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Abstract.

The process of laser light reflecting from surfaces made of scattering materials that do not strongly absorb at
the wavelength of the laser can involve reflections from hundreds or thousands of individual grains, which
depend on the grain size and density of the medium, and so can result in spatially and temporally varying

surface height biases estimated from laser altimeters, such as NASA’s ICESat-2 (Ice Cloud, and land Elevation

Satellite-2) mission. Modelling suggests that [CESat-2 might experience a bias difference as large as 0.1-0.2

m between coarse-grained melting snow and fine-grained wintertime snow (Smith et al., 2018), which exceeds

the mission’s requirement to measure seasonal height differences to an accuracy better than 0.1 m (Markus et

al., 2017), In this study, we investigate these biases using a model of subsurface scattering, laser altimetry

measurements form NASA’s ATM (Airborne Topographic Mapping) system, and grain-size estimates based

on optical imagery of the ice sheet. We demonstrate that distortions in the shapes of waveforms measured
using ATM are related to the optical grain size of the surface estimated using optical reflectance

measurements, and show that they can be used to estimate an effective grain radius for the surface. Using this

effective grain radius as a proxy for the severity of subsurface scattering, we use our model with grain-size

estimates from optical imagery to simulate corrections for biases in ICESat-2 data due to subsurface scattering,

and demonstrate that on the basis of large-scale averages, the corrections calculated based on the satellite
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1 Introduction.
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coarser grain sizes corresponding to deeper penetration of photons into the snow, broader returns, and longer

delay times_(Fair 2024). Light absorption within the scattering medium can also influence time distribution g

of returning photons, with stronger absorption producing narrower distributions and smaller net delays because *

photons are more often absorbed by the medium before they can accumulate long delays.The distribution in
\

time of reflected energy thus can provide information about the optical properties of snow and ice surfaces. \ ‘

..\ photon distributions.
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be largest in low-elevation regions of Greenland (Nolin and Payne, 2007), which are the same regions where
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we use ICESat-2 biases calculated for the ATM grain-size estimates as a proxy for direct measurements of

ICESat-2 biases td, calibrate a correction based on reflectance-derived grain sizes, and demonstrate that the
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calibrated correction can produce elevation estimates that, averaged over a range of Greenland terrain and

. —[I‘ leted: We then demonstrate the use of grain-size estimates

derived from satellite imager

surface conditions, are unbiased. Although the results of this study fall short of a correction that could

eliminate grain-size-driven biases in ICESat-2 data, we provide a description of some of the advances in

satellite remote sensing that would be needed to more adequately address this problem. )
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AVIRIS-NG, (Airborne Visible/Infrared Imaging Spectrometer, Next-Generation) spectroradiometer, and

grain-size estimates based on the spaceborne OLCI (Ocean and Land Colour Instrument) instrument. A

summary of measurement locations for the airborne data is presented in section 3.

2.1 Altimetric waveforms from the Airborne Topographic Mapping lidar systems.

ATM (the Airborne Topographic Mapping system) make laser-altimetry measurements using a conically<

scanning laser that maps elevations beneath an airplane over a swath 40-500 m wide. ATM has made

measurements over the Greenland ’bnd Antarctic ice sheets since 1993, with an evolving configuration of lasers
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for a laser altimeter corresponds to the temporal convolution of the distribution of photon delays, the impulse

response function (IRF) of the recording system, the range to the surface, and the shape of the transmitted

pulse, so effects of subsurface scattering become easier to measure for narrower transmitted pulses, higher

bandwidth recording systems, flatter surfaces, and smaller beam divergence values) The recent (post-2017)

versions of the ATM transceiver offer good potential to measure scattering effects, because the temporal

resolution of the system (corresponding to the receiver sampling interval and the pulse duration) is not large
compared with the path delays predicted for green light reflecting from snow surfaces (Smith et al., 2018).
Similar measurements have been made using the Land, Vegetation, and Ice Sensor (LVIS) (Hofton et al.,

2008), but because of that sensor’s longer pulse duration and infrared wavelength, we expect its waveform

shapes to have,only limited sensitivity o snow conditions., Photon-counting lidar measurements by the Slope
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snow surfaces, because

Imaging Multi-polarization Photon-counting Lidar (SIMPL) (Yu et al., 2016; Harding et al., 2011), offer some

of the advantages of ATM data, but used a photon-counting detection strategy that is not compatible with the

processing ynethodology used in this study.

( Deleted: (Hofton et al., 2008)

) "(Deleted: provide

‘(Deleted: of waveform shapes

Table 1. Dates and instruments for ATM measurements. .« ‘

Ne=r

. (Deleted: (vuctal., 2016; Harding et a., 2011)
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signal-to-noise ratio of these data was much lower than that of the green data, and that over coarse-grained

surfaces, the infrared return was often absent even when the green waveform showed a clear return. Therefore
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26 data files cover two coast-parallel lines and a few coast-perpendicular lines in northwest Greenland,

spanning a range of grain size conditions from large-grained melting surfaces near the coast to fine-grained

 (Deleted
o (Deleted: These measurements were processed to estimat
‘(Deleted: (Nolin and Dozier, 2000). These data provide gi
3 (Deleted: The quality of the grain-size retrievals depends s

Basler

e

i)

N
~N

.. [2

]

.. [29

surfaces inland, and 17 of these overlapped with available ATM waveform files. Most (~80%) overlapping

measurements within a 5-day window,were collected within three hours of one another, and to limit how much

the surface might have changed between one set of measurements and the other, we compare measurements

k~_(Formatted: No underline
‘(Formatted: No underline
“(Deleted: grain-size

n"(Deleted: )

