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Bidirectional Anisotropic Reflectance of Snow and
Sea Ice in AVHRR Channel 1 and Channel 2
Spectral Regions—Part Il: Correction Applied

to Imagery of Snow on Sea Ice

Zhonghai Jin and James J. Simpson

Abstract—Advanced Very High Resolution Radiometer of albedo at the surface and the top of atmosphere (TOA). The
(AVHRR) images acquired over the Arctic ocean often show Advanced Very High Resolution Radiometer (AVHRR) mea-

strong bidirectional reflectance of snow on sea ice. The observed g, ements from the National Oceanic and Atmospheric Admin-
anisotropic reflectance characteristics of these images are consis-. tration’s (NOAA'S) Washinat DC | biti tellit
tent with the theoretical analysis presented in Part | of this study. istration’s ( s), Washington, » polar oroiting satelires

The anisotropic reflectance at the top of atmosphere (TOA) is Provide the best data source for deriving albedo, because sev-
simulated by radiative transfer modeling and the results show eral passes are collected per day over the polar region. Like all
a good model-observation agreement. Based on these modelinggbservations from space, however, each AVHRR observation is
results, a method was developed to correct the effect of anisotropic |;nited to a certain angular direction for a given pixel. Also, the
reflectance on AVHRR images in channels 1 and 2. Results ShOWAVHRR dat id fVi | ’
the method is effective and efficient. Comparisons of TOA show . e coyer awide range of view angles across any scan
reflectance before and after anisotropic correction show that the line. Therefore, if the angular dependence of the reflectance of
systematic and large variation of snow reflectance across the scansnow is ignored, then the albedo or radiation flux derived from
lines of an image due to satellite viewing/illumination geometry the radiance observed by the AVHRR instrument might have a
can either be eliminated or greatly reduced by applying the |51qe error due to the inherent anisotropy of snow reflectance.
correction algorithm. . . .
Some studies have retrieved snow (and sea ice) albedo from
Index Terms—Anisotropic reflectance correction, bidirectional A/HRR data (e.g., [7]-[12]), but the effect of bidirectional
reflectance, radiation. ' ’ :
reflectance has generally not been considered and/or well
corrected. In fact, comparisons iof situ and AVHRR-derived
|. INTRODUCTION albedo over Arctic snow have shown a more favorable agree-
NOW cover on sea ice is one of the major chr:lracteristig,!]sent when _the view geometry effect 1S con§|dered [8], [11]
f the polar oceans. It not only interrupts the energy eX_art | of this study analyzed the anisotropic reflectance of
' pw and sea ice in AVHRR channels 1 and 2 using a radiative

S
changes between the atmosphere and the ocean, but also hlgﬂxsfer model specifically developed for the polar atmosphere,

reflects the solar radiation incident on the ocean surface bacnow/ice and ocean system [13]. All the snow and atmospheric
to space. Due to the highly-reflective snow/ice, the highly ab. ' Y ) b

. : Lo rParameters that affect the bidirectional reflectance of snow/ice
sorptive open oceans, and temporal and spatial variation in t

L . gr%l their sensitivities were investigated. The results showed
areal extent, the net solar radiation also has great spatial ?ﬁ‘
temporal variation. This makes the polar region a very dynami

at reflectance of snow/ice was highly anisotropic with the
climate region.

s(frongest reflectance in the forward scattering directions,
For climate modeling in the polar region, accurate estimatESpeC'ally under conditions of low solar elevation typical at
of the solar energy partition in the atmosphere and ocean

ﬁfgh latitudes. In this paper, the theoretical results from Part
critical. Therefore, accurate assessment of the amount of r

f eqrovide a basis to analyze the bidirectional reflectance of
T ; . Gadwmber of AVHRR channel 1 and channel 2 images of
flected solar radiation over snow/ice covered ocean is neede

[1]-[3]. Although manyin situ measurements of snow albedcZnow—covered sea ice acquired in the Arctic. In Section Il of

have been made (e.g., [4]-[6]), we have to rely on satellite o his paper, some AVHRR images are presented that show the

: : . ééaendence of the satellite-observed reflectance of snow on the
servations for large-scale, high spatial, and temporal covera : : : . .
gﬁeometry (i.e., solar zenith, relative azimuth, and view angle).
In Section Ill, the radiative transfer model is used to simulate
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Fig. 1. Two AVHRR channel 2 images of isotropic albedo (reflectance) acquired over the Chukchi Sea in the Arctic by two different satellitesarithvditfie
geometry but with close pass times (a) from NOAA 12 and (b) from NOAA 14. The line from A to B crosses the same locations in both images.

