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Abstract: The waveform retracking algorithm is a key factor that affects the accuracy of elevation
change from satellite altimetry over an ice sheet. The elevation change results from four waveform
retracker algorithms (ICE1/ICE2/Sea Ice/OCEAN) provided by the Satellite with ARgos and ALtiKa
(SARAL/ALtiKa) data were compared using repeated SARAL data between March 2013 and April
2016 to determine the optimal retracker in the crossovers of descending and ascending orbits over a
Greenland ice sheet (GrIS). The ICE1 provided slightly better results than the three other algorithms
with the lowest standard deviation (SD) of 0.30 m year’l. Further comparison was also conducted
between the Satellite with ARgos and ALtiKa (SARAL) and Operation ICEBridge laser data, thereby
indicating that ICE1 was the best retracker with an Root Mean Square Error (RMSE) of 0.43 m year .
The distribution of elevation change rate and uncertainties over Greenland from SARAL were
presented using the selected ICE1 retracker with a volume loss of 40 + 12 km? year~!. This volume
loss did not include the fast-changing coastal areas of the GrlIS. A large thinning was observed in
Jakobshavn Isbrae, and a trend that extended far inland was also found from 2013-2016. Furthermore,
a melting ice sheet was observed in the large areas northwest over the GrIS.
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1. Introduction

The mass balance of the Greenland ice sheet (GrIS) is an important factor in estimating the rate of
increase of global sea levels. The complete melting of the GrIS could increase the global sea level by
7 m, and the state of the GrIS is critical to the survival of humanity [1,2]. Typically, the mass balance
of the GrIS is modelled by combining surface mass balance (SMB) from a climate model and ice flux
across ice grounding lines from interferometry and other measurements. Such GrIS SMB models may
undergo model uncertainties and the inter-annual mass variations of GrIS [3,4]. Currently, the Gravity
Recovery and Climate Experiment (GRACE) is the satellite gravimetric mission for GrIS mass balance
estimates [5]. GRACE has become a standard tool for monitoring the mass balance of ice sheets since
2002 [6-8]. However, GRACE-based estimations of the mass balance of Greenland typically have
spatial resolutions of approximately 300 km and can be further degraded by its systematic errors such
as north-south stripes, data noises and errors introduced by the uncertainties of models that represent
temporal gravity effects.

Mass balance can also be derived from elevation measurements observed by altimetry missions
such as ERS-1, ERS-2, Envisat, ICESat, CryoSat-2 and SARAL. Mass change derived by satellite
altimetry characterizes a higher spatial resolution than that observed by GRACE [9,10]. However,
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issues such as snow surface penetration and steep terrain in estimating elevation change from
satellite altimetry have been acknowledged since the first altimetry mission. The waveform retracking
algorithm is an effective approach that tracks the actual surface to reduce the influence of surface
penetration and topography [11]. Thus, selecting an appropriate waveform retracker is a key factor in
estimating elevation change over the GrIS.

Several approaches based on altimetry data have been used in estimating elevation change.
For example, the digital elevation model (DEM) time series [10,12-14], crossover locations [15] and
repeat-track (RT) methods [16-18] have been used over ice sheets. Every method of estimating the
rate of elevation change can be successfully applied to altimetry data. The DEM time series method
demonstrates a high efficiency in computation time to derive the rate of elevation change; however,
the accuracy of the elevation change rate is insufficient [13]. The crossover location method exhibits
high accuracy; however, the high resolution of this method remains a huge challenge. The RT method
is currently considered a favorable method for estimating the rate of elevation change because the rare
exactly repeated measurements, which can use all available data to provide an elevation change map
with a high resolution, are overcome. Thus, the RT method was used in this study.

The Satellite with ARgos and ALtiKa (SARAL/ALtiKa), which was jointly developed by the
French National Space Research Centre and the Indian Space Research Organization, was launched in
2013 as a follow-on mission to the mission of Envisat European Space Agency (ESA). SARAL/ALLtiKa
is the first mission-carried ALtiKa altimeter with the Ka-band (35.75 GHz). The high frequency
of the Ka-band has the strength of a radar signal, but is less affected by snow surface penetration.
This capability of the Ka-band is a significant improvement when compared with other radar altimeters
for snow surface penetration and enables accurate observations over the GrlIS [19]. Thus, the elevation
change from SARAL data might have a better performance over the GrIS. However, the accuracy and
performance in estimating the elevation change derived from SARAL are unknown.

