,    ∅  t o p o g r a p h i c    , and the flat-earth phase,    ∅  f l a t    , are subtracted from the interferograms using the Bedmap2 DEM [33]. A polynomial baseline-fitting method is applied to mitigate the phase distortion (   ∅  o r b i t    ) related to orbit errors [34]. Moreover, baseline fitting can also help in compensating for tropospheric and ionospheric phase distortion. However, this alone is not sufficient to remove the ionospheric phase (   ∅  i o n o s p h e r e    ). Therefore, it is still essential to implement ionospheric correction first before performing baseline fitting, as the correct order of ionospheric correction and baseline fitting can avoid repeated removal of the ionospheric phase [13]. In addition, atmospheric delay (   ∅  a t m o s p h e r e    ) is not considered in our study.



The SSM [35,36] exploits the dispersive property of    ∅  i o n o s p h e r e     to correct ionospheric effects from SAR interferometry, and the ionospheric phase belongs to the dispersive component [26,37]. The SSM makes use of the dispersive feature of the ionosphere, by using slightly different center frequencies for the sub-band interferograms [38]. Usually, the sub-band interferogram is 1/3 of the full-band interferogram for high estimation accuracy [19,39]. The linear-equation system can deal with dispersive ionospheric phase,    ∅  i o n o s p h e r e    , according to:


   ∅  i o n o s p h e r e   =    f 2     f 0       f 1   f 2     (   f 2    2  −  f 1    2   )     ∅ 1  −    f 1     f 0       f 1   f 2     (   f 2    2  −  f 1    2   )     ∅ 2   



(2)




where    ∅ 1    and    ∅ 2    represent the interferometric phase corresponding to sub-bands with center frequencies of    f 1    and    f 2   , respectively.    f 0    is the frequency of the full-bandwidth interferometric phase    ∅ 0   .



If    ∅ 1    and    ∅ 2    are sub-band interferograms with equal bandwidth, it is suitable to suppose that    ∅ 1    and    ∅ 2    have the same statistical distribution (i.e.,   σ  (   θ 1   )  = σ  (   θ 2   )   ). Under the circumstances, the accuracy of the ionospheric estimation is [13,40]:


  s t d  (   ∅  i o n o s p h e r e    )  =   1 +    (     f 1     f 2     )   2       f 2     f 0       f 1   f 2     (   f 2    2  −  f 1    2   )     1    2  N b          1 −  γ  s u b − b a n d  2       γ  s u b − b a n d      



(3)




where    N b  =  P N  ×  B  s u b − b a n d   /  B  f u l l − b a n d     is the number of independent looks in the multilooked sub-bands interferogram.    P N    is the number of looks in the full-band interferogram.    B  s u b − b a n d     and    B  f u l l − b a n d     are the sub-band and full-band bandwidth of the SAR image, respectively.    γ  s u b − b a n d     is the sub-band interferometric coherence. It can be inferred that the accuracy of the ionospheric phase estimation is determined by the frequency and the coherence of the sub-band interferograms.




2.2. The Reformulated Split-Spectrum Method (RSSM)


Equation (2) can be slightly reformulated as a linear combination of the full-bandwidth interferograms phase    ∅ 0    and the split-spectrum double differential phase (   ∅ 2    −    ∅ 1   ) [29].


   ∅  r e i o n o s p h e r e   =    f 1   f 2     f 0   (   f 2  +  f 1   )     ∅ 0  −    f 1   f 2    2  f 0   (   f 2  −  f 1   )     (   ∅ 2  −  ∅ 1   )   



(4)







The accuracy of the ionosphere is calculated as:


  s t d  (   ∅  r e i o n o s p h e r e    )  =      (     f 1   f 2     f 0   (   f 2  +  f 1   )     )   2     (  s t d  (   ∅  f u l l − b a n d    )   )   2  + 2    (     f 1   f 2    2  f 0   (   f 2  −  f 1   )     )   2     (  s t d  (   ∅  s u b − b a n d    )   )   2     



