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Abstract. Angular distributions of spectral re ectance for four common arctic
surfaces. snow-covered sea ice, melt-season sea ice, snow-covered tundra, and
tundra shortly after snowmelt were measured using an aircraft-based, high
angular resolution (1 ) multispectra radiometer. Results indicate bidirectional
re ectance is higher for snow-covered sea ice than melt-season sea ice at all wave-
lengths between 0.47 and 2.3mm, with the diVerence increasing with wavelength.
Bidirectional re ectance of snow-covered tundra is higher than for snow-free
tundra for measurements less than 1.64 mm, with the diVerence decreasing with
wavelength. Bidirectional re ectance patterns of all measured surfaces show signi-

cant re ectance maxima in the forward scattering direction of the principal plane
with identi able specular re ection for the melt-season sea ice and snow-free
tundra cases. The snow-free tundra had the most signi cant backscatter (similar
to other vegetative bidirectional re ectance patterns such as for Cerrado in Brazil),
and the melt-season sea ice the least. For sea ice, bidirectional re ectance changes
due to snowmelt were more signi cant than diVerences among the diVerent types
of melt-season sea ice.

The spectral-hemisphericd (plane) albedo of each measured arctic surface was
also computed. Comparing measured nadir re ectance to albedo for sea ice and
snow-covered tundra shows nadir re ectance 5 40% smaller, with the largest
diVerence at wavelengths beyond 1 mm. For snow-free tundra, nadir re ectance is
30 50% smaller than the plane albedo.

1. Introduction

The interaction of solar radiation with various arctic surfaces is an important
component of the arctic climate. A measure of this interaction is the surface bidirec-
tional re ectance function (BRF). Since most surfaces do not re ect uniformly in all
directions, full description of the re ectance from a given surface requires knowledge
of the full angular distribution of re ectance. Remote sensing instruments typically
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have narrow elds of view, and measure only the re ected radiance at a single angle
(thus only a small portion of the full angular distribution). Even the next generation
satellites (King 1999) will measure re ectance at a limited number of view angles.
Thus proper interpretation of the remote sensing data will require knowledge of the
full angular distribution of re ectance of all surface types.

The Cloud Absorption Radiometer (CAR) (King et al. 1986) ying aboard the
University of Washington C-131A aircraft has provided a convenient and eYcient
means of obtaining BRF data. CAR BRF data over the past decade have been
collected for several surface types. BRF data collected during the Kuwait Oil Fire
Smoke Experiment (KOFSE) over an oil re generated smoke layer is described by
King (1992). Tsay et al. (1998) describe BRF data gathered in Brazil over cerrado,
dense forest, and smoke over dense forest, during the Smoke Clouds and Radiation
Brazil experiment (SCAR-B). Additional BRF data for the Saudi Arabian desert,
forested wet land (Great Dismal Swamp), and ocean water containing sunglint over
the Atlantic Ocean and Persian Gulf have been discussed by Soulen et al. (1999). In
this work we present BRF data of four common arctic surfaces: snow-covered sea
ice, melt-season sea ice, snow-covered tundra, and tundra shortly after snowmelt.
The snow-covered sea ice and tundra data were collected as part of the arctic Lead
Experiment (LEADEX), and the melt-season sea ice and tundra BRF data were
collected during the Arctic Radiation Measurements in Column Atmosphere Surface
System (ARMCAS) experiment.

Several studies of sea ice re ective characteristics have been reported (Grenfell
and Maykut 1977, Grenfell and Perovich 1984, Perovich et al. 1986, Allison et al.
1993, DeAbreu et al. 1995). These sea ice studies, using typically ground-based
instrumentation in mostly diVuse light conditions (overcast sky), discuss sea ice
characteristics and their spatial and temporal eVects on both spectral and wavelength-
integrated albedo. Highlighted in particular are the changes that occur with the
onset of the melt-season. Prior to the melt-season (usually about late May in the
arctic), sea ice albedo is mostly a function of the optical properties of the dry snow
cover that overlies the sea ice. With the onset of the melt-season, however, the
snow cover quickly begins to melt. Sea ice albedo then becomes a function of the
sea ice characteristics such as brine and bubble concentrations, ice temperature, and
ice thickness, coupled with the local meteorology (freeze thaw cycles). The result is
increased spatial variability and reduced re ectivity at all wavelengths (especially
above about 1 mm where nearly all the incident solar radiation is absorbed).

