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Abstract 16 

Two traverses have been conducted for validation of the NASA Ice, Cloud, and land Satellite 2 17 

on the flat interiors of the Antarctic and Greenland ice sheets.  GNSS data collected on three 18 

separate 88S Traverses intersect 20% of the ICESat-2 reference ground tracks and have height 19 

errors of 5.6 and 8.0 cm.  GNSS data from the monthly Summit Traverse in Greenland have 0.9 20 

cm of bias and 5.7 cm precision.  Data from these traverses were used to assess heights from 21 

ICESat-2, CryoSat-2, and Airborne Topographic Mapper (ATM).  ICESat-2 heights have better 22 

than ±2.9 cm bias and better than ±6.7 cm precision.  ATM heights have better than 9.3 cm bias 23 

and better than ±9.6 cm precision.  CryoSat-2 heights have more than 20 cm of bias and more 24 

than ±40 cm precision.  These best-case results are from the ice-sheet interiors but provide a 25 

characterization of the quality of satellite and airborne altimetry. 26 

Plain Language Summary 27 

The National Aeronautics and Space Administration and the European Space Agency each 28 

currently have satellites in orbit, with science goals of determining the mass change of our ice 29 

sheets, to determine their contributions to mean sea level rise.  This requires dense measurements 30 

of the elevations of the ice sheets with centimeter-level accuracy and precision.  We use very 31 

accurate ground-based elevations over Greenland and the Antarctic ice sheets to assess data from 32 

the NASA Ice, Cloud, and land Satellite 2 (ICESat-2) and the ESA CryoSat-2 satellite missions.  33 

Further, we assess data from the NASA Airborne Topographic Mapper.  Our results show that 34 

the ground‐based data are ideal for this type of validation and that the ICESat-2 and ATM data 35 

are meeting the centimeter-level of accuracy, while the CryoSat-2 data are closer to the 36 

decimeter-level of accuracy. 37 

1 Introduction 38 

Determining the mass-change of our ice sheets using satellite and airborne altimetry 39 

requires centimeter-level accuracy and precision (Smith et al., 2020; McMillan et al., 2014).  40 

Finer accuracy and precision yields better mass-change estimates.  Laser and radar altimeters 41 

have been used for this purpose (Markus et al., 2017; Wingham et al., 2006), and each have 42 

strengths and limitations (Shepherd et al., 2012; Bamber et al., 2018).  The NASA Ice, Cloud, 43 

and land Satellite 2 (ICESat-2) and the ESA CryoSat-2 missions orbit with a 92° inclination, 44 

reaching latitudes of 88° north and south.  This is farther poleward than their satellite 45 

predecessors, enabling complete coverage of all high-relief areas of Antarctica. 46 

The 88S Traverse in Antarctica (Brunt et al., 2019a; 2019b) is an ongoing ICESat-2 effort 47 

to validate NASA satellite and airborne altimeters.  Along this route, Global Navigation Satellite 48 

System (GNSS) data are collected for the validation of the Global Geolocated Photon Level 2A 49 

data product (ATL03; Neumann et al., 2019) and the Land Ice Along‐Track Height (ATL06; 50 

Smith et al., 2019) Level 3A data product (Brunt et al., 2019b).  These GNSS data have also 51 

validated Operation IceBridge airborne lidars: The Airborne Topographic Mapper (ATM) and 52 

the University of Alaska Fairbanks (UAF) Lidar (Brunt et al., 2019a).  The ~300-km 88S 53 

Traverse is an ideal ICESat-2 validation surface because: 1) it is flat on long length scales; 2) it 54 

intersects 20% of the 1387 ICESat-2 reference ground tracks (RGTs), providing a statistical 55 

representation of the full orbit cycle; and 3) these RGTs are spread throughout the ICESat-2 91-56 

day orbital cycle, which mitigates cloud-cover issues that have limited studies that uses only a 57 

few RGTs (e.g., Fricker et al., 2005). 58 
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The Summit Traverse in Greenland (Brunt et al., 2017) is another ongoing ICESat-2 59 

validation project that has been conducted monthly since August 2006.  These data were used to 60 

validate ICESat heights (Siegfried et al., 2011) and Operation IceBridge altimeters: ATM and the 61 

