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Shortwave surface albedo of theArctic sea-ice zone is one of themost important parameters in the surface energy
budget over the northern hemispheric cryosphere. Althoughmany global and regional broadband surface albedo
products have been generated from satellite observations, most of them contain albedo over land-surfaces only,
and the albedo over ocean and sea-ice surfaces is usually left blank or estimated based on the lambertian-as-
sumption. In this paper, we extend the BRDF-based direct-estimation algorithm for mapping the shortwave sur-
face albedo of the Arctic sea-ice zone with Moderate Resolution Imaging Spectroradiometer (MODIS) data.
Firstly, a bidirectional reflectance distribution function (BRDF) database for sea ice was generated based on sim-
ulations of the asymptotic radiative transfer (ART) and the three components ocean water albedo (TCOWA)
model. Secondly, a linear regression relationship between top of atmosphere (TOA) reflectance and surface
broadband albedo was developed for different angular bins. Finally, the direct-estimation coefficients derived
by the angular bin regression were stored in a pre-calculated look up table (LUT). When the MODIS L1B swath
data are available, the corresponding coefficients are searched based on the solar/view geometry. Therefore,
the shortwave surface albedo can be estimated from single-angular observations. Comparedwith the in situmea-
surements from the Tara polar ocean expedition in 2007, the results indicate that the albedo estimated by the
BRDF-based direct-estimation algorithm has an R2 value of 0.67 and root mean square error (RMSE) of 0.068.
The validation results show that the BRDF-based direct-estimation algorithm is suitable for mapping shortwave
surface albedo of the Arctic sea-ice zone, which corrects the reflectance anisotropic effect with prior physical
BRDF database and makes it possible to generate long-term Arctic surface albedo products with higher spatial
and temporal resolutions.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Shortwave surface albedo of the Arctic sea-ice zone is an important
parameter in the surface energy budget over the northern hemispheric
cryosphere (Hall, 2004; Perovich et al., 2007; Cao et al., 2015), which af-
fects the solar heat input, separation, and reallocations among the
earth-atmosphere system (Trenberth et al., 2009).

As one of themost sensitive regions to the effects of global warming,
the Arctic sea-ice zone is profoundly affected by the changing climate
(Fyfe et al., 1999; Johannessen et al., 2004; Post and Palkovacs, 2009).
There is evidence that the extent of Arctic sea ice in summer has been
decreasing over the past 30 years (Serreze et al., 2007; Stroeve et al.,
2007, 2012), and Arctic sea ice is becoming thinner (Kwok and
Rothrock, 2009) and darker (Riihelä et al., 2013a). Because of the high
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reflectivity of snow and ice surfaces, surface albedo of the Arctic in-
creases/decreases significantly as the sea ice freezes/melts seasonally
(Perovich et al., 2002). Against the background of global warming, the
decrease of surface albedo in the Arctic sea-ice zone leads to an increase
of solar heat input to the sea ice and oceanwater (Perovich et al., 2007).
The so-called sea-ice albedo feedback mechanism (Curry et al., 1995;
Hall and Qu, 2006) enhances the relationship between surface albedo
and regional climate, which makes the surface albedo over the Arctic
sea-ice zone a critical parameter in global climate models (GCMs) (Liu
et al., 2007; Pedersen, 2007).

Satellite remote sensing is widely used for mapping the temporal
and spatial variation of shortwave surface albedo (He et al., 2014;
Liang et al., 2010; Qu et al., 2015). Several previous studies focus on
mapping the broadband albedo of Arctic sea ice using Advanced Very
High Resolution Radiometer (AVHRR) data (Comiso, 2001; De Abreu
et al., 1994; Lindsay and Rothrock, 1994; Xiong et al., 2002). Several
other studies for mapping Arctic surface or planetary albedo also in-
clude sea-ice albedo from operational AVHRR data (Knap and
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Table 1
Current available broadband albedo products over the Arctic region.

Name Spatial resolution Temporal
resolution

Temporal span Spatial coverage Sensors Albedo quantity References

APP 5 km Twice-daily 1981–2005 Arctic/Antarctic AVHRR Black-sky albedo Key et al. (2001)
APP-x 25 km Monthly 1982–present Arctic/Antarctic AVHRR Black-sky

albedo/white-sky albedo
Key et al. (2014)
Wang and Key
(2005)

CM-SAF
SAL

15 km Weekly/monthly 2004–present
2009–present

Baseline area/Arctic AVHRR/SEVIRI Black-sky albedo Riihelä et al.
(2010)

CLARA
SAL

0.25° (global)/25 km
(Arctic/Antarctic)

Pentad/monthly 1982–2009 Global/Arctic/Antarctic AVHRR Black-sky albedo Riihelä et al.
(2013b)
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Oerlemans, 1996; Stroeve et al., 1997) and AVHRR pathfinder data (Key
et al., 2001; Laine, 2004; Stroeve et al., 2001). In addition, a method for
deriving gap-free shortwave surface albedo with passive microwave
data has also been developed (Laine et al., 2014, 2011).

In recent decades, many global and regional long-term albedo prod-
ucts have been derived by geostationary and polar-orbit satellite obser-
vations (Liang et al., 2010; Qu et al., 2015). However, most of these
products contain albedo over the land-surface only, and the albedo
over the Arctic sea ice region is usually left blank or estimated by the
methods based on the Lambertian assumption. The following currently
available surface albedo products (Table 1) include sea ice albedo: the
AVHRR Polar Pathfinder (APP) albedo product (Key et al., 2001), the
APP-extended (APP-x) albedo product (Key et al., 2014; Wang and
Key, 2005), the Satellite Application Facility on Climate Monitoring
(CM-SAF) surface albedo (SAL) product (Riihelä et al., 2010), and the
CM-SAF cLouds, Albedo and RAdiation (CLARA) SAL product (Riihelä
et al., 2013b).