This study aimed to evaluate the accuracy of the elevation change from four waveform retracker
algorithms. The results in the crossovers of descending and ascending orbits over GrIS were compared.
Subsequently, a further comparison with ICEBridge results was also conducted. Furthermore,
this study aimed to investigate the elevation change of the GrIS derived from SARAL. The results of
elevation change from the Ka-band of SARAL/ALtiKa were compared with results from the Ku-band
of CryoSat-2 and Envisat.

2. Data and Method

2.1. SARAL Data

SARAL has an orbit inclination of 98.55° and a 35-day repeat period. The mono-frequency
Ka-band radar altimeter is the main part of the ALtiKa instrument, which can be used for a negligible
or small ionosphere correction at such high frequencies. Simultaneously, snow surface penetration is
also reduced. The other advantage of ALtiKa is a reduced antenna beam width and radar footprint.
For example, the beam width of the Ka-band is 0.6°, thereby resulting in a rapid attenuation of radar
return signal power after reaching the peak. Moreover, the pulse limit of the Ka-band footprint is
approximately 1.4 km in radius when compared with 1.7 km of the Ku-band, which can reduce the
influence of terrain [20]. Furthermore, the enhanced bandwidth of SARAL with 500 MHz leads to a
high vertical resolution [21].

The SARAL data center provides three types of data products, namely the operational geophysical
data record (OGDR), the interim geophysical data record (IGDR) and the geophysical data record
(GDR). The GDR product, which covered the period from March 2013—-April 2016 over the GrIS was
used in this study. The GDR product mainly includes the time of measurement, the range from the
satellite to surface of the Earth reflection, altitude of the satellite, waveform data and geophysical
corrections. Pre-processing of the data was conducted through the quality flags provided in the GDR
data. The elevation of the surface of the Earth from four waveform retracker algorithms, namely, ICE1,
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ICE2, Sea Ice and OCEAN, was provided by SARAL data [21]. Subsequently, the elevation of the
surface of the Earth was rectified by geophysical corrections such as wet troposphere, dry troposphere,
ionosphere and sea state bias correction.

2.2. Operation ICEBridge Surface Elevation Change Data

The NASA Operation ICEBridge (OIB) mission has been collecting airborne remote sensing
measurements to bridge the gap between ICESat and the upcoming ICESat-2 missions since 2009.
Airborne remote sensing measurements operate in Greenland between April and May every year.
The airborne payload is the laser altimeter. The airborne tracks are separated by a distance of 40 m
and a scan bandwidth of 80 m. The OIB airborne topographic mapper (ATM) L4 data are obtained
from repeated flight observations. The observations are located at the crossovers of two flight paths
or along a flight line that has been flown before [22,23]. For simplicity, the area of overlap is a square
with sides equal to the width of the ATM swath (i.e., 240 m x 240 m square) for the perpendicular
crossing, or a regular interval, which is typically 0.5 s of flight, thereby corresponding to 60-m spacing
at a nominal 120-m/s flight velocity (i.e., 60 m x 240 m). A mean elevation change estimate within
each of the overlapping regions is provided based on the point-to-point differences between the two
flights using a maximum distance of 2.5 m. An elevation change estimate can be found only when the
number of point-to-point differences (typically more than 500) is sufficient. Martin reported a vertical
point-to-point accuracy of 3 cm and a standard deviation (SD) of 2.8 cm year~! of the L4 elevation
change [24]. The elevation changes from the L4 data from 2013-2015 were used to validate the accuracy
of elevation change derived from the SARAL data in this study.