Land, Vegetation, and Ice Sensor (Brunt et al., 2017).  The ~25-km survey intersects 7 km of 62 

ICESat and ICESat-2 RGTs.  Unlike the 88S Traverse, this region has a measurable seasonal 63 

elevation signal (Hawley et al., in review).  It is an ICESat-2 validation site because this GNSS 64 

time series is unmatched with respect to length and temporal density.  Further, results from 65 

Summit augment results from the 88S Traverse, providing assessments in the opposite 66 

hemisphere. 67 

Here, we present validation results for ice-sheet surface heights from two satellite 68 

altimeters and one airborne altimeter using three years of 88S Traverse data.  We demonstrate 69 

that these results are not unique to Antarctica by assessing the same altimeters in Greenland, 70 

using data from the Summit Traverse.  In the following sections, we discuss GNSS data 71 

collection, the data processing strategy for both GNSS and altimetry data, and the results of the 72 

comparisons between the different instruments. 73 

2 Data 74 

2.1 GNSS data 75 

Ground-based GNSS data have been collected on the Antarctic and Greenland ice sheets 76 

for altimetry validation.  Three separate annual surveys have been conducted in Antarctica along 77 

the 88S Traverse in January 2018, 2019, and 2020 (Brunt et al., 2019b).  The ~750 km long 88S 78 

Traverse is based out of South Pole; ~300 km of the traverse intersects ~275 ICESat-2 RGTs 79 

along 88°S.  The ~25 km long Summit Traverse (Brunt et al., 2017; Siegfried et al., 2011) is 80 

based out of Summit Station and intersects ~7 km of a descending (#879) and ascending (#749) 81 

ICESat-2 RGT.  Since the launch of ICESat-2, Summit traverses have been coordinated in time 82 

with satellite overpasses.  The 88S and Summit traverses have used different hardware (Table 1), 83 

but have used similar data collection and processing methods, including: 1) continuous GNSS 84 

data collection; 2) GNSS antenna height measurement, including any track indentation into the 85 

snow surface; 3) Precise Point Positioning GNSS processing (Bisnath and Gao, 2009) using 86 

Inertial Explorer; 4) data rejection based on a satellite elevation mask of 7.5° to reduce errors 87 

associated with GNSS multipath; 5) data rejection based on a vertical-accuracy sigma metric 88 

provided by the GNSS processing software; and 6) assessment of GNSS heights using crossover 89 

methods.  Given the vehicle speeds and sampling rates, the effective footprints of the traverses 90 

range from 1 to 5 m (Table 1). 91 

 92 

Traverse 
GNSS 

Receiver 
GNSS Antenna 

Sample 

Rate 

Survey 

Speed 

Footprint 

Diameter 

Bias ± 

Precision 
Reference 

88S Year 1 
Trimble 

NetR9 

Trimble Zephyr 

Geodetic 2 
2 Hz 2 ms-1 1 m 

1.1 ± 4.1 cm 

(n = 26, 442) 

Brunt et al. 

(2019a) 

88S Year 2 
Septentrio 

PolaRx5 
PolaNt‐x MF 2 Hz 2 ms-1 1 m 

0.2 ± 6.3 cm 

(n = 24,434) 

Brunt et al. 

(2019b) 

88S Year 3 
Trimble 

NetRS 

Trimble Zephyr 

Geodetic 2 
1 Hz 2 ms-1 2 m 

1.7 ± 6.6 cm 

(n = 6,622) 

Sec. 4, this 

contribution 

Summit Trimble R7 Trimble Zephyr 1 Hz 5 ms-1 5 m 
0.9 ± 5.7 cm 

(n = 710) 

Brunt et al. 

