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Abstract. A series of NASA airborne lidars have been used
in support of satellite laser altimetry missions. These air-
borne laser altimeters have been deployed for satellite in-
strument development, for spaceborne data validation, and
to bridge the data gap between satellite missions. We used
data from ground-based Global Positioning System (GPS)
surveys of an 11 km long track near Summit Station, Green-
land, to assess the surface—elevation bias and measurement
precision of three airborne laser altimeters including the Air-
borne Topographic Mapper (ATM), the Land, Vegetation,
and Ice Sensor (LVIS), and the Multiple Altimeter Beam Ex-
perimental Lidar (MABEL). Ground-based GPS data from
the monthly ground-based traverses, which commenced in
2006, allowed for the assessment of nine airborne lidar sur-
veys associated with ATM and LVIS between 2007 and 2016.
Surface—elevation biases for these altimeters — over the flat,
ice-sheet interior — are less than 0.12 m, while assessments
of measurement precision are 0.09 m or better. Ground-based
GPS positions determined both with and without differential
post-processing techniques provided internally consistent so-
lutions. Results from the analyses of ground-based and air-
borne data provide validation strategy guidance for the Ice,
Cloud, and land Elevation Satellite 2 (ICESat-2) elevation
and elevation-change data products.

1 Introduction

A series of National Aeronautics and Space Administration
(NASA) airborne and spaceborne altimeters have a mission
to produce a continuous time series of ice-sheet surface el-
evation change estimates in an effort to determine the long-
term contribution of polar ice sheets to sea-level rise. These
missions include the Ice, Cloud, and land Elevation Satel-
lite (ICESat; 2003-2009; Schutz et al., 2005), Operation Ice-
Bridge (OIB; 2009—present; Csatho et al., 2014; Koenig et
al., 2010), and the Ice, Cloud, and land Elevation Satellite
2 (ICESat-2; scheduled to launch in 2018; Abdalati et al.,
2010; Markus et al., 2017).

ICESat’s Geoscience Laser Altimeter System (GLAS) was
a single-beam instrument that recorded the received laser en-
ergy as a waveform. GLAS surface elevations were based
on reflected 1064 nm wavelength laser light with a 40Hz
pulse-repetition frequency. GLAS sampled ~70m diame-
ter footprints every ~ 170 m along a series of repeated tracks
(Schutz et al., 2005). Early assessments of GLAS, based on
ground-based Global Positioning System (GPS) surveys of
a large and stable salt flat in Bolivia, have shown absolute
surface—elevation bias of less than 0.02m and precision of
less than 0.03 m under ideal conditions (Fricker et al., 2005).
However, estimates of GLAS surface—elevation bias and pre-
cision from the latter half of the satellite mission have been
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closer to 0.06 and 0.15 m, respectively (Kohler et al., 2013),
based on data from a 10000 km ground-based GPS traverse
in East Antarctica, which included the interior and the mar-
gin of the ice sheet, where surface roughness and slope com-
promise the accuracy and precision of satellite laser altime-
try (Brunt et al., 2010, 2014). ICESat was operated in “‘cam-
paign” mode, with two or three 33-day campaigns occurring
annually. Surface—elevation biases between the ICESat cam-
paigns (“inter-campaign biases”) of up to several centimeters
have been found in the data (Borsa et al., 2014; Hofton et al.,
2013; Urban et al., 2012; Siegfried et al., 2011) and should be
accounted for when determining ice-sheet elevation change
rates.

ICESat-2 is the follow-on mission to ICESat. ICESat-2
will carry the Advanced Topographic Laser Altimeter Sys-
tem (ATLAS) — a six beam, photon-counting laser altimeter,
which uses short (<2ns) 532nm wavelength pulses, with
a 10kHz repetition rate. ATLAS will have a ~ 17 m diam-
eter footprint and a ~ 0.7 m along-track sampling interval
(Abdalati et al., 2010; Markus et al., 2017). ICESat-2 mis-
sion requirements include the determination of ice-sheet el-
evation change rates to an accuracy of less than or equal to
0.004 ma~—! (Markus et al., 2017).

While many large-scale ice-sheet-change studies have
been based on a satellite-derived time series (e.g., Velicogna
et al., 2014; Shepherd et al., 2012; Zwally et al., 2011,
2005), airborne laser altimetry has played a critical role in
(1) “bridging the data gap” between the satellite missions,
with a focus on areas of significant change and interest
(Csatho et al., 2014; Koenig et al., 2010); (2) satellite data
validation (Martin et al., 2005; Hofton et al., 2013); and
(3) satellite development (McGill et al., 2013; Brunt et al.,
2014, 2016).

Operation IceBridge is bridging the data gap between the
ICESat and ICESat-2 missions (Koenig et al., 2010). Ice-
Bridge mission requirements include (1) the measurement of
surface elevation with a vertical accuracy of 0.5 m; (2) the ac-
curate detection of annual changes of 0.15 m over sampling
distances of 500 m in the ice-sheet interior; and (3) the cre-
ation of datasets for cross-calibration and validation of ice-
sheet elevations from satellite lidars. Since 2009, IceBridge
has annually surveyed both the Greenland and Antarctic ice
sheets, as well as sea ice and Arctic glaciers, with a suite
of instruments from a variety of airborne platforms includ-
ing the Airborne Topographic Mapper (ATM) and the Land,
Vegetation, and Ice Sensor (LVIS; previously referred to as
the Laser Vegetation Imaging Sensor).

Data from airborne laser altimeters also play a critical role
in satellite data validation (Martin et al., 2005; Hofton et al.,
2013). In 2001, prior to its association with IceBridge, ATM
was deployed over the western United States and the Antarc-
tic Dry Valleys (Martin et al., 2005) to determine ICESat el-
evation biases of less than 0.02 m. Similarly, LVIS data were
collected over the interior of the Antarctic Ice Sheet in 2009
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and 2010 as part of IceBridge to determine ICESat inter-
campaign surface—elevation biases (Hofton et al., 2013).