2.3. Algorithm for the Elevation Change Estimation from the SARAL Data

The repeat-track (RT) method was used to estimate the rates of elevation change along the SARAL
ground track with a resolution of 1000 m. The least-squares regression was performed in the RT
method as presented by Flament and Rémy [25] and Legrésy et al. [26]. The seasonal signals were also
considered in the model [14,17]. The ground tracks were revisited by the satellite at approximately
35 days and within #1000 m of the reference track at the Equator. The rate of elevation change for bins
spaced at approximately 1000 m along the ground tracks of the satellite was selected for calculation.
A bin is a circular area with a given radius, centered at a location along the selected reference track of
the satellite. The measurements of elevation from repeated cycles within a given bin were least-square
fitted to the space and time function. The elevation change rate was estimated for all the data in 1000-m
along-track segments of the satellite track by the RT method. According to the odd and even pass
numbers [21], the results of the ascending and descending orbit were extracted from the results of the
elevation change rate. The processing scheme is illustrated in Figure 1.

Following [17], the rate of elevation change was estimated. The ranges between the satellite
and reflection of the surface of the Earth were corrected based on the different waveform retracking
algorithms provided by the SARAL data. Subsequently, the elevations of the reflection of the surface
of the Earth were derived as the altitude of the satellite minus the range. Every elevation measurement
of the along-track segments of the satellite track in a bin was used to estimate the rate of elevation
change. Measurements were conducted five times repeatedly based on the models to estimate the rate
of elevation change and investigate the performance of various waveform retrackers.

A least-square regression was used to estimate the parameters [14,17]. The first-round estimated
parameters used all of the elevation measurements. The residuals of the measurements and the o of
the residuals were computed. The 30 outlier rejection was applied subsequently to remove anomalous
elevations. If a residual vg was three-times larger than its o, then the corresponding measurement

H{ was rejected and the next-round parameter estimation was performed. This step was conducted
repeatedly until no further observations were rejected. To constrain each solution, 18 distinct epochs
were needed to estimate the parameters. The estimation for a bin where more than 100 data points
were available for the fitting procedure after the outlier rejection was provided [27,28]. The minimum
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and maximum percentage of outliers were found to be 1.83% for the ICE2 retracker and 3.35% for the
OCEAN retracker, respectively. The percentage of outliers was 1.98% for the ICE1 retracker.

SARAL Data

'

Eliminate the data of Ice Shelf Area in Greenland

!

SGDR(Sensor Geophysical Data Record) Pre-processing
(Data flag, Range correction, Retracking)

\ 4

Search data along-track in a bin
(radius <1000 m)

)

Least-squares solution |«

I

Calculate the residual and standard deviation

Eliminate Outliers
(Abs(Residual)>3*(SD))

(Abs(Residual)) <3*(SD)
Num ber of point in a bin >100

Final elevation change rate over GrIS

Figure 1. Sketch of the processing scheme to derive elevation change from SARAL over the Greenland
ice sheet (GrIS). To constrain each solution, 30, 18 distinct epochs and more than 100 points are needed
to estimate the parameters in the least-squares regression.

The uncertainties of elevation change were inferred by solving the rate of elevation change that
was derived from the least-square fit [29]. The calculation steps of the uncertainties of elevation change
rate were as follows. The residuals between the observations and fitted values were estimated based the
formulation of Huang et al. [17]. The mean square of weight was inferred from the residuals. The final
co-factor matrix of the relevant parameters was also estimated using the law of error propagation.

3. Results

3.1. Crossover Analysis of SARAL

In the same time span from March 2013-April 2016, the elevation change rate of crossovers from
ascending and descending orbit should be nearly the same. Thus, the elevation change rate differences
at crossovers can reflect the accuracy of SARAL. The rate differences were estimated over the GrIS
from 2013-2016. The calculation included five steps: (i) the elevation change rates were estimated by
the RT method along-track for all orbits; (ii) the results of elevation change rate for ascending and
descending orbits were extracted from results for all orbits; (iii) quadratic polynomials were fitted to
derive the approximate location of crossover for the ascending and descending orbits; (iv) the precise
location of the crossover was estimated by iteration of (ii) and (iii); and (v) the elevation change rate
differences of the crossovers were calculated [30].
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The statistics of the elevation change rate differences are displayed in Table 1. The SD of the
differences from raw SARAL data was 0.470 m year~! and ranged from 0.303 m year~!-0.365 m year~!
for the four retrackers. Of all the retrackers, the ICE1 retracker exhibited the optimal performance with
the lowest SD of 0.303 m year~! and the most crossover point numbers of 6595. This result may be due
to the applied relocation of the radar return from the ICE1 retracker. Thus, the results from the ICE1
retracker and raw data are discussed as follows.