(os

d: (

uuuuul




|430

|435

440

445

450

455

between the two systems only if the differences between timestamps for the data files are less than 200
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transfer model (Kokhanovsky et al., 2019), The result is a set of daily maps of Greenland, posted at 1 km, :

giving an estimate of the surface optical grain size for cloud-free areas of the ice sheet (Vandecrux et al.,

2022a), Validation of these maps (Vandecrux et al., 2022b) against ground-based grain-size estimates derived
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from the infrared (1310 nm) reflectance of surface-snow samples collected at EastGRIP in northeast Greenland

Jfound that the OLCI-based estimates were systematically larger than ground-based estimateg,lbut showed the '
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expected decreases during snowfall events,and increases during melt events, We compare ATM and AVIRIS-

NG grain-size estimates with the OLCI-based estimates by bilinear interpolation into each daily grid; if

measurements are marked as invalid in an OCLI map because of the presence of clouds, we derive an estimate

based on the previous day’s map under the assumption that the grain size had not changed substantially

between the two days, and if the previous day’s estimate is invalid, we reject the data point.

b. Methods\
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Work in this study is based on a model of how the measured time distribution of light reflected from a
scattering surface depends on the properties of the surface and on the properties of the transmitted waveform

(Smith et al., 2018), We partially validate this model by comparing its results with measured waveforms, and

by tuning the parameters in the model, we estimate surface grain sizes in Greenland, and use these grain-size

values as a proxy for the degree of subsurface scattering to help predict subsurface scattering delays in ICESat-
2 data.
3.1 Modeling return time distributions

We model light scattering in snow and firn based on a Monte-Carlo radiative transfer model for near-surface

scattering combined with an analytical extrapolation of the shape of the return for photons with long scattering

“ | and the most recent valid observation for that grid cell. Val(, | [30]
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delays (Smith et al., 2018), This model is similar to that used in other studies (Allgaier and Smith, 2021:Ju

(Deleted: (Smith et al., 2018)
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2022), except that we use a Monte-Carlo model to predict the return photon distribution at short delay times,

and diffusion theory at longer delay times, where the other studies use diffusion theory at all times. The choice
to use diffusion theory is appropriate when the detector and the laser source are not coincident (i.e. when all
photons measured have travelled an appreciable horizontal distance through the scattering medium) but less
so for the backscatter geometry used here, because diffusion theory can produce unphysical results for very

short time delays_(Flock et al., 1989). For measurements in which there is a horizontal offset ofgnore than a

few times the scattering length between the source and the detector, these short delays are not observed,
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whereas in the backscatter geometry of an altimetry measurement, many photons are likely to return after only

a few scattering events. By directly modelling the time of flight for the incident beam and the first few

scattering events, our Monte Carlo model avoids this problem.
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[Figure 1. Relation between scattering time, density, and effective grain size. Panel A) shows the relation between
scattering time and density for a constant grain size of 200 pm, using a mixing law to calculate the velocity, and
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T = (Veff P)kscar(Tessr P) (1 - g(reff)))
Here v, is the effective velocity of light traveling through the scattering medium, which depends on the
density; kg.qr and kg are the bulk scattering and absorption coefficients of the medium; g is the asymmetry
parameter of scattering in the medium; and S is a scattering function that gives the distribution of return times
from a non-absorbing scattering half space, in units of the average time between scattering events in the half
space. The quantity T* describes the time required for light to travel between two scattering events, where we

have approximated the anisotropic scattering characteristics of light interacting with large particles by

multiplying the scattering coefficient by a factor (1 — g) (Smith et al., 2018), We estimate the optical bulk

scattering properties based on a Mie-theory calculation treating ice grains as independent spheres of ice

surrounded by air (Gardner and Sharp, 2010), which gives estimates of k., and kg, and g as a function of

wavelength, grain size, and density. We approximate the velocity of light in firn for density p:

3 p g
1Jeff - C( Nice + nair)
Pice
where c is the speed of light in a vacuum, p;, is the density of ice, n;, is the real part of the refractive index

of ice calculated from a published compilation (Warren and Brandt, 2008), and ng;, = 1.

To reduce our description of scattering to a single parameter, we use a nominal density value ‘of 400 kg m’,

and a corresponding elocity value of 0.27 m ns™', which lets us express Eq, 1 solely in terms of ks and ref:

Although the choice of 400 kg m? is somewhat arbitrary, it strikes a balance between the smaller, 270-350 kg ‘

m™, densities typical of Greenland snow (Fausto et al., 2018) and the larger, 410-910 kg m™ densities observed

in ablation-zone surfaces (Cooper et al., 2018).  Figure 1A shows t* as a function of Hensity for a grain size
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of 200 um, plotted once using the relationship between velocity and density from Eq. 2, and once using a :

constant velocity value appropriate for solid ice. Over this range of densities, ¢* varies by about a factor of 4,
while the difference in #* associated with the velocity model is at most about 20%. This shows that most of
the variability in scattering time is associated with the distance between scattering events (determined by the
density and the grain size), not with the velocity of light in the medium (determined by the density alone).
Figure 1B shows grain size that would be inferred for a given ¢* value, for our nominal density value (400 kg
m™), and for densities corresponding to light, fresh snow (200 kg m™) and to nearly solid ice (800 kg m™).
Over the three-order-of magnitude range of roy considered here, the range of re at any given value of ¢*

between the nominal and the extreme values of density is just less than a factor of two, which demonstrates

9

Ci ted [BS52R51]: We agree that this choice is arbitrary,
and added a statement to that effect to the text, quoting the density
values from Fausto et. Al:

Although the choice of 400 kg m-3 is somewhat arbitrary, it strikes a
balance between the smaller, 270-350 kg m-3, densities typical of
Greenland snow (Fausto et al., 2018) and the larger, 410-910 kg m-
3 densities observed in ablation-zone surfaces (Cooper et al., 2018).