Airborne laser altimeters also play a critical role in satel-
lite development. LVIS has served as the airborne emula-
tor for several space-based concepts and missions, including
the Global Ecosystem Dynamics Investigation Lidar (GEDI).
The Multiple Altimeter Beam Experimental Lidar (MABEL)
was developed as an airborne ICESat-2 simulator (McGill
et al., 2013). MABEL enabled the development of ICESat-
2 geophysical algorithms (Kwok et al., 2014) and provided
error analysis of the ATLAS measurement strategy (Brunt et
al., 2014).

Such datasets demonstrate the utility of airborne laser al-
timetry for both enhancing and extending the space-based
record of elevation measurements as well as for calibration
and validation of data from such missions. However, a com-
parison of these altimeters, including surface measurement
biases and precisions, has not been made over the same
ground-survey area. In order to constrain the accuracy and
utility of these instruments over ice surfaces, intermediary
ground-based observations must be used. Here, we present
an assessment of the ice-sheet surface—elevation bias and sur-
face measurement precision of three NASA airborne laser
datasets used in the development and validation of satellite
missions (ATM, LVIS, and MABEL) by performing a direct
comparison of these datasets with in situ GPS surveys that
have been conducted near the center of the Greenland Ice
Sheet, at Summit Station, from 2006 to the present.

2 Data
2.1 Ground-based GPS surveys

Since August 2006, an 11 km ground-based kinematic GPS
survey has been conducted monthly near Summit Station,
Greenland (Fig. 1). The survey has been part of a larger long-
term observation program funded through the National Sci-
ence Foundation (NSF). The survey route was designed to
follow an ICESat reference ground track (no. 0412); the sur-
vey route intersects the ICESat reference ground track of-
ten to enable a large number of data “crossovers” for direct
comparison of ground-based and spaceborne elevations. Data
from this survey have been used for ICESat surface elevation
validation and have provided an assessment of ICESat inter-
campaign surface elevation biases (Siegfried et al., 2011).
The monthly Summit Station ground-based GPS survey
represents the most temporally long and dense in situ ob-
servation of ice-sheet elevation change. The survey is ex-
pected to continue through the ICESat-2 mission to provide a
nearly 15 year ground-based dataset. The 11 km GPS survey
intersected just 6 km of the ICESat reference ground track
(Fig. 1). However, the high temporal resolution and long time
series of the ground-based GPS data provide a robust means
of validating satellite-derived estimates of ice-sheet elevation
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Table 1. Airborne laser altimetry and ground-based GPS survey dates and comments.

Lidar Survey Lidar survey  GPS survey Offset  hantPost  "RunnerDepth ~ Comments

altitude  date date (days) (m) (m)
ATM?Z 450ma.g.l. 5 May 2009 5 May 2009 0 1.785 0.0200 2 GPS surveys; OIB
ATM 450 ma.gl. 11 Apr2012 11 Apr2012 0 1.785 0.0175 OIB
ATM 450ma.g.l. 10 Apr2014 2 Apr2014 -8 1.797 0.0175 3 ATM passes; OIB
ATM 450ma.g.l. 2 May 2014 13 May 2014 +11 1.797 0.0150 OIB
ATM37 450ma.gl. 9 Apr2015 29 Apr 2015 +20 1.797 0.0125 OIB
ATM* 450ma.g.l. 19 May 2016 19 May 2016 0 1.797 0.0350 OIB
LvIs! ~4600ma.g.l. 20 Sep 2007 18 Sep 2007 -2 1.785 0.0175 2 LVIS passes; Pre-OIB
Lvish ~4600ma.gl. 14 Apr2010 14 Apr 2010 0 1.785 0.0150 OIB
MABEL® ~16000ma.gl. 8 Apr2012 8 Apr 2012 1.785 0.0150 3 MABEL passes; IS-2
MABEL®  ~16000m agl. 12 Apr2012 11 Apr 2012 -1 1.785 0.0175 2 MABEL passes; IS-2

! Indicates ITRF00 as the airborne data post-processing datum; 2 indicates ITRFO5; all others are ITRF08. 3 Indicates that the instrument was integrated with a C-130;
4 indicates that the instrument was integrated with the NOAA P-3; 3 indicates that the instrument was integrated with the NASA DC-8; 6 indicates that the instrument
was integrated with the NASA ER-2; all other surveys were flown on the NASA P-3. 7 Indicates that both narrow- and wide-scanning lidar data are available; all other
ATM analysis is associated solely with wide-scan lidar data. Comments: OIB in the “Comments” field indicates that data are from Operation IceBridge and that they are
available via the NSIDC Operation IceBridge Data Portal (http://nsidc.org/icebridge/portal). Pre-OIB in the “Comments” field indicates that data are pre-IceBridge; they
are available via NSIDC (http://nsidc.org/data/blvis2). IS-2 in the “Comments” field indicates that data are available via the ICESat-2 website

(http://icesat-2.gsfc.nasa.gov).

change. As such, the exact orbit of ICESat-2, and the resul-
tant satellite ground track, was defined in part based on the
location of this survey; similar to ICESat, the survey will in-
tersect approximately 6 km of an ICESat-2 reference ground
track (Fig. 1).