Although encouraging achievements of remote sensing of snow/sea-
ice surface albedo have been obtained, the consideration of reflectance
anisotropy in the former products still needs to be improved. Thewidely
used lambertian-based method ignored the reflectance anisotropy of
snow and ice surfaces, and treated the sea ice as lambertian or corrected
the reflectance with simple anisotropy coefficients. However, the snow
and sea ice surfaces cannot be considered as lambertian. The field mea-
surements of directional and spectral reflectance over snow surface
(Bourgeois et al., 2006; Peltoniemi et al., 2005) show that the anisotropy
of snow is highly variable by solar/view geometries, wavelength, and
snow wetness. The anisotropy effect of old wet snow can be ignored,
however the anisotropy effect of fresh and dry snow cannot be ignored
due to its strong forward-scattering (Dumont et al., 2010; Wu et al.,
2012). In addition, the spatial and temporal resolutions of the currently
available broadband surface albedo products of the Arctic sea-ice zone
are relatively coarse, and products with finer spatial and temporal reso-
lution are still required.
Fig. 1. Flow chart for deriving the
In this paper, we extend the BRDF-based direct-estimation algo-
rithm for mapping the shortwave surface albedo of the Arctic sea-ice
zone with Moderate Resolution Imaging Spectroradiometer (MODIS)
data. In short, we propose a hybridmethod,which incorporates physical
model simulations and empirical regressions in different steps. Firstly,
we build a bidirectional reflectance distribution function (BRDF) data-
base for sea ice based on physical models of snow/ice and ocean
water. Then, we establish a linear regression relationship between top
of atmosphere (TOA) reflectance and surface broadband albedo
among different angular bins. Finally, the BRDF-based direct-estimation
coefficients derived in the regression step are stored in a pre-calculated
look up table (LUT). When the MODIS L1B swath data are obtained, the
corresponding coefficients are searched based on the solar/view geom-
etry, therefore the shortwave surface albedo can be estimated from sin-
gle-angular observations.

This paper is organized as follows. Firstly, we present the BRDF-
based direct-estimation algorithm for mapping surface albedo over
the Arctic sea-ice region in Section 2. The methodology for building
the BRDF database, atmospheric radiative transfer simulations, and an-
gular bin regression are also described in this section.We then provide a
description for thedirect-estimated result and validate itwith the in situ
measurements, and CLARA SAL product in Section 3. Finally, we present
the primary conclusions for this paper in Section 4.

2. Methodology

2.1. Overall framework

The direct-estimation algorithm is a method for directly mapping
broadband surface albedo from top of atmosphere (TOA) reflectance
(Liang, 2003, Liang et al., 1999; Qu et al., 2014). Compared with algo-
rithms based on multi-date/angular observations (Lucht et al., 2000;
Schaaf et al., 2002), the direct-estimation algorithm enables estimates
of broadband surface albedo with single-date/angular observations
direct-estimation coefficients.



Fig. 2. The Arctic sea-ice zone is coveredwith bare sea-ice, snow covered sea-ice and ocean
water.
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and is more capable of characterizing the temporal variation of surface
albedo, especially when the surface BRDF changes rapidly (Qu et al.,
2014). The direct-estimation algorithm was first proposed with a
lambertian spectral reflectance library based on neural network (NN)
(Liang et al., 1999) and projection pursuit regression (PPR) (Liang,
2003) methods. In a consequent study, Liang et al. (2005) used a Dis-
crete-Ordinate Radiative Transfer (DISORT) model (Stamnes et al.,
1988) for simulating surface BRDF of snow/ice and applied an angular
bin regression for estimating broadband surface albedo over the Green-
land ice sheet. Recently, the BRDF database of the direct-estimation al-
gorithm was further improved by the MODIS (Wang et al., 2013) and
Polarization and Directionality of the Earth's Reflectances (POLDER)
(Qu et al., 2014) BRDF databases.

The concept of the BRDF-based direct-estimation algorithm is to de-
velop a relationship between broadband surface albedo and TOA reflec-
tance over sea ice surfaces based on a priori BRDF database. The
coefficients for converting TOA reflectance to broadband surface albedo
Fig. 3. Flow chart for deriving the surfa
with different solar/view geometry are pre-calculated and stored in
look up tables (LUTs).

The direct-estimation coefficients are derived by the following steps
(Fig. 1): (1) A surface BRDF database for sea-ice is built for deriving the
training dataset (directional TOA reflectance and its corresponding sur-
face broadband albedo); (2) The narrowband and broadband albedo are
derived based on the surface BRDF database; (3) The TOA reflectance is
derived from the atmospheric radiative transfer simulations; (4) The re-
lationships between TOA reflectance and surface broadband albedo at
each solar/viewing angular bin are developed, fromwhich the direct-es-
timation coefficients are obtained. The direct-estimation coefficients
can be directly used for estimating surface broadband albedo. These
main steps for deriving the direct-estimation coefficients are described
in the following sub-sections in details.

2.2. BRDF database for sea ice

The Arctic sea-ice zone is seasonally covered with bare sea-ice, snow-
covered sea-ice, melt ponds and open ocean water. For simplicity, we as-
sume that a pixel in satellite image of Arctic sea-ice zone can be consid-
ered as linear combination of snow, ice, and ocean water (Fig. 2). In this
study, the reflectance of melt ponds is also considered as linear mixing
of the reflectance signatures of snow, ice, and ocean water. A sea-ice
BRDF database with varied snow/ice optical properties and covered
fractions is built for representing different snow/ice types and sea-ice/
ocean water mixed sceneries.

The sea-ice BRDF database is derived by linear mixing of the BRDF
over snow, ice and ocean water surfaces (Fig. 3),

BRDFsea ice ¼ f snow � BRDFsnow þ f ice � BRDFice þ f ocean � BRDFocean;ð1Þ

where BRDFsea ice is the sea-ice BRDF dataset, BRDFsnow, BRDFice and
BRDFocean are the BRDF over snow, ice, and oceanwater surfaces, respec-
tively. The fsnow, fice and focean are the fractions of snow, ice and ocean
water (fsnow+ fice+ focean=1), which are used for representing the sce-
narios of snow, ice and ocean water (or melt ponds) mixed with
ce BRDF database of snow/sea-ice.



Fig. 4. A conceptual snow/ice model. (a) Snow; (b) ice.
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different fractions. Considering the calculation efficiency, we use a
Monte-Carlo method to simulate the BRDF database for sea ice, set the
fsnow, fice and focean as a random number from 0.00 to 1.00 by a pseudo-
random number generator, and extract the snow, ice and ocean water
BRDF data from their corresponding dataset randomly. Finally, a sea-
ice BRDF database with 100,000 cases is derived by Eq. (1).

