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Abstract

Solar Radiation Processes on the East Antarctic Plateau:
Interaction of Clouds, Snow, and Atmospheric Gases
Stephen R. Hudson

Chair of the Supervisory Committee:
Professor Stephen G. Warren
Atmospheric Sciences

The bidirectional re ectance distribution function (BRIP&f snow was measured from a 32-

meter tower at Dome C, at latitude on the East Antarctic Plateau. These measurements were

made at 96 solar zenith angles between&id 87, and cover wavelengths 350-2400 nm, over
the full range of viewing geometry.

Parameterizations are presented for the anisotropic t@we factor using a small number
of empirical orthogonal functions. The parameterizatiooger nearly all viewing angles and are
applicable to the high parts of the Antarctic Plateau thaelsmnall surface roughness.

It has been a long-standing puzzle why clouds, which shautieract with solar radiation
similarly to a thin layer of snow, have such a dramatic eff@ctthe re ectance observed by
satellites over snow-covered regions. The presence ofual ager the snow strongly enhances
the anisotropy of the scene; by contrast, when a planelpbhcibud is placed above a plane-
parallel snow surface in a model, it slightly decreases tiiso&ropy of the system due to the
cloud's smaller particles.

Using the surface-re ectance parameterizations, | shat tifis effect of clouds over snow
is due to the non-plane-parallel nature of the snow surfaoeto unexpected features of the
clouds. The snow-surface roughness reduces the anisatfdpg re ected sunlight compared
to that from a plane-parallel snow surface. Clouds hide hisghness with a surface that is

very smooth in units of optical depth. | use the surface patarization to accurately model






re ectance observations made from above cloud-covered.sno

| also use these parameterizations in a model to calculatelitectional re ectance above
Dome C, integrated over the solar spectrum, for comparistimabservations from Clouds and
the Earth's Radiant Energy System (CERES). These comparisaoggest that the CERES radi-
ances may be biased low, by about 5%, but that the anisotrejgictance factors used by CERES
to convert radiance to ux are appropriate for use over tlggoe A study of the effect of at-
mospheric variations on anisotropy suggests this is nelyito introduce signi cant uncertainty

into CERES results.
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Chapter 1

INTRODUCTION

The East Antarctic Plateau is the high-elevation portiothefAntarctic Ice Sheet, including
most of Antarctica more than a few hundred kilometers from ¢bast, from the Greenwich
Meridian, through 90 E, to about 145E. Its approximate extent is shown by the red contour
in Figure 1.1. With surface elevations from about 2500 toMihd) surface slopes less than
0.3, and continuously sub-freezing temperatures, it is a rkaidy homogeneous area covering
about 5.5 million square kilometers. The low temperatumsfl on the Plateau all year limit
temporal variability of the snow surface by slowing metapharsis rates of near-surface snow
grains. The entire Plateau is covered by clean, cold snospatial variability consists primarily
of variations in the size and orientation of surface rougkrfeatures. Its permanent snow cover
and its location inside the Antarctic Circle make it a regafrextremes with respect to solar
radiation, among other things.

With continuous sunlight for the summer months, parts ofRleeau have more solar radi-
ation incident at the top of the atmosphere over the coursenodsummer day than is incident
at the top of the atmosphere above any other part of the péaraety time of year. However, the
perpetually cold, ne-grained snow surface of the Plateas &n albedo of about 0.8, ensuring
that the upward ux of solar radiation in summer is also ondla highest in the world. The
combination of high albedo and low solar elevation meansatheosphere plays an important
part in determining the solar radiation budget of the Artarelateau; indeed, it is one of the few
regions of the planet where the top-of-atmosphere (TOA9ddls lower than the surface albedo.

Accurately determining the TOA albedo over bright surfaisenportant for studies of the
Earth's radiation budget since small errors or changes enalbedo of bright regions lead to

large relative errors or changes in the absorbed solar gnedgtellite instruments provide a



Figure 1.1: This map shows contours of surface elevationraarktica. The contours are at 1000,
2000, 2500, 3000, 3500, and 4000 m; the 2500-meter contourad and is an approximate limit

of the East Antarctic Plateau. The red asterisk marks thegitmt of Dome C station, where our

measurements were made.



convenient way to observe otherwise under-monitored nsgad the planet, including the East
Antarctic Plateau, but to make use of their data—to detegraibedo or to derive other properties
remotely—we must have a good knowledge of the angular bigian of the re ected radiance.
Calculating albedo requires integrating the upwellingaade over all viewing angles, something
that cannot generally be done in a short time by satelliteunsents; knowing how the radiance
varies with viewing angle allows a radiance observationsamgle viewing angle to be converted
to upwelling ux, or albedo.

Modelling radiative transfer through the atmosphere, @ stirface, and back to space re-
quires knowing the angular distribution of the re ectedieate at the surface. This affects not
only the resulting modeled angular distribution at the T@Ajch may be used for interpreting
satellite observations, but also the modeled atmosphadi@ation budget, since the atmosphere
will absorb more of the upwelling radiation if it is prefet@lly re ected into large zenith angles
rather than straight up.

This dissertation examines the role of snow-surface feafwiouds, and atmospheric gases
in determining the angular distribution of re ected sulhligover the East Antarctic Plateau. Be-
ginning with observations of the re ected radiance eld hetsurface, a parameterization is de-
veloped to calculate the anisotropic re ectance factortifi@r Plateau snow surface as a function
of solar zenith angle and viewing angles. This parametioizas then used as the lower bound-
ary in radiative transfer models to explain the effect ofuds on the re ected radiance eld at
the TOA and to examine the angular distribution models usitid and observations made by
Clouds and the Earth's Radiant Energy System (CERES) m&ints. The results presented here
will help scientists using radiative transfer models oeipteting satellite observations to bet-
ter understand and explain their results over an area wherimteraction of solar radiation, the

atmosphere, and the surface can be quite different from dggtens over most of the planet.



Chapter 2

OBSERVATIONS AND PARAMETERIZATIONS

This chapter was published under the title “Spectral bafiomal re ectance of Antarc-
tic snow: Measurements and parameterization” in 2008duarnal of Geophysi-
cal Researchi11(D18106) with coauthors Stephen G. Warren, Richard E. Brand
Thomas C. Grenfell, and Delphine Six. My coauthors desigaed helped carry
out the experiment at Dome C; Brandt and Grenfell acquiret! karilt the neces-
sary equipment for our observations, and kept it functignmthe eld; all of the
coauthors gave comments on the manuscript, and Warrenttioybar, provided me
excellent guidance on carrying out the work and helped matlgrevith improving

the manuscript.

2.1 Introduction

The light re ected from a snow surface is diffuse, but notiliepic. This anisotropy is some-
times apparent to the unaided eye and can often be impodagebphysical observations and
modelling. The angular distribution of re ected light issigibed by the bidirectional re ectance
distribution function (BRDF); here, bidirectional refdosthe two directions of interest: that from
which the light is coming and that into which the light is bgire ected.

Knowledge of a surface's BRDF is a necessary lower boundamngition for accurate mod-
elling of radiative transfer through the atmosphere. Suwbwkedge is also important for the
interpretation of remote-sensing observations. Remensing applications using re ected sun-
light generally begin with a measurement of radiance confiiom a particular direction. An
understanding of the BRDF of the scene being viewed is reduither to convert the measured
radiance to an upwelling ux, or to normalize the radiancedgount for the angular distribution

of the re ected light before using it to determine other pedies of the scene.



If the radiance measurements are made near the surfacehanaviy aircraft measurements,
then it is the BRDF of the surface that is obtained. For remsetgsing using sensors on satel-
lites it is the BRDF of the surface-atmosphere system thagggaired. Determining this top-of-
atmosphere BRDF is dif cult because satellites cannot viescene from all angles in a short
period, so the top-of-atmosphere BRDF pattern is typidaligrred by combining numerous ob-
servations of the same scene type with similar solar zemigtea that were made at different
times and span the available range of satellite viewingemn@loeb et al. 2005). That method
does not require the surface BRDF, but having knowledgeaifatvs an evaluation of the accu-

racy of the satellite-derived top-of-atmosphere BRDF.

Loeb (1997) and Masonis and Warren (2001) used top-of-giherse observations of solar
radiation re ected from the high surfaces of Antarctica d@ickenland to provide estimates of
the calibration drift of the sensors for channels 1 and 2 enAtivanced Very High Resolution
Radiometer (AVHRR). While their methods do not require aated a priori knowledge of the

surface BRDF, such knowledge would help improve these iquks.

Many studies have provided estimates of either surfacepsot@tmosphere BRDF for vari-
ous surface types. Here we present comprehensive measussshthe surface BRDF of Antarc-
tic snow, and parameterizations that allow for the calaatadf this BRDF for any viewing ge-
ometry, for wavelengths covering the solar spectrum frof 8852400 nm, and for solar zenith
angles of 51to 87 . These parameterizations are strictly applicable to tlogvsn the vicinity
of Dome C, where the measurements were made, but given thedeoreity of the Antarctic
Plateau surface, they can probably represent any regidmedfigh plateau having low surface

slope.

These measurements and parameterizations complementtand aumerous previous stud-
ies of the BRDF of snow. Several recent studies have invastigthe BRDF of midlatitude,
macroscopically- at snow surfaces (Leroux et al. 1998; Aekal. 2000; Painter and Dozier
2004; Kokhanovsky et al. 2005). Those measurements alldecbnly a few wavelengths or
a limited range of solar zenith angles, and they exclude fteete of the macroscale surface
roughness found on polar snow. However, they do examineffbet ®f changing snow type

(grain size, grain shape, impurities), which we are unabldotbecause the snow at Dome C has



a relatively stable BRDF since it is always cold, ne-grainand clean.

Other studies have focused on polar snow. Using a radionoetemn aircraft ying about
600 m above the surface, Arnold et al. (2002) measured themB&[Brctic scene types, includ-
ing snow-covered sea ice and tundra, at wavelengths 470-+230with solar zenith angles of
about 65 for the snow-covered scenes. Li and Zhou (2004) comparecehimagl results with
near-surface measurements of the BRDF of snow-coveregsuatener Antarctic sea ice at 4
wavelengths for solar zenith angles of &nd 85.

The BRDF of snow on the Antarctic Plateau has been reportelduby (1985) and War-
ren et al. (1998). Kuhn presented spectral measurememsthe South Pole at 450, 750, and
1000 nm for a solar zenith angle of g&and broadband measurements from Plateau Station for
solar zenith angles of 6&and 68. Warren et al. reported measurements made at South Pole Sta-
tion at 600, 660, and 900 nm with solar zenith angles fromt6 823 . They examined the effect
of the oriented surface roughness features, known as gasinithe measurements and, conclud-
ing the effect was minimal at viewing zenith angles less th@n provided a parameterization
for the BRDF valid for these viewing angles, for dry, ne-grad snow at visible wavelengths,
with solar zenith angles in the measured range.

The present work extends the measurements of Warren et98B8) by covering a broader
spectral interval and a wider range of solar zenith anglelsbgrextending the parameterization
to longer wavelengths and larger viewing zenith angles. &ttension to larger viewing zenith
angles was possible because the snow surface at Dome C ish&mtwan at South Pole, with

signi cantly smaller sastrugi.

2.2 Re ectance Terminology

The angles necessary for the discussion of re ectance lasgrdted in Figure 2.1. The solar
zenith angleq ) and viewing zenith angley() are measured from the z-axis. The solar azimuth
angle £ ) and the viewing azimuth anglé () are measured clockwise from north; the viewing
azimuth is opposite the direction into which the detectghtlis travelling.