The kinematic GPS survey is conducted using a dual-
frequency Trimble R7 receiver recording at 0.5 or 1 Hz with
a Trimble Zephyr antenna (TRM39105); we note that the
kinematic surveys have always been conducted using this
equipment. Starting in August 2007, the “roving” antenna
was mounted on a static metal post on a sled towed behind
a snowmobile at ~5ms™! (Siegfried et al., 2011; Fig. 2).
Current survey protocols call for the survey technician to
measure the length of the static antenna post and the depth
of the runners of the sled into the snow surface at the be-
ginning and, usually, at the end of each survey (Table 1).
These measurements and the appropriate National Geode-
tic Survey (NGS) antenna model allow for the calculation
of the distance from the phase center of the roving antenna
to the surface of the snow (Fig. 2). A continuously oper-
ating GPS base station has been installed at Summit Sta-
tion (3 km east of the start of the survey and 6.5 km south-
east of the end of the survey; Fig. 1). For the duration of
the survey time series, the base station has been a dual-
frequency Trimble NetRS receiver recording at 1 Hz with a
Trimble Zephyr Geodetic antenna (TRM41249; Siegfried et
al., 2011). Periodically, that station is moved and the base sta-
tion name is altered to reflect this change (e.g., SUMM prior
to July 2009, SMM1 between July 2009 and August 2013,
and SMM2 from October 2013 to the present, although the
station was not renamed until July 2014). Both the base sta-
tion and the rover logged data solely from the GPS constel-
lation. The Summit base station GPS data are publicly avail-
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able for download on the University NAVSTAR Consortium
(UNAVCO) Data Archive Interface (http://www.unavco.org/
data/gps-gnss/data-access-methods/dai2/app/dai2.html).

When it was logistically possible, the timing of the
ground-based survey was coordinated with NASA airborne
surveys of the region (Table 1). This allowed for the assess-
ment of airborne lidar performance over ice-sheet interiors
(e.g., Brunt et al., 2014). When the timing offset between the
airborne and GPS surveys is minimized, assessments of lidar
performance are made in the absence of environmental fac-
tors (e.g., snow, melt, or wind events) that change the surface
and potentially compromise the analysis. Six of the airborne
campaigns were offset from the ground-based GPS survey
by two days or less; however, three of the campaigns were
offset by eight days or more, with the maximum offset being
20 days (Table 1).

2.2 Airborne Topographic Mapper (ATM)

ATM (Krabill et al.,, 2002) is one of the two main air-
borne laser altimetry systems used by NASA’s Operation Ice-
Bridge. The current ATM configuration generally consists of
a dual instrument configuration, with a wide-scan lidar and a
narrow-scan lidar integrated simultaneously. The wide-scan
lidar has a full scanning angle of 30° and is generally used
over the ice sheets; the narrow-scan lidar, which was first in-
tegrated with IceBridge in 2012, has a full scanning angle of
5° and is generally used over sea ice but has also been used
for high-altitude land-ice flights. Both ATM lidars are coni-
cally scanning, full-waveform systems that transmit 532 nm
wavelength 6 ns pulses with a 3 or 5 kHz repetition rate.
ATM has been in operation since 1993. Components of
ATM, such as the data system and scanner assembly, have
been improved over time. The details of the version of the
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Figure 1. Map of the Summit Station area including the represen-
tative ground-based GPS survey line (blue line); airborne lidar sur-
veys (gray lines, thicker lines occur earlier); ICESat ground track
no. 0412 (cyan line); ICESat-2 ground tracks (green lines); and
Summit Station (red dot). The distance between Summit Station
and the southern end of the traverse is ~ 3 km; the distance between
Summit Station and the northern end of the traverse is ~ 6.5 km.
Relative to the trend of ICESat track no. 0412, the ground-based
GPS survey line is oriented both along-track and across-track in or-
der to better characterize the surface slope.

data system (e.g., “4B”), scanner assembly (e.g., “T2”), and
scanning angle (e.g., “30°”) that were used for each airborne
survey are captured in Table 2.

ATM surveys over Summit Station were generally con-
ducted using the NASA P-3, but ATM has also been inte-
grated with the NASA C-130 (2015 Arctic campaign; Ta-
ble 1) and the National Oceanic and Atmospheric Admin-
istration (NOAA) P-3 (2016 Arctic campaign; Table 1).
Surveys were conducted at a nominal aircraft speed of
~100ms~! and with a nominal altitude of ~ 450 m above
ground level (a.g.1.). At this air speed, altitude, and repetition
frequency, the wide-scan ATM lidar generates a 1 m diame-
ter footprint and a scanning swath width of ~250m and the
narrow-scan ATM lidar generates approximately the same
footprint with a scanning swath width of ~40m (Fig. 3).
ATM elevation bias and precision, for the dual instrument
configuration, has been assessed based on crossover analy-
ses and comparisons with elevations derived from ground-
based GPS surveys of airport departure aprons. ATM eleva-
tion bias and precision estimates are 0.07 and 0.03 m, respec-
tively (Martin et al., 2012).
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We obtained the ATM Level-1B Qfit Elevation and Return
Strength data (Krabill, 2013) through the National Snow and
Ice Data Center (NSIDC) Operation IceBridge Data Portal
(http://nsidc.org/icebridge/portal/) for the six flights over the
Summit Station GPS ground-survey area (Table 1; Fig. 1).
The data files include position information of the surface
reflection (latitude, longitude, and elevation) that is derived
from the combination of data from the laser systems with
data from on-board GPS (Javad) and inertial systems (ei-
ther Applanix POS AV 510 or 610 systems). Positioning
information is derived using differential GPS (DGPS) post-
processing techniques. DGPS solutions require both a roving
GPS receiver and a static base station. ATM position solu-
tions were determined relative to data from a base station
that was installed at the departure airport and was accom-
plished in a software package developed by the ATM team
at the NASA Goddard Space Flight Center (GSFC) called
GITAR (GPS Inferred Trajectories for Aircraft and Rock-
ets; Martin, 1991). GITAR is optimized for the polar envi-
ronment and long baselines. It incorporates data from GPS
and GLONASS (since 2011) satellites, as well as data from
multiple ground stations, for improved satellite geometry, es-
pecially at high latitudes.

