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Abstract: It is important to understand reflective propert@ssnow, for example for
remote sensing applications and for modeling ofrggndvalances in snow packs. We
present a method with which we can compare refieetaneasurements and calculations
for the same snow sample structures. Thereforefinse tomograph snow samples to
acquire snow structure images (6 x 2 mm). Secoed;alculated the sample reflectance by
modeling the radiative transfer, using a beam rigacnodel. This model calculates the
biconical reflectance (BR) derived from an arbijrarumber of incident beams. The
incident beams represent a diffuse light source.aMaied our method to four different
snow samples: Fresh snow, metamorphosed snow, Hepth and wet snow. The results
show that (i) the calculated and measured refleemragree well and (ii) the model
produces different biconical reflectances for dgf& snow types. The ratio of the structure
to the wavelength is large. We estimated that the parameter is larger than 50 in all
cases we analyzed. Specific surface area of tber samples explains most of the
difference in radiance, but not the different bicah reflectance distributions. The
presented method overcomes the limitations of comnagdliative transfer models which
use idealized grain shapes such as spheres, phatedles and hexagonal particles. With
this method we could improve our understanding doanges in biconical reflectance
distribution associated with changes in specifitaae area.
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1. Introduction

The radiative transfer properties of snow are lyigblevant for estimating the energy balance [1, 2]
for interpreting remote sensing data [3] and atsobiological applications [4]. The variation ofeth
broadband albedo of snow mainly depends on theteféeoptical diameter [5, 6], whereas the effect
of different irregular snow micro-structures onleefance is so far not well understood. Especigtly,
effect of anisotropic shapes as those in new snotiase formed due to strong temperature gradients
are poorly investigated [7, 8].

Two opposite approaches are possible to calculeteradiative transfer properties of a snow
sample, i.e. a medium with a complex geometryTKi¢ snow structure is simplified to such a degree
that the scattering of electromagnetic waves casobed exactly by radiative transfer theory [6(8),
the snow structure is described with a high acguat¢he expense of simplifying the physics of tigh
scattering to be able to calculate the radiatiaadfer. It is the second approach we invest ingtudy.

The motivation for this decision were the findindpst the reflectance of snow in the near infrared
(NIR) somehow depends on the specific surface argagasure which is used to characterize snow
structure [10, 11].

Models derived from radiative transfer theory désilight scattering often on the basis of the
concept of equivalent sphere diameter [6, 12, TB|s concept is a crude approximation of the real
snow. More recent approaches aim at including nmeadistic structural information of real snow
structure: The grain is approximated by dieledilms, plates, needles, prisms and hexagonal pestic
[14, 15, 16, 17, 18]. In the study of [17] a ragdng approach was presented which calculates
scattering properties of single particles havinghptex geometries. Therefore, geometric optics and
the far-field diffraction approximation were applieRay tracing algorithms based on Monte Carlo
technique are also used to describe radiative felmifis9]. Such approaches have the advantage that
many different physical properties can easily Hewated. But the difficulty in Monte Carlo baseayr
tracing approaches is to determine the probalsliné the physical processes (e.g. diffraction,
reflection, absorption) as well as the represemtadf the structure of a porous medium.

A typical problem in radiative transfer modelingtlse validation of the calculated results with
measured data. To overcome this gap we presehisistudy radiative transfer calculations at thaea
structure for which the reflectance is measuredr€ébeh this goal we used micro-tomography to image
the microstructure of snow samples [20, 21] andl tis structural information to model the radiativ
transfer. We modeled the radiative transfer witthiea snow samples using the beam-tracing model
(BTM) presented in [22]. This radiative transferaesbwe present here calculates coherent multiple
scattering. The BTM was originally designed to mldHe radiative transfer in soils. Snow is a stemng
scatterer and much lower absorber than soil. Tinusase of snow the number of light beams which
have to be processed is a couple of orders langerih case of soil. To make the calculations fdasi
we implemented a snow extension module in the BTM.

The representation of three-dimensional snow stracand the beam tracing in three-dimensional
space is expensive with respect to computer merandy computation time. Thus, the BTM was
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implemented to run in two-dimensional space. Redydimensionality from three to two dimensions
causes loss of structured information. For stromdjgorbing media it was shown that the differences
between radiative transfer calculations for the-thmaensional and three-dimensional case are of
minor importance [23]. Since snow is a low absaghimedium the light can easily penetrate through
the grains and does not have to follow the poreespBhus we can expect that reduction from thiee- t
two-dimensional case is even less important fomstitan for strongly absorbing media. We will
demonstrate that two-dimensional cross sectionabesa of snow are already sufficient for obtaining
representative results.