Table 1. Summary of the differences in the crossovers of descending and ascending orbits from SARAL.
For each of waveform retracking algorithm, the bias and SD (standard deviation) of differences in the
crossovers are given. The minimum values are highlighted in bold.

Bias SD
(m year—1) (m year— 1) Numbers
Raw —0.018 0.470 6535
ICE1 —0.015 0.303 6595
ICE2 —0.047 0.314 6585
Sea Ice —0.019 0.348 6548
OCEAN —0.004 0.365 6515

Figure 2 depicts the elevation change rate differences at the crossovers for the raw and ICE1
retracker data of SARAL. The large residuals in the interior of the GrIS can be observed in Figure 2a.
In the interior of the GrIS, the rate differences for the ICE1 waveform retracker were significantly
improved, as presented in Figure 2b. However, large differences in the margin regions for the ICE1
retracker were still observed, as demonstrated in Figure 2b. Numerous gaps were observed in the
coastal areas of the GrlIS in Figure 2.

D Ly %
(m/yr) (m/yr)

0.6 0.6
75 75

0.3 0.3
70¢ 70°

0.0 0.0
6s° o3 & -03
60°| —06 60° -06

(a) Raw (b) ICE1

Figure 2. Elevation change differences in the crossovers of descending and ascending orbits from
SARAL. (a) The differences of rate in the crossovers from SARAL without waveform retracking (raw).
(b) The differences of rate in the crossovers from SARAL with the ICE1 retracker algorithm.
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The high surface slope might be an important reason for explaining the rate differences in the
margins of GrlS. Figure 3 illustrates the surface slope of the GrIS derived from the ICESat DEM [31].
A significant influence on the return waveform given by the surface slope was recognized [32]. A radar
signal will be reflected from the closest point to the satellite and not from a nadir within the footprint
of the satellite [33]. Moreover, the return waveform will be complicated in these steep regions and
might result in errors in observations. Figure 4 plots the statistics of the comparison in the crossovers
as a function of surface slope. The numbers of crossovers decreased with an increase of the surface
slope, which was observed in Figure 4 (marked in black asterisks). In Figure 4, the bias in the absolute
value of crossovers, which is marked in red for raw and in cyan for the ICE1 retracker, increased
with the increase of the slope. This suggests that the slope of the terrain plays an important role in
estimating elevation change rates. The gap observed in the coastal areas of the GrIS in Figure 2 might
also be interpreted by the influence of topography. The radar mission on SARAL might lose track
when the satellite moves from ocean to land, thus leading to few points of the rate in the coastal area
of Greenland. Thus, the elevation change rate in the coastal areas of Greenland could not provide an
efficient solution based on several current waveform retracker algorithms.
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Figure 3. Surface slope of the GrIS derived from the ICESat digital elevation change model (DEM) [31].
The boundary between the Synthetic Aperture Radar Interferometric (SARIn) and Low Resolution
Mode (LRM) regions is marked in red based on the division of CryoSat-2 [34]. ZI: Zacharias Isstromen;
KG: Kangerlussuaq Glacier; S: Storstrommen.