Il. BIDIRECTIONAL REFLECTANCE OFSNOW OBSERVED FROM  using the postlaunch calibration for NOAA 14 givenin [15]. The
AVHRR calibration for NOAA 14 above is transferred to NOAA 12 by

The bidirectional reflectance of snow can be seen in Arct}tsing a colocated nadir observation method [16]. In this cross-
AVHRR imagery. All the data used in this study are higrg:alibration method, the nadir location(where the two satellite

resolution picture transmission (HRPT) data, which have passes cross each other) is identified based on their orbiting

nadir resolution of 1.1 km. Fig. 1 shows two images of AVHRI;gquations. If the neighborhood around this crossing point has

channel 2 reflectance. These images were taken only 10 erform snow, then the scene can be used as a cross-calibra-

apart over the Chukchi Sea on April 5, 1996, but from differeﬁlpr' site. The neighborhooq is' made sr'n.all so that gll the pixels
satellites. Image (a) is from NOAA 12, and image (b) is fror it have close tg nady viewing cqndmons. A nelghborho.od
NOAA 14. These two satellites have almost identical AVHRR'Z€ of 20x 20 pixels IS used in this st_udy. Th? two satellite
channel specifications [14]. Based on the postlaunch calibratif fsses are also constrained to have their pass jumes over t_he cal-
of the NOAA 14 satellite by Rao and Chen [15], for a given ra ration scene as close to each other as possible (e.g., Fig. 1).

pixel countC; in channel, the reflectance (or equivalently, the hus,_ bOth. sate!llte_s view the common cal_lbrgtloln S'te. W'th al-
isotropic albedoyy; in percent is given by most identical viewing geometry (i.e., nadir viewing with sim-

ilar solar zenith angle) and common atmospheric and snow con-
a; = S;(C; — Co)p?/ cos by (1) ditions. Therefore, the reflectance observed by the two satellites
for such a scene should be the same regardless of the anisotropic
where(y is the offset (41 in both channels 1 and &),is the reflectance. The calculated ratio of the postlaunch calibrated
solar zenith angle, ands the Earth-Sun distance in astronomi®NOAA 14 reflectance and the prelaunch calibrated NOAA 12
units. S; is the calibration slope given by (4) and (5) in [15]reflectance (NOAA 14/NOAA 12) at the calibration site are then
which is a function of day numbef after the launch of the used to convert the prelaunch NOAA 12 reflectance to a post-

NOAA 14 satellite and is expressed as launch reflectance, which thus has the same scale as the NOAA
14 postlaunch reflectance.
S1 =0.0000232d + 0.109 2 In Fig. 1, the sensor scan direction, which is perpendicular
Sy =0.0000373d + 0.129 (3) to the satellite nadir track, is horizontal for the image plane in

(a), but it is vertical for (b). Because the two images were col-
for channel 1 and channel 2, respectively. The reflectance giMeoted only 10 min apart, we can expect that the atmosphere
by (1) equals the actual albedo if and only if the reflecting rand the snow have not changed much during this short period
diance is isotropic or the view angle is independent. Thus, ttdad therefore, the isotropic albedo of snow observed by the two
reflectance is also called the isotropic albedo. satellites should be nearly identical if the effect of view angle

Because no postlaunch calibration for NOAA 12 is availabley the bidirectional reflectance is negligible. Actually, even the
and in order to make the radiance from the two different sateloud structures do not show visual differences between the two
lites comparable, we have cross-calibrated the NOAA 12 dataages. These facts indicate that the reflectance or the isotropic
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Fig. 2. Satellite-observed isotropic albedo of AVHRR channels 1 and 2 and view geometry along the line from A to B marked on the images in Fig. 1. The left
three panels are for the satellite pass (a) and the right three panels are for the pass (b) shown in Fig. 1.

albedo, assuming no angular dependence, should be similarRanels (a) and (b) show that, except for some occasional
a common snow target in the two images, though some atnsatdden decreases, which are believed to be caused by con-
spheric effects exist. These two images, however, show veamnination from leads, cracks of snow and ice or even small
different reflectance patterns. For example, in (a), the isotropitouds, the isotropic albedo observed in pass (a) presents a
albedo increases from the left side to the right, whereas in imagestematic increase from point A to B in both AVHRR chan-
(b), the isotropic albedo is much more uniform across the entinels 1 and 2. The isotropic albedo from A to B observed
image. from NOAA 14 (panels d and e), however, shows a slight
To illustrate this anisotropic characteristic of snow rencrease for channel 1 and almost no systematic variation in
flectance, a scan line labeled from point A to B on image (@&hannel 2. Comparing panel (a) with (d), and (b) with (e),
has been selected. This same line is also mapped on imégis clear that, contrary to expectation, both the isotropic
(b) using accurate registration and navigation. The isotromtbedo and its variation from A to B for the two near simul-
albedo observed from the two satellites and its relationshigneous observations are not the same or even similar. Be-
with the satellite zenith angle (view angle), as well as obserause the viewing conditions are nearly simultaneous and the
vation geometry along this selected line, are shown in Fig. atellite cross-calibration was applied, variations in snow and
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1]