(Deleted: eqn
(Formatted: Superscript

Commented [BS53]: R/ - Line 186: r"## does not appear in
Equation 1. Please clarify as to where this is coming from.

Commented [BS54R53]: We modified Equation 1 to make
clear that the scattering coefficients depend on grain size and
density, and the asymmetry factor depends on grain size.

(Deleted :

N ) A N N




570

575

580

585

590

that while there is some uncertainty in the relationship between ¢* and ro; when the density is unknown, a

measured value of #* can constrain the surface grain size to around a factor of two.

3.2 Modelling expected waveform shapes

[The return waveform measured by an altimeter depends on the scattering properties of the surface, on the

shape of the surface, and on the IRF of the system making the measurements. We calculate model surface- (Deleted: Combining these gives )
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surface, and ® represents a temporal convolution. SRE,, (t; 1) is calculated from Eq. 1, I, (t) is an estimate
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pulse, which is reflected in the predicted waveforms, although for larger grain sizes it no longer extends below

zero. We were initially uncertain that the droop in the 7(#) was due to a process that would be modeled correctly

by Eq, 3, but the consistency between modeled and recovered waveforms (see section 4.1) suggests that the
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Figure 2. Components of the waveform model. The ATM IRF (a) is convolved with a G ian function (I‘ leted: )
representing surface roughness (b) and the surface resp function (¢) to produce the model waveform (d). Three (r leted: A )
SRFs and corresponding waveforms are shown in (¢) and (d), for r.s=50, 500, and 2000 pm. Curves in (a-c) arc,“
normalized to unit amplitude, curves in (d) are based on an IRF with with unit amplitude, ™ (Deleted: B )
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rFlgure 2 shows the components of Eq, 3, and resulting waveforms, based on the system IRF measured using Wy (D oted )
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a calibration target with no significant subsurface scattering on 9 March 2018, lfor a surface roughness . " (Delete d: C )
equivalent to 0.5 ns (i.e. 7.5 cm), and for three snow grain sizes: 50, 500, and 2000 pm. The modeled (Deleted: D )
waveforms show that for increasingly large grain sizes, the peak amplitude of the waveform becomes smaller ‘(Deleted: . )
and the waveform becomes broader, with the trailing edge of the waveform being blurred much more than the (Deleted: equation )
leading edge. The measured /(?) has a distinctive droop (negative excursion) just after the end of the main (Deleted: b )

but do not have strong evidence about its origin.

3.3 Matching modelled waveform shapes to measured waveforms
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[To match waveforms with model results, we minimize, the misfit between the DC-corrected and modelled

waveforms;|
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Figure 3. Fitting test data. Vertical bars show the range of recovered grain sizes for each input grain size value,

Jhree low -amplitude, rough-surface case with ,7,,&90, and variable pulse broadening (c=2, 1, and 0 ns), and a
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high-amplitude casewith P,,,&255 and no pulse bro

ening (=0 ns). Bars indicate the 5 and 95" percentiles of -

the recovered grain sizes; bars extending off the bottom of the plot for the smallest grain sizes and the low-
amplitude case indicate that for more than 5% of the waveforms, the best fit was with the non-scattering model
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waveform._The solid line indicates a 1:1 relationship between the input and recovered grain sizes, and the dashed
lines indicate the 0.5:1 and 2:1 relationships.

We find optimal values for our adjustable parameters using a three-stage golden-section search (Press et al.

2007),in o; res; and o, The search algorithm consists of an outer search over a range of r.s values, with an

(Deleted: (Press ct al., 2007)

inner search over o values, and within that a second inner search over # values. Within the search over #, the
amplitude values are found with a least-squares regression between each model waveform and the measured
waveform. The searches use a tolerance in o of 0.25 ns and a logarithmic tolerance in rey of 10%. After each
golden-section search has converged, a final parabolic-search step is used to further refine the estimated o;

and rey values. The convolutions in Eq, 3,are computationally costly, so we keep track of all waveforms we
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golden-section search rather than a derivative-based searching strategy (e.g. a steepest-descent or conjugate-
gradient search) lets the fitting algorithm search a consistent set of parameters as it encounters waveforms that
are similar to waveforms that it has previously matched, which greatly reduces the time required to fit a
collection of waveforms, many of which are similar to one another. We further reduce our computational
times by fitting only every fourth waveform for data from the narrow-swath scanner, and every second
waveform from the wide-swath scanner. For most purposes in this study, we further reduce the spatial

resolution of the recovered grain-size estimates using a 10-meter block-median filter, in which we identify the

: (Deleted: d

- ‘(Deleted: d

N AN AN AN

'Cl‘ leted: grain size estimates
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To evaluate the resolution and accuracy of this fitting procedure, we generated a set of test waveforms based

on les(t), for a range of grain sizes, pulse amplitudes, and broadening values. We assessed the sampling

distribution of the recovered grain-size estimates by generating 256 different waveforms for each combination

of parameters, normalizing each to a specified peak amplitude (Puax). adding random (normal-distribution)

values with a standard deviation of two digitizer counts to each sample, and applying our fitting algorithm to

each. Our fitting algorithm selects grain sizes based on a set of pre-computed waveforms generated for grain-

size values separated by 10%, so to demonstrate the worst-case performance of our algorithm, we generated

the test data based on grain sizes that were half-way between the grain-size values used by the algorithm.