(5)







The full-band interferogram accuracy can be estimated as:


  s t d  (   ∅  f u l l − b a n d    )  =  1    2  P N          1 −  γ  f u l l − b a n d  2       γ  f u l l − b a n d      



(6)




where    P N  = 3  N b   , and    γ  f u l l − b a n d     is the full-band interferometric coherence [41]. It can be seen that the accuracy of the ionospheric phase estimate mainly relies on the frequency and the coherence of the full-band and sub-band interferograms. It is supposed that the coherences of    ∅  s u b − b a n d     and    ∅  f u l l − b a n d     are equal (i.e.,    γ  f u l l − b a n d     =    γ  s u b − b a n d    ). Under this assumption, the relationship between the accuracy of the sub-band and full-band interferogram is:


  s t d  (   ∅  f u l l − b a n d    )  = s t d  (   ∅  s u b − b a n d    )  /   3      



(7)







The ionospheric phase accuracy, from (5) and (7), is


  s t d  (   ∅  r e i o n o s p h e r e    )  =    1 3     (     f 1   f 2     f 0   (   f 2  +  f 1   )     )   2  + 2    (     f 1   f 2    2  f 0   (   f 2  −  f 1   )     )   2      s t d  (   ∅  s u b − b a n d    )   



(8)








2.3. Compare Accuracy between SSM and RSSM


According to the different sub-bands (   f 1  =  f 0  − ∆ f ;  f 2  =  f 0  + ∆ f  ), we can deduct that the ratio of the accuracy of SSM and RSSM is given by:


     s t d  (   ∅  i o n o s p h e r e    )    s t d  (   ∅  r e i o n o s p h e r e    )     =        (   (  1 +    (     f 1     f 2     )   2   )     f 2     f 0       f 1   f 2     (   f 2    2  −  f 1    2   )     )   2      1 3     (     f 1   f 2     f 0   (   f 2  +  f 1   )     )   2  + 2    (     f 1   f 2    2  f 0   (   f 2  −  f 1   )     )   2       =      3    (   f 0   )   2  + 3    (  ∆ f  )   2    3    (   f 0   )   2  + 2    (  ∆ f  )   2      > 1   



(9)







From Equation (9), we can see that the ratio of the accuracy of SSM and RSSM is greater than one. To offer a reliable performance analysis of ionospheric correction, we compare the standard deviations of the theoretical ionospheric estimate using SSM and RSSM. The relationship between the ionospheric-phase standard deviation (STD) and coherence is shown in Figure 1. The theoretical ionosphere is estimated using SSM as derived from Equation (3) and RSSM as derived from Equation (8). We see that the STD of RSSM is slightly lower than SSM in low coherence areas (coherence < 0.4), and both are nearly the same in high coherence areas (coherence > 0.4). We can thus infer that the ionospheric-phase estimate using RSSM is slightly better than SSM in Antarctica with low coherence.





3. Materials and Implementation


3.1. Datasets and Study Area


ALOS-1 PALSAR is an L-band SAR dataset with a revisit time of 46 days. The L-band SAR data are less influenced by ice motion than the C-band and X-band SAR data because their waves penetrate deeper into the surface and temporal coherence is higher [42]. In our study, a track-long of ALOS-1 PALSAR is applied to analyze the abilities of the ionospheric correction using the SSM and RSSM. We selected the Grove Mountains area as the experimental areas, where the ionosphere changes with fast spatial and temporal changes [13]. Details about the data are shown in Table 1. We also used ice-velocity measurements by GPS and MEaSUREs to validate our results.