(2017) 
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Table 1. GNSS hardware and survey parameters for the 88S and Summit traverses.  The ‘Bias ± 93 

Precision’ terms represents a median measurement bias between two heights ± the 1- standard 94 

deviation.  For the 88S Traverses, we compare heights from the two PistenBully vehicles; for the 95 

Summit Traverse, we compare heights from two passes made on the same day.   96 

The 88S survey methods for the first two traverses have been described in detail.  The 97 

88S Year 1 methods evaluated the UAF lidar (Brunt et al. 2019a).  The 88S Year 2 methods 98 

evaluated early data releases for the ATL03 (Neumann et al., 2019) and ATL06 (Smith et al., 99 

2019) data products (Brunt et al. 2019b).  The methods for data collection, processing, and 100 

evaluation for the 88S Year 3 traverse closely parallel those from Year 2.  The 88S Year 3 101 

traverse was conducted using two PistenBully tracked vehicles pulling ~20‐m‐long sleds with a 102 

GNSS antenna mounted on the rear of each sled, which rode smoothly over the ice surface.  The 103 

GNSS data were processed using Inertial Explorer, to the L1 phase center of the antennas; the 104 

measured antenna heights (2.04 and 2.05 m) were then used to correct the GNSS solutions to the 105 

snow surface.  The sample rate for the Trimble NetRS used during Year 3 was 1 Hz, which was 106 

the instrumentation limit.  These data were edited as described above to reduce errors associated 107 

with GNSS multipath and using a sigma metric for assessing vertical accuracy; while previous 108 

surveys used vertical sigma values of 13 cm, for Year 3 that value filtered too many data points 109 

and 20 cm was used instead.  We attribute this difference with poorer precision associated with 110 

the slower sample rate, the speed of the vehicles, and a characteristic length scale of the sastrugi, 111 

which dominated the ice surface. 112 

The 88S and Summit GNSS heights are given in the ITRF2014 reference frame and the 113 

geographic coordinates (latitude, longitude) are referenced to the WGS84 ellipsoid.  These 114 

GNSS heights are provided in a tide-free system, where the solid-earth correction includes the 115 

correction for the permanent tide, meaning that the permanent crustal tidal deformation is 116 

removed.  ICESat-2 data are in this reference frame, and other altimetry data were transformed 117 

into this reference frame for direct comparison. 118 

2.2 ICESat-2 data 119 

ICESat-2 is a photon-counting altimeter, with a single laser source splitting to create 6 120 

spots on the ground (Markus et al., 2017).  We note that the RGT is an imaginary line 121 

intersecting the center of the 6-beam array.  Recent results show that ICESat-2 has an average 122 

spot diameter of ~11 m (Magruder et al., in review; Magruder et al., submitted).  We 123 

downloaded data optimized for ice-sheet surfaces from the National Snow and Ice Data Center 124 

(NSIDC).  Specifically, we use ATL06 Release 3 for 14 Oct 2018 through 13 Mar 2020, 125 

covering ICESat-2 region 11 for 88S comparisons.  For the Summit comparisons, we use data 126 

from the same time period for the #749 RGT (region 3) and the #879 RGT (region 5).  ATL06 127 

aggregates photon geolocation information on 40‐m along‐track length scales, with postings 128 

evenly-spaced every 20 m along track.  We use the built-in ATL06 surface-signal confidence 129 

metric (atl06_quality_summary), which is a combination of photon selection confidence, signal 130 

spread, estimated uncertainty, and signal-to-noise ratio, for filtering the ICESat-2 data (Smith et 131 

al., 2019).  We then subset these datasets to either the 88S or Summit GNSS data.  The ATL06 132 

heights (h_li) are in the same reference frame as the GNSS data. 133 
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2.3 CryoSat-2 data 134 

CryoSat-2 is a radar altimeter, operating in three different modes, depending on surface 135 

type.  Over the low-slope interiors of the ice sheets, CryoSat-2 operates in a pulse-limited Low 136 

Resolution Mode (LRM; Wingham et al., 2006), where each transmitted pulse illuminates an 137 

area of ~2.2 km
2
, with an across-track width of ~1,650 m.  We downloaded Baseline-C data for 1 138 