Figure 3 shows the relationship between the specified and recovered grain size for small amplitudes and a

range of broadening values (Puawr = 90, =0, 1, and 2 ns), and for large amplitudes and small broadening

values (Pnw=225, =0 ns). For the high-amplitude waveforms with little broadening (Pnau=255, =0 ns), the

fitting procedure consistently recovers grain sizes as small as 20 um, converging to either the next larger or

the next smaller grain size value among the searched values (separated by 10%) with a moderate preference

for the next smaller value, giving recovered values whose distribution width (5" to 95" percentile) is on the
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order of 10%. At smaller amplitudes (Pn=90) and larger pulse broadening values (o =1, 2 ns), the width of

the recovered distribution increases with decreasing grain size, with the 5% and 95" percentiles of the - )

m and o=2 ns. For input grain sizes up to about 75

distributions spanning around a factor of 5 for res=50

um (a factor of three times the minimum grain size tested), the waveform that best fit the simulated waveform

was often the one with no scattering for the low-amplitude and broadened waveforms (A=90, o =2 ns.) In

these cases, the bottom of the distribution is not constrained on a log scale.

|

(Our numerical experiments show that for synthetic data, the ratio between the amplitude of the pulse and the

RMS of the noise added to the synthetic waveform plays a large role in the accuracy of the recovered grain

size, with larger signal-to-noise ratios corresponding to higher precision.| For measured field data, the total

gain of the system was set in advance using a neutral density filter to avoid detector saturation over snow :

surfaces, while the noise values were nearly constant, likely determined by the digitizer and receiver

electronics. This should result in data with maximum signal-to-noise ratios over flat fine-grained snow

surfaces, and lower signal-to-noise ratios over rough, sloping, and/or coarse-grained surfaces. Fortunately,

the model results suggest that we should be able to recover grain sizes with small fractional errors when the

grain sizes are large, even when the signal-to-noise ratios are relatively large.

3.4 Predicting biases in ICESat-2 measurements.

fWe predict expected biases in ICESat;2 data based on measured ATM waveform shapes by using our model
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2 measurement over the same surface. To explain why this is necessary, we present a general statement of the
magnitude of the bias (B) in an altimetry measurement estimated from a waveform W, t), due to subsurface
scattering:

B(M, W, (ty) = M(Wy(ty) — M(W (1) 6
Here W (t) is the waveform including the effects of scattering, W (t) is the waveform excluding the effects
of scattering, and M () is a metric used to derive height measurements from waveforms (referred to here as a

retracker).
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parameter, /i, that is based on the median photon elevation within a small (typically 1.5 m) window around

the surface, Ideally, to evaluate the expected biases in this parameter, we would use measured ATM

The ICESai2 ATLO6 algorithm (Smith et al., 2019b), provides a standard land-ice height
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2 uses a photon-counting lidar, so the median elevation can be calculated directly from the distribution of

photon heights within the window. For a waveform lidar, the waveform median can be approximated under

the assumption that waveform’s digitzer counts (W(t)) are proportional to the flux of photons into the detector:

LW thdt! 7
Tmed(W(t)) = tlﬁt(i;’), =0.5
fi W t"hdt

but if the relationship between the two is more complex (i.e. if I(t) in Eq. 3 is significantly different from a

delta function), the waveform median may not be equal to the median time for the energy incident on the

detector. This appears to be the case for ATM, where the recorded waveforms include negative values

implying a more complicated relationship between the photon flux and the recorded values.
Since we cannot apply the median retracker directly to the ATM waveforms,, we model the effects+
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of subsurface scattering on ATLO6 biases by using Eq. 3 to generate synthetic scattering-affected waveforms
for a range of grain sizes, based on an estimate of the ICESat-2 system IRF derived from pre-launch calibration
measurements (Smith et al.. 2018). [We|then use Eq. 6 to predict the bias in the ATLO6 measurements from

each modelled waveform, , Figure 4 shows the expected range bias for three retrackers as a function of grain .

size: theynedian retracker applied to the ICESat-2 IRF (the ATL06 /i parameter), for a windowed mean on
the same IRF (the ATLO6 h_mean), and for a 15%-threshold centroid retracker (the metric used to track ATM R

waveforms), using the ATM IRF, The biases are smallest for the median retracker for the ICESat;2 waveform,
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ICESat-2 data (windowed mean

and windowed median) for those who are not familiar with these
specific ICESat-2 details.