Fig. 3. Two AVHRR channel 2 images of isotropic albedo acquired over the Beaufort Sea by the same satellite (NOAA 12) but taken about 3 h 14 min apart. The
line from A to B has the same geolocations on both images.

atmosphere and calibration uncertainty can be excluded aghe calibrated channel 2 isotropic albedo at the top of the
causes for these observed differences in the isotropic albedtmosphere (Fig. 2) also shows slightly higher values than that
These differences, in fact, would be larger if it were not foof channel 1. This probably is not correct because snow has
the blurring or smoothing effect from scattering by the atigher albedo in the visible spectrum (channel 1) than in the
mosphere, which reduces the strong forward scattering pewdar infrared (channel 2) and because the atmosphere tends to
and hence the reflectance anisotropy observed at the T@#enuate more radiation in channel 2 than in channel 1. Based
[13]. These differences can only be explained by the dién our model results, the degradation of the sensor response in
ferent viewing geometry of the two observations. NOAA 14’s postlaunch calibration for channel 2 reported in
Although the solar zenith angles are similar, the satellif{@5] is likely to be overestimated and therefore, the channel 2
zenith (view angle) and the relative azimuth angles (the azimutflectance is overestimated.
difference between the satellite view zenith plane and the solafFig. 3 shows another pair of images taken on March 29, 1996
zenith plane) are very different for the two scenes [Fig. 2(cver the Beaufort Sea. These two images were taken by the
and (f)]. The line from A to B in image (a) covers a much widesame satellite sensor with pass (b) 3 h 14 min later than pass
range of view angles than inimage (b). In image (a), the satell{@). Although the clouds have moved and changed during the
view angles change from the backward scattering directitime period between the two images, we cannot see any visible
(when satellite zenith angle 0) to a large forward scattering movement in the structure of the leads. A common target line,
direction (when satellite zenith angle 0). In addition, the which has the least cloud contamination in both images, was
relative azimuth angles are close to the principal plane (tselected to show the anisotropic feature of snow reflectance at
plane containing the sun, the target, and the zenith). Basedtba top of atmosphere. Fig. 4 shows the isotropic albedo from A
the theoretical analysis by [13], under these viewing conditiorts, B and the observation angles for both passes. Panels a, b, d,
the reflectance of snow is most highly anisotropic. For pass (lapd e show that both passes observed a systematic variation of
the view angles are limited to the backward scattering regicsnow reflectance from A to B, but the observation from pass (a)
and the relative azimuth angle (around 258 far away from shows a much stronger anisotropic characteristic than pass (b).
the principal plane. The theoretical study [13] also showed thEhese differences are mainly caused by different sun-satellite
under such observation angles, the angular dependence of sgeametry (panels ¢ and f). Both observations show a systematic
reflectance is very small. Thus, the small reflectance variatiamcrease of reflectance from A to B because both observations
observed under the viewing geometry of pass (b) is expectedvered a large range of forward view angles and are close to the
The small increase of the channel 1 isotropic albedo from A fwincipal plane. The stronger angular variation observed for pass
B observed in pass (b) is most likely due to atmospheric effec(a) occurs because it has an even wider range of viewing and
Higher scattering occurs in the channel 1 spectral region duestlar zenith angles. Different solar zenith angles cause different
shorter wavelengths. atmospheric paths and hence different scattering of solar radi-
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Fig. 4. Same as Fig. 2, but for the two satellite passes in Fig. 3.

ISOTROPIC ALBEDO FROM PASS (b)
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1003

ation. Fig. 4 also shows that channel 2 reflectance has a largeer, because the isotropic albedo is derived directly from the
variation with the satellite view angle, or a more anisotropic rebserved radiance (1) and it does not account for anisotropy, this
flectance pattern than that in channel 1. This is consistent wilbedo cannot be used to represent the actual energy reflected to
the model prediction of [13]. space.

Strong anisotropic reflectance of snow is also observed in
many other images (e.g., Fig. 5). This image was collected over
the Chukchi Sea on April 5, 1996 (panel 5a). Panel (b) shows
the channel 1 reflectance observed from space along the selectdelgs. 1-5 clearly show the effects of observation geometry on
scan line labeled on the panel (a) image. Channel 2 reflectaso®w reflectance observed from space. First, the aatusitu
shows a similar pattern and is not presented. Panel (c) showsghew albedo from location A to B in these images should not
observation geometry for pixels on the selected line. Again, dhave such a large variation because the images were taken in
to view geometry effects, the image shows snow that appeste March or early April, when snow melt has not yet started
darker on one side of the scene than on the other. As expeciadhe Arctic and the surface is covered mostly by new snow,
we also see a higher isotropic albedo at large view angles. Homhich has uniformly high albedo. Second, the snow albedo ob-