For most surfaces the BRDF does not depend separately andf, but instead only on

the relative azimuthf(), which we de ne as the angle measured clockwise ffonto f . Using



z (vertical)

Detector

Sun

X (6§0°)

Figure 2.1: De nition of the solar zenith anglg (), the viewing zenith angleq(), the solar
azimuth anglef( ), the viewing azimuth angld (), and the relative azimuth anglg)(

this convention, a measurement made with the instrumentgubtoward the azimuth of the sun
corresponds tb = 0 , while a measurement made with the instrument pointed®€the left of
the sun corresponds fo= 270 .

Warren et al. (1998) found this assumption, thatan replacd andf,, to be invalid at
South Pole because of the alignment of the surface rouglieatses with the prevailing wind
direction. However, because our measurements were madeation with weaker and less
directionally constant windg$, appears to be suf cient to describe our observations.

One nal geometrical de nition is the principal plane, théape containing the sun, the ob-
server and the z-axis. The BRDF is usually symmetric actosgtincipal plane, an observation
we rely on in our data analysis.

The BRDF ¢, sr 1) is formally de ned by Nicodemus et al. (1977) as the ratioto#
radiance re ected into a particular directioly,(W m 2sr 1 pm 1), to the incident ux €,
Wm 2pum 1), all of which is coming from a single direction:
I(q ;av;f) .

F@) ~

This de nition presents two dif culties for an observer wiking at the Earth's surface. First,

r(q;av;f)= (2.1)



it is impossible to measure re ected sunlight with the irgid light all coming from a single
direction because of atmospheric scattering. Second, dif ult to accurately measure the
incident ux, especially for large solar zenith angles.

The existence of scattered light means that any observataate with sunlight as the source
actually provides the “hemispherical directional re euta factor”, which has the same de nition
as BRDF except that the incident ux is from the entire herhime. Because of the strong
wavelength dependence of Rayleigh scattering and the eleaver the Antarctic Plateau, our
measurements at wavelengths longer than about 800 nm anetialg of the BRDF of snow,
while those at shorter wavelengths, especially below 500 am@ signi cantly in uenced by
diffuse light.

To avoid having to accurately measure the incident ux, w# wport our BRDF observa-
tions in the form of the anisotropic re ectance factét)( which was de ned by Suttles et al.

(1988) ax times the ratio of radiance re ected into a particular diiat, to the re ected ux:

[ Q. f
R(A;0:f) = RypRyz Plr(g iqv:) . : (2.2)
o o (g ;ay;f)cosqgysing, day df

Multiplying by p sr makes this function nondimensional and ensures thatéisge value over
the upward hemisphere, weighted by its contribution to fhward ux (proportional to cosy),
iS unity:

5 R(q ;qv;f) cosgy singy dg, df = 1: (2.3)

0 o0
An isotropic (Lambertian) re ector hak = 1 at all angles.

The spectral albed@] is the ratio of re ected to incident ux as a function of wdeagth
(1), and its values for snow on the Antarctic Plateau have beparted before (Grenfell et al.
1994), and we also measured similar values near our BRDFI$ialbedo can be derived from
the BRDF as

a(q)= o o r(q ;av;f)cosqy singy day df ; (2.4)

which illustrates thaR andr differ by a factor of£:

R(q ;qv:f) = gr(q ;av;T): (2.5)



2.3 Measurements

2.3.1 Location

All measurements reported in this paper were made at Dom& O&%, 123 18%E, 3200 m
MSL) during the summers of 2003—2004 and 2004—-2005. This\ss chosen because itisinthe
low-latitude part of the plateau, 1from the pole, which allows measurements at a wide range of
solar zenith angles each day, and because itis near a logahoma in ice-sheet elevation, which
means winds there are generally lighter and less diredljooanstant than at other plateau sites
because the surface slope at Dome C is extremely small. ghetiand more variable winds
minimize the effect of surface roughness on the obsenatigrcreating smaller and less-aligned

sastrugi. The latitude of 75s seen frequently by most polar-orbiting satellites.

The observations were made from atop a 32-meter tower toetisat the instrument's foot-
print was large enough to include a representative sampteeabugh snow surface. A footprint
that is too small may be dominated by a single, unrepreseairface feature. The instrument's
eld of view has a diameter of 15 and measurements were centered on viewing zenith angles
of 22.5,37.5,52.5, 67.5, and 82.5. The areas of the footprints at the rst four angles were
about 70, 110, 260, and 117G nthe footprint at 82.5extends to the horizon. Even the smallest

of these footprints should contain multiple sastrugi.

The French and Italian Antarctic programs have been joingigrating a small summer re-
search camp at Dome C since 1996. The last few years have lse@oristruction of a new,
year-round base, which was rst occupied during the winte2@05. The tower on which we
operated was erected in the summer of 2002—2003 in a préyiongisturbed area. It is situated
about 900 m WNW of the construction site for the year-rounsehba300 m WNW of the summer
camp, and 1700 m WNW of the runway. Travel was forbidden msidarge region, providing
us with an undisturbed snow surface over 255 degrees of #ziftamf, = 1425 clockwise
tof, = 37.5 . By the time we began BRDF measurements, in December 2008 thie sur-
face disturbances caused by the tower installation had éeased by 11 months of blowing and
falling snow. Snow samples collected near our site had smatentrations around 3 nanograms

of carbon per gram of snow (ng &) in the upper 0.2 m of snow (that which had fallen since the
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Figure 2.2: A photograph looking west from the top of the 32emver from which the BRDF
measurements were made. The sun is in the north.

tower was installed), and about 1 ng'’gn deeper snow (Warren et al. 2006). Warren and Clarke
(1990) suggested a soot concentration of 3 njwould reduce the albedo at the most sensitive
wavelength by less than 0.004, indicating that this levelasftamination produces no signi cant
impact on our observations.

Figure 2.2 shows the appearance of the snow surface to theftke tower. A theodolite and
leveling rod were used on several days to measure the swataion every 20 or 50 cm along
numerous 20- to 35-meter lines in areas just outside our uneament domain. The standard
deviation of these data was 2.3 cm, and the highest sastergi enly 6 to 8 cm above the mean

surface.

2.3.2 Equipment and Experimental Design

All radiance measurements were made using a FieldSpec PspelfRroradiometer manu-
factured by Analytical Spectral Devices, Inc. (hereinafederred to as ASD). The ASD records
the radiance every 1 nm from 350 to 2500 nm, with 3- to 30-natemspectral resolution (full

width at half-maximum). More details about the ASD are gibgrKindel et al. (2001).
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The ber optic input cable to the ASD was mounted in a baf entiing its eld of view to a
15 cone. This baf e was then mounted on a goniometer, whichwadtbfor accurate pointing in
both the zenith and azimuth. The pointing of the goniomet&s performed manually. The ASD
and the laptop computer with which it interfaced were botbt ket the top of the 32-meter tower
inside heated boxes.

Each observation sequence involved recording the radiemceng from 85 different loca-
tions on the snow surface. Each of the 85 recorded measutenvas an average of 10 of the
ASD's spectral scans; each 10-scan average took less tremdbconds to complete. An entire
observation sequence, including positioning the goniemtet point at each location and driving

the computer, took between 10 and 15 minutes to complete.

2.3.3 Generation of Anisotropic Re ectance Patterns

During each observation, measurements were made eveig héthq, (22.5, 37.5, 52.5,
67.5, and 82.5) andf, (150, 165, ..., 345, 0, 15, and 30). These points represent the
locations that would be viewed by an in nitesimal eld of vie the intersection of our 15
conical eld of view with the surface creates an ellipse,hwtite two foci along a line extending
in the direction off ,, from below the goniometer's location.

For planning purposes, observation sequences were cgmeteanes whe was a multiple
of 15 . The local standard times at which the desired solar gegmeiuld occur on each day
were calculated using a program adapted by Warren WiscornbeMichalsky (1988).

To ensure both that the incoming solar ux did not changeisigntly during an observation,
and that no measurements were affected by shadows, obgesvatere made only when the sky
either was clear or contained very few clouds, all of whichieathin and within a few degrees of
the horizon.

Because the snow to the east of the tower was disturbed lirmysl and foot and vehicle traf-
¢, radiances could be measured from only about two thirdthefviewing azimuths during each
observation sequence. In order to generate anisotropectance functions, re ected radiances
must be available from all azimuths to carry out the integrdhe denominator of Equation 2.2.

We chose one of the following two methods to complete eadeqatdepending on the location
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of the sun during the measurements.

For those observations that contain measurements at both andf = 180, and therefore
contain measurements at all azimuths on one side of theipain@ane, we relied on the obser-
vation that the BRDF is approximately symmetric across ptasie to allow us to complete the
patterns by re ecting measurements across the princigaleple.g., we seR(q ;qy;f = 45) =
R(q ;qv;f = 315) if we had measurements frolr= 180 clockwise tof = 0 ]. Our available
viewing geometry meant that this method was applied to eatiens withf within 30 of 0 or
180, which were those made during the period between about twsHmefore and after noon

and midnight local time.

To complete patterns using observations made at other ttmeseparate observations, with
equal solar zenith angles, but different solar azimuthemglere combined. Observations made
within about 36 hours of each other, with equal valuegl8D f j have approximately equal
solar zenith angles and could be combined. This methodnesRito be a function only of the
relative azimuth, and our measurements showed this to basamable assertion. To make a
complete pattern, measurements at each of the 24 relaiiveiizs must exist in at least one of
the two observations. This was true of the correct comlonatiof observations made between

about two hours before and after 0600 and 1800 local time.

When this method of stitching two partial patterns togethansed, a scale factor must be
applied to one of the patterns to account for small changesniospheric conditions and any
changes in the instrument response. All observations tleat wtitched together contained at
least 10 angles at which measurements were made in bothvatbiees. Ratios of these over-
lapping measurements provided numerous possible scatmdafrom which one was chosen
using the method described by Warren et al. (1998). Varicethaus to determine a single scale
factor from the numerous overlapping measurements, imguthking the mean or median of
the possible factors and the method used by Warren et abdupedl patterns with insigni cant

differences.

Once a complete pattern was available, the solar geomesydetermined for the time of
each of the 85 individual measurements. Each radiance megasnt was then divided by the

cosine of the solar zenith angle at the time of that measuremoeaccount for variations in



13

re ected radiance caused by the small variatiormgofduring the time required for the complete
observation. For a few of the measured directions, the éldi@v contains part of the tower's
shadow. We therefore discarded the measurements=atl@0,q,< g + 7.5) and f = 165
andf = 195, q, = 225 ) and replaced them with estimates determined by tting dcsapline to
data from the neighboring backscattered azimuths at the s@wing zenith. No measurements
were made closer to nadir than 22.Radiances at all azimuths@t= 7.5 were therefore set to
the median of the measurementgat 225 . The data were then interpolated to a xed angular
grid: every 7.5in f, beginning at 0, and every 15in qy, beginning at 7.5 For the interpolation
of the values in the shadow region and for the gridding padie measurements were placed at
their actual relative azimuth, as calculated for the timeath measurement, rather than at their
nominal relative azimuths; the two differ slightly becaugehe roughly 3 to 4 change inf
during the observation sequence.

At this point we have a complete and consistent set of rececdeliance measurements. These
are then normalized using Equation 2.2, providing the @rop@ re ectance functions that are

used in the rest of this paper.

2.3.4 Experimental Uncertainties

Warren et al. (1998) discussed ve major factors that aftbhet BRDF of snow: single-
scattering phase function, solar zenith angle, snow giia&) absorption coef cient of ice, and
surface roughness. Of these, only the solar zenith angleyelseappreciably in the time required
for an observation sequence. The micro-scale propertifteeafnow are relatively homogeneous
around Dome C, but spatial variations of the surface rougfhfeatures can affect our observa-
tions.