Direct application of these sea ice studies to remote sensing data (due to the
characteristics of the remote sensing data) have heretofore been limited. To make
the limited view angle remote sensing data more directly applicable, knowledge of
the BRF at all azimuthal and polar viewing angles is needed. BRF of snow has been
addressed in several studies (Dirmhirn and Eaton 1975, Kuhn 1985, SteVen 1987,
Dozier et al. 1988, Hall et al. 1993, Grenfell et al. 1994, Warren et al. 1998 (includes
a comprehensive review of factors aVecting the BRF of snow), Aoki et al. 2000), but
BRF of sea ice has been limited. Perovich (1991) found that at azimuth angles 0
and 90 from solar incidence, re ectance of a refrozen melt pond and young sea ice
0.2m thick was relatively constant for viewing zenith angles out to about 50 , but
increased sharply for larger zenith angles. Perovich (1994) reports that for sea ice
progressing from cold dry snow-covered (pre-melt) conditions through various stages
of melting, BRF data in the wavelength range 0.4 1.0mm, at a viewing zenith angle
of 30 is nearly azimuthally isotropic, but has a notable specular peak at a viewing
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zenith angle of 60 and azimuth of 0 . Both of these studies, however, were limited
in wavelength range and number of viewing zenith angles measured.

BRF studies of arctic tundra have also been limited. Recently, however, Vierling
et al. (1997) and Eck et al. (1997) have reported results of ground-based BRF
measurements taken during ARMCAS. They used the portable apparatus for rapid
acquisition of bidirectional observations of the land and atmosphere (PARABOLA)
to measure the BRF of three types of arctic tundra: wet sedge (northernmost tundra),
non-woody tussock tundra, and woody tussock tundra. The PARABOLA measures
the nearly complete BRF of three wavelength regions, but with an instantaneous

eld-of-view of 15. Eck et al. (1997) report total albedo computed from the
PARABOLA measurements to compare within 7.5% of pyranometer-base d measure-
ments. Vierling et al. (1997) discuss how to use the BRF measurements to diVerentiate
between the three types of arctic tundra.

In this paper the BRF data for each arctic surface are also used to compute
surface hemispherical albedo. Surface hemispherical albedo represents the true
albedo for a given surface. However, nadir re ectance (often the parameter measured
from an aircraft or satellite) is sometimes used as a surrogate (Barnsley et al. 1994).
Perovich (1994) reports that for sea ice evolving through the diVerent melting stages,
the spectral shape of nadir re ectance for wavelengths from 0.4 to 1.0 mm is similar
to the spectral albedo shape. The ratio of these two parameters was high (near 1.0)
for the dry snow but, as melting progressed, the ratio decreased, especially at longer
wavelengths. Similar comparisons have been done from our measurements and are
described below.

In the next section, we quantitatively de ne surface bidirectional re ectance (as
used in this work) and how hemispherical albedo is computed. In §3, the instrumenta-
tion and data strategy are summarized, followed by discussion in 84 of each measured
surface spectral anisotropy and hemispherical albedo computation. A summary of
this work is given in §5.

2. De nitions
According to the National Bureau of Standards, the spectral bidirectional
re ectance distribution function (Nicodemus et al. 1977), 1 is de ned as

r(h.w:h W)_dll(h W h,w)
N e e T dFI(hi'Wi)
which is a ratio of two derivatives; F, is the collimated irradiance illuminating at
zenith angle hi and azimuth angle w.; and I, is the corresponding re ected radiance
at angles h and W In equation (1), r, is in units of sr 1. However as detailed in
Tsay et al. f1998), in dealing with actual measurements and applications, this de ni-
tion is not practical. We instead (following Tsay et al. (1998)) characterize the surface
anisotropy from spectral measurements following the de nition of bidirectional