How do they work? The authors are assuming the reader is familiar
with this nuanced part of

increasing from sub-centimeter levels for ¢y < 10 um to around 35 cm for 7o¢> 10000 um. The mean-based

ICESat-2 bias is around twice as large as the median-based ICESat-2 bias, and the ATM bias is a few percent

Jfor ICESat-2 and where do the authors get it from? I
recommend the authors provide more elaboration on this point.
Substantial space was given to

larger than the ICESat-2 median, _This plot illustrates one difficulty in measuring ICESat-2 subsurface-

scattering biases using laser-altimetry data as a reference: Over coarse-grained surfaces, ATM measurements
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Figure 4. Predicted range bias for ATM and ICESat-2 waveforms. ATM biases are calculated using a
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ICESat-2 elevation measurement, and then calculating a range bias based on the relationship between grain given recovered grain size should be consistent with the
. . . . . conditions that produced the ATM waveform, despite errors in
size and bias using Eqn. 6. The accuracy of such a correction depends on the accuracy of the interpolated the grain-size estimates related to surface-density variations.
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grain sizes and on the accuracy of the range bias predicted for each grain size. In particular the accuracy of likely to include decimeter-scale biases over surfaces with
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grain-size estimates are based in part the reflectance of infrared light (Nolin and Dozier, 2000; Vandecrux et
al., 2022b), which does not penetrate as far below the snow surface as green light does (Smith et al., 2018), so
the reflectance-based measurements may be more sensitive to near-surface layers than ICESat-2 would be.
An ICESat-2 bias predicted based on surface reflectance measurements using our nominal 400 kg m;* will 'CFormatted: Superscript )
also be imprecise by up to a factor of two for snow and ice surfaces with smaller or larger densities.
In contrast to reflectance-based grain-size estimates, ATM-waveform-based grain-size estimates
involve the same physical processes involved in ICESat-2 subsurface scattering biases. This implies that if
we use the same model to interpret ATM waveform shapes that we use to predict ICESat-2 biases, he .'CDeleted:,
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predicted ICESat-2 bias for a given recovered grain size should be consistent with the conditions that produced

the ATM waveform, despite errors in the grain-size estimates related to surface-density variations. For this

corrections based on OCLI grain-size estimates, even if the OLCI and ATM grain-size estimates do not agree

on a point-for-point basis.

The simplest way to calculate an OLCI-based correction to the ATL06 si_Ii parameter is:

,CrlA-l)

= r'(Deleted: predicted

Bx,y,t) = Biea(ToLci (%, 1)) 8

Here B(x. y. t) is the estimated bias at position (x, y) and time t, 7o,¢; (%, ¥, t) is the grain size estimated from

the OLCI data at the same location and time, and B,,,,4_is the median ATLO06 bias predicted using Eq. 6 and

the ICESat-2 IRF. Based on our assumption that subsurface scattering affects ATM waveforms in the same .-

representative of the biases that would affect ICESat-2 if it measured the surface at the place and time where

ATM made its measurements. This lets us evaluate B(x, y, t) by comparing it against B, .4 (rATM *y t)), the

ATLO06 bias estimated for the grain size measured by ATM at the same location. Thus, the statistics of

Brea (rATM * t)) — Bea (ro e (%Y, t)) should allow us to estimate the statistics of ICESat-2 ATL06 data

corrected using based on OLCI grain-size estimates.

As we will see in section 4.5, the OLCI measurements appear to become less sensitive to grain-size variations

when the surface grain size is small. This leads us to also evaluate a threshold-based adjustment to the OLCI

correction:

By F oLt (0¥, 0) < Ty 9

B, (x,y,t) =
tnr (4,7, 8) gBmed(roLCI(xvat)\: Torcr (6, Y, 8) > Tipy

Here 15, is the OLCl-estimated grain size, Byeq (Tocr).is the model predicted bias, 7p,is the threshold

grain size above which the model produces reliable bias estimates, and By, is a constant bias value used for

OLCI grain sizes smaller than 7;,,. We can use the distribution of recovered grain size values to find values

of By and 1y, minimize the mean and spread of B,,.q (rATM Y t)) = Binr(ToLci (% Y, 1) Bo, Tenr).

3.6 Robust measure of spread

Throughout the results,of this study, we will measure the width of distributions using the robust spread, which .
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we define as half the difference between the 16" and 84 percentiles of a distribution. This is analogous to

the standard deviation of a normal distribution, in which the central 68% of the distribution falls within one

standard deviation of the mean. It allows us to characterize the spread of the central peaks of distributions
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that are not necessarily normally distributed, and for which the standard deviation might be dominated by

large outlying values.

4, Results

4,1 Recovered snow grain sizes from ATM and AVIRIS-NG

ATM ATM ATM ATM
summer 2017 spring 2018 spring 2019 summer 2019
@, [/ 3

AVIRIS
summer 2019

30 100 300
Teff, UM
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[Figure 5. Recovered snow grain sizes from ATM and AVIRIS-NG. Colored points indicate recovered grain sizes
for four ATM c igns (a-d) and for AVIRIS-NG (g,). Each color-coded points indicates a 1-km block medi
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finer grain sizes. Background is the Mosaic of Greenland from 2012 (Scambos et al., 2012).\
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p in the main body (Line 326) and including actual dates in
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We obtained grain-size estimates from ATM for the summers of 2017 and 2019, and from the springs of 2018

and 2019. Figure 5 shows maps of recovered grain size from ATM and the valid AVIRIS-NG surveys for the

late summer of 2019. These maps show a trend from large grain sizes at low elevation to small grain sizes at
higher elevation, with notably larger grain sizes in the summer than in the spring where surveys overlap. The

southern portion of the spring-2018 survey (Fig. 5b) was carried out earlier in the season than the

corresponding portion of the spring-2019 survey (Fig. 5b), and encountered finer grain sizes, particularly along )

the coast, while grain sizes in the northern parts of both of these surveys were consistently fine. The summer
surveys in 2017 (Fig. 5a) and 2019 (Fig. 5d) both encountered coarse grain sizes, particularly in the coast-
parallel lines in 2019. The AVIRIS-NG survey from 2019_(Fig. 5¢) has most of its overlap with the
contemporaneous ATM survey along two coast-parallel lines, but a third coast-parallel line where ATM

measured some of the coarsest grain sizes of the campaign was not covered,,

the figure would make

this clearer. Also, some of the detailed patterns the authors discuss
in the main body (e.g., Line

331) are very difficult to see in Figure 5. I suggest the authors
consider including a zoomed in

version of the larger maps that highlight exactly what they are
talking about.
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[Figure 6. Grain size and waveforms. (a), True-color Landsat image of the Northeast Gr

d ice sheet near
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panel (a) are presented in table S1.