Oct 2018 through 27 Apr 2019 and Baseline-D data for 28 Apr 2019 through 13 Mar 2020, 139 

directly from ESA (Meloni et al., 2020), and then subset these datasets to either the 88S or 140 

Summit GNSS data.  The CryoSat-2 time period was selected to match the ICESat-2 timeseries.  141 

The CryoSat-2 data product provides a surface-signal confidence metric; we filtered data with an 142 

overall ‘Quality_flag’ value greater than 0.  We used CryoSat-2 heights associated with the 143 

Offset Centre of Gravity (OCOG) retracker, as that is the common retracker used over the flat 144 

interiors of the ice sheets (Slater et al., 2018).  The geographic coordinates for CryoSat-2 are 145 

referenced to the WGS84 ellipsoid.  Heights for the Baseline C data product are given in the 146 

ITRF2008 reference frame, while heights for Baseline D are in ITRF2014.  Along the 88S 147 

Traverse, ITRF2014 heights are above the ITRF2008 heights by 0.24 mm in East Antarctica 148 

sector and 0.48 mm in West Antarctica.  Along the Summit Traverse the ITRF2014 are 0.30 mm 149 

below the ITRF2008 heights.  These values were used to convert the Baseline C data into the 150 

same reference frame as the Baseline D and the GNSS data.  CryoSat-2 heights are provided 151 

with a solid earth correction in a mean tide system which does not include a correction for the 152 

removal of the permanent tide.  Along the 88S Traverse the permanent tide correction is -12.03 153 

cm, while along the Summit Traverse, this correction is -10.40 cm.  These values were used to 154 

put the CryoSat-2 data into the same reference frame as the GNSS data. 155 

2.4 ATM data  156 

ATM consists of two conically scanning airborne lidars (Krabill et al., 2002; Martin et 157 

al., 2012), including a wide-scanning T6 unit with a 30° full-scanning angle and a ~250-m swath 158 

width on the ground, and a narrow-scanning T7 unit with a 5° full-scanning angle and a ~40-m 159 

swath width on the ground; each unit has a ~1 m diameter ground footprint.  We downloaded 160 

version 2 of the L1B Elevation and Return Strength data from the NSIDC, for 12 Nov 2018 over 161 

the 88S Traverse and 12 May 2019 over the Summit Traverse.  These were the only Operation 162 

IceBridge flights over our traverses during the ICESat-2 mission.  We then subset these datasets 163 

to either the 88S or Summit GNSS traverse data.  The heights for ATM are given in the 164 

ITRF2008 reference frame and the geographic coordinates are referenced to the WGS84 165 

ellipsoid.  Similar to the GNSS results, ATM heights are provided in a tide-free system, where 166 

the solid-earth correction includes the correction for the removal of the permanent tide. 167 

3 Methods 168 

Our methods include the comparison of the three Antarctic altimetry datasets with the 169 

time-appropriate 88S GNSS dataset and the comparison of the three Arctic altimetry datasets 170 

with the time-appropriate Summit GNSS dataset.  The effective footprint sizes of the altimeters 171 

vary: ATL06 has an effective footprint of ~20-m in the along-track direction and 5.5 m in the 172 

across-track direction; CryoSat-2 has a ~1,650-m effective footprint diameter; and ATM has a 173 

~1-m effective footprint diameter.  The effective footprint size of the GNSS data varied between 174 

1 and 5 m, depending on the sample rate and vehicle speed (Table 1).  The footprint sizes and the 175 

relative sizes of the datasets being assessed had an impact on the methods; specifically, the 176 
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footprint sizes determined search radii and the relative sizes of the datasets being assessed 177 

determined how the search was conducted. 178 

3.1 GNSS data assessment 179 

Assessments the 88S Year 1 and Year 2 traverses (Brunt et al., 2019a; 2019b) and the 180 

Summit Traverse (Brunt et al., 2017) have previously been made.  An assessment of the 88S 181 