2.3 Land, Vegetation, and Ice Sensor (LVIS)

LVIS (Blair et al., 1999) is the second main airborne laser al-
timeter used by Operation IceBridge. It is a swath-scanning,
full-waveform laser altimeter that transmits 1064 nm wave-
length 9 ns pulses with a 500 to 1500 Hz repetition rate (Blair
et al., 1999) using a scan angle that varies between +6°.
LVIS surveys over Summit Station (Table 1) were conducted
using both the NASA P-3 (2007) and the DC-8 (2010) at a
nominal aircraft speed of ~100ms~! and an altitude over
Summit Station of ~ 4600 m a.g.l. At this air speed, altitude,
and repetition frequency, LVIS generates a ~ 10 m diameter
footprint and a scanning swath width of ~ 1000 m (Hofton
et al., 2008; Fig. 3). LVIS long-term (e.g., GPS-related) ele-
vation biases, assessed along two repeated several hundred-
kilometer-long transects over the Greenland Ice Sheet, were
found to be better than £0.05 m with precision estimates
at multiple crossover locations that were better than 0.07 m
(Hofton et al., 2008).

There were two LVIS flights over the Summit Station
GPS ground-survey area (Table 1; Fig. 1): one associated
with Operation IceBridge (14 April 2010) and one as part
of a demonstration dataset for future spaceborne concepts
(20 September 2007). Similar to ATM, we obtained the
IceBridge LVIS L2 Geolocated Surface Elevation Product,
version 1.1 (Blair and Hofton, 2015), through the NSIDC
Operation IceBridge Data Portal (http://nsidc.org/icebridge/
portal/). We obtained the Pre-IceBridge LVIS L2 Geolo-
cated Ground Elevation and Return Energy Quartiles, ver-
sion 1 (Blair and Hofton, 2011), through the NSIDC (http:
//msidc.org/data/blvis2). These files include the position in-
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Figure 2. The roving GPS antenna, sled, and snowmobile configuration. GPSpc is the surveyed position solution to the phase center of the
antenna, ANGSmodel 1S the NGS model distance between the antenna phase center and the antenna base plane, i appog; 1S the height of the
antenna post (Table 1), ARunnerDepth is the depth of the sled runners in the snow surface (Table 1), and / is the snow surface (Eq. 1).

Table 2. Airborne lidar elevation bias and surface measurement precision (in m) relative to ground-based GPS survey data (i.e., lidar eleva-
tions minus GPS elevations) using “nearest-neighbor” and “zone” analysis.

Lidar survey Lidar version DGPS1 bias =+ precision: DGPS?2 bias =+ precision: PPP bias =+ precision:
(scan angle) nearest-neighbor (m) nearest-neighbor (m) nearest-neighbor (m)
zone (m) zone (m) zone (m)

ATM 5 May 20092 4B/T2 (30°) 0.055+0.074; N =255 0.005+£0.073; N =254 —0.026 £0.075; N =253
0.055+0.074; N =255 0.005£0.074; N =254 —0.026 £0.075; N =253

ATM 11 Apr 2012 4B/T4 (30°) 0.067+£0.045; N =320 —0.014+£0.055; N =323 0.008 £0.039; N =321
0.067+£0.045; N =320 —0.014+£0.055; N =323 0.008 £0.039; N =321
ATM 10 Apr 2014 4B/T4 (30°) 0.018+£0.076; N =491 0.040£0.077; N =491 —0.021£0.075; N =494
0.018+£0.076; N =491 0.040£0.077; N =491 —0.021£0.075; N =494
ATM 2 May 2014 4B/T4 (30°) 0.005 £ 0.054; N =220 0.037£0.051; N =221 —0.005+£0.052; N =223

0.005 +£0.054; N =220 0.037£0.051; N =221 —0.005£0.052; N =223

ATM 9 Apr 2015 3 SA/T3 (30°) 0.004+£0.088; N =470 —0.026£0.087; N =476 —0.064 £0.087; N =472
0.004+£0.088; N =470 —0.026 £0.087; N =476 —0.064 £0.087; N =472

ATM 9 Apr 20153 SB/T5 (5°) 0.043 £0.068; N =365 0.015£0.070; N =366 —0.021 £0.068; N =368
0.043 £0.068; N =365 0.015+£0.070; N =366 —0.021 £0.068; N =368

ATM 19 Apr 2016 4 5A/T2 (30°)  —0.070£0.075; N =331 —0.043+0.073; N =329 —0.108 £0.059; N =336
—0.070+0.075; N =331 —0.043+0.072; N =329 —0.108 0.059; N =336

LVIS 20 Sep 2007 ! Pre-OIB 0.115+£0.061; N =1219  0.085+£0.059; N =1219  0.081+£0.061; N =1218
0.116 £0.057; N =1219  0.086 £0.056; N =1219  0.082+£0.057; N =1218
LVIS 14 Apr2010 15 OIB 0.037£0.064; N =497 —0.004 £0.064; N =497 —0.024+0.061; N =497

0.035+£0.060; N =497 —0.006£0.060; N =497 —0.027£0.058; N =497

Elevation bias (lidar elevation — GPS elevation) and surface measurement precision are in m. DGPS1 is TRACK software processing results, processed to the L1 phase
center, 0.056 m above the base plane; DGPS2 is GITAR software processing results, processed to the LC phase center, 0.061 m above the base plane; PPP is Inertial
Explorer software processing results, processed to the L1 phase center, 0.056 m above the base plane. ! Indicates ITRFO00 as the post-processing datum; 2 indicates
ITRFO5; all others are ITRFOS. 3 Indicates that the instrument was integrated with a C-130; 4 indicates that the instrument was integrated with the NOAA P-3;

5 indicates that the instrument was integrated with the NASA DC-8; all other surveys were flown on the NASA P-3.