Macroscopic surface roughness features can alter the BRBBwface. In general they will
cause an observer facing the sun to see shadowed or shatéesuthus reducing the magnitude
of the forward re ectance peak. The roughness also inceetieeamount of backscatter by ef-
fectively reducing the solar zenith angle on roughness eftsn The dimensions and orientation
of the features determine how large this effect is.

Observation of the surface roughness features was not diaszeomething to avoid because
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they make our data appropriate for use on the high Antarddte®u. However, the surface
roughness can introduce uncertainties into our obsenaiio three ways: its effect may vary
depending on the area of the observation footprint on thiacelrthe roughness can vary within
our observation domain, producing different effects afedént viewing angles; the roughness

elements may have a preferred orientation, causing asymesatross the principal plane.

As discussed in Section 2.3.1, the observations were madetfre top of a tower to provide
a large enough footprint to include a representative sawigerface roughness elements. Still,
the area of the footprint does increase signi cantly as tleeving zenith angle increases. This
increasing spatial averaging may affect our observationg expect that this effect is likely
to be small since the surface roughness mostly affects tHeFB& the largest viewing zenith
angles (Warren et al. 1998), both of which have extremelyeldootprints, however, a rigorous
assessment of this effect would require the use of a threestsional Monte Carlo radiative
transfer model with the snow surface roughness featurdistiealy described. Such modelling
has not been carried out, and is beyond the scope of this.pEpepotential effect of variations in
R due to different amounts of spatial averaging should alsoopsidered by those using surface

and satellite observations together.

The measurements at each viewing angle observe differeas af the surface. This means
there could be differences in the observed radiance eltdhadue to the observation of areas
with different surface roughness features. Given the ssidl (relative to the footprint area) and
random spatial distribution of the surface features sedfigare 2.2, it is unlikely that any one
footprint will fall on a truly unrepresentative area, esp#¢ at the larger viewing zenith angles,

where the roughness has the greatest effect.

If the surface features have a preferred orientation, tlaeyaause asymmetries across the
principal plane, and this effect will vary depending on thietation of the roughness features
relative to the solar azimuth (Figure 5 of Warren et al. 19%)nce our methods of generating
complete re ectance patterns assume that the re ectansgmenetric across the principal plane
and that it is affected only by the relative azimuth anglesthroughness features may cause

variations that we do not account for in our results.

The small size and variable orientation of the surface featat Dome C minimize these
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sources of uncertainty. To estimate the magnitude of ther éntroduced into our analyzed
patterns due to our assumption of symmetry across the pahpiane, we calculated, for all
observations used in the analyses, the relative differbrt@een radiance measurements made
during the same observation, with the saggeand withjfj ( 180 < f 180) within 4 of
each other. These calculations do not isolate the effechefassumption of symmetry; they
will be affected by other sources of noise as well.lAt 1400 nm the difference between such
measurement pairs for al is generally less than 5%, and at longer wavelengths it iergdlyg
less than 10%. The largest differences occur at wavelengthsthe lowest albedo, where the
noise in the observations is greatest. These differencesase withg but show no systematic
variation withf or gy. If these differences were entirely due to asymmetry adfusprincipal
plane caused by surface roughness then, from Figure 6 ireWatral. (1998), we would expect
the differences to increase witly and to decrease with (away from the forward-scattering

direction). That they do not suggests that they are in uenmgother sources of noise as well.

Aside from factors that actually affect the BRDF of snow,estkffects can introduce error
into our measurements. These include errors introduce@bgtions in the amount of incoming

ux, with either time or space, and those caused by instrusienobservation methods.

During the eld seasons we made BRDF observations only whappeared they would be
unaffected by clouds. It is possible that some errors wilirtisoduced into the observations
as a result of variations in downwelling uxes due to subisiclouds or boundary-layer ice
crystals (diamond dust), a phenomenon too common to avomplately. Diamond dust was
present during about 25% of our observations. Variationsdoming ux due to changing solar

elevation should be largely accounted for by our data psicgs

Tests showed that the repeatability of radiance measutsnmeade with the ASD was within
2% over a 20-minute period, enough time for a complete seta#surements. BecauReis

normalized by the re ected ux, an absolute calibration wex necessary.

Small errors may have been introduced through inaccuratsipg of the goniometer. The
goniometer was aligned in azimuth with reference to the clvaaf the tower together with the
equation of time for that day; it was leveled with a manufestiinstalled bubble level on its

base. We estimate that our installation and pointing wecerrate to within 2 in both zenith
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and azimuth.

It is impossible to estimate with a high degree of con derfoe ¢combined uncertainty from
these numerous potential sources. Comparisons of searalgzed patterns with solar zenith
angles that differ by less than kuggest that the overall uncertainty is withirB% atl <
1400 nm with smalyy (. 60), 8% at longer wavelengths with smagll, 6% atl < 1400 nm
with largeq (& 70 ), and 15% at longer wavelengths with large. In general, uncertainty is
larger at wavelengths with low albedos and in observatioadewith large solar zenith angles.
Both of these situations reduce the amount of light reachilegdetector, which may cause a
lower signal-to-noise ratio, but probably more importanthiat both also signi cantly increase
the anisotropy of the snow BRDF and its sensitivity to vaosiad in grain radius. Uncertainty is
also larger at longer wavelengths because of the increassdti@py of the re ected radiation
due to the lack of diffuse downwelling radiation. Increasatsotropy enhances the effect of

small pointing errors.

2.4 Results

2.4.1 Observations

A few examples of the patterns Bfresulting from our data analysis are shown in Figures 2.3
and 2.4. These polar plots show contours of the valuR @k a function ofy, (distance from
center) and (angle clockwise from top) for various wavelengths andrspéaith angles.

Figure 2.3 shows examples & measured at two wavelengths with contrasting albedos:
600 nm & 1:.0) and 1800 nmg 0:3), for high, middle, and low solar elevations. These
observations will be compared later with results of the pest@rizations. Figure 2.4 show’s
measured at 2000 nm (very low albedox 0:1) for high and low solar elevations.

These gures illustrate the two main features of the data:show is brightest when viewed
near the horizon, in the direction of the solar azimuth, darkvhen viewed near nadir, opposite
the solar azimuth; and this anisotropy increases with asing solar zenith angle and decreases
with increasing albedo. The upper-left panel of Figure 8.8/pical of the observations that are

nearly isotropic.
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Figure 2.3. Polar contour plots of the anisotropic re ecrarfactor R) of snow at Dome C
measured under three different solar zenith angles at tfferelt wavelengthsl(). Dots are

placed every 15in both viewing zenith angle, starting at 22.5and relative azimuth angle,
starting at 0, which indicates light coming from the azimuth containiig sun. The contour
interval forR < 1 sometimes differs from that fé& > 1.
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Figure 2.4: Polar contour plots & measured at a wavelength of 2000 nm under two different
solar zenith angles. Note that the contour interval is nastamnt.

During the two summers of observations we collected datadate 96 complete patterns
of R, at solar zenith angles from 51.60 86.6. Subsequent analysis revealed that the data at
| > 2400 nm were unreliable due to a low signal-to-noise ratothe analysis covers wave-
lengths from 350 to 2400 nm. Given the volume of data colthctee cannot present them all
here, so those in Figures 2.3 and 2.4 were chosen as re@a@seixamples. More of the data
can be viewed on our websitét{p://www.atmos.washington.edu/ sgwgroup/
DC/brdfPaper.html ). The values oR at the gridded angles are available there at any of
the 96 measured solar zenith angles at 25-nanometer ilstdovavavelengths between 350 and

2400 nm.

2.4.2 Parameterization

With such a large set of data available, we hoped to be ablevelab and present a param-
eterization that could be used to predicfor any solar zenith angle and wavelength within the
range we observed. The data proved too variable to allow $imgle parameterization to accu-
rately describe them all. However, by separating the dateaiiew groups, based on wavelength
or albedo, solar zenith angle, and, sometimes, viewinglzemigle, it was possible to develop
multiple parameterizations that t the data with reasopadicuracy. These separate parameteri-
zations cover most of the range of wavelengths and solatteangles observed, but some of the

most extremely anisotropic cases, those with very low abatk not covered.
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Figure 2.5: Values oR measured at the forward re ectance peak, as a function otlgagth,
for three different solar zenith angles.

In this section we will rst show how the data vary with wavetgh, albedo, and solar zenith
angle, and discuss why the parameterizations use the medihey do and how we divided
the data. After that we will explain the functions used in ga@ameterizations, and how these

parameterizations were developed. Finally we show saleetmilts from the parameterizations.

Variation of R withg , |, anda

The values oR at (g, = 825 ;f = 0) as a function of wavelength are shown in Figure 2.5
for observations at three different solar zenith angles. pvésentR at the forward re ectance
peak because it is a good indication of the anisotropy of ttegadl pattern. We will abbreviate
R(gqy = 825 ;f = 0) asR;. From Figure 2.5 we can see that the anisotropy does notaisere
monotonically with wavelength. At wavelengths longer tladout 1000 nm the anisotropy varies
with wavelength in a way that may seem erratic.

One feature in Figure 2.5 that may seem unusual is the cgpsdithe curves for the two

larger solar zenith angles ht= 375 nm. This feature is the result of the varying amount of
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diffuse light incident on the snow. Diffuse incident ux &cto reduce the anisotropy of the
re ected light: if the incident ux were isotropic, then the would be no forward direction into
which light could be preferentially scattered. As the suscéads toward the horizon, the fraction
of the incident ux that has been scattered out of the direatr increases. This effect is larger
at shorter wavelengths, where Rayleigh scattering is nifesiteve. This combination is enough,
in the ultraviolet region, to overcome the usual pattermoféasing anisotropy with solar zenith

angle.

Of the ve factors listed in Section 2.3.4 that affect the BRDf snow, the single-scattering
phase function and the absorption coef cient of ice bothywaith wavelength. For a given grain
radius and solar zenith angle, the albedo of the snow isliadgtermined by these two factors,
suggesting thaR, under direct-beam illumination, should be the same at aayelengths at

which snow has the same albedo.

The albedo of the snow at Dome C was measured one evening Vdueis evere thick enough
to fully obscure the solar disk so that all incident ux waffase. Having only diffuse light inci-
dent on the snow greatly reduces the magnitude of erroratkahtroduced by small deviations
from level of either the surface or the instrument. Figui@ ghows the albedo measured that
evening, as a function of wavelength. The measured albeBwimaite C closely resembles that
measured at the South Pole (Grenfell et al. 1994). Compdiiggres 2.5 and 2.6 supports the
suggestion that albedo may be a better predictét tifan wavelength since the maximaRfare

located near the minima af.

A plot of Rf versusa, shown in Figure 2.7, con rms that this relationship is muolore
systematic than that shown in Figure 2.5. Figure 2.7 wadexlelay plotting the values dR
observed every 25 nm during three different observatioos€sponding to the three solar zenith
angles) versus the albedo from Figure 2.6 at that wavelesgth shows the clear-sKy; versus
the diffuse (overcast) albedo. This plot shows a very goodlegpdaw relationship between the
anisotropy of the re ected light and the albedo of the snowlbedos between about 0.15 and
0.95. The failure of the relationship at low albedos may ltdsom noise due to the very small
amounts of re ected light at these wavelengths, or it mayasent variability caused by some

other factor we have not considered here. At high albedosella¢ionship fails because these
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Figure 2.6: Spectral albedo of the snow surface at Dome Csuned between 2300 and 2330
LST 30 December 2004 under an overcast sky with the direar $mlam fully obscured. Five
observations were averaged, and this average was thentsdagting an 11-nanometer running
meanat 1825 nm and a 101-nanometer running mean at larger wavakenghere extremely
low uxes resulted in a low signal-to-noise ratio.

albedos occur in the visible and ultraviolet, where Rayleigattering causes a signi cant amount
of diffuse downwelling radiation. A similar approach usicigar-sky albedo might work as well

as or better than using the diffuse albedo, but would requsieg a different spectral albedo for
each solar zenith angle. However, the sorting of wavelengtitording to their albedos will be

nearly the same for all zenith angles, judging from Figura @flWiscombe and Warren (1980),

so Figure 2.7 would likely remain unchanged.

