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Long-term altimetry data are one of the major sources to analyze the change in global ice reserves. This study focuses on the elevation and volume changes in the Greenland ice sheet (GrIS) from 2010 to 2019 derived from altimetry observations. In this study, the methods for determining surface elevation change rates are discussed, and specific strategies are designed. A new elevation difference method is proposed for CryoSat-2 synthetic aperture interferometric (SARin) mode observations. Through validation with Airborne Topographic Mapper (ATM) data, this new method is proved to be effective for slope terrains at the margins of the ice sheet. Meanwhile, a surface fit method is applied for the flat interior of the ice sheet where low resolution mode (LRM) observations are provided. The results of elevation change rates in the GrIS from 2010 to 2019 are eventually calculated by combining CryoSat-2 and ATM observations. An elevation change rate of −11.83 ± 1.14 cm·a−1 is revealed, corresponding to a volume change rate of −200.22 ± 18.26 km3·a−1. The results are compared with the elevation changes determined by Ice, Cloud, and Land Elevation Satellite (ICESat) from 2003 to 2009. Our results show that the overall volume change rate in the GrIS slowed down by approximately 10% during the past decade, and that the main contributor of GrIS ice loss has shifted from the southeast coast to the west margin of the ice sheet.
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INTRODUCTION

The Greenland ice sheet (GrIS), the second largest one in the world, has been undergoing a significant ablation process (Shepherd et al., 2012; The IMBIE Team, 2019; Velicogna et al., 2020) and has become an important source of global sea level rise (Zwally et al., 2005; Gardner et al., 2013; Csatho et al., 2014). The total mass loss of the GrIS was about 3,800 ± 339 Gt·a−1 between 1992 and 2018, which caused a mean sea level rise of about 10.6 ± 0.9 mm (The IMBIE Team, 2019). According to the modeled prediction, the total sea-level rise caused by GrIS ablation will be 50–120 mm by 2100 (Church et al., 2013). These alarming facts put forward the requirement for large-scale and long-term monitoring of ice and snow melting events in the GrIS.

The precision and accuracy of airborne and field observations are good enough for mass balance research studies on single glaciers (e.g., Muhammad and Tian, 2016; Cao et al., 2017; Wang and Holland, 2018; Muhammad et al., 2019). However, the spatial and temporal coverage of these observations are not sufficient for large-scale ice sheet mass balance research studies. Satellite altimetry has been proved to be an effective method to study the changes in the GrIS. Both radar and laser altimeters have provided data for elevation change and mass loss monitoring of the GrIS (Thomas et al., 2008; Pritchard et al., 2009; Sørensen et al., 2011; Zwally et al., 2011; Khvorostovsky, 2012; Levinsen et al., 2015). CryoSat-2 is a new generation radar altimetry satellite launched by the European Space Agency (ESA), with a primary science objective of monitoring the changes in land and sea ice of the Earth (Nilsson et al., 2016). Based on datasets collected using CryoSat-2, researchers have made a lot of progress in this field. Helm et al. (2014) applied a threshold first-maximum retracker algorithm to CryoSat-2 Level-1b data, and found a mean volume loss of 375 ± 24 km3·a−1 between January 2011 and January 2014 for the GrIS. McMillan et al. (2016) applied a numerical deconvolution procedure to CryoSat-2 data to alleviate the impact of the 2012 melting event (Nilsson et al., 2015) and a mass loss of 269 ± 51 Gt·a−1 between January 2011 and December 2014 for the GrIS was found with an analysis of the combination of CryoSat-2 data and a RACMO2.3 model. Nilsson et al. (2016) applied a traditional threshold retracker algorithm to LRM data and a leading-edge maximum gradient retracker algorithm to SARin mode data, and found a volume loss of 289 ± 20 km3·a−1 between 2011 and 2015. By analyzing the implications of changing scattering properties on GrIS volume change, Simonsen and Sørensen (2017) found that the best results could be obtained when applying only the backscatter correction to the SARin area and only the leading edge width correction to the LRM area. They presented the result of a volume loss of 292 ± 38 km3·a−1 in the GrIS for the period of November 2010 to November 2014. Sørensen et al. (2018) also adopted CryoSat-2 data as an important source to build GrIS surface elevation change grids.

All the results of the studies mentioned above had shown a significant loss in volume/mass of the GrIS in the first 5 years of 2010s. However, recent studies have indicated a slowdown in GrIS mass loss rate since 2014 (Bevis et al., 2019; The IMBIE Team, 2019). Hence, it is meaningful to reevaluate the volume loss in the recent decade. Besides, although researchers have revealed reasonable results in the flat interior of the GrIS with CryoSat-2 data, the algorithm used for the ice sheet margins still needs to be improved to better cope with the impact of the slope terrains. In this study, a new elevation difference method for elevation change rate detection is proposed to acquire more reasonable results from the ice sheet margins. Then, the elevation change and volume loss in the GrIS for the period of 2010 to 2019 are determined with the combination of CryoSat-2 and ATM altimetry observations. Eventually, the results are analyzed using a drainage scale and compared with the volume loss from 2003 to 2009 calculated by Ice, Cloud, and Land Elevation Satellite (ICESat) observations.