2. The beam tracing model (BTM)

The principle of our radiative transfer model istéie a structure, to illuminate the structure with
beams and to follow each beam until it is absorbetkaving the sample. To do this, we have to
describe the structure and then to calculate thieadpaths of the beams. Because this procedure is
numerically expensive we had to simplify the phgsio calculate the optical path of the beam by
neglecting the phenomena of diffraction. This sifigation is legitimate by the fact that the redaa
of the structures is large compared to the wavélteagd thus the actual cross section is closedo th
scattering cross section of the particle [24, Bjen for the finest structures we calculated thze si
parameter to be >50. The size parameter is definedas 2pa// with a being the radius of the
sphere and the wavelength. In the following sections the techl implementations of the model are
explained in detail.

2.1 Morphology of the scattering medium

The BTM requires a detailed description of theatite of the scattering medium. The input format
of this information is given in the form of a pixehage. We call this image the structure images€ro
sections through tomographed snow cubes are usedrieve the structure images. The resolution of
the structure images depends on the scan resolotithre tomograph. The structure image is a binary
image representing the spatial distribution ofitteeand air phase. To each of the two phases vignass
a complex refractive index to describe its optjmalperties. Before running the BTM we preprocessed
each structure image by detecting the contour pnels between the air and ice phase and by
determining its local orientation. The later is ddyy determining the normal to the contour lin¢hat
respective pixel. This information is required tdatilate the optical path of a light beam (detaflthe
algorithm are given in [22]).

To calculate the local orientation of the contoumel pixels we make use of image analysis
techniques. A contour line pixel is in our contaxtice pixel that has at least one of its eighg/meor
pixels being an air pixel. We calculated the lomaéntation of a contour line pixel by determinitinge
x- and y-derivative of the pixel color value at {hasition of the contour line pixel. The derivasvare
calculated with the edge detection filter presented26]. This edge detection filter works with a
window size of 5x5 pixels (Figure 1) Using the laiPythagoras the normal to the contour line pixel
is derived from the x- and y- derivatives. We ased) this value to the contour line pixel. This
algorithm is applied for each contour line pixel that finally each boundary pixel of the structure
contains its local orientation.



Sensor2008 8 3485

Figure 1. Typical elements of a structure image shown attaut of an air/ice interface.
The white pixels represent the air phase and tHegtay pixels represent the ice phase.
The different gray values of the contour line — tle@tour line pixels are highlighted by
the dotted lines — represent the local orientatiotine air/ice interface.
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2.2 lllumination of the sample

The BTM illuminates the structure image at the ¢édige with a user defined number of beams. An
incident beam is defined by its direction, positi@md intensity. The illumination can be diffuse,
collimated, or partially diffuse. We used 200 irexddl beams for each simulation run. The incident
beams were randomly distributed with an incidemfi@of £ 60° around the zenith. This approximates
the illumination of the Ulbrichts sphere which wased in the experiment.

The BTM can be run at any wavelength as long asréfi@ctive indices are known and the
geometric optic is valid. We ran the model at thev@length of 870 nm. We selected this wavelength
because at shorter wavelengths the influence of gets more significant, and thus corrupts the
comparison with measured reflectance. The compéactive index of the snow at this wavelength
ISR, .o =1.303+1434X07 [27, 28].

2.3 Beam tracing

The radiative transfer is calculated by tracing pla¢h of light beams pixel-by-pixel through the
structure image. The optical path of a beam isnéeffiby its position and propagation direction drel t
subsequent scattering events, calculated with 'Sriediv and the Fresnel equations. According to the
Fresnel equation, a light beam scattered at amalptiterface is split into transmitted and reféstt
part. The continuous splitting of the beams bytscalg yields a large number of beams which have to
be processed. Therefore, this algorithm becomegputationally demanding.

At the left and right edge of the sample image weducompletely reflective mirrors simulating an
infinitely wide sample. This assumption reducesruary effects caused by the limited size of the
sample. Light beams reaching the bottom of the eveag assumed to leave the snow sample and are
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accounted for as transmitted light. The intensibéshese beams were stored because this value is
needed in the snow extension module, describelleifdllowing section. The propagation directions
and intensities of the light beams leaving the darapthe upper edge were stored as well. Thislyiel
the biconical reflectance (BR) [29]. The hole altfon of the BTM is described in detail in [22].

