
Response to Anonymous Referee #1: 
 
We thank the anonymous reviewer for their very detailed and highly constructive 
comments. Edits based on your input (and that of the other reviewer) have substantially 
improved this manuscript. 
 
Here are our responses (in red) to your specific comments (in black): 
 
This paper presents an evaluation of MABEL data over selected regions with the 
motivation of proving the performance of a single-photon counting lidar system in 
support of the upcoming ICESat-2 mission. In particular, the authors are investigating if 
the planned collection strategy for ICESat-2 will support accurate assessment of local 
slope in order to determine the difference between surface slope and true elevation 
change over the ice sheets. The study is also intended to determine the resolution of the 
measurements in terms of identifying small melt ponds and crevasses within the surveyed 
area. The paper is written well and provides a thorough analysis of the data collected by 
MABEL. However, the true connection of MABEL with ATLAS, the ICESat-2 onboard 
instrument, isn’t quite clearly presented. As such, the manuscript provides knowledge 
about MABEL and allows for a generalized confidence in the ICESat-2 mission but 
certainly could expand on comparison of the two systems particularly with the 
radiometric differences, variations in processing schemes and length scales beyond 70 cm 
sampling rates. It would also be beneficial to specifically relate the MABEL statistics 
with the quantitative performance goals (science requirements) of the satellite with 
respect to ice sheet elevation change derivation. That said, this is still an important piece 
of work as the community looks toward another space-based laser altimetry mission and 
it is definitely relevant to this journal. 
We received two excellent reviews of this manuscript. Both Reviewer 1 and 2 make note 
of the connection between MABEL and ATLAS. We have added a bit of text throughout 
to address this main criticism (we have captured much of this in our responses to specific 
comments below). Most notably, there is a large paragraph at the start of the Discussion 
section that addresses this in detail. In summary, given that the measured MABEL signal-
photon density is generally less than that predicted for ATLAS, and given our lack of 
quantitative knowledge of the throughput of MABEL, it is hard for us to scale MABEL 
results to ATLAS. However, what we can say is that “if the ATLAS signal-photon density 
and signal-to-noise ratios are within 30% of its measurement requirements (and thus 
mimics the MABEL performance documented in this study), ATLAS can be used to 
measure surface slopes over both relatively flat ice-sheet interior conditions and steeper 
glaciers such as the Lower Taku Glacier, and identify melt ponds.” Please see our other 
comments below that directly address the ATLAS/MABEL concerns. 
 
Specific comments. 
· In the abstract the purpose of MABEL is to support geophysical algorithm development, 
simulate key elements of the sampling strategy and assess elements of the resulting data 
that may vary seasonally. The last programmatic goal of MABEL seems out of place in 
terms of truly providing relevant information in terms of trying to separate out the errors 



in the MABEL measurements from seasonal variations. Later in the Introduction this goal 
isn’t mentioned and other goals are added in; the text isn’t consistent. 
The reviewer makes a great point. The ‘seasonal’ language stems from a comparison 
between the timing of this AK campaign (July/August) and an earlier campaign based in 
Iceland (April/May). We have changed the text to separate overall MABEL goals with 
the goals of this particular deployment (which makes the abstract stronger). Further, we 
have made the language between the Abstract and the third and fourth paragraphs of the 
Introduction consistent. The Abstract (which summarizes the overall change) now reads: 
“Given the new technology of ATLAS, an airborne instrument, the Multiple Altimeter 
Beam Experimental Lidar (MABEL), was developed to provide data needed for satellite-
algorithm development and ICESat-2 error analysis. MABEL was deployed out of 
Fairbanks, Alaska in July 2014 to provide a test data set for algorithm development in 
summer conditions with water saturated snow and ice surfaces.” 
 
· This publication submission and the one from the author in 2014 (similar topic) cite the 
same reference with respect to the details of ICESat-2 but the specifications are not 
consistent (e.g. 10 m footprint versus 14 m footprint). Assumedly the specifications of the 
instrument have changed over the last 6 years since the reference was published? What 
else has changed? Isn’t there another citation more current? 
The reviewer is correct. Some aspects of ICESat-2 have changed since the Abdalati et al. 
(2010) reference. We have noted this in the first paragraph of the Introduction. An update 
(Markus et al., submitted) has recently been submitted to Remote Sensing of the 
Environment. We have added that reference. Text changes include: 
“Abdalati et al. (2010) provides an early overview of the ATLAS concept and overall 
design. While the measurement goals of ATLAS remain as described in Abdalati et al. 
(2010), some of the details have evolved (Markus et al., submitted).” 
 
· Shouldn’t there be some discussion on how the MABEL data compares to ATLAS 
beyond just data density (e.g. photons interpreted as signal for a given length scale)? 
Does the density impact the performance statistics of slope determination? It seems that 
data gaps hinder characterization of the surface (elevation change), as would 
environmental impacts associated with topography and radiometry/reflectance. 
Density and data gaps definitely have an impact on the characterization of surface slope; 
Figs. 8 and 10 indicate how clouds lead to gaps in the assessment. We have added a fair 
bit of text to the MABEL instrument and data descriptions that address instrumentation 
differences. Further, we have added a paragraph at the start of the Discussion section that 
addresses MABEL/ATLAS comparison issues, and thus directly addresses some of this 
comment. However, since MABEL measured signal-photon densities were not as high as 
the predicted ATLAS values, and given our lack of quantitative knowledge of the 
throughput of MABEL, it was hard for us to scale MABEL results to ATLAS and 
provide quantitative ATLAS performance statistics. 
 
· The value of MABEL is undeniable as a test bed instrument for ATLAS but it isn’t 
clear in this publication how it directly simulates ICESat-2 performance in a quantitative 
way. Many of the conclusions are vague analysis language such as “ the analysis proves 



that ICESat-2 will be able to provide a robust assessment of across-track slope”. What 
does robust mean in this context? Valid? Precise? Consistent performance? 
This is similar to the comment above, and to the overall critique from this reviewer. In 
the new Discussion paragraph, we acknowledge that due to the fact that MABEL 
measured signal-photon densities were not as high as the predicted ATLAS values, and 
given our lack of quantitative knowledge of the throughput of MABEL, it was hard for us 
to scale MABEL results to ATLAS, and thus make direct quantitative assessments. 
However, we agree with the reviewer that ‘robust’ was not a meaningful word; we have 
replaced it with ‘valid’ in one instance and ‘non-aliased’ in another. 
 
· Why isn’t the m-atlas data used in this situation? 
M-ATLAS is a dataset produced by the ICESat-2 Project Science Office. It is primarily 
intended for ATLAS algorithm testing. This dataset uses MABEL data to simulate 
expected ATLAS photon point clouds to more closely match our model predictions of 
ATLAS instrument performance. M-ATLAS is intended to assess photon point clouds 
over homogeneous surfaces, where combined beams are looking at a similar surface. 
Much of the analysis in this study focuses on heterogeneous surfaces, which include 
small-scale features that are not common from beam to beam (small melt ponds and 
crevasses). Thus, we did not look at the M-ATLAS data products. Since this is a very 
preliminary dataset, used primarily for internal purposes, and since readers will not be 
familiar of this dataset, we prefer to refrain from incorporating it into this manuscript. 
 
· Will the same surface interpretation algorithm be used on ICESat-2 data as MABEL? 
Does the processing scheme implemented have any impact on the comparable 
performance? How does the surface interpretation algorithm change with changing data 
density (i.e. laser power degradation over time)? 
The NASA GSFC surface finder is a generic surface-finding algorithm used for a wide 
range of surface types, and therefore a conservative estimate of surface signal (it flags 
more photons as signal); ATLAS algorithms will be specific to the surface type (e.g., 
glacier, sea ice, ocean, vegetation, etc.) and more rigorous with respect to returns 
identified as surface signal (these will flag fewer photons as signal, relative to the GSFC 
algorithm). We have added language to address this. All of the algorithms have some 
form of along-track interpretation length scales. Thus, if data density changes, either as a 
result of environmental (e.g., cloud cover) or instrumental (e.g., degradation over time) 
effects, the surface finders are compromised. Since the along-track length-scales will be 
unique to the surface type, we prefer to leave a more formalized discussion of data 
density impact on algorithm surface detection for the ICESat-2 algorithm documents (in 
process). 
 
· If MABEL has a horizontal error of 2 m, how does this impact the slope comparison 
with the GPS surveys? 
The reviewer makes a great point here. We believe that the averaging that is done to 
determine an elevation for MABEL at given points should sufficiently rectify the 
geolocation concern. The MABEL elevations that defined the MABEL surface for slope 
determination were based on the mean of signal photons around the points of intersection 
of the MABEL ground track and the trends of the GPS survey lines. However, based on 



this comment, we slightly modified our approach. Originally, the MABEL mean 
elevations that defined the MABEL surface were based on the closest 100 signal photons 
to the point of intersection with the GPS trend; we have changed this to be signal photons 
within a 5-m radius, to address the reviewers concerns and to base the analysis on the 
length scale of geolocation error. This led to a slight change to Figure 5, but not in the 
overall conclusions. We added the following text to address the reviewer’s concern: 
“Elevations at those nodes were determined by taking an average of the elevations of the 
signal photons within a 5 m radius of those points, to take into account MABEL 
horizontal geolocation uncertainty.” 
 
· What is the gridding resolution used on the MABEL data for in situ slope comparison? 
Does this cause any aliasing? 
The MABEL grid is 1 x 1 m. This is sufficiently small for length scales appropriate to 
ICESat-2 slope determination (90 m). We have added this scale to the text. 
 
· Were there any other conclusions to the goal of is there sub-surface sampling happening 
other than ‘532 nm appears to be sub-surface sampling but there is also an after pulse”. It 
was hard to determine the results of this investigation thread. 
This is a great question and still an area of active research. Geolocation limitations 
compromised our ability to further interrogate this topic with this dataset. We have added 
the following text: 
“Penetration of 532 nm wavelength light into the surface, be it a melt pond or snow, is an 
ongoing area of research for ICESat-2 algorithm development. MABEL geolocation 
uncertainty, and the fact that the 1064 and 532 nm beams do not have coincident 
footprints for more direct comparison (as the 1064 nm beams lead the 532 nm beams by 
~60 m), compromised our ability to further interrogate this topic with this dataset, as the 
data could not be precisely co-registered spatially. Due to these limitations, a separate 
campaign with a different photon-counting laser altimeter (with both a more accurate 
geopositioning system and coincident 1064 and 532 nm footprints) was deployed to 
Thule, Greenland, in July and August 2015 (Brunt et al., 2015). Processing and analysis 
of that dataset are still ongoing. 
Analysis of MABEL data over small melt ponds on the Bagley Icefield in Alaska provided 
a preliminary assessment of how green-wavelength photon-counting systems will interact 
with water on an ice surface...” 
 