ALTIMETRY DATA


CryoSat-2 Data

The CryoSat-2 radar altimetry mission, the first ice mission of ESA, was launched on April 8, 2010, and data collection started in July 2010. SAR interferometric radar altimeter (SIRAL), a new type of delay/Doppler radar altimeter, is the primary on-board instrument. It has three measurement modes that are specialized for different types of reflecting surfaces. It operates in two modes over the GrIS: conventional pulse limited radar altimetry mode (referred to as LRM), which is operated over the flat interior part, and SAR interferometric mode (referred to as SARin), which is operated over the complex steep terrains on the edge. From an altitude of about 717 km and reaching latitudes of 88°, CryoSat-2 provides dense observations over the entire GrIS. The full repeat cycle is 369 days with sub-cycles of around 30 days. Due to high temporal and spatial resolution in the GrIS, in this study, CryoSat-2 is the major source of data.

CryoSat-2 data products are classified into two levels and 23 types. All these products can be downloaded from the ftp server of ESA (ftp://science-pds.cryosat.esa.int/). In this study, the Level-2 GDR (Geophysical Data Record) Baseline-C product is employed. Only observations from the ice sheet, ice caps, and glaciers are required; hence a 1-km resolution Greenland surface type grid (Bamber et al., 2013) is used to discriminate CryoSat-2 data from ocean, ice-free land, and other surfaces. Observations obtained from 2010 to 2019 are used, and the number of observations for each 5-km grid is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Data distribution of CryoSat-2 LRM mode (Left) and SARin mode (Right). Different colors stand for the number of observations for each 5-km × 5-km grid.




Operation IceBridge Airborne Topographic Mapper Data

The Airborne Topographic Mapper (ATM) is a scanning laser altimeter used in the Operation IceBridge airborne mission operated by the National Aeronautics and Space Administration (NASA). It can measure surface elevation changes in the polar ice of the Earth. Combined with ATM data, the record of observations started by ICESat is extended, and multi-satellite altimetry measurements are linked. The mission has been operated every spring in Greenland since 1993. The ATM data provide a valid comparison for CryoSat-2 data, because laser altimeters generally have better accuracy than radar altimeters (Brenner et al., 2007). In this study, we use ATM observations for two purposes: to evaluate the elevation change estimation algorithm for CryoSat-2 measurements and to increase valid observations for GrIS elevation change rate determination. The ATM L4 data from 2010 to 2018, which are provided by National Snow and Ice Data Center (NSIDC) and contain surface elevation change rates derived from overlapping ATM observations, are used. Readers may refer to Studinger (2018) for further details about the ATM L4 product.



Ice, Cloud, and Land Elevation Satellite Data

The Ice, Cloud, and Land Elevation Satellite (ICESat) mission is the first low-Earth-orbit satellite with a specific laser altimeter onboard and is launched by NASA. It operated 18 33-day campaigns from 2003 to 2009 and provided important information for volume loss in the GrIS during that period. The elevation and volume changes in the GrIS between 2003 and 2009 are estimated using the ICESat data and compared with the results from between 2010 and 2019. In this study, the GLA12-release 34 products provided by NSIDC are used.




METHODS FOR ELEVATION CHANGE ESTIMATION


Elevation Difference Method for CryoSat-2 Synthetic Aperture Interferometric Mode and Airborne Topographic Mapper Data

In the existing studies, the surface fit method was widely used for surface elevation change determination from CryoSat-2 (Helm et al., 2014; McMillan et al., 2016; Nilsson et al., 2016; Simonsen and Sørensen, 2017; Sørensen et al., 2018). However, this method has limited accuracy on the margins of the ice sheet where undulating terrains appear (see section Validation for CryoSat-2 Derived Result for details). Therefore, an alternative method, referred to as the elevation difference method, is proposed to estimate the elevation change rates on the peripheries of the GrIS. This method eliminates spatially varying elevation differences before the elevation change rates are estimated, so that these two parts can be solved separately. Here, the elevation difference, ΔH(Δt), can be defined as
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where H(ti) and H(tj) are two elevation observations at exactly the same location obtained at different times ti and tj. Considering long-term and seasonal elevation changes, each elevation observation can be expressed as
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where dH/dt is the long-term elevation change rate, H0 is the reference elevation at reference time t0, and s1 and s2 are coefficients of the trigonometric functions used to fit the seasonal elevation change. For CryoSat-2 SARin observations, the impact of changing scattering properties of the ice sheet surface should also be considered, because changing snow penetration depth has a significant effect on radar altimetry observations (Slater et al., 2019; Otosaka et al., 2020). To alleviate this impact, a backscatter correction factor is applied following Simonsen and Sørensen (2017). Consequently, dBs in Equation (2) is the elevation variation caused by backscatter changes, Bs(t) is the surface backscatter at time (t), and [image: image] is the mean backscatter. Considering Equations (1) and (2), the elevation difference can be written as