2.4 Snow extension module for BTM — the ladder @ppration

The BTM was developed to calculate the radiatie@gfer in soil samples. In the case of soil, the
light is absorbed within the first millimeters dfet sample. In case of snow, the penetration depth o
light is a couple of orders larger. Consequentg, number of light beams which have to be processed
increases drastically.

Figure 2. Calculating the reflectance of a snow colon bdingiup several small cross
sectional imagest, , ¢,, and#, are the reflectance, absorption, and transmittance

a’

coefficients; R, A and T are the cumulative reflexte, absorption, and transmittance.
The notation “X+=...” stands for “X=X+....".
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To solve this problem we reduced the computatialemhand by running the beam tracing model
only for a small cross sectional image. The sizéhefimage was determined by the scan range of the
tomograph but should at least contain multiple srmgnains. With the BTM we calculated the
reflectancer, , absorptiors, and transmittance, for these cross sectional images. To extrapolege t
radiative transfer from the small cross sectiomagdges to a snow column we virtually multiply a
structure image and pile them up. Since each ofrthiiplied structure images has the same radiative
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transfer properties, the reflectance of the snolurso can be calculated with the iterative algorithm
outlined in Figure 2. This procedure is also calllee ladder approximation. The number of slices
nused to build up a snow column was selected in susfay that the transmission through the snow
column is close to zero and the reflectance doésmnge anymore when additional slices would be
added at the bottom of the snow column. In thiglstwe seh = 100 The iterative algorithm was
repeated until the reflectance of the snow columnverges to a constant value. For our cases 100
iterations were enough to get stable results.

2.5 Sensor

The reflected light seen by the sensor is definethé field-of-view given by the sensors fore-optic
The reflectance is computed from the BR as outlineBigure 3 [30]. In case the field of view of the
sensor is small, the recorded radiance dependsgbgron the sensors position and on the shapeeof th
BR. Since we can compute only a small, finite hundfencident beams we get a noisy BR which is
disadvantageous for a sensor with small field efwiThis problem can be reduced when having a
smoother BR. To get a smoother BR we simultanecasbyy three different approaches: (i) For each
sample we run the model several times and calcthiatenean BR of the single model runs. Repeatedly
running the model with a given number of incidemaims (with a randomized distribution) is
equivalent with running the model once with a npitinumber of incident beams. (ii) For each angle
of the BR we calculate the mean value from theesotdfince at the angles with the same negative and
positive angle. We are allowed to do this becahsdrtcidence of the axial symmetric Ulbricht sphere
is normal, thus the BR is axial symmetric with espto the normal of the sample surface. (iii) For
further smoothing of the BR we applied a movingrage.

Figure 3. Calculating the reflectance seen by the senswoesdptic. The half opening

angle of our fore optic wag = 1.5°. The angle of 904 corresponds to the viewing
angle which is in our setup equal to 68°. Thedittketch in the upper right corner
illustrates which range of the BR is seen by thre faptic when being far away from the
snow sample.
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3. Experiment
3.1 Snow sampling

We collected four samples of different snow typéh the dimension of approximatively 30 x 30 x
30 cm to measure the reflectance. We classifiedstteav samples as fresh snow, metamorphosed
snow, depth hoar and wet snow. The sampling site iwdavos, Switzerland (February 2006). The
snow samples were stored separately in Styrofoamesbdor transportation to the nearby cold
laboratory. The following measurements (reflectamemsurements and tomography) were done in the
cold laboratory quickly after each other to avolthtt snow metamorphosis alters the structure
significantly.

3.2 Snow reflectance measurement

For the reflectance measurement in the laborateryosk the snow cube out of the Styrofoam box
and prepared the sample surface with a sharp mlettel to be completely flat. The reflectance of the
samples was measured with a standard field speetesniField Spec Pro Dual VNIR” from
“Analytical Spectral Devices”. The spectrometer swas the spectrum from 350 to 1050 nm using a
512-channel silicon photo-diode array. Since réflece of snow varies strongly in the near infrared
(NIR) spectrum [6] we made our analysis for onegl@nwvavelength/ =870 nm. For our radiance
measurements we attached a 3° field-of-view forgedp the glass fiber. Each sample was scanned 15
times (five repetitions at three different posigaogt the snow surface) to minimize measuring errors
The three positions were always close to the cefténe surface of the snow sample. The geometric
arrangement of the light source and the detectut,the distance of them to the snow surface were
kept constant with respect to measured positidheasnow surface (Figure 4).