We considered the imaginary index of refraction of itg4{) as a predictor, rather than albedo,
but chose to use albedo for two reasons. A plot, similar taufei.7, ofR; versusmy, (not
shown) showed that this relationship did not follow a simifpiectional form. Also, the albedo
incorporates the variation of the single-scattering plasetion withl , and will allow the pa-
rameterization to be used for snow with different grain sittein the snow at Dome C. If a user of
the parameterization wishes to apply it to snow with largeirgs, and therefore lower albedo in
the near-infrared, the different grain size can be accaliateby using an estimate of the albedo
of the snow of interest rather than the measured albedo v at Dome C (Figure 2.6).

Figure 2.7 shows that wavelengths with the same albedo leveame forward peak, but
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Figure 2.7: Values oR measured at the forward re ectance peak, as a function adalbfor
three different solar zenith angles.

do their BRDFs also agree at other angles? To answer thispletenmangular patterns d&®
were compared at wavelengths with the same albedo. Themmiserved at 1450 nm and
2250 nm & = 0:187 at both wavelengths) show maximum differences of 8% with 60 and
12% withq = 80, and both differ by less than 6% at nearly all viewing ang@snilar small
differences were found between the observed patterns at p#irs of wavelengths with equal
albedos. In contrast to these small differences, obsera#idrps at the nearby wavelengths of

1400 nm & = 0:47) and 1450 nma = 0:19) differ by up to 60%.

Based on results shown above, we chose to consider thredemgile regions. At short
wavelengths, 350 to 950 nm, where Rayleigh scattering nfagtadur measurements and albedo
varies smoothly with wavelength, we chose to use waveleagth predictor in the parameteri-
zation. At longer wavelengths, we chose to use the albedersioFigure 2.6 as the predictor.
We split the longer wavelength region into one from 950 toQlath, where the albedo is inter-
mediate, and another from 1450 to 2400 nm, where the albeldwvisWe further limited this

latter region by excluding wavelengths at whigke 0:15. This last restriction means the regions
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Figure 2.8: Values oR measured at the forward re ectance peak, as a function ef g@nith
angle, for ve wavelengths: 375 nm, dots; 600 nm, trianglzb0 nm, squares; 1600 nm, crosses;
and 1800 nm, circles.

near 1500, 2000, and 2400 nm (e.g. Figure 2.4) are not indludthe parameterizations. Data
between 1400 and 1450 nm were also not included becawseies so rapidly with wavelength
in this region. Data at wavelengths not included in the patanzations are available online
(http://www.atmos.washington.edu/ sgwgroup/DC/brdfPaper.html ).

The other necessary predictor in the parameterizatiomgisdlar zenith angle. The variation
of R with g is shown for several wavelengths in Figure 2.8. This gurews that at most
wavelengths the anisotropy is nearly independeng ofor g . 60, then increases witly ,
at an increasing rate ap increases. Again, the relationship is different at shonelengths
(I = 375 nm), where the great reduction in the direct/diffuséoras the sun approaches the
horizon leads to decreased anisotropy.

Separate parameterizations were developed for high anduow The primary parameteri-
zation for each of the three wavelength regions isgfor 75 . Parameterizations faf 70
were developed for the two shorter wavelength regions; earate parameterization for the low-

sun data at long wavelengths could not be developed becédseiromore extreme anisotropy,
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Table 2.1: Summary of the data included in and the root-nsepuared relative errors of the six
parameterizations. The errors given for parameterizatiband F in the “Allg,” column are for
all angles included in the parameterization.

Data Included in Parameterizations RMS Error
Parameterization | (nm) q a dv Allg, qu 525
A 350-950 51.6-75 n/a 0-825 2.3% 1.9%
350950 70-86.6 n/a 0-82.5 3.7% 3.0%

950-1400 51.6-75 0.47-0.86 0-825 3.5% 2.7%
950-1400 70-86.6 0.47-0.86 0-82.5 4.1% 3.7%
1450-2400 51.6-75 0.15-0.28 0-52.5 5.6% 5.6%
1450-2400 51.6-75 0.15-0.28 52.5-82.5 | 7.9% n/a

m m O O @

seen in the lower-right plot in Figure 2.3. The high- and lemn parameterizations overlap for
70 g 75. This was done so that the low-sun parameterizations waaidhlid through the
gap in our data between 7&nd 79 (seen in Figure 2.8). In the region where both parameteriza-
tions are valid, the one far 75 works better.

There was one nal separation of the data necessary to deeslourate parameterizations.
The long-wavelength data were separated into large and stealing zenith angles aty, =
525 ; this angle is included in both. These two parameterizatipmoduce nearly equal results
atqy, = 525 (the RMSE at 52.5is 5.8% for theg, 525 parameterization and 6.1% for the
Qv 525 parameterization).

There are six groups of data to be parameterized, summanzée rst ve columns of

Table 2.1; the last two columns of the table will be discudasst.

Parameterization Development

Rather than use prede ned functional forms to describe #te,duch as Fourier series, which

would require many terms to capture the more extreme an@pthat exists in some of the data,
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we chose to use the empirical orthogonal functions (EOFghefdata. The EOFs are a set
of orthonormal functions determined by performing a siagwalue decomposition of the data
matrix. These functions are ordered such that the rst ortbdspattern that describes a larger
fraction of the variance in the data than any other EOF, amddicond is the function, orthogonal
to the rst that can describe more of the remaining variarf@ntany other, and so on. The
advantage of EOF analysis is that most of the signi cantarare in a data set can be represented
with just the rst few EOFs, making them ideal for use in ourgraeterizations.

Here we will work through a speci ¢ example of how this prooeel was used to develop a
parameterization. We use the subset of data that include®50 nm,q 75 . This subset
includes 71 observations at different solar zenith anglesr the development of the param-
eterizations, data at wavelengths that are integer medtipf 25 nm were used, meaning that
this subset includes patterns Rfat 25 wavelengths (350, 375, 400, ...,950 nm). So, there are
71 25= 1775 different patterns included in the development of gasameterization. Each
pattern contains the values Bf gridded at 288 angular locations (6 viewing zenith anglat an
48 viewing azimuth angles). Combining these numbers giges data matrixR) that has 1775
columns and 288 rows; each column contains all of the gridddaes ofR for one pattern, in
some speci ed order, which is constant across all columns.

A technical-computing software package (Matlab) was usecbimpute the singular value

decomposition of the data matrix minus one, decomposingldlee into three matrices such that:
R=1+USV"; (2.6)

wherelis a 288 1775 matrix of ones. The EOFs are contained in the columbls af288 288
matrix (there are 288 rows because the EOFs are de ned aathe grid points as the data, and
there are 288 columns because there are as many spatial E@er@are spatial grid points).
The rst and second EOFs (the rst and second columnipére contoured in Figure 2.9.

The rst column ofV, a 1775 288 matrix, contains the coef cients that multiply the rst
EOF to make each of the 1775 patterns. The second coluMraaé the coef cients that multiply
the second EOF, and so on. The third matrix in Equation 8,ds a 288 288 matrix with
positive scale factors on its diagonal, and zeros elsewhére values on the diagonal Sfare in

decreasing order, and are related to the amount of variapregented by each EOF.
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Figure 2.9: Polar contour plots of the rst and second EOFeslus parameterization A. Contours
of negative values are dashed.

While the singular value decomposition initially increasiee number of values needed to de-
scribe the data from 2881775= 511,200 to 288 288+ 288+ 1775 288= 594,432 (ignoring
the off-diagonal elements &), the power of the decompaosition comes from the ability tower
the important aspects of the data with just the rst few catisnofU, S, andV, thus greatly re-
ducing the volume of data. In this case, the rst two colum®88 2+ 2+ 1775 2= 4128
values) contain enough information to describe nearly 98%he variance in the full data set,
and they are all that are used in the parameterization. Hxguhe higher-order EOFs not only
reduces the size of the data set, but also removes much odiefnom it.

Now, rather than parameterizirig as a function ofy , | (or a), qy, andf, we separately
parameterize the values in the rst and second column¥ d¢ive refer to these values as
andvy) as functions ofy and, in this casd,. These coef cients can be represented with fairly
simple functions. The form of these functions and the metis®tl to optimize them is discussed
below. Figure 2.10 shows the results of the parameterizaifos; for this example. The left
panel shows contours of the actual coef cients matchingreasuredR-patterns, smoothed with
running means in both dimensions, and the results of thengeaization for these coef cients
are contoured on the right. The parameterizations were théounsmoothed coef cients.

Now, v1 andv, can be calculated for any wavelength and solar zenith andheivalid range
for this parameterization. Once they are calculated, tlaybe used to calculate the value$Rof

at the 288 grid points by using Equation 2.6, in whidhs now a 288 2 matrix, with the rst
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Figure 2.10: Contour plots of the coef cients multiplyiniget rst EOF of the data in parameter-
ization A. The coef cients tting the measured data are shoon the left plot, where they have
been smoothed with 2.5and 50-nanometer running means. The parameterized cerfxare
shown on the right.

two previously determined EOFs in its colum@&sis a2 2 matrix, with the rst two previously
determined scale factors on its diagonal, &nd the 1 2 matrix, jv1 v»]. If the user calculateg;
andv, for multiple combinations off andl , multiple patterns oR can be calculated by adding
more rows to the matri¥/. For an arbitrary viewing angle within the de ned limits bubt on

the grid, one must determiri® by interpolation.

This process was repeated for each of the six groups of daapgarameterized. The number
of EOFs retained was decided by considering three factbes:aimount of variance each EOF
described, the form of each EOF (an EOF that does not show smmsenable structure is likely
representing noise), and the variability of the coef cemmtV for each EOF witlg andl ora (if
the coef cients do not show a systematic variation with asskeone of the independent variables
then it is likely that the EOF is representing noise). No hauilds were used to determine the
cut off, but the appropriate number was generally obviousetan the above criteria. If there
was any doubt about whether to include another EOF, theidacigas made based on whether
its inclusion improved the results. The rst two EOFs weredigand, thereforey; and v,
were parameterized) for parameterizations A, B, C, and & Table 2.1 for de nitions of these

labels). Parameterization D required the rst three EOHs|exparameterization E required only
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the rst EOF. In all cases the EOFs that were retained desaribre than 97% of the variance
in the data set. All 12 EOFs that are used in these paramatieriz are available as delimited
ASCII les with the supplementary material available on evebsite:http://www.atmos.
washington.edu/ sgwgroup/DC/brdfPaper.html

For each parameterization, the necessary valu&sand the equations to calculate the nec-
essary elements &f are presented in Table 2.2. After looking at contour plotthefcoef cients
in V for the various groups of data, we decided on the followingctional form for the parame-
terization of those values:

V= Gt CoU% + eyl S+ c(u 1), (2.7)

wherep  cogq ). The functionnlinfit , part of Matlab's Statistics Toolbox, was used to
nd the optimum values o€; in a least-squares sense. This optimization was also atenaghile
leaving out various terms in Equation 2.7, and only thosesein the equations that improved

the results were retained. Therefore the exact form of toatémns shown in Table 2.2 varies.