[image: image]

In a small region, a consistent elevation change pattern is assumed (Nilsson et al., 2016), and long-term elevation change rate can be estimated by least squares estimation of Equation (3).

No slope corrections are considered in Equation (3), since elevation difference should be derived from observations at exactly the same position. Therefore, the derivation of elevation differences is crucial for this method. For SARin observations, the elevation difference determination is illustrated in Figure 2. Squares and black dots represent measurements from two adjacent SARin tracks, i and j, respectively. Note that the footprints of the SARin data are not necessarily located in a straight line like in conventional altimeters but may be more scattered. Then, the elevation difference is calculated as follows:


[image: Figure 2]
FIGURE 2. Illustration of the elevation difference method. Squares and black dots represent measurements from track i and track j, respectively. The gray circle shows the 300-m search window and the dashed polygon shows the boundary of the interpolation area.


a. For observations from track i, [image: image], measured at time (ti), the nearby observations from another track (e.g., track j) within 300 m from [image: image] (the gray circle in Figure 2) is selected for the next step, denoted as [image: image]. However, if there is less than three observations from track j within the 300-m radius search window, this track will be skipped, and observations from another nearby track will be checked.

b. At the exact same position of [image: image], an interpolated elevation at time (tj), denoted as Hint er(tj), can be obtained by bilinear interpolation of the observations selected from track j [e.g., [image: image]]. To ensure reliable accuracy, interpolation is only carried out when [image: image] is located inside the polygon formed by [image: image] (i.e., dashed lines in Figure 2).

c. The elevation difference measurement is determined as the difference of [image: image] and Hint er(tj):

[image: image]

The surface elevation change rate given in the ATM L4 data is simply determined by the division of elevation difference and time difference from overlapping ATM observations (Studinger, 2018). To make the spatial resolution and time span of the ATM data consistent with CryoSat-2, the elevation change rates from ATM L4 are recalculated using the elevation difference method. The elevation difference of each pair of overlapping observations can be restored:

[image: image]

where ΔHATM is the elevation difference, and ḢATM and ΔtATM are elevation change rate and time difference given in the ATM L4 product. Generally, no seasonal variations would be detected by ATM, because all the observations used in the L4 product were operated in spring. Snow penetration also does not need to be considered for laser altimeter like ATM. Hence, the average elevation change rate can be expressed as:

[image: image]

Equation (6) can be regarded as a special form of Equation (3). Finally, the surface elevation change rates are calculated in 5-km × 5-km grids following McMillan et al. (2016). In order to remove unreliable observations, the mean and standard deviation σ of residuals in each grid is calculated, and a 3σ iterative convergent edit is used.



Surface Fit Method for CryoSat-2 Low Resolution Mode Data

The surface fit method has been proved to be a better way for CryoSat-2 data than the crossover method used for conventional LRM observations (Nilsson et al., 2016). In this study, we apply this method for CryoSat-2 LRM data. The surface fit method is performed by fitting a linear model to the elevations as a function of time and space inside a relatively small area under the assumption that elevation changes are consistent in the area. In addition, a backscatter correction factor is applied to alleviate the impact of changing scattering properties of the ice sheet surface (Simonsen and Sørensen, 2017). Hence, CryoSat-2 measurements can be expressed as follows:

[image: image]

In Equation (7), the ground surface is fitted by the cubic polynomial, where a0 ~ a9 are coefficients, and (x,y) and (x0,y0) are coordinates of measurement and center of the calculation area, respectively. Other symbols have the same meaning as those in Equations (2)–(4). The parameters can be estimated by least squares estimation. Same as the elevation difference method, elevation changes are calculated in 5-km × 5-km grids, and the 3σ iterative convergent edit is used to remove the outliers.



Elevation Change Algorithms for Ice, Cloud, and Land Elevation Satellite

To estimate the 2003–2009 surface elevation change rate of the GrIS, a repeat track analysis similar to Zwally et al. (2011) is applied for the ICESat data from 17 campaigns (L2a–L2f, L3a–L3k). The repeated tracks were divided into 500-m segments. In each segment, a reference track is selected, and measurements are interpolated to equally spaced (172 m) reference points along each track. Then, the interpolated point [image: image] can be denoted as:

[image: image]

where H0 and t0 are elevation and observation time of the reference point, k is the surface slope at cross track direction, and Di is the cross track distance to the reference track. The rest of the characters are similar to those in Equation (2). Further details can be found in Zwally et al. (2011) and Chen and Zhang (2019). The equations are solved in each segment and then gridded into 5-km × 5-km grids by Kriging interpolation.