To illustrate the spatial patterns of grain-size estimates recovered over a glacier during the melt season, Figure

6a shows a map of recovered grain size from Leidy glacier, northeast Greenland in the summer of 2019. We

waveforms (fit), for three locations, as well
as the input transmitted pulse (TX), scaled to match the amplitude of the received pulse. Bounding coordinates for

also show three waveforms, one measured over a rock/soil surface (Fig. Gh), one over low-elevation coarse- .

grained melting ice (Fig. 6¢), and a third from finer-grained snow (Fig. 6d), as well as the corresponding best-
fitting waveforms. The rock/soil waveform shows some broadening relative to the transmitted waveform,
likely due to surface roughness, that is symmetric in time, with equal distortion of the upper and lower slopes

of the waveform. The best fitting model waveform has an refr value of 0 um, and a ¢ value of 1.46 ns. The
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coarse-grained waveform (Fig. fic) is also broader than the transmitted waveform, but has different amounts

of distortion for the leading (upper) and trailing (lower) edges of the waveform: It has a sharply sloping upper
edge, but a more gradual slope on the lower edge, which is consistent with the predicted effects of subsurface

scattering. The best-fitting model waveform has an refr value of 2896 yum, and a o value of 0.26 ns. The
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higher-elevation waveform (Fig. 64) has much less distortion than the low-elevation waveform, with a shape

much more similar to the transmitted pulse, which is reflected in the best-fitting model parameters of rerr =109

um, g =0.26 ns. Elevations measured by ATM show that the outlet section of the glacier (near (c)) is at 400-
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shows little or no subsurface scattering on rock and soil (r.rf = 0), strong subsurface scattering for low-

elevation ice (1, > 1000 um), and weaker subsurface scattering at higher elevations (r,sr < 200 um), We .

suggest that the lower-elevation part of the glacier on the left-hand part of Fig. 6a has experienced stronger

surface melt than the higher-elevation part to the right, which is roughly consistent with the gradient from

bluer to whiter tones in the background Landsat image collected two days later.

4,2 Comparisons of recovered snow grain sizes between two independent ATM instruments

[Figure 7. Recovered snow grain sizes from two ATM systems from the Summer 2019 campaign. Panel - '
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a,shows the density of measurements as a function of recovered reir values from the narrow and wide- .
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the systems found a best match with a scattering-free model waveform are reported along the
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instrument. The histogram shows horizontal and vertical streaks that correspond to grain-size values that the

fitting algorithm selects preferentially as part of the effort to reuse previously computed model waveforms.

These likely reflect small reductions in the accuracy of the recovered grain-size estimates, although not

obviously to any large extent. For grain sizes smaller than around 25 um, the fitting process for both datasets

often selects a model waveform with no scattering model applied as best fitting the measurements. This results

in a reduced number of recovered values at ref<25 pum, and spikes in the histogram for values where one or

both estimates selected the scattering-free waveform. For display purposes,
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The distribution of ratios between the recovered grain sizes for the two systems is similar to a lognormal

distribution, with a central parameter close to unity. Figure 7b, shows histograms of ratios between wide-

swath and narrow-swath estimates, for three ranges of grain sizes (as determined from the narrow-swath
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is that the wide-swath beam had a larger incidence angle to the surface, so the return waveforms had somewhat

larger Gaussian broadening, Our experiments with simulated data (section 3.3) suggest that 1 ns of pulse
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4,3 Comparisons between snow grain sizes derived from ATM and AVIRIS-NG
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\Figure 8. Sample of AVIRIS-NG- and ATM-derived snow grain-size estimates for a coastal location in
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Greenland. The grain size based on the complete 4-km AVIRIS-NG swath is shown, with a 10-m block
median of the recovered grain size from the 250-m wide-scan ATM swath superimposed on top. The

scene center is approximately 75.314° N, 33.464°E, and contains data from the AVIRIS-NG granule
ang20190906t144855 and the ATM granule ILATMW1B_20190906_133000.atm6T6.h5.
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Grain-size estimates from ATM and from AVIRIS-NG show consistent spatial variations, which are most

easily identified in areas where the grain size varies on short spatial scales. Figure 8 shows maps of grain-size

estimates from the wide-swath ATM scanner and from AVIRIS-NG for a short segment of a flight path in

northwest Greenland. Both datasets show a range of surface grain sizes, with variations that that appear to

correspond to spatial variations in surface weathering, likely over a drained supraglacial lake basin. Despite

the agreement between the small-scale variations, the ATM data show consistently larger gain sizes than

AVIRIS-NG, particularly in the upper part of the scene in the roughest part of the lake basin.
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[Figure 9. Two-dimensional histogram comparing AVIRIS-NG-derived grain size with narrow-swath