[ll. M ODEL SIMULATION AND ANISTROPICCORRECTION
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of the isotropic albedo from satellite radiance [15], we first
calculate the radiancé(6y. 8, ¢) at direction ¢, ¢), where
89,0, and ¢ represent the solar zenith, the view zenith, and
the relative azimuth angles, respectively. Then, the modeled
isotropic albedo is given as

7I-‘[(907 97 d))

061‘(90,9,(7)) = FC0890

4
where £' in (4) is the solar irradiance at the TOA. In the
model computations, the radiance and irradiance are inte-
grated and weighted by the spectral response function of the

% specific AVHRR channel [14]. Together with the radiance,
- LN the Anisotropic Reflectance Factor (ARF) can be derived
simultaneously
(b}
[ m_ H .
E | ﬁ‘} ARF(Q(), 9’ ¢) _ 7(.[(90’ 9, ¢) — 061(90, 9, d)) (5)
= T.H" where I, is the upward flux andy(6,) is the actual albedo,
3 70 mp]-ﬂ'q' independent of view angles. As shown in (5), ARF is also
E ;,_w.-th'l equivalent to the ratio of the isotropic albedo and the actual
2 & A, ],.rn-‘p'-‘h.r"" albedo. Thus, it represents the departure of the reflected
A d radiation field from an isotropic distribution and is one if the
i : reflection is isotropic. Therefore, the satellite-derived isotropic
—40 -20 a 2l 0 &0 albedo, divided by the ARF, gives the actual TOA albedo (or
equivalently, the anisotropy-corrected albedo).
Obsanvation Geometry A coupled radiative transfer model for the atmosphere,
show/ice, and ocean system has been used for this model
ACCOOCOOE T o0 simulation [17], [18]. Because the coupled model treats the
= 1500 — el . snow, ice, and ocean as different atmospheric layers, and the
< o (@ D Redal Azim| 180 _E[‘ radiative transfer equation was solved in the coupled system
E T i £ consistently, there is no need to assume any radiance distribu-
L B | T E tion at the interfaces or at the surface [18]. Therefore, it is more
- SRl |4 & consistent and accurate than the decoupled modeling approach.
7| | oot el . . . .
5 Bok ©  The mathematical representations of the radiative processes in
= this model have been confirmed by model-model comparisons
fiz BOEONENONCCENNo0a0N0aa30H [19] and self-consistency tests [18]. The comparison with other
'3"1;3 20 5 e T a0 models (most of them were implemented by the Monte Carlo
Satelite Zenith Angla technique) in [19] showed that for the same model input spec-

ifications, our model gives the same results for radiance and
Fig. 5. An observation by NOAA 12 over the Chukchi Sea on April 5, 199dITadiances as other models. Some validations of the radiative
(a) Channel 1 image of isotropic albedo, (b) channel 1 isotropic albedo wittansfer model by measurements of snowl/ice reflectance are
satellite view angle along the scan line from A to B labeled on the image, a@ri\,en in [13] and [17]. Validations by observational data in
(c) observation angles for the selected line. . .

the atmosphere can be found in [20]-[22]. However, it should

be noted that all these measurement-based validations are
served under clear sky conditions within a short time period bisicomplete due to limitations in the completeness of measured
from different satellite passes also should not be as different@gameters.
shown above due to similar snow and atmospheric conditionsThe angular input parameters for the model are obtained di-
Clearly, to avoid inaccurate retrieval and misleading interpreectly from the satellite ephemeris data and orbit models. A sim-
tation of snow albedo derived from satellite data, the angulplified two-layer model for snow with total thickness of 20 cmis
effects of bidirectional reflectance on the observations must bged. The snow below this level, however, has little or no effect
corrected. on the albedo in AVHRR channels 1 and 2, because almost no

In this section, the strong angular variations presented riadiation can reach this depth and therefore, the parameter spec-

Section 1l are used as examples for model simulation aifttations for the sea ice and ocean underneath are not needed.
anisotropic correction. First, we directly model the isotropi€o date, there has not been a large-scale effort to systematically
albedo or reflectance observed by the satellite. If the angutaeasure the snow cover thickness on sea ice in the Arctic ocean.
variation of reflectance can be simulated, then the angular cBased on a few isolated studies, this assumed thickness of 20 cm
rection for it is straightforward. Consistent with the derivatiors likely to be less than most actual snow depths on sea ice in
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Fig. 6. Model-observation comparisons for albedo along the line from A to B labeled in image (a) in Fig. 3. Panels (a) and (b) are for AVHRR channel 1 and
panels (c) and (d) are for channel 2. Panels (a) and (c) show the comparison of TOA isotropic albedo for channels 1 and 2, respectively. Panelshibyand (d)
the comparison of the TOA albedo after anisotropic correction. The correction coefficient function, ARF, is also shown.