VALIDATION FOR CRYOSAT-2 DERIVED RESULT

While laser altimetry data have been proved to be reliable in the GrIS (Krabill et al., 2002; Brenner et al., 2007; Schenk and Csathó, 2012; Csatho et al., 2014; Brunt et al., 2017), the elevation change rates derived from the CryoSat-2 data should be verified, and the effectiveness of the new method adopted for the SARin-covered area should also be tested. In this section, the results of elevation changes derived from the CryoSat-2 data are compared with those from ATM for validation. For SARin observations, both the surface fit and elevation difference methods are investigated and compared. For LRM observations, the effectiveness of the surface fit method is tested. Since only the ATM L4 product between 2010 and 2018 is available online at the time of the study, the time range of CryoSat-2 observations used in this section is also limited from July 2010 to June 2018 to make the two datasets more comparable.

The results derived from ATM and CryoSat-2 are shown in Figure 3. Comparing the two methods used for the SARin-covered area (Figures 3c,d), similar trends are mostly found, while remarkable differences occur at the edge of the GrIS, especially over the southeast coastal region. Extensive positive elevation change rates are found using the surface-fit method in those areas, while moderate negative changes are found using the elevation difference method. However, a recent study that used the combination of Gravity Recovery and Climate Experiment (GRACE) satellite and surface mass balance data showed mass loss at the southeast margin of the GrIS (Wang et al., 2019), which is contradictory to the results of the surface fit method but consistent with those of the elevation difference method. Comparison with ATM also suggests that the elevation difference method is better than the surface fit method. The difference between elevation change rates derived from CryoSat-2 and ATM (defined as CryoSat-2—ATM) is shown in Figure 4. In the difference map of the surface-fit method and ATM (Figure 4a), the red spots at the margin of the GrIS indicate a serious underestimation of elevation decline for the CryoSat-2 result. In contrast, the difference between the elevation difference method and ATM (Figure 4b) shows much better results in general, and improvement in the southeast coastal area is quite obvious.


[image: Figure 3]
FIGURE 3. Elevation changes in 2010–2018 derived from (a) ATM L4 data, (b) CryoSat-2 LRM data, (c) CryoSat-2 SARin data calculated by the surface fit method, and (d) CryoSat-2 SARin data calculated by the elevation difference method.



[image: Figure 4]
FIGURE 4. Elevation change rate difference of (a) Figures 3a,b, (b) Figures 3a–c, and (c) Figures 3a–d.


For further discussion, the differences shown in Figure 4 are analyzed statistically. All the elevation change rate differences greater than ±10 m·a−1 are considered to be outliers. By this criterion, 470 outliers are removed for the surface fit method, and 69 are removed for elevation fitting. Since the two methods reveal similar results in the flat inland area but different results in the undulating marginal area, surface slope is further considered in statistics. Therefore, an ICESat-derived digital elevation model (DEM) of the GrIS (DiMarzio, 2007) provided by NSIDC is used to determine the surface slope in each grid. For the entire SARin-covered area, about 9,500 grids are compared with ATM for both methods. The differences between the results derived from SARin and ATM are classified according to the surface slope. The mean and standard deviation (SD) of the differences and the number of grids used for statistics in each surface slope category are shown in Table 1. Surface slope has a great impact on the surface fit method, but it has less effect on the elevation difference method. In flat areas with a surface slope of <0.2°, the two methods have almost the same mean difference of about 3 cm·a−1 compared to ATM, with a difference of only 0.1 mm·a−1. With the increase in surface slope, the average difference between the surface fit method and ATM increases rapidly and reaches 1.492 ± 3.639 m·a−1 when the surface slope is more than 1°. By comparison, the mean differences between the elevation difference method and ATM seem to be random with the increase in surface slope. The mean differences are generally centimeter-scale, except for the case when the surface slope is more than 1°, but the value of −0.359 is still considerably better than the case of the surface fit method. The new method also shows a lower standard deviation than that of the surface fit method in all surface slope classifications. While the elevation difference method reveals results similar to those of ATM in the entire area with an average difference of 0.017 ± 1.128 m·a−1, the surface fit method is not so reliable with an obvious bias of +25.24 cm·a−1 and a greater standard deviation of ±1.854 m·a−1. Generally, the results shown in Table 1 suggest that the elevation difference method is better than the surface fit method in determining the surface elevation change rate of areas with a high slope. We suggest that this discrepancy can be attributed to the different strategies used for topographic correction. The details are discussed in section Impact of Topography for the Surface Fit Method.