Year 3 GNSS heights is made here; methods closely follow the GNSS assessments of the 182 

previous traverse studies.  We compared the 88S Year 3 heights from the two PistenBully 183 

vehicles at areas of track crossover, using a nearest-neighbor method, filtered to only include 184 

heights from the two datasets that were within 1 m of one another. 185 

3.2 ICESat-2 Antarctic data comparison 186 

Where one of the six ATL06 beams crossed the 88S Traverse data, we compared the 187 

heights of the two datasets.  For ATL06 data before 1 Jul 2019, we used GNSS data from 88S 188 

Year 2; for ATL06 data after 1 Jul 2019, we used GNSS data from Year 3.  The number of 189 

ATL06 data points in the 88S Traverse latitude band was smaller than the number of GNSS data 190 

points.  For each ATL06 height posted at 20-m along-track, we found the n number of GNSS 191 

heights that were within a 20-m search radius.  For each ATL06 height posting with more than 192 

30 GNSS heights within the 20-m search radius (n > 30), we created a single GNSS pseudo-193 

height from the median of the GNSS heights that met the search criteria.  For the total number N 194 

of the ATL06 height postings per spot for a given GNSS crossover, we calculated the median of 195 

the differences between each ATL06 posting and the associated single GNSS pseudo-height; we 196 

take this value to be the measurement bias for a given ATL06–GNSS crossover.  We also 197 

calculated the 1- standard deviation of those differences, which we take to be the surface 198 

measurement precision for a given ATL06–GNSS crossover and recorded the number N of 199 

ATL06 postings that met the search criteria for a given crossover.  ATL06 data still contain 200 

blunders and we therefore limit their effect on our overall statistics by removing data 201 

comparisons with height differences larger than 2 m. 202 

3.3 CryoSat-2 Antarctic data comparison 203 

Where a CryoSat-2 ground track crossed the 88S Traverse data, we compared heights 204 

from the two datasets.  For CryoSat-2 data before 1 Jul 2019, we used GNSS data from 88S Year 205 

2; for CryoSat-2 after 1 Jul 2019, we used GNSS data from Year 3.  Similar to ATL06, the 206 

number of CryoSat-2 data points in the 88S Traverse latitude band was also smaller than the 207 

number of GNSS data points, and we followed nearly the same methodology as that of ATL06.  208 

However, we used a search radius of 90 m to partially accommodate the large effective footprint 209 

diameter of CryoSat-2, while attempting to limit the effects of local slope in the GNSS data.  210 

Similar to ICESat-2, we removed CryoSat-2 data comparisons with height differences larger than 211 

2 m. 212 

3.4 ATM Antarctic data comparison 213 

The number of ATM data points in the 88S Traverse latitude band was larger than the 214 

number of GNSS data points, and we therefore reversed the analysis relative to that of ATL06: 215 

for each GNSS height posting, we found the ATM heights that were within a 4-m (chosen based 216 

on the ATM and GNSS footprint sizes and the nonuniform spacing of both datasets) search 217 
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radius.  For each GNSS height with more than 30 ATM heights within the 4-m search radius, we 218 

created a single ATM pseudo-height from the median of the ATM heights that met the search 219 

criteria.  For all of the GNSS height postings for a crossover, we calculated the median of the 220 

differences between each GNSS posting and the associated single ATM pseudo-height.  We also 221 

calculated the 1- standard deviation of those differences and recorded the number of GNSS 222 

postings that met the search criteria for a given crossover. 223 

3.5 Greenland data comparisons 224 

The Summit Traverse is considerably shorter than the 88S Traverse and only intersects 225 

two ICESat-2 RGTs.  Thus, there are far fewer crossover opportunities for satellite-to-GNSS 226 

comparisons.  However, the comparison methods for all three altimetric datasets in Greenland 227 

matched the methods for the Antarctic comparisons.  For ATL06 and CryoSat-2 height postings 228 

with more than 30 GNSS heights (n > 30) within the search radius (20 and 90 m, respectively), 229 

we created a single GNSS pseudo-height from the median of the GNSS heights that met the 230 

search criteria.  For ATM, the analysis was reversed, as discussed in Section 3.4. 231 