formation (latitude, longitude, and elevation) of the lowest
reflecting surface in the footprint that is obtained from the
combination of laser ranges with laser positioning and point-
ing information (Hofton et al., 2008). Laser positioning and
pointing information are derived from an integrated GPS (ei-
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ther Javad, NovAtel, or Ashtech receivers) and inertial sys-
tem (either Applanix POS AV 510 or 610 systems) and pro-
cessed using the commercially available GrafNav (GPS) and
POSPac (inertial) software. The 2007 data used DGPS post-
processing techniques relative to a base station at Kangerlus-
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Figure 3. Schematic representation of the lidar measurement strate-
gies and ground-based GPS sample spacing. LVIS measurements
(gray): ~ 10 m diameter footprint and a 1000 m across-track swath
width. ATM measurements (green): ~ 1 m diameter footprint and
either a 40m (narrow-scan; post 2012) or a 250 m (wide-scan)
across-track swath width. Ground-based GPS data (blue points) in-
dicate sample spacing. MABEL measurements (black dots) are in-
cluded to illustrate the limitations of a profiling lidar for this appli-
cation.

suaq, Greenland. The 2010 data utilized precise point posi-
tioning (PPP) techniques, which do not require a base station
but rather rely on more precise satellite orbit and clock infor-
mation to determine the position of the roving GPS receiver.
Position information for the 2007 and 2010 LVIS campaigns
incorporated data from the GPS constellation only.

2.4 Multiple Altimeter Beam Experimental Lidar
(MABEL)

For completeness, we note that a third NASA laser altime-
ter has flown over the Summit Station GPS ground-survey
area. MABEL is a photon-counting laser altimeter that was
developed in support of ICESat-2. In April 2012 it surveyed
the Greenland Ice Sheet and Arctic sea ice based out of Ke-
flavik, Iceland; data from this campaign, including analysis
of data over the Summit Station ground survey, is presented
in Brunt et al. (2014). MABEL is distinct from the other two
lidars assessed here in that it has as many as 24 beams pro-
filing in a linear array (as opposed to the swath methods of
ATM and LVIS) perpendicular to the direction of flight.
MABEL transmits 532 and 1064 nm wavelength ~ 1.5 ns
pulses with a variable repetition rate (5 to 25 kHz; McGill et
al., 2013). MABEL surveys were conducted using the NASA
ER-2 at a nominal aircraft speed of ~200ms~! and with
an altitude over Summit Station of ~16000ma.g.l. At this
air speed, altitude, and a 5 kHz repetition frequency, MA-
BEL generates a 2 m diameter footprint every 0.04 m with a
swath width of as much as 2000 m. Based on an error anal-
ysis, Brunt et al. (2014) estimated MABEL elevation uncer-
tainty for the Summit Station region to be 0.15m. MABEL
surface—elevation bias and measurement precision has been
assessed based on direct comparisons of MABEL surface el-
evations with digital elevation models derived from ground-
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based GPS data collected on airport departure aprons. MA-
BEL surface measurement precision assessments are gener-
ally 0.11 to 0.14 m but have been as high as 0.24 m (Brunt
et al., 2014, 2016; Magruder and Brunt, 2017). MABEL
surface—elevation bias is generally on the order of 1 m; while
this bias is relatively large, it is within the mission design
goals of MABEL (ICESat-2 algorithm development and er-
ror analysis), which focus on surface measurement preci-
sion. MABEL data files include position information derived
from a GPS integrated with a NovAtel HG1700 AGS58 iner-
tial system and are available via the NASA ICESat-2 website
(http://icesat-2.gsfc.nasa.gov).

Because MABEL is a multibeam profiling (rather than
scanning) lidar, there are relatively few intersections be-
tween MABEL beams and the ground-based GPS survey, ul-
timately resulting in poor quality statistics (Fig. 3) based on
small sample size and poor spatial distribution. These lim-
ited areas of airborne and ground-based data intersection are
highly clustered in the few places where the MABEL pro-
file crossed the GPS survey and therefore do not represent a
spatially diverse assessment of MABEL instrument perfor-
mance. Consequently, we exclude MABEL from further dis-
cussion, as the dataset is fundamentally different than that of
the other scanning lidars considered here.

3 Methods
3.1 Ground-based GPS survey data processing

Ground-based position solutions from three GPS post-
processing software packages, using both PPP and DGPS
methods, were compared with airborne elevation data. PPP
solutions were acquired using Inertial Explorer version 8.60,
a commercial GPS post-processing software package devel-
oped by NovAtel. One set of ground-based DGPS solutions
was acquired using TRACK (Trajectory Calculation with
Kalman Filter), the kinematic DGPS component of GAMIT
(a GPS utility that was partially developed and supported
by the Massachusetts Institute of Technology). Kinematic
GPS positions from TRACK version 1.28 software (Chen,
1998) were determined by carrier-phase differential process-
ing relative to the Summit GPS base station. A second set
of ground-based DGPS solutions was acquired using ATM’s
GITAR post-processing software (Martin, 1991). For the
DGPS results, the positions of the Summit GPS base station
were obtained using GIPSY-OASIS (GNSS-Inferred Posi-
tioning System and Orbit Analysis Simulation Software). For
the GITAR solutions, the base station positions represent an
average of four days of data, centered on the timing of the
ground survey. For the TRACK solutions, the base station
positions represent an average recorded over the duration of
the ground-based survey.

Independent of post-processing method, all of the ground-
based GPS solutions are based on final precise orbit and
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clock information from the Crustal Dynamics Data Infor-
mation System (CDDIS) hosted at GSFC. Processing using
TRACK corrected for errors associated with the ionosphere
by incorporating an IGS data product. To mitigate the effect
of multipath distortion, all processing methods used a cut-off
angle (7.5, 10, and 12° for Inertial Explorer, TRACK, and
GITAR, respectively). Inertial Explorer and TRACK used a
Saastamoinen model to correct for tropospheric delay, while
GITAR used a gridded reanalysis data product from the Na-
tional Centers for Environmental Prediction (NCEP). All
processing methods corrected for solid Earth tides based on
an International Earth Rotation and Reference System Ser-
vices (IERS) model.