· MABEL beams are said to have non-uniform transmit energy? Is this average pulse 
energy relative to other beams or are there spatial differences of the energy distribution 
(Gaussian distribution ), or both? The comment “generally not the same pulse shape” is 
ambiguous. Does the changing or different pulse shapes have an impact on this study? 
Our original statement was intended to relate the average pulse energy of the beams 
relative to each other. We have added this language to the text: 
“Relative to one another, the MABEL beams have non-uniform average transmit 
energy.” 
But the reviewer made us also reconsider additional text in this paragraph. In reading the 
next couple of sentences, which contained the statement “transmit-pulse shapes are 
generally not the same”, we realized that this was not our intent; the paragraph is really 



discussing transmit energy for beams with unique optical paths. We have changed the 
statement to: 
“…transmit-pulse energies are generally not equal.” 
We then removed the next sentence that continued the discussion about pulse shape. 
Based on previous MABEL results, pulse shapes have been fairly symmetric (from Brunt 
et al., 2014: “…analysis of MABEL data from the ice-sheet interior indicates that the 
returned pulse shape is largely symmetric.”). Results here over open ocean (Figure 3) 
suggest the same. Changes to the pulse shape would undoubtedly have an effect on this. 
Broadening of the pulse would most likely lead to larger values for both accuracy and 
precision. Our estimates of accuracy and precision are consistent with previous results. 
Thus, we do not believe that MABEL pulse shapes are changing. 
 
· Are the unique beam range biases on MABEL only due to the optical path of each 
beam? It seems like there are other influences on the ranges than just optical path but the 
text implies this is the only reason. 
There are certainly environmental conditions that could contribute to an overall bias (e.g., 
temperature of the laser). Our expectation is that environmental influences would have a 
uniform effect on all beams. We have added language that addresses this. However, the 
‘unique’ nature of each beam bias stems from the unique optical path lengths (due to 
unique optical fiber lengths) of each beam through the instrument.  
 
· The sentence on page 6, lines 1-2 doesn’t seem to make sense or is incomplete. 
Agreed. We removed this sentence and added the necessary detail to other sentences in 
this paragraph. 
 
· The authors rely quite a bit on the along-track signal density. As such, it might be 
helpful to present a table with MABEL performance (density statistics) comparison to 
what is expected with ICESat-2 design cases under certain conditions (radiometric 
conditions, topography, weather). This could be presented as an augmented Table 1. 
Great idea. We have added a row to Table 1 that provides ATLAS information, 
appropriate to the surface type and environmental conditions. For the open ocean, we 
have provided a range, as we do not know the wind state during MABEL data 
acquisition. 
 
· Does the noise in the process (background and detector noise) affect the interpretation 
of the surface and the subsequent determination of local slope? 
We do not believe so. The MABEL data used for this particular analysis were identified 
as surface returns by the GSFC algorithm. While that algorithm is conservative and may 
misidentify background as signal, we believe that our averaging technique mitigates any 
adverse effect on the result. The MABEL elevations that defined the MABEL surface for 
slope determination were based on the mean of the signal photons within a 5-m radius of 
those points of intersection (generally 20 – 50 signal photons, which should be sufficient 
to average out the small number of background outliers). 
 
· Does this MABEL analysis provide confidence that ICESat-2 will satisfy its science 
requirements? There is extensive elevation bias and precision discussion for MABEL for 



this study area but none of the results are projected to a quantitative ICESat-2 
performance. Is that projection relevant here? Will a user get similar precision from 
ICESat-2 measurements for a single pass over this area and see the same detail of the 
surface topography? 
This comment addresses the key critique identified by both reviewers of this manuscript. 
As we stated above, we have added a paragraph at the start of the Discussion section that 
addresses this comment. In that paragraph, we acknowledge that due to the fact that 
MABEL measured signal-photon densities were not as high as the predicted ATLAS 
values, and given our lack of quantitative knowledge of the throughput of MABEL, it 
was hard for us to scale MABEL results to ATLAS, and thus make direct quantitative 
assessments. However, what we can quantitatively say that: 
“… if the ATLAS signal-photon density and signal-to-noise ratios are within 30% of its 
measurement requirements (and thus mimics the MABEL performance documented in 
this study), ATLAS can be used to measure surface slopes over both relatively flat ice-
sheet interior conditions and steeper glaciers such as the Lower Taku Glacier, and 
identify melt ponds.” 
 
· Page 11, line 27 seems to indicate that the 1064 nm beam would penetrate the water 
surface, which is not the case. 
The reviewer is correct; this language was intended to compare how the different 
wavelengths interact with water, not to suggest that 1064 penetrates the surface. We have 
changed this language: 
“This figure depicts how light at 532 and 1064 nm wavelengths interacts with the surface 
of the melt pond, and how the melt pond affects the statistics of the 532 nm return 
signal.” 
 
· Can you address the relationship to length scale along-track and the derived 
performance associated with accuracy and precision of the MABEL measurements? How 
do the length scales translate to ICESat-2? 
For many of the performance metrics presented here, we used a 0.7 m along-track length-
scale for analysis, to match that of ICESat-2. Since absolute accuracy was not required 
for this analysis, we did not determine an overall bias for MABEL. For precision, we 
used a 3-km stretch of open water to assess the individual beams. Results here were 
comparable to those determined over a 1.4-km departure apron, in a previous study 
(Brunt et al., 2014). Thus, we are confident that these values represent overall MABEL 
surface measurement precision. However, as stated previously, we cannot directly, or 
quantitatively, scale MABEL performance or precision results to ATLAS. 
 
· How do your conclusions of MABEL performance metrics allow for accurate change 
detection as related to ICESat-2 expected performance? 
This comment also addresses the reviewer’s key critique of this manuscript. As we stated 
above, we have added a paragraph at the start of the Discussion section that addresses this 
comment. In that paragraph, we make only relative assessments of MABEL measured 
performance relative to ATLAS predicted performance. Ultimately, we summarize that if 
ATLAS performance is within 30% of its measurement requirements, ATLAS can be 
used to measure flat and steep surface slopes, and identify melt ponds. But we cannot 



make further conclusions, as these would require the instruments to have more similar 
radiometry. 



Response to Anonymous Referee #2: 
 
We thank the anonymous reviewer for their very detailed and highly constructive 
comments. Edits based on your input (and that of the other reviewer) have substantially 
improved this manuscript. 
 
Here are our responses (in red) to your specific comments (in black): 
 
Using photon-counting lidar is a new method for mapping ice sheets and glaciers. The 
paper presents the first results obtained by the MABEL system over complex glacier 
surfaces, such as heavily crevassed glaciers and lakes during melt conditions. These 
results are vital for assessing the performance of the ATLAS system to be flown on 
ICESat-2. They also highlight some of the advantages of the dense spatial sampling of 
photon-counting laser altimetry, for example for estimating crevasse geometry or melt 
pond shape and depth. 
 
The paper could benefit from reorganizing the results and discussion sections by 
organizing them according to the surface feature types and measurement goals, instead of 
cycling through the different sites and goals several times. For example, the description 
of the altimetry profiles, photon histograms, and drop in the number of background 
photons over melt ponds are presented in three different sections. 
In reading through the manuscript and incorporating the edits based on review, we have 
reorganized the manuscript a bit, but kept it categorized in a series of topics (photon 
density, bias/precision, surface characterization, and slope). While we realize some things 
will still be repeated in this simplified structure, we have worked to minimize that 
repetition. Other structural changes include: 1) we moved some MABEL beam detail out 
of the Intro and combined it with other beam detail in the Data section; 2) we merged the 
Lower Taku WorldView and GPS data sections; 3) we merged the ‘Slope’ results, 
independent of flat or steep terrain; and, most importantly, 4) we have shortened and 
reworked the Lower Taku Results section. 
 
Also, some of the figures are too minuscule to appreciate the details of the surface as 
depicted by the photon-counting system. For example, parts of the Bagley Icefield 
MABEL transect and corresponding photographs (Figure 6) covering the melt ponds and 
crevasses could be enlarged to the surface features (photograph) and structure (photons) 
motor clearly. The drop in the number of background photons over the melt ponds is very 
evident in Fig. 6.b – a beautiful example. However, the importance of this observation is 
almost lost in the details. 
We agree. We note that many of the figures have new numbers, based on the 
reorganization of the manuscript. Most of the figures were simply made larger (e.g., Figs. 
2, 3, 4, 7, 9, and 10). But 3 others had to be reworked such that their details became more 
apparent (e.g., Figs. 5, 6, and 8). And we added a new figure to address one of the 
reviewer’s detailed comments. We believe we have addressed the reviewers concerns. 
 
Less convincing is the explanation about the melt pond depth determination. Showing the 
major elements of the melt pond in Figure 7 would help. Where is the elevation 



corresponding to the surface of the melt pond? And the bottom? Comparison of Figures 3 
and 7 suggest that either the surface of the melt ponds is rough, or the maximum return is 
from below the surface. Can the authors distinguish between these cases? Also, I assume 
that the ~0-2 photons per bin between 1397.5 and 1399.8 meters is due to returns from 
the ponds, i.e., volume scattering. Is this correct? Does the histogram depict the bottom of 
the pond? 
The authors agree that the analysis of the photon data over the melt ponds allows for 
debate. We have added elements to the figure, including surface and the after-pulse. We 
agree that there isn’t a distinct feature on the histograms that suggests a return from the 
bottom of the pond; we have added this text to the manuscript. We also assume that the 
spread of the 532-nm histogram is associated with volume scattering throughout the 
pond; we have added that language as well. Some of the differences between the 2 
histogram figures (formerly 3 and 7) are the result of variable length scales and, thus, 
very different photon counts associated with each analysis. 
 
The connection between the results obtained by the MABEL measurements and those 
expected from ATLAS is not well articulated. In particular, the paper should explain 
better how slope accuracy and spatial scales impact the accuracy of change detection with 
ATLAS. Also, the errors of the MABEL measurements should be better quantified to 
assess its performance and the implications for ATLAS/ICESat-2. 
We received two excellent reviews of this manuscript. Both Reviewer 1 and 2 make note 
of the connection between MABEL and ATLAS. We have added a bit of text throughout 
to address this main criticism (we have captured much of this in our responses to specific 
comments below). Most notably, there is a large paragraph at the start of the Discussion 
section that addresses this in detail. In summary, given that the measured MABEL signal-
photon density is generally less than that predicted for ATLAS, and given our lack of 
quantitative knowledge of the throughput of MABEL, it is hard for us to scale MABEL 
results to ATLAS. However, what we can say is that “if the ATLAS signal-photon density 
and signal-to-noise ratios are within 30% of its measurement requirements (and thus 
mimics the MABEL performance documented in this study), ATLAS can be used to 
measure surface slopes over both relatively flat ice-sheet interior conditions and steeper 
glaciers such as the Lower Taku Glacier, and identify melt ponds.” However, we cannot 
state further conclusions (e.g., accuracy and spatial scale comparisons), as these would 
require the instruments to have more similar radiometry. 
 