Parameterization Results

The last two columns of Table 2.1 show the root-mean-squadatve error (RMSE) for each
of the parameterizations. When possible, two RMSESs arengiwee for the entire parameteriza-
tion, and another calculated only fgy  52.5 , which are the viewing angles most likely to be
used for remote sensing. The errors shown in Table 2.1 aneamlith the estimated uncertain-
ties in the data, discussed in Section 2.3.4. The magnititte @rror does not vary signi cantly
across each parameterization's valid range of solar zanitfes or wavelengths.

Figure 2.11 shows the calculated valuefaforresponding to the ve observations shown in
Figure 2.3 that are covered by the parameterizations. Tdte ph the right side of Figure 2.11
were created by combining the two parameterizations fay l@avelengths. Comparing the plots
in this gure to those in Figure 2.3 shows that the parameédions accurately represent the main
features seen in the data.

The errors in Figure 2.11, relative to the data in Figure @r8,shown in Figure 2.12. These
plots show that the largest errors are often found at larg@inag zenith angles, especially in the

forward-scattering direction.
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Table 2.2: The equations for the coef cients Vhand the scaling factors i® for each pa-
rameterization (A—F, see Table 2.1 for de nitions of thefa@iént parameterizations). Note that
M cosg . The nal column gives the percentage of the variance in skt that is described
by the EOFs that are included in each parameterization.

Equation forvy Six Variance

A vi= 0:0258+ 1:34p101 + 0:181 519  0:206(p | )©608 756  97.7
V,= 0:105 0:03654 101 0:00730 163+ 4:94 10 S5(ul) 286 24.2

B wvi= 0:784+ 1:35u 90872 (:399 0251 (:213(pu |) 0284 217 99.4
Vo = 1:90+ 1:39u%%2  0:0671 111 2:43(p |)0101 17.9

C wi= 00623 7:.98 10 %a 59+ 0:0519u a) 9454 121 98.2
v, = 0:0902 0:034qu 107 23.9

D wvi= 0195 0:0003731 Y67+ 0:056%%369+ 0:118u a) %216 289  99.7
Vo= 1.75 0:132u 9592+ 0:17%a%1t  1:91(u a)%146 21.8
va = 0:644+ 1:92ut12  0:0221a %82 1:61(p a)%2°8 16.8

E wvi= 0106 0:124p a)®1% 129 98.0
vi= 0:0161 0:0103p a) 959 301  99.0

Vo=  0:151+ 0:085Qu %679 36.8




30

000 q,=52.8° q,=52.8° 000

000 q,=69.3° q,=69.3° 000

180

Figure 2.11: Polar contour plots &, calculated with the parameterizations for ve of the six
observations shown in Figure 2.3. The sixth observationiguide 2.3 is not covered by any of
our parameterizations. The contour interval sometimeagdmat 1.
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000 q,=52.8° q,=52.8° 000

000 q0269.3° q0:69.3° 000
1 =600 nm 1 =1800 nm
3157 -

270, \ /190

000 q0:84.8°

Figure 2.12: Polar contour plots of the relative error (%Rottalculated with the parameteriza-
tions for ve of the six observations shown in Figure 2.3. ™ieth observation in Figure 2.3 is
not covered by any of our parameterizations. Contours cditneggvalues are dashed and indicate
angles at which the parameterizds less than the observéd
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No normalization requirement was placed on the parameté@izresults, so the patterns they
predict do not necessarily satisfy Equation 2.2. This d@ngrom the correct normalization will
introduce a small error when converting radiance measurente albedo. For the parameterized
patterns, the left hand side of Equation 2.2 is between 0z9@831.01 for parameterizations A
and B, 0.996 and 1.005 for parameterizations C and D, ando@@8 1.02 for the combination

of parameterizations E and F.

Parameterization Uncertainties

In Section 2.3.4 we considered factors that could introdercers and noise into any of our
individual analyzed re ectance patterns. Here we considetors that may lead to variation in
the re ectance pattern of the snow surface between our gasens, and discuss how they might
affect the parameterizations.

Of the ve factors listed in Section 2.3.4 that affect the BRBf snow, the parameterizations
account for one directly and a second indirectly. The saaith angle is one of the independent
variables in our parameterizations. The second indepéndeable is wavelength or albedo; this
second independent variable accounts for variations iraliserption coef cient of ice, among
other things. The other factors given above are not directtpunted for in our parameterizations
and will introduce some level of uncertainty.

Grain-size variations during the two summers are a possiblece of uncertainty in the
parameterization. An increase in grain size primarily @fethe BRDF of snow through two
mechanisms: the asymmetry parametgrig¢ increased (Wiscombe and Warren 1980), and the
path length through ice between scattering events ateainierfaces is increased. Both of these
effects increase the anisotropy of the BRDF pattern, sthemjng the forward re ectance peak of
the snow. Frequent observations of the surface snow shdwaéd tvas composed of grains with
approximate radii between 50 and 1ja®, and that the range of sizes did not vary much during
the eld seasons. This size range is typical of the AntarBlieteau, and the small magnitude of
the variations minimizes the uncertainty they cause. Memsants of spectral albedo made on
two traverses from Dome C to the coast at&Bhowed that the effective grain size was constant

from latitude 75S (Dome C) to latitude 6& (Brandt and Warren, in preparation).
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Variations in the single-scattering phase function of thews grains can be examined by
looking at variations irg. As mentioned abovey increases with grain size; it is also a function
of wavelength. Its dependence on wavelength will be acealifdr in the parameterizations
through their dependence on wavelength and albedo. Itati@ariwith grain size will introduce
uncertainty into our parameterizations because we do mouat for grain-size variations. This
uncertainty will be small at wavelengths shorter than 10@0Qwhereg varies little with grain size
(Figure 4 of Wiscombe and Warren 1980), but may be more sigmit at longer wavelengths.
Since modelling the BRDF of the snow surface with planedpgraadiative transfer models
does not match measurements for the natural rough surfadesaussed below in Section 2.5.2,
it is dif cult to quantitatively assess the variability d&® that results from the small grain-size
variations that occurred between our observations. Homvéveeems likely that much of the
variation between observations made on different daysatasi solar zenith angles (discussed
at the end of Section 2.3.4) is due to these grain-size i@mt

Our parameterizations also contain some level of unceytaine to changes in the dimen-
sions and orientation of the surface roughness featureseinwo summers during which we
collected the data. It is only the variability of the featutbat introduces uncertainty into our
parameterization, and while the exact shape and locatigmadfcular features changed over
time, the overall character of the surface roughness di¢imange noticeably. Therefore, given
that our measurement footprints were large enough, thesmegels will have little effect on the
parameterizations.

Ultimately the parameterizations ignore much of the miremiability caused by day-to-day
changes, and focus on the most signi cant ways in which th&BRaries with solar zenith
angle and either wavelength or albedo. This produces paesiregions valid for “average” con-
ditions on the high parts of the Antarctic Plateau. The RM&ible 2.1) of the parameterizations

provides some quantitative estimates of the uncertaintiggrparameterizations.
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Figure 2.13: Relative difference (%) between observat@fi® at 900 nm from South Pole and
Dome C. Negative contours are dashed and indicate anglekieh ® was greater at Dome C
than at South Pole. The solar zenith angle at the time of teerghtions was 73.3at Dome C
and 73.5 at South Pole. The South Pole data are from Figure 4b of Wairah (1998).

2.5 Discussion

2.5.1 Comparison of Dome C to South Pole

The parameterizations presented above may apply only teribv at Dome C since all of
the data were collected there. However, we suggest thatddeyalso be applied to snow on
other high parts of the plateau, where surface featuresirikasto those at Dome C. Here we
investigate whether they can be applied to areas of theguiaway from the domes and ridges
by looking at a comparison with data from the South Pole.

Figure 2.13 shows the relative difference between two ebsiens ofR atl = 900 nm, one
made at Dome C witlh = 73:3 and the other made at the South Pole wjitls 73.5 ; the South
Pole data were presented in Figure 4b of Warren et al. (198Bg differences at most angles
are less than 10%. Given the uncertainties in both obsengtithis comparison suggests the
data from Dome C are representative of conditions on othets pathe plateau, except at large
viewing zenith angles in the forward scattering directithre, region most affected by sastrugi.

A similar comparison between the South Pole observationtlamgharameterization results

atl = 900 nm andy = 735 (not shown) also indicated differences less than 10% atimgw
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(a) Observed (b) Modeled

Figure 2.14: Values dR at 900 nmg = 64:8 , observed for the natural rough surface at Dome
C (a) and modeled for a hypothetical at surface with DISORY. (

zenith angles less than about 5but larger differences at larger viewing zenith anglepgemlly

in the backscatter direction. Taking these two examplesttay, along with results from Warren
et al. (1998) showing that the effect of sastrugi was mosthjtéd to largeqy, we suggest the
parameterizations may be applied to areas of the Antartaie&u with large-scale surface slope

similar to that at the South Pole at viewing zenith angles tean 55.

2.5.2 Comparison of Rough and Flat Surfaces

We have referred to the effect of sastrugi and surface rcegghon the BRDF of snow but we
have not been able to show exactly what effect these feahanes Figure 2.14 shows the ob-
served pattern of re ectancelat- 900 nm andy] = 64:8 along with the re ectance predicted by
DISORT, a multiple-scattering radiative-transfer mod&bfnnes et al. 1988), for the same wave-
length and solar zenith angle. The snow in DISORT was destrits a semi-in nite layer with
particle effective radii of 10@um (the single-scattering albedo and asymmetry parametex we
calculated with Mie theory for 100-micrometer ice sphewas] their phase function was then
speci ed as the Henyey-Greenstein phase function with #enanetry parameter determined
from Mie theory).

This modeled snow surface is perfectly at, so the re ecpattern shown in Figure 2.14b
should be representative of that from a snow surface withunface roughness. These two pat-

terns together suggest that the surface roughness gredtlgas the forward re ectance peak
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(because an observer looking toward the sun sees shadedes)rand enhances the backward
re ectance (because the roughness effectively reducesntident zenith angle on roughness
elements viewed when looking away from the sun). Thesetsftddhe surface roughness, com-
bined with the tendency of the re ectance from a smooth snarase to decrease continuously
from forward to backward scattering angles, results in theeoved minimum values &, located
at small viewing zenith angles in the backscattered divacti

The phase function of the real snow grains differs from theydg-Greenstein phase func-
tion, so some of the differences between Figures 2.14a aramlld de due to an inadequate
speci cation of the phase function in the model. Similar rabidg in the future, using a variety
of realistic phase functions, will further illustrate thegtee to which this difference is caused by
surface roughness. Leroux and Fily (1998) modeled the teffegastrugi on the BRDF of snow
and found that they do signi cantly reduce the forward rea@uce while enhancing the backward
re ectance. Their results support the suggestion that nufche difference between the mea-
sured and modeled re ectance in Figure 2.14 is due to theepoesof sastrugi on the Dome-C

snow surface.

2.5.3 Is BRDF Constant Across the Visible and Near-UV?

As discussed in Section 2.2, the valueRopresented here for wavelengths less than about
800 nm are not directly related to the true BRDF of the snovabse of the signi cant amount
of diffuse light reaching the surface at wavelengths wheagl®&gh scattering is effective. Often
the user of these parameterizations may wish to obtain tleeBRDF at these wavelengths, and
here we discuss a method that may provide this.

We have seen that at wavelengths where Rayleigh scatteringtimportant, and at which
R is therefore directly related to the true BRDF by Equatioh, R varies smoothly witha.
Furthermore, extrapolating the relationship seen in Edu7 ata < 0:9 (wavelengths where
Rayleigh scattering is not important) &= 1.0 suggests that, were there no diffuse light at these
wavelengthsR would not vary much betweem= 0.9 anda = 1.0. Based on these observations,
it might be reasonable to assume that the BRDF at any waublengvhich Rayleigh scattering

affects our observations can be determined from our obderakies ofR at 800 or 900 nm,
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wherea is around 0.9 and Rayleigh scattering is unimportant.