All of the ground-based GPS data were solved to the phase
center of the antenna. TRACK and PPP solutions used the
L1 antenna phase center, while GITAR used the LC phase
center. The solutions were then referenced to the ellipsoid
(WGS84) and datum of the matching airborne data (either
ITRFO00, ITRFO5, or ITRF08, indicated in Tables 1 and 2).
The GPS phase-center elevation solutions were then reduced
to the snow surface (Fig. 2) using data from the field (Table 1)
and the appropriate NGS antenna model phase-center offsets.
Specifically, the calculation of the height of the surface of the
snow (h) is

h = GPSpc — hantPost — INGSmodel + hRunnerDepth» (D

where GPSpc is the surveyed position solution to the phase
center of the ground-based roving antenna, happost i the
height of the antenna post (1.785 or 1.797 m, depending on
the survey; Table 1), ANGSmodel 1S the NGS model distance
between the antenna phase center and the antenna base plane
(0.056 or 0.061 m for the L1 or LC phase centers, respec-
tively), and /RunnerDeptn 1S the depth of the sled runners in
the snow surface (variable, ranging from 0.0125 to 0.02 m;
Table 1). We note that the ground-based GPS data were col-
lected at 1 Hz, with the snowmobile operating at ~5ms~!,
giving the GPS data an effective 5 m diameter footprint.

3.2 Ground-based GPS and airborne lidar elevation
comparison strategies

Once the kinematic GPS data were post-processed and re-
duced to the snow surface, we compared the ground-based
GPS surface elevation data directly to the airborne surface
elevation data. We used two different approaches: a “nearest-
neighbor” analysis and a “zone” analysis.

We note that the footprint sizes of the altimeters are dif-
ferent; for the data used in these analyses, ATM has a ~ 1 m
diameter footprint and LVIS has a ~ 10 m diameter footprint.
When comparing the ground-based GPS data with the lidar
data, we chose a search radius around each lidar data point
that was equal to the size of the given lidar footprint; this
was intended to ensure that the ground elevation data were
representative of what the lidar was sampling.
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In the nearest-neighbor analysis, we determined the clos-
est single ground-based GPS data point for every lidar data
point. Then we limited our analysis to points where the lidar
and GPS measurements were within the search radius that
was appropriate for the given lidar. We then assessed the dif-
ference between the lidar surface elevation and the closest
GPS surface elevation for the data that met the search crite-
ria.

In the zone analysis, we identified every ground-based
GPS data point within the appropriate search radius around
the lidar data coordinates (which represent the center of the
lidar footprint); not every lidar data point had GPS data that
met this search criteria. Then we determined the mean of
the GPS elevations within this zone. Similar to the nearest-
neighbor analysis, we then assessed the difference between
the lidar surface elevation data point and the mean of the GPS
surface elevations within the zone.

For each airborne mission analysis, once the ground-based
GPS surface elevation data (GPSejevation) Were associated
with the lidar surface elevation data (Lidarejevation), the mean
elevation difference is the lidar elevation bias (B):

i Z (Lidarejevation — GPSelevation)
= N ,

where N is the total number of either the nearest-neighbor
data points or the total number of zones that met the distance
criteria. This lidar bias is relative to the ground-based GPS
elevation data, which we are taking to be the truth. By assum-
ing that the ground-based GPS data represent truth, for these
analyses we assume their errors are zero. In actuality, these
errors are not zero and are a function of several terms includ-
ing (1) formal errors, which vary based on processing meth-
ods and include factors such as ephemeris and clock errors;
(2) atmospheric errors, associated with both the ionosphere
and troposphere; (3) multipath errors; (4) the precision of
the base station estimate to which the survey is related (in
the case of the DGPS processing methods); and (5) observa-
tional errors such as variable penetration of the sled into the
snow along the course of the survey. We note that the exist-
ing ground-based and airborne elevation data are likely cor-
related, as they are based on similar GPS measurements and,
in the case of GITAR, processing strategies. The standard
deviation of the bias (B) in Eq. (2) is the spread of the data
about the mean, taken to be the lidar surface measurement
precision. Surface measurement precision is defined here as
the vertical dispersion of the lidar measurements about the
mean surface and takes into account properties of the surface
that will affect the measurement (e.g., slope and roughness)
and altimeter precision, which is a function of several terms,
including (1) geolocation errors (which are a function of all
of the GPS terms described above), inertial measurement er-
rors, altitude, and horizontal uncertainty; (2) errors in altime-
ter timing; (3) the size of the footprint on the surface, which
is a function of altitude and beam divergence; and (4) lidar
data processing errors. Over the relatively smooth and flat ice
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found in the Summit Station region, these surface and instru-
ment effects are not easily distinguished from one another in
the lidar surface measurement data.

4 Results

To assess the ground-based GPS post-processing methods
used in this analysis, we compared data from a unique
ground-based survey that conducted two separate passes of
the traverse route on 5 May 2009 (Table 1). We compared
the second pass to the first pass, using a nearest-neighbor
approach, and calculated the mean elevation residual for
1067 points. For the DGPS methods, the TRACK residual
was 0.004 m (standard deviation 0.055 m), while the GITAR
residual was 0.026 m (standard deviation 0.058 m). For the
PPP method, this residual was —0.009 m (standard deviation
0.057 m). Thus, we are confident that the survey methods
and data processing techniques associated with the in situ
GPS survey provide internally consistent ground-based re-
sults. While it is hard to isolate or quantify the non-zero er-
rors associated with the ground-based GPS elevation data,
we assume that the 0.055 to 0.059 m range of standard de-
viations is representative of the contribution of all of the
terms mentioned in the previous section. The residuals pre-
sented here compare well with similar results from Siegfried
et al. (2011) based on a dual traverse on 18 June 2009; their
residual, based on differential post-processed techniques,
was 0.009 m. Siegfried et al. (2011) also point out that the
nearest-neighbor approach introduces new error sources, and
thus refrain from further interpretation, such as precision es-
timates.