In the interior of Greenland, determining the relocation of the radar return might be an important
reason for reducing the rate differences in this area. A remarkable performance with a low surface
slope for the ICE1 waveform retracker was found. Figure 3 displays the low surface slope in the
interior of Greenland. In Figure 4a,b, the absolute value of bias for the ICE1 retracker (marked in cyan)
had smaller values than the results in the raw data of SARAL (marked in red). The bias for slopes
that were less than 0.4° was less than 0.3 m year~! for the ICE1 retracker data of SARAL. The bias in
absolute value for raw data was much higher in the slopes that were greater than 0.4° than the results
in the ICE1 retracker. Moreover, the ICE1 retracker clearly provided less biased estimates of elevation
change. Only small differences were observed with the ICE1 waveform retracker in the interior over
the GrIS in Figure 2b. Thus, the ICE1 waveform retracker had a favorable performance in significantly
reducing the differences in the low surface slope of the GrIS.
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Figure 4. Statistics of the comparison in the crossovers as a function of surface slope marked in red
for SARAL data with the ICE1 retracker and in cyan for SARAL data without waveform retracking.
Statistics of the differences between SARAL and ICEBridge data as a function of surface slope marked
in blue. Bias (a) and RMSE (b) in the slope interval of 0.1°. The black asterisks show the number of
crossover points of SARAL data with the ICE1 retracker.

3.2. Accuracy Analysis of Elevation Change Derived from SARAL with Different Waveform Retrackers

The elevation change rate derived from the SARAL data for different waveform retrackers was
also validated against the OIB ATM L4 data. Crossover analysis was unsuitable given the irregular
measurements of the ICEBridge in space [32]. The rate of elevation change had a higher spatial
resolution from SARAL than from ICEBridge. The OIB ATM L4 data point, as a reference point,
was directly compared with points from SARAL. The detailed steps of the approach are as follows.
An arbitrary ATM L4 data point was selected as a reference point. Subsequently, the points of elevation
change rate derived from SARAL were compared with the OIB ATM L4 data points within a 500-m
radius [23]. The final rate differences were estimated between the OIB L4 data and point of SARAL.
The elevation change from the SARAL data was divided into two corresponding regions based on
the division of CryoSat-2 [34] to further analyze the influence of the topography of different surface
slopes. Different surface slopes represented different regions of Low Resolution Mode (LRM) and
Synthetic Aperture Radar Interferometric (SARIn). The boundaries of the two regions marked in red
are depicted in Figure 3. The statistics of elevation change differences between SARAL and ICEBridge
are listed in Table 2.
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Table 2. Comparison between SARAL and ICEBridge (airborne topographic mapper (ATM) L4 data).
For each waveform retracking algorithm, the bias and RMSE of the differences between the SARAL
and ATM L4 data are given. The minimum values are highlighted in bold.

All SARIn LRM
Bias RMSE Bias RMSE Bias RMSE
(myear—!) (myear—?) Number (myear~!) (myear—?) Number (myear~!)  (myear—') Number
Raw 0.18 0.60 13363 0.18 0.67 7291 0.18 0.50 6072
ICE1 0.11 0.43 13604 0.12 0.47 7344 0.10 0.38 6260
ICE2 0.18 0.50 13632 0.22 0.55 7455 0.12 0.41 6177
Sea Ice 0.11 0.46 13516 0.11 0.53 7300 0.11 0.37 6216
OCEAN 0.11 0.49 13417 0.12 0.55 7164 0.10 0.42 6253

All elevation change rate differences are presented as ICEBridge minus SARAL in Table 2.
The RMSE of elevation change rate differences ranged from 0.43-0.50 m year ! between the retracked
data from SARAL and the OIB L4 data. The RMSE of the rate differences between raw SARAL and
OIB L4 data was approximately 0.60 m year~!. The accuracy of the rate differences for retracked data
was better than the results for the raw SARAL data. Over the entire GrIS, of all the retrackers, the ICE1
retracker demonstrated the optimal performance with the lowest RMSE of 0.43 m year~! and lowest
bias of 0.11 m year~!. The RMSE of the rate differences for the ICE1 retracker had been improved from
0.60 m year!-0.43 m year ! for the raw data, thereby yielding an improvement percentage (IMP) of
28%. IMP is the ratio between the RMSE of the raw and retracked rate differences and the RMSE of the
raw rate differences [17]. The IMP suggests that waveform retracking can reduce the rate differences
between the SARAL and OIB L4 data effectively. Moreover, the ICE1 retracker provided slightly better
results than the other three waveform retrackers. The rate differences between the SARAL and OIB L4
data were easily amplified by the complicated topography as the return waveform was easily affected
by the terrain. This phenomenon suggests that the RMSE of rate differences in different surface slopes
might not be the lowest when the same waveform retracker was used.

