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This paper describes the development and validation of a method to accurately identify snow/ice cover, surface
melting, land surface and open water in polar regions using polar-orbiting Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) lidar measurements from the Cloud and Aerosol Lidar and Infrared Pathfinder Observation
(CALIPSO) mission. The technique is based on the relationship between integrated attenuated backscatter color
ratio and integrated depolarization ratio, and is proven to efficiently separate snow/ice cover and surface melting
Keywords: from open water and land surfaces. The method has been applied to 10 years (2006-2016) of CALIOP data to
Sea ice study the seasonal and inter-annual variability of Arctic sea ice cover and its declining trend. Results show that
Snow the area fraction of snow cover over land at latitudes >60°N varied between 0.9 during winter and 0.1 in summer.
CALIOP The CALIOP observations of Arctic sea ice cover exhibit a strong seasonal cycle and significant inter-annual vari-
Surface type identification ability, which are consistent with the passive microwave-based sea ice results. The >10 years of CALIOP contin-
uous observations of the snow/ice cover will benefit the communities modeling snow/ice melting and climate

change.

© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over 30% of the Earth's land surface is seasonally covered by snow,
and 10% is permanently covered by glaciers (Dozier, 1989; Lemke et
al., 2007; Wolff, 2013). Snow and ice play important interactive roles
in the Earth's radiation balance, because they have a higher albedo
than any other natural surface. Fresh snow reflects up to 80% or more
of the incoming solar energy, which compares drastically with only
20% or less for bare ground (Konig et al., 2001). The most notable posi-
tive feedback is the sea ice albedo feedback, which results from the large
contrast between the albedos of sea ice (>0.6) and open water (~0.07)
(Perovich et al,, 2007). Due to the Arctic temperature rise, the ice or the
overlying snow cover of high albedo is increasingly replaced with open
water or bare soil of lower albedo. This results in additional absorption
of solar radiation, which accelerates further snowy/ice loss. However, un-
derstanding the interaction of solar energy with the ice cover is a com-
plex task. First, it is not easy to determine how much solar energy is
reflected/or absorbed by the ice and how much is subsequently

* Corresponding author at: Science Systems and Applications, Inc., Hampton, VA 23666,
USA.
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transmitted into the ocean. Second, the seasonal evolution of the ice al-
bedo depends on the characteristics of the snow cover in spring and
melt ponds in summer (Perovich et al., 2002; Perovich and
Polashenski, 2012). For example, in summer time, the surface condi-
tions in the Arctic can vary from deep snow, to bare ice, to melt ponds,
to open leads within small areas that are often <1 km? (Perovich et al.,
2002) and to bare or grass soils. These surface types have different phys-
ical and optical properties and interact with the incoming solar energy
differently. Because of the importance of the sea ice albedo feedback
mechanism, the ability to identify different surface types at fine spatial
scales is important for predicting snow and ice melt as well as for under-
standing the ice extent loss, which in turn affects the global energy bud-
get and therefore climate.

Satellites are proven to be well suited to measure snow/ice cover be-
cause the high reflective nature of snow/ice at visible wavelengths pre-
sents a good contrast with other natural surface covers. For example, the
NASA Earth Observing System (EOS) MODerate-Resolution Imaging
Spectroradiometer (MODIS) instruments on the Terra and Aqua satel-
lites identify snow cover based on a Normalized Difference Snow
Index (NDSI) spectral band ratio, which is the difference of reflectances
in a visible band and a shortwave infrared band divided by the sum of
the two refectances (Hall and Riggs, 2007; Hall et al., 2002). The NDSI

0034-4257/© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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approach takes advantage of the fact that snow reflectance is high in the
visible wavelengths and has low reflectance in the shortwave infrared
wavelengths (Hall and Riggs, 2007; Parajka et al., 2012).

The polar-orbiting Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) has been providing continuous global measurements at two-
wavelengths (532 and 1064 nm) between 82°S and 82°N since June
2006 (Winker et al., 2010). These valuable datasets can be used to
study the snow and sea ice cover in the Arctic where in-situ observa-
tions are relatively rare due to the extreme weather conditions in high
latitudes. In contrast to MODIS passive remote sensor that can only pro-
vide useful surface type measurements during daylight seasons and are
not reliable at low solar angles, the CALIOP lidar makes reliable mea-
surements both day and night, and at low solar angles through consid-
erable aerosol loads and thin clouds (Behrenfeld et al., 2013; Josset et al.,
2012). The CALIOP lidar has a 70 m footprint on the Earth's surface that
is sampled along track every 333 m. The advantage of using CALIOP
measurements is that the CALIOP has a small sample footprint size com-
pared to passive sensors.

In this paper, we develop a new retrieval method for surface type
identification in the Arctic that is based upon the relationship between
CALIOP's integrated attenuated backscatter color ratio and integrated
depolarization ratio. In Section 2 we present CALIOP observations of in-
tegrated attenuated backscatter color ratio and depolarization ratio, and

describe other datasets used in this paper. The surface type separation
method and its application to 10 years of the CALIOP Arctic sea ice mea-
surements are described in Sections 3 and 4. The results from CALIOP
measurements shown in this study are compared with datasets from
both MODIS and passive microwave sensors measurements. Section 5
gives the summary and conclusions.