ATM-derived grain size, with cells colored by the number of points observed. The solid white line shows

the 1:1 relationship between the two datasets. To help illustrate the magnitude of the difference between
the datasets, we plot two dashed lines that show the ATM : 3 x AVIRIS-NG (upper) and ATM : 1/3 x
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The general agreement between AVIRIS-NG and ATM grain-size estimates is illustrated by a comparison
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trend, although ATM grain sizes are typically around 2-3 times larger than the corresponding AVIRIS-NG

grain sizes. This relationship does not hold towards the small-grain size side of the plot, wherelthc AVIRIS- /

NG grain sizes are clustered in a near-vertical feature centered around 50 pm. We believe that this js because

the AVIRIS-NG algorithm loses some of its sensitivity to grain size variations around 40-50 um Jwhile, based

on our synthetic-data experiments, we expect the ATM retrievals to be sensitive to grain sizes as small as 25

um. The points where the ATM fit selected zero scattering are not shown in this plot; they amount to a small

fraction (0.4 %) of observations.
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Figure 10. Comparison between AVIRIS-NG-derived grain sizes and OLCI-derived grain sizes. The

solid white line shows the 1:1 relationship between the two datasets, the two dashed lines show the

OLCI: 3 times AVIRIS-NG (upper) and OLCI, : 1/3 AVIRIS-NG (lower) relationships. _All OLCI

measurements were collected within 1, day of the AVIRIS-NG measurement,,

Direct comparisons between the AVIRIS-NG and OLCI grain-sizes help illustrate the reliability of each
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model of Equation 3 and what is measured by a photon-counting
laser altimeter such as ICESat-

2. It underlies this entire section and the Section beginning on line
452 but it is not clear to me

how this works. Perhaps including an example diagram of how the
authors extract the more

[CESat-2 relevant parameters from the modeled waveforms would
help with this?
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[Figure 11. Comparison between narrow-swath-ATM-derived and OLCI-derived grain-size estimates.
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Panel B shows the distribution from the spring (April-May) and summer (September) of 2019. In both
plots, the ATM grain sizes are derived from a 10-meter blockmedian of the data, and only those points

for which the time difference between the OLCI measurement and the ATM measurement was less than

3 days are included. The solid lines indicates the 1:1 relationship between the datasets, the dashed lines
indicate the 1:3 and the 3:1 relations.
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ATM instrument, based on a combination of data from the summer of 2017 and the spring of 2018 (Fig. 11a) /
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coverage compared to the summer of 2019, and the Spring-2019 dataset covered more melting surfaces than

did the Spring-2018 dataset.

4,5 Comparing subsurface-scattering range bias estimates between OLCL and ATM data

strong, and there is a substantial background of low-quality OLCI
measurements evident in this plot. This general statement of the
relationship between the two datasets is about as strong a statement
as the data allow.
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[Figure 12. Range biases as a function of snow grain-size estimates for the complete 2017-19 dataset. (a)

shows range biases predicted from OLCl grain-size estimates as a function of ATM grain size, (b),shows )

(ot

range biases estimated from ATM grain sizes as a function of OLCI grain-size estimates. For each

the black solid curve shows the modeled range bias as a function of grain size, and the dashed lines show
the factor-of-two uncertainties in the model related to surface density. }

Comparing grain sizes estimated from the different sensors (Figs. 9-11) demonstrates the consistency (or lack
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ICESat-2 biases predicted by our model (Ejg. 3) are approximately zero for small grain sizes, so any correction

we calculate will be small, with larger corrections expected for larger grain sizes.

To illustrate the ability of the OLCI data to predict the ICESat-2 bias at locations where ATM grain size

estimates are available, we plot the ICESat-2 bias predicted based on OLCI measurements as a function of

ATM-derived grain size (Ejg. 12a). In this plot, we collect groups of ATM measurements in logarithmic bins

with a spacing of 10°2° and calculate the median and robust spread of biases of the biases calculated for the

If we assume that biases calculated based on ATM waveforms are

corresponding OCLI grain sizes.

approximately correct, this suggests that the OLCI bias estimates underestimate the sensitivity of ICESat-2

curves different from those presented in Figure 4? In Figure 12b a
0.12 m ATM bias corresponds to a grain size larger than 1000 um
whereas in Figure 4 it occurs at less than 1000 um.
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biases to grain size. When we reverse the way in which we calculate the statistics and calculate the distribution

of ICESat-2 biases predicted from ATM measurements as a function of OCLI-estimated grain size (Ejg. 12b)

we see a closer match between the ICESat-2 biases predicted based on the ATM data and those predicted
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Based on Fig. 12b, it appears reasonable to believe that OLCI grain-size estimates provide useful information

about subsurface delays for coarse-grained snow, but not for fine-grained snow. To better account fog,this lack

of sensitivity in OLCI at fine grain sizes, we used the ATM and OLCI grain sizes from 2017 - 2019 to find

optimal parameter values for the threshold bias model (Eq. 9): For a range of By,and 1y, we calculated the
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The preceding analysis used robust statistics (i.e. the median and robust spread), which show how the

correction works for typical locations on the ice sheet (i.e. ignoring the most extreme scattering conditions)

which we would expect to fall in the middle of our distribution of residuals. However, many users of altimetry

data will explicitly or implicitly perform their analysis using non-robust statistics (i.e. by calculating mean

elevation differences. or calculating the standard deviation of elevation differences) To show how the leted: We present this analysis using the median and robust
spread because they are less affected by outlying data points.
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[Figure 13. Tuning the threshold correction for ATM-based ICESat-2 bias estimates. Panels (a)and (b), show the
median and robust spread of the distribution of ATM-derived ICESat-2 bias estimates corrected with the threshold
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The comparison of measurements between the narrow and wide-swath instruments (Ejg. 7) shows that ATM-

based estimates of snow grain size are consistent to within a factor of two or better between two independent

instruments, and are not strongly influenced by [measurement geometry except at small grain size, where fhe