The BRDF databases for snow and ice are consist of the dataset de-
rived by physical models and the POLDER snow BRDF database (Qu et
al., 2014). In this study, the asymptotic radiative transfer (ART) model
(Kokhanovsky and Zege, 1997, Kokhanovsky and Zege, 2004; Zege et
al., 2011) is used for deriving the BRDF over snow and ice surfaces. In
this model, the white-sky albedo (WSA) and black-sky albedo (BSA)
of a semi-infinite layer can be calculated as

αwsa ¼ exp −yð Þ ð2Þ

αbsa θbsað Þ ¼ exp −yγ θbsað Þð Þ; ð3Þ

where αwsa and αbsa are the white-sky albedo and black-sky albedo, re-
spectively. The escape function γ(θbsa) at zenith angle θbsa and the frac-
tion of the absorbed light energy from a semi-infinite medium under
diffuse illumination y are defined as

γ θbsað Þ ¼ 3
7

1þ 2 cosθbsað Þ ð4Þ

y ¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σa

3σ e 1−gð Þ
r

; ð5Þ

where σa and σe are the absorption and extinction coefficients, respec-
tively. g denotes the asymmetry parameter of the medium. The inherit
optical properties (IOPs) of snow/ice (σa, σe, and g) are calculated by
an improved parameterization method (Stamnes et al., 2011) based
on Mie theory. Compared with the former parameterization method
(Hamre et al., 2004) which is only valid for wavelengths shorter than
~1.2 μm, the IOPs over the whole shortwave band can be accurate and
quickly calculated by the improved parameterization method.
Table 2
Physical parameters of snow for calculating its IOPs.

Parameter Symbol Units Value

Snow grain size re μm 50, 100, 200, 250, 500, 800, 1000, 1500,
2000

Snow density ρs g
cm−3

0.1, 0.2, 0.3, 0.4, 0.5

Soot
concentrations

Csoot ppmv 0, 0.01, 0.1, 0.3, 1, 5
According to the ART model, the BRDF of snow/ice is

BRDFsnow=ice θs; θv;φð Þ ¼ BRDF0 θs; θv;φð Þ
� exp −y

γ θsð Þγ θvð Þ
BRDF0 θs; θv;φð Þ

� �
; ð6Þ

where BRDF0(θs,θv,φ) is defined as the BRDF of a semi-infinite non-ab-
sorbing medium, which can be expressed as

BRDF0 θs; θv;φð Þ ¼ aþ b cosθs þ cosθvð Þ þ c cosθs cosθv þ p Θð Þ
4 cosθs þ cosθvð Þ ; ð7Þ

where θs, θv, and φ are the solar zenith angle (SZA), view zenith angle
(VZA), and relative azimuth angle (RAA), respectively, a = 1.247, b =
1.186, c=5.157, andΘ is the scattering angle, which is given in degrees
in the following equations. Θ and p(Θ) can be expressed as
(Kokhanovsky et al., 2005)

cosΘ ¼ − cosθv cosθs þ sinθv sinθs cosφ ð8Þ

p Θð Þ ¼ 11:1� exp −0:087Θð Þ þ 1:1� exp −0:014Θð Þ; ð9Þ

The processes for deriving snow/ice surface BRDF can be separated
into two steps (left branch of Fig. 3): (1) The IOPs of snow/ice are calcu-
lated for a variety of surface physical parameters; (2) The BRDF is simu-
lated using the ART model. In the conceptual snow/sea-ice model, the
snow consists of snow grains and soots impurities, while ice consists
of brine pockets, air bubbles and soots (Fig. 4). The input physical pa-
rameters for snow/ice are snow grain size, density, volume of impuri-
ties/soot, radius and volume fraction of brine pockets and air bubbles)
(Tables 2 and 3). The IOPs are first calculated by an improved parame-
terization method (Stamnes et al., 2011). (3) Then, the BRDF for
snow/ice is derived from IOPs by Eq. (6).

The POLDER-3 surface BRDF database (http://postel.mediasfrance.
org/en/BIOGEOPHYSICAL-PRODUCTS/BRDF) for snow is also employed
for this study. This dataset is the unique available surface BRDF dataset
at the scale of satellite pixels and can providemuchmore realistic infor-
mation than physical simulations. Thus, this dataset is used for present-
ing the anisotropic reflectance signatures of snow-covered sceneries in
this study, which is also considered as an important complementation
of the simulations of ART model. In this database, multi-angular reflec-
tance observations (80 to 500 angular samples for a pixel) are collected
Table 3
Physical parameters of ice for calculating its IOPs.

Parameter Symbol Units Value

Brine pocket volume fraction Vbr – 0.1, 0.15, 0.25, 0.5
Brine pocket radius rbr μm 200, 500, 1000
Air bubble volume fraction Vbu – 0.005, 0.01, 0.02, 0.05
Air bubble radius rbu μm 100, 200, 500
Impurities volume fraction Csoot ppmv 0.1, 1, 5

http://postel.mediasfrance.org/en/BIOGEOPHYSICAL-PRODUCTS/BRDF
http://postel.mediasfrance.org/en/BIOGEOPHYSICAL-PRODUCTS/BRDF


Table 4
Physical parameters of case 1 ocean water.

Parameter Symbol Units Value

Wind directions phw Degree 0, 75, 150, 225, 300
Wind speed of 10 height wspd m/s 0, 3, 6, 9, 12, 15, 18, 21, 24
Chlorophyll concentrations chl mg/m3 0.03, 0.1, 0.3, 1.0, 3.0, 10

Table 6
Input parameters of 6S atmospheric radiative transfer simulations.

Parameters Value

Atmospheric type Arctic Summer, Arctic Winter
Aerosol type Continental, maritime
AOD 0, 0.05, 0.1, 0.15, 0.2
Target altitude 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3, 3.5 (km)
Solar zenith angle 0, 2, 4, …, 78, 80 (degree)
View zenith angle 0, 2, 4, …, 62, 64 (degree)
Relative azimuth angle 0, 5, 10, …, 175, 180 (degree)
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by accumulating one-month measurements from different satellite
overpasses. The dataset is corrected for molecular and aerosols scatter-
ing, as well as atmospheric absorption (Leroy et al., 1997). In addition,
we also performed a series of processes, such as quality control,
landcover classification, band conversions and interpolation/extrapola-
tion, to derive the final BRDF database for snow (627 samples of snow
BRDF datasets are obtained). The method for processing the POLDER
BRDF database has been described in our earlier paper (Qu et al.,
2014) in detail.