In the SARIn regions that fell outside the area marked in red (Figure 3), the RMSE of rate
differences between the raw SARAL and OIB L4 data was approximately 0.67 m year~!. The RMSE
of rate differences after the ICE1 retracker was improved from 0.67 m year~!-0.47 m year~!, thereby
yielding an IMP of 30%. The comparison in Table 2 suggests that the ICE1 waveform retracker
provided slightly better results than the three other retrackers in the SARIn regions. In the LRM
regions that fell within the region marked in red (Figure 3), the RMSE of the rate differences for the
raw SARAL data was approximately 0.50 m year~!. The comparison in Table 2 also suggests that
the Sea Ice waveform retracker provided slightly better results than the three other retrackers in the
LRM regions. The RMSE of rate differences after applying the Sea Ice retracker was improved from
0.50 m year!-0.37 m year~!, thus yielding an IMP of 26%. Furthermore, the retracked rate differences
in the LRM regions improved by approximately 25% over the rate differences in the SARIn regions.
This result indicates that the retracked rate differences were more accurate in the LRM areas than in
the SARIn areas. The performance after applying the ICE1 retracker was acceptable in these LRM
areas with an RMSE of 0.38 m year~!. The aforementioned comparisons (Table 2) denoted that the
ICE1 waveform retracker was the optimal retracker among the four retrackers over the entire GrIS.
We focused on the elevation change rate after applying the ICE1 retracker to infer several possible
causes for the differences between the two missions.

4. Discussion

In this study, the differences between SARAL and ICEBridge were discussed. Figure 5a
demonstrates the rate differences between the OIB L4 and SARAL data with the ICE1 retracker.
Considerable differences were found in the Northeast Greenland Ice Stream. The influence of
topography with high surface slope might be an important cause of the differences. Figure 4 exhibits
the statistics of the differences between the SARAL and ICEBridge data as a function of surface slope
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(marked in blue). Figure 4a shows the bias of the differences between SARAL and ICEBridge with an
interval of 0.1°. The bias in absolute values increased with the surface slope increase. Furthermore,
Figure 4b shows that the RMSE of differences also had a higher value with the increase in slope.
This result indicates that a high surface slope could result in poor accuracy in the rate differences.
Another possible reason for the rate differences might be the influence of distance from the central
point of ICEBridge to the measurement point of SARAL. However, no correlation was found between
the bias and the point separation. Thus, the influence of the distance threshold could be disregarded.
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Figure 5. Elevation changes differences between the OIB ATM L4 data and SARAL and CryoSat-2 for
2013-2015. (a) The comparison between OIB ATM L4 data and SARAL. (b) The comparison between
ATM L4 data and CryoSat-2.

In this study, we also estimated the mean elevation change rate derived from CryoSat-2 for
2013-2015, according to the method used by Simonsen et al. [23]. In the same period from 2013-2015,
the results of rate from CryoSat-2 data were used as a comparison for our results from SARAL. The rate
differences between CryoSat-2 and ICEBridge are presented in Figure 5b. Over the whole of Greenland,
the rate differences between CryoSat-2 and ICEBridge were estimated with a bias of 0.14 m year !
and RMSE of 0.28 m year~!. Results showed that the rate differences between SARAL and ICEBridge
with a bias of 0.11 m year~! were slightly better than the bias of 0.14 m year~! between CryoSat-2 and
ICEBridge. The RMSE of rate differences of 0.43 m year ! between SARAL and ICEBridge was slightly
worse than the RMSE of 0.28 m year ! between CryoSat-2 and ICEBridge. Similar statistics were
also observed in the LRM region of Greenland. The rate differences between SARAL and ICEBridge
with a bias of 0.10 m year~! and RMSE of 0.38 m year—! were used as a comparison for the rate
differences between CryoSat-2 and ICEBridge with a bias of 0.15 m year~! and RMSE of 0.23 m year !
The different abilities of snow surface penetration between the Ka-band and Ku-band might be an
important reason for the results of different RMSE. The depth of snow surface penetration of the
Ka-band is smaller than the Ku-band. The elevation change derived from SARAL was closer to
the surface of the ice sheet when compared with the results from CryoSat-2. Meanwhile, SARAL is
more subject to weather variability, as Ku-band radars may not see light snowfall events, which are
observed by SARAL and ICEBridge. Another possible reason for the results of RMSE is the different
orbit densities. The density of CryoSat-2 orbit was much higher than the density of the SARAL orbit.
From the result of bias, the Ka-band of SARAL had a better performance than CryoSat-2. This might
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suggest that the elevation change rate derived from the Ka-band was a closer reflection of the snow
surface change rate than the Ku-band.

