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Abstract

Snow grain size is an important parameter for cryosphere studies. As a proof of
concept, this paper presents an approach to retrieve this parameter over Greenland, East
and West Antarctica ice sheets from surface reflectances observed with the Geoscience
Laser Altimeter System (GLAS) onboard the Ice, Cloud, and land Elevation Satellite
(ICESat) at 1064 nm. Spaceborne lidar observations overcome many of the disadvantages
in passive remote sensing, including difficulties in cloud screening and low sun angle
limitations; hence tend to provide more accurate and stable retrievals. Results from the
GLAS L2A campaign, which began on 25 September and lasted until 19 November,
2003, show that the mode of the grain size distribution over Greenland is the largest
(~300 pm) among the three, West Antarctica is the second (~220 um) and East
Antarctica is the smallest (~190 pm). Snow grain sizes are larger over the coastal regions
compared to inland the ice sheets. These results are consistent with previous studies.
Applying the broadband snow surface albedo parameterization scheme developed by
Garder and Sharp (2010) to the retrieved snow grain size, ice sheet surface albedo is also
derived. In the future, more accurate retrievals can be achieved with multiple

wavelengths lidar observations.



1. Introduction

As a fundamental parameter of the snowpack, grain size has long been recognized
as an important factor in understanding and predicting the status of the ice sheets (e.g.,
Refs. [1-3]). Satellite remote sensing has enabled quantitative grain size mapping from
space and significant progress has been made in the field (e.g., Refs. [4-6]). The
theoretical basis is that in the near infrared (NIR) and shortwave infrared (SWIR) region
absorption is a function of snow grain size. Larger grains result in larger absorption hence
smaller reflectance [7]. To the best of our knowledge, the snow grain size retrieval
methods presented in the past literature were all based on passive remote sensing
observations. These methods rely on surface reflected sunlight for the retrievals and large
uncertainties can arise from the low sun angle over the polar regions. This is because not
only a low sun causes more difficulties to the already challenging task of atmospheric
correction, it also intensifies the effect of surface roughness because of the shadows. In
addition, the small contrast between surface and clouds in both the thermal and visible
spectra makes clouds screening very difficult for passive remote sensing and hence

results in uncertainties as well (e.g., Refs. [8-10]).

Active remote sensing observations from the Geoscience Laser Altimeter System
(GLAS) onboard the Ice, Cloud,and land Elevation Satellite (ICESat) provide an
opportunity to retrieve snow grain size that is much less affected by the above mentioned
uncertainty factors. The GLAS lidar used the 1064 nm wavelength for its surface
elevation measurements. At this wavelength, snow absorption is large enough so that the
grain size signal is detectable from the lidar ground returns. Figure 1 gives the imaginary

part of the refractive index for ice particles as a function of wavelength [22], which can



be regarded as a measure of absorption strength. Compared to a 532nm laser, the

imaginary part of the ice refractive index at 1064 nm is 3 orders of magnitude larger.

Over the polar regions, retrieving grain size using space-borne lidar observations
has many advantages: (1) unlike passive remote sensing, cloud screening over ice sheets
is essentially not a problem for lidar observations; (2) for lidar observations, the overhead
light source minimizes the surface roughness effect and hence lower the uncertainties in
the retrieval; (3) not restrained by the availability of sunlight, retrievals with lidar data
can be done both day and night; (4) atmospheric correction is critical to the retrieval
process and it is a difficult task for passive remote sensing because of the low sun angle;
for active remote sensing, the nadir observing geometry minimizes the path length

through the atmosphere and makes atmospheric correction more accurate.

Snow grain size retrievals are based on surface reflectivity. We note that even
though widely applied to climate and earth system research, data from the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) are not suitable for snow
grain size retrieval, because the surface return saturates the detectors under clear sky

conditions over the polar ice sheets.

The remainder of the paper is organized as follows: Section 2 introduces the data
and the methodology used for this study; Section 3 describes the snow grain size retrieval
results; in Section 4, ice sheet surface albedo is derived from the snow grain size
retrievals; and the results are summarized in Section 5.

2. Data and Methodology
2.1 Surface bidirectional reflectance factor (BRF) from the GLAS 1064 nm lidar

The GLAS lidar was launched on board ICESat in January 2003. It has three



lasers. To extend the lifetime of the mission, GLAS operated in a campaign mode with
each campaign lasting about one to two months. It has two channels, one at 1064 nm and
one at 532 nm. The 532 nm channel is designed for atmospheric observations, while the
1064 nm one is for surface elevation measurements [11] [12]. The laser transmits pulses
at 40 Hz which gives a nominal 172 m footprint spacing along track. With GLAS, a
bidirectional reflectance factor (BRF) value can be derived from the energy received
within the surface range gate. This value is called the apparent surface reflectance (ASR)
because it is the product of the two-way transmittance of the atmosphere and the true

surface BRF [13]. ASR is calculated as:
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where L is the radiance at the sensor resulted from the photons reflected by the
surface; wp and w are the cosine of illumination zenith angle and view zenith angle,
respectively (for GLAS, uy = u = 1.0); @ is the relative azimuth angle; F.,,; is the emitted
laser energy flux in W/m®.