4 Results 232 

For the 88S Year 3, the bias and the 1σ standard deviation between the GNSS heights 233 

from the two PistenBully vehicles are 1.7 ± 6.6 cm (n = 6,622).  These results are similar to those 234 

for Years 1 and 2 (Table 1).  However, the data volume (n) that met the 1-m search criteria is 235 

significantly lower.  We attribute this to the sampling rate (Table 1) and a ~24-hour data loss in 236 

one of the GNSS instruments (due to a loose wire) on the Year 3 traverse.  If we assume that the 237 

6.6-cm spread in the differences between the two Year 3 GNSS datasets is the result of 238 

uncorrelated errors in the datasets associated with each vehicle, then the error in a single 239 

measurement would be that spread divided by the square root of the number (n) of datasets (2), 240 

or 4.7 cm.  We acknowledge that the GNSS error estimates presented here are small and may not 241 

account for correlated errors, such as those associated with the atmosphere (Bar‐Sever et al., 242 

1998); this is in part because of the separation in space (< 500 m) and time (<15 min) between 243 

the two survey vehicles.  To assess the magnitude of such errors in the Year 3 dataset, we 244 

compared data collected along the same leg of the traverse for two different days (30 Dec 2019 245 

and 15 Jan 2020).  We compared the data from the two different days using the method described 246 

above.  The difference between GNSS datasets from the two different days is 3.3 ± 9.2 cm (n = 247 

2,236).  If we again assume that spread in the differences between the two GNSS datasets is due 248 

to uncorrelated errors, then the error in a single measurement is 6.5 cm.  We take the overall 249 

uncertainty in any single measurement in the Year 3 dataset to be the quadratic sum of the 4.7‐250 

cm error estimated from the spread between the GNSS datasets and this 6.5‐cm uncertainty, or 251 

8.0 cm. 252 

The analysis of the Year 2 GNSS data (Brunt et al., 2019b) also included an assessment 253 

of correlated errors using data along the same leg of the traverse, separated by 13 days (28 254 

December 2018 and 10 January 2019).  The median difference between GNSS datasets from the 255 

two different days was 3.9 ± 4.6 cm (n = 12,444).  The magnitude of this median difference 256 

divided by the square root of 2 gives an estimate of the correlated errors in the data from each 257 

day.  For Year 2, that estimate was (3.9 cm / √2) 2.8 cm, for Year 3 it was (3.3 cm/ √2) 2.3 cm, 258 

and the RMS of the two is 2.5 cm, which we take to be a reasonable estimate of the correlated 259 

error in our GNSS data. 260 
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We also directly compared the GNSS heights from the three different 88S Traverses.  261 

Years 2 and 3 are relatively similar, with a bias of 1.7 ± 11.9 cm (n = 1,270), with Year 3 heights 262 

are above Year 2 heights.  However, heights from the Year 1 are well above the other two years: 263 

Year 1 was 5.3 ± 12.5 cm (n = 1,122) above Year 3 and 8.4 ± 12.3 cm (n = 27,230) above Year 264 

2.  We note that the 88S comparisons presented below use Years 2 and 3. 265 

The comparisons between the 88S Traverse heights and the altimeters over the Antarctic 266 

Ice Sheet are fairly consistent (Table 2, Figure 1).  ATL06 heights have better than ±3 cm biases 267 

and better than ±7 cm surface measurement precisions (1- standard deviations).  ATM heights 268 

have better than 10 cm biases and better than ±10 cm surface measurement precisions.  269 

Differences are larger for CryoSat-2, with -21-cm biases for baseline C and 44-cm precisions.  270 

The results for Baseline D are further degraded, which have an additional 20 cm of bias, relative 271 

to Baseline C.  Finally, the density of results on the right side of Figure 1, after 1 July 2019, is 272 

lower and related to the lower sampling rate of the Year 3 GNSS data. 273 

 274 

Altimetry GNSS bias ± precision (cm) N radius (m) 