re ection function (BRF, RI) found in van de Hulst (1980) and given by

I, (h,h, ,w
Ry (h, h, =Ll g W) (2)
| 0 mOFI

where h and h_ are the viewing and illumination zenith angles, respectively; w is the
azimuth angleqbetween the viewing and illumination directions;m_=cosh: F, is the
collimated irradiance; and 1, is the corresponding re ected radiance. The

collimated irradiance FI is computed by weighting the solar ux at the top of the

(1)
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atmosphere (TOA) with the spectral response function of each band, taking into
account the eccentricity of the Earth s orbit around the sun. For this de nition
downward TOA ux is used because the downward ux at the aircraft level was not
fully measured (see Tsay et al. (1998) for greater detail).

Similarly for the spectral albedo, r,, radiance received by the detector from all
viewing directions/solid angles are integrated (summed up for all IFOVs). Using
equation (2), the spectral albedo is given by

2= p/2
rl(ho) P P hh , W) cosh sinh dh dw

CM Ny 1 (nhy. ) cosh sinh, D DWJD 3)
i=1j=1
where (i, j) are the |nd|ces of (h, w) for discretization (M, N terms) respectively, over
the hemisphere.

3. Instrumentation and data collection

During LEADEX and ARMCAS, measurements of surface atmosphere bidirec-
tional re ectance were acquired by using a multispectral scanning radiometer the
Cloud Absorption Radiometer (CAR), which was designed and built at NASA
Goddard Space Flight Center (cf. King et al. (1986) for details). The CAR was
mounted in the nose of the University of Washington s C-131A research aircraft,
providing radiometric measurements at 13 discrete wavelengths between 0.3 and
2.3mm. The rst seven channels are continuously recorded, whereas channels 8 13
are located in a Iter-wheel that can be locked at a particular channel or manually
or automatically rotated to measure a new wavelength interval after a preset number
of scans. The wavelength location of each channel was selected to minimize atmo-
spheric absorption eVects (except for the UV-B channel where it is desired). The
visible channel re ectance is weakly reduced by ozone absorption, as well as by
aerosol and Rayleigh scattering. Aerosol eVects should be small due to the relatively
clean arctic air for the ARMCAS measurements, though may be more signi cant
for the LEADEX measurements (due to arctic haze commonly observed at that time
of year). The shortwave infrared channel re ectance can be reduced by 2 8% due
to water vapour and trace gas absorption.

Viewing with an IFOV of 1, the CAR scans in a vertical plane on the right-
hand side of the aircraft from 5 before zenith to 5 past nadir (190 aperture),
thereby permitting observations of both zenith and nadir radiances to be obtained
with as much as a 5 aircraft roll, an angle that is measured simultaneously with a
gyroscope aboard the aircraft. Table 1 summarizes the CAR speci cations.

The C-131A ew at an average speed of about 80ms 1in acircle with a minimum
diameter of about 3km, at a comfortable roll angle of 20 in about 2min. At an
altitude of 600 m above the targeted surface area and 1 IFOV, the pixel resolution
is about 10 m at nadir and about 270m at an 80 viewing angle from the CAR (see
King (1992) and Tsay et al. (1998) for additional details).

4. Results from observations

The assumption of homogeneity of the targeted surface area is fundamental to
properly reconstructing the bidirectional re ectance from CAR measurements. Thus
targets were carefully selected to be as homogeneous as possible. During ARMCAS



Airborne measurement of arctic surface anisotropy 3767

Table 1. Cloud Absorption Radiometer speci cations during eld campaigns.