2. Data products
2.1. CALIOP level 1 data products

CALIOP flies aboard the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) satellite, which deploys both active and
passive sensors designed for atmospheric cloud and aerosol research.
CALIOP is the first space-borne polarization-sensitive lidar (with
cross-polarization and co-polarization channels at 532 nm) to provide
vertical profiles of the elastic backscattering from a near nadir-viewing
during both day and night between 82°N and 82°S (Hunt et al., 2009;
Winker et al., 2009). In this paper, we use the new CALIOP level 1 ver-
sion 4 data product to derive the integrated attenuated backscatter
that is a major parameter used in the surface type identification method
described in Section 3. Because the CALIOP lidar receiver's transient re-
sponse yields a long tail in the attenuated backscatter profile below the
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Fig. 1. Histogram of land surface integrated attenuated backscatter y, at 532 nm (a), 1064 nm (b), color ratio x (c) and depolarization ratio & (d).
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surface return (Hu et al., 2007; Hunt et al,, 2009; Lu et al., 2014), the in-
tegration is performed between 30 m above and 300 m below the sur-
face. The surface is determined to be the maximum lidar attenuated
backscatter at 532 nm located within 150 m above or below the surface
elevation reported by the Global 30 Arc-Second (GTOPO30) Digital Ele-
vation Model (DEM) (https://Ita.cr.usgs.gov/GTOPO30). The surface in-
tegrated attenuated backscatter (unit: sr—!) is calculated using,

/surface+30m

surface—300m
Y\ = 2
T}\

B (z)dz

(M

with the surface attenuated backscatter coefficients,3(z), obtained
directly from CALIOP level 1 data products. T is the two-way atmo-
spheric transmittance derived from meteorological data reported in
the CALIOP level 1 files, and A is the wavelength (532 nm and
1064 nm for the CALIOP lidar). For this study, we only analyze cases
under clear sky conditions, so that the T? term provides an accurate es-
timate of the total signal attenuation between the lidar and the Earth's
surface. In this paper, for a single-shot lidar profile if its integrated atten-
uated backscatter (IAB) at 532 nm of the column above the surface is
lower than 0.017/sr, this single-shot profile is determined as clear (Lu
et al., 2016). The use of IAB <0.017/sr warrants the air column is
sufficiently clear (Josset et al,, 2010a; Lu et al., 2016) so that the surface
return is minimally perturbed by a reduction in atmospheric transmis-
sion due to haze or semi-transparent clouds. The integrated attenuated
backscatter color ratio is defined as the ratio of the integrated
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attenuated backscatter at two wavelengths, y =">>*""/~, yc4nm. The in-
tegrated depolarization ratio at 532 nm is.

b=Tt 2)

where vy, and vy, are integrated attenuated backscatter from the cross-
polarization and co-polarization channels at 532 nm by Eq. (1). It is
noted from Eq. (2) that depolarization ratio is not depending on trans-
mission for haze or semi-transparent clouds (Hu et al., 2008). The
CALIOP level 1 version 4 dataset used in this study was taken from
June 2006 to June 2016, comprising 10 years of lidar measurements.
CALIOP observations indicate that there are about 50% of nearly clear
sky cases (with IAB < 0.017/sr) in the Arctic region on a yearly average.
The results shown below are derived from both daytime and nighttime
data.

2.2. AMSR-E daily sea ice concentration

The Advanced Microwave Scanning Radiometer (AMSR-E/Aqua)
level 3 grided product at 12.5 km spatial resolution provides a daily av-
eraged sea ice concentration (0-100%) for both north and south polar
regions (Markus et al., 2011). The sea ice concentration product is gen-
erated using the Enhanced NASA Team (NT2) algorithm, which calcu-
lates the sea ice concentration using the individual level 2-A swaths
rather than using gridded averaged brightness temperatures. This is
done in order to make the atmospheric corrections on an orbit by
orbit basis before obtaining daily average ice concentrations (Markus
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Fig. 3. Histogram of snow/ice integrated attenuated backscatter 7y, at 532 nm (a), 1064 nm (b), color ratio x (c) and depolarization ratio 6 (d).

and Cavalieri, 2000). The temporal coverage of the data products are
from 1 June 2002 through 4 October 2011 because the AMSR-E mission
launched on 2 May 2002 and ended in 04 December 2011 (Cavalieri et
al., 2014). Information about the sea ice concentration allows us to as-
sess the sea ice area and extent changes.

2.3. MODIS snow cover

In this study, we make use of the MODIS/Aqua snow cover monthly
L3 Climate Modeling Grid (CMG) data set version 5 (MYD10CM ), which
is available from the National Snow and Ice Data Center (NSIDC) (Hall et
al., 2007; Hall et al., 2002). This study only uses data with good quality,
when the quality assessment (QA) flag is zero.