88S     

ATL06, Spot 1 88S Year 2, 3 -1.59 ± 6.66 1062 20 

ATL06, Spot 2 88S Year 2, 3 -0.58 ± 6.52 1106 20 

ATL06, Spot 3 88S Year 2, 3 2.14 ± 5.88 1787 20 

ATL06, Spot 4 88S Year 2, 3 1.62 ± 6.52 1741 20 

ATL06, Spot 5 88S Year 2, 3 1.74 ± 5.84 1309 20 

ATL06, Spot 6 88S Year 2, 3 2.86 ± 6.42 1230 20 

CryoSat-2, C 88S Year 2, 3 -21.65 ± 43.54 5873 90 

CryoSat-2, D 88S Year 3 -45.62 ± 49.57 7423 90 

ATM, T6, 12 Nov 2018 88S Year 2 9.23 ± 6.14 202,085 4 

ATM, T7, 12 Nov 2018 88S Year 2 8.49 ± 9.54 1540 4 

Summit     

ATL06, Spot 3, 25 Nov 2018 Summit, 25 Nov 2018 -4.99 ± 0 1 20 

ATL06, Spot 4, 25 Nov 2018 Summit, 25 Nov 2018 -6.19 ± 4.36 5 20 

ATL06, Spot 3, 25 May 2019 Summit, 25 May 2019 -2.14 ± 5.88 1 20 

ATL06, Spot 3, 22 Feb 2020 Summit, 22 Feb 2020 -3.28 ± 0 2 20 

ATL06, Spot 4, 22 Feb 2020 Summit, 22 Feb 2020 -0.97 ± 2.15 2 20 

CryoSat-2, D, 22 Dec 2018 Summit, 16 Jan 2019 -18.11 ± 12.59 2 90 

ATM, T6, 12 May 2019 Summit, 17 May 2019 7.44 ± 3.48 1936 4 

ATM, T7, 12 May 2019 Summit, 17 May 2019 2.60 ± 3.52 766 4 
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Table 2. Results for altimetry comparisons with the 88S (top) and Summit (bottom) GNSS data.  275 

Comparisons represent (altimetry – GNSS); thus, positive values represent altimetry heights that 276 

are above the GNSS surface.  All Summit ATL06 data are from RGT #879. 277 

278 
Figure 1. Bias results (in m) for ATL06 (cyan, all spots), CryoSat-2 (blue; ‘.’ are Baseline C; ‘o’ 279 

are Baseline D), and ATM (red; ‘*’ is T6; ‘o’ is T7) relative to the 88S Traverse data (Year 2, 280 

before 1 Jul 2020 and Year 3, after 1 Jul 2020). 281 

The Summit Traverse comparisons for the altimeters are consistent (Table 2) with the 282 

Antarctic results.  ATM has better than 8 cm height biases and better than ±4 cm surface 283 

measurement precisions.  ATL06 has better than -7 cm height biases.  CryoSat-2 differences are 284 

again larger, with nearly 20 cm of bias.  However, we note the limited number N of the ATL06 285 

and CryoSat-2 height postings for a given satellite – GNSS crossover.  We maintained the 286 

stringent search criteria requirement (n > 30), which ultimately limited the total number of 287 

crossover comparisons that were made; in many cases this limited our results to cases where only 288 

1 satellite altimetry posting per crossover met these stringent criteria. 289 

Results for ATL06 heights straddle the GNSS surface in Antarctica, ranging from 2.86 to 290 

-1.59 cm; we calculated a single ATL06 bias relative to 88S of 0.83 cm, weighted based on the 291 

errors of each spot (or the square of the 1- standard deviation, divided by the square root of the 292 

number of crossovers (N) for each spot from Table 1).  Results are slightly lower than the GNSS 293 

surface in Greenland, ranging from -0.97 to -6.19 cm.  ATM results are consistent in both 294 

hemispheres, with results from both hemispheres being <10 cm above the GNSS surface.  295 

CryoSat-2 is the outlier, with the results from both hemispheres being significantly (>20 cm) 296 

below the GNSS surface. 297 
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5 Discussion 298 

The traverse GNSS data used for the altimetry comparisons are internally consistent and 299 

have low errors.  Based on results on the right side of Figure 1, future 88S surveys will sample at 300 