For example, on page 4, line 29- page 5, line 3, the authors mention a different range bias 
of each of the MABEL beams. As the local slope is determined from elevations measured 
by different beams, this bias is expected to have an impact on the accuracy of slope 
determination. How stable are the range biases? How were the beams calibrated to one 
another? Was there any pointing bias, which would translate to additional elevation and 
slope errors? Page 7, lines 7-9 describe a calibration over ocean surface but does not 
mention how stable the offset was and if there was a pointing bias or not. 
The reviewer is correct: MABEL’s overall geolocation, and thus range issues, are an area 
of ongoing engineering discussions and limit this lidar from being utilized for a broader 
range of altimetry applications. However, the range biases are suitable for the overall 
goals of MABEL as they relate to ICESat-2 (algorithm development and error analysis). 



As such, more rigorous assessments of bias and bias stability have not been part of prior 
MABEL deployment plans (e.g., targeting many calibration targets throughout an 
individual flight). The previous deployments have included ‘pitch-and-roll’ maneuvers 
over open ocean (which supports a calibration that should minimize pointing biases) and 
flights over stable surfaces that have been surveyed (e.g., Brunt et al., 2014 describes 
results from flying over well-surveyed airport departure aprons); language that addresses 
this has been added to the text: 
“Prior to Level 2A data processing, MABEL ranges are corrected for these channel-
specific optical path lengths using a calibration derived from data recorded during 
aircraft pitch and roll maneuvers performed over stretches of open ocean. We assume 
that this calibration mitigates the larger channel biases, including those associated with 
errors in pointing. However, other smaller-scale channel biases may still exist; these 
smaller-scale channel bias corrections were on the order of decimeters.” 
But for some of the slope assessments done here, we had to make assumptions on bias 
and bias stability. In this manuscript, we describe, and have expanded upon, our 
calibration technique in section 3.1, where we present the histograms over the open 
ocean. We choose a calibration beam and then subtract the mean differences between the 
other beams and the calibration beam to calibrate them to one another. For the 
histograms, we also detrend the data to remove long-wavelength ocean effects. We have 
modified the text to include these details; and we added detrending summary text: 
“The detrending of each beam takes into account all of these effects; this correction 
ranged from 0.11 to 0.29 m over the 3000 m of along-track data used for this analysis.” 
For the slope assessments made on the Juneau Icefield, we make the assumption that the 
calibration is valid over the 75 km between the ocean site and the survey site (we have 
added this caveat to the language). 
 
The explanation of DEM “migration” over the Lower Taku Glacier needs an overhaul. It 
is very hard to follow the details. Maybe a map with velocity vectors could help? What is 
the expected accuracy of the WV-2 DEM? Page 13, line 1-6: what is “the difference 
between the DEM and the true elevation”?. Lines 4-6: was the MABEL range bias 
determined from ocean measurements? How was the surface melt estimated, any 
reference? 
We agree. We have substantially shortened and reworked the Lower Taku Results 
section. We believe this makes this section read much better. And the reviewer makes an 
excellent suggestion: we have added the velocities (and scaled vectors) to the Figure. The 
expected elevation accuracy of the WV DEM is on the order of meters (which is 
described in the section mentioned by the reviewer; Page 13, line 1-6; we have added a 
new reference, Shean et al., 2016, for this as well); this is effectively the difference 
between the WorldView-2 DEM elevation and the true elevation. MABEL range bias was 
determined using the open ocean data in Figure 4. All of these details have been added to 
the text of this section. The surface melt was assessed at the GPS sites to be 2.3 m using 
ablation wires, by one of the co-authors; we have added this text to the manuscript. 
 
Detailed comments: 
 



Mention the wavelength domains for 532 nm – green, and 1064 nm – near infrared and 
briefly summarize the current knowledge of penetration, surface and volume scattering 
with references. 
This is an excellent addition to the manuscript. We edited existing text and added the 
following: 
“MABEL (discussed in detail in McGill et al., 2013) is a multibeam, photon-counting 
lidar, sampling at both 532 (green) and 1064 (near infrared) nm wavelengths using short 
(~1.5 ns) laser pulses. The dual wavelength instrument design was intended to assess 
green-wavelength light penetration in water or snow (McGill et al., 2013). Deems et al. 
(2013) provides a review of lidar use for snow studies and describes how light at 532 and 
1064 nm wavelengths interacts with snow surfaces. Light penetration into a snow surface 
is a function of both grain size (with larger snow-grain size resulting in increased 
volumetric scattering, and therefore increased light penetration) and wavelength (with 
532 nm light having lower absorption than 1064 nm light, which ultimately produces 
increased light penetration at the shorter wavelength). Deems et al. (2013) also note that 
light penetration into snow surfaces is extremely difficult to accurately measure.” 
 
Page 2, line 29: "ATLAS model"? Do you refer to the sensor model of ATLAS? 
We were referring to the ATLAS instrument performance model. However, in light of 
other edits associated with the MABEL/ATLAS comparisons, this has been deleted. 
 
Page 2-3: A figure comparing ATLAS and MABEL geometries would be helpful 
Agreed. We adapted a figure from Brunt et al. (2014) to only include ICESat-2 and 
MABEL. Additions to the figure include across-track sampling length-scales. 
 
Page 3, 9-12: A brief summary about the expected accuracy and potential interpretation 
difficulties of the photon-counting altimetry in winter and summer conditions would be 
useful, e.g., penetration depth of green laser beam or impact of high surface reflectance 
on range bias (dead time issue) 
This is a great comment and makes for a great addition to the manuscript. We have added 
language that directly addresses this comment. The text includes language associated 
with NIR and green studies, which are still ongoing: 
“In winter, increased albedo, reduced ice-sheet surface roughness, and reduced solar 
background and backscatter in the atmosphere all lead to an increased signal-to-noise 
ratio and an increase in photon-retrieval density (i.e., the number of, and temporal 
distribution of photons transmitted and recorded by the lidar). In general, with increased 
photon-retrieval density, we expect better surface measurement precision. In the extreme 
case, the photon-retrieval density may be sufficiently high that the instrument receiver 
does not have the time required to process the incoming photon information before 
receiving more. This effect is referred to as ‘instrument dead time’ and can produce a 
positive surface elevation bias. In summer, reduced albedo, increased ice-sheet surface 
roughness, and increased solar background leads to a decrease in photon-retrieval 
density and signal-to-noise ratios, compromising measurement precision. The Alaska 
2014 campaign also aimed to investigate how light at 532 and 1064 nm wavelengths 
interacts with the surface in melting conditions, and how this may affect the statistics of 
the 532 nm signal photons and overall elevation accuracy.” 



 
Page 4, line 3-5: What assumptions are made to classify the photons into signal and 
noise/background? 
While the details are discussed in Brunt et al. (2014), we agree with the reviewer that his 
section needed a few more details, especially with respect to the assumptions. We have 
added the text: 
“The algorithm is based on histograms of photon arrival times in 25 m along-track 
segments and 10 m vertical bins and assumes a random distribution of background 
photons and a symmetric return pulse. Further details of this surface-finding algorithm 
are described in Brunt et al. (2014). The GSFC algorithm is applicable to a wide range 
of surface types, while most ICESat-2 standard data product algorithms are surface-type 
specific (e.g., glacier, sea ice, ocean, vegetation, etc.) and more rigorous with respect to 
returns identified as surface signal.” 
 
Page 5, line 13: what is the resolution of the camera? Number of pixels, rows/columns? Is 
it a B/W or color camera? How often were images taken? Was there an overlap between 
consecutive images at the nominal flying height? 
Again, we agree with the reviewer that more detail is needed. We have added the 
following detail about the camera: 1) 6000x4000 pixels per image; 2) at 65,000 feet, this 
is approximately <3 m/pixel; 3) color images; and 4) 3-second intervals for ~30% 
overlap. 
 
Page 5, line 25: Was the “standard” Landsat 8 spectral reflectance product used or did the 
authors derive their own reflectance? What wavelengths were used for the model? Was 
the panchromatic band used for Bagley Field because of the better spatial resolution? 
We edited and added the following text to the Landsat discussion: 
“We assessed the performance of OLI's coastal blue, blue, green, red, and panchromatic 
channels in retrieving supraglacial lake depths. Ultimately, the models establish a 
relationship between Landsat 8 top-of-atmosphere (TOA) comparing pre-drainage 
spectral reflectance values over the lakes with a post-drainage digital elevation model 
(DEM), derived from WorldView-2 imagery acquired from the Polar Geospatial Center 
at the University of Minnesota, using image-processing software (ERDAS). Our analysis 
indicated that for shallow lakes (depth < 5 m), red and panchromatic band data are most 
suitable for supraglacial bathymetry. Because of the relatively small size of the lakes in 
our study area, we chose the panchromatic channel for the better spatial resolution.” 
 
Page 8, line 17: how large was the slope caused by wind stress or dynamic ocean 
topography? How large is the geoid undulation? 
The reviewer brings up an excellent point. Our goal was to use a stretch of open ocean to 
calibrate the beam elevations to one another in a relative sense. We used a 3-km stretch 
of data to do this. This should be significantly smaller than the length-scale of variations 
in dynamic topography and geoid undulation (changing ~1 to 10 m over length scales of 
~100 to 1000 km). Wind stress is probably a bigger term on our 3-km length scale. While 
we can’t separate these terms, detrending the data should account for all of these terms 
simultaneously. We have therefore provided the numbers associated with the detrending: 



“We calibrated the beam elevations to one another to remove the unique beam elevation 
biases; relative bias corrections ranged from 0.03 to 0.73 m. We then detrended the 
surface elevations based on a linear fit to the signal photons to remove any elevation 
differences associated with wind stress or the relatively small effects of ocean dynamic 
topography and geoid undulation. The detrending of each beam takes into account all of 
these effects; this correction ranged from 0.11 to 0.29 m over the 3000 m of along-track 
data used for this analysis.” 
 
Page 8, line 27: under some operational conditions, such as?? 
The causes of the after-pulse are still not fully understood. We added the following 
language that explains this and provides more constraints on what we do know, especially 
with respect to the instrument/aircraft configuration of MABEL: 
“The exact conditions for after-pulsing are not completely understood, but are most 
likely the result of temperature drifts in the fundamental laser system. These occur due to 
changing environmental conditions within the instrument pod in the aircraft, and/or 
changes in efficiency of the coolant system. The cooling system relies upon passive 
external fins exposed to ambient cold conditions at altitude and these conditions 
(temperature, airflow) change during flight. The secondary laser pulses are primarily 
seen in the 1064 nm returns, and are minimized when the 1064 nm source is frequency-
doubled to generate 532 nm beams.” 
 
Page 9, line 1: Was the second pulse removed by visual inspection and manual editing? 
We manually removed these when doing statistical analysis. We have added this to the 
text. 
 