2.4. SMMR and SSM/I-SSMIS sea ice data

The National Snow and Ice Data Center (NSIDC) distributes several
data sets for ice-covered area and extent, which provide users with in-
formation about sea ice extent, total ice-covered area, ice persistence,
and monthly climatologies of sea ice concentrations (http://nsidc.org/
data/smmr_ssmi_ancillary/index.html). These data sets are derived
from the Scanning Multichannel Microwave Radiometer (SMMR), the
Special Sensor Microwave/Imager (SSM/I), and the Special Sensor

Table 1
Typical values of integrated attenuated backscatter, depolarization ratio and color ratio for
snow/ice, open water and land surfaces obtained from CALIOP measurements.

Snow/ice Open water Land
Y532 nm (/ST) 0.19 + 0.02 0.05 + 0.02 0.06 + 0.02
Y1064 nm (/ST) 0.11 £ 0.01 0.04 + 0.01 0.09 + 0.02
) 0.77 £+ 0.08 0.01 + 0.01 0.38 & 0.09
Y532 nm/Y1064 nm 1.73 £ 0.16 1.15 £ 0.15 0.62 4+ 0.24

Microwave Imager/Sounder (SSMIS) using the NASA Team and Boot-
strap algorithms, and are provided by the NASA Goddard Space Flight
Center (GSFC) (Fetterer et al., 2016; Stroeve, 2003). The sea ice trends
products from November 1978 to August 2016 derived from the NASA
team sea ice concentrations (referred to as NASA team dataset hereaf-
ter) are used in this study.

3. Method

Presented in Fig. 1 are the land surface integrated attenuated back-
scatter ‘y,, depolarization ratio 6 and color ratio y, calculated using the
CALIOP nighttime data in July 2010 measured between 40°N and
50°N. The ocean surface results in Fig. 2 are calculated between latitudes
from 30°S to 40°N, and the snow/ice surface results in Fig. 3 are calculat-
ed in 2010 at latitudes north of 70°N or south of 70°S. In Figs. 1, 2 and 3,

High |~~""""7777====~ .
" Bare Soil
— Concrete
~~ Snow/lce
Deciduous
Trees

Reflectance Coniferous

Trees

Asphalt

Low

| | | |
04 05 06 07 1.1
Wavelength (micrometers)

Fig. 4. Spectral reflectance curves for different land surface covers (Fig. 4.04 of Goetz and
Huemmrich, 2003).
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the International Geospherre-Biosphere Programme (IGBP) land sur-
face classification was used to help identify the surface type as water
bodies (IGBP = 17) or permanent snow and ice (IGBP = 15) (http://
ceres.larc.nasa.gov/science_information.php?page=CeresSurfID) to
characterize CALIOP lidar returns from these surfaces. The IGBP surface
types used here and for CALIPSO are the same as those used in the
Clouds and the Earth's Radiant Energy System /Surface and Atmospheric
Radiation Budget (CERES/SARB) surface map, which are representative
of biome types observed during 2000 and are not intended for the
study of land use changes over time but offer a snapshot of the Earth's
surface [https://ceres.larc.nasa.gov/science_information.php?page=
CeresSurfID]. However, there is IGBP surface type misclassification
near coasts (Josset et al., 2010b). Typical mean values of integrated at-
tenuated backscatter, depolarization ratio and color ratio for snow/ice,
open water and land surfaces are given in Table 1. They are consistent
with the spectral reflectance of green vegetation and other land covers
shown in Fig. 4 (Goetz and Huemmrich, 2003). The land surface results
in Table 1 agree with the averaged reflectance spectra for different land
cover types obtained by the albedometers (e.g. reflectance is <0.2 in the
visible and higher than 0.3 in the near-infrared) (Liang et al., 2003). The
snowy/ice results are in good agreement with the sea ice reflectance (i.e.
around 0.8 in the visible and lower values in the near-infrared, Winther
etal., 2004) and agree with the snow spectral reflectance (varying from
approximately 0.8 in the visible to lower than 0.6 in the near-infrared,
Gao et al.,, 1998; Warren, 1982).

The characteristic values for the snow/ice color ratio and depolariza-
tion ratio are 1.60 + 0.17 and 0.77 + 0.07, respectively, as shown in
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Fig. 3. However, the measured reflectance will decrease as the snow
melts during summer and increase as a result of new snowfall in winter.
Other land surface covers, such as bare soil, grass, trees, concrete, or as-
phalt without snow/ice cover generally show a steady rise in reflectance
as wavelength increases from the visible to the near infrared as shown
in Fig. 4, which results in the mean color ratio of these land surfaces
being lower than 1 (around 0.62 £ 0.24). The depolarization ratio distri-
bution of land surface in Fig. 1d shows two modes, one with basically no
depolarization and another one with a much higher frequency centered
near 0.38 £ 0.09. The low depolarization ratio values are mainly from
coastal areas, and are likely mix land and water surfaces where the
IGBP may have misclassified the surface type as land. As the CALIOP
lidar system is pointing at near-nadir angle (0.3° or 3°), specular reflec-
tance from the ocean surface is the dominant contributor to the inte-
grated attenuated backscatter compared with the contributions from
subsurface and whitecaps (Josset et al., 2010c; Lu et al., 2014), and
this produces small values (<0.05) of integrated depolarization ratio
as shown in Fig. 2d.

Fig. 53, b and ¢ show 2-D histograms of depolarization ratio and color
ratio for open water, land and snow/ice surfaces identified based on the
IGBP surface types. The colors in the figure represent the number of
CALIOP observations. The clusters of low depolarization ratio values
around 0 shown in Fig. 5b and c are likely to be water surfaces (color
ratio close to 1.1 as in Fig. 5a) that are misclassified by the IGBP
(Josset et al., 2010b). The mean values of depolarization ratio and
color ratio for different IGBP surface types are given in Fig. 5d. The
large spatial separation of the histograms shown in Fig. 5 indicate that
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we can accurately separate snow/ice, open water and land surfaces
through the relation between color ratio and depolarization ratio mea-
sured by CALIOP.

Fig. 5 shows that the snow/ice surface type typically has higher de-
polarization ratio and color ratio values than the open water and land
surfaces. Using a similar classification, Fig. 6 shows the 2-D histogram
of the relation between depolarization ratio and color ratio at latitudes
north of 60°N depicting the seasonal evolution of the surface conditions
in the Arctic in 2010. Changes in color ratio and depolarization ratio can
thus be used as an indicator of surface melting as detailed in Fig. 6. Dur-
ing the Arctic winter, there are only snow/ice and open water modes,
and the snow/ice mode is the dominant surface type (Fig. 6a, b and c).
There is almost no bare ground. As a result, there is no a land surface
mode during the winter months. As the season progresses into early
spring, a transition zone appears between the snow/ice and open
water modes, due to the melting of some sea ice or snow over the sea
ice (green circle in Fig. 6d). Meanwhile, there is no clear indication of
snow/ice melting over land. As the air warms up further, a land mode
emerges in April (brown circle in Fig. 6e), indicating that snow/ice are
completely melted over some land surfaces and bare ground begins to
appear. Moving into the summer months, most snow/ice cover has
melted and the land mode becomes the strongest while the snow/ice
mode becomes the weakest. Still, a weak snow/ice mode remains
throughout the summer months (Fig. 6g, h and i), corresponding to
the permanent snow/ice cover. There also appear to be transition
zones between the land and snow/ice modes, and the land and open
water modes, as the air temperature increases. As the surface melting

increases, melt ponds can form rapidly either over ice surfaces (the
transition zone between the snow/ice and open water modes) or over
land surfaces (the transition zone between the land and open water
modes) as indicated by the two red lines shown in Fig. 6h. The transition
zone between the snow/ice and land mode corresponds to land surfaces
which are covered with the broken snow and ice (Fig. 6g). After sum-
mer, the ground and open seas start to freeze and the snow/ice cover
becomes larger as winter approaches. However, the bare ground can
be still seen until November (cases within brown circle in Fig. 6L).
From Fig. 6 we can see that the Arctic surface is characterized by a highly
reflective snow/ice cover with a little open water present in winter. The
surface starts to melt in spring. The surface type in summer is a mixture
of melting snow, bare ice and melt ponds. The melt ponds, flooded sur-
faces or wet surfaces are all classified as surface melting here. In fall, the

Table 2
Threshold values used in clear sky conditions to identify the snow/ice cover and surface
melting from open water and land surfaces in Arctic region at latitudes above 60°N.

Y532 nm (/ST) 6 Y532 nm/Y1064 nm

Open water <0.1 <0.15 <15
Snow/ice melting over sea ice 0.06-0.1 0.15-0.65 >1
Snow/ice cover >0.1 >0.65 >1.3
Land surface <0.1 0.2-0.6 <1
Snow/ice melting over land 0.06-0.15 >0.6 0.6-1.3
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surface starts to freeze and return back to its winter condition. One can
see in Fig. 6j that the sea ice occurrence is minimal in September.

Fig. 6 shows that the differences between snow/ice, surface melting,
land surface and open water are significant. As a result, we can separate
the snow/ice cover and surface melting from open water and land sur-
face using the CALIOP measurements. Since snow/ice reflects more en-
ergy in the visible region than in the near infrared, the color ratio
between 532 nm and 1064 nm enhances the contrast between snow/
ice and bare ground. Additionally, the depolarization ratio of snow/ice
remains high compared with that of bare ground and open water.
From the frequency distributions shown in Figs. 3, 5 and 6, snow/ice
covered surface is identified when the color ratio is higher than 1.3
and depolarization ratio higher than 0.65. However, if the integrated

attenuated backscatter at 532 nm is lower than 0.1/sr, then the case
will not be identified as snow/ice even if the other criteria are met.
This prevents cases containing very dark targets such as water near
coastlines and black spruce forest, from being identified as snow/ice.
For the clear sky cases considered here, surface melting in the Arctic
sea ice region was identified whenever the depolarization ratios were
between 0.15 and 0.65, the ys3; nm Were between 0.06 sr—'and 0.1/sr
and the color ratios were >1. For surface melting over sea ice, a color
ratio >1 is consistent with spectral albedo shape of melt ponds, which
have higher albedos across the visible from 400 to 600 nm and lower al-
bedos in the near infrared at wavelengths beyond 750 nm where the in-
water absorption is so great that the underlying ice does not contribute
to the albedo (Perovich et al., 2002). The threshold values used to

CALIOP Snow Cover (%) CALIOP Snow Cover (%) CALIOP Snow Cover (%)

CALIOP Snow Cover (%)

Fig. 7. CALIOP snow/ice cover (%) over land surface in different months.
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identify snow/ice covered surfaces, open water and surface melting
over the Arctic region are summarized in Table 2.

4. Validation
4.1. Snow/ice surface

The aim of this section is to validate the CALIOP surface identification
results retrieved by the proposed threshold method. It is easy to dis-
criminate snow/ice surfaces from the surrounding open water, wet sur-
face and bare ground based on the threshold values in Table 2. Fig. 7
shows the monthly distribution of CALIOP snow/ice cover percentage
(0-100%) above 60°N in 2010, which is calculated as the ratio between

sOoW

CALIOP snow/ice observations and total CALIOP observations within
0.5° by 1° latitude and longitude grid cell. The white pixels in Fig. 7 rep-
resent missing data, which are primary due to cloud/aerosol atmo-
spheric conditions where the IAB exceeds 0.017/sr. There is a good
overall agreement between the CALIOP snow/ice cover and the
MODIS/Aqua monthly snow cover over land surfaces shown in Fig. 8
with a correlation coefficient of 0.92. We note that during January, Feb-
ruary, November and December, the MODIS polar overpasses occur dur-
ing nighttime when the required observations at visible wavelengths
cannot be made at higher latitude. This fact explains the missing snow
cover that is apparent in Fig. 8 over land surfaces during these months.

This comparison shows (see Figs. 7 and 8) that the CALIOP threshold
algorithm works quite well in snow/ice cover identification. Moreover,

MODIS Snow Cover (%) MODIS Snow Cover (%) MODIS Snow Cover (%)

MODIS Snow Cover (%)

Fig. 8. MODIS-Aqua snow cover (%) in different months.
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compared with the MODIS data products missing snow cover during
nighttime as shown in Fig. 8, the CALIOP lidar can provide snow/ice
data sets during both daytime and nighttime (Fig. 7).

The probability of Arctic sea ice cover (%) simply takes the percent-
age of snow/ice observed by the threshold method as the fraction of
the total CALIOP observations in a 0.5° by 1° latitude and longitude
grid cell. Fig. 9 shows monthly distributions of the Arctic sea ice cover
observed by CALIOP in the year of 2010. The large scale variations in
CALIOP Arctic sea ice cover probability (0-100%) show a pattern that
is similar to that of AMSR-E sea ice concentration (0-100%) shown in
Fig. 10. Generally, a high sea ice concentration is found in all seasons
at latitudes above 84°N, as shown in Fig. 10. The results of Figs. 9 and
10 indicate that the sea ice cover probability or concentration is low in

summer and early fall but high in winter and spring at relatively low lat-
itude (e.g. latitude < 78°N). This is because the sea ice of that region
melts during the summer time and reforms in winter. Various measure-
ments from the Surface Heat Flux of the Arctic Ocean (SHEBA) experi-
ment show that melt onset is primarily due to large increases in the
downwelling longwave radiation and modest decreases in the surface
albedo (Persson and Ola, 2012). Once melt onset over Arctic sea ice is
initiated, the sea ice albedo decreases, resulting in the shortwave radia-
tion becoming a strong amplifying factor to surface warming and melt-
ing of the sea ice cover (Mortin et al., 2016).

The area fraction of snowy/ice cover is defined as the ratio between
areas with snow/ice cover percentage >80% and total land surface
areas at latitudes above 60°N. The left panel of Fig. 11 shows the

CALIOP sea ice cover (%) CALIOP sea ice cover (%) CALIOP sea ice cover (%)

CALIOP sea ice cover (%)

Fig. 9. Probability of Arctic sea ice cover (%) observed by CALIOP lidar in 2010.
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monthly area fraction (%) of snow/ice cover over land observed by both
CALIOP and MODIS instruments and Table 3 gives the area fraction
values in four seasons. The left panel of Fig. 11 indicates that the area
fraction of snow cover at latitudes >60°N varied between 0.9 during
winter to 0.1 in summer. It is encouraging that the agreements in the av-
eraged area fractions are within a few percent, and have a root mean
squared error of 3.5% with a coefficient of determination (R?) of 0.99.
The results indicate that there is potential to accurately monitor snow/
ice cover in the Arctic using CALIOP lidar data, which can provide obser-
vations during both daytime and nighttime.

The area fraction (%) of Arctic sea ice cover is the ratio between areas
with sea ice probability or concentration >15% and total areas over
ocean regions. The definition of Arctic open water area fraction is the

same as sea ice area fraction with open water retrieved by the threshold
method shown in Table 2. The right panel of Fig. 11 shows the monthly
area fractions of CALIOP-retrieved and AMSR-E retrieved sea ice cover
and CALIOP-retrieved open water area fraction in 2010. Averaged area
fractions of sea ice cover and open water in each of the four seasons
are given in Table 3. Significant changes occur in the sea ice cover during
the summer melt season, as the results in Figs. 9, 10 and 11 illustrate.
During winter and spring, the area fraction of sea ice cover can be as
high as 76% while the open water is as low as 15% (right panel of
Fig. 11). The peak open water area fraction in September exceeded
50% (green line in right panel of Fig. 11). The amount of surface melting
over the Arctic sea ice surface in summer and fall seasons, ranges be-
tween 3% and 6% of the total area. Please note that the cases changing

AMSR-E sea ice concentration (%) AMSR-E sea ice concentration (%) AMSR-E sea ice concentration (%)

AMSR-E sea ice concentration (%)

Fig. 10. Monthly distribution of AMSR-E sea ice concentration (%) in 2010.
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Fig. 11. Monthly snow/ice cover area fraction (left panel), sea ice and open water area fraction (right panel) in 2010.

from sea ice cover to open water (totally melted) are considered to be
open water cases (not surface melting) in summer and fall, which
makes the area fraction of surface melting smaller here. The area frac-
tion of sea ice cover retrieved from CALIOP data shows a root mean
squared difference of 3.6% compared to those from AMSR-E sea ice
datasets with coefficient of determination (R?) of 0.96. As shown in
Fig. 11, the CALIOP area fraction retrievals are slightly lower (2%-6%)
than AMSR-E based values, which may be attributed to a small number
of tracks in the selected CALIOP latitude-longitude grid cell (0.5° x 1°)
and rejecting data where the IAB exceeds 0.017/sr identified as cloud/
aerosol.

As illustrated in Figs. 12 and 13, the 10 years of Arctic sea ice cover
estimates derived from CALIOP measurements from June 2006 to June
2016 can be used as an important predictor of sea ice cover and climate
change. These figures show monthly time-series plot of the Arctic sea
ice extent and area during the period of 1978 to 2016 from three differ-
ent sources: the red curves show CALIOP measurements (2006-2016),
the blue curves show the NASA team algorithm data (1978-2016) and
green curves show the AMSR-E dataset (2002 —2011). For these

Table 3
Averaged area fraction of different surface types in four seasons of 2010.

Surface type Winter  Spring Summer  Fall

CALIOP Sea ice (%) 70+£4 71+£6 42+12 38415
CALIOP Open water (%) 17+1 20+6 38+9 40 + 13
AMSR-E sea ice (%) 71+5 75+4 46+13 40+13
CALIOP snow/ice cover over land (%) 97 +1 80+25 13+6 57 + 36
MODIS snow cover (%) 98+1 82421 1746 56 + 34

figures, the CALIOP sea ice extent is computed by the integrated sum
of the areas of grid cells with at least 15% ice probability. The entire
area of any grid cell with at least 15% ice probability is thus considered
to contribute to the total ice extent. The CALIOP sea ice area is defined
as the integrated sum of the products of the area of each grid cell with
at least 15% ice probability and the corresponding ice probability within
the grid cell. Since CALIOP provides observations up to 82°N, the sea ice
probability above 82°N was assumed to be 90% for all seasons. The
CALIOP sea ice extent and area show excellent agreement with the
NASA team and AMSR-E results during the overlap period with the co-
efficient of determination (R?) and root mean squared error (RMSE)
shown in Table 4. The minor differences between CALIOP and NASA
Team (or AMSR-E) results are primarily due to the small number of ob-
servations in (0.5° x 1°) of the latitude-longitude grid cell and the as-
sumption of 90% sea ice cover at latitudes >82°N. For example, Fig. 10
shows that the AMSR-E sea ice concentrations above 82°N can vary
from 70% to 100% from summer to winter.

Results of Figs. 12 and 13 show that the temporal variations in the
monthly averages are dominated by the large seasonality of the ice
cover that fluctuates from minimum values in September to maximum
values in February or March. The extent of Arctic sea ice reached its new
minimum in history in September 2012, measuring 3.56 x 10° km?
from CALIOP, and 3.63 x 10° km? from NASA team. The result that Arctic
sea ice extent in September 2012 fell to the lowest value ever recorded
agrees with the sea ice extent results generated from the NSIDC (http://
nsidc.org/arcticseaicenews/charctic-interactive-sea-ice-graph/).

The CALIOP September sea ice extents in 2006 (pink line) and 2012
(green line) are given in Fig. 14, showing the sea ice extent shrinking
from 2006 to 2012. Fig. 14 also presents SSMIS monthly sea ice concen-
tration (%) in September 2012. The results of Fig. 14 indicate that the
CALIOP sea ice extent (green line) agrees very well with the SSMIS sea
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Fig. 12. Upper panel (a): Monthly time-series plot of the Arctic sea ice extent (10° km?)

during the period of 1978 to 2016. The bottom panel (b) is for the 2002-2016 time series. Red

results are derived from CALIOP lidar measurements (2006-2016), blue results are from the NASA team algorithm data (1978-2016) and green results are from the AMSR-E dataset

(2002-2011).

ice extent in September 2012, except the region with longitude from 10°
E to about 110° E where there are no CALIOP observations at latitude
>82° N. The trend in Arctic September sea ice extent and area from
1979 to 2015 is shown in Fig. 15 with red line representing CALIOP

Arctic Sea Ice Area

results (2006-2015), blue line representing the NASA team results
(1979-2015) and green line representing the AMSR-E results (2002~
2011). Table 5 gives the decreasing trend value of Arctic September
sea ice extent and area over the 37-year period of the NASA team data
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Fig. 13. Upper panel (a): Monthly time-series plot of the Arctic sea ice area (10° km?) during the period of 1978 to 2016. The bottom panel (b) is for the 2002-2016 time series. Red results
are derived from CALIOP lidar measurements (2006-2016), blue results are from the NASA team algorithm data (1978-2016) and green results are from the AMSR-E dataset (2002-2011).
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Table 4
Summary of comparisons between CALIOP and NASA team results, CALIOP and AMSR-E
results, and NASA team and AMSR-E results.

Sea ice extent Sea ice area
R? RMSE R? RMSE
(106 km?) (106 km?)
CALIOP vs. NASA Team 0.89 1.10 0.93 0.94
CALIOP vs. AMSR-E 0.87 1.25 0.92 1.03
NASA Team vs. AMSR-E 0.98 0.41 0.99 0.33

and 10-year period of CALIOP measurements. The September sea ice ex-
tent reveals a decreasing trend of — 42,900 km?/year for period from
1979 to 1999, and — 131,100 km?/year for period from 2000 to 2015.
However, the September sea ice area results reveal a slightly positive in-
creasing trend for period from 1979 to 1999 (10,900 km?/year) and a
decreasing trend for period from 2000 to 2015 (— 81,300 km?/year).
The 10-year CALIOP measurements (2006-2015) also show a decreas-
ing trend of September sea ice extent (— 33,000 km?/year) and area
(— 44,200 km?/year). For comparison, the corresponding 10-year Septem-
ber sea ice trends from NASA team data are about — 43,200 kmz/year
and — 3800 km?/year (Table 5), respectively. The results here indicate
that the decline in September sea ice cover becomes steeper with time
later into the 21st century, which is consistent with many models’ results
showing an accelerating decline in the summer minimum sea ice extent
during the 21st century and reaching a September nearly sea ice free Arctic
in the year 2037 (Wang and Overland, 2009, Notz and Stroeve, 2016).

4.2. Case study on cloudy sky

CALIOP provides surface measurements during both daytime and
nighttime over a broad range of atmospheric conditions (penetrating

60 OW

significant cloud, fog and aerosol cover). Fig. 16 presents CALIOP surface
type identification results on March 1st, 2015 (left panel) and Aug 4th,
2015 (right panel) with the blue dots representing the open water;
black dots representing bare ground; red dots representing snow/sea
ice surface and green ones representing melting surfaces. The results
on left panel of Fig. 16 are from night time measurements while the re-
sults on right panel are from day time measurements. For the CALIOP re-
sults shown in Fig. 16, both the clear sky cases and cloudy sky cases with
cloud optical depths up to 1 are analyzed. The cloud optical depths are
from CALIOP level 2 cloud layer products. For comparison with CALIOP
surface results, the SSMIS sea ice concentration (%) on March 1st,
2015 (left panel) and Aug 4th, 2015 (right panel) are shown as the back-
ground color of Fig. 16. Moreover, we also use results from NASA God-
dard Space Flight Center's (GSFC) Slope Imaging Multi-Polarization
Photon-counting Lidar (SIMPL), which was deployed on a Langley Re-
search Center (LaRC) King Air to address how both green and infrared
wavelength light is affected by water or melt on the ice surface. NASA
Jet Propulsion Laboratory's (JPL) Airborne Visible/Infrared Imaging
Spectrometer-Next Generation (AVIRIS-NG) was designed to determine
how snow-grain size may affect the propagation of green wavelength
light. A nadir looking frame camera was also deployed on the NASA
LaRC king Air to provide ground validation of returned surface types
(Brunt et al,, 2015). Fig. 17 shows the mission SIMPL/AVIRIS-NG coordi-
nated science flights that were parallel to the northwest coast of Green-
land on Aug 4th, 2015 (Brunt et al., 2015).

In early spring shown in Fig. 16a, the CALIOP retrieved snow/ice sur-
face (red dot) is the dominant surface type, which corresponds to high
value (>90%) of SSMIS sea ice concentration. However, CALIOP results
show melting green dots (e.g. over Baffin Bay) but SSMIS provides a
high value of sea ice concentration there. This could be due to the differ-
ent horizontal resolutions of CALIOP active lidar and SSMIS passive mi-
crowave sensor. CALIOP has a 70 m footprint on Earth every 333 m
along ground track while the spatial resolution of SSMIS passive
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Fig. 14. CALIOP September sea ice extent at year 2006 (pink line) and 2012 (green line) and SSMIS monthly sea ice concentration (%) in September 2012 (color bar).
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Fig. 15. The Arctic September sea ice cover trends from 1979 to 2015 with red line for CALIOP results (2006-2015), blue line for the NASA team results (1978-2015) and green line for the

AMSR-E results (2002-2011).

microwave sensor is 25 km by 25 km, and thus cannot resolve small
scale changes in surface conditions. For the summer results shown in
Fig. 16b, snow is completely melted over some land surfaces so that
bare grounds (black dots) appear. Open water (blue dots) is the domi-
nant type over Kara and Barents Seas and Baffin Bay, corresponding to
SSMIIS sea ice free region. Sea ice (red dots) still remains in the high lat-
itude region of the Arctic Ocean, corresponding to high value of SSMIS
sea ice concentration. There are still snow surfaces over Greenland
with melting near the coast area. Compared with CALIOP retrieved sur-
face types, the SIMPL/AVIRIS-NG mission on Aug 4th 2015 also found
surface types of coast melt pond over cloud free regions, snow surface,
bare ground and open water with light clouds cover over central stretch
(Brunt et al., 2015). This shows the ability of CALIOP to provide mean-
ingful additional information in cloudy conditions. A more in-depth
study on the accuracy of CALIOP retrieved surface types in non-clear
sky conditions will be done in future.

5. Summary and conclusions

In this study, we developed a robust method to monitor snow and
sea ice cover in the Arctic using CALIOP measurements. The method
takes advantage of the spectral differences of snow/ice reflectance in
the visible and near infrared wavelengths to identify snow/ice versus
other features in a lidar footprint. Spectral snow/ice reflectance is

Table 5
Trends in the Arctic September Sea ice covers during the period 1979-2015.
Year Extent slope (10° km?/year) Area slope (10° km?/year)
1979-1999 —0.0429 0.0109
2000-2015 —0.1311 —0.0813
NASA Team: —0.0432 —0.0038
2006-2015

CALIOP:2006-2015 —0.0330 —0.0442

typically highest in the visible wavelengths and drops off in the near in-
frared wavelengths, while other land surface covers, such as bare soil,
grass, trees, concrete, or asphalt generally show a steady rise in reflec-
tance as wavelength increases from the visible to the near infrared.
This characteristic results in different relationships between integrated
attenuated backscatter color ratio and depolarization ratio for the
snow/ice covered surface, surface melting, open water and land sur-
faces. This new technique takes advantage of these relationships to dis-
tinguish among several different surface types.

To validate the new method, the CALIOP retrieved results have been
compared with the results from MODIS/Aqua, NASA team and AMSR-E
datasets. Comparison results demonstrate that the new method can ef-
fectively detect the Arctic snow and sea ice cover. The CALIOP retrieved
snow/ice coverage over land is in good agreement with the MODIS
snow cover with a correlation coefficient of 0.92. The CALIOP Arctic
sea ice results compare excellently with results from the NASA team
and AMSR-E data, with the coefficient of determination higher than
0.8 and RMSE <1.3 x 10° km?2 CALIOP retrieved results from its
10 years of observations can be used as the basis for creating an en-
hanced historical sea ice data set that can be used for sea ice cover var-
iability and trend studies. Compared with the trend of Arctic sea ice
cover change during 1979-1999, the September sea ice cover shows
an accelerating decline during 2000-2015 with the new extreme mini-
mum observed in 2012.

The launch of CALIOP lidar provides the opportunity to study the sea
ice cover at a higher temporal (both daytime and nighttime) and spatial
resolution (about 70 m footprint size) than was previously available
from passive sensors. The Arctic sea ice cover retrieved from CALIOP
lidar and other passive microwave sensors will increase our ability to
forecast the future of the sea ice cover. CALIOP provides measurements
during both day and night at low solar angles and through considerable
aerosol loads and thin clouds making it a reliable source of dataset for
the Arctic snow and sea ice studies, which are important climate indica-
tor in glaciology research. Our future study will focus on the accuracy of
CALIOP retrieved surface types in other weather conditions to validate
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Fig. 16. Surface type identification from CALIOP lidar measurements on March 1st, 2015 (left panel) and Aug 4th, 2015 (right panel). Blue dots: open water; black dots: bare ground; red
dots: snow/sea ice surface; green dots: melting surface. Background color is the SSMIS sea ice concentration (%) on March 1st, 2015 (left panel) and Aug 4th, 2015 (right panel).

Fig. 17. Mission: SIMPL & AVIRIS-NG coordinated science flights on Aug 4, 2015. Red track: SIMPL; Blue track: AVIRIS-NG (Brunt et al., 2015).

the surface type in cloudy sky conditions with cloud optical depth rang-
ing up to 3.
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