Table 1. Differences in ice sheet elevation changes obtained by CryoSat-2, SARin, and ATM observations.

[image: Table 1]

The results in Table 1 also show that the surface-fit method has little difference with the elevation difference method when the surface slope is low. Hence, only the surface fit method is used for LRM data, because LRM is only operated at the flat and smooth areas in the interior of the GrIS. The elevation changes derived from LRM are shown in Figure 3b, and their differences with ATM are shown in Figure 4a. Again, the grids with elevation change rate difference greater than ±10 m·a−1 are removed as outliers, and 3,485 grids remain for the comparison. The mean difference of the two data sets is 0.01 m·a−1, with a standard deviation of 0.878 m·a−1, which indicates that the results of the LRM process are reliable.



RESULTS


Greenland Ice Sheet Elevation Change Between 2010 and 2019

Although the elevation difference method generally shows reasonable results, a small proportion of biased grids in the SARin-covered area still exists and can be distinguished, as shown in Figure 4 (e.g., Jakobshavn Isbræ around 50°W, 69°N). Therefore, a further combination of the SARin and ATM data is adopted to improve the accuracy in the SARin-covered area based on the elevation difference method. For the LRM-covered area, the ATM data are not involved, because they are in good agreement with the LRM data. Hence, the results in this area are determined only by the LRM data with the surface fit method.

With the procedures mentioned above, the CryoSat-2 Level 2 product from July 2010 to July 2019 and the ATM L4 product from 2010 to 2018 are used for the final results. The elevation change rates are calculated in regular 5-km × 5-km grids. Grids with an root mean square (RMS) larger than 0.5 m·a−1 from least squares estimation are rejected as outliers. Considering the characteristics of elevation changes in the GrIS in recent decades (Nilsson et al., 2015), the grids with an elevation change rate either larger than +3 m·a−1 or smaller than −15 m·a−1 are also considered to be outliers. The blanks between altimetry tracks are filled by Kriging interpolation to cover the entire GrIS drainage systems given by Zwally et al. (2012). Following Nilsson et al. (2016), the uncertainty of the elevation change rate in each 5-km × 5-km grid is basically determined from the standard deviations of the differences between CryoSat-2 and ATM. However, different from Nilsson et al. (2016), the uncertainties used in this study are not only distinguished by observation modes (i.e., LRM and SARin) but also by surface slope according to the classification shown in Table 1. Our final result for the GrIS surface elevation change from 2010 to 2019 is given in Figure 5. The average elevation change rate for the entire GrIS is −11.83 ± 1.14 cm·a−1, equivalent to a volume loss of −200.22 ± 18.26 km3·a−1. The negative numbers indicate that the GrIS is still in a state of obvious mass loss as a whole after 2010. In Figure 5, the boundaries of eight drainage systems (DSs 1–8) and 19 sub-drainage systems (DSs 1.1–8.2), according to Zwally et al. (2012), are shown in gray lines, and the 2,000-m elevation contour line is also presented as the black solid line.


[image: Figure 5]
FIGURE 5. Distribution of elevation change rates in the Greenland ice sheet from 2010 to 2019. The black solid line is the 2,000-m elevation contour. The gray lines and the numbers show the boundaries and locations of different drainages.


As shown in Figure 5, relatively stable conditions from 2010 to 2019 can be seen in the interior of the GrIS (i.e., above 2,000 m elevation), and rapid elevation decline can be found on the margins of the ice sheet, especially at the northwest coast in DS 8.1, Jakobshavn Isbræ in DS7.1, and several large coastal outlet glaciers in DS3.3 and DS4. Extreme elevation changes below −10 m·a−1 occur in some grids at the regions mentioned above. Areas above 2,000 m had a slight rise in elevation with a change rate of +1.12 cm·a−1, equivalent to a volume change rate of +12.10 km3·a−1. Elevation and volume changes in each drainage system are shown in Table 2.


Table 2. Elevation and volume changes in each drainage system for different time periods.