Figure 2 illustrates the coverage and map projection of the ALOS PALSAR images. The SAR images cover the Grove Mountains area located in Princess Elizabeth Land, East Antarctica, where the ionosphere is very active with fast spatial and temporal changes. The Grove Mountains area has elevations ranging from 1800 to 2100 m a.s.l., which decrease from southeast to northwest [43]. The Grove Mountains area is about 400 km away from the Antarctic Zhongshan station (China). The eastern flank of the Lambert–Amery ice shelf is close to the experimental area [44], and the ice from the Antarctic inland flows through the Grove Mountains to the Lambert–Amery ice shelf along the northwest direction, and the motion is relatively slow and maximum ice velocity reaches 40 m/yr [45]. Therefore, slower ice velocities can be monitored with the InSAR techniques. Furthermore, the Grove Mountains are also a special area in East Antarctic that involves sixty-four isolated Nunataks (as shown in Figure 2a), which can offer many stable reference points.




3.2. Data Processing Using SSM and RSSM


The InSAR ionospheric correction of the ALOS PALSAR processing workflow is generalized (Figure 3). Here follows the explanation of the applied implementation of the SSM and RSSM.



The reference and secondary images needed to be precisely coregistered; in our implementation, all images used speckle-tracking techniques to register them [46]. Precise register needed to be ensured due to the spatial changes of the pixel movement caused by the ice motion and massive ionospheric azimuth variations. Regular InSAR coregistration steps were applied as usual for the fine registration. We also used the polynomial-fitted offset from the above registration to perform the final registration. Moreover, the secondary images were resampled using the shifts that were calculated during the fine registration [13]. The Bedmap2 DEM was applied to remove the topographic phase from the full-band and sub-band interferograms [33]. We conducted band-pass filtering in the range to create two sub-band images. After resampling, the full-band and sub-band interferograms were calculated with the fine offset from the above fine registration. The amount of multilooking is discussed in Section 4. A minimum-cost-flow algorithm was used for all the interferograms’ unwrapping. The ionospheric phase was computed by SSM and RSSM. The computed ionospheric phase had to be strongly smoothed to eliminate outliers and suppress noise. We used a recursive phase-unwrapping-correcting method to decrease phase unwrapping errors [13], and a median filter to suppress the computed ionospheric phase noise. Pixels with a difference greater than a threshold (  3 σ  ,  σ  estimate based on Equations (3) and (8)) acted as outliers and were removed. In addition, we also used an isotropic 2D Gaussian filter to eliminate random noise. The abnormal ionospheric phase changes frequently, usually resulting in a high-fringe density in the interferogram. A conventional isotropic-filter kernel may lead to errors in areas of high-fringe density or near the margins of the interferograms [19]. Hence, we implemented an adaptive edge-preserving filter to solve this issue [38].



Finally, the ionospheric effects were removed from the original interferograms by Equation (1). The ionosphere-corrected InSAR ice motion was verified by ice velocity from GPS and MEaSURES.





4. Results


4.1. Ionospheric-Phase Estimation


Ionospheric-phase estimation is an important prerequisite for the process of ionosphere-corrected InSAR ice-motion measurement. Before the estimation, the SAR images are processed by a multilooking operation of 18 (range) × 12 (azimuth) to reduce speckle noise. We generate differential ionospheric-phase screens with differential methods. Ionospheric-phase estimation using the SSM and the RSSM followed the procedures described in Section 3.2; those phases are referred to as the “Ionosphere-phase estimation using SSM” and “Ionosphere-phase estimation using RSSM”, respectively. The comparisons are shown in Figure 4. We find that the ionospheric-phase bias between SSM and RSSM were in the internal (  − π , π  ).



To compare the accuracy of the ionospheric-phase estimation using SSM and RSSM, we calculated the mean and standard deviation of the ionospheric-phase estimate using SSM and RSSM. The mean and standard deviation of the ionospheric phase (unwrapped) are shown in Table 2. We find that the mean and standard deviation of the ionospheric phase using RSSM is less than when using SSM. Therefore, we conclude that RSSM is more suitable for ionosphere-corrected InSAR ice-motion measurements than SSM.