2 Hz, similar to Years 1 and 2.  The 88S Traverses have errors of 5.6 cm (Year 2; Brunt et al., 301 

2019b) and 8.0 cm (Year 3); the Summit Traverse has 0.9 cm of bias and 5.7 cm precision. 302 

The surfaces assessed here are the low-slope ice-sheet interiors, where geolocation errors 303 

are minimized.  The ice sheets are also bright reflectors, providing a strong signal return for the 304 

laser altimeters.  We acknowledge that the altimetry comparisons presented here are limited with 305 

respect to applicability to the margins of the ice sheet and other geophysical surfaces, which will 306 

most certainly have larger spreads (poorer precision) with respect to the signal returns.  307 

However, the methods presented here provide a means to characterize the quality of the satellite 308 

and airborne altimetry. 309 

Validation for ICESat-2 at 88S represents a relatively long time period within the mission 310 

including ~17 months of on-orbit data.  The results are consistent with results from the early 311 

mission (Brunt et al., 2019b).  For both assessments, spots 1 and 2 are slightly below the GNSS 312 

surface, while spots 3 through 6 are slightly above the GNSS surface.  Future releases of ATL06 313 

will focus on the reduction of these biases.  However, ATL06 is more accurate and precise than 314 

any prior altimetric product even with the inclusion of spots 1 and 2 (Table 2). 315 

The Summit Traverse is relatively small in scale, but these results are intended to 316 

augment the Antarctic results, by providing altimetry validation in the opposite hemisphere.  For 317 

ATM and CryoSat-2, the bias results at Summit confirm the 88S results.  For ATL06, the biases 318 

are of the same, relatively small magnitude as in the Antarctic, but of the opposite sign.  We note 319 

that for both satellite altimeters, these results are based on very few crossovers that meet the 320 

stringent search and rejection criteria.  However, it is critical to maintain continuity with respect 321 

to assessing the altimetric footprints in both hemispheres.  For ATM, the number of crossovers 322 

that meet this stringent search and rejection criteria is high and the biases for ATM (both T6 and 323 

T7) are consistent for both hemispheres and consistent with Brunt et al. (2017). 324 

Results for CryoSat-2 are the outliers.  The biases range from -18 to -46 cm, below the 325 

GNSS reference surface.  These differences are likely due to radar signal penetration into the firn 326 

layer (Rémy and Parouty, 2009); specifically they are likely due to the much higher sub-surface 327 

volume- and layer-scattering present in the Ku-band radar signal, which has an extinction length 328 

on the order of ~10 m (Arthern et al., 2001), compared to the much lower value of <2 cm 329 

(expected for a 532 nm laser pulse in fine-grained snow; Smith et al., 2018).  This study helps 330 

provide metrics for determining the sensitivity of radar estimates to surface penetration over a 331 

wide area within Antarctica and a smaller region within Greenland.  Determining the sensitivity 332 

of each method to individual sources of bias will help reconcile the differences between 333 

independent estimates of ice mass balance (McMillan et al., 2014; Shepherd et al., 2019). 334 

6 Conclusions 335 

The GNSS data collected on the flat interiors of the Antarctic and Greenland ice sheets 336 

are sufficiently accurate for assessing the airborne and satellite altimetry presented here.  The 337 

88S Traverse intersects 20% of the RGTs of both ICESat-2 and CryoSat-2.  The large number of 338 

crossovers at 88S for all three altimeters provide a large statistical population and show that 339 

ATL06 heights are the most accurate and precise assessed here, with better than ±3 cm biases 340 
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and better than ±7 cm surface measurement precisions.  ATM is also very precise, and has biases 341 

less than 10 cm.  CryoSat-2 is the outlier with biases greater than 20 cm.  The Summit Traverse 342 

is shorter in distance but is an unmatched GNSS time series on an ice sheet.  Results at Summit 343 

are based on a smaller population size; however, they support the results from 88S and provide 344 

results in the opposite hemisphere.  The sample population at Summit will get larger with time, 345 

with more satellite overpasses, making this a more valuable dataset in the mission years to come. 346 
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