The snow sample was illuminated with a quartz lamgunted inside an Ulbricht sphere which
produces light which is nearly 100% diffuse. Sintte Ulbricht sphere was positioned a few
centimeters above the sample, the sample surfasminlation was conical. The samples were
illuminated with the entire wavelength spectrumtioé light source. Before the reflectance of each
sample was measured, the reflectance of a whitectiefy reference (Spectralon panel, Labsphere) was
measured. The reflectance was calculated accotdirtge relation R, =L /L where

R, denotes the spectral reflectance abhdthe measured radiance for snow and Spectralon,

/ ,snow / ,spectralon

respectively. The experimental setup for measuhegeflectance is depicted in Figure 4.
3.3 Snow tomography

For each snow sample we extracted one horizonlialdey with a length of 6 cm and a diameter of
2 or 3.6 cm. These cylindrical samples were tomalged in a X-ray micro-tomograph (Scanco micro-
CT 80). The scan resolution was adapted to thetstal size of the samples in such a way that the

smallest structure was always at least 2 to 4 titaegger than the size of the voxel [31]. Thus, the
resulting voxel size of the tomographed structuas w07 m (fresh snow, metamorphosed snow) and

18 n m (depth hoar, wet snow) [31]. The resolution @& tbmography is directly used for the structure
images. Thus, the pixel size in the structure imagd 0,7 m and 187 m, respectively.
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We used the specific surface area (SSA) as stalqgharameter to describe the snow structure. The
SSA has been used for several years as an optjaaladent sphere to describe optical properties of
general polydispersions [33] and snow [13]. Thipperty has also been used to parameterize
structures for radiative transfer modeling of sr{@4]. Alongside its use for the optical descriptioh
snow, the SSA is an important parameter for desyithe structural size and the geometry of sitere
media. We measured the SSA using the triangulatddce of the volume data [35]. In the following
the SSA is defined as surface-to-volume ratio [thm

Figure 4. Experimental setup for measuring the reflectant@ snow sample. The
description above the snow cube describes thectaflee measurement. The cylinder
within the snow cube illustrates that we extracié@r the reflectance measurement a
snow sample of 6cm height. From this cylinder wadgraphed a snow layer resulting
in 600 tomographed slices. These cross sectionshareused as input for the beam
tracing model.

4. Results
4.1 Results from measurements

We tested the homogeneity of the collected snow wihigh-resolution snow penetrometer [36],
both horizontally and vertically. The variation tife penetration hardness was about 15% for all
samples. From this result we conclude that eactv saonple is homogeneous so that we can compare
the reflectance measurement taking at the topestiow sample with the results calculated from the
cylindrical tomographed sample.

Table 1 summarizes the characteristics of the $oow samples which were collected in February
2006 in the area of Davos, Switzerland. Figure édwshfor each snow sample a structure image
recorded with the tomograph. In Figure 6 we plotteeimeasured reflectance spectra of these samples.
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Figure 5. Tomographed cross sections of the snow sampldsteVdepicts the air
phase, black the ice. The cross sections are:.eshFBnow, b) metamorphosed snow, c)
depth hoar, and d) wet snow. The dimension ofriegees is 6 4 mm.

c)

b)

d)

Table 1. Description of the snow samples. ISC means iateynal snow classification,
the image size is the size of the cross-sectianalges used for simulating radiative

transfer with the BTM.

Snow type (ISC) Shortcu|t density | SSA effective cross sectional image
[kg/m?] [mm] radius 7m | size [mm x mm]

Fresh snow (2a) fs 110 59.22 51 6x4

metam. snow (3a) m2 194 26.29 114 6x4

depth hoar (52 dh 305 8,38 358 10.8x 7.2

wet snow (6a) WS 535 511 587 10.8x 7.2

4.2 Results from modeling

For each of the four snow samples we selected thffsgent cross sections as structure images, the
Oth, 300th and 599th pixel layer from the tomogexpleylinder (Figure 4). Taking three different
structure images allows to test for the effect lné wvariability of the snow structure within the
tomographed sample. To get a realistic representaif the light incidence we used 200 incident
beams for each run. For each structure image wkedth00 model runs and calculated the mean to get
the angle dependent radiance (Figure 7). The reguBR is slightly asymmetric and noisy. Thus, we
calculated next the mean of the radiances for tgteawith the same absolute value of negative and
positive angles. For this BR we applied additionallmoving average filter with a window width of 10
degree resulting in a smooth, symmetric BR (Fig)re

The calculated reflectance against the effectiv&capdiameter\/B calculated with the relation

[37, 6]
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is shown in Figure 9. Here, we compare how well tbenputed reflectances fit the measured
reflectances.