the Arctic spring when the images being studied were collectatbedo. But within the grain-size range for new snow (0.02 to
[23]-[25]. It should be noted that the assumed 20 cm of sndwl mm in radius), the error due to inaccurate grain size is also
depth is a very conservative number for an optically semi-ismall in both AVHRR channel 1 and 2.
finite surface. In fact, our calculations showed that only a few Measurements of snow reflectance in the Antarctic by Warren
centimeters of snow cover could be considered as semi-infingeal. [29] showed that the sastrugi (wind-formed roughness on
for channel 2 radiation and 10 cm of new snow on sea ice has e snow surface) has an effect on snow reflectance, but they also
sentially the same albedo as a 20 cm of a layer of snow. If océadicated that the effect is mainly for large view angle$S(°)
sionally the snow is extremely thin such that the reflectance will the forward scattering direction and when the sastrugi is ori-
be largely reduced and is significantly less than the surroundiegted near perpendicular to the solar beam. It should be noted
snow, then this snow pixel is excluded from the analysis.  that the maximum satellite scan angle for AVHRR is %the
According to Tuckeet al. [26], the snow cover over Arctic corresponding maximum view zenith angle is’)6%nd actu-
sea ice is fairly simple and it consists primarily of wind-blownally most of the pixels in images we analyzed have view zenith
hard-packed snow composed of well- rounded grains. In taagles of less than 80In addition, the observed sastrugi in
model simulations, the 10 cm of the upper layer of snow af29] is of order 1 m in width and a few meters in length, while
assumed to have a mean grain radius of 0.1 mm, consistent Wita scale for each AVHRR pixel is 1.1 km. Lacking observa-
the new/fresh snow conditions of the early Arctic spring. Thigon data for possible sastrugi of snow on sea ice in the Arctic
lower layer is assumed to have a mean grain radius of 0.3 nagean (e.g., their heights, widths, orientations, and distributions
for old snow [26]-[28]. These assumed values may not be theeach pixel range), we will not consider this roughness effect
same as the actual ones. Our sensitivity tests, however, showethis study.
that the errors in the assumed values of these snow parametef® simplify the computation and save computation time, the
have a relatively small effect on the TOA albedo in the spectrg¢attering phase function of snow is approximated by a two-
regions of AVHRR channels 1 and 2 for optically thick snow foeomponent Henyey-Greenstein phase function as
this Arctic season [13]. This is especially true when such errors
are compared with other potential error sources (e.g., satellite P(2) = 0.8F(g1,2) + 0.2F(g2, ) (6)
calibration). Doubling the snow thickness to 40 cm or doubling
the grain size in the lower layer, for example, gives essentialshere (2 is the scattering angle anf(g,?) is the Henyey-
identical results. Of all these parameters for snow, the grain si@eeenstein phase function with asymmetry fagtdn (6), g1 is
in the upper layer has the largest relative effect on the calculatgabcified as 0.88, around the value of the asymmetry factor of
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Fig. 7. Same as Fig. 6, but for the observation in Fig. 5.

show in the visible and near-infrared spectrum [27], [30]. Azenith angle has been matched fairly well by model results,
cording to [30], the asymmetry parameters for densely packalthough there is an offset between the modeled and observed
particles are very close to those for independently scatterisgtropic albedo in channel 2. This offset is very likely from
spheres and may be used in practical computations for dengbly calibration error described above. The calibration by (2)
packed grains such as snow. The valuggefis specified as and (3) makes the TOA snow reflectance in AVHRR channel
-0.1 to account for the small backward scattering peak of sna?v,similar or even larger than that in channel 1, which is
which has been demonstrated in theoretical computations angiactically impossible. The only other factor that might be
many field observations of snow bidirectional reflectance (e.@ble to produce such a big disagreement between model and
[31]-[33], [29]). For example, Figs. 3 and 4 in [29] show abservation in AVHRR channel 2 is the snow grain size,
backscatter peak at the back view angle of arouridiédwever, because the snow reflectance increases as snow grain size
direct comprehensive measurements of the snow phase functiesreases. However, the specified grain size (0.1 mm in radius)
have not yet been conducted. Thus, the exact formula to reprethe model simulation was already low to represent the new
sent the snow phase function, including the backscatteringsisow in the Arctic spring. Even reducing this size by half
still unknown. Therefore, the formulation used here (6) is an ajpcreases the TOA albedo by less than 2%, much less than
proximation based on theoretical computation and indirect fietde offset (larger than 5%). Increasing the grain size produces
observations. the opposite effect. Therefore, the assumed snow grain size

Although the aerosol or haze loading is small in the Arctican be excluded as the cause for this channel 2 offset.
compared with that of the low latitudes, the Arctic haze might Panels (b) and (d) in Fig. 6 compare the anisotropy-corrected
have a non-negligible effect on the magnitude of the TOAlbedo derived from satellite data (5) with the modeled albedo.
albedo, especially in AVHRR channel 1. Lackiimgsitu obser- The ARF used for correcting the satellite-observed reflectance
vation data, we determine the haze optical depth by matchiisgalso shown in these two panels. The modeled albedo is calcu-
the model computation with the satellite observed radiancelated from the upward and downward fluxes directly and is not
nadir viewing in channel 1. derived from ARF. The small variation in the modeled albedo