4.2. Ionospheric-Phase Correction


When the ionospheric-phase estimation is complete, the ionospheric effects within the SAR interferometric phase need to be corrected in the steps. We apply the ionospheric correction and baseline-fitting steps within the topography-phase-removed interferograms and obtained the original interferogram without the ionospheric correction, as shown in Figure 5a, the ionosphere-corrected interferogram with ionospheric correction using SSM, as shown in Figure 5b, and the ionosphere-corrected interferogram with ionospheric correction using RSSM, as shown in Figure 5c.



To assess the ionospheric correction performance, we compare the profiles of the ice velocity with the ionospheric correction using SSM and RSSM, as extracted from Figure 4a,b, and the profiles are presented in Figure 6a. The interferogram without ionospheric correction (Figure 5a) and the interferograms with ionospheric correction using SSM (Figure 5b) and RSSM (Figure 5c), along with their profiles, are displayed in Figure 6b.



Figure 6a shows that the ionospheric effects lead to significant local biases in apparent ice motion. When comparing ice velocity caused by the ionospheric effects using SSM and RSSM, we find that the former is less than the latter. Figure 6b indicates that the ionospheric effect causes peak-to-peak ice-velocity errors of 6.4 m/yr using SSM and 6.9 m/yr using RSSM. In addition, we also find that in the relatively slow-moving parts of the profile along this interferogram, the ionospheric effects are larger than the ice-motion signal itself, which highlights the necessity of ionospheric correction in the ice-motion measurements based on L-band SAR data.





5. Discussion


As mentioned above, SSM and RSSM are used to estimate the ionospheric phase and correct the ionospheric effects of InSAR. Therefore, here we will discuss the ability of the ionosphere-corrected InSAR ice-motion measurements using RSSM by comparing them with SSM and GPS and MEaSUREs. GPS and MEaSUREs ice velocity have been used to validate the accuracy of ionosphere-corrected InSAR ice-motion measurements and to emphasize the advantages of RSSM.



5.1. Comparison with GPS


The Chinese Antarctic research team conducted GPS observations of the Grove Mountains from 17 January 2006 to 31 January 2006 and obtained high-accuracy GPS ice velocity data. To validate the abilities of the ionospheric correction for InSAR-based ice-motion measurements, we compared the InSAR-based ice velocity with GPS-based ice velocity [16,47]. Seven GPS measurements were used for the validation. For each GPS-monitoring point, the InSAR-monitoring point located near the GPS point within a horizontal distance of ≤50 m were selected to enable the comparison. Table 3 shows that the difference between GPS measurements and ice-velocity measurements without ionospheric correction and with the ionospheric correction using SSM, RSSM, and the ALOS PALSAR data pair from Table 1. The root mean square (RMS) value of the ice velocities in the area was estimated. We find that the RMS of the differences dropped from 3.82 m/yr of the interferogram without ionospheric correction to 1.70 m/yr of the interferogram with the ionospheric corrections using SSM and 1.16 m/yr of the interferogram with the ionospheric corrections using RSSM. The improvement with ionospheric correction using SSM and RSSM are very large, and the latter is better than the former. But we also find that an obvious difference can be seen between GPS and ionosphere-corrected InSAR. This obvious difference may be attributed to three factors. The first factor is the spatial mismatch between the InSAR measurement points and GPS monitoring points. A distance of a few tens of meters might cause significant changes in different monitoring points. The second factor is InSAR and GPS monitor ice flow in different directions. The third factor is the different times of observation between the InSAR and GPS. However, Envisat ASAR images (C-band) with DInSAR and offset-tracking methods have proved that ice velocities for the years 2006, 2007, and 2009 had no obvious interannual changes in the Grove Mountains [16,47]. Therefore, the difference between the InSAR and GPS caused by the different times of observation is very small [16].




