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Abstract. A series of NASA airborne lidars have been used in support of satellite laser altimetry missions. These airborne
laser altimeters have been deployed for satellite instrument develgpiorespaceborne data validation, and to bridge the
data gap between satellite missions. We used datadroomdbasedGlobal Positioning SysterfGPS surveys of a 11

km- long track near Summit Station, Greenland, to assess the sudtmetion biasand measurement precision of three
airborne laser altimeters, including the Airborne Topographic Mapper (ATM), the Land, Vegetation, and Ice Sensor (LVIS),
and the Multiple Altimeter Beam Experimental Lidar (MABEIGroundbased GPSatafrom the monthly groundased
traverses, which commenced in 2006, allowed for the assessn®airbbrne lidarsurveysassociated with ATM and LVIS
between 2007 and 2018urface eleation biases for these altimeteowver the flat, icesheet interiorare less than @2 m,

while assessments afieasuremenprecision are 0.09 ror better GroundbasedGPS positiongleterminedboth with and

without differential postprocessindechniquegprovidedinternally consistent solution®Results from the analyses gfound

based and airborne data provide validastratey guidancdor ICESat2 elevation and elevatiechange data products.

1 Introduction

A series of National Aeronautics and Space Administration (NASA) airborne and spaceborne altimeters have a mission tt
produce a continuous time seriesiof-sheetsurfaceelevation change estimates in an effort to determine thettng
contribution of plar ice sheets to sdavel rise. These missions include the Ice, Cloud, and land Elevation Satellite (ICESat;
20032009; Schutz et al., 2005), Operation IceBridge (20@%ent; Csatho et ak014 Koenig et al., 2010), and Ice,
Cloud, and land ElevatioSatellite 2 (ICESa2; scheduled to launch 2018 Abdalati et al., 2010; Markus et &016).

ICESaf8 Geoscience Laser Altimeter System (GLAS) was a singgen instrument that recorded the received laser energy

as a waveform. GLAS surface elevatiomsre based on reflected 1064 nm wavelength laser light with a 40 Hz pulse
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repetition frequency. GLAS sampled ~70 m diameter footprints every ~170 m along a series of repeated tracks (Schutz et a
2005).Early assessments of GLAS, based omugdbasedGlobal Positioning SysterfGPS surveys of a large and stable

salt flat in Bolivia,have shown absolute surface elevation bias of less than 0.02 m and precision of less than 0.03 m unde
ideal conditions (Fricker et al., 2005). However, estimateSLAAS surface elevation bias and precisfoom the latter half

of the satellite missiohave been closer to 0.06 and 0.15 m, respectively (Kohler et al), 2@k&d on data from a 10,000

km groundbased GPS traverse in East Antarctighich included the intéor and the margin of the ice sheahere surface
roughness and slope compromise the accuracy and precision of satellite laser alBnoetryet al., 2010; 2014)CESat

was operated in OcampaignO mode, with two or thasy3Zimpaigns occurring arally. Surface elevationises between

the ICESat campaigri©ntercampaign biasé¥of up toseveral centimetesave been founih the dataBorsa et al., 2014;

Hofton et al., 2013; Urban et al., 2012; Siegfried et al., 2@hthshouldbe accounted fowhen determiningce sheet
elevation change rates

ICESat2 is the followon mission to ICESat. ICESat will carry the Advanced Topographic Laser Altimeter System
(ATLAS), a 6beam, photoitounting laser altimeter, which uses short (rs2 532 nm wavelength pulses, with a 10 kHz
repetition rate. ATLAS will have a ~17 m diameter footprint and a ~0.7 m ditang sampling interval (Abdalati et al.,

2010; Markus et al2016. ICESat2 mission requirements include the determination osheet elevation change rates to

an accuracy of less than or equal to 0.004™rtMarkus et al., 2016).

While many largescaleice-sheetchangestudies have been based asatellitederivedtime series (e.gVelicogna et al.,
2014;Shepherd et al., 201Zwally et al., 2011Zwally et al., 2005), airbornkaser altimetry has played a critical role )
oridging the data gapbetween the satellite missigngith a focus @ areas of significant change and inte{@statho et al.,

2014 Koenig et al.2010) 2) satellite data validation (Martin et al., 2005; Hofton et al., 2048) 3) satellite development
(McGill et al., 2013; Brunt et al., 2014; 2016)

Operation IceBridge is bridging the data gap between the ICESat and {€E8ssions (Koenig etla 2010). IceBridge
mission requirements include: 1) the measurement of surface elevation with a vertical accuracy of 0.5 m; 2) the accurat
detection of annual changes of 0.15 m over sampling distances of 500 m in-#ieétdnterior; and 3) the creat of
datasets for crossalibration and validation of iegheet 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 ifrenuments

a variety of airborne platformsncluding the Airborne Topographic Mapper (ATM) and the Land, Vegetation, and Ice
Sensor (LVISpreviouslyreferred to as Laser Vegetation Imaging Sensor).

Data from airborne laser alteters also play a critical role 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 Antarctic
Dry Valleys (Martin et al., 2005) to determine ICESat elevatiasds of less than 0.02 8imilarly, LVIS datawere
collected over the interior of the Antarctic Ice Sheet in 2009 and 2010 as part of IceBridge to determine ICESat inter

campaign surfacelevation biases (Hofton et al., 2013).
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Airborne laser altimeters s play a critical role in satellite developmehY/IS hasserved as the airborne emulator for
several spacbasedconcepts and missionsncluding Global Ecosystem Dynamics Investigation Lid&EDI). The
Multiple Altimeter Beam Experimental Lidar (MABEL) was developed as an airborne ICESatulator (McGill et al.,
2013). MABEL enabled the development of ICESayeophysical algorithms (Kwok et al., 2014) and provided error
analysis of the ATLAS measurent strategy (Brunt et al., 2014).

Suchdata sets demonstratee utility of airborne laser altimetry for boimhancing and extending tepacebasedrecordof
elevationmeasurements as well as for calibration and validation of data from such miskiameer,a comparison of these
altimeters, including surface measmentbiases and precisisnhas not been madever the same groundurvey arealn

order to constrain the accuracy and utility of these instruments over ice surfaces, intermedianbggedrabservations
must be used. Here, we present an assessment of thleeieesurface elevation bias and surface 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 comparisaf these datasetsith in situ GPSsurveysthat have beeoonducted near the center of the

Greenland Ice Sheett Summit Stationfrom 2006 to the present.

2 Data
2.1 Ground-based GPS surveys

Since August 2006, an 1dm groundbased kinematic GPS survey has been conducted monthly near Summit Station,
Greenland (Fig. 1). The survey has been part of a largestéwnmgobservation program funded through the National Science
Foundation(NSF). The survey route was designedfétlow an ICESat reference ground track (#041tRe survey route
intersectsthe ICESat reference ground track ofterenable a large number of dddaossover® for direct comparisonof
groundbased andpacebornelevations Data from this survefiavebeen used for ICESat surface elevation validation and
haveprovided an assessment of ICESat ht@mpaign surface elevation biases (Siegfried et al., 2011).

Themonthly Summit Station grountiased GPS survey represents the most temporally long andideitseobservation of
ice-sheet elevation chang&he survey isexpected to continue through the ICESamissionto provide a nearly 15 year
groundbaseddatasetThe 11km GPSsurvey interseetd just 6km of the ICESat reference ground trgéig. 1). However,

the high temporal resolution and long time senéghe grounebased GPS datprovide arobustmeans of validating
satellitederived estimates dte-sheet elevation change. As such, the exact orbit of ICESad the resultant satellite
ground track, was defined in part based on the location of this sursieyilar to ICESat, he survey will intersect
approximatelyé km of an ICESat2 reference ground track (Fig. 1).

The kinematic GPS survey is conducted using a-ffegliency Trimble R7 recedv recording at 0.5 or 1 Hz with a Trimble
Zephyr antenna (TRM39105)e note that the kinematic surveys have always been conducted using this equpanting

in August 2007, théovingOantenna was mounted on a static metal post on a sled towed laesirowmobile at ~5 m's

(Siegfried et al., 2011Fig 2). Current survey protocols call for ttsirvey techniciano measure the lengtbf the static
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antenna posand the depth of the runners of the sled into the snow surface at the beginninguatigl, athe end of each
survey(Table 1) These measurements and the appropriate National Geodetic Survey (NGS) antenna model allow for the
calculation of the distance from the phase center of the roving antenna to the surface of tflegswA continuously
operatingGPS base statidmas been installeat Summit Station (8Bm east of the start of the survey an8llém southeast of

the end of the survey; Fig..JHor the duration of the survey time serids ltase statiomas beera duaifrequencyTrimble

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 station name is altered to reflect this change (e.g., SUMM prior to July 2009, SMM:
betwea July 2009 andiugust2013, and SMM2 fromOctober2013 to the presentalthough the station wamt renamed

until July 2014. Both the base station and the rover logged data solely from the GPS constdllaiSnmmitbase station
GPSdata arepublicly available for download othe University NAVSTAR ConsortiunfUNAVCO) Data Archive Interface
(http://www.unavco.org/data/ggmss/dateaccessnethods/dai2/app/dai2.htjl

Whenit was logistically possible, the timing of the groubdsed survewascoordinaed with NASA airborne surveys of

the region (Table 1)This allowed for the assessment of airborne lidar performawnedce-sheet interiors (e.g., Brunt et al.,

2014) When the timing offset between the airborne and GPS surveys is minimized, asses$ri@st perfformanceare

made in the absence efvironmental factors (e.g., snow, melt, or wind evetita) change the surface and potentially
compromise thanalysis.Six of the airborne campaigns were offset from the grelbased GPS survey by two days or Jess

however, thre®f thecampaigns were offset by eight days or more, with the maxioftsat being20 dayqTable 1)

2.2 Airborne Topographic Mapper (ATM)

ATM (Krabill et al., 2002) is one of the two main airborne laser altimetry systems used by@@pAration IceBridge.

The currentATM configurationgenerallyconsiss of a dual instrument configuration, with a widean lidar and a narrew

scan lidar integratedmultaneously. The widscan lidar has a full scanning angle of 30j and is generally used over the ice
sheets; the narrowcan lidar which was first integrated with IceBridge in 201s a full scanning angle of 5; and is
generally used over sea ice Inats also been used for highitude landice flights. Both ATM lidars are conically 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 ATMh siscthe data system and scanner assembly, have been
improved over time. The details of the version of the data system (e.g., 04B0), scanner assembly (e.g., 0T20), and sca
angle (e.g.@30;J that were used for each airborne survey are capturEahie 2.

ATM surveys over Summit Station were generally conducted using the NABA® ATM has also beemtegrated with

the NASA G130 R015Arctic campaign Table 3 and theNational Oceanic and Atmospheric AdministratiNOAA) P-3

(2016 Arctic campagn; Table 1) Surveys were conducted at a nominal aircraft speedl®® m &', and with a nominal
altitude of ~450 m above ground level (AGL). At this air speed, altitude, and repetition frequency, HseamderM lidar
generates a-fin diameter footprit and a scanning swath width 8250 m and the narrowcan ATM lidar generates

approximately the same footprint with a scanning swath widt6fm (Fig.3). ATM elevation bias and precisipfor the
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dual instrument configuratiomas been assessed based on crossover analysis and comparisons with elevations derived fron
groundbased GPS surveys of airport departure aprons. ATM elevation bias and precision estimates are 0.07 m and 0.03 r
respectively (Martin et al., 2012).

We obtaned the ATM LevellB 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/portaie ®flights over the Summit

Station GPSgroundsuivey area(Table 1; Fig. 1). The data files include position informatainthe surface reflection
(latitude, longitude, and elevation) that is derived fritv combination of data from the laser systems with data fnem

board GPS (Java@)nd inertial sysms (either Applanix POS AV 510 or 618ystem} Positioning information is derived

using dfferential GPS (DGPS) pogirocessingechniquesDGPS solutions require bothraving GPS receiver and a static

base stationATM position solutions wereederming relative to data frona base statiothat wasinstalled at the departure

airport andwas accomplished in a software package developed by the ATM team at NASA Goddard Space Flight Center
(GSFC) calledGITAR (GPS Inferred Trajectories for Aircraft and Rockets; Martin, 1991). GlisAdptimized for the polar
environment and long baselindsincorporate data fromGPS and GLONASS$since 2011katellites, as well as data from

multiple ground stations, famproved satellite geometry, especially at high latitudes.

2.3Land, Vegetation, and Ice Sensor (LVIS)

LVIS (Blair et al., 1999)s the second main airborne laser altimeter used by Operation IceBridge. It is a swath scanning, full
waveform laser altimetehat transmits 1064 nm wavelendims pulseswith a 500 to 150(Hz repetition rate (Blair et al.,

1999) andusing a scan angle that varies between £§1S surveys over Summit StatigfTable 1)were conducted using

both the NASA P3 (2007) and the D® (2010) at a nominal aircraft speed-f00 m &, and an altitude over Summit
Station of ~4600 m AGL. At this air speed, altitude, and repetition frequency, LVIS generates a ~10 m diametdr footprin
and a scanning swath width 81000 m (Hofton et al., 2008; Fig). LVIS long-term (e.g, GPSrelated)elevation biases
assessedlong 2 repeatedseveral hundredtilometerlong transects over the Greenlahzk Sheetwere found to béetter

than £005 m with precision estimatest multiple crossover locatiorthat are better the0.07 m (Hofton et al., 2008).

There were two LVIS flights over the Summit Station G@Bundsurvey aregTable 1; Fig. 1): one associated with
Operation IceBridge (14 Apr 2010) and oag part ofa demonstratiomatasetfor future spaceborneonceps (20 Sept

2007). Similar to ATM, we obtained the IceBridge L2 Geolocated Surface Elevation Product, Vet§Blait and Hofton,

2015), through the NSIDC Operation IceBridge D&artal (http://nsidc.org/icebridge/portal/)\We obtained the Pre
IceBridge LVIS L2 Geolocated Ground Elevation and Return Energy Quartiles, Version 1 (Blair and Hofton, 2011), through
the NSIDC (http://nsidc.org/data/blvisZ)hesefiles include position informatioflatitude, longitude, and elevationj the

lowest reflecting surface in the footprititat isobtained from the combination of laser ras@éth laser positioning and
pointing information (Hofton et al., 2000). Laser positioning and pointing informatiodexieed from an integrated GPS
(either Javad, NovAtel, or Ashtech receseand inertial systenfeither Applanix POS AV 510 or 61&ystem} and
processed using the commerciadlyailable Grallav (GPS) and BSRac (nertial) software The 2007 data useDGPS post

5



10

15

20

25

processing techniques relative to a base station at Kangerlussuaq, Greenland. The 2010 ddt&ratilse Point
Positioning(PPB techniqueswhich do not require a base station, but ratkron more precise satellite orbit and clock
information to determine the position of the roving GPS receiResition information for the2007 and 201Q.VIS

campaignsncorporate data fromthe GPSconstellation only.

2.4 Multiple Altimeter Beam Experimental Lidar (MABEL)

For completeness, we note thathird NASA laser altimeter has flown over the Summit Sta#S grounesurvey area
MABEL is a photorcounting laser altimetethat wasdeveloped in support of ICES2At In April 2012 t surveyed the
Greenland Ice Sheet and Arctic sea ice based out of Keflavik, Iceland; data from this campaign, including analysis of dati
over the Summit Station ground survey, is presenteBrimt et al.(2014) MABEL is distinct from the othetwo lidars
assessed here in that it has as man34akseams profiling in a linear arrggs opposed to the swath methods of ATM and
LVIS), perpendicular to the direction of flight.

MABEL transmits 532 and 1064 nm wagngth ~1.5 ns pulses with a variable repetition rate (5 to 25 kHz; McGill et al.,
2013). MABEL surveys were conducted using the NASA-ERt a nominal aircraft speed 6200 m &, and with an
altitude over Summit Station of ~16,000 m AGL. At this aieexqh, altitude, and 5 kHzrepetition frequency, MABEL
generates a & diameter footprinévery 0.04 nwith a swath width of as much as 2000Based on an error analysis, Brunt

et al. (2014) estimat®lABEL elevation uncertainty for the Summit Staticggionto be 0.15 mMABEL surface elevation
bias and measurement precision has been assessed baliggtimomparisons oMABEL surface elevations with digital
elevation moda derived fromgroundbasedGPS data collected axirport departure aprenMABEL surface measurement
precisionassessmentre generally 0.11 to 0.14 m, but have been as high as 0.24 m (Brunt et al., 2014; Brunt et;al., 2016
Magruder and Brunt, 20J6MABEL surfaceelevation bias is generally on the order of 1 m; while this Haglatively
large, it is within the mission design goals of MABEL (ICE3atlgorithm development and error analysis)jchitfocus on
surface measurement precisicABEL data files include position information derived from a GPS integrated with a
NovAtel HG1700 AG58 inertial systemndare available vithe NASA ICESa® website (http:itesat2.gsfc.nasa.ggv
Because MABEL is a multibeam profilinrather than scannind)dar, there are relatively few intersections between
MABEL beams and the grourithsed GPS surveyltimately resulting inpoor quality statistic§Fig. 3), based on small
sample size and poor spatial distributidiese limited areas dairborneand grourd-baseddata intersectiorare highly
clustered in the few places where the MABEL profile crossed3B8 surveyand thereforelo not represent a spatially
diverse assessment of MABEhstrument performanc€onsequently, we exclude MABEL frofarther disaussion as the

dataset is fundamentally different than that of the other scanning lidars considered here.
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3 Methods
3.1Ground-based GPS survey data processing

Groundbased psition solutions fromthree GPS posprocessing software packages, using befPand DGPS methods,

were compared with airborne elevation d&BP solutions were acquired using Inertial Explorer v.8.60, a commercial GPS
postprocessing software package developed by NovAele set of grounthased DGPSolutions 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
v.1.28 software (Chen, 1998Jere determined by carrigghase differential processing relative to the Sun@&mS base

station. A second set of grouvdsed DGPS solutions was acquired using ATRITAR postprocessing software (Martin,
1991).For the DGPS results, the positioof the Summit GPS base statierere obtainedusing GIPSY(GNSSInferred
Positioning System and Orbit Analysis Simulation Softyalfer the GITAR solutions, thbase statiomositiors represent

an average ofour days of datacenteredon the timing of the ground survefor the TRACK solutions, thbase station
positionsrepresentin averageecorded over the duration of the grotlmaksed survey

Independent of pogirocessing method, all of the groubhdsed GPSolutions are based on finprecise orbit and clock
information from theCrustal Dynamics Data Information Systd@DDIS) hostedat GSFC Processing using TRACK
corrected for errors associated with the ionosphere by incorporati®@Sadata producflo mitigate the effect of mufiath
distortion, all processingmethods used a coff angle .5, 10j, and 12; for Inertial Explorer, TRACK and GITAR,
respectively).Inertial Explorer and TRACK used $&aastamoinen modéb correct for tropospheric delay, while GITAR

used agridded reanalysidataproductfrom the National Centers for Environmental PredictiCEP) And dl processing
methodscorrected for solidarth tidesbased on an Earth Rotation and Reference SyStawices, or IERS, model

All of the grounebased GP$lata weresolved to the phase centf the antenna. TRACK and PPP solutiarsed the L1
antenngphase center, while GITAR used the LC phase center. The solutions wereférenced to thellipsoid (WGS89
anddatumof the matching airborne dateitber ITRFOO, ITRFO5 or ITRFO8, indicated in Tables 1 and 2). The GPS phase
center elevation solutions were then reduced to the snow syfare?) using data from the fieldTable 1)and the
appropriate NGS antenna mogélasecenter offsetsSpecificdly, the calculation of the height of the surface of the snigw (

is:
I = GPSpc! Mryswes | ingsmodel T Arunnerpepth » 1)
whereGPSp¢ is thesurveyedosition solution to the phase center of giheundbased rovin@ntennal ,.p,; is the height of
the antenna post (1.785 or 1.797 m, depending on the surable 3, ycsmeae IS the NGS model distance between the
antenna phase center and the antenna base plasé (0.0.061 m for the L1 or LC phase centers, respectiveland
hrumerpeprn 1S the depth of the sled runners in the snow surface (variable, ranging frods @002 m Table ). We note
that thegroundbasedGPS data were collected at 1 Hz, with #m@wmobileoperatingat ~5 m &, giving the GPS data an

effective5 m diametefootprint.
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3.2Ground-based GPS and airborne lidar elevation comparison strategies

Once the kinematic GPS data were pasicessed and reduced to the snow surface, we compargdtiretbasedGPS
surfaceelevation data directly to the airborne surface elevation data. ewsalifferent approaches:@earesneighbo©
analysis and @ondanalysis.

We note that the footprint sizes of the altimeters are different: for the data used in these analMdess A1 m diameter
footprint and LVIS has a ~10 m diameter footprthen comparing thgroundbasedGPS data with the lidar data, we
chose a search radius around el&tdr datapoint that was equal to the size of thigenlidar footprint thiswasintended to

ensure that thground elevatiomlatawererepresentativef what the lidamwassampling

In the nearesheighbor analysis, we determined the closest single grbasdd GPS data point for every lidar data point.
Then we limited our analysis to points where the lidar and GPS measuremeatwithin the search radius that was
appropriate for tb given lidar We then assessed the difference between the lidar surface elevation and the closest GPS
surface elevatiofor the data that met tremarchcriteria

In the zone analysis, we identified evempundbasedGPS data poinvithin the appropriateearch radiuaroundthe lidar

data coordinates (which represent the center of the lidar footprint); not every lidar data point had GPS data that met thi
searchcriteria. Then we determined the mean of the GPS elevations withi2ztigd Similar to tle nearesheighbor
analysis, we then assessed the difference between the lidar surface elevation data plo@maad of the GPS surface
elevations within the zone.

For each airborne mission analysis, oncegifeindbasedGPS surface elevation dal@Ps.;.,.....) were associated with the

lidar surface elevation dataidar........), the mean elevation difference is the lidar elevation t&as (

2(I"#$% ion VGPS, ion)
B = elevatm; elevation , (2)

whereN is the total number of either the nearesighbor data points, or thetal number ozones, that met the distance
criteria. This lidar bias is relative to tlggoundbasedGPS elevation data, which we are taking to be the truth. By assuming
that the grand-based GPS data represent truth, for these analyses we assume their errors laractesdity, theserrors

are not zero and are a function of several terms, including: 1) formal errors, which vary based on processing methods ar
include factors sut as ephemeris and clock errors; 2) atmospheric errors, associated with both the ionosphere and
troposphere; 3) multipath error) the precision of the base station estimate to which the survey is related (in the case of the
DGPS processing methods); aby observational errors such as variable penetration of the sled into the snow along the

course of the surveyWe note that thexisting groundbased and airborne elevation data ldcely correlated as they are
based on similar GPS measuremand, in he case of GITAR, processistrategiesThe standard deviation ttfie bias(B)
in Equation 2is the spreadf the dataabout the mean, taken to be the lidar surface measurement pre8isitate

measurement precisiondefined here athe vertical dispersion of tHelar measurements about the mean surfaceaes

into accountproperties of the surface that will affect the measurer(egt, slope and roughnesahd altimeterprecision,
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which isa function of several terms, includintj) geolocation errgr whicharea function of all of the GPS terms described
above,inertial measurement ems) altitude, and horizontal uncertainty?) errors inaltimetertiming; 3) the size of the
footprint on the surface, which is a function of altitude and beam divergencd) #iddr data processing erro®ver the
relatively smooth and flat ice found in the SumBiiationregion,thesesurfaceeffectsand instrument effectsre noteasily

distinguishedrom one anothein thelidar surfaceneasurement data.

4 Results

To assess the grouwidhised GPS pogirocessing methods used in this analysis, we compared data fromigue ground

based survey that conductedo separatgasses othe traverse routen 5 May 2009 (Table 1). We compared the second
pass to the first pass, using a neanesghbor approach, and calculated the mean elevation refdd#l67 pdonts For the

DGPS methods, the TRACK residual wa803 m (standard deviatn 0.055 m) while the GITAR residual was 0.026 m
(standard deviation 0.058 mifor the PPP method, this residual wd909 m (standard deviation 0.057 mjhus, we are
confident that the survey methods and data processing techaisgmsated with thenisitu GPS surveprovideinternally
consistengroundbased resultdVhile it is hard tosolate orquantify the norzero errors associated with theoundbased
GPSelevation datawe assume thahe 0.055 to 0.059 m range of standard deviati®mspresentative of the contribution of

all of the terms mentioned in the previous sectidhe residuals presented herempare well with similar results from
Siegfried et al. (2011) based on a dual traverse on 18 June 2009; their residual, basedrenmtiaifposprocessed
techniques, was 0.009.r8iegfried et al. (2011) also point out that thearesineighbor approach introduces new errors
sources, and thus refrain from further interpretation, such as precision estimates.

Table 2 listselevation bia and surface measurement precision relative to grbasdd GPS survey data (i.e., lidar
elevationsb GPS elevationsjor ATM and LVIS. The table lists results for both thearesneighbor and zone analysis
Further, the table presentwo methodsusing DGPS posprocessingechniquesand one using the®PP method of post
processing

The surface measurement precisions in Table 2, for both ATM and LVI&ll é&&es than 0.09 mndranged from 0.039 to

0.087 m The surface measurement biases in Table 2pdtih ATM and LVIS, are all less than 0.12 m, with all of the
IceBridgerelated data collections (20@2®16) having measurement biashsit range from:0.108to +0.067m. The overall

largest measurement bias is associated with the 2007 LVIS airborne gamphich was collected before the advent of
IceBridge and as such did not undergo the comprehensive instrument calibration procedures now employed on IceBridg
flights. The -0.108 m difference between the 2016 ATM and PPP GPS surface elevations ig Higietl than the other
groundbased and airborne comparisons. During the ground survey, severe ionospheric activity had an impact on both th
roving and base station GPS receivers for a period of 5 minutes. The resulting cycle slips were manually icotihecte
GITAR DGPSprocessingbut not in the PPP processing, which could explain the better agreement between the GITAR and

ATM comparisorrelative tothe PPP and ATM comparison.
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For both the nearesteighbor and the zone anadgsN from Equation 2 was generally consistéot the airborne lidars
considered herd-or ATM, N for both the nearesteighbor and zone analyses ranged f&fito 494 per campaign, with an
average of351; for LVIS, N for both the nearesteighbor and zone atyses, ranged from 497 to 1219 per campaign, with

an average of 858or the zone analyses, the average number of GPS data points within the ATM 1 m diameter zone, or
search radius, ranged from 3183 per campaign, with the mean bei#g The average mber 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 wereamgnificant differences between resuléssociated witthe nearesheighbor and

zone method®f comparing the grounbdased GPS and altimetry surface elevations (Table 2). The zone mmetyod
mitigate the impact of spurious outliers tleatild affect the surface measurement precisithis ispotentially evident in a
comparison of thenearesneighbor and zone results for the LVIS datdere precisions systematically improve slightly
usingthe zone methadHowever, we note that results associated with a median method were all within 1 cm, and generally
less than 0.1 cm, of results fratme mean method. Thuse considethe effects of outliers in this analydes benegligible.

Overall, the zone and nearest neighbor methdplay similar resultsmost likely due to the relatively flat surface at
Summit StationBased on the ATM_evel 2 ICESSN data produgKrabill, 2010) for all 3 passes associated with tHe

April 2014flight, the slopeover the traversin the alongtrack direction is Pand therds a gentlg0.1j) slope in the across

track direction(sloping toward thevest) the difference between the maximum and minimum elevatiotheiwicinity of the
traverse,based on the same data produistonly 1.05 m.Given thesdow-slope values, a geolocation error of 10 m is
required toachievea slopeinducedelevation error 00.01 m.

For this application, there are only small differences between the results associated with DGPS and Bt psiay
methodsassociated withthe grouneébased GPS survey®Results from each GP®rocessing method are statistically
indistinguishablefrom one another and do not display a systematic pattern oved abservational periodthat included
bothDGPS and PPPBrocessing techniqueshe similarity in relative bias between DGPS and PPP processing techniques is
encouraging atheremay betimes when base station GPS dataunavailable for DGPS pogtrocessing. Table 2, and the
comparison of the residuals associated with the 5 May 2009 glzas®tl GPS data, suggest that, for this application, results
using PPP methods can bsed to derive results that are as accurate and precise as those derived using DGPS methods fc
this smallscale groundbased GPS surveyWe attribute some of the success of the PPP methddetgroundsurvey
duration, which is sufficient to minimizerrors associated with the convergence pefigidnath and Gao, 2009ut short

enough to minimize errors associated with the tropospheric modeling.

5 Discussion

The Summit Stationgroundbased GPS survey methods and daiatprocessing techniques arepappriate for airborne
data validation. fie three methods of data pgsbcessing are internally consistdmased on the difference between the two

separate GPS surveys conducted on 5 May 2B08her,for this application, there are only small differesdetween the
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results associated with DGPS and PPP-postessing method3he results presented here suggest that, given only roving
receiver GPS data, growdised surface elevation data are still sufficiently accurate and precise for airborne etiatation
validation.

Airborne and groundbased surveys should be coordinated with respect to timingtfivas of the airborne lidar campaigns
discussed here were within 2 days of the grelased survey, which is a testament of the coordination betweairttbene
and grounebased teams. Whilee are limited with respect to observations, argdcannot state with certainty that the 20
day timing offset between the airborne and grebaded surveys was the unique source forréfetively pooer quality
(0.09 m) surface measurement precision of the wddan lidar data for the 09 Apr 2015 flight, any elevation differences
derived from environmental factors (e.g., snow, melt, or wind events) can be easily mitigated by closely coordinating the
groundbased andigborne surveys.

Resultsfor ATM and LVIS at Summit Statiorassociated witlthe IceBridge campaigns date back to 2@@8 provide an
understandingand characterizationf how these instruments perforand how that performance may evoleeer time
(Table 2,Fig. 4). ICESat2 is scheduled to launch in 2018 ahas a 3year mission requirement; thus, i@ESat2 post
launch validationactivities that will utilize airborne sensori is essential tadentify instrumentsnow that are well
characterized andvell understood with respect tboth accuracy and precisioand to develop standardized survey,
processing, and analytical techniques to ensure meaningful satellite data validaiitte neltation

As statedn the introdiction,ICESat2 mission requirements include the determination okloeetelevationchange rates to
an accuracy of less than or equal to 0.004 nfMarkus et al., 2016)This stringent requirementan only be methrough
statistical analysis dCESat?2 elevationdataat satellitegroundtrack crossoversThe ICESa® icesheet elevationseleased
on the data produatill be validatedto 0.025 m. Given this requirement, and th®.7 m alongirack sampling intervabf
ICESat2, long lengthscales(10000s of kmf airborne datavertheice sheetsvill be requiredfor satellte data validation

in orderto increase the number ofalizations of the satellitto airborne comparis@nin orderto significantly improve
precision estimates based purely on an increased sample size (BoasTheB83pre |ICESat2 icesheet elevations will be
validated using longeingthscales ofvell-characterizeairborneelevationdata.

Resultspresented here are limited with respect to applicability to the entire ice Bleagthe icesheet marginsairborne
and satellite laser altimetdataare compromisedue to increasesurface roughnasand slope, among other environmental
variables(Brunt et al., 20102014. However, he groundbased GP®levationdata collected near Summit Station provides
a means to characterize airbomevationdataof ATM and LVIS. Comparisons between ATM and LVéevationsand the
groundbasecelevationsconstrainthe errors otheairborne dataset3hus in situ data, even on short lengtbalesandover
flat surfaces can form part of a strategy to validate data frainborne, and ultimately satellitplatforms Further,the
Summit Station survey hdseen conducted monthly since August 2006e Tong densetime series associated with the
groundbasedsurvey will ultimately provide the seasonal information required to derive meaningful seffacgion
change interpretationf ICESat2 data.This reirforces the importance of longuration, high-frequency, groundbased

observations in linking in situ, airborne, and satellite observations.
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6 Conclusions

It is often difficult to collect sufficienkength scales ah situ elevation data to provide mearfigstatistics for satellite laser
altimetry validation. Therefore, a nested approach for validation of satellite elevation is commonly employed. In a nested
approach, grountiased GPS data are collected to constrain the elevation bias and measurerison pfethe airborne

lidar data. Airborne surveys can then be designed and conducted on longesstatgshto provide the amount of airborne
data required to make statisticatheaningfulassessments of satellite elevatamturacy and precision

We hae presented a comparison of airborne lidar data with in situ GPSodglatarelatively flat terrain associated with the
ice-sheet interigrin preparation for validation efforts associated with ICES&esults were consistent given variaglata
processing methods (PPP and DGPS) and data analysis methods {meghdxir or zone analysisfhe 11 km Summit
Station grouneébased GPS survamtersectgust 6 km of the satellite ground traglFig. 1) Therefore, to make statistically
robust assssments of ICES& elevations a nested approach will need to be employedd&davalidation. However, the
Summit Statiorsurvey provides a means to characterize airborne instrunwvenith will in turn collect sufficient amounts

of datarequired forsatellite data validatiorzurther, results presented here date back to 2007, providing a characterization of
how airborneinstrument performance may evolve over tifier ATM our analysis spans four generations of instrument and
data systems (Table 2) damenting longterm data consistency and accuracy. L-tergn data consistency will be crucial for
producing a crossalibrated and validated surface elevation change time series using ICESat and2@g&&ftrom this
comparison of airborne and groundskd data collected under standardized protocols, we find that both ATM andate/IS

sufficiently characterized and thus well poisedédntegrated witlan|ICESat2 datavalidation strategy

7 Data availability

SummitgroundbasedGPS datassociated witlthe airborne lidar datareavailable online, as the supplement related to this
article (doi:10.5194/t2016214-supplement).The base statioGPS dataare publicly available othe UNAVCO Data
Archive Interface (http://www.unavco.org/data/gygsss/dateaccessmethods/dai2/app/dai2.htmgnd are included in the
supplement related to this article (d0i:10.51920d6214-supplement)NASA ATM and the LVIS(2010)data are publicly
available on theNSIDC Operation IceBridge Data Portal (http://nsidc.org/ickfa/portal/). The Re-lceBridge LVIS data
(2007) arealsopublicly available at the NSIDC (https://nsidc.org/data/blvis2). MABEL lidar data are publicly available on
the NASA ICESa® data pagehttp://icesat2.gsfc.nasa.gov/icesdttata/mabel/mabel_docs.php). The NASA GSFC surface

finding algorithm is available from the authors upon request (kelly.m.brunt@nasa.gov).
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Table 1: Airborne laser altimetry and ground-based GPS survey dates and comments

Lidar Survey altitude  Lidar survey date GPS survey date Offset (days) hanwpos(M)  Nrunnerpept{M) Comments
ATM 2 450 m AGL 05 May 2009 05 May 2009 0 1.785 0.0200 2 GPS surveys; OIB
ATM 450 m AGL 11 Apr 2012 11 Apr 2012 0 1.785 0.0175 oIB

ATM 450 m AGL 10 Apr 2014 02 Apr 2014 -8 1.797 0.0175 3 ATM passes; OIB
ATM 450 m AGL 02 May 2014 13 May 2014 +11 1.797 0.01® olB

ATM A7 450 m AGL 09 Apr 2015 29 Apr 2015 +20 1.797 0.0125 olB

ATM B 450 m AGL 19 May 2016 19 May 2016 0 1.797 0.039 oIB

LvIS* ~4600 m AGL 20 Sept 2007 18 Sept 2007 -2 1.785 0.0175 2 LVIS passes; Pr©IB
LvIS ¢ ~4600 m AGL 14 Apr 2010 14 Apr 2010 0 1.785 0.01® oIB

MABEL °  ~16,000 m AGL 08 Apr 2012 08 Apr 2012 0 1.785 0.01® 3 MABEL passes; 12
MABEL °  ~16,000 m AGL 12 Apr 2012 11 Apr 2012 -1 1.785 0.0175 2 MABEL passes; 12

Indicates ITRFO as the airborne data pestocessing datunt;indicates ITRFO5all others are ITRFO08.