The isotropic albedo along the line from A to B in Fig. 3(a)along the selected line from A to B is due to the variation in the
which was shown in panels (a) and (b) of Fig. 4, wilkolar zenith angle. There is a good agreement between model
be used as the first example for modeling and anisotro@ad corrected albedo observed in channel 1, and there is an
correction for the TOA snow albedo. The results of such @ffset in channel 2. More importantly, panels (b) and (d) show
model-observation comparison and anisotropic correction ahat the snow albedo becomes more uniform after correction,
presented in Fig. 6. Panels (a) and (c) in Fig. 6 show thahich indicates that most, if not all, of the angular effects have
the variation in satellite-observed isotropic albedo with vielween eliminated successfully.
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Fig. 8. Image acquired over the Chukchi Sea on April 5, 1996. (a) Histogram equalized channel 1 isotropic albedo; (b) same as (a), but with leads and
lead-contaminated pixels represented by blue and clouds represented by yellow; (c) AVHRR channel 1 isotropic albedo of snow; (d) Channel bsaftav albed
anisotropic correction; (e) Channel 2 isotropic albedo; and (f) Channel 2 albedo after anisotropic correction. The red overlay in panela(dhé)mxels that

have been excluded because they are not 100% snow (blue and yellow in panel b). The albedo scale for channel 1 (panels c and d) is represented by the wedge
to the right of panel (d) and for channel 2 is placed to the right of panel (f).

Similar to Fig. 6, Fig. 7 shows the model-observation conobservation angles has been eliminated after the anisotropic cor-
parison and anisotropic correction results for the A-B line fromection. At large view angles in the forward scattering direc-
the image in Fig. 5. Again, the systematic variation due to thi®on, the albedo derived from satellite observation in channel 1
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Fig. 9. Histograms for snow albedo before and after the anisotropic correction. Panels (a)—(d) correspond to images in panels (c)—(f) in Etiyedy.respe

tends to be smaller than the model prediction in all exampleat it was applied only to a single scan line in the images and
shown. The same applies to the albedo in channel 2 if the offgets based on a time-consuming pixel-by-pixel computation. To
is excluded. Results from other data sets (not presented) agply this correction over an entire image, such a pixel-by-pixel
showed this model-observation difference at large view angleemputation is impractical, if not impossible. Therefore, a pre-
Generally, for larger view angle, this difference also becomealculated look- up table of ARF, the correction factor, was cre-
larger. There are a number of possible causes for this. First, thated and used for the operational anisotropic correction algo-
might be imperfect physics in the model and/or the assumptiorithm. This table contains ARF values for various solar zenith
used to characterize the physical properties of the snow andatgles, satellite zenith angles, relative azimuth angles, snow
mosphere. The model might simply overestimate the reflectarm®perties, and haze loadings, which were shown to be the most
at those large angles due to inaccurate treatment of the optmahsitive parameters for ARF [13]. Once the snow properties
properties of the atmosphere and snow (e.g., the phase functiamd haze loading are specified as described above, the ARF to
Second, the assumed uniformness for snow properties alongltbeapplied to each pixel in an image can be retrieved from the
lines studied also may not be exact. In particular, because tbek-up table based on the angles derived from satellite orbit
snow at large view angles happens to be closer to the coast,dh&. If any of the parameters to select the ARF do not match
actual snow there might not be as clean as in the Arctic intite tabulated entries, then interpolation can be done. The table,
rior due to pollution contamination. Another cause might be tHewever, has sufficient angular resolution to retain high accu-
sastrugi: the wind-formed snow surface roughness. Waetenracy if interpolation is needed. This table is too large to in-
al. [29] found that this meter-scale roughness could reduce ttlede herein, but it is available from the authors upon request.
snow reflectance, particularly at large viewing angles in the foFhis implementation greatly reduces the execution time for the
ward-scattering direction. anisotropic correction process. For example, the anisotropic cor-
rection on a 1006« 1000 pixel image requires only a few min-
utes when the look-up table is used.