5.2. Comparison with MEaSUREs


Seven repeat acquisitions are usable for the selected ALOS PALSAR tracks in the Grove Mountains area (see Figure 1). In total, we obtain five repeated SAR interferograms during the period from 2007 to 2010. A detailed introduction about the five interferograms is in Table 1. All the datasets are processed following the procedures introduced in Section 3.2, and the time series interferograms without ionospheric correction; thus, the time-series interferograms with ionospheric correction using SSM and RSSM were attained.



Figure 7 shows that five original interferograms are influenced by the ionospheric effects with peak distortions of several tens of centimeters (most server ionospheric distortions are seen in the 2007 dataset, where the ionospheric distortion led to ice-motion errors that can reach about 6.9 m/yr).



Applying ionospheric correction in five original interferograms using SSM and RSSM, we get the time series ionospheric phase (as shown in Supplementary Materials, Figures S1 and S2), and find that five interferograms have severe ionospheric effects in the research area. Moreover, the ionospheric distortion varies with spatial and temporal variations.



Applying the ionospheric phase correction to the original interferograms, we get the time-series, ionosphere-corrected interferograms using SSM (as shown in Supplementary Materials Figure S3), and the time-series, ionosphere-corrected interferograms using RSSM are shown in Figure 8. We can see that the remaining ice-motion signal after ionospheric correction in five interferograms shows a similar spatial pattern and similar magnitude, which suggests ice velocities were steady in the Grove Mountains area during 2007·2010.



To discuss the abilities of the ionospheric correction for the InSAR ice-motion measurements in the future, we compare the ionosphere-corrected ice velocity with MEaSUREs ice velocity. The MEaSUREs ice velocity over the entire continent of Antarctica used six SAR sensors (ALOS PALSAR, Envisat ASAR, ERS-1,ERS-2, RADARSAT-1 and RADARSAR-2) in the framework of the International Polar Year from 2007 to 2009, and its mosaic uses 1400 tracks representing more than 3000 orbits [10,14,48]. In addition, [16,42] illustrate that ice velocity does not have obvious interannual changes in the Grove Mountains. Therefore, the MEaSUREs ice velocity has been regarded as a reliable reference to show the abilities of the ionospheric correction for InSAR ice motion measurements. We extract a profile along the center of the swath (white line in Figure S3 in the Supplementary Materials and Figure 8) and plot the InSAR-based ice motion measurements without and with ionospheric correction using SSM and using RSSM for each multitemporal InSAR pair in Figure 9a–c. In addition, we also plot the MEaSUREs ice velocity in Figure 9.



Without the ionospheric correction, the InSAR-based measurements deviate significantly from the MEaSUREs ice velocity and vary with time and space. Maximum deviations reach up to 6.9 m/yr from 1 November 2007 to 19 December 2007, as shown in Figure 9a. Compared with Figure 9a, we find that the InSAR-based measurements with ionospheric correction using SSM (Figure 9b) and RSSM (Figure 9c) match nicely with the MEaSUREs ice velocity. This agreement demonstrates that the ionospheric correction for ice motion can improve the accuracy of the InSAR-based ice-motion measurements. We also see that the matching degree of ionosphere-corrected with RSSM and MEaSUREs is better than that of ionosphere-corrected with SSM and MEaSUREs.



In addition, we calculated the measurement biases between ice velocity MEaSUREs and InSAR-derived time series ice velocity at different periods. The statistical histogram of the difference between time series ice velocity data and MEaSUREs ice velocity is shown in Figure 10a–e. We also averaged the time-series ice velocity without ionospheric correction converted from Figure 7 and average time-series ice velocity with ionospheric correction using SSM converted from Figure S3 (Figure S3 in the Supplementary Materials) and average time-series ice velocity with ionospheric correction using RSSM converted from Figure 8. The statistical histogram of the biases between average ice velocity and MEaSUREs ice velocity is shown in Figure 10f. Figure 10a–e show that the most significant period of ionospheric correction is from 1 November 2007 to 19 December 2007, and the maximum drop is from 1.98 m/yr without correction to 0.26 m/yr with correction using SSM and 0.19 m/yr with correction using RSSM, corresponding to an 86.9% decrease in SSM and a 90.4% decrease in RSSM. Figure 10f shows that the standard deviation of the averaged ice velocity biases drops significantly after ionospheric correction was applied and that ionosphere-corrected InSAR ice velocity reduces biases relative to MEaSUREs, a drop from 0.66 m/yr without correction to 0.37 m/yr with correction using SSM and 0.32 m/yr with correction using RSSM, corresponding to a 43.9% decrease in SSM and a 51.5% decrease in RSSM.