The BRDFdatabase for oceanwater is generated by the three compo-
nents oceanwater albedo (TCOWA)model (Feng et al., 2016). The BRDF
over oceanwater surface is considered as theweighted sumof the three
components (sun glint, whitecaps, and water-leaving reflectance from
just beneath the air-water interface) (Sayer et al., 2010)

BRDFocean ¼ W � BRDFef þ 1−Wð Þ BRDFg þ BRDFwl
� �

; ð10Þ

where BRDFocean is the BRDF of ocean water,W is the whitecaps cover-
age which is a function of wind speed (Monahan and Muircheartaigh,
1980), and BRDFef, BRDFg, and BRDFwl are the BRDF of the effective re-
flectance of totalwhitecaps, sun glints, andwater-leaving terms, respec-
tively. In the TCOWA model, the whitecap reflectance is simplified as
Lambertian (Koepke, 1984), the sun glints reflectance is simulated by
the Cox-Munkmodel (Cox andMunk, 1954), and the water-leaving re-
flectance of case 1 water (open ocean water) depends mainly on wave-
length and pigment concentration (Morel and Maritorena, 2001) and
weakly on solar/view geometry and wind field (Morel et al., 2002).
Then, the black-sky albedo andwhite-sky albedo of oceanwater surface
can be derived by integration over angles and wavelengths. The BRDF
simulated by the TCOWA model agrees well with field measured data,
and has been used for generating an ocean albedo product with meteo-
rological reanalysis data (Feng et al., 2016).

The BRDF of ocean water surface is simulated with following physi-
cal parameters:wind speed of 10mheight, wind directions, and chloro-
phyll concentrations (Table 4). Because the Arctic Ocean water can be
considered as clean without suspending materials and sediments, only
the BRDF of case 1 ocean water is simulated by TCOWA model (Eq.
(10)).

2.3. Methods for deriving narrow and broad band albedo

The narrowband surface albedo can be calculated by integrating of
the BRDF over all viewing zenith angles. The black-sky andwhite-sky al-
bedo can be expressed as (e.g. Qu et al., 2015)

αbsa ið Þ ¼
Z π

2

0

Z 2π

0
BRDFi θs; θv;φð Þdθsdφs; ð11Þ

αwsa ið Þ ¼
Z π

2

0

Z 2π

0

Z π
2

0

Z 2π

0
BRDFi θs; θv;φð Þdθsdθvdφsdφv; ð12Þ
Table 5
Coefficients for narrow-to-broadband conversions over snow/ice surfaces.

Coefficients c0 c1 c2

The wavelength ranges of MODIS bands (μm) (Offset) (0.62–0.67) (0.84–0.8
Snow/ice −0.0093 0.1574 0.2789
where αbsa(i) and αwsa(i) is the black-sky andwhite-sky albedo of band
i, respectively, and BRDFi(θs,θv,φ) is the BRDF of band i, when the solar
zenith angle is θs, view zenith angle is θv, φ is the relative azimuth
angle from the solar azimuth angleφsminus the view azimuth angleφv.

The broadband surface albedo is estimated by linear combinations of
narrow band (spectral) albedo (Liang, 2001)

α ¼ c0 þ
Xn
i¼1

ciα ið Þ; ð13Þ

where α is the broadband (shortwave) surface albedo, α(i) is the nar-
rowband albedo of MODIS band i (i=1,2,⋯ ,7), and ci are coefficients
of the narrow-to-broadband conversions, which are listed in Table 5
(coefficients from Stroeve et al., 2005 are used for snow/ice surfaces).

The blue-sky albedo (instantaneous measured albedo) can be
expressed as a linear combination of black and white-sky albedo
(Lewis and Barnsley, 1994; Pinty et al., 2005; Román et al., 2010)

αblue−sky ¼ αbsa � 1−Dð Þ þ αwsa � D; ð14Þ

where αblue−sky is the blue-sky albedo, αbsa and αwsa is black andwhite-
sky albedo, respectively. D stands for the fraction of diffuse skylight,
which varies with aerosol optical depth (AOD), solar zenith angle and
wavelength. The fraction of skylight can be estimated by a look up
table (LUT) basedmethod (Strahler et al., 1999). Under clear-sky condi-
tions, an empirical equation (Stokes and Schwartz, 1994) can be used
for deriving the fraction of skylight in this study

D ¼ 0:122þ 0:85e−4:8 cos θsð Þ; ð15Þ

whereD is the fraction of diffuse skylight and θs is the solar zenith angle.

2.4. BRDF-based atmospheric radiative transfer simulations

In the atmospheric radiative transfer simulations process, we use a
BRDF-based parameterization equation (Qin et al., 2001) which is also
used in our related works (He et al., 2012; Qu et al., 2014; Wang et al.,
2013). In the traditional studies, the TOA reflectance is usually simulat-
ed by inputting the surface BRDF data to the Second Simulation of the
Satellite Signal in the Solar Spectrum (6S) code directly, which is limited
by the low computational efficiency. Instead, the following approximate
formula is used for simulating TOA reflectance by incorporating surface
BRDF. The numeric experiments performed by Qin et al. (2001) have
demonstrated that this method is very robust and accurate. The TOA
reflectance can be simulated as

ρTOA θs; θv;φð Þ ¼ tH2O ρ0 θs; θv;φð Þ þ T θsð Þ � R θs; θv;φð Þ � T θvð Þ−tdd θsð Þ � tdd θvð Þ � R θs; θv;φð Þj j � ρ
1−rhhρ

� �
;

ð16Þ
c3 c4 c5 c6 c7

7) (0.46–0.48) (0.54–0.56) (1.23–1.25) (1.63–1.65) (2.11–2.15)
0.3829 0.0000 0.1131 0.0000 0.0694



Fig. 5. The dependences of albedo on physical parameters and viewing geometries. (a) The white-sky albedo varies with snow grain size; (b) the white-sky albedo varies with soot
concentrations; (c) the black-sky albedo varies with viewing zenith angle; (d) the white-sky albedo varies with sea-ice types (the physical parameters of these sea-ice types are
shown in Table 7).
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where the matrices T(θs), T(θv), and R(θs,θv,φ) are defined as

T θsð Þ ¼ tdd θsð Þ tdh θsð Þ½ � ð17Þ

T θvð Þ ¼ tdd θvð Þ
thd θvð Þ

� �
ð18Þ

R θs; θv;φð Þ ¼ rdd θs; θv;φð Þ rdh θs;φð Þ
rhd θv;φð Þ rhh

� �
; ð19Þ

where ρTOA(θs,θv,φ) is the TOA reflectance, ρ0(θs,θv,φ) is the path reflec-
tance of the atmosphere, tH2O is the transmittance of thewater vapor,ρ is
the downward spherical albedo of the atmosphere (the fraction
of ground-level upward flux that been reflected downward by the
atmosphere), and where t and r denote transmittance and reflectance,
respectively. The subscripts h and d stand for hemispheric (diffuse)
and directional (direct), respectively, and the 4 combinations of these
2 symbols dd, dh, hd, and hh stand for bi-directional, directional-hemi-
spheric, hemispheric-directional, and bi-hemispheric, respectively.