To test this idea in the near-UV where Rayleigh scatteringeiy strong, we again made
use of DISORT, this time applied to the atmosphere rather tha snow. Figure 2.14 shows
that simple implementations of DISORT cannot accuratelgl@ehthe re ectance from the snow
surface, so we instead speci ed the surface BRDIF=at375 nm to be the same as that measured

at 900 nm (but accounting for the difference in albedo)

a(l =375nm

r(l =375nmq = 648 ;q,;f) = R(I = 900 nmq = 648 ;qy;f):

This form comes from Equation 2.5, with the assumption Bt= 375 nm) would equaR(l =
900 nm if there were no diffuse light. We then used DISORT to apply tlirect and diffuse
downwelling radiation elds at 375 nm to the surface basedk¢h= 900 nm), and compare the
predicted upwelling radiation to the parameterizatiofR@f = 375 nnj.

If our assumption is true that without diffuse ligRtwould be similar at all wavelengths less
than 900 nm, then the radiance re ected from the surfaceismntiodel should produce a pattern
similar to our parameterization & for | = 375 nm andq = 64:8 . Figure 2.15 shows the
relative difference between the two. The model producegh#ii too much forward re ectance,
but agrees with the parameterization to within 4% at mostesngnd to within 7% everywhere,
supporting our assumption. One possible cause for thereliftes shown in Figure 2.15 is the
exclusion of aerosols and boundary-layer ice crystals fooimmodel atmosphere; these would
create more diffuse light, which would decrease the forwardctance peak and increase re-
ectance elsewhere. The relatively small errors seen iufeg@.15 indicate that the patterns
for wavelengths around 900 nm may be used to calculate theFB&tEhe snow for all visible
and near-UV wavelengths, without introducing large uraigties.

The BRDF of the lower boundary in DISORT must be speci ed fibirecidence angles from
the sky-hemisphere, but our parameterizations are valig fon a limited range of incidence
angles. We assumed an isotropic BRDF for an incidence aridle, @and speci ed the BRDF
for incidence angles less than 51&s a linear interpolation between the isotropic pattern and
that predicted for an incidence angle of 51.8Vhile this is not likely to be completely accurate,

the errors resulting from this approximation should be $siate the BRDF at 51.6is already
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Figure 2.15: Relative difference (%) between parameténzdues ofR at 375 nm,q = 64:8
and modeled values &, computed with DISORT by placing layers representative tyfpécal
Dome C summertime atmosphere, with properties appropidatg75 nm, above a surface with
a BRDF speci ed as equal to the parameterization at 900 nimqvit 64:8 . Negative contours
are dashed and indicate angles at which the DISORT resuitslegs than the parameterization.

nearly isotropic. The BRDF at incidence angles greater 8&6f was speci ed as being equal

to that at 86.6.

For DISORT to determine the downwelling radiance eld at theface, it requires as in-
put the optical depth, single-scattering albedo, and phasetion of layers above the surface
that represent the effect of the Dome C atmosphere on 375¢gim IThe properties of these
“atmospheric” layers were determined by using SBDART (Riazzi et al. 1998), a spectral
atmospheric radiative transfer model developed aroundOBRI§ which uses spectral transmis-
sion data to determine the radiative properties of atmaspleyers given vertical pro les of
temperature, pressure, water vapor, and ozone, along eiitisal data. SBDART was run with
an atmospheric pro le that was typical of the summertime agphere at Dome C. The output
from SBDART included the optical depth and single-scatigralbedo for the atmospheric lay-
ers, which we then used, with the Rayleigh phase functiotheatmospheric layers in DISORT.
DISORT could then be used to model the radiative transfen fitte top of the atmosphere to just
after interaction with the surface. SBDART was used onlydaoearate the appropriate input for

DISORT because SBDART does not allow for the speci catiomofarbitrary lower BRDF.
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In the atmospheric pro le used as input to SBDART, tempeagtypressure, and water va-
por concentration below 28 km were speci ed as the mean ofadifosoundings conducted at
Dome C during January 2004. Ozone concentration at all keighd all quantities above 28 km
were taken from the summertime South Pole model atmospHéialden et al. (1998), who
used ozonesonde data for ozone concentrations below 30rdrvaaious satellite data for all

guantities above 30 km. Our model atmosphere did not inclugeaerosols.

2.6 Summary

The data presented in this paper were collected at a higloptme Antarctic Plateau, where
the surface slope is extremely small. As a result of the sshatle, the winds at this site are both
less intense and less directionally constant, resultirg smoother and more randomized snow
surface, than at other Antarctic locations at which thesm@BRDF has previously been studied.
The smoother snow surface minimizes the effect of the vgrgirimuth angle between the sun
and the dominant direction of orientation of the surfacegimess features, eliminating one of
the dif culties that various remote sensing techniques thasdle on the plateau.

The advantages of this location, combined with newer spsctipic technology, allowed us to
collect enough data during two summers to produce parain&tiens that predict the anisotropic
re ectance factor of the snow in this region, for most of tladas spectrum and for a wide range
of solar zenith angles, with a high degree of accuracy. Theldpment of relatively simple
parameterizations was made possible by using the empinitadgonal functions of the data set
as our basis functions. Here we discuss some of the issuestisa be considered when using
these parameterizations.

Since the data were collected in just one location, the pat@nizations are not necessarily
applicable to the entire continent, nor to any other snoviasas away from Dome C. However,
with proper consideration, they can be used for some otlersarMost immediately, any part
of the high Antarctic Plateau with small surface slope islifkto have similar surface properties
to the area around Dome C, meaning these can probably be imedleDome A and along the
ridge between Domes A and C with a good deal of con dence. Md#er areas of the plateau

have larger slopes and therefore larger sastrugi. Warrah €1998) showed that the sastrugi
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at South Pole caused very little variation of the BRDF at \gzenith angles less than about
50 . A comparison of data from Dome C and South Pole show thatdkee @b not differ much

at viewing zenith angles less than about.5%or these reasons, the parameterizations should
produce reasonable estimates of the anisotropic re eetdactor for any part of the Antarctic
Plateau with sastrugi not much larger than those found athSBale, as long as their use is
limited tog, . 55 . Perhaps they can also be applied, with caution, to the kighaets of the

Greenland Ice Cap, in areas that do not experience melting.

The parameterizations should not be applied to the slopedeet the plateau and the coast
of Antarctica. Winds in those areas tend to be both strongdaedtionally constant, resulting in

large and well-aligned sastrugi, which may affect the réaece even into near-nadir angles.

Snow in midlatitudes and seasonal Arctic show may diffemfsmow on the Antarctic Plateau
in any of several ways: it may not have signi cant macros&algace roughness, it may contain
more soot and other natural or anthropogenic contaminaitiarsually forms at higher temper-
atures thus producing larger snow grains, it experiencdmgpeind more rapid metamorphism,
and it may be affected by vegetation. Any of these factorslévoause the BRDF to differ from

these parameterizations.

In using these parameterizations, there are a few thingerisider. Each parameterization
was developed with a certain set of data, and none shoulddoeaugside of the range of param-

eters that is covered by its data set (shown in Table 2.1).

Parameterizations C—F were developed using the measuless\at spectral albedo of the
snow at Dome C (Figure 2.6) as one predictorRpfrather than wavelength; this made more
physical sense in these spectral regions than using wagtaleirectly. Perhaps, when applying
these parameterizations, the user can estimate the alligbde snow of interest, and can use
that directly (doing so should help to compensate for greie differences between the snow of
interest and the snow at Dome C). This idea has not been testedo should be used cautiously;
if the expected albedo at a given wavelength is outside thgeraf albedos used to develop the
parameterizations then it is unlikely that they will work the snow of interest. If the user does
not have a better estimate of albedo, then the values pessaiete for the development of the

parameterizations (Figure 2.6, and in tabular form withahlne supplementary material) may
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be used.

Users should be cautious when applying the parametenmatmthe visible and ultraviolet
region of the spectrum since the predicted valuR @it these wavelengths is not directly related
by Equation 2.5 to the true BRDF because of the signi cant am@f diffuse incident light. If
the true BRDF is the desired result in this spectral regioran be determined from Equation 2.5
by usingR(I = 900 nm) and the albedo at the wavelength of interest.

The parameterizations presented here are, to the authwoe/l&dge, the most comprehen-
sive set available that are based on data. The dif cultieacafurately modelling the angular
re ectance of snow are many, and it is a time-consuming m®cespecially correctly account-
ing for surface roughness. We hope that these parametenizatill reduce the need for this
modelling, and provide points for comparison when such rtiodeis necessary or desired. Our
parameterizations can also provide good lower boundargitions for atmospheric radiative

transfer modelling over snow, allowing for estimates of tbp-of-atmosphere BRDF for use

with satellite data.
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Chapter 3

THE EFFECT OF CLOUDS OVER SNOW
ON DIRECTIONAL REFLECTANCE

This chapter was published under the title “An explanationtfie effect of clouds
over snow on the top-of-atmosphere bidirectional re ectnin 2007 inJournal of
Geophysical Researdi2(D19202) with coauthor Stephen G. Warren. Warren pro-
vided the initial suggestion that | investigate the exptamapresented here, helped

guide my research, and edited the manuscript.

3.1 Introduction

Understanding the effect of clouds on the bidirectionaktance distribution function (BRDF)
of snow-covered areas of the planet is necessary for quagtithe effects of clouds on the
Earth's radiation budget (ERB) and for measuring the ERBifspace. Such an understanding
could also help develop methods for identifying clouds dierpolar regions from satellite ob-
servations, a task that is still the subject of much rese@teltizianastassiou et al. 2001; Li et al.
2003).

Clouds and snow are both made of water, so their absorptieatrspare broadly similar.
This is true for both ice clouds and liquid-water clouds, daexe the absorption spectra of ice
and water approximately parallel each other across the spéctrum (e.g. Dozier 1989); i.e., at
wavelengths where electronic transitions and intramdéecubrational transitions are the dom-
inant absorption mechanisms. (The water and ice specteaigdivin the thermal infrared where
rotation and lattice-vibrations become important (Figu Irvine and Pollack 1968).) Viewed
from above at most visible or near-infrared wavelengthsuaicovered snow should therefore
just resemble deeper snow, if there are no signi cant alessrim the snow, in the cloud, or in the

atmosphere between the cloud and the snow. The cloud partitbwever, have effective radii
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ref < 20 um, whereas surface snow grains are larger, with effectiit tygpically 50 um for cold
snow at the Antarctic surface, and much larger for meltiraysrBecause near-infrared albedo is
higher for smaller particles, the broadband planetarydadkabove a cloud over snow should be
somewhat greater than that of clear sky over snow. The eisilledo should be unchanged. The
effect on spectral albedo of putting a cloud over snow in ag@lparallel radiative transfer model
is shown in Figure 1b of Masonis and Warren (2001); it is samib the effect of a thin layer of
ne-grained snow (e 30 um) over a thick layer of 10@wm snow (Figure 4 of Grenfell et al.
1994).