[image: Table 2]



Greenland Ice Sheet Elevation Change Comparison: 2003–2009 vs. 2010–2019

To further understand the elevation and volume changes in the GrIS, the results from 2010 to 2019 obtained from CryoSat-2 and ATM data are compared with the results derived from ICESat between 2003 and 2009. The average volume loss rate derived from ICESat is −224 ± 15 km3·a−1, which is a comparable result compared with existing studies (Sørensen et al., 2011; Ewert et al., 2012). The results are shown in Figure 6. For simplicity of expression, the two periods will be mentioned as period I (2003–2009) and period II (2010–2019) hereafter. Figure 6b shows the difference between the results from the two periods (periods II and I). During the period I, the glaciers in southeast Greenland were undergoing severe volume loss (Howat et al., 2008), but moderate elevation changes were found during period II (see Figure 5). Negative values can be found during both periods in southwest coastal areas, while the speed of elevation decline had accelerated in Period II, indicating more serious deglaciation. This fact can be confirmed by the blue zones at the southwest part of the GrIS, as shown in Figure 6b. On the other hand, although negative elevation change rates appear in both periods, Figure 6b shows remarkable red zones in DS 3 and DS 4, indicating an obvious slowdown in the speed of glacier ablation in the east coastal region during period II compared with period I. Most areas in the interior GrIS have slightly negative values as well, indicating potential ablations in high elevation areas.


[image: Figure 6]
FIGURE 6. (a) Elevation change derived from ICESat (2003–2009) and (b) difference between (a) and Figure 5.


Elevation and volume change rates during the two periods in each single drainage and sub-drainage systems are given in Table 2. The volume loss during period II is −200.22 km3·a−1 for the entire GrIS, about 24 km3·a−1 less than the value during period I, showing a remission in snow and ice loss. For both periods, DS 8 showed a sustained severe volume loss of around −60 km3·a−1, which was the fastest among the eight drainage systems during Period I, and the second fastest during Period II. Considering a negligible difference of only 3.6 km3·a−1 for the two different periods, DS 8 is regarded to be the drainage system with the most serious glacier loss. The volume change rate in DS 5 of about −17 km3·a−1 does not seem to be conspicuous because of the small area of this drainage, but the elevation change rate of this drainage system is eye-catching. The values are over −32 cm·a−1 in DS 5 for both periods, which is the second fastest elevation change rate during period I and the fastest during period II. DS 4 has both fastest elevation and volume change rate among the ICESat derived results, but great alleviation of about +41.6 km3·a−1 in volume change rate occurred during Period II (−63.37 km3·a−1 for period I vs. −21.79 km3·a−1 for period II). DS 3 is undergoing similar changes as DS 4, where the variation of volume change rate over time is also over +40 km3·a−1 (−39.81 km3·a−1 for period I vs. +2.04 km3·a−1 for period II). Howat et al. (2008) reported astonishing volume losses in DSs 3 and 4 due to mass losses in numerous marine-terminating outlet glaciers along the coast. However, as shown in Figure 5, no obvious volume loss can be found in DSs 3 and 4, except for the two large glaciers, Kangerdlugssuaq in DS 3.3 and Helheim in DS 4.1. The elevation and volume change rates of four other drainages (DSs 1, 2, 6, and 7) are all lower during Period II than during Period I, indicating acceleration in volume loss (DSs 1, 6, and 7) or deceleration in volume growth (DS 2).




DISCUSSION


Impact of Penetration Depth of CryoSat-2 Radar Altimetry

Variation in penetration depth into the snow surface is a typical disadvantage of the application of CryoSat-2 in the GrIS. Previous research studies have shown that the penetration depth in a dry snow zone can achieve several meters (Slater et al., 2019) and that abrupt changes were shown when an extreme melting event occurs (Nilsson et al., 2015; Slater et al., 2019; Otosaka et al., 2020). Although the actual impact of penetration on elevation observations is greatly mitigated by retracking algorithms, it might still lead to a deviation from radar altimeter-derived elevation changes (Gray et al., 2019; Otosaka et al., 2020). To assess whether the CryoSat-2 derived elevation change is affected by radar penetration, the GrIS elevation change between 2010 and 2019 was further estimated by CryoSat-2 observations from four summer months (June, July, August, and September) and compared with the result of CryoSat-2 observations from all 12 months. The difference is shown in Figure 7. The elevation change estimated by summer observations is considered to be less affected by radar penetration, because radar returns are predominantly from the melted snow surface (Gray et al., 2019). If the snow penetration does have an obvious influence on the long-term elevation change estimation of the GrIS, the difference between the two results should be easily distinguished. However, no significant spatial pattern is shown in Figure 7, which means that the penetration has little impact on the estimation. The scattered random differences are more likely due to the reduced number of observations in the summer months. After removing the outliers by a 3σ edit, the average difference of the two results is −0.003 ± 0.323 m·a−1 for LRM and −0.003 ± 0.58 m·a−1 for SARin. The accordance between CryoSat-2 and ATM described in section Validation for CryoSat-2 Derived Result also suggests that reliable elevation changes can be captured by CryoSat-2. This result agrees with the conclusion of Slater et al. (2019) that the impact of snow penetration on derived elevation trend becomes negligible over a long time period.


[image: Figure 7]
FIGURE 7. Differences in elevation changes derived from CryoSat-2 summer (June to September) and all-year-round observations.