Page 10, line 20: flat, HORIZONTAL surface? 
Yes, that is correct. However, based on other edits, and for continuity in this section, we 
have replace ‘flat, HORIZONTAL’ surface with ‘detrended’ surface. 
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Abstract 18	
  

Ice, Cloud, and land Elevation Satellite-2 (ICESat-2) is scheduled to launch in late 2017 19	
  

and will carry the Advanced Topographic Laser Altimeter System (ATLAS), which is a 20	
  

photon-counting laser altimeter and represents a new approach to satellite determination 21	
  

of surface elevation. Given the new technology of ATLAS, an airborne instrument, the 22	
  

Multiple Altimeter Beam Experimental Lidar (MABEL), was developed to provide data 23	
  

needed for satellite-algorithm development and ICESat-2 error analysis. MABEL was 24	
  

deployed out of Fairbanks, Alaska in July 2014 to provide a test data set for algorithm 25	
  

development in summer conditions with water saturated snow and ice surfaces. Here we 26	
  

compare MABEL lidar data to in situ observations in Southeast Alaska to assess 27	
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   2	
  

instrument performance in summer conditions and in the presence of glacier surface melt 1	
  

ponds and a wet snowpack. Results indicate that: 1) based on MABEL and in situ data 2	
  

comparisons, the ATLAS 90 m beam-spacing strategy will provide a valid assessment of 3	
  

across-track slope that is consistent with shallow slopes (<1°) of an ice-sheet interior over 4	
  

50 to 150 m length scales; 2) the dense along-track sampling strategy of photon counting 5	
  

systems can provide crevasse detail; and 3) MABEL 532 nm wavelength light may 6	
  

sample both the surface and subsurface of shallow (approximately 2 m deep) supraglacial 7	
  

melt ponds. The data associated with crevasses and melt ponds indicate the potential 8	
  

ICESat-2 will have for the study of mountain and other small glaciers. 9	
  

 10	
  

1 Introduction 11	
  

Ice, Cloud, and land Elevation Satellite-2 (ICESat-2) is a NASA mission scheduled to 12	
  

launch in 2017. ICESat-2 is a follow-on mission to ICESat (2003-2009) and will extend 13	
  

the time series of elevation-change measurements aimed at estimating the contribution of 14	
  

polar ice sheets to eustatic sea level rise. ICESat-2 will carry the Advanced Topographic 15	
  

Laser Altimeter System (ATLAS), which uses a different surface detection strategy than 16	
  

the instrument onboard ICESat. Abdalati et al. (2010) provides an early overview of the 17	
  

ATLAS concept and overall design. While the measurement goals of ATLAS remain as 18	
  

described in Abdalati et al. (2010), some of the details have evolved (Markus et al., 19	
  

submitted). ATLAS is a 6-beam, photon-counting laser altimeter (Fig. 1). In a photon-20	
  

counting system, single-photon sensitive detectors are used to record arrival time of any 21	
  

detected photon. ATLAS will use short (< 2 ns) 532 nm (green) wavelength laser pulses, 22	
  

with a 10 kHz repetition rate, which yields a ~0.70 m along-track sampling interval, and a 23	
  

~17 m diameter footprint. An accurate assessment of ice-sheet surface-elevation change 24	
  

based on altimetry is dependent upon knowledge of local slope (Zwally et al., 2011). 25	
  

Therefore, the six ATLAS beams are arranged into three sets of pairs. Spacing between 26	
  

the three pair sets is ~3 km to increase sampling density, while spacing between each 27	
  

beam within a given pair will be ~90 m to make the critical determination of local slope 28	
  

on each pass. Therefore, elevation change can be determined from only two passes of a 29	
  

given area (Brunt et al., 2014). 30	
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Given this new approach to satellite surface elevation measurement, an airborne 1	
  

instrument, the Multiple Altimeter Beam Experimental Lidar (MABEL), was developed 2	
  

to: 1) enable the development of ICESat-2 geophysical algorithms prior to launch; and 2) 3	
  

enable ICESat-2 error analysis. MABEL (discussed in detail in McGill et al., 2013) is a 4	
  

multibeam, photon-counting lidar, sampling at both 532 (green) and 1064 (near infrared) 5	
  

nm wavelengths using short (~1.5 ns) laser pulses. The dual wavelength instrument 6	
  

design was intended to assess green-wavelength light penetration in water or snow 7	
  

(McGill et al., 2013). Deems et al. (2013) provides a review of lidar use for snow studies 8	
  

and describes how light at 532 and 1064 nm wavelengths interacts with snow surfaces. 9	
  

Light penetration into a snow surface is a function of both grain size (with larger snow-10	
  

grain size resulting in increased volumetric scattering, and therefore increased light 11	
  

penetration) and wavelength (with 532 nm light having lower absorption than 1064 nm 12	
  

light, which ultimately produces increased light penetration at the shorter wavelength). 13	
  

Deems et al. (2013) also note that light penetration into snow surfaces is extremely 14	
  

difficult to accurately measure. 15	
  

Following engineering test flights in 2010 and 2011, MABEL was deployed to Greenland 16	
  

(April 2012) and Alaska (July 2014) to collect data, including from glacier targets, and to 17	
  

assess elements of the resulting data that may vary seasonally. The Greenland 2012 18	
  

campaign sampled winter-like conditions, while the Alaska 2014 campaign was timed to 19	
  

collect data during the summer melt season, which is characterized by open crevasses and 20	
  

surface melt ponds. In winter, increased albedo, reduced ice-sheet surface roughness, and 21	
  

reduced solar background and backscatter in the atmosphere all lead to an increased 22	
  

signal-to-noise ratio and an increase in photon-retrieval density (i.e., the number of, and 23	
  

temporal distribution of photons transmitted and recorded by the lidar). In general, with 24	
  

increased photon-retrieval density, we expect better surface measurement precision. In 25	
  

the extreme case, the photon-retrieval density may be sufficiently high that the instrument 26	
  

receiver does not have the time required to process the incoming photon information 27	
  

before receiving more. This effect is referred to as ‘instrument dead time’ and can 28	
  

produce a positive surface elevation bias. In summer, reduced albedo, increased ice-sheet 29	
  

surface roughness, and increased solar background leads to a decrease in photon-retrieval 30	
  

density and signal-to-noise ratios, compromising measurement precision. The Alaska 31	
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   4	
  

2014 campaign also aimed to investigate how light at 532 and 1064 nm wavelengths 1	
  

interacts with the surface in melting conditions, and how this may affect the statistics of 2	
  

the 532 nm signal photons and overall elevation accuracy. 3	
  

Here, we compare in situ measurements with MABEL airborne lidar data on the Bagley 4	
  

(16 July 2014; 60.5° N, 141.7° W) and Juneau (31 July 2014; 58.6° N, 134.2° W) 5	
  

icefields in Southeast Alaska (Fig. 2). These comparisons are made with consideration for 6	
  

the planned ATLAS beam geometry in order to investigate instrument performance in 7	
  

summer conditions and in the presence of surface crevasses and melt ponds. 8	
  

 9	
  

2 Data and methods 10	
  

2.1 MABEL data 11	
  

MABEL data (Level 2A, release 9) for the Alaska 2014 campaign (Fig. 2) are available 12	
  

from the NASA ICESat-2 website 13	
  

(http://icesat.gsfc.nasa.gov/icesat2/data/mabel/mabel_docs). Each data file contains 1 14	
  

minute of data for every available beam (approximately two beams per deployment were 15	
  

compromised due to instrumentation issues). The data files contain photon arrival times 16	
  

resulting from reflected laser light (i.e., signal photons), solar background and backscatter 17	
  

in the atmosphere (i.e., background photons) and, to a lesser degree, detector noise (i.e., 18	
  

noise photons). A histogram-based surface-finding algorithm developed at NASA 19	
  

Goddard Space Flight Center (GSFC) was used to discriminate signal photons from 20	
  

background and noise photons. The algorithm is based on histograms of photon arrival 21	
  

times in 25 m along-track segments and 10 m vertical bins and assumes a random 22	
  

distribution of background photons and a symmetric return pulse. Further details of this 23	
  

surface-finding algorithm are described in Brunt et al. (2014). The GSFC algorithm is 24	
  

applicable to a wide range of surface types, while most ICESat-2 standard data product 25	
  

algorithms are surface-type specific (e.g., glacier, sea ice, ocean, vegetation, etc.) and 26	
  

more rigorous with respect to returns identified as surface signal. The derived surface 27	
  

elevations are reported relative to the WGS84 ellipsoid. 28	
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The MABEL laser pulse repetition rate is variable (5 to 25 kHz) and was 5 kHz for the 1	
  

data presented here. At this nominal altitude and repetition rate, and at an aircraft speed 2	
  

of ~200 m s-1, MABEL samples a ~2 m footprint every ~0.04 m along-track. 3	
  

MABEL beams are arranged approximately linearly, perpendicular to the direction of 4	
  

flight, with the 1064 nm beams leading the 523 nm beams by ~60 m. The system allows 5	
  

for beam-geometry changes between flights with a maximum beam spread of ~2 km 6	
  

given the 20 km nominal altitude of the NASA ER-2 aircraft. The beam configuration for 7	
  

the Alaska 2014 campaign had total swath width of 200 m (Fig. 1). The spacing between 8	
  

the individual beams was configured to allow simulation of the planned beam geometry 9	
  

of ATLAS. Previous results from the MABEL 2012 Greenland campaign suggest that the 10	
  

ATLAS beam geometry is appropriate for the determination of slope on ~90 m across-11	
  

track length scales, a measurement that will be fundamental to accounting for the effects 12	
  

of local surface slope from the ice-sheet surface-elevation change derived from ATLAS 13	
  

(Brunt et al., 2014). 14	
  

Relative to one another, the MABEL beams have non-uniform average transmit energy. 15	
  

While all beams originate from a single 1064 nm laser source, each beam follows a 16	
  

unique optical path through the instrument once split from the source beam. Several 17	
  

individual beams maintain the fundamental 1064 nm wavelength of the source, while 18	
  

others are split off of a beam that is frequency-doubled to 532 nm (McGill et al., 2013). 19	
  

Owing to the frequency-doubling process and the non-uniform optical paths (fiber 20	
  

lengths) through the instrument, the 1064 nm and 523 nm transmit-pulse energies are 21	
  

generally not equal. During the 2014 Alaska campaign, there were fifteen 532 nm beams 22	
  

and six 1064 nm beams. 23	
  

Our analysis used relatively high-energy beams. For analyses intended to mimic the 90 m 24	
  

spacing of the ATLAS beam geometry, two 1064 nm beams were chosen based on their 25	
  

across-track ground separation and along-track signal-photon density: beams 43 (center 26	
  

of the array) and 48 (~90 m to the left of the array center across-track). For analyses 27	
  

intended to assess issues that might be wavelength-dependent, beams 5 (532 nm) and 50 28	
  

(1064 nm) were chosen because they were in line with one another in the along-track 29	
  

direction and approximately 35 m across-track to the left of the array center. 30	
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Because of the different optical paths each beam takes through the instrument, each 1	
  