6. Conclusions


A large number of ALOS PALSAR data covering Antarctica are available for free download, which greatly facilitates the use of InSAR ice-motion measurements in Antarctica, but the ionospheric effects restrain its abilities and development, especially in regions with slow ice motion. In this paper, we present the RSSM for the correction of ionospheric effects in SAR interferograms. Our study area, located in the Grove Mountains where ionospheric disturbances occur frequently, was used to demonstrate the ability of RSSM by comparing ice-motion measurements without and with ionospheric correction using SSM and RSSM. The results of the experiment show that SSM and RSSM can effectively correct the ionospheric effects of InSAR in Antarctica and increase the accuracy of ionosphere-corrected InSAR measurements.



Comparing GPS-based ice velocity, we find that the RMS of the difference between GPS and InSAR drop from 3.82 m/yr without ionospheric correction to 1.70 m/yr with ionospheric correction using SSM and 1.16 m/yr with ionospheric correction using RSSM. In addition, we compare ice velocity between InSAR and MEaSUREs. In all cases, we also find that ionospheric correction leads to significantly reduced biases and improves InSAR-based ice motion by a standard deviation reduction of 43.9% with the SSM and 51.5% with the RSSM. In summary, our study illustrates that RSSM is slightly better than SSM at correcting ionospheric effects from the InSAR-based ice motion in Antarctica.



Adding ionospheric correction to existing ice-motion approaches should be considered. Our study finds that ionospheric effects in ice-motion measurements can reach up to 6.9 m/yr in the Grove Mountain area. Those errors make ice-motion analysis from InSAR-based measurements more difficult. Hence, applying the ionospheric correction is of great importance to yield accurate ice-velocity information. Our future research will focus on the ionospheric correction of the C-band SAR interferogram (such as Sentinel-1A/B), which will reduce the ionospheric noise in ice-motion InSAR-based measurements in Antarctica.
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Figure 1. Comparison of the theoretical residuals between RSSM and SSM estimates of ionosphere ice motion. The X-axis is the interferometric coherence, while the Y-axis is the ice motion ionosphere residue. 
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Figure 2. The coverage and map projection of ALOS PALSAR images (a) and the location of the Grove Mountains area (b). The black rectangle in (b) shows the black box in (a). The red rectangle and red pentacle indicate the Grove Mountains areas and the Zhongshan station, respectively. 
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Figure 3. Data process of the ionospheric-phase estimation and correction for ALOS PALSAR. 
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Figure 4. ALOS PALSAR data ionospheric estimation result. (a) Ionospheric phase (wrapped) estimated using SSM. (b) Ionospheric phase (wrapped) estimated using RSSM. (c) The ionospheric-phase bias between SSM and RSSM. 
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Figure 5. ALOS PALSAR images’ ionospheric correction results. (a) Interferogram without ionospheric correction. (b) Interferogram with ionospheric correction using SSM. (c) Interferogram with ionospheric correction using RSSM. We can distinguish phases related to ice motion and the ionosphere from Figure 5a,b. 
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Figure 6. ALOS PALSAR images ionospheric correction result profile analysis. (a) Ionospheric-signal estimation using SSM (red dash curve) and ionospheric-signal estimation using RSSM (black dash curve) extracted from Figure 4a,b, respectively. (b) Ice velocity without ionospheric correction (green solid curve) and with ionospheric correction using SSM (red solid curve) and with ionospheric correction RSSM (black solid curve) extracted from Figure 5a–c, respectively. 
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Figure 7. Time-series SAR Interferograms without ionospheric correction in Antarctica. The five original interferograms correspond to the five acquisition times in Table 1. 
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Figure 8. The time-series interferograms with ionospheric correction using the RSSM in Antarctica. The five interferograms for the five acquisition times are shown in Table 1. 
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Figure 9. The time-series ice-velocity measurements profile analysis without ionospheric correction and with ionospheric correction using SSM and RSSM in Antarctica. (a–c): Reference ice velocity from MEaSUREs (gray) and InSAR-derived ice velocity measurements without ionospheric correction and with ionospheric correction using SSM and RSSM (other colors). 
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Figure 10. The statistical histogram of measurement biases between time-series ice velocity and MEaSUREs ice velocity; (a) between A1 and MEaSUREs; (b) between A2 and MEaSUREs; (c) between A3 and MEaSUREs; (d) betweenA4 and MEaSUREs; (e) between A5 and MEaSUREs; (f) between A6 and MEaSUREs. 
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Table 1. ALOS PALSAR data information of application on the experiment.