It has therefore been a long-standing puzzle that in naeliwiag satellite pictures, cloud-
covered snow is usually darker than clear sky over snow. WMahcl Wielicki (1989) gave some
examples from Landsat, one of which is reproduced in Figute Bhe entire upper half of this
image contains snow-covered sea ice, but the lower-rigtiopoof that ice is overlain by cloud,
causing it to appear darker than the cloud-free areas wéth Welch and Wielicki then used
a Monte-Carlo model to show how clouds could lower the albeder snow if they were tall
and broken (essentially a “trapping' effect as seen alsadstrugi in Figure 13 of Warren et al.
(1998)). However, most clouds over snow do not have the hétgividth ratios required by
Welch and Wielicki. Later Nemesure et al. (1994) compareadr&adiation Budget Experiment
(ERBE) measurements at the South Pole with surface idextion of clear and cloudy scenes,
showing that clouds do increase the planetary albedo owev,9n agreement with the plane-

parallel model.

The darkening of the nadir view by clouds, also seen in AVHRIRdy Loeb (1997), must
therefore not indicate a reduced albedo, but instead be eosaped by a brightening at larger
viewing zenith angles. Wilson and Di Girolamo (2004) showléd to be true using measure-
ments from the Multi-angle Imaging SpectroRadiometer (R)lSwhich observes the same scene
nearly simultaneously at nine different viewing zenith lasg Clouds and the Earth's Radiant
Energy System (CERES) measurements also give the sameg(Fégute 7 of Loeb et al., 2005;
Figure 3 of Kato and Loeb 2005). Some data from the case athlyy Wilson and Di Giro-
lamo (2004) are shown in Figure 3.2. These show the bidmeatire ectance factor (a scaled

re ectance that will be de ned explicitly in Section 3.4) tie same scene, measured by MISR at



44

07823-185

Figure 3.1: Landsat scene of partial cloud cover over sednidhe Beaufort Sea, 71.0,
143.5W, 12 October 1986. The solar elevation is 1&olar azimuth is to the lower right of
the frame. The shadow of the cloud is apparent as the dark é&aedding from lower left to
upper right. The width of the frame is 185 km. Spatial resoluis 57 m. (Figure 4D of Welch
and Wielicki (1989); original photo supplied by R. Welch.)

different viewing angles. The scene consists of snow-@/sea ice in the Beaufort Sea, north
of Alaska. The darkest areas are open water exposed in |dbds.the center of the images, a
large oe is visible under mostly clear skies; the area in léfe half of the images is overcast,

with some leads still visible at nadir through the thin clodMdhen observed at nadir (left panel)
the cloudy area appears darker than the clear area, but wheartl-scattered light is viewed in

the right panel, the clouds appear much brighter than tHacir

However, resolving one puzzle introduced another puzaiegeneral, smaller particles are
less forward-scattering than larger particles, so theimesetry factors are lower. Putting a plane-
parallel cloud, especially an ice cloud, over plane pdraitew in a radiative transfer model
therefore slightly enhances the nadir re ection and redube forward re ectance peak, just the
opposite of what is observed.

Explaining the observed effect of clouds on the re ectedaade eld has proven dif cult.
Welch and Wielicki (1989) examined only near-nadir radesand albedos, and therefore saw
only that areas where clouds covered the snow were darkerctbad-free areas nearby. They
attributed this darkening to increased absorption due ttipfeiscattering between the cloud and

the surface giving the surface more opportunities to abgwrtight, but this explanation does not
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Figure 3.2: Bidirectional re ectance factor (BRF) at 672 olvserved by two cameras on MISR
over the Beaufort Sea on 4 June 2000 at 0708 UTC (block 8 of 2460, data version number
23). The left panel shows the BRF observed near nadir andgheshows the BRF measured
when looking at a zenith angle of 70,5.5 from the principal plane, in the forward direction.
The grid is labeled in degrees of north latitude and westitadg. The local time at longitude
150 W was 2108, so the sun was in the northwest at zenith angleh8direction of view in the
image at right (also the direction of travel for the sate)lis towards the top of the page.

explain the latter observation that cloudy areas are leightan the cloud-free areas when viewed
at large zenith angles. Kato and Loeb (2005) were unable ptaiextheir observations from

CERES using a plane-parallel radiative transfer model wittariety of particle scattering phase
functions. They left the question unanswered, but sugdesie effect may be due to surface
roughness. Here we present an argument for the surfacémesg explanation. In particular, we
suggest that polar clouds, which are often stratiform angjftically thin, present a surface that
is, optically, much smoother than the snow surface, thuskimaghe effect that snow-surface

roughness has on the BRDF of snow.

3.2 The Effect of Surface Roughness on the BRDF of Snow

Polar snow surfaces are usually rough, primarily due to weiras$ion. In this paper, we focus
on observations from the East Antarctic Plateau; FiguresB®vs a typical view of the rough
snow surface found in this area. The surface features gisilfrigure 2.2 are called sastrugi, and
they are typically elongated, with their long dimensiorigraéd parallel to the direction the wind

was blowing when they formed. The photograph was taken atdd@n({75S, 123E), where
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the standard deviation of surface elevation measuremeade mvery 20 or 50 cm along several
20- to 35-meter lines was 2.3 cm, and where the highest gastare 6 to 8 cm above the mean
surface. The snow surface on many parts of the East Antdtiteau is rougher than at Dome

C as a result of stronger winds.

We now consider the effect surface roughness has on theidiratre ectance from a snow
surface. Three-dimensional modelling of the radiativagfar in a snow pack with surface height
variations similar to those found on polar snowpacks resmaomputationally challenging due
to the large optical depth of the snow in the rough layer (Jusin of snow has an optical depth
of more than 50). Nevertheless, we can gain an understaditige effect of the roughness, at

least qualitatively, without such modelling.

The simplest way to understand the effect is to consider hovase roughness affects what
an observer sees when looking at a snow surface illuminatsthply by direct-beam radiation
with a non-zero solar zenith angle (Figure 3.3). When ohbsgright coming from the direction
of the solar azimuth, the observer will see the shaded orostedi sides of roughness elements.
When the observer looks at small viewing zenith angles (ps#raight down), signi cant areas
of the snow between roughness elements and even some ofnitesgles of the elements will
be seen, but as the viewing zenith angle increases thedinagtithe eld of view occupied by
the shaded sides of roughness elements will increase. €aeéeach roughness element that is
shadowed will depend on both the geometry of the roughnessegits and the solar zenith angle.
For a given geometry, the shadowed area will increase witdr senith angle once a critical
solar zenith angle is reached; below that critical zenithlarfwhere the solar elevation angle
is equal to the largest slope on the shaded side), the rosglatement produces no shadowed
area. Regardless of the solar zenith angle, all parts oftheesl side of the element will receive
less incident energy per unit area than a at surface woulte fesult is that surface roughness
reduces the forward-re ected intensity, relative to thani an identical, at snow surface. This

effect is greater at larger viewing zenith angles, and lasgtar zenith angles.

Similarly, when an observer looks directly away from the,sainbackward-re ected light,
some part of the eld of view will be occupied by the sunlit eglof the roughness elements.

These sides will appear brighter than a at snow surface ieedhey receive more incident
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Figure 3.3: Two photographs of the snow surface at the Sooith tBken from 22 m above the

surface at the same time, in early March, just before suii$®t.one on the left was taken while
facing away from the sun, showing that the sastrugi enhaacleAnrd re ectance. The one on the
right was taken while facing the sun, showing that the sgsteduce forward re ectance. The

extremely large solar zenith angle and the wide spacingd®tvgastrugi combine to make the
effect very easy to see. The time of day was chosen so thabtleazimuth was approximately

perpendicular to the long axis of the sastrugi, which alsaimies the effect. Photographs
provided by Stephen Warren.

energy per unit area since the incident angle is locallyzeduAgain, the effect will be greater
at larger viewing zenith angles because the sunlit sidelenfents will occupy a larger fraction of
the eld of view. This effect is also greater at larger solanith angles because the cosine changes
more rapidly with angle for angles closer to 90The effect is somewhat complicated by the
fact that the viewing zenith angle is also locally differariten viewing a roughness element, so
variations in the BRDF of the snow with viewing angle may @t intensity difference to differ
from what would be expected from the difference in incidemgla cosines. However, the increase
in incident energy probably overwhelms changes in the BRREept at small solar zenith angles.
The effects of sastrugi on the BRDF of the snow are quite @ppan the photographs shown in

Figure 3.3.

Observational and modelling studies support the idea tiat/ssurface roughness has an ef-
fect on the directional re ectance from the snow. Warren gtl®98) used directional re ectance
observations from the South Pole, where the solar zenithiresmearly constant during a day as

its azimuth changes, to show that the forward re ectancéd pess reduced and the backward re-
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ectance was enhanced when the solar azimuth was perpéadtouthe long axis of the sastrugi
(which are well-aligned at the South Pole due to a fairly tamswind direction), compared to
when the two were parallel. Variations in the directionakéctance with the sun-sastrugi angle
increased with viewing and solar zenith angles. Leroux alydF998) and O'Rawe (1991) both
modeled the re ectance from a snow surface with highly iceal sastrugi by combining the
modeled BRDF of a at snow surface with the shadowing andragpting effects of the rough
surface. Both of these modelling studies showed that thghmess reduces the forward scat-
tering and enhances the backscattering, but the magnitfuithe onodeled effect was too large,
compared to observations, likely because of the idealizetngtry used to describe the sastrugi.

Loeb et al. (1998) used a three-dimensional Monte Carlo inodeompare the re ectance
of overcast scenes from plane-parallel clouds to that friouds with cloud-top height varia-
tions. Their results show that the presence of cloud-toghterariations reduces the forward
re ectance, by up to 30% in their cases, and, in some casighitlgl enhances the backward
re ectance, by up to 10%. Their optical depth variations evéar smaller than those on the
Antarctic snow surface, but the results are not directly garable since their clouds were under-
lain by a black surface, emphasizing the low-order scatjerNevertheless, these results again
show that roughness reduces forward re ectance and entdrackward re ectance.

To get a sense of the magnitude of the effect of snow-surfagghness on the directional
re ectance of East-Antarctic snow, we can compare obsiemaiwith plane-parallel modelling
results. First we de ne the anisotropic re ectance fact®},(which we use to describe the direc-

tional re ectance:

I 10y f
R(A;0:f) = RypRyz LLCREVY _ : (3.1)
o o Ir(a;aqy;f)cosqysingy day df

Here,q is the solar zenith anglej, is the viewing zenith angld; is the relative azimuth angle,
andl; is the re ected radiance. An isotropic surface with any zemne albedo haR = 1 at all
angles.

The values oR for the snow at Dome C at wavelength) 800 nm and solar zenith angle
70 are contoured in Figure 3.4 (top left). These values are ftwrparameterization presented
in Chapter 2, which was developed from spectral obserataifiR at Dome C at 96 different

solar zenith angles. These observations were made with sumegaent footprint that was large
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Figure 3.4: The upper-left plot shows the anisotropic réagce factor R) of the snow at Dome

C. The other plots show the ratio Bfmodeled with DISORT, using different shapes to represent
the snow grains, to the values in the upper-left plot. Alltplare for wavelength 800 nm and
solar zenith angle 70 Values are contoured as functions of viewing zenith angtgeasing with
distance from the center, and relative azimuth angle, &asing clockwise from the top. Dots are
located every 15in both zenith (starting at 22.5and azimuth. Note the contour intervals vary
within and between plots.

enough to include a representative sample of surface resghieatures, thereby capturing the
effect of the surface roughness. When we need to make cosopario clear-sky values &
at angles that were not observed, we use the parametenizatinterpolate between angles that

were observed.

The other plots in Figure 3.4 show the ratickopredicted by DISORT (Stamnes et al. 1988), a
plane-parallel radiative transfer model, for snowpacksposed of ice spheres, aggregate grains,
or columns, to the values & for the Dome C snow. All modelling was done with= 70 and

atmospheric layers appropriate for the clear, summertidoene C atmosphere at= 800 nm.