Table 2 lists elevation bias and surface measurement pre-
cision relative to ground-based GPS survey data (i.e., lidar
elevations — GPS elevations) for ATM and LVIS. The table
lists results for both the nearest-neighbor and zone analysis.
Further, the table presents two methods using DGPS post-
processing techniques and one using the PPP method of post-
processing.

The surface measurement precisions in Table 2, for both
ATM and LVIS, are all less than 0.09 m and ranged from
0.039 to 0.087 m. The surface measurement biases in Table 2,
for both ATM and LVIS, are all less than 0.12 m, with all of
the IceBridge-related data collections (2009-2016) having
measurement biases that range from —0.108 to +0.067 m.
The overall largest measurement bias is associated with the
2007 LVIS airborne campaign, which was collected before
the advent of IceBridge and as such did not undergo the com-
prehensive instrument calibration procedures now employed
on IceBridge flights. The —0.108 m difference between the
2016 ATM and PPP-GPS surface elevations is slightly larger
than the other ground-based and airborne comparisons. Dur-
ing the ground survey, severe ionospheric activity had an im-
pact on both the roving and base station GPS receivers for
a period of 5min. The resulting cycle slips were manually
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corrected in the GITAR DGPS processing, but not in the
PPP processing, which could explain the better agreement
between the GITAR and ATM comparison relative to the PPP
and ATM comparison.

For both the nearest-neighbor and the zone analyses, N
from Eq. (2) was generally consistent for the airborne lidars
considered here. For ATM, N for both the nearest-neighbor
and zone analyses ranged from 220 to 494 per campaign,
with an average of 351; for LVIS, N for both the nearest-
neighbor and zone analyses ranged from 497 to 1219 per
campaign, with an average of 858. For the zone analyses,
the average number of GPS data points within the ATM 1 m
diameter zone, or search radius, ranged from 3 to 193 per
campaign, with the mean being 27. The average number of
GPS data points within the LVIS 10 m diameter zone ranged
from 33 to 575 per campaign, with the mean being 304.

Our analysis indicates that there were no significant differ-
ences between results associated with the nearest-neighbor
and zone methods for comparing the ground-based GPS and
altimetry surface elevations (Table 2). The zone method may
mitigate the impact of spurious outliers that could affect the
surface measurement precision; this is potentially evident in
a comparison of the nearest-neighbor and zone results for the
LVIS data, where precisions systematically improve slightly
using the zone method. However, we note that results associ-
ated with a median method were all within 1 cm, and gener-
ally less than 0.1 cm, of results from the mean method. Thus,
we consider the effects of outliers in this analysis to be neg-
ligible. Overall, the zone and nearest-neighbor methods dis-
play similar results, most likely due to the relatively flat sur-
face at Summit Station. Based on the ATM Level 2 ICESSN
data product (Krabill, 2010) for all three passes associated
with the 10 April 2014 flight, the slope over the traverse in
the along-track direction is 0° and there is a gentle (0.1°)
slope in the across-track direction (sloping toward the west);
the difference between the maximum and minimum eleva-
tions in the vicinity of the traverse, based on the same data
product, is only 1.05 m. Given these low-slope values, a ge-
olocation error of 10 m is required to achieve a slope-induced
elevation error of 0.01 m.

For this application, there are only small differences be-
tween the results associated with DGPS and PPP post-
processing methods associated with the ground-based GPS
surveys. Results from each GPS processing method are sta-
tistically indistinguishable from one another and do not dis-
play a systematic pattern over the eight observational pe-
riods that included both DGPS and PPP processing tech-
niques. The similarity in relative bias between DGPS and
PPP processing techniques is encouraging as there may be
times when base station GPS data are unavailable for DGPS
post-processing. Table 2 and the comparison of the residu-
als associated with the 5 May 2009 ground-based GPS data
suggest that, for this application, results using PPP methods
can be used to derive results that are as accurate and precise
as those derived using DGPS methods for this small-scale

www.the-cryosphere.net/11/681/2017/



K. M. Brunt et al.: Assessment of NASA airborne laser altimetry data 689

0.15
AQ
W

0.10 A2

0.05
—_ [ S—
£ 0

=S

172}
o 1
2.0.05
© . ——
ped
g 1

010 ——L—

015 TRACK DGPS

GITAR DGPS
0.20 PPP

Mar09 Sep 09 Mar10 Sep 10 Mar11 Sep 11 Mar12 Sep 12 Mar13 Sep 13 Mar14 Sep 14 Mar15 Sep15 Mar 16

Date

Figure 4. Performance of ATM and LVIS over Summit Station through time. Date versus lidar surface bias (m), for ATM and LVIS, for the
IceBridge campaigns. Error bars represent surface measurement precision. TRACK DGPS (blue), GITAR DGPS (red), and Inertial Explorer
PPP (black) GPS post-processing results are presented. ATM 15 represents the narrow-scan lidar system only. We note that for the GITAR
solutions, the base station positions represent an average of four days of data; for the TRACK solutions, the base station positions represent an
average recorded over the duration of the ground-based survey. This may account for the slight offset associated with the TRACK solutions.

ground-based GPS survey. We attribute some of the success
of the PPP method to the ground-survey duration, which is
long enough to minimize errors associated with the conver-
gence period (Bisnath and Gao, 2009) but short enough to
minimize errors associated with the tropospheric modeling.

5 Discussion

The Summit Station ground-based GPS survey methods and
data post-processing techniques are appropriate for airborne
data validation. The three methods of data post-processing
are internally consistent based on the difference between the
two separate GPS surveys conducted on 5 May 2009. Fur-
ther, for this application, there are only small differences
between the results associated with DGPS and PPP post-
processing methods. The results presented here suggest that,
given only roving-receiver GPS data, ground-based surface
elevation data are still sufficiently accurate and precise for
airborne elevation data validation.