ASR is archived as a GLAS product. For this study, we use the data from the
GLAS campaign L2A, which is the first GLAS campaign with full on-orbit operation of
the instrument. The L2A campaign began on 25 September and lasted until 19 November
2003. Some of L2A returns were saturated, especially during the early part of the
campaign when the laser energy was higher. The ASR product has a received energy
correction applied bases on laboratory calibration data. Figure 2 shows the distributions
of all sky ASR during this campaign period over the polar ice sheets, including

Greenland, East and West Antarctica. In the figure, the peaks on the right represents clear



sky observations. We selected the L2A campaign because during this period GLAS had a
fully functional atmosphere channel and the best cloud detection capability [11]; hence
cloud screening is the most accurate among all the GLAS campaigns.

To retrieve grain size, snow surface BRF needs to be obtained. It is a
straightforward process for GLAS. First we separate the scenes into cloudy and clear
based on the ICESat cloud detection results [11][14]. Then, atmospheric correction is
done by dividing the clear sky ASR by the Rayleigh two-way transmittance. Only clear
sky observations are used for the retrievals.

2.2 The Analytical Asymptotic Radiative Transfer (AART) model

The general approach of snow grain size retrieval is to employ a radiative transfer
model and build a look up table, in which the surface reflectivity at the NIR/SWIR region
is calculated as a function of grain size, light incidence angle and view angle. In this
study, we adopt the Analytical Asymptotic Radiative Transfer (AART) model developed
by Kokhanovsky and Zege [15]. This model accounts for irregular shapes of the snow
grains and has been validated with ground observations [21]. It has been applied to
retrievals with the MODerate-resolution Imaging Spectroradiometer (MODIS) data [4]

[5]. The model is also applicable to lidar observations [13].

We define the snow grain size as the effective diameter of the grains, which is the
ratio of the average volume to the average surface area. Snow grains are assumed fractals.
Based on the AART model, the surface BRF p can be related to the snow grain size d

through:
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where o, u and @ are the same as in Equation (1); A is the wavelength; d is the effective
diameter of the snow particles; y is imaginary part of the refractive index and R is the
BRF for semi-infinite media with no absorption. Here R is calculated with the snow

reflectance model developed by Mishchenko et al. [17].

Figure 3 shows the snow BRF for different grain sizes as a function of wavelength
calculated with the AART model with overhead light source and nadir view. As can be
seen from the figure, the clear separation of BRF for different grain sizes at 1064 nm
provides the foundation for the retrievals.

3. Snow Grain Size over the Polar Ice Sheets

Equation 2 relates the GLAS surface BRF measurements at 1064 nm to snow
grain size. Based on this, retrievals are done for the data from the GLAS L2A campaign.
Ideally, the reflectance model should consider the absorbing aerosol deposition, but over

the polar ice sheets, its effect is very small [4]; hence it is not considered it in this study.

Results of snow grain size retrievals for the L2A campaign over Greenland and
Antarctica are displayed in Figure 4. As shown in the figure, snow gains are generally
larger towards the edge of the ice sheets. Grain sizes are also larger over Greenland than
over Antarctica. Figure 5 shows the grain size distribution histograms. The mode of the
distribution over Greenland is the largest (~300 um) among the three, West Antarctica is
the second (~220 um) and East Antarctica is the smallest (~190 um). Snow on the ground

experiences metamorphism and the grain size and shape changes as a function of



temperature, pressure and age. The general pattern and the value range of the results

shown here are consistent with previous studies [4][16][18].
4. Snow Surface Albedo

Snow surface albedo is a critical player in the ice sheet surface energy budget, and
subsequently in snowmelt and in surface mass balance. To derive snow surface albedo
from grain size, we adopt the parameterization scheme developed by Garder and Sharp
[19], where the clear-sky broadband snow surface albedo « is calculated as a function of
snow grain size, solar zenith angle, and snow impurities:

oa=o,+0,+0, (%)
where ¢ is the base albedo due to snow grain size, o, and a, represent the effects of
solar zenith angle and snow impurities.

a, =148 -1.21031d"" (6)
where d is the snow grain size.

o, =0.530,(1-a)(1-u)" (7)
where | is the cosine of the solar zenith angle.