50

107 10°

PhaséFurction
=
o

| | | | | | |
0 20 40 60 80 100 120 140 160 180
Scatering!Angle

Figure 3.5: The three phase functions used in the modeléisglts shown in Figure 3.4. The
solid line is the phase function for a %0n ice sphere, the dashed line is that for an aggregate ice
crystal with maximum dimension of 2Q@m, and the dotted line is that for a hexagonal column
ice crystal witha= 10 um and a length of 2@m. The 0 to 10 region is enlarged in the inset,
where the horizontal lines mark the maximum values.

The atmospheric layers were created using SBDART (Ricehietzal. 1998), as described in
Section 2.5.3. The single-scattering properties of thejderes were calculated for= 800 nm
using the Mie code of Wiscombe (1980). The single-scatjepiroperties of the aggregates and
columns were calculated using an improved geometrics®optathod (Yang and Liou 1996). The
phase functions used in these calculations are shown ind-B)6. The scattering properties of
the aggregates and columns are both for ice crystals withostale roughness on their surfaces,
which eliminates the halo peaks in the phase function. U$iegcattering properties for particles
without this roughness produces halos in the re ectanceateonly rarely seen in the real snow,
but otherwise causes no signi cant differences in the tesulThe radiance leaving the snow
was calculated by DISORT ona 1 1 grid; these were then averaged to simulate the coarser

resolution of the observations.

For each of these possible phase functions, Figure 3.4 ghatvhe ratio of the plane-parallel

re ectance to the observed re ectance is signi cantly gexathan one at large forward-re ected
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angles, and somewhat less than one at large backward-ee esigles, consistent with the ex-
pected effect of removing surface roughness. Also, themiffce between the plane-parallel
re ectance and the observed re ectance increases withr smlaith angle (not shown). With

g = 83 the plane-paralleR is around twice as large as the obserfReith the forward direction,
and about 30% lower in the backward direction; but wjth= 60 the differences between the
plane-parallel and observed valuesRofire not much larger than the uncertainty in the observa-
tions. The snow grains at Dome C are mostly irregular aggesgao it is not surprising that the
aggregate model has the smallest error.

By performing these calculations lat= 800 nm, where Rayleigh scattering and atmospheric
gaseous absorption are both weak, we have minimized thépibg®f errors due to an inaccu-
rate speci cation of the atmospheric properties. The snbth@ Dome C observation site had
measured soot content between 0.5 and 3 nanograms of caebgnam of snow (Warren et al.
2006), so impurities are unlikely to be the cause of the difiee between the model and observa-
tions. Our modelling does not account for possible neatteffects of the closely packed snow
grains; however, as explained by Warren (1982) in sectiam EBs is not likely to be a problem
since most of the volume of a shell of thickness on the ordér sfirrounding a snow grain is
occupied by air, not other snow grains. We therefore thiigkrieasonable to suggest that most of
the difference between the modeled aggregate snowpacktamee and the observed re ectance
is due to the surface roughness, indicating that for thiseleggth and solar zenith angle, the
roughness reduces the forward re ectance by about 40%, amahees backward re ectance by

about 10%.

3.3 The BRDF of Fog over a Rough Snow Surface

Now that we have illustrated the effect of surface roughresshe directional re ectance
of snow, we examine what happens when a cloud is placed abhevetgh snow surface. To
begin, we look at the case of a thin fog layer above the snowmade directional re ectance
observations in the presence of fog at Dome C on several ioosasin all cases the fog layer
extended from the surface to about 20 m; so, from our observédcation at 32 m above the

surface, we were looking down at the top of a thin cloud oversihow. As shown in Figure 3.6,
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Figure 3.6: A photograph showing the strongly enhanceddaivpeak caused by a thin fog layer
over the snow at Dome C.

the fog caused a strongly enhanced forward peak, noticbglage; its effect at other angles was
less dramatic, except for the presence of a glory aroundritigotar point. The glory, as well as

riming on the observation tower, indicated that the fog wamposed of supercooled liquid water
droplets. These cases provide for a convenient case study wie have direct observations of
the anisotropic re ectance pattern above the fog, alont) wiiservations at similar solar zenith

angles without fog.

A representative re ectance observation above the fog dsvshin Figure 3.7, along with
the re ectance from the snow surface under a clear sky forsdmae solar zenith angle and
wavelength; the relative difference caused by the fog ie alvown. The addition of the fog
has a qualitatively similar effect on the anisotropic reace factor to the removal of surface
roughness; that is, it enhances the forward re ectance viey 80% at large viewing angles, and

reduces the backward re ectance, by about 20% at large mggamgles.

This similarity is more than coincidence. The thin fog, wath optical depth much less than
one, presents an optically smooth surface, with opticaltdegriations that are tiny compared to

those on the snow surface; the standard deviation of the sndace height, 2.3 cm, corresponds
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Figure 3.7: Observel at Dome C with fog over the snoR for the snow at Dome C with clear

sky and no fog, and the relative difference caused by thedfgg Qbservations are fay = 82.7
andl = 800 nm.

to an optical depth well over 100. The fog, formed in a verplgtaatmospheric layer, presents
a surface that is also geometrically smooth, but the variatin optical depth are probably more
important than those in geometrical depth. Either way, theath surface of the fog hides the
rough surface of the snow, reducing the effects of the sarfaaghness on the directional re-
ectance, especially at large viewing zenith angles, whheeoptical slant path through the fog

becomes signi cant.

If the fog is presenting a nearly plane-parallel surfacentive should be able to use DISORT
to model this observation. However, since the fog is so tthia,surface re ectance is likely to
remain important, so we must specify the correct surface BRBing the parameterization from
Chapter 2, rather than modelling it as a plane-parallelaseror using an isotropic surface. By
placing a cloud composed of 10n water spheres, with an optical depth of 0.05 above a surface
with the parameterized snow-surface BRDF, we are able tomthe fog-over-snow observation
reasonably well as shown in Figure 3.8 (left and center). egk@around the anti-solar point,
where the modeled glory is probably too strong because diitiferm droplet size we used for
the fog, the error in the model result is generally less tha#b Jand the strong enhancement of
the forward peak seen in Figure 3.7 is modeled well. The amgdparation of the glory fringes
on a photograph during a different fog event at Dome C inditan effective radius of between

7 and 8um. BRDF calculations were done for batl = 5 pum andreg = 10 um; the results were
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Figure 3.8:R modeled with DISORT for a thin, plane-parallel, liquid-watloud immediately
above a surface with the observed Dome C snow-surface BRIdFEha error of the model results
relative to the fog-over-snow observation in Figure 3.7scAshown iR modeled for a plane-
parallel snowpack composed of rough aggregate snow grates & clear sky. Both models used
g = 827 andl = 800 nm.

similar.

In order to get such accurate model results with this thimdlat is critical to use the cor-
rect surface BRDF, since, as illustrated by comparing a teddgear-sky re ectance for plane-
parallel snow in Figure 3.8 (right) to the actual clear-s&ectance in Figure 3.7 (center), mod-
elling the surface as a plane-parallel snowpack grosslyestienates the forward re ectance at
this large solar zenith angle. Therefore, modelling a fogvala plane-parallel snowpack would
produce far too much forward re ectance. Of course the pharsetion of the fog particles is also
important for the model; it was not possible to produce suduiate results with a fog composed
of aggregate ice crystals. However, even when using an aelclqualitatively correct effects,
particularly an enhancement of the forward peak, are obdiibut errors in the side-scatter region

are larger than with water drops.

3.4 The View from the Top of the Atmosphere

In the previous section we showed that the roughness of the suarface is ultimately what
leads to the observation that fog enhances the forward t@®e above snow. The fog case was

a convenient one to use because of our observations, bubseevations that inspired this work
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were made from the top of the atmosphere (TOA), and lookeliekdr clouds. Now we show

that this same argument works well for these observati@st al

The TOA observations are often reported as a bidirectioa@ctance factor (BRF). The
BRF is similar toR, but with the denominator of Equation 3.1 replaced by thédemt ux, so
that an isotropic surface has a BRF at all angles equal tdbiesla. Figure 3.9 shows the BRF
near the forward-re ectance peak, measured by MISR at 86&oam a region around Dome C.
Some parts of this scene contain cloud, while other partslage. As expected for this viewing
geometry, the cloudy areas appear signi cantly brightemtihe clear areas. The two black
curves in Figure 3.10 show the MISR observations at all ninggess from the two points marked
clear and cloudy in Figure 3.9. Here we can again see thake wié cloud appears brighter than
the snow at large viewing zenith angles, it appears darkeeat-nadir angles. (Unlike for the
fog and plane-parallel snow, the cloud here appears brighéa the clear scene not only in the
forward direction but also in the backward direction. Thigynlbe an effect of the different phase
functions, or a result of the smaller solar zenith angle is tase. It could also simply be a result
of comparing BRF witlR; if the albedo of the cloudy scene is greater than that of lémr ccene
then a plot comparin® for these two scenes would have the cloudy curve shifted delative
to the clear curve. We do not have the necessary data to ¢dhneevllSR data tdR or the surface

data to BRF.)

Using DISORT, we modeled the TOA BRF for these two scenes. oAshie results above,
the model consisted of layers representative of the meamsutime Dome-C atmosphere above
a surface with a speci ed BRDF. The surface BRDF was the prodéiour parameterization
for R and the estimated albedo, both for 866 nm. Since we will nowdreparing the BRF,
rather tharR, our estimate of albedo is important. The albedo was estithiay using SBDART
to calculate the spectral albedo of snowpacks consistingvoflayers, a 2.5 mm layer above
a semi-in nite (optical depth 10,000) layer. The effectigmin radius of each layer could be
set to any multiple of 10 from 20 to 13@m. The spectral albedo was then calculated for each
combination of grain radii in the two layers, with layers abdhe snow representative of the
Dome-C atmosphere containing a cloud that diffused the belam. The grain-size combination

(40 pm above 9Qum) that resulted in the smallest root-mean-squared errenebmpared to our
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Figure 3.9: The BRF at 866 nm observed by MISR near Dome C & QUUC 17 January 2005
at viewing zenith angle 71and relative azimuth angle near 30The two marked locations in
this image, one with cloud cover and one with clear sky, wéiesen for further analysis (see
Figure 3.10). A visual observation of the sky from the susfaicates it was overcast at Dome
C (DC) at this time. Some surface features are visible in bsarcegion in the higher-resolution
nadir image. The interpretation of the brighter areas agdcknd darker areas as clear is also
supported by the MODIS cloud mask. The grid is labeled in eegrof south latitude and east
longitude. This case uses MISR data with version number 24.

observed albedo (Figure 2.6), measured under diffusedncie] was then used to calculate the
clear-sky spectral albedo at solar zenith angles fromo @9 . The effect of surface roughness on
albedo is expected to be much less than on re ected radié@®etion 8 of Warren et al. 1998),

so the use of a plane-parallel model here should not cauge éarors.

The resulting modeled TOA BRF for the clear and cloudy scemeshown in gray in Fig-
ure 3.10. These models used a solar zenith angle of 6thé same as at the two locations at
the time of observation. The cloudy scene was modeled withglescloud layer with optical
depth 10, composed of liquid water drops with radiugn® The modeled BRF for the cloudy
scene matches the observations quite well, and is not vesitse to the cloud optical depth or
droplet radius. The modeled BRF for the clear scene is al$aiily good agreement with the
observations, though it does underestimate the BRF atrléogeard angles by about 4%. The
addition to the clear model of a layer of boundary-layer igestals or of stratospheric aerosols
did not correct this error. It also did not help to perform ategration over the MISR channel,

rather than using the central wavelength of 866 nm. It seep#t fikely that the difference be-
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Figure 3.10: Observed and modele