MABEL beam has a unique range bias (McGill et al., 2013). Prior to Level 2A data 2	
  

processing, MABEL ranges are corrected for these channel-specific optical path lengths 3	
  

using a calibration derived from data recorded during aircraft pitch and roll maneuvers 4	
  

performed over stretches of open ocean. We assume that this calibration mitigates the 5	
  

larger channel biases, including those associated with errors in pointing. However, other 6	
  

smaller-scale channel biases may still exist; these smaller-scale channel bias corrections 7	
  

were on the order of decimeters. Much of the analysis performed here, such as evaluation 8	
  

of local surface slope, did not require absolute range accuracy. Therefore, the individual 9	
  

beams were generally only calibrated with respect to one another based on data collected 10	
  

over the nearest flat surface (e.g., open water). These calibrations were made relative to 11	
  

the beam closest to the center of the array. 12	
  

 13	
  

2.2 MABEL camera imagery 14	
  

For the 2014 Alaska campaign, a camera was integrated with MABEL and was 15	
  

successful for over 40% of the campaign’s duration. The images were typically used to 16	
  

visually confirm the type of surface being overflown by MABEL (e.g., ice, open water, 17	
  

sea ice, or melt ponds) or to confirm the presence or absence of clouds. These images are 18	
  

also available on the ICESat-2 website. The MABEL camera (Sony Nex7, with a 55 to 19	
  

220 mm, f/4.5-6.6 telephoto lens) was mounted on the same optical bench as the MABEL 20	
  

telescopes and shared the same portal in the aircraft. For the 2014 Alaska campaign, a 21	
  

focal length of 210 mm was used for the duration of the campaign. The camera produced 22	
  

6000 by 4000 pixel color images. At a nominal aircraft altitude of 20 km, each image 23	
  

covers an approximately 2.25 by 1.5 km area, or approximately 3 m per pixel at sea level. 24	
  

Images were taken every 3 seconds, which provided approximately 30% overlap between 25	
  

images. The images collected were not systematically georeferenced; however, they were 26	
  

time-stamped based on MABEL instrument timing to provide a first-order assessment of 27	
  

the surface that the lidar had surveyed. 28	
  

 29	
  

2.3 Landsat 8 and WorldView-2 imagery 30	
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   7	
  

Data from the Landsat 8 Operational Land Imager (OLI) of the Bagley Icefield (Fig. 2b) 1	
  

were used as an independent assessment of the depths of melt ponds surveyed by 2	
  

MABEL. We applied spectrally based depth retrieval models to Landsat 8 imagery 3	
  

(Moussavi et al., 2016; Moussavi, 2015; Pope et al., 2015), which were calibrated based 4	
  

on data from supraglacial lakes in Greenland. We assessed the performance of OLI's 5	
  

coastal blue, blue, green, red, and panchromatic channels in retrieving supraglacial lake 6	
  

depths. Ultimately, the models establish a relationship between Landsat 8 top-of-7	
  

atmosphere (TOA) comparing pre-drainage spectral reflectance values over the lakes 8	
  

with a post-drainage digital elevation model (DEM), derived from WorldView-2 imagery 9	
  

acquired from the Polar Geospatial Center at the University of Minnesota, using image-10	
  

processing software (ERDAS). Our analysis indicated that for shallow lakes (depth < 5 11	
  

m), red and panchromatic band data are most suitable for supraglacial bathymetry. 12	
  

Because of the relatively small size of the lakes in our study area, we chose the 13	
  

panchromatic channel for the better spatial resolution. 14	
  

A second WorldView-2-derived DEM was used near the terminus of the Lower Taku 15	
  

Glacier (Fig. 2c) to assess surface elevations derived from MABEL signal photons in 16	
  

steep and crevassed terrain. The DEM, created by the Polar Geospatial Center at the 17	
  

University of Minnesota, was extracted from high-resolution along-track stereo 18	
  

WorldView-2 imagery processed with NASA's open source Ames Stereo Pipeline 19	
  

software (Moratto et al., 2010). The WorldView-2 images were collected on 6 June 2014, 20	
  

while the MABEL data were collected on 16 July 2014, and thus separated by 40 days. 21	
  

As part of an unrelated project, GPS data were continuously collected at six sites on the 22	
  

Lower Taku Glacier throughout the summer, using a Trimble NetR9 receiver; these data 23	
  

were used to tie the MABEL survey data to the WorldView-2 DEM. The data were 24	
  

processed kinematically using the Plate Boundary Observatory station AB50, located at 25	
  

the Mendenhall Glacier Visitor Center, approximately 20 km west of the survey area. 26	
  

 27	
  

2.4 Juneau Icefield GPS data 28	
  

Previous studies (Brunt et al., 2013; Brunt et al., 2014) have demonstrated that MABEL 29	
  

precisely characterizes the ice-sheet surface when comparing MABEL-derived slope on 30	
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90 m across-track length scales with those based on both Airborne Topographic Mapper 1	
  

(ATM; Krabill et al., 2002) and Laser Vegetation Imaging Sensor (LVIS, more recently 2	
  

referred to as Land Vegetation Ice Sensor; Blair et al., 1999). 3	
  

We conducted a GPS survey on the Juneau Icefield (Fig. 2c) to determine the length-4	
  

scale at which a ground-based local slope assessment on a flat surface (<1° slope) begins 5	
  

to differ significantly from that of a 90 m across-track slope assessment. On 19 July 6	
  

2014, we conducted differential GPS surveys of the nodes of a series of concentric 7	
  

equilateral triangles. WGS84 ellipsoidal heights, in a Universal Transverse Mercator map 8	
  

projection (UTM zone 8N), were determined for each node using Trimble 5700 base and 9	
  

rover receivers, operating in real-time differential mode. The base-station receiver was 10	
  

located at the Juneau Icefield Research Program (JIRP) Camp 10, approximately 1 km 11	
  

from where the rover receivers were operated. Eight triangles were surveyed with side 12	
  

lengths of 5, 10, 25, 50, 75, 90, 125, and 150 m (Fig. 3, black points). We fit a surface to 13	
  

each of the eight triangles and then calculated the surface slope in both the UTM easting 14	
  

and northing directions (surface gradients δz/δx and δz/δy). 15	
  

MABEL-based surface gradients δz/δx and δz/δy were generated from data from the 31 16	
  

July 2014 flight and compared with the GPS-based surface gradients. We used beams 43 17	
  

and 48 (1064 nm), which had relatively high along-track signal-photon density and 18	
  

approximately 90 m ground spacing, and intersected the GPS survey array (Fig. 3, red 19	
  

lines). The MABEL beams were cross-calibrated to remove the relative elevation bias 20	
  

resulting from their different optical paths through the instrument. To accomplish this 21	
  

calibration, we chose beam 43 as a reference beam, calculated the mean difference 22	
  

between the elevation of the signal photons of the reference beam and beam 48 over the 23	
  

nearest open ocean, and removed that offset (0.2 m) from beam 48. We assumed that the 24	
  

calibration remained valid for the 75 km between the open ocean and the GPS survey 25	
  

area. We projected the geodetic MABEL data to the gridded map projection of the GPS 26	
  

data (UTM zone 8N) to facilitate direct comparisons and so that changes in elevation in 27	
  

both the easting and northing directions (surface gradients δz/δx and δz/δy) could be 28	
  

treated uniformly. We generated a MABEL triangle, with nodes based on the 29	
  

intersections of the GPS survey and the ground tracks of the MABEL beams (Fig. 3, blue 30	
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solid points). Elevations at those nodes were determined by taking an average of the 1	
  

elevations of the signal photons within a 5 m radius of those points, to take into account 2	
  

MABEL horizontal geolocation uncertainty. We then fit a 1 m by 1 m gridded surface to 3	
  

those points and calculated the associated MABEL surface gradient in both the easting 4	
  

and northing directions (δz/δx and δz/δy). Based on this surface, the local slope for the 5	
  

survey area was determined to be 0.5°, or comparable to what we expect for an ice-sheet 6	
  

interior. Finally, we generated a surface based on the three GPS survey sites that were 7	
  

closest to the nodes that defined the MABEL surface (Fig. 3, blue open circles). 8	
  

We compared the MABEL-derived slopes to the slopes from each of the concentric GPS 9	
  

triangles and the slope based on the GPS survey sites that were closest to the nodes that 10	
  

defined the MABEL surface. Specifically, we created a surface gradient comparison 11	
  

(SGC) parameter for each of the GPS-derived triangles (i) by calculating the square root 12	
  

of the sum of the squares (RSS) of the differences between the MABEL-derived and 13	
  

GPS-derived slopes in both the easting and northing (x and y) directions: 14	
  

€ 

SGC i( ) = (δz /δx)MABEL − (δz /δx)GPS i( )[ ]
2

+ (δz /δy)MABEL − (δz /δy)GPS i( )[ ]
2

,  (1) 15	
  

where δz/δx and δz/δy are the surface gradients associated with both MABEL and each of 16	
  

the GPS triangles (i), in the easting and northing directions. 17	
  

 18	
  

3 Results 19	
  

3.1 MABEL signal-photon density 20	
  

For illustrative purposes, we produced histograms of the MABEL surface-return for the 21	
  

beams used in our analyses (Fig. 4; beams 5, 43, 48, and 50) from 3000 m of along-track 22	
  

data over a stretch of open ocean. We calibrated the beam elevations to one another to 23	
  

remove the unique beam elevation biases; relative bias corrections ranged from 0.03 to 24	
  

0.73 m. We then detrended the surface elevations based on a linear fit to the signal 25	
  

photons to remove any elevation differences associated with wind stress or the relatively 26	
  

small effects of ocean dynamic topography and geoid undulation. The detrending of each 27	
  

beam takes into account all of these effects; this correction ranged from 0.11 to 0.29 m 28	
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over the 3000 m of along-track data used for this analysis. We then produced histograms 1	
  

using a 0.01 m vertical bin size. We determined the full width at half maximum (FWHM) 2	
  

for each of the beams, which ranged from 0.19 m in beam 5 (532 nm) to 0.31 m in beam 3	
  

43 (1064 nm). From Fig. 4, the relative differences in the signal strengths of the 4	
  

individual beams are evident from the non-uniform amplitudes of the photon-count 5	
  

distribution. 6	
  

The MABEL signal often has a primary surface return and a second, weaker return 7	
  

approximately 0.5 to 1.5 m below the surface. This is due to unintended secondary pulses 8	
  

from the MABEL laser that occur under some operational conditions. The exact 9	
  

conditions for after-pulsing are not completely understood, but are most likely the result 10	
  

of temperature drifts in the fundamental laser system. These occur due to changing 11	
  

environmental conditions within the instrument pod in the aircraft, and/or changes in 12	
  

efficiency of the coolant system. The cooling system relies upon passive external fins 13	
  

exposed to ambient cold conditions at altitude and these conditions (temperature, airflow) 14	
  

change during flight. The secondary laser pulses are primarily seen in the 1064 nm 15	
  

returns, and are minimized when the 1064 nm source is frequency-doubled to generate 16	
  

532 nm beams. This second pulse can affect statistics associated with MABEL results 17	
  

and was therefore manually removed. This secondary pulse is evident in the open-ocean 18	
  

data example at approximately 0.75 m below the main surface return (Fig. 4). 19	
  

Given nearly uniform surface conditions, along-track signal-photon density for each 20	
  

beam varied within and between flights based on parameters such as weather conditions, 21	
  

time of day, and sun-incidence angle. The signal-photon densities on the Juneau and 22	
  