Of course, before the correction is applied to an image, it
is necessary to first identify the snow pixels without cloud or

In Section lll, the approach for anisotropic correction of thieads contamination. In late March and early April, when the im-
viewing/illumination geometry effect has been demonstrateaiges studied in this paper were collected, it is still snow season

V. APPLICATION OF ANISOTROPICCORRECTION TOIMAGERY
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Fig. 10. Same as Fig. 8, but for an image taken north of the Bering Strait in the Arctic ocean on March 26, 1997.

in the Arctic, and the snow has not yet started to melt. Ekave lower albedo but higher temperature than the surrounding
cept for small areas of open water, leads and occasional yosmgw or clouds. The open ocean is first detected by applying a
ice, the pixels in Arctic imagery are either snow-covered idfareshold to channel 1 or channel 2 reflectance. Then, by com-
or clouds. Therefore, to properly identify the snow pixels, ongaring the channel 2 reflectance and the channel 4 temperature
must exclude clouds and leads. Leads and open ocean are galytheir 9 x 9 window averages, respectively, pixels with 6%

to identify in AVHRR imagery based on their channel 1 or Bower reflectance and with 6% higher temperature are classified
albedo and channel 4 or 5 temperature. Leads and open ocasleads or leads contaminated. After the open ocean and leads
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Fig. 11. Same as Fig. 9, but for images in Fig. 10.

are excluded, cloudy pixels are discriminated over the remainiagow pixels by the cloud edges have been assigned to clouds
image pixels, which are either snow, cloud, or snow-cloud miXbut not the opposite case, which is undesirable for this study).
ture. Clouds and snow have different structure. Cloud pixeBanel (c) is the channel 1 isotropic albedo at the TOA based
however, can have similar albedo and/or temperature to thos®ofprelaunch calibration for NOAA 12. The red represents all
the surrounding snow. Also, the albedo of some cloudy pixeise areas to be excluded [labeled either blue or yellow in panel
can be either substantially higher or lower than that of sno¢b)]. The gray area represents snow with brighter gray scales
Generally, clouds have a higher statistical standard deviation tmrresponding to higher observed snow reflectance. Panel (d) is
albedo and temperature than snow within a domain. Basedtbe snow albedo after anisotropic correction. The albedo scale
these facts, clouds are identified using these statistical featuffes.panels (c) and (d) is represented by the wedge on the right
However, this simplified method cannot be taken as an acaf-panel (d). Panels e and f are similar to panels ¢ and d but
rate cloud classification. Specifically, the identified cloud aref@r channel 2. The observed isotropic albedos shown in panels
is generally larger than the actual cloud area. In other wordsand e show a higher value on the left side of the image than
some snow pixels, particularly those close to the cloud eddke right side. The albedos after anisotropic correction (panels d
will be assigned as cloud based on this approach. This consard f), however, are quite uniform, which indicates that the ac-
vative classification is acceptable for the present study, howeueial snow albedo does not vary much over the entire image. The
as long as the snow class assignment is correct. As the examplestlaunch calibration was not applied here because the objec-
below show, this approach provides good cloud and leads ft@es was only to remove the angular variation of snow albedo.
scenes for the anisotropic correction. To show the effectiveness of the anisotropic correction, Fig. 9

Fig. 8 is an image acquired over the Chukchi Sea by NOAgompares the histograms of TOA snow albedo before and after
12 on April 5, 1996. Panel (a) is channel 1 isotropic albedo Hte anisotropic correction. Panels a and b in this figure are the
the TOA. It was histogram equalized so that the leads structumistograms for channel 1 and correspond to panels ¢ and d in
and cloud edges could be better visualized [34]. Panel (b) is thig. 8, respectively. Panels ¢ and d correspond to panels e and
same as panel (a), except the blue represents the leads or lIé&ul&ig. 8. Only the snow pixels in Fig. 8 are used in the his-
contaminated pixels and the yellow represents clouds. The idémgrams. Comparing the histograms before and after anisotropic
tified leads and clouds are consistent with the visualized leattsrrection, itis easy to see the more uniform nature of the albedo
and clouds in panel (a). It also shows that a small number dibtributions after angular effects have been removed.



JIN AND SIMPSON: BIDIRECTIONAL ANISOTROPIC REFLECTANCE OF SNOW AND SEA ICE—PART Il 1011

Fig. 12. Same as Fig. 8, but for an image taken over the Beaufort Sea on March 23, 1997.

The image in Fig. 10 was acquired over the northern Berimtjstribution before and after anisotropic correction. Panels (a)
Strait between the Chuckchi Sea and the Beaufort Sea amd (b) correspond to panels (c) and (d) in Fig. 10 and panels
March 26, 1997. The graphical presentation is similar t@) and (d) correspond to panels (e) and (f) in Fig. 10. This
Fig. 8. The assigned clouds, labeled as yellow in panel (lgpmparison also shows a much more spatially uniform albedo
also included some snow pixels but are generally consistéot the snow after the anisotropic correction.
with the cloud structure in panel (a). Leads are shown inFig. 12 shows an image acquired over the Beaufort Sea on
blue. The satellite-observed isotropic albedos shown in panklarch 23, 1997. Its panels are analogous to those in Figs. 8 and
¢ (channel 1) and e (channel 2) have higher values on the It Fig. 13 is the histogram comparison for snow albedo be-
side of the scene and lower ones on the right. The albedo afiae and after anisotropic correction for this image. Again, both
anisotropic correction (panels d and f) shows a lower albedo panels (d) and (f) in Fig. 12 and the histogram for the albedo
the left and higher on the right, but their dynamic range is mugtfter correction [Fig. 13(b) and (d)] show that the albedo vari-
smaller across the scene. Because the left side of the imagien over the entire image due to the sun-satellite geometry is
is closer to the coast, the snow and atmospheric conditioesnoved by the anisotropic correction.
may actually be different (e.g., higher pollution and more Fig. 14 shows the relative difference of the isotropic albedo
dust-contaminated snow) from those on the right side (whi¢h;., ) and the actual anisotropy-corrected albedor the three
is closer to the inner Arctic). If this is the case, then the albedmages shown and corrected above in this section. This differ-
pattern after correction might represent the actual albedo at #ree (in %) is calculated as
top of atmosphere better. Otherwise, the correction is somewhat
overdone but still represents an improvement over the original