Airborne and ground-based surveys should be coordinated
with respect to timing. Two-thirds of the airborne lidar cam-
paigns discussed here were within 2 days of the ground-
based survey, which is a testament of the coordination be-
tween the airborne and ground-based teams. While we are
limited with respect to observations, and we cannot state with
certainty that the 20-day timing offset between the airborne
and ground-based surveys was the unique source for the rela-
tively poorer quality (0.09 m) surface measurement precision
of the wide-scan lidar data for the 9 April 2015 flight, any el-
evation differences derived from environmental factors (e.g.,
snow, melt, or wind events) can be easily mitigated by closely
coordinating the ground-based and airborne surveys.

Results for ATM and LVIS at Summit Station associated
with the IceBridge campaigns date back to 2009 and provide
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an understanding and characterization of how these instru-
ments perform and how that performance may evolve over
time (Table 2, Fig. 4). ICESat-2 is scheduled to launch in
2018 and has a 3-year mission requirement; thus, for ICESat-
2 post-launch validation activities that will utilize airborne
sensors, it is essential to identify instruments now that are
well characterized and well understood with respect to both
accuracy and precision and to develop standardized survey,
processing, and analytical techniques to ensure meaningful
satellite data validation and interpretation.

As stated in the introduction, ICESat-2 mission require-
ments include the determination of ice-sheet elevation-
change rates to an accuracy of less than or equal to
0.004 ma~! (Markus et al., 2017). This stringent requirement
can only be met through statistical analysis of I[CESat-2 ele-
vation data at satellite ground-track crossovers. The ICESat-
2 data products will include ice-sheet elevations validated to
0.025 m. This validation condition requires a large number
of satellite-to-airborne comparisons in order to significantly
improve precision estimates based purely on an increased
sample size (Boas, 1983). Thus, long length-scales of well-
characterized airborne data over the ice sheets (on the order
of 1000 km) will be required for satellite data validation.

Results presented here are limited with respect to applica-
bility to the entire ice sheet. Near the ice-sheet margins, air-
borne and satellite laser altimetry data are compromised due
to increased surface roughness and slope, among other envi-
ronmental variables (Brunt et al., 2010, 2014). However, the
ground-based GPS elevation data collected near Summit Sta-
tion provides a means to characterize airborne elevation data
of ATM and LVIS. Comparisons between ATM and LVIS
elevations and the ground-based elevations constrain the er-
rors of the airborne datasets. Thus, in situ data, even on short
length-scales and over flat surfaces, can form part of a strat-
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egy to validate data from airborne, and ultimately satellite,
platforms. Further, the Summit Station survey has been con-
ducted monthly since August 2006. The long, dense time se-
ries associated with the ground-based survey will ultimately
provide the seasonal information required to derive mean-
ingful surface-elevation-change interpretation of ICESat-2
data. This reinforces the importance of long-duration, high-
frequency, ground-based observations in linking in situ, air-
borne, and satellite observations.

6 Conclusions

It is often difficult to collect sufficient length-scales of in situ
elevation data to provide meaningful statistics for satellite
laser altimetry validation. Therefore, a nested approach for
validation of satellite elevation is commonly employed. In
a nested approach, ground-based GPS data are collected to
constrain the elevation bias and measurement precision of the
airborne lidar data. Airborne surveys can then be designed
and conducted on longer length-scales to provide the amount
of airborne data required to make statistically meaningful as-
sessments of satellite elevation accuracy and precision.

We have presented a comparison of airborne lidar data
with in situ GPS data, over relatively flat terrain associated
with the ice-sheet interior, in preparation for validation ef-
forts associated with ICESat-2. Results were consistent given
various data processing methods (PPP and DGPS) and data
analysis methods (nearest-neighbor or zone analysis). The
11km Summit Station ground-based GPS survey intersects
just 6km of the satellite ground track (Fig. 1). Therefore,
to make statistically robust assessments of ICESat-2 eleva-
tions, a nested approach will need to be employed for data
validation. However, the Summit Station survey provides a
means to characterize airborne instruments, which will in
turn collect sufficient amounts of data required for satellite
data validation. Further, results presented here date back to
2007, providing a characterization of how airborne instru-
ment performance may evolve over time. For ATM our anal-
ysis spans four generations of instrument and data systems
(Table 2) documenting long-term data consistency and accu-
racy. Long-term data consistency will be crucial for produc-
ing a cross-calibrated and validated surface-elevation-change
time series using ICESat and ICESat-2 data. From this com-
parison of airborne and ground based data collected under
standardized protocols, we find that both ATM and LVIS are
sufficiently characterized and thus well poised to be inte-
grated with an ICESat-2 data validation strategy.

Data availability. Summit ground-based GPS data associated with
the airborne lidar data are available online, as the supplement re-
lated to this article. The base station GPS data are publicly available
on the UNAVCO Data Archive Interface (http://www.unavco.org/
data/gps-gnss/data-access-methods/dai2/app/dai2.html) and are in-
cluded in the supplement related to this article. NASA ATM and
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the LVIS (2010) data are publicly available on the NSIDC Op-
eration IceBridge Data Portal (http://nsidc.org/icebridge/portal/).
The Pre-IceBridge LVIS data (2007) are also publicly available
at the NSIDC (https://nsidc.org/data/blvis2). MABEL lidar data
are publicly available on the NASA ICESat-2 data page (http://
icesat-2.gsfc.nasa.gov/icesat2/data/mabel/mabel_docs.php, NASA,
2014). The NASA GSFC surface-finding algorithm is available
from the authors upon request (kelly.m.brunt@nasa.gov).

The Supplement related to this article is available online
at doi:10.5194/tc-11-681-2017-supplement.
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