Impact of Topography for the Surface Fit Method

In general, the elevation change results in coastal regions are poorer than the interior because the precision and accuracy of radar altimetry observations are limited by surface slope. However, the surface fit method is much more affected by surface slope than the elevation difference method, as shown in Figure 3 and Table 1. Two sample 5-km × 5-km grids, located in 68°02′N, 33°48′W (referred to as sample grid 1) and 67°57′N, 50°00′W (referred to as sample grid 2) separately, were further investigated to find out why the surface fit method is so vulnerable to undulating terrains. Both grids are located on the margins of the GrIS and have a surface slope of over 1°. The distribution of observed elevations, simulated terrain according to Equation (7), the elevation residuals, and observation time are shown in Figure 8. For sample grid 1, it is shown that the cubic polynomial in Equation (7) failed to fit the actual topography properly, because obvious spatial patterns can still be seen in the residuals (Figure 8c). The results of sample grid 2 are even worse, because the simulated terrain (Figure 8f) is not similar to the observed terrain (Figure 8e) at all, and the residual will be absorbed into the time-related elevation changes. Then, we tested different surface fitting functions for the two sample grids, from plane fit (1st-order function) to 5th-order-surface fit, and the results are shown in Table 3, together with the results of the elevation difference method and ATM. Considering the deviation from the ATM results, the complexity of the fitting function used in the surface fit method has limited improvement. The reason for this crucial mistake happening is probably because the time-varying elevation changes and spatially varying elevation differences are hard to be separated in Equation (7) in complex terrains. However, in both sample grids, the elevation difference method has shown much better accordance with ATM. For the elevation difference method, the impact of topography is alleviated by spatial interpolation. Hence, the elevation change can be resolved separately with reliable performance. We also divided the two sample grids into 2.5-km × 2.5-km grids to find out if a smaller region can be beneficial to the surface fit method. For sample grid 1, the results of the four smaller grids are determined to be 0, 0.612, −0.598, and −0.307 m·a−1. For sample grid 2, the results are 5.057, 3.872, 0.414, and 2.921 m·a−1. All these results did not seem to be in accordance with ATM observations. In theory, a smaller region should be easier to be fitted by polynomial functions, but we did not test a much smaller grid size, because the number of observations would also be reduced.


[image: Figure 8]
FIGURE 8. Distribution of (a) observed elevations, (b) simulated elevations according to Equation (7), (c) residuals of simulated terrain, and (d) observation time from sample grid 1. (e–h) are same as (a–d) but from sample grid 2.



Table 3. Elevation change rates in the two sample grids calculated in different ways.
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Abrupt Deceleration in GrIS Deglaciation

Bevis et al. (2019) reported an abrupt slowdown in deglaciation, referred to as the “2013–2014 Pause,” during the period of 2013–2014 observed by the Greenland GPS Network and the GRACE satellite mission. The “Pause” was also confirmed by altimetry data. Since laser altimeters have several advantages compared with radar altimeters, the time series of ATM observations are used to study the “2013–2014 Pause.” As shown in Figures 9, 10, selected 5-km × 5-km grids from different drainages, named as grids a–j, generate their corresponding time series. For each grid, the elevation of 2010 is set to 0 as a reference, and the elevation difference from the ATM L4 product is used to obtain the relative elevation of the 2010 reference by the least-squares estimation. Linear trends are fitted for two stages: the pre-Pause stage from 2010 to 2013 and the post-Pause stage from 2013 to 2018. If the relative elevation of 2013 is missed because of the absence of ATM observation, the two stages are separated by the year 2014 instead. The resulting time series and linear trends are shown in Figure 9 for each grid.


[image: Figure 9]
FIGURE 9. Time series of elevation in selected grids (a–j) based on ATM observations. Black dots and dashed lines represent the time series in each selected grids. Black solid lines in each diagram show the elevation trend before and after the “Pause”.



[image: Figure 10]
FIGURE 10. Difference between averaged SMB of 2003–2009 and 2010–2019.


A clear slowdown can be seen by comparing the linear trends of the pre- and post-Pause stages in most of the selected grids, except for grids a and j in the northwest Greenland and grid f in the southern part, providing obvious evidence for the “2013–2014 Pause.” Results from grids c, d, and e (representing DSs 3 and 4) matched well with the values shown in Table 2 and show most evident alleviation in elevation decline. The linear trends for grids g, h, and i (representing DSs 6, 7, and the southern part of DS 8) also show alleviation in elevation decline, while the results shown in Table 2 indicate acceleration after 2010. This seeming contradiction reflects the fact that the volume loss in this area during 2010–2014 is far more serious than the situation during 2003–2009, so that the average change rate of 2010–2019 stays low even if deceleration happened after 2014. This conclusion can be confirmed by the volume change rate of −375 km3·a−1 during 2011–2014 derived from CryoSat-2 (Helm et al., 2014), which showed a considerable faster volume loss rate than the results of −224 km3·a−1 for 2003–2009 and −200 km3·a−1 for 2010–2019 given in this study. In general, grids a, g, h, i, and j, located in western Greenland, show stable trends during the post-Pause stage, while alternating elevation rise and fall take place in grids b, c, d, and e, located in the eastern part. Nevertheless, the “2013–2014 Pause” is obviously detected by ATM observations, and its effect was still continuing in 2018.