Since the effect of impurities is very small over the polar ice sheet [4], it is not
considered here; hence:

a. =0 (8)

This parameterization has been implemented and tested by Kuipers Munneke et
al. [20] and good agreement has been achieved between the modeled and observed
albedo.

With Equations 5 to 8, clear sky albedo can be directly calculated for different

solar zenith angles from the grain size retrievals shown in Figure 4. Figure 6 shows the



clear-sky albedo for a 60° solar zenith angle. As can be seen from the figure, for the same
solar zenith angle, Antarctica appears brighter (larger albedo) than Greenland and the
inner parts of the ice sheets are also generally brighter than the coastal areas. The reason
is that larger grain sizes lead to smaller surface albedo (Equation 6). Figure 7 shows the
histograms of the clear-sky albedo given in Figure 6. For the case shown here, the modes
of clear sky albedo are 0.83, 0.84, and 0.85 for Greenland, East and West Antarctica,
respectively.

5. Summary and Discussions

Observations of the GLAS 1064 nm lidar provide an opportunity to retrieve snow
grain size with advantages that are not available to passive remote sensing techniques.
First, lidar observations are sensitive to clouds; hence cloud screening is much more
accurate than for passive remote sensing over bright surfaces; second, the overhead light
source minimized the impact of surface roughness on the retrievals; third, lidar
observations minimizes the photon path length through the amtopshere resulting
atmosphere correction more accurate; also, retrievals with lidar data can be done for both
day and night, while current passive remote sensing techniques require sunlight.

This paper adopts the AART model developed by Kokhanovsky and Zege [15]
and snow grain size over the polar ice sheets are retrieved for the period of the GLAS
L2A campaign (from 25 September to 19 November, 2003). Results show that the mode
of the grain size distribution over Greenland is ~300 pm; it is ~220 um over West
Antarctica and ~190 um over East Antarctica. Snow grain sizes are larger over the
coastal regions compared to inland the ice sheets. Applying the broadband snow surface

albedo parameterization scheme developed by Garder and Sharp [19] to the retrieved



snow grain size, ice sheet surface albedo is also derived using a 60° solar zenith angle as
an example. Results show that the modes of clear sky albedo are 0.83, 0.84, and 0.85 for
Greenland, West and East Antarctica, respectively. These results can be used as input for
numerical models and are helpful in understanding the surface energy budget over the
polar regions.

We note that this study is a proof of concept. The AART model, even though
extensively validated under different conditions, has not been directly validated at the
direct backscattering direction, known as hot spot, due to lack of observations at this
particular geometry. Potential model uncertainties at the hot spot direction may result in
errors in the retrievals. In addition, retrievals from single channel observations require
high accuracy in absolute calibration. To achieve better retrievals, multi wavelength lidar
observations, such as the ones made the Slope Imaging Multi-polarization Photon-
counting Lidar (SIMPL) [23, 24], are needed. SIMPL acquired data over a range of grain
size conditions in Greenland during July and August 2015. Once calibrated, this method
can be applied and compared to grain size retrievals being made from the co-flying
hyperspectral instrument Next-Generation Airborne Visible/Infrared Imaging

Spectrometer (AVIRISng) [25].
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Figure 1. The imaginary part of refractive index for ice as a function of wavelength.
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Figure 2. Distributions of all sky apparent reflectance observed during the GLAS L2A
campaign conducted from 25 September to 19 November, 2003. Lines are for Greenland
(green), East Antarctica (blue) and West Antarctica (red).



1L
0.8 [
L L
% 0.6 [|—D_: 25 um
[|[—D: 50 um
04 L ©
i —De: 250 ym
0.2 _——De: 500 um
- —De: 1000 ym
0 [ T I 1 1 1
0.6 0.8 1 1.2 14

Wavelength (um)

Figure 3. Snow BRF for different grain sizes as a function of wavelength calculated with
the AART model with overhead light source illumination and nadir view. The vertical red
line marks the position of the 1064 nm wavelength.
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Figure 4. Snow grain sizes retrieved with observations from the GLAS L2A campaign.
(a) Retrievals over the Greenland ice sheet; (b) retrievals over the Antarctica ice sheet.
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Figure 5. Histograms of snow grain size distribution over the ice sheets retrieved with
GLAS observations during the GLAS L2A campaign. Lines are for Greenland (green),
East Antarctica (blue) and West Antarctica (red).
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Figure 6. Surface albedo derived from the snow grain size retrieved with data
from the GLAS L2A campaign. Solar zenith angle is assumed 60°. (a) The Greenland ice
sheet; and (b) the Antarctica ice sheet.
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Figure 7. Histograms of surface albedo derived from the snow grain size retrieved with
data from the GLAS L2A campaign. Solar zenith angle is assumed 60°.. Lines are for
Greenland (green), East Antarctica (blue) and West Antarctica (red).