Bagley icefields, for each beam considered here, are given in Table 1. These densities are 23	
  

reported based on 0.70 m along-track length scales for direct comparison with previous 24	
  

results (Brunt et al., 2014), to mimic the ATLAS sampling interval (one laser shot every 25	
  

0.70 m). MABEL along-track signal-photon densities for the July 2014 Alaska campaign 26	
  

were lower than those reported during the April 2012 Greenland campaign by Brunt et al. 27	
  

(2014). They reported 3.4 and 3.9 signal photons per 0.70 m for beams 5 and 6 (532 nm), 28	
  

respectively, over the Greenland Ice Sheet; the highest counts of signal photons per 0.70 29	
  

m were 1.8 and 3.7 for 532 and 1064 nm channels, respectively (Table 1). Some of this 30	
  

variation may have been related to seasonal differences in surface reflectivity between the 31	
  

kelly brunt� 5/26/2016 14:21
Deleted: for the entire 3000 m of open ocean 32	
  
surface-return data 33	
  
kelly brunt� 5/19/2016 16:00
Deleted: c34	
  
kelly brunt� 6/14/2016 13:53
Deleted: in 35	
  

kelly brunt� 6/14/2016 13:53
Deleted: return 36	
  
kelly brunt� 6/15/2016 12:25
Deleted: demonstrates 37	
  
kelly brunt� 6/15/2016 12:25
Deleted: a38	
  
kelly brunt� 6/15/2016 12:25
Deleted: strong 39	
  

kelly brunt� 5/18/2016 11:05
Deleted: These instrumental issues are more 40	
  
noticeable in the 1064 nm beams, but41	
  

kelly brunt� 6/15/2016 12:27
Deleted: reflectivity, 42	
  

kelly brunt� 5/19/2016 16:01
Deleted: c43	
  
kelly brunt� 5/19/2016 16:02
Deleted: c44	
  
kelly brunt� 6/15/2016 12:28
Deleted: , and for direct comparison with 45	
  
ATLAS performance models46	
  
kelly brunt� 6/15/2016 12:28
Deleted: ); 47	
  
kelly brunt� 6/15/2016 12:29
Deleted: they 48	
  
kelly brunt� 5/19/2016 16:02
Deleted: c49	
  



	
   11	
  

two campaigns, which include parameters such as the freshness of the most recent 1	
  

snowfall, the dust content of the surface, the presence (or absence) of surface melt and 2	
  

ponds, and the presence (or absence) of snow bridges that cover crevasses. Some 3	
  

variation may also have been related to instrumentation issues, such as cleanliness of the 4	
  

elements in the optics. 5	
  

The MABEL signal-photon densities (Table 1) are generally lower than those expected 6	
  

for ATLAS. Under similar conditions as the 2014 MABEL summer campaign and based 7	
  

on performance models, we expect the strong beams of ATLAS to record 7.6 signal 8	
  

photons every shot (or 0.70 m along track) over ice sheets and 0.5 to 1.8 signal photons 9	
  

every shot over the open ocean, dependent upon the state of the wind (A. Martino, NASA 10	
  

GSFC, personal communication 2016). We note that for the Alaskan icefields, the 11	
  

expected number of signal photons based on the performance model is probably too high, 12	
  

as the model uses an albedo of 0.9, which is more appropriate for ice with fresh snow or 13	
  

the interior of Antarctica than for ice fields in Alaska in summer. Relative to the 14	
  

performance model, at best (i.e., using data from beam 50) the MABEL data used in this 15	
  

analysis suggest that the signal-photon densities were ~72% of the expected ATLAS 16	
  

signal-photon densities over open ocean (with calm winds) and ~49% of the expected 17	
  

ATLAS signal-photon densities over summer ice sheets. 18	
  

 19	
  

3.2 Elevation bias and uncertainty 20	
  

We compared MABEL elevations to those based on the Juneau Icefield GPS array, 21	
  

interpolated to the MABEL/GPS points of intersection (Fig. 3, blue solid points). The 22	
  

mean offset, or bias, for the three points of intersection was 3.2 ±0.1 m. While this ~3 m 23	
  

instrument bias is larger than that of other airborne lidars, it is within the MABEL design 24	
  

goals (algorithm development and error analysis), where instrument precision is more 25	
  

critical to satellite algorithm development than absolute accuracy. Thus, while other 26	
  

photon-counting systems are being used for change detection (e.g., Young et al., 2015), 27	
  

in its current configuration, MABEL is not suitable for time-series analysis of elevation 28	
  

change, either independently or when integrated with other datasets. 29	
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We assessed the surface precision of MABEL data (i.e., the spread of the MABEL data 1	
  

point cloud about a known surface, or the standard deviation of the mean difference 2	
  

between MABEL and a known surface elevation, Hodgson and Bresnahan, 2004) over 3	
  

the flat stretch of open ocean used in the analysis of Fig. 4. For approximately 3000 m of 4	
  

along-track open water, the surface-precision estimates for the strong 532 and 1064 nm 5	
  

beams, based on a standard deviations of the mean differences from the detrended 6	
  

surface, were ±0.11 and ±0.12 m, respectively. Brunt et al. (2014) reported similar 7	
  

surface-precision values (±0.14 m) based on direct comparison of MABEL elevation data 8	
  

with high-resolution ground-based GPS data (differentially post-processed with an RMS 9	
  

< 0.05 m) over an airport departure apron. Further, Brunt et al. (2013) reported that for all 10	
  

MABEL campaigns between 2010 and 2014 for which similar ground-based GPS data 11	
  

were available, MABEL surface precision ranged between ±0.11 and ±0.24 m. During 12	
  

that time period, MABEL had been deployed on two different types of aircraft and in a 13	
  

number of different optical configurations (McGill et al., 2013). These return pulse 14	
  

widths are dominated by the width of the MABEL transmit pulse (~1.5 ns) and show 15	
  

relatively little pulse broadening due to surface slope or roughness. 16	
  

 17	
  

3.3 Surface characterization 18	
  

We examined MABEL data from the Bagley and Juneau icefields and from the Lower 19	
  

Taku Glacier to determine how well photon-counting laser altimeters would capture 20	
  

surface detail on relatively short length scales (less than 1 km), such as crevasses and 21	
  

melt ponds. 22	
  

Analysis of data from individual beams over the Bagley Icefield indicates that MABEL 23	
  

can capture surface detail of crevasse fields. Fig. 5a shows stitched MABEL images of 24	
  

one set of crevasses on the Bagley Icefield; Fig. 5b shows MABEL signal and 25	
  

background photons for a 1200 m range that includes the glacier surface; and Fig. 5c 26	
  

shows MABEL signal photons, indicating returns from both the glacier surface and the 27	
  

bottoms of a series of crevasses. The along-track slope of this crevasse field, between 28	
  

140.60° and 140.58° W longitude in Fig. 5c, is 1°. 29	
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Similarly, analysis of the individual beams in a different area of the Bagley Icefield 1	
  

indicated that MABEL can determine the location of melt ponds. Fig. 6a shows stitched 2	
  

MABEL images from crevasse and melt-pond fields on the Bagley Icefield; Fig. 6b 3	
  

shows MABEL signal and background photons for a 1200 m range window that includes 4	
  

the glacier surface; Fig. 6c shows both signal and background photon-count densities (per 5	
  

125 shots, or ~2.5 m of along-track distance); and Fig. 6d shows MABEL signal photons, 6	
  

indicating the location of two melt ponds, which are approximately 50 and 70 m in along-7	
  

track length. The along-track slope of this crevasse and melt pond field, between 141.91° 8	
  

and 141.93° W longitude in Fig. 6d, is 0.5°. A histogram of the signal photons associated 9	
  

with the larger melt pond in Fig. 6d is provided in Fig. 7. This figure depicts how light at 10	
  

532 and 1064 nm wavelengths interacts with the surface of the melt pond, and how the 11	
  

melt pond affects the statistics of the 532 nm return signal. The FWHM for the 532 and 12	
  

1064 nm return signal were 0.26 and 0.34 m, respectively. From Figs. 6 and 7 we observe 13	
  

that while no distinct features corresponding to the bottoms of the melt ponds are visible, 14	
  

an increased spread is apparent in the 532-nm histogram, likely associated with 15	
  

volumetric scattering throughout the ponds. We applied spectrally based depth-retrieval 16	
  

models to Landsat 8 imagery (Moussavi et al., 2016; Moussavi, 2015; Pope et al., 2015) 17	
  

for an independent assessment of the depth of the melt-pond on the Bagley Icefield in 18	
  

Fig. 6d. This analysis indicated that melt ponds in this region were approximately 2 m 19	
  

deep. 20	
  

Analysis of data from individual beams near the terminus of the Lower Taku Glacier 21	
  

(Fig. 8) demonstrates MABEL performance in regions with steeper slopes. The slope in 22	
  

this region is 4°, and is similar to slopes near ice-sheet margins; this slope also 23	
  

corresponds to the maximum slope angle used for ATLAS performance modeling over 24	
  

ice-sheet margins (A. Martino, NASA GSFC, personal communication 2014). Fig. 8a 25	
  

shows stitched MABEL camera images, which suggest a much rougher surface than that 26	
  

of the low slope areas of interest on the Bagley Icefield examined in Fig. 6. Additionally, 27	
  

the MABEL ice-surface signal near the terminus was slightly compromised due to 28	
  

intermittent cloud cover, which attenuated the MABEL transmitted and/or received laser 29	
  

pulses. Further, when cloud cover allows for only intermittent surface determination, the 30	
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surface-finding algorithm used to discriminate signal photons from background and noise 1	
  

photons is compromised. 2	
  

MABEL-derived surface elevations over the Lower Taku Glacier were compared to 3	
  

elevations from the WorldView-2-derived DEM (Fig. 8b), which had 2 m horizontal-4	
  

resolution. Fig. 8c is one of the images used to create the DEM shown in Fig. 8d. The 5	
  

MABEL data were collected 40 days after the WorldView-2 images were acquired. GPS 6	
  

data from the Lower Taku Glacier were used to determine mean ice-flow velocities to tie 7	
  

the two datasets together. Specifically, the MABEL ground tracks were migrated up ice 8	
  

flow, using the northing and easting components of the mean velocities derived from the 9	
  

GPS data, to more accurately compare MABEL surface elevations to those derived from 10	
  

the earlier WorldView-2 imagery. An elevation was then extracted from the WorldView-11	
  

2 DEM for each migrated MABEL data point. 12	
  

Mean ice-flow velocities varied substantially for the sites on the Lower Taku Glacier 13	
  

(Fig. 8c). A mean ice-flow velocity of 0.2 m day-1 was recorded at the southern GPS site 14	
  

(SDWN, 800 m from the center of the MABEL ground track), while mean velocities for 15	
  

the two central GPS sites (C1 and SLFT, 1500 m from the center of the MABEL data 16	
  

ground track) were 0.7 m day-1 and mean velocities for the three northern GPS sites (C2, 17	
  

SRIT, and SUP, 3000 m from the center of the MABEL data line) were 1.0 m day-1. 18	
  

While the flow velocity at SDWN does not necessarily represent flow along the entire 19	
  

MABEL data line, we chose this GPS site for data migration purposes based on 20	
  

proximity to the center of the data line and because the direction of flow in the northing 21	
  

and easting directions matched the southern end of the MABEL data line. MABEL 22	
  

elevations were 8 m ±2.5 m lower than the values extracted from the WorldView-2 DEM. 23	
  

This bias is higher than other biases assessed during this campaign, which we attribute to: 24	
  

1) the difference between the WorldView-2 DEM elevation and true elevation, which can 25	
  

be on the order of meters when uncorrected (Shean et al., 2016); 2) the 3 m MABEL 26	
  

range bias, determined over the open ocean (Fig. 4); and 3) the amount of surface melting 27	
  

that occurred between June and July, which was assessed at the GPS sites to be 2.3 m 28	
  

using ablation wires. Further, we note that elevation uncertainty is a function of MABEL 29	
  

horizontal uncertainty (2 m) and surface slope; therefore, steeper terrain leads to greater 30	
  

overall elevation uncertainty (Brunt et al., 2014). 31	
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 1	
  

3.4 Slope assessments 2	
  

Using Eq. (1), we compared the MABEL-derived surface-gradient comparison (SGC) 3	
  

parameters to those based on the Juneau Icefield GPS array (Fig. 9). The MABEL-4	
  

derived SGC parameters were consistent with GPS-derived SGC parameters over length 5	
  

scales ranging from 50 m (just over half of the ATLAS beam spacing) to 150 m (just 6	
  

under twice the ATLAS beam spacing). The SGCs for 50 to 150 m spatial scales were 7	
  

less than 0.5°. 8	
  

The high-resolution WorldView-2 DEM also provided a means of assessing MABEL-9	
  

derived across-track slopes in steeper glacial settings. Using a method similar to that of 10	
  

Brunt et al. (2014), we calculated a ~40 m across-track MABEL-derived slope and 11	
  

compared this with a ~40 m across-track slope based on WorldView-2 DEM elevations. 12	
  

The MABEL-derived across-track slope was calculated using beams 43 and 50, migrated 13	
  

to match the timing of the WorldView-2 image acquisition and limited to continuous 14	
  

stretches of the southern part of the data line (Fig. 8b). Along-track signal-photon density 15	
  

for beam 48 was insufficient to allow for a 90 m across-track assessment. The MABEL 16	
  

data from each beam were aligned to determine along-track elevations and across track 17	
  

slopes between beams. A DEM-derived across-track slope was calculated based on 18	
  

elevations that were extracted from the DEM at each interpolated MABEL data point for 19	
  

beams 43 and 50. Fig. 10a shows a comparison between the MABEL and DEM 20	
  

elevations associated with beam 43, while Fig. 10b shows a comparison between 21	
  

MABEL-derived and DEM-derived across-track slopes. The total along-track distance 22	
  

used in this analysis was ~300 m (see box in Fig. 8b). The mean residual between the 23	
  

MABEL-derived slope and the DEM-derived slope was 0.25°. 24	
  

 25	
  

4 Discussion 26	
  

As noted above, there are some significant differences between MABEL and ATLAS 27	
  

depicted in Fig. 1 (e.g., number of beams, beam pattern, and altitude) and described 28	
  

elsewhere in this paper (e.g., footprint size, along track footprint spacing, and 29	
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wavelengths). In order to relate the predicted performance of ATLAS with the measured 1	
  

performance of MABEL, some common metric is necessary that accounts for as many of 2	
  

the differences as is practicable. The signal-photon density is a metric to relate the 3	
  

radiometery of the two instruments. Given that the signal-photon density is generally less 4	
  

than that predicted for ATLAS, for a given background rate, the surface should be more 5	
  

easily distinguished in ATLAS data. While in theory one could use the framework 6	
  

developed for predicting ATLAS radiometric characteristics to make similar predictions 7	
  

for MABEL and therefore use MABEL data to evaluate that framework, the efficiency or 8	
  

radiometric throughput of MABEL has not been characterized well enough to do so. 9	
  

Flight data (Brunt et al., 2014) show that for a given campaign, the measured signal-10	
  

photon density of MABEL changes by tens of percent over relatively uniform ice sheet 11	
  

interior. Similar changes are measured for the background rate, after consideration for 12	
  

sun angle is taken into account. As such, the analysis presented here cannot be used to 13	
  

quantitatively assess the likelihood that ATLAS will meet its measurement requirements 14	
  

(or the mission science objectives). What we can say is that if the ATLAS signal-photon 15	
  

density and signal-to-noise ratios are within 30% of its measurement requirements (and 16	
  

thus mimics the MABEL performance documented in this study), ATLAS can be used to 17	
  

measure surface slopes over both relatively flat ice-sheet interior conditions and steeper 18	
  

glaciers such as the Lower Taku Glacier, and identify melt ponds. If ATLAS fully meets 19	
  

its measurement requirements, we expect that the definition of small-scale surface 20	
  

features such as crevasses and melt ponds will be correspondingly improved. 21	
  

The result of this analysis indicates that the MABEL-derived local slope assessment, on a 22	
  

relatively flat glacial surface and on a 90 m across-track length scale, is consistent with in 23	
  

situ slope assessments made at spatial scales ranging from 50 to 150 m. For a planar 24	
  

surface where slope is less than 1°, such as the interior of an ice sheet, we expect the local 25	
  

slope measured by a GPS survey and MABEL to be similar over a wide range of spatial 26	
  

scales. Any small differences observed between the two survey techniques would likely 27	
  

reflect 1) the non-planarity of the surface and/or 2) the sensitivity of the results to small-28	
  

scale slopes or roughness captured by one measurement technique and not the other. With 29	
  

the good observed agreement between MABEL-derived and GPS-derived slope 30	
  

assessments over 50-150 m length scales (Fig. 9), we are confident that the ATLAS 90 m 31	
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beam-spacing strategy will provide a non-aliased estimate of local slope for ice-sheet 1	
  

interiors (<1°) over these spatial scales. This knowledge is necessary for accurate 2	
  

assessments of ice-sheet surface-elevation change. 3	
  

Based on our comparison with a WorldView-2-derived DEM of the Lower Taku Glacier, 4	
  

MABEL can also provide valid estimates of across-track slope, even in steeper terrain. 5	
  

Once migrated for GPS-derived ice-flow displacements, the southern part of the 6	
  

MABEL-derived surface elevations are in good agreement with the DEM data, and the 7	
  

slope comparison between MABEL-derived and DEM-derived across-track slopes had a 8	
  

mean residual of 0.25°. This residual is larger than that reported over the Greenland Ice 9	
  

Sheet (<0.05°) by Brunt et al. (2014), a difference that we attribute to errors associated 10	
  

with the migration of the MABEL data (and the result of a flight line that was oblique to 11	
  

the local direction of ice flow). Since the GPS array on the Lower Taku Glacier was not 12	
  

optimized to facilitate an across-track slope comparison similar to the comparison made 13	
  

higher up on the Juneau Icefield (Figs. 3 and 9), we do not expect as close an agreement 14	
  

between the two methods of estimating across-track slope. 15	
  

Figs. 5c and 6d suggest that the dense along-track sampling of MABEL is sufficient to 16	
  

capture surface detail, including melt-pond information, from a single, static beam in 17	
  

regions of low slope, consistent with that of an ice-sheet interior. Based on the continuous 18	
  

nature of the surface return through the crevasse field, especially in the 1064 nm beam 19	
  

(50) in Fig. 5c, we conclude that MABEL frequently retrieves a signal from the bottom of 20	
  

crevasses. Further, Fig. 8b indicates that MABEL continues to provide surface detail in 21	
  

regions of steeper slope, including the retrieval of the steep slopes of the crevasse walls 22	
  

(e.g., Figs 5c and 6d). 23	
  

As previously noted, MABEL data used in this analysis had signal-photon densities that 24	
  

are ~44% of the expected ATLAS signal-photon densities over summer ice sheets (A. 25	
  

Martino, NASA GSFC, personal communication 2014). Therefore, we believe that the 26	
  

level of detail that will be provided by ATLAS will be sufficient to determine local 27	
  

surface characteristics, similar to those observed on the Lower Taku Glacier. Such 28	
  

knowledge is critical to determining ice-sheet surface-elevation change, as features that 29	
  

could compromise these calculations (such as deep crevasses) can move or advect with 30	
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ice-sheet flow or be bridged seasonally and must therefore be identifiable in the ATLAS 1	
  

data. 2	
  

The crevasse characterization we performed on the Bagley Icefield is qualitatively 3	
  

confirmed using the camera imagery (Fig. 5a). However, it should be noted that we have 4	
  

no means of quantitatively assessing the accuracy of MABEL-derived crevasse depths. 5	
  

Crevasses on an ice-sheet surface have an influence on albedo (Pfeffer and Bretherton, 6	
  

1987). This variation in reflectance is evident in Figs. 5b, 6b, and 6c, where MABEL 7	
  

background photon counts, and the signal-to-noise ratios, change significantly. Changes 8	
  

in MABEL background photon densities have also been used to detect leads in sea ice 9	
  

(Kwok et al., 2014; Farrell et al., 2015). From Fig. 6c we note that the overall background 10	
  

photon counts decrease significantly over the eastern region of this plot, which is 11	
  

characterized by crevasses; however, this change is non-uniform. Background photon 12	
  

counts drop steadily to nearly zero over the two melt ponds surveyed along this transect. 13	
  

Penetration of 532 nm wavelength light into the surface, be it a melt pond or snow, is an 14	
  

ongoing area of research for ICESat-2 algorithm development. MABEL geolocation 15	
  

uncertainty, and the fact that the 1064 and 532 nm beams do not have coincident 16	
  

footprints for more direct comparison (as the 1064 nm beams lead the 532 nm beams by 17	
  

~60 m), compromised our ability to further interrogate this topic with this dataset, as the 18	
  

data could not be precisely co-registered spatially. Due to these limitations, a separate 19	
  

campaign with a different photon-counting laser altimeter (with both a more accurate 20	
  

geopositioning system and coincident 1064 and 532 nm footprints) was deployed to 21	
  

Thule, Greenland, in July and August 2015 (Brunt et al., 2015). Processing and analysis 22	
  

of that dataset are still ongoing. 23	
  

Analysis of MABEL data over small melt ponds on the Bagley Icefield in Alaska 24	
  

provided a preliminary assessment of how green-wavelength photon-counting systems 25	
  

will interact with water on an ice surface. Based on the signal-photon elevations in Fig. 26	
  

6d, and the histogram of the signal photons in Fig. 7, the total spread of the signal 27	
  

photons, at a wavelength of 532 nm, is approximately 1.5 to 2 m. Further, analysis of 28	
  