Reduced Glacier Mass Loss in Southeast GrIS

In the first decade of the twenty-first century, massive ice loss due to intensive marine-terminating outlet glaciers was found in southeast and northwest GrIS (Howat et al., 2008; Kjeldsen et al., 2013). The situation in the southeast coast shifted dramatically into a moderate elevation decline during the 2010–2019 period (see Figure 5 and Table 2). As the main contributor of GrIS mass loss in recent years (Zhang et al., 2019; Sasgen et al., 2020), SMB (surface mass balance) from the regional climate model RACMO2.3p2 (Noël et al., 2019) is considered for further discussion. Figure 10 shows the difference between the average SMB for periods I and II mentioned in section Greenland Ice Sheet Elevation Change Comparison: 2003–2009 vs. 2010–2019. For most of the areas, Figure 10 shows similar trends compared with Figure 6b. Discrepancies are obviously revealed in the southeast coastal region. While the elevation decline in Figure 6a shows apparent attenuation in the whole area, moderate enhancements in SMB are partially detected. This discrepancy indicates that the alleviation of elevation decline in the southeast part should be attributed to the reduction in dynamic ice loss of the marine-terminating outlet glaciers. Since the ice discharge from marine-terminating outlet glaciers is greatly affected by the ocean (Bevis et al., 2019; Khazendar et al., 2019), it is a proof that the impact of oceanic force on this area is weakening. However, the alternating elevation rise and fall in grids c, d, and e after 2012, shown in Figure 9, reflects the complexity of the mixed impact of the oceanic and atmospheric forces. Once the oceanic force was recovered, the volume loss in the southeast part might be intense again.




CONCLUSIONS

One of the most important objectives of this study is to determine the elevation and volume change rates in the GrIS during the 2010–2019 period from altimetry data. The method of surface elevation change rate determination with CryoSat-2 data is discussed. The surface fit method is selected for LRM data, and an elevation difference method is proposed for the SARin data. Through validation with ATM data, the elevation difference method has obvious advantages in constraining the impact of undulating terrains at the margins of the ice sheet. The final result of 2010–2019 GrIS elevation changes is derived from the combination of CryoSat-2 and ATM data to achieve better accuracy. The average elevation and volume change rates are −11.83 ± 1.14 cm·a−1 and −200.22 ± 18.26 km3·a−1, respectively.

Another objective of this study is to compare the elevation/volume change in the GrIS for the 2010–2019 period with the results from the 2003–2009 period to investigate the trend in deglaciation in recent years. The result of −224 ± 15 km3·a−1 derived from ICES at laser altimetry for 2003–2009 was about 10% faster than the result from CryoSat-2 and ATM. This comparison indicated alleviation in volume loss during 2010–2019. The elevation decline in the southeast coast of the GrIS has a considerably large scale of recovery, while the situation of volume loss in the west margin is getting worse. This phenomenon indicates that the impact of the ocean on the GrIS has been weakened, and that the major source of deglaciation is transferring from the southeast coast to the west margin of the ice sheet.

Further analysis was carried out for the time series of ATM data for selected representative grids in each drainage system. The results clearly demonstrate the “2013–2014 Pause” reported by Bevis et al. (2019), and its effect did not seem to end by 2018. However, the “Pause” had different effects on different regions according to the ATM time series. In general, the west margin of the GrIS had shown stable trends after the “Pause,” while complex variations had appeared on the eastern coast.

The elevation and volume changes in the GrIS in recent years seem to be complex, and further research studies are necessary for investigating the ice loss in different drainages and time periods. Better accuracy of altimetry data is, thus, required. The CryoSat-2 Level-2 GDR data used in this study still suffer from several problems, e.g., scattering properties of the reflecting surface, phase ambiguities in the SARin data (Abulaitijiang et al., 2015), and poor accuracy in slope terrains. These problems are expected to be partly or mostly solved by adopting specialized retracking algorithms and phase ambiguity corrections on the basis of Level-1b data. In addition, the incorporation of observations from new generation altimetry missions (e.g., ICESat-2) can improve the results as well. The study on new data processing and strategy for joint calculation from multi-source data is still undergoing.
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