Discussion the authors continually refer to data or results that have
been previously presented. To make it easier for the reader I suggest
the authors include pointers to the specific figures they are referring
to.

larger angle between the wide-swath beam and the surface produces blurring of the returned waveform. Based
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on our modelling results (Ejg. 3) and the expected relationship between_incidence angle and return pulse width

(Section 3.2), we expect this Jto result in larger scatter and bias in the wide-swath grain-size estimates, As
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estimates of grain size, the two sets of measurements have biases and uncertainties due to our assumptions |

about the density of the snow, but as measurements of photon delays due to subsurface scattering, they are

Jeasonably consistent and should be useful in predicting biases in ICESat-2 data.
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The comparisons between AVIRIS-NG and ATM grain size (Fig.9), and those between AVIRIS-NG , and
OLClI-derived grain size (Fig. 10) both show the AVIRIS-NG estimates as biased by a factor of 2-3 towards

fine grain sizes relative to the other dataset; further, both the ATM and the OLC|, estimates appear to produce

usable estimates of grain size that are smaller than 30 pm, while the AVIRIS-NG measurements seem to have
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a fine-grained limit of resolution around 40 um. These differences between the, AVIRIS-NG measurements

and ATM-based measurements are consistent with comparisons between this AVIRIS-NG survey and
observations of apparent elevation differences between green and near-infrared altimetry measurements that

also implied that the AVIRIS-NG data had underestimated grain sizes (Fair et al., 2024) Despite these

limitations, the comparisons between ATM, OLCI, and AVIRIS-NG measurements show broad agreement '

Dbetween the three sets of data, with larger grain sizes in each dataset corresponding to larger grain sizes in the

others. However, this relationship is not as [consistent as we might have hoped, and for a substantial fraction

of the points there is no clear relationship between the rain sizes from the different sensors. Part of this

scatter may result from differences in resolution between the datasets. ATM resolves grain size on a sub-
meter-sized footprint, which we then degrade to 10 m using our blockmedian filter, the AVIRIS-NG data have

a S5-meter pixel size, and the OLCI-based measurements are posted at 1 km. Many of the measurements
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showing the coarsest grain sizes from ATM are from small features such as crevasses and stream channels,

which are likely not resolved by the larger pixel size of the OLCI measurements. Similarly, the smallest,

ATM scattering measurements rely on subsurface multiple scattering that may sample hundreds or thousands
of scattering events, and in which photons may penetrate hundreds of times the grain diameter below the
surface. By contrast, the AVIRIS-NG and satellite measurements both use portions of the reflectance spectrum

extending into the near infrared, where the attenuation length of ice is as small as a few cm (Warren, 1982).
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This means that the ATM measurements are sensitive to grain size over a much larger range of depths than

are the reflectance-based measurements. Particularly under melting surface conditions, we expect to see a

layer of finer-grained ice on top of coarse-grained or water-saturated deeper layers (Cooper et al., 2018), which

would lead us to expect that the reflectance-derived grain sizes would be finer than those derived from ATM.

This effect is not expected to be as important under colder conditions, especially where fresh snow is present
at the surface, because returns from a snow layer a few centimeters thick will contain only a very small

minority of photons that have experienced long path delays (Smith et al., 2018),

We believe that it is also likely that there are disagreements between reflectance-derived measurements of

erain size and ATM-based measurements because of the simplified relationship we have used between grain
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size and scattering properties. Our model of subsurface scattering assumes that the scattering is from
independent spheres of ice suspended in air, and that the density of the medium is 400 kg m™. In fact, surface

densities in the accumulation zone are often lower than that assumed by our model (Medley et al., 2022) while
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ablation-zone densities can approach that of compact glacier ice (800 kg m and higher), and the presence of
liquid water in the snow can result in reduced scattering efficiency per grain compared to that expected for
spheres in ice. Over fresh, low-density snow, we expect our ATM-based measurements to overestimate grain

size because pur model does not fully account for the path length between scattering events and assumes that
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the extra path delay comes about because of time spent traveling through ice grains. Over compact ice surfaces
the situation is more complex, because the surface density is likely larger than our reference density, leading

to an underestimate of grain sizes, but close packing of grains and the presence of water should each lead to

less efficient scattering from each grain, leading to an overestimate of grain size. Under most circumstances,
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we expect the latter effects to be more significant, because the effect of density alone is unlikely to be larger

than a factor of two (see Ejg, 1),

The comparison between predicted ICESat-2 biases derived from ATM and those from the OLCI
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measurements (Fig.12) suggests that while OLCI measurements cannot accurately predict the measurement |

bias for each laser-based measurement, the mean bias at the kilometer scale is more likely to be reliable. The

difference between the two ways of plotting the biases as,seen in Ejg. 12 likely relates to the spatial resolution /
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In this study., we have demonstrated a technique for the retrieval of ice-sheet surface grain size using the shape

of pulses returned by a green-light laser. We showed that the shapes of the measured waveforms agree with

the results of a simplified theoretical model of how subsurface scattering should affect the shape of green laser
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estimates that would not be limited by the availability of cloud-free observations. Any such comparison would

require careful consideration of the relationship between physical grain size (calculated in the grain size

model) and the effective grain sizes considered in our scattering model, which might best be handled by
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