Figure 6. Measured reflectance spectra of the snow samples.abbreviation behind
the snow name is the class according to the intierred snow classification.

Figure 7. Calculated radiance for the first structure imafée fresh snow. The dotted
line indicates the mean BR for the 100 simulationst The dashed line is the mean of
the radiances for the angle with the same abswuhltee of negative and positive angles.
The solid line represents the dashed line wherappéied a moving average filter with
a window width of 10 degree.
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Figure 8. Calculated radiance for each viewing angle inupger hemisphere.

5. Discussion

It was reported for wavelengths shorter than 100Qttmat the measured and calculated reflectances
follow a linear trend between the reflectance dmel 2quare root of the effective grain diameter [6]
(Figure 9). For our data we found a good agreerteethis statement: The squared linear regression
coefficient is R=0.96 for the reflectance measurement aRdORB6 for the calculated reflectances.
This linear relationship is valid for wavelengtti®ger than 1000 nm.

From Figure 9 we found that the model overestimdtes reflectance for fresh snow and
underestimates the reflectance for the other tls@®mples. Possible sources vyielding differences
between measurements and calculations are: Theunesgasnow surface is different from the imaged
snow cube, the preparation of the snow surfacerbefeeasurement disturbs snow structure, the area
of structure images are too small to reflect aegsgntative area. The disturbance of the snow ateict
by surface preparation might be especially sigaiftdor the fresh snow (most fragile structure)ahhi
could explain the overestimation of the reflectahgethe model. Since we neglect diffraction, as
outlined in the description of the model, someeat#hces between measurement and computed results
will differ due to this simplification of the modeThe effect of diffraction will be more pronouncien
the gracefully build fresh snow and continuouslgrdase for coarser structures [17, 12].

From the simulated BR we find that the change ef téxdiance with the angle is very sensitive
above an absolute angle of 60°. Changing the vigwimgle from 68° to 70° for fresh snow or from
68° to 66° for metamorphosed snow would yield adrrealculated reflectances. Thus, inaccurate
installation of the sensors height above the samipie4 mm would be enough to get discrepancies as
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shown in Figure 9. Since we were not aware abastligh sensitivity during the experiment it is
possible that some part of the error must be expthby measurement inaccuracies.

Figure 9. Measured (boxplots, showing maxima, minima, anariijes) and calculated
reflectance (circles) plotted against the squa o the effective optical diameter.

These results are calculated by taking the radian68 from Fig. 8.

From the single simulation runs we found that 20€ident beams are not sufficient to get a BR
with low noise. Obviously, the single channelstad BR are far-away from convergence (cf. Figure 7).
For the overall reflectance we found that the cleangf the reflectance converges with each additiona
beam (from the first to the 200th beam) to a coristalue. It was reported that radiative transfer
problems require a number of photons in the ordel® to solve a radiative transfer problem
accurately for a low absorbing medium [38]. Whensmuen up the number of scattering events caused
by our 200 incident beams we get a total numberden 18 and 10 which would explain why we
observe convergence for the overall reflectance.

Comparing the results of the different structureags taken from the same sample we found
different calculated reflectances. This varianceassed by the comparison of images, which contain
different structural information, and the randorstdbution of the 200 incident beams. Nevertheless,
the variance in computed reflectances is approxiyawithin the range of measurement variance.
Thus, even when we consider only two-dimensionalctiire information we find that the presented
method is very efficient opposing the computatiemdnd to the accuracy of the results.
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6. Conclusions

With this study we could demonstrate by the dimmnparison of reflectance measurements and
radiative transfer modeling for the same snow s$tinecthat the modeling approach is very promising.
With the BTM we presented a new approach to sireulaeé reflectance for natural snow structures.
This model approach closes the knowledge gap dfigireg the biconical reflectance for given snow
structures. We found a good general agreement batitvee measured and simulated reflectance. We
performed the radiