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Abstract  20 

The Advanced Topographic Laser Altimetry System (ATLAS) onboard the NASA Ice, 21 

Cloud and land Elevation Satellite-2 (ICESat-2) is the newest and most recent Earth observing 22 

satellite for global elevation studies. The primary objectives for ICESat-2 follow that of its 23 

predecessor, ICESat, and focus on providing cryospheric measurements to determine ice sheet 24 

mass balance, and monitor both sea ice thickness and extent. However, the global observations 25 

support secondary science objectives such as biomass estimation, inland water elevation, sea 26 

state height and aerosol concentrations. In all, ATLAS measurements support 7 along-track 27 

geophysical products with multiple gridded products to provide regional and global change 28 

detection for seasonal and annual cycles. Since the launch of ICESat-2, the instrument has 29 

operated nominally and collected more than a trillion measurements. This paper provides an 30 

overview of the mission, a description of the operational components that support the altimeter 31 

products for science discovery and on-orbit observatory performance. 32 

Plain Language Summary 33 

 Space-based remote sensing provides an unequaled vantage point for observing changes 34 

on Earth’s surface. Collecting precise elevation data from this perspective with modern 35 

measurement technology holds promise for a wide range of science disciplines. Over time this 36 

high quality data can not only reveal global elevations but elevation change in those regions with 37 

repeat measurements. ICESat-2 carries a state-of-the-art laser ranging system that leverages both 38 

the space-based position, satellite orientation knowledge and laser pointing control to produce 39 

accurate data for contribution to global applications and discoveries about our Earth. ICESat-2 40 

has been on-orbit for nearly two years and collected nearly a trillion measurements. These 41 

measurements provide input data to many important investigations as scientists look to 42 

understand the characteristics of our planet and explore the ever-changing climate. 43 

 44 

1. ICESat-2 Science and the ATLAS Instrument 45 

Understanding the state of the Earth’s Polar Regions is a key component of understanding 46 

Earth’s dynamic climate (Meredith et al., 2019). Observations of the cryosphere are required to 47 

quantify changes, observe trends and contribute to improvements of predictive models for both 48 

the present climate and future change (e.g. National Research Council, 2012). Elevation 49 
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measurements facilitate these studies and with the vantage point of space provides broad 50 

coverage of both the Arctic and Antarctic regions but also creates an opportunity to collect 51 

global heights for a multitude of additional studies over a broad range of scientific disciplines.  52 

Laser altimetry is a proven technology for elevation measurements from airborne and space-53 

based platforms. The Ice, Cloud, and land Elevation Satellite (ICESat) was operational from 54 

2003-2009 and collected climate-critical elevation measurements with the dedicated onboard 55 

altimeter, the Geoscience Laser Altimeter System (GLAS; Schutz et al., 2005). When ICESat 56 

was decommissioned the successor was already in development. This next mission would 57 

continue the timeseries of elevation change begun by ICESat and extended through large-scale 58 

airborne measurements from NASA’s Operation IceBridge (Koenig et al., 2010). ICESat-2, 59 

similarly to ICESat, was designated to carry a single laser altimeter instrument but had the 60 

advantage of the predecessor’s lessons learned that resulted in a design with multiple beams, 61 

smaller laser footprint diameter and higher spatial resolution along-track to recover finer surface 62 

features (Markus et al., 2017). This technical approach allows for six beams each with low laser 63 

power and supports high pulse repetition rates for improved along-track spatial resolution. 64 

ATLAS (Advanced Topographic Laser Altimeter System) is the photon-counting lidar 65 

instrument developed at NASA Goddard Space Flight Center for ICESat-2. A comprehensive 66 

description of the instrument design and operational implementation is provided by Neumann et 67 

al. (2019).  68 

The ICESat-2 mission utilizes an orbit with a 92⁰ inclination for global coverage from 88⁰ South 69 

to 88⁰ North latitudes. The orbit is non-sun-synchronous, but frozen (e.g. perigee is prescribed to 70 

a specific latitude) with an average altitude of 496 km. The orbital parameters create a repeat 71 

measurement cycle of 91 days, with 1387 unique orbits that result in equal longitudinal 72 

distribution of ground track coverage. Repeat measurements are critical to quantifying ice sheet 73 

elevation change but an off-pointing strategy over successive 91-day cycles is used over the mid-74 

latitudes to create a higher coverage density of measurements to support terrestrial ecology, 75 

bathymetry and hydrological applications. A diffractive optical element separates the single 76 

ATLAS beam into 6 beams, organized into 3 beam pairs. Each pair is 3.3 km apart from the 77 

nadir-most pair in the cross-track direction while a small 2⁰ yaw offset in the satellite attitude 78 

creates a 90 m across-track separation between the beams within a signal pair. Within each pair 79 
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one beam is 4x the energy of the other, allowing for a greater dynamic range when collecting 80 

useful data over a wide range of surface reflectivity. Each beam is ~11 m in diameter (Magruder 81 

et. al, in review) with a center-to-center separation of 0.7 m in the along-track direction. 82 

ATLAS range measurements work in concert with supporting instrumentation onboard the 83 

ICESat-2 observatory to provide precise and accurate geolocated elevations. A critical 84 

component of the altimetry process is the laser pointing determination. To eliminate geolocation 85 

errors due to misalignments among the components used in geolocation determination, a 86 

specialized co-axial instrument was designed for zenith collection of stars and nadir collection of 87 

the 6 laser beam positions relative to the instrument coordinate system. This instrument is the 88 

Laser Reference System (LRS) and was developed specifically to mitigate misalignment issues 89 

previously experienced with ICESat. However, once on-orbit the zenith-facing side of the LRS 90 

indicated anomalous behavior and the attitude determination process transitioned to the 91 

additional star trackers on the optical bench initially intended for onboard control systems and 92 

ground-track pointing exclusively. The star trackers’ observed orientation combine with a 4 93 

sense axis hemispherical gyro to produce data streams for precision pointing determination of 94 

each laser beam at the ICESat-2 10 kHz laser pulse repetition frequency (Bae et al., 2018). The 95 

orbit determination solution is derived from the ICESat-2 onboard GPS receivers (Luthcke et al., 96 

in review). The pointing and orbit position data are combined with the ATLAS photon times of 97 

flight to produce geodetic positions and elevations for each detected photon. These, in addition to 98 

observatory data for health and instrument monitoring, are telemetered to 2 primary ground 99 

stations for further ground processing. The ground processing system first converts the telemetry 100 

to engineering units and combines the onboard data streams to produce a geolocated point cloud, 101 

the Global Geolocated Photons Level 2 product- ATL03 (Neumann et al., 2019). Higher level 102 

along-track data products are surface type specific in order to optimize the elevation retrievals 103 

with respect to the surface feature characteristics and reflectivity (e.g. oceans, land, sea ice, land 104 

ice, inland water). 105 

In this paper, we review the on-orbit performance of the ICESat-2 observatory in terms of its on-106 

orbit pointing control and stability, along with the current data recovery metrics. The initial on-107 

orbit performance of ATLAS is described in companion papers (Bae et al., in review, Gibbons et 108 

al., in review) and in a paper by Martino et al. (2019). 109 
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2. On-orbit Observatory Performance and Achievements 110 

The satellite launched from Vandenberg Air Force Base, CA on September 15
th

, 2018. The 111 

mission’s frozen orbit has an eccentricity of 0.0013 with optimal repeat orbit conditions (91 day 112 

repeat with near sub-cycle repeats at 29 and 62 days for monthly sampling of the polar sea ice 113 

cover) and minimum altitude variation among each orbit pass (between 490 and 512 km). On-114 

orbit operations support orbital parameter adjustments to meet a requirement of maintaining the 115 

ICESat-2 sub-satellite point on the surface to within +/-800 m of its nominal value and correcting 116 

for drag induced inclination drift. To promote repeat-track data collection, the observatory points 117 

the boresight of the ATLAS telescope at the desired target: along the repeated tracks in the polar 118 

regions and uses a strategic sequence of off-points in the mid-latitudes to densify the track 119 

coverage. As such, variation in the sub-satellite point leads to variation of the laser beam angle of 120 

incidence with respect to Earth. The orbit is critical to collecting the science observations as are 121 

the systems that help provide the onboard attitude to achieve repeat measurements and optimized 122 

spatial coverage. Here, we evaluate the attitude determination used in the onboard Attitude 123 

Control Systems (ACS), as well as the precision attitude determination used in the geolocation 124 

process. 125 

 126 

2.1. Attitude Control System Performance 127 

The spacecraft ACS is tasked with ensuring ATLAS measurements follow prescribed tracks to 128 

satisfy repeat measurements. The Reference Ground Tracks (RGT) provide this targeted path 129 

along each of the 1387 orbits, and is an imaginary line between the middle beam pair: ground-130 

track 2 left and ground-track 2 right (GT2l and GT2r). RGT #1 starts ascending just west of 131 

Greenwich. The ACS uses the star tracker, with the SSIRU (Scalable Space Inertial Reference 132 

Unit) gyro measurements to derive a rapid attitude solution within an alignment feedback loop to 133 

maintain the RGT tracking. The tracking is based on an onboard calibrated table of the empirical 134 

solution for tracking that relates the orbit position to the RGT. Also critical to ACS RGT 135 

tracking are the centroids of each of the four spots of the Telescope Alignment Monitoring 136 

System (TAMS) measured in the LRS laser-side focal plane. These TAMS reference spots 137 

support fine pointing generation by linking the ATLAS telescope pointing direction in the 138 

instrument coordinate frame to the main observatory frame and onboard quaternions from the 139 

star tracker. The observatory is required to be able to point the ATLAS telescope to the RGTs to 140 
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within +/- 45 m to ensure that successive passes on a given RGT have some measure of overlap 141 

for each 90 m-spaced beam pair.  142 

 143 

The original ACS calibration table onboard was based on pre-launch ATLAS and observatory 144 

alignment measurements and did not include the impact of the zero gravity environment or time-145 

varying pointing and range bias calibrations that have significant impact on the quality of the 146 

RGT pointing control. These variations were modeled once on-orbit but are also dependent on 147 

the solar angle that governs the thermal contributions to instrument misalignment over time and 148 

orbit angle. The full angle impact on the attitude determination retrievals for pointing control is 149 

not known until calibrations can be estimated throughout a complete solar cycle. Static and time 150 

varying biases for instrument pointing, ranging and timing are determined through spacecraft 151 

maneuvers and dynamic crossovers (Luthcke et al., 2005). These maneuvers happen regularly 152 

and are performed primarily over the ocean over a partial orbit (ocean scans: OS) or during a 153 

complete orbit on a weekly cadence (round-the-world scans: RTW). The calibrations derived 154 

from both the OS and the RTW scan maneuver analysis facilitated updates to the empirical 155 

solutions in the onboard ACS calibration tables. 156 

 157 

Early on-orbit RGT tracking placed along-track profiles ~4 km across-track distance from the 158 

RGTs on average indicating that the most significant pointing bias was related to the spacecraft 159 

roll axis. The initial pointing model (pitch and roll biases) soon after launch was derived solely 160 

from the scan maneuvers while the range biases were determined through short period 161 

measurement crossovers. These data were the basis of interval updates to the ACS onboard 162 

calibration table for continual improvements to the RGT tracking accuracy. By March 2019 the 163 

accumulation of results from the scan maneuvers and crossover analysis in addition to the 164 

collection of time-varying parameterization created an ACS calibration table that allowed for 165 

RGT tracking control to within ~10 m (1σ) horizontally over ~1700 km segment lengths 166 

(Luthcke et al., in review).  167 

 168 

In addition to RGT tracking, the satellite also has the ability to target specific coordinates 169 

provided within the instrument command file to collect measurements at a dedicated 170 

geographical location. These instances are deemed Targets of Opportunity (TOOs), and are 171 
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particularly important for the ground-based validation studies that benefit from increasing 172 

collection opportunities from RGTs in close proximity (Magruder et al., in revision). This 173 

capability allows the observatory to rotate about the main reference frame, primarily in the roll 174 

direction, up to 5º off-nadir (equivalent of 43 km horizontal distance from the sub-satellite 175 

point). Based on the observed performance for the pointing at White Sands Missile Range 176 

(WSMR) in New Mexico for validation purposes (Magruder et al., in review), the TOO pointing 177 

control is better than the prescribed ±45 m, with a variability observed between 40 m to 12 m 178 

horizontal distance from the submitted target coordinates. Certainly, there are many factors in the 179 

pointing control that include satellite orientation and off-nadir angle (as described above in the 180 

ACS performance) but the observed performance is well within the mission requirements and 181 

indicates the ability to repeat data collection over a single point, or along an RGT.  182 

 183 

As discussed previously, the ICESat-2 satellite routinely points to RGTs over the polar regions to 184 

enable change detection measurements. However, over the mid-latitudes the observatory 185 

performs an ‘off-pointing’ strategy to increase the spatial extent of the observations in support of 186 

land and vegetation objectives (Markus et al., 2017). The strategy for improving coverage will 187 

create a uniform distribution of global measurements over the course of 2 years, or 8 RGT 188 

cycles, after nominal pointing to the RGTs began in April, 2019. As such, we expect to complete 189 

this mapping activity in mid- 2021. 190 

 191 

2.2. Precision Pointing Determination 192 

The precision pointing determination (PPD) process supporting the final ATL03 geolocation 193 

solutions also uses the star centroids from the onboard star trackers and the data from the SSIRU 194 

gyro (Bae et al., 2018). However, PPD goes through a rigorous Extended Kalman Filter to 195 

estimate errors associated with the quaternions derived from the SST star centroids, and the gyro 196 

input scale, misalignment and bias errors (for yaw, pitch and roll) (Bae and Webb, 2017). The 197 

gyro related errors/bias are often difficult to observe during normal satellite operations, but are 198 

recovered during the variability within angular motion of the OS maneuvers. The output of the 199 

EKF provides the spacecraft precision attitude determination (PAD). The LRS laser-side data 200 

provides the observations to determine the position of each of the six laser centroids and the 201 

relative pointing vectors similar to its role in the ACS (Bae et al., 2018, 2019). Correlation of the 202 
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pointing vectors with the PAD solutions produces the PPD product to be combined with 203 

Precision Orbit Determination (Luthcke et al., 2019) for geolocation determination of each 204 

detected photon.   205 

 206 

The geolocation is a geodetic position for the laser bounce point on the surface of the Earth 207 

(Luthcke et al., 2019). That is, each photon (signal or noise) is attributed to a single laser shot 208 

and will be positioned at the calculated centroid of the footprint with the measured elevation 209 

regardless of where the photon was reflected within the spatial extent of the laser footprint on the 210 

surface. As such, resolution of independent objects occurring within a laser footprint will be 211 

vertically resolvable if the elevation difference is more than ~10 cm (Brunt et al., 2019) but the 212 

horizontal resolution is limited by the diameter of the footprint itself. Given the 6.5 m mission 213 

requirement for geolocation knowledge, several studies have confirmed the uncertainty of the 214 

Release 003 ATL03 data to be within 4 m horizontally and 10 cm vertically (Magruder et al., in 215 

review; Luthcke et al., in review; and Neuenschwander et al., 2020). This is a generalized 216 

assessment considering observation variability relative to different orbit angles and length scales, 217 

but most validation methods of the geolocation quality provide similar results. 218 

 219 

During nominal pointing (either RGT pointing in the polar regions, or off-pointing in the mid-220 

latitudes), the observatory pointing is not perfectly stable. As shown in Fig. 1, the observatory 221 

pointing (and location of data on the Earth) exhibits both short- and long-frequency variation. 222 

When the solar array is positioned orthogonal to the spacecraft direction of motion, the motor 223 

that keeps the solar array optimally aligned with the sun causes the high frequency motion on the 224 

satellite as seen in the onboard gyro rates and subsequent PAD solution (Fig. 1(a). This motion 225 

results in ~meter scale resonance in the across-track variation, as shown in Fig.1b. In Fig. 1c, the 226 

low frequency, ~10s of meters level frequency of deviation relative to the RGT is mainly due to 227 

thermal variations within the satellite that cause time varying misalignments among the 228 

instrumentation. We note that in both panels Fig 1b and Fig. 1c, the observatory pointing 229 

stability is better than +/- 45m.230 
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 234 

When pointing at TOOs, the observatory uses the same components to determine attitude, but 235 

applies a temporary bias to the RGT pointing target. Upon application of this temporary pointing 236 

bias, the spacecraft activates reaction wheels to roll to the intended geodetic target.  On-orbit 237 

data show that this roll takes ~25 seconds (or ~175 km in ground-track distance) for a 5-degree 238 

off-point. This is followed by a 90-second period (or ~630 km of ground-track distance) to allow 239 

the spacecraft pointing to stabilize. The TOO location occurs mid-way through this period, by 240 

design.  After passing the TOO, the temporary bias in the ACS expires, and the observatory 241 

transitions back to nominal pointing over the next ~25 seconds. At large scale, the ground track 242 

associated with the TOO appears to progress smoothly and linearly.  However, a detailed 243 

examination of data locations  (Figure 2)reveals the underlying high frequency spacecraft 244 

pointing jitter of several meters in the across-track direction, and low-frequency variation due to 245 

the same influences (thermal and solar panel orientation) that is observed during RGT tracking.  246 