Platform

Ground speed

Total eld of view
Instantaneous eld of view
Pixels per scan line

Scan rate

Spectral channels

Spectral range

Data system

Calibration

University of Washington C-131A aircraft

80ms 1 (nominal)

190

175 mrad (1)

395

100 scan lines per minute

Thirteen (seven continuously sampled and six in Iter wheel)
0.472 (0.503 previous to 1993) 2.303mm

Eight channels @ 10 bits

Integrating sphere on the ground

Trans Alaska
Plpehne

Brooks Range

Figure 1. Approximate location of each set of sea ice and tundra BRF measurements. A,
7 April 1992; B, 7 April 1992; C, 5 June 1995; D, 8 June 1995; E, 8 June 1995; F,
7 April 1995; G, 12 June 1995; H, 12 June 1995.

and LEADEX, eight spectral BRF datasets were obtained and analysed. The location
of each BRF study on the north slope of Alaska and nearby Arctic Ocean is shown
in gure 1, which further designates the precise location by assigning a letter from
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A H. These eight studies have been categorized according to one of four types of
surfaces measured: (i) snow-covered sea ice, (ii) melt-season sea ice, (iii) snow-covered
tundra, or (iv) snow-free tundra. Two snow-covered sea ice BRF studies (A and B
in gure 1) were acquired over the Beaufort Sea under nearly clear-sky conditions,
from 20:50 to 20:57 and 21:15 to 21:24 UTC on 7 April 1992. Three melt-season sea
ice BRFs (C, D and E) were also acquired over the Beaufort Sea under nearly clear-
sky conditions, from 00:44 to 00:55 UTC on 6 June 1995, and from 18:34 to 19:39
and 20:58 to 21:19 UTC on 8 June 1995. One snow-covered tundra BRF (F) was
acquired just south of Prudhoe Bay, with nearly clear sky above (only some patchy
thin cirrus), from 23:38 to 23:43 UTC on 7 April 1992. Finally, two snow-free tundra
cases (G and H) were acquired south of Prudhoe Bay, with nearly clear sky above,
from 06:37 to 06:48 and from 06:57 to 07:09 UTC on 12 June 1995.

4.1. Snow-covered sea ice (April 1995)

Two three-orbit BRFs under clear sky conditions were conducted over snow-
covered multi-year sea ice (locations A and B in gure 1). The solar zenith angle h
for the two cases varied from 65.14 to 65.26 and 65.22 to 65.35 , respectively (cf.
table 2). Figure 2(a) shows a representative photograph of snow-covered sea ice taken
in the area where these BRF measurements were obtained. Due to the optically thick
snow cover (5 10cm layer is optically thick (Grenfell and Maykut 1977)), the optical
eVects of the underlying sea ice are limited. Variations in surface re ectance are
primarily due to shadowing caused by the relatively low sun angle and irregularities
in the surface (pressure ridges). These eVects are relatively small. The CAR lIter-
wheel channel was locked at 1.64 mm for one orbit in BRF A and for one orbit in B
at 2.20 mm.

Figure 3 contains the spectral BRF for each measured CAR channel over the
snow-covered sea ice (since the BRF plots for A and B were similar, only those from
A are shown here except for the 2.2mm plot). In these and all other polar plots,
zenith angle is represented as radial distance from the centre, and azimuth angle as
length of the arc on the respective zenith circle. The principal plane resides in the
0 180 azimuthal plane with the sun located in the 0 azimuth direction. With this
de nition, the upper half circle represents forward scattering and the lower half
represents backscattering, with the anti-solar direction at h_# 65 , denoted by the

. . 0
white spot in the upper left plot of gure 3(a).

The BRF pattern in gure 3 shows re ectance minimized in the region around
nadir and increasing going out from nadir, particularly in the solar and anti-solar
directions. The strongest peak is in the forward scattering direction, while there is a
diVuse and weaker peak in the backscattering direction. Interestingly, while the plot
suggests a high degree of symmetry, re ectance mid-way between the solar and anti-
solar directions is notably lower on the right than on the left in the dataset. The
cause of this asymmetry is not clear, but one possible explanation is oriented sastrugi
(Warren et al. 1998).

To investigate further the detailed angular distribution of BRF, gure 4(a) shows
the spectral dependence of the re ection function along the principal plane. Except
for the forward and backscattering regions near the limb, the plots for each band
are otherwise fairly at, representing a nearly Lambertian re ectance of snow-covered
sea ice away from the specular re ectance direction.