Thus, tdd(θs) and tdd(θv) are the downward and upward bi-direction-
al path transmittances (BDTs), respectively and tdh(θs) and thd(θv) are
the directional-to-hemispheric path transmittance (DHT) and the
hemispheric-to-directional transmittance (HDT), respectively.

rdd(θs,θv,φ), rdh(θs,φs), rhd(θv,φv), and rhh are the surface bi-direc-
tional reflectance (BDR), directional-to-hemispheric reflectance
Table 7
Physical parameters of typical sea-ice cases.

Type Parameters

Sea ice Brine pocket volume fraction Brine pocket radius (μm) Air bub

Multi-year sea-ice 0.1 500 0.05
First-year sea-ice 0.15 500 0.01
New young sea-ice 0.25 500 0.01
(DHR), hemispheric-to-directional reflectance (HDR) and bi-hemi-
spheric reflectance (BHR), respectively.

The values of reflectance-related parameters (rdh(θs,φs), rhd(θv,φv),
and rhh) are calculated by the ART and TCOWA model, and the values
of atmospheric-related parameters (ρ0(θs,θv,φ), tdh(θs), thd(θv), tdd(θs),
tdd(θv), ρ , and tH2O) are obtained from 6S code (Kotchenova et al.,
2006) simulations. The input parameters values of the 6S code simula-
tions are listed in Table 6. Arctic summer and winter are selected as
the atmospheric types, and continental and maritime are selected as
the aerosol types. The aerosol optical depth (AOD) ranges from 0.0 to
0.2 in increments of 0.05, which is consistent with our previous study
in the Arctic region (Liang et al., 2005).
2.5. Lambertian-based method and BRDF-based direct-estimation
algorithm

When we assume that the land-surface is lambertian (reflectance
isotropy), the reflectance at different solar/view angles is identical,
and the value of albedo is equal to the reflectance. The broadband sur-
face albedo can be easily estimated by Eq. (13). However, the snow/
sea-ice surface is not lambertian but has strong forward scattering ef-
fect. Thus, the albedo estimated by the lambertian-basedmethod usual-
ly has a large bias depending on the surface conditions and solar/view
geometries. In this study, we use this method as the control group for
ble volume fraction Air bubble radius (μm) Impurities volume fraction (ppmv)

500 1
200 1
200 1



Fig. 6.An example of bare-ice BRDF.Where the surface type ismulti-year sea-ice (the physical parameters are shown in Table 7), the radial direction in the polar coordinate stands for the
view zenith angle (VZA) (from 0° to 64°), the angle direction stands for the relative azimuth angle (RAA) (from 0° to 360°), and the ramped color stands for the bidirectional reflectance
factor (BRF) of MODIS band 1 ((a) and (b)) and 2 ((c) and (d)), respectively; The solar zenith angle is 60° ((a) and (c)) and 80° ((b) and (d)), respectively.
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demonstrating the efficiency of the extended BRDF-based direct-esti-
mation algorithm.

When the training dataset (TOA reflectance and its corresponding
surface broadband albedo) is obtained by abovementioned steps
(BRDF database modeling, broadband albedo estimating and atmo-
spheric radiative transfer simulations), the relationship between TOA
Fig. 7. The angular distribution of uncertainty of the retrieval (in term of RMSE).Where the radi
the angle direction stands for the relative azimuth angle (RAA) (from 0° to 360°), and the ramp
and 80° (b), respectively.
reflectance and surface broadband albedo is developed by angular bin
regression. Because it is not possible to develop a linear relationship
globally, we divide the solar/view geometry into small angular bins,
then establish linear regression relationships among different solar/
view angles. In this study, a multi-variate linear regression relationship
is assumed between the broadband surface albedo and MODIS TOA
al direction in the polar coordinate stands for the view zenith angle (VZA) (from 0° to 64°),
ed color stands for the retrieval RMSE of each angular bin; The solar zenith angle is 60° (a)
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reflectance (visible and infrared bands) in different angular bins, which
can be expressed as follows (Qu et al., 2014)

αwsa ¼ m0 θs; θv;φð Þ þ
Xn
i¼1

mi θs; θv;φð ÞρTOA
i θs; θv;φð Þ ð20Þ

αbsa θbsað Þ ¼ n0 θbsa; θs; θv;φð Þ þ
Xn
i¼1

ni θbsa; θs; θv;φð ÞρTOA
i θs; θv;φð Þ; ð21Þ

where αwsa denotes the broadbandwhite-sky albedo,αbsa(θbsa) denotes
the broadband black-sky albedo at SZA of θbsa, which varies from 0° to
80° in increments of 4° (θbsa=0,4 ,⋯ ,76 ,80(°)), ρiTOA(θs,θv,φ) is the
TOA reflectance of MODIS band i (i=1,2,⋯ ,7) with SZA of θs, VZA of
Fig. 8. Comparison of the results estimated by the lambertian-basedmethod and BRDF-based d
lambertian-based method and BRDF-based direct-estimation algorithm; (b) and (d) are the an
where the radial direction in the polar coordinate stands for the view zenith angle (VZA) (from 0
and the ramped color stands for the mean estimation bias of all samples in each angular bin; w
θv, and relative azimuth angle of φ; m0(θs,θv,φ) and n0(θbsa,θs,θv,φ)
are the intersection terms of the regression equations, and mi(θs,θv,φ)
and ni(θbsa,θs,θv,φ) are the coefficients of the regression equation for
each corresponding angular bin. The angular bins are divided as follows:
(1) the central SZA of each angular bin varies from 0° to 80° with incre-
ments of 2°; (2) the central VZA of each angular bin varies from0° to 64°
with increment of 2°; (3) the central RAA of each angular bin varies
from 0° to 180°with increments of 5°. These coefficients of each angular
bin are estimated by the least squaresmethod and then stored in the di-
rect-estimation LUT. A sensitivity analysis of the size of angular bin was
carried out in the previous study (Qu et al., 2014), however, the angular
bins are dividedfiner than in the previous study, because the hotspots of
the snow/sea ice and ocean water BRDF are much narrower than those
of land-surfaces.
irect-estimation algorithm.Where (a) and (c) are histograms of the estimation bias for the
gular distribution of the estimation bias for the method based on lambertian assumption,
° to 64°), the angle direction stands for the relative azimuth angle (RAA) (from 0° to 360°),
here the solar zenith angle (SZA) is 60° ((a) and (b)) and 80° ((c) and (d)), respectively.