We note that the high-frequency jitter is smaller than the ATLAS footprint diameter, which 247 

means that the observatory is generally able to reliably illuminate small targets (Magruder et al., 248 

in review) during TOOs. 249 

 250 

3. ICESat-2 Data Products Status and Availability 251 

Algorithm development for the ICESat-2 mission data products began during pre-launch studies. 252 

Given the new technology of photon-counting lidar, the expected data characteristics and 253 

challenges to making data products that meet the science requirements were essentially 254 

unknown. In response to the need for understanding both the photon-counting technology and the 255 

potential data quality, the ICESat-2 project developed an engineering testbed system called the 256 

Multiple Altimeter Beam Experimental Lidar (MABEL) (McGill et al., 2013). MABEL was 257 

configured as a multiple beam, dual frequency lidar with a detection modality sensitive to single 258 

photons. It was designed to fly at relatively high altitudes (~20 km) from the ER-2 platform. 259 

Over many test flights in disparate biomes, MABEL provided representative data to the mission 260 

science team to use as a proxy to develop data product algorithms. Each of the mission data 261 

products use the prefix of ‘ATL’ and a numerical value that represents a product. The ATL02 262 

product contains all of the instrument and spacecraft measurements used to determine the 263 

altimetry foundational information (range, orbital position and attitude) in addition to the satellite 264 



Geophysical Research Letters 

11 

 

health telemetry. These foundational solutions are combined to create the ICESat-2 Level 2a 265 

ATL03 product, the Global Geolocated Photon product (Neumann et al., 2019). The atmosphere 266 

uncalibrated backscatter measurements (ATL04) provide quantitative calibration coefficients for 267 

the polar regions. ATL03 and ATL04 data are the input to each of the higher Level 3a along-268 

track products that are specified relative to the type of surface. That is, land ice (ATL06) (Smith 269 

et al., 2020), sea ice (ATL07) (Kwok et al., 2020), land/vegetation (ATL08) (Neuenschwander et 270 

al., 2020), calibrated atmospheric backscatter/cloud characteristic (ATL09) (Palm et al., 2020), 271 

ocean (ATL12) (Morison et al., 2020) and inland water (ATL13) (Jasinski et al., 2020).  272 

 273 

The vertical telemetry window for the atmospheric data is 15 km, it spans –1 km to 14 m with 274 

respect to the ellipsoid.  The vertical telemetry window width for photon-based surface altimetry 275 

is variable and depends largely on the type of surface and expected topographic relief for every 276 

geographical location (McGarry et al., 2020). These widths are established via onboard databases 277 

(Leigh et al., 2016) once the surface signal is identified through the receiver algorithms. The 278 

telemetry band can change every 200 shots or 0.05 seconds (140 m along track). In the presence 279 

of significant cloud cover reflections that are misinterpreted as surface echoes, the telemetry 280 

band is centered on the cloud top. In these instances the telemetry window may not include the 281 

surface and often causes discontinuous vertical windows. Certainly, in those situations where the 282 

true surface return does not exist within ATL03, any subsequent products will also lack accurate 283 

elevations. 284 



Geophysical Research Letters 

12 

 

285 



Geophysical Research Letters 

13 

 

Another issue noted for ATL03 is the inclusion of an arc of photons beneath the apparent surface 286 

signal. The arc actually is comprised of the ATLAS Transmitter Echo Path (TEP) photons, where 287 

the system samples a portion of the outgoing laser beam for two of the strong beams (Neumann 288 

et al., 2019). These TEP photons are telemetered separately under some circumstances and are 289 

used to evaluate the ATLAS on-orbit performance (Gibbons et al., in review) but are omitted 290 

from further processing for elevation retrievals within the higher-level, along-track products. 291 

Although this is the intent, it is extremely difficult to exclude from signal processing when the 292 

TEP photons intersect the ground surface elevations and confuse the true surface returns from 293 

those of the TEP system. However, there is an ATL03 parameter flag that will indicate which 294 

signal photons might be attributed to the TEP and assist with further signal filtering downstream. 295 