A Indicates that the instrument was integrated with£8G;® indicates that the instrument was integrated withNB&AA P-

3; “indicates that the instrument was integrated with the NASA8PCindicates that the instrument was integrated with the
NASA ER-2; all others surveys were flown on the NAS/AP

" Indicates that both narrevand widescanning lidar data are available; all other ATM analysis is associated solely with
wide-scan lidar data.

OIB in the @ommentfield indicates that data afeom IceBridge and that they aevailable via the NSIDC Operation
IceBridge Data Portal (http://nsidc.org/icebridge/portal).

PreOIB in the @omment® field indicates that dataare prelceBridge; they are available via NSIDC
(http://nsidc.org/data/blvis?2).

IS-2 in the@omment§Xield indicates that data are available via the ICESakbsite (http://icesa.gsfc.nasa.gov).
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Table 2: Airborne lidar elevation bias and surface measurement precision (in m) relative to groundased GPS

survey data(i.e., lidar elevationsDGPS elevationg using @earestneighbor8and Gonelanalysis

Lidar Survey

Lidar Version

(scan angle)

DGPSL1 bias + precision:
nearestheighbor (m)
zone (m)

DGPS2 bias + precision:
nearesiheighbor (m)
zone (m)

PPP bias + precision:
nearesiheighbor (m)
zone (m)

0.0% +£0.074 N = 255

0.005 +0.03; N = 254

-0.0%6 £0.0%; N = 253

ATM 05 May 2009 4B/T2(301) 0.0% +0.0%4; N = 255 0.005 +0.04; N = 254 -0.026 £0.075; N = 253
i e QETOBSNNDopoGsym omenms i
I e R e
I - o - e
oo ras oo QRIOBONZEMOTomeomNCie oti0ey-hs
R e
N
smswmer  meow  OIUGLNEE 008008 mle  oaoGly- e
LVIS 14 Apr 2010-C oB 0.037 £0.064; N = 497 -0.004 £0.064; N = 497 -0.024 £0.061; N = 497

0.03 +0.060; N = 497

-0.006 +£0.060; N = 497

-0.027 £0.068; N = 497

Elevation biaglidar elevationb GPS elevationpnd surface measurement precision are in m. DGPS1 is TRACK software
processing resultprocessedo thelL1 phase centei0.05% m above the base plgneGPS2 is GITAR software processing
results processed to the@ phasecenter 0.061 m above the base plaR®P is Inertial Explorer software processing results
processed to the L1 phase cen@e®56 m above the base plane

!Indicates ITRFOO as the pestocessing datunf;indicates ITRFO5; all others are ITRF08.

A Indicates that the instrument was integrated with£8G;® indicates that the instrument was integrated withNBAA P-

3; ®indicates that the instrument was integrated with the NASA8DAll others surveys were flown on the NAS/8P
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Figure 1: Map of the Summit Station area, including: representative grbasdd GPS survey line (blue line); airborne lidar
surveys (gray lines, thicker lines occur earlier); ICESat ground track #6gdglihe); ICESat2 ground tracks (gredmes);
and Summit &tion (red dot). The distance between Summit Station and the southern end of the traversm;ighe3
distance between Summit Station and the northern end of the traversé lan~@Relative to the trend of ICESat track
#0412, the grounttased GPS suey line is oriented both alorgack and acrossack in order tdbettercharacterize the
surface slope.
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Figure 2: The roving GPSantennasled and snowmobile configuratiorGPSyc is the surveyed position solution to the
phase center of the antenr@gs,..«; IS the NGS model distance between the antenna phase center amietiea base
plane h.pos is the height of the antenna pgsable 1) iguumernen is the depth of the sled runners in the snow surfaable

5 1), andh is the snow surfacgEquationl).
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Figure 3: Schematic representation of the lidaeasurement strategiesd grounebased GPS sample spacing. LVIS
measurementgray): ~10 m diametefootprintanda 1000 m acrostrack swath width. ATMmeasurementgreen): ~1 m
diameterfootprint and eithera 40 m (narrowscan post 2012 or a 250 m(wide-scan)acrosstrack swath width. Ground

based GPS&lata (blue pointg indicate sample spacindlABEL measurements (black dotaje included to illustrate the
limitations of a profiling lichr for this application
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Figure 4: Performance of ATM and LVIS over Summit Station through time. Date versus lidar sbida¢m), for ATM

and LVIS, for the IceBridge campaigriztror bars represent surface measurement preciBRACK DGPS (blue)GITAR

DGPS (red), and Inertial Explorer PPP (black) GPS-postessing results are presented. ATMrépresents the narrew

scan lidar system onlyWe note thafor the GITAR solutions, the base station positions represent an average of four days of
datg while for the TRACK solutions, the base station positions represent an average recorded over the duration of the
groundbased survey. This may account for the slight ofisebciated with the TRACK solotis.
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