Landsat 8 and WorldView-2 imagery confirm that the melt ponds in this region are 29	
  

approximately 2 m deep. These results suggest that, while there isn't a distinct signal 30	
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return from a melt-pond bottom, the 532 nm MABEL beam may be sampling the entire 1	
  

melt-pond water column. The 1064 nm MABEL beam shows evidence of a secondary 2	
  

return 1.5 m below the main signal return, due to unintended secondary pulses from the 3	
  

MABEL laser that occur under some operational conditions, and is likely not due to melt-4	
  

pond bottom returns. 5	
  

Based on the surface characterization results of MABEL data from the Juneau and 6	
  

Bagley icefields, and the dense, six-beam sampling strategy of ATLAS, we are confident 7	
  

that ICESat-2 will contribute significantly to glacier studies at local and regional scales 8	
  

and in polar and mid-latitudes. While previous studies using satellite laser altimetry have 9	
  

investigated the vertical dimension of rifts in the ice sheet (e.g., Fricker et al., 2005), 10	
  

those studies have been limited to major ice-shelf rift systems, as opposed to smaller-11	
  

scale crevasses. The 0.70 m along-track sampling density of each individual ATLAS 12	
  

beam is well suited for similar vertical dimension studies, but at finer length-scales, such 13	
  

as those associated with alpine glacier crevasse fields. 14	
  

 15	
  

5 Conclusions 16	
  

Knowledge of local slope and local surface character are required to accurately determine 17	
  

ice-sheet surface-elevation change. The ATLAS beam geometry includes pairs of beams 18	
  

separated at 90 m across track to enable the determination of local slope in one pass, and 19	
  

therefore to enable the determination of ice-sheet surface-elevation change in just two 20	
  

passes. Based on the analysis of MABEL, ground-based GPS data, and the resultant 21	
  

surface gradient comparison (SGC), we conclude that the ATLAS 90 m beam-spacing 22	
  

strategy will provide a valid assessment of local slope that is consistent with the slope of 23	
  

an ice-sheet interior (<1°) on 50 to 150 m length scales. The density of along-track 24	
  

photon-counting lidar data is sufficient to characterize the ice-sheet surface in detail, 25	
  

including small-scale features such as crevasses and melt ponds. This information is 26	
  

required for accurate determination of ice-sheet surface-elevation change. The dense 27	
  

along-track sampling interval and narrow across-track beam spacing of ATLAS will 28	
  

provide a level of detail of mountain glaciers that has previously not been achieved from 29	
  

satellite laser altimetry. While studies of mountain glaciers stand to benefit greatly from 30	
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ICESat-2 data, great care will need to be taken in the interpretation of elevation change of 1	
  

a heterogeneous surface, such as that associated with crevasses or melt ponds. 2	
  

The MABEL 2014 Alaska campaign was timed to collect data during the summer melt 3	
  

season to specifically investigate how 532 nm wavelength laser light interacts with a 4	
  

melting snow surface. Results from MABEL, and confirmed through analysis of Landsat 5	
  

8 imagery, suggest that 532 nm wavelength light is likely reflecting from the surface and 6	
  

subsurface of the 2 m deep supraglacial melt ponds on the Bagley Icefield. This is an 7	
  

ongoing area of research for ATLAS and ICESat-2 algorithm development. 8	
  

 9	
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Table 1: MABEL along-track signal photon densities over the open ocean and the Juneau 1	
  

and Bagley icefields. 2	
  

 MABEL surface-signal photons per 0.70 m 
Beam open ocean Juneau Icefield Bagley Icefield 
5 (532 nm) 0.3 1.8 1.7 
43 (1064 nm) 1.2 3.5 2.8 
48 (1064 nm) 0.5 1.5 1.0 
50 (1064 nm) 1.3 3.7 3.0 
ATLAS 1 0.5 – 1.8 2 7.6 3 7.6 3 

1 ATLAS instrument allocated performance. 3	
  
2 Dependent upon the wind state: 0.5 for high winds and 1.8 for low winds. 4	
  
3 This value is for summer conditions on an ice sheet; we note that for summer ice sheets, 5	
  
the ATLAS performance model uses an albedo of 0.9, which is more appropriate for ice 6	
  
with fresh snow or the interior of Antarctica. 7	
  

8	
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 1	
  

Figure 1: Schematic ICESat-2 and MABEL beam geometry (dashed lines) and reference 2	
  

ground tracks (grey lines along ice-sheet surface). MABEL allows for beam-geometry 3	
  

changes with a maximum ground spacing of ~2 km at 20 km, however for the 2014 AK 4	
  

deployment, the maximum ground spacing was 0.2 km (after Brunt et al., 2014). 5	
  

6	
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 1	
  

Figure 2: Map of the Multiple Altimeter Beam Experimental Lidar (MABEL) flights 2	
  

used in this analysis from the July 2014 field campaign, which was based out of Fort 3	
  

Wainwright, Fairbanks, Alaska. (a) Overview map, indicating the 16 and 31 July 2014 4	
  

flight paths. (b) Inset of the Bagley Icefield, showing the 16 July 2014 flight path. (c) 5	
  

Inset of the Juneau Icefield, showing the 31 July 2014 flight path and the Taku Glacier. 6	
  

Both insets are shown with 31 July 2104 MODIS imagery. 7	
  

8	
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  1	
  

Figure 3: GPS survey on the Juneau Icefield. Ground tracks for MABEL beams 43 and 2	
  

48, from the 31 July 2014 flight, are indicated (red lines). GPS survey points of the nodes 3	
  

of concentric, equilateral triangles, with side lengths of 5, 10, 25, 50, 75, 90, 125, and 150 4	
  

m, are indicated (black points). Also indicated are the intersections of the MABEL flight 5	
  

lines with the GPS survey grid (blue solid points), which were used to calculate MABEL 6	
  

surface gradients (δz/δx and δz/δy). The GPS sites that are the closest to the MABEL 7	
  

gradient points are also indicated (blue open circles). The overall slope, based on the 8	
  

MABEL elevations at the points of intersections with the GPS survey grid (blue solid 9	
  

points), is approximately 0.5°. 10	
  

11	
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  1	
  

Figure 4: Histograms of the signal return for the MABEL beams used in this analysis (5, 2	
  

43, 48, and 50). Plotted are ocean surface-return photon counts (per 0.01 m vertical bins) 3	
  

over a 3 km along-track distance against elevation (m). The elevations are calibrated to 4	
  

one another and detrended. The full width at half maximum (FWHM) for each histogram 5	
  

are indicated in the legend. The secondary return 0.75 m below the main signal return, 6	
  

which is more evident in the 1064 nm beams, is due to unintended secondary pulses from 7	
  

the MABEL laser that occur under some operational conditions; this was removed for 8	
  

FWHM analysis. 9	
  

10	
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Figure 5: MABEL camera and photon data over a heavily crevassed section of the 2	
  

Bagley Icefield, from the 16 July 2014 flight. (a) Stitched MABEL camera images. (b) 3	
  

MABEL signal and background photons for a 1200 m range that includes the glacier 4	
  

surface. (c) MABEL signal photons, indicating both the surface and the bottoms of 5	
  

crevasses. The along-track slope of this field, between 140.60° and 140.58° W longitude 6	
  

is 1°. 7	
  

8	
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Figure 6: MABEL camera and photon data over crevasse and melt-pond fields on the 1	
  

Bagley Icefield, from the 16 July 2014 flight. (a) Stitched MABEL camera images. (b) 2	
  

MABEL signal and background photons for a 1200 m range that includes the glacier 3	
  

surface. (c) Signal (black) and background (red) photon counts per 125 shots 4	
  

(approximately 2.5 m of along-track distance). (d) MABEL signal photons, indicating the 5	
  

location of melt ponds; the ponds indicated are approximately 50 and 70 m in along-track 6	
  

length. Fig. 7 is a histogram of the ~70 m pond. The 1064 nm beam shows evidence of a 7	
  

secondary return 1.5 m below the main signal return, due to unintended secondary pulses 8	
  

from the MABEL laser that occur under some operational conditions. The along-track 9	
  

slope of the crevasse field, between 141.93° and 141.91° W longitude is approximately 10	
  

0.5°. 11	
  

12	
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Figure 7: Surface return and histogram of the signal return for MABEL beams 5 (532 2	
  

nm) and 50 (1064 nm) over the ~70 m melt pond in Fig. 6. (a) MABEL signal photons 3	
  

over for beams 5 and 50 for the 70 m melt pond in Fig. 6. The 1064 nm beam shows 4	
  

evidence of a secondary return 1.5 m below the main signal return, due to unintended 5	
  

secondary pulses from the MABEL laser that occur under some operational conditions. 6	
  

(b) Plotted for each beam are surface-return photon counts per 0.01 m vertical bins 7	
  

against elevation (m). The elevations of beams 5 and 50 are calibrated to one another. 8	
  

The full width at half maximum (FWHM) for each histogram are indicated in the legend. 9	
  

The secondary return <1 m below the main signal return, which is more evident in the 10	
  

1064 nm beam, is due to unintended secondary pulses from the MABEL laser that occur 11	
  

under some operational conditions; this was removed for FWHM analysis. 12	
  

13	
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Figure 8: MABEL data over crevasse fields on the Lower Taku Glacier, from the 16 July 1	
  

2014 flight. (a) Stitched MABEL camera images. (b) MABEL signal photons (red), 2	
  

migrated based on GPS data and corrected for an 8 m range bias, and elevations extracted 3	
  

from the WorldView-2 DEM (black). (c) WorldView-2 image (Copyright DigitalGlobe, 4	
  

Inc.) with MABEL flight line and GPS sites (red). (d) WorldView-2 DEM (Moratto et 5	
  

al., 2010) with MABEL flight line and GPS sites (red). 6	
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Figure 9: A surface-gradient comparison between a MABEL-derived surface (blue 2	
  

points in Fig. 3) and a series of GPS-derived surfaces, based on concentric equilateral 3	
  

triangles (black points here and in Fig. 3) and a surface based on the GPS survey sites 4	
  

that were closest to the nodes that defined the MABEL surface (blue point here and blue 5	
  

open circles in Fig. 3). The x-axis is the length of each side of the equilateral triangles (or 6	
  

a mean length, for the ‘Closest GPS’ surface); the y-axis is the surface-gradient 7	
  

comparison (SGC) parameter (defined in Eq. 1), or the RSS of the difference in surface 8	
  

gradient (δz/δx and δz/δy), in degrees, between the MABEL-derived surface and each of 9	
  

the GPS-derived surfaces. 10	
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Figure 10: MABEL and DEM surfaces and slopes for a small stretch (see box in Fig. 8b) 2	
  

on the Lower Taku Glacier. (a) MABEL (red) and extracted DEM (black) elevations in 3	
  

m, for beam 43, migrated based on GPS data and corrected for an 8 m range bias. (b) 4	
  

MABEL (red) and DEM (black) across-track slope angle in degrees, using beams 43 and 5	
  

50. 6	
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