QXjso — X
data. Similar to Fig. 9, Fig. 11 compares the statistical albedo DIF = ———— x 100% (7
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Fig. 13. Same as Fig. 9, but for images in Fig. 12.

The relative difference is used because it is independent of gBY. This error in the TOA albedo, in turn, implies an approxi-
calibration error that might be large. The left panels are fonate error of 70 Wm? of solar flux into or out of the atmos-
channel 1 and the right panels are for channel 2. All results shplere for a solar zenith angle of 7@onsidering the accuracy
that the isotropic albedo is higher than the actual albedo for langgjuirement of a few Wm? for climate modeling and the fact
view angles in the forward-scattering direction (the left side dfiat the greenhouse effect of the g£€ncentration doubling is
the images), and the difference increases as the view anglednly about an extra 4 Wit radiation flux at the tropopause
creases to the left of the image. The isotropic albedo, howeV@&7], this uncertainty is unacceptably large.

is lower than the actual value for small view angles (central por-

tion of the images) and for backward-scattering directions (the V. CONCLUSION

right side of the images). For each image, the range of difference

values is slightly larger in channel 2 than in channel 1, because' N€ Viewing and illumination geometry (the solar, view, and
there is a higher reflectance anisotropy of snow in channel orelative azimuth angles) can introduce large artificial variations

The results in Fig. 14 indicate that the reflectance anisotroffyimages of snow reflectance acquired by the AVHRR instru-
could produce more than #20% relative error in the TOA ment. This is contrary to the conclusion made in [38], based
snow albedo in both AVHRR channels 1 and 2. For pixels witpn observations from NIMBUS-7, that snow is the most nearly
larger satellite view angle, which were not included in the iniSOtropic surface type. The nearly “isotropic” reflectance of
ages presented, the error is expected to be even larger. Accor@p@W Was observed only in images obtained under certain view
to any linear narrow-band to broad-band transformation, whiggometries (e.g., far away from the principal plane). The satel-

has been widely used and formulated as (e.qg., [11], [12], [3#f€-observed isotropic albedo is generally larger than the true
[36]) albedo in the forward-scattering directions with large satellite

view angle, whereas it is lower than the actual value for small
a=Aw; + Bas+C (8) view angles. The angular dependence of snow reflectance,

which can greatly enlarge the variation of snow reflectance in
a 20% error in AVHRR channel 1 albede; ) and channel 2 some images, is so large that an anisotropic correction must
albedo(«,) means a same magnitude of error in the broad-babd applied in conversion to albedo. The anisotropic features
albedo for solar flux as A, B, and C are regression constantsahthe observed snow reflectance from AVHRR imagery are
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1] i

Fig. 14. Relative difference between the satellite-observed isotropic albedo and the anisotropy-corrected albedo for snow in the threedmedeés prgs. 8,
10 and 12. The red overlay represents the excluded pixels. The left panels are for AVHRR channel 1, and the right panels are for channel 2.

consistent with the theoretical analysis in Part | of this studyhe snow reflectance variation becomes much smaller over
[13]. Based on this theoretical study which was, in turn, bas@dages of snow on sea ice after the anisotropic correction
on the coupled radiative transfer model [17], [18], the observedyorithm is applied.

anisotropic reflectance of snow can be well simulated andTheimages selected for study in this paper are limited to those
consequently, the anisotropy can be removed from the sat@btained in the early Arctic spring. This was solely to simplify
lite-observed reflectance. A method for anisotropic correctidghe parameterization of snow. The method for anisotropic cor-
was developed to remove the angular dependence over an eméotion developed herein, however, is general. For snow images
image. Results show that this method is effective and efficiemicquired in other seasons, such as summer, the snow conditions
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that are required for the correction algorithm would be morg20] S. C. Tsay, K. Stamnes, and K. Jayaweera, “Radiative energy budget
complicated and therefore, the physical parameters of snow for

model input are more difficult to assume unless detaitesitu

(21]

observation data to describe the snow/sea ice are available.

(22]
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