The distribution of elevation change derived from the SARAL data acquired from March
2013-April 2016 over the GrlS is exhibited in Figure 6a. The rates of elevation change over the GrIS were
estimated from the SARAL data retracked using the ICE1 retracker through the RT method. A clear
pattern of thinning (blue) along the margins of Greenland can be observed in Figure 6a. Only a few
variations or nearly no change in the interior of the GrIS is depicted in Figure 6a. The pattern generally
agreed with the findings inferred from Envisat, ICESat and CryoSat-2 [12,18,23,35,36]. The strong
thinning in Jakobshavn Isbrae on the west coast of Greenland was the most prominent and extended far
inland. This phenomenon was observed by CryoSat-2 and ICESat [12,14,18,36], thereby presenting the
recently large elevation loss in the area of the major outlet glaciers. Kangerlussuaq Glacier (Figures 3
and 6a) is another outlet glacier with large thinning. In the Zacharias Isstromen (Figure 3), the outlet
glacier of the Northeastern GrlIS presents a high rate of elevation loss. The trend of thinning in
this region extended to approximately 150 km upstream of the Northeast Greenland Ice Stream.
The pattern of pronounced thinning was only observed by the CryoSat-2 data [36]. This pattern
represented the increase in the speed of Zacharias Isstremen. Thickening was the most evident
near Storstremmen in the Northeastern GrIS. This phenomenon was consistent with an on-going
dynamic response to the identified surge and was previously found based on the ICESat and CryoSat-2
data [12,23,35]. Simonsen previously reported that a slight thickening was also found inland of East
Greenland (approximately 75°N) [23]. SARAL showed thinning in the northwestern margins over
the GrIS (Figure 6a), thereby confirming the findings over the GrIS that were previously observed by
Khan et al. [37] and Serensen et al. [18].
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Figure 6. (a) Rate of elevation change over the GrIS derived from 2013-2016 SARAL altimetry with the
ICE1 retracker. (b) The corresponding uncertainties of the elevation change rate derived from SARAL
with the ICE1 retracker.

The uncertainty of elevation change derived from SARAL was based on the least-square model.
This uncertainty can also be inferred in Figure 6b. Low uncertainties in the interior of Greenland can
be observed in Figure 3, and most values were less than 1 cm year~!. The high uncertainties were
generally observed in the margins over the GrIS. The complicated terrain might be an important reason
for the non-perfect relocation and preferential sampling of high points of radar return.
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In comparison with previous conventional radar altimeters [12], using SARAL could reduce the
footprint to 1.4 km in radius when compared with the Ku-band footprint radius of 1.7 km. The high
frequency of the Ka-band (35.75 Hz) also reduced the impact of snow surface penetration. Meanwhile,
the waveform retracking algorithm, which tracks the actual surface, was also an effective approach
in reducing the effect of surface penetration and topography [11]. The results of elevation change
from SARAL data were interpolated onto a 10-km grid for the calculation of volume change [28,38].
The volume change of Greenland derived from SARAL was also estimated with a volume loss of
40 £ 12 km3year~! from March 2013-April 2016. In comparison, a volume estimation of Greenland

derived from CryoSat-2 with a larger volume loss of 191 km? year~!