Table 1. ALOS PALSAR data information of application on the experiment.





	Experiment Area
	Track No.
	Frame
	Reference
	Secondary
	SLC Numbers
	Temporal Baseline





	Grove Mountains
	583
	5590–5650
	16 September 2007
	1 November 2007
	7
	46 days



	Grove Mountains
	583
	5590–5650
	1 November 2007
	17 December 2007
	7
	46 days



	Grove Mountains
	583
	5590–5650
	3 November 2008
	19 December 2008
	7
	46 days



	Grove Mountains
	583
	5590–5650
	24 September 2010
	9 November 2010
	7
	46 days



	Grove Mountains
	583
	5590–5650
	9 November 2010
	25 December 2010
	7
	46 days
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Table 2. Comparison of the mean and standard deviation of the ionospheric phase by SSM and RSSM.
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	Methods
	The Mean of the Ionospheric Phase Screen (Rad)
	The Standard Deviation of the Ionospheric-Phase Screen (Rad)





	SSM
	−23.5
	30.8



	RSSM
	−21.1
	28.2
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Table 3. Comparison between GPS measurements and ice velocity without ionospheric correction and with ionospheric correction using SSM and RSSM.
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Ice Velocity (m/yr)




	
Points

	
Latitude

	
Longitude

	
GPS

	
InSAR without Ionospheric Correction

	
Difference between GPS and InSAR

	
Ionospheric Correction InSAR Using SSM

	
Difference between GPS and SSM

	
Ionospheric Correction InSAR Using RSSM

	
Difference between GPS and RSSM






	
PLE1

	
72°51′02″

	
75°11′29″

	
3.54

	
6.51

	
−2.97

	
2.78

	
0.76

	
1.88

	
1.66




	
PLE2

	
72°52′41″

	
75°12′45″

	
1.11

	
5.01

	
−3.90

	
2.48

	
−1.37

	
1.57

	
−0.46




	
PLE3

	
72°51′10″

	
75°12′08″

	
0.62

	
4.85

	
−4.23

	
1.52

	
−0.90

	
1.09

	
−0.47




	
PLE4

	
72°50′10″

	
75°13′14″

	
5.98

	
8.99

	
−3.01

	
6.85

	
−0.87

	
5.45

	
0.53




	
PLE5

	
72°50′43″

	
75°14′31″

	
7.32

	
12.67

	
−5.35

	
9.72

	
−2.40

	
7.83

	
−0.51




	
PLE6

	
72°50′28″

	
75°11′05″

	
5.4

	
9.70

	
−4.30

	
7.69

	
−2.29

	
6.84

	
−1.44




	
PLE7

	
72°51′16″

	
75°15′02″

	
12.34

	
14.32

	
−1.98

	
10.08

	
2.26

	
10.04

	
2.30
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