Fig. 9. Shortwave surface albedo map of the Arctic sea-ice zone. White-sky albedo, averaged over a 5 day period from day 166 to day 170 in 2007.
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3. Results and discussions

3.1. Representativeness of the snow/sea-ice BRDF/albedo database

In this study, we aimed to build a database which represents differ-
ent snow/sea-ice types and snow/sea-ice/ocean-water fractions. A sur-
face snow/sea-ice BRDF database is built based on linear combinations
of the simulation results of ART and TCOSA models, as well as the POL-
DER BRDF database. The BRDF/Albedo is simulated by the physical pa-
rameters of snow, ice and ocean water surfaces (Tables 2, 3 and 4).

Fig. 5 shows the dependencies of snow/sea-ice albedo on physical
parameters and viewing geometries, which is consistent with the re-
sults of the published literatures (Gardner and Sharp, 2010; Stamnes
et al., 2011). Fig. 5a, b show the dependencies of white-sky albedo on
snow grain size (Fig. 5a), and soot concentration (Fig. 5b). Fig. 5c
shows the dependencies of black-sky albedo on viewing zenith angle.
Fig. 5d shows the white-sky albedo of typical sea-ice cases (multi-year
sea-ice, first-year sea-ice and new young sea-ice, where the parameter
settings of these sea-ice types are shown in Table 7).

Fig. 6 shows an example ofmulti-year sea-ice BRDF (the physical pa-
rameters are shown in Table 7). At different solar zenith angles and
MODIS bands, the sea-ice surface represents strong forward scattering
effect. The directional reflectance increases rapidly around the forward
direction (when the solar zenith angle equals to the view zenith angle,
relative azimuth angle (RAA) is 180°) in the principle plane. Therefore,
it is critically necessary to pay attention to the reflectance anisotropic
properties and correct this effect to obtain better albedo estimations.

3.2. Accuracy assessments and theoretical error estimations

The uncertainty of the retrieval depends largely on the angular bin
regression method, which varies with the solar/view angles and differ-
ent training dataset. In our former study, the accuracies of the angular
bin regression method under different angular bins, aerosol conditions,
and land cover types have been extensively evaluated by the POLDER
BRDF database, and the results show that it is quite robust at different
circumstances (Qu et al., 2014). In this study, a similar assessment is car-
ried out based on the BRDF database built by simulations of physical
models. We examined the accuracy dependencies of BRDF based di-
rect-estimation method for different angular bins. For simplicity, the
broadband albedos calculated by angular integrating are referred to as
“reference albedo”, and the broadband albedos calculated by the BRDF
based direct-estimation method are referred to as “estimated albedo”.
The angular distribution of uncertainty of the retrieval (in terms of
root mean square error (RMSE)) at solar zenith angles (SZA) of 60°
and 80° are shown in Fig. 7. The uncertainty of retrieval (RMSE) ranges
from approximately 0.02 to 0.07, and the largest error (approximately
0.07) exists at large view zenith angle (VZA), forward directions (rela-
tive azimuth angle (RAA) is 180°). Although the uncertainty of retrieval
increases with VZA, the RMSE is quite small and stable over the viewing
hemisphere, and the estimations have acceptable accuracy.

3.3. Comparison with the lambertian-based method

In this study, the theoretical estimation accuracy of the BRDF-based
direct-estimation algorithm and the lambertian-based method (nar-
row-to-broadband conversions) are evaluated. Firstly, a validation
BRDF dataset (700 samples) is randomly selected from the BRDF data-
base described in Section 2.2 (the BRDF data which has not been select-
ed was used for deriving the direct-estimation coefficients). Then, the
shortwave surface albedo is estimated by angular integration, the
BRDF-based direct-estimation algorithm and the method based on
lambertian assumption. Because the BRDF shape of each sample is de-
termined with very high angular resolutions (2° in solar/view zenith
angle, and 5° in relative azimuth angle), the results estimated by angular
integration are considered as quite robust and accurate. These results
are used as references for evaluating the results estimated by the
other two methods. The narrow-to-broadband coefficients provided
by (Stroeve et al., 2005) are used for estimating shortwave surface albe-
do over snow/sea-ice under the lambertian assumption. Finally, the es-
timation bias (the difference between the estimated results and
corresponding “true albedo”) are calculated, and the histograms and an-
gular distributions of the estimation bias at solar zenith angles (SZA) of
60° and 80° are shown in Fig. 8.

Fig. 8(a) and (c) show that the histograms from the BRDF-based di-
rect-estimation algorithm have narrower 95% confident intervals



Fig. 10. Partial enlarged views of the Arctic sea-ice albedomap. Shortwave surface albedo (white-sky albedo) averaged over a 5 day period fromday 166 to day 170 in 2007;where (a) and
(b) are the albedomapderived by the BRDF-based direct-estimation algorithm(1 km), (c) and (d) are thedirect-estimated albedomap resampled to 25 km, (e) and (f) are the albedomap
derived by the CLARA SAL product (25 km); (a), (c) and (e) are albedo maps around the Banks, Prince Patrick, andMelville Islands; (b), (d) and (f) are albedo maps around the Kara Sea.
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(approximately 0.015 to 0.02) than those from the method based on
lambertian assumption (approximately 0.15 to 0.3) and unbiased to
the theoretical “true albedo”. Fig. 8(b) and (d) show that the surface al-
bedo tends to be underestimated by the method based on the
lambertian assumption at large SZA (60° to 80°) when the VZA is less
than 30° in the backward direction and be overestimated when the
VZA is larger than 30°, especially in the forward direction (RAA =
180°). The large biases of themethod based on the lambertian assump-
tion at large SZA and VZA are due to the reflectance anisotropic effect of
snow/sea-ice, which has a strong forward scattering effect that cannot
be ignored. Note that the angular distribution of the estimation bias
for the BRDF-based direct-estimation algorithm is not shown, because
the mean biases of the BRDF-based direct-estimation algorithm are
very close to zero, which means that it is unbiased at different angular
bins. This assessment demonstrates that it is necessary to correct for
the reflectance anisotropic effect, and the BRDF-based direct-estimation
algorithm is a good choice to achieve this purpose.
3.4. Comparison between the direct-estimated albedo and the CLARA SAL
product