 296 

As with many lidar systems, in some conditions the detector response is observable within the 297 

measured point cloud. For ATLAS and the ATL03 product, system impulse response artifacts 298 

are most notable over flat, reflective surfaces and appear as one or two parallel surfaces at 299 

distances of ~2.3 m and ~4.2 m below the primary returns, similar to detector ‘ringing’ (Fields et 300 

al., 2021). Although these artifact surfaces are 1/1000 of the energy level of the true surface, they 301 

often appear quite prominently particularly for still, open water. They are best viewed by 302 

aggregating data along-track and after removing any surface topography. Similar to these data 303 

artifacts due to detector response are those from detector saturation. Saturation frequently 304 

happens over flat, reflective surfaces where the laser reflections have minimal pulse spreading 305 

and signal losses. The returning signal level, in this scenario, often exceeds normal operational 306 

detection thresholds which disables subsequent detections until the detector can reset. In 307 

ATLAS, this condition happens when 16 or more photons per shot are returned for strong beams, 308 

and 4 or more photons per shot are returned for weak beams. Photons incident on the receiver 309 

during this ‘dead time’ will not be detected, until the dead time has passed. Further incident 310 

photons will be geolocated approximately (3.2 nanoseconds into two way travel distance; 311 

Neumann et al., 2019) and create below surface horizons spaced by ~0.5 m for each occurrence. 312 

 313 

All of the Level 3a algorithms were implemented before launch and optimization began once the 314 

on-orbit operations moved into science mode and data began flowing routinely. As with most 315 
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algorithms that support new technology, the initial development is limited without real data. 316 

Although MABEL data provided a starting point for the processing algorithms, many changes 317 

were made once ATLAS data was in hand. The realistic radiometry, noise characteristics and 318 

receiver performance warranted adjustments to every product. Following the initial 60 day 319 

calibration period and several months of data analysis, the first of the data products were released 320 

to the public in May 2019 as release 001 (r001). As of this writing, r003 is the most recent 321 

release available, all provided through the National Snow and Ice Data Center (www.nsidc.org). 322 

Additional releases are planned on a ~six month cadence as corrections and calibrations are 323 

better known and small adjustments in the data algorithms are implemented. Additionally, as 324 

more data is acquired, gridded products (Level 3b) will be populated and released.  325 

 326 

To date the ICESat-2 satellite has collected more than a trillion measurements since science 327 

operations began 14 October 2018. The data acquisition has been continuous except ~ 2 weeks in 328 

July 2019 where the observatory went into safe mode. Safe mode occurs when the onboard 329 

telemetry monitoring system detects a fault, or out-of-limit value and converts to a protocol 330 

where all instruments not critical to base-level satellite health are powered down, and the solar 331 

array tracks the sun. In July 2019, a threshold violation of potentiometer voltage levels occurred 332 

during a solar array orientation change from airplane mode (array aligned perpendicular to the 333 

direction of motion) to sailboat mode (array aligned along the direction of motion). Once cause 334 

was determined, the satellite systems and onboard instruments were again powered up and 335 

returned to science operations. Smaller gaps in data acquisition are frequent during the mission 336 

lifetime but never exceed ~4 hours length and are commonly less than 10 minutes per instance. 337 

These gaps are attributed to time periods when the satellite performs drag make up maneuvers, or 338 

when the laser is put in ‘arm’ mode to avoid illuminating other space-based sensors in near 339 

proximity. Over the current mission lifetime ICESat-2 has an on-orbit total of 15,000 hours of 340 

science data collection, and only 121 hours of total data gaps, or ~99% data recovery.  341 

 342 

4. Summary 343 

Since the start of the initial mission development in 2007 the ICESat-2 mission has reached 344 

several milestones including technical solutions, implementation and on-orbit success. The 345 

http://www.nsidc.org/
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mission has successfully demonstrated new technology of space-based photon-counting lidar that 346 

to date has collected more than a trillion measurements and has proven to support a broad 347 

spectrum of science applications. Through pre-launch and post-launch analysis the satellite is 348 

able to maintain RGT tracking to 10 m (1σ) for the 1387 orbits in the seasonal repeat cycle and 349 

holds the capability for off-nadir measurement strategies with better than ±45 m pointing control. 350 

The ICESat-2 geolocated photons show a horizontal position accuracy or 3.6 m (1σ) over both 351 

long length scales and through local validation and a vertical accuracy of better than 10 cm. The 352 

operational requirements of the mission have been met to date and measurements satisfy the 353 

science objectives of the mission for ice sheet change detection, sea ice freeboard and vegetation 354 

mapping.   355 
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