was found in the time span
from 2012-2016 [23]. Due to the use of the new measurement mode of SARIn mode, the results of
elevation change rate from CryoSat-2 data could provide more values in the fast-changing coastal
areas. However, a similar phenomenon of elevation change was found by both SARAL and CryoSat-2.
In the northwestern regions of Greenland, large areas of ice sheet thinning were observed by both
SARAL and CryoSat-2. Meanwhile, the results from SARAL in this study were compared with the
elevation change rate of Greenland derived from Envisat from 2002-2010 [18]. An acceleration of loss
of elevation was detected in the northeastern regions of Greenland. In the Northeast Greenland Ice
Stream, the speed-up of loss of surface elevation was also found when compared to the results from
Envisat. The acceleration of loss of volume in this area was also observed by CryoSat-2 in the time span
from 2012-2016 [23]. We also emphasized the underestimation of volume loss derived from SARAL
by not measuring the fast-changing coastal areas. Through the comparison with satellites carrying
the Ku-band, it suggests that SARAL/ALtiKa helped to investigate the current elevation change of
the GrIS.

5. Conclusions

The accuracy of the elevation change results from the four waveform retracker algorithms
provided by SARAL data was assessed. The results of rate differences were compared in the crossovers
of the descending and ascending orbits over the GrlIS from March 2013-April 2016. The ICE1 retracker
was a better waveform retracking algorithm given the lowest SD of 0.30 m year—!. The elevation
change rate with waveform retracking could significantly improve the accuracy of the elevation change
results. The rate differences in the crossovers in the interior of the GrIS were lower than the results in
the margins. The slope of the surface topography was considered an important factor for explaining
this difference. However, the gap in the margins of GrIS remains unresolved. A possible interpretation
is that the radar return onboard SARAL might be disturbed when the satellite moves from the ocean to
the steep topography in the coastal areas of Greenland, thereby leading to a few points of the elevation
change rate in the coastal area of Greenland.

The elevation change rate derived from SARAL using four waveform retracker algorithms were
also validated against the OIB ATM L4 data. The ICE1 retracker determined the lowest rate difference
with an RMSE of 0.43 m year~!. However, differences in the elevation change rate between SARAL and
OIB ATM L4 data were also found. Several reasons can be used to interpret the rate differences. First,
the ICEBridge mission measures only one or two months in Greenland per year. Second, the slope
of the surface topography might be another reason. The high slope of surface topography might
have large rate differences. The non-perfect relocation and complicated radar returns in the area with
high surface slope can be important factors for these differences. Third is the selection of the distance
threshold. However, the influence of the distance threshold can be disregarded.

The elevation change rate derived from SARAL was retracked with the ICE1 retracker based
on the RT method, which is presented over the GrIS between 2013 and 2016. Simonsen previously
reported that a slight thickening was found inland of East Greenland (approximately 75°N) [23].
In Zacharias Isstromen, the outlet glacier of the Northeastern GrIS presented a rapid rate of elevation
loss. SARAL showed thinning in the northwestern margins over the GrIS, thereby confirming the
previously-observed findings over the GrIS [18,37].The volume change of Greenland derived from
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SARAL was also estimated with a volume loss of 40 4 12 km? year~! from March 2013-April 2016.
A comparison with the elevation change derived from 2012-2016 [23] CryoSat-2 data was investigated.
Large areas of ice sheet thinning were observed by both SARAL and CryoSat-2 in the northwestern
regions of Greenland. The acceleration of the loss of surface elevation was also found through the
comparison with the results from 2002-2010 [18] Envisat data in this area. Through a comparison with
satellites carrying the Ku-band, this suggests that SARAL/ALtiKa can help to investigate the current
elevation change of the GrIS. Here, the volume loss from the SARAL data did not include the coastal
areas of the GrIS, which are known to account for the majority of the GrIS volume loss.

SARAL/ALtiKa with a high frequency Ka-band (35.75 GHz) and reduced footprint radius of
1.4 km can provide further details of the elevation change over the GrlS, thereby providing a reliable
performance. The ICE1 retracker demonstrated its optimal performance when the SARAL data were
used to determine the elevation change rate over the GrIS. However, some gaps in the regions from
ocean to land were found. An advanced waveform retracker might be required to improve the coverage
of elevation change rate in the margins of Greenland.
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