In this section, a comparison between the direct-estimated albedo
and the CLARA SAL product which is derived based on temporal averag-
ing of multi-angular surface reflectance was carried out. The CLARA SAL
product is employed as a reference for evaluating the performances of
the direct-estimation algorithm. The direct-estimated shortwave sur-
face albedo of the Arctic sea-ice zone is derived by the following steps:
(1) convert the MODIS Level 1B (L1B) swath data (TOA reflectance of
7 visible-infrared bands, quality assessment (QA) with cloud mask in-
formation, solar/view geometry (SZA, VZA, and RAA), water vapor con-
tent and so on) to Equal-Area Scalable Earth Grid (EASE-Grid) North
projection with a spatial resolution of 1 km; (2) direct-estimate the in-
stantaneous albedo from cloud-free MODIS L1B reflectance data, where
the albedo is estimated by Eqs. (20) and (21); (3) generate a daily albe-
do product based on averaging the albedo estimated from multi-orbit



Fig. 11. Comparison of the direct-estimation albedo (white-sky albedo) and CLARA SAL
product. Where the ramped color stands for the number of the CLARA SAL-direct
estimate albedo pairs fall in each pixel (0.023 × 0.023).
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observations during a day, where instantaneous albedoswith large fluc-
tuations are excluded; (4) generate a pentad (5 days) albedo product by
averaging over a 5 day-period, cloud-free direct-estimated albedo (the
pixels which SZA is larger than 80° were masked as invalid pixels). A
threshold based pre-classification for sea-ice presence before the albedo
estimation.When rb3N0.1 (rb3 stands for the reflectance of MODIS band
3), the direct-estimation LUT for sea ice is used; when rb3≤0.1 the di-
rect-estimation LUT for ocean water is used for estimating broadband
albedo (The value of 0.076 is used as a filling value for unfrozen ocean
water when there are no valid observations).

Fig. 9 shows an example for the shortwave surface albedo of the Arc-
tic sea-ice zone (white-sky albedo, averaged over a 5 day period from
day 166 to day 170 in 2007) derived by the BRDF-based direct-estima-
tion algorithm. The Arctic sea ice melts and shrinks in June and moves
with the Arctic Ocean current. The shortwave surface albedo decreases
rapidly and ranges from approximately 0.4 to 0.7. The albedo of the
sea ice on the edge is much lower than that in the polar region, and
the albedo of snow-covered multi-year sea-ice region (approximately
0.6–0.7) near the Greenland is relative higher than that of snow-cov-
ered first-year sea-ice region (approximately 0.4–0.6) near the East Si-
berian, Beaufort and Laptev Seas. Fig. 10 shows partially enlarged
views of the Arctic shortwave surface albedo map. Fig. 10 (a) and (b)
are albedo maps around the Banks, Prince Patrick and Melville Islands;
(c) and (d) are albedo maps around the Kara Sea. Because the spatial
resolution of the direct-estimated albedo product (1 km) is much finer
than the CLARA SAL product (25 km), the direct-estimated albedo prod-
uct can representmore details of the spatial variations of the Arctic sea-
ice, especially on edges of the sea ice cap. The high spatial-resolution al-
bedo map derived in this study shows great advantages and potential
abilities for providingmore accurate information to surface energy bud-
get models.

Fig. 11 shows the scatter plot of the direct-estimated albedo and the
CLARA SAL product, where the ramped color stands for the number of
the CLARA SAL-direct estimated albedo pairs fall in each pixel
(0.023 × 0.023). From this figure, we can see that most of the scatters
cluster around the 1 by 1 line, with an R2 value of 0.96 and RMSE of
0.063. The biases that occur in high albedo value region (0.8–0.9) are
due to different estimation methods (BRDF based direct-estimation al-
gorithm for this study, and the method based on temporal averaging
of multi-angular surface reflectance for CLARA SAL product), and the
biases that occur in low albedo value region (less than 0.1) are mainly
due to neglecting the contributions of whitecaps and sun glint in
CLARA SAL product.

3.5. Validation with Tara measurements

The sources of estimation errors in the BRDF based direct-estimation
algorithm can be categorized into three parts: (1) the theoretical esti-
mation errors at different solar/view angles; (2) the errors caused by
simulations of physical models; (3) the errors caused by sensor noise.
The theoretical estimation errors at different solar/view angles have
been evaluated in Section 3.2. The other two sources of estimation
error can be evaluated based on validations with in situ measurement
datasets.

In this study, the BRDF based direct-estimated albedo is validated
with in situ meteorological observations carried out by the Tara Oceans
Polar Circle expedition (Vihma et al., 2008) of 2007. The Tara drifting ice
station crossed the central Arctic Ocean from 23March to 19 September
2007 (from East Siberia to Greenland), and the route of the Tara polar
ocean expedition is shown in Fig. 12. The upward and downward short-
wave radiation was measured by a pair of Eppley PSP pyranometers
which are mounted on a 10 m-high weather mast with a minimum
measured interval of 1 min, as well as meteorological data (tempera-
ture, wind speed and humidity).

Fig. 13 shows the Tara in situmeasurements (daily-averaged instan-
taneous albedo), and the corresponding estimations of the BRDF-based
direct-estimation algorithm fromMODIS data, CLARA SAL product (nor-
malized black-sky albedo product), from the day of 130 to 220 in 2007.
In this period, the sea ice drifting in the Arctic Ocean, and the surface al-
bedo decreased from approximately 0.85 to 0.55. Although there are no
estimated values for several days due to the clouds obscuration, the
temporal characteristics are well captured by the BRDF-based direct-es-
timation algorithm. Validation studies for albedo in the polar region are
easily affected by clouds, shadowing effects, and spatial representative-
ness of the in situ measurements (Riihelä et al., 2010). With these un-
certainties in mind, the estimation results derived by the BRDF-based
direct-estimation algorithm are quite consistent with the Tara in situ
measured data in most temporal periods. Compared with the CLARA
SAL product (5 days), the temporal resolution of direct-estimated albe-
do (daily) is finer, thus more details of the temporal variations are rep-
resented. Fig. 14 shows the scatter plot of the direct-estimated albedo
versus the Tara measured data (daily local noon albedo, nearest-neigh-
borhood matching). The comparison results show that the albedo esti-
mated by the BRDF-based direct-estimation algorithm has an R2 value
of 0.67 and RMSE of 0.068, and the CLARA SAL product has an R2 value
of 0.81 and RMSE of 0.097.

3.6. Relationship with sea ice concentration

In this study, the relationships between the direct-estimated surface
albedo of sea ice surface and the sea ice concentration are examined.
The (National Oceanic and Atmospheric Administration) NOAA/Nation-
al Snow and Ice Data Center (NSIDC) Climate Data Record (CDR) of pas-
sive microwave sea ice concentration data (version 2) (Peng et al.,
2013) is used this study. The direct-estimated surface albedo product
is aggregated to the same spatial resolution as the sea ice concentration
data, and the pixels with cloud obscurations are excluded. Fig. 15 shows
a scatter plot of sea ice albedo versus sea ice concentration (fraction).
From thisfigure,we can see that the sea ice concentration is strongly re-
lated to the broadband surface albedo; the albedo decreases as the sea
ice concentration decreases. The surface albedo has a much larger
range of variation when the sea ice concentration approaches 100%, be-
cause when the ocean is almost fully covered by sea ice, the surface al-
bedo largely depends on the surface properties of the sea ice and less
on the sea-ice covered fraction. The relationship between sea ice surface
albedo and sea ice concentration can be regressed by a linear function,
with an R2 value of 0.54 and RMSE of 0.095.



Fig. 12. TheArcticmapand route of the Tarapolar ocean expedition.Where the route of Tara polar ocean expedition is denoted by the red line, and the sea ice extent atApril and September
are shown in light and deep blue polygons, respectively. This figure is draw with the aid of the Arctic portal interactive map tool (http://portal.inter-map.com/).
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3.7. Discussions of limitations

Although the broadband surface albedo of Arctic sea-ice region can
be efficiently estimated by the direct-estimated algorithm, there are
still several limitations and potential shortages which need to be im-
proved in the future. The main issues are listed as follows:

(1) The linear combination assumption was used for building the
training dataset for considering of the complexity of simulations.
This assumption is only acceptablewhen the spatial resolution of
satellite observations is very coarse (N1 km). When the spatial
resolution is smaller than 100 m, the depth of snow, sea-ice,
and melt ponds should be taken for consideration.

(2) As the training dataset was partially built based on models, the
effects of the simplifications of models on the direct-estimation
algorithm should be noted. In this study, the ART, TCOWA, and
atmospheric radiative transfer models are used for simulating
the satellite observations. For considering the complexity of com-
putation, there are several assumptions and simplifications
which may results in errors for particular cases. For example,
the relationship between wind speed and waviness is different
among sea ice as the ice constricts open water movement, and
the growth of chlorophyll works differently in the cold Arcticwa-
ters. In the future, more complicated physical models should be
employed for simulating the training dataset.

(3) The performances of this algorithm when the SZA is larger
than 80° should be improved. In this study, the physical
models and semi-empirical linear kernel driven model are
used for ensuring the estimation as large zenith angles. How-
ever, when the solar zenith angle is larger than 80°, the obser-
vations of satellites are unreliable due to the low solar
radiation and obscure of clouds. For deriving a robust and re-
liable broadband surface albedo product, we choose to mask
the pixels which SZA is larger than 80°.

(4) A filling and filtering algorithm should be used for deriving a
long-term, gap-free surface broadband albedo product. It has
been reported that the direct-estimated results are easily af-
fected by the sensor noises and cloud detection error due to
it is based on single-angular observation. In this study, the Sta-
tistics-based Temporal Filter (STF) (Liu et al., 2013a) was used

http://portal.inter-map.com


Fig. 13. Comparison of the direct-estimated albedo and Tara in situ measurements. Where the red circles stand for the Tara in situ measurements, the blue asterisks stand for the direct-
estimated albedo, and the green triangles stand for the CLARA SAL product.
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for obtaining high temporal, gap-free broadband albedo
product.

4. Conclusions

The shortwave surface albedo of the Arctic sea ice zone changes
rapidly with the seasonal freeze/melts of Arctic sea ice, and long-
term broadband surface albedo products over sea-ice surfaces with
higher spatial and temporal resolution are required for global cli-
mate change studies. This paper extended the BRDF-based direct-es-
timation algorithm to map shortwave surface albedo of the Arctic
sea-ice zone from MODIS data. The results are validated with in
situ measurements of the Tara oceans polar circle expedition in
2007, which shows that the albedo estimated by the BRDF-based di-
rect-estimation algorithm has an R2 value of 0.67 and RMSE of 0.068
and is more accurate than the results estimated by the lambertian-
based method.
Fig. 14. Scatter plot of the direct-estimated albedo and Tara in situ measurements. Where
the blue asterisks stand for the albedo estimated by the BRDF-based direct-estimation
algorithm, and the green triangles stand for the CLARA SAL product.
The following conclusions are made from this study:

(1) The extended BRDF-based direct-estimation algorithm can ac-
curately map ocean albedo at an improved temporal and spa-
tial resolution over the Arctic sea-ice zone. Compared with the
algorithms based onmultiple-angular observations, the BRDF-
based direct-estimation algorithm enables estimates of the
broadband surface albedo with only single-angular observa-
tion, which can provide higher temporal resolution of Arctic
surface albedo. The broadband surface albedo product with
finer spatial and temporal resolution can represent much
more detailed spatial and temporal characteristics of the Arc-
tic sea-ice zone.

(2) The reflectance anisotropic effect of Arctic sea ice has been ef-
fectively corrected based on a prior BRDF database generated
by physical BRDF models of snow/ice and ocean waters. In
this study, the prior BRDF database for sea ice is built based
on ART and TCOWAmodel, which makes it possible to correct
the reflectance anisotropic effect over the sea-ice surface.
Fig. 15. The relationship between surface albedo (white-sky albedo) and sea-ice
concentration. Where the ramped color stands for the number of the scatters fall in each
pixel (1 × 0.01).
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(3) The broadband surface albedo generated by the direct-esti-
mated algorithm is highly related to the sea ice concentration
derived from passive microwave data. A relationship between
derived surface albedo and sea ice concentration has been
established with an R2 value of 0.54 and RMSE of 0.095.

This study is part of the efforts for generating a Global Land Surface
Satellite (GLASS) product (Liang et al., 2013). In the phase-1 of the
GLASS product, a 30-year global surface broadband albedo product
(Liu et al., 2013b) has been generated from AVHRR and MODIS data,
with spatial resolutions of 1 km and 0.05° and a temporal resolution
of 8 days. However, it covers land-surface only, and the surfaces over
oceanwater and sea ice are left blank. In the phase-2 of the GLASS prod-
uct, the BRDF-based direct-estimation algorithm for mapping Arctic
sea-ice albedo is employed, and a long-term, gap-free, global fully cov-
ered (including land, ocean, and sea ice surfaces) surface albedoproduct
will be released on websites of the Beijing Normal University Center for
Global Change Data Processing and Analysis (www.bnu-datacenter.
com) and the University of Maryland Global Land Cover Facility
(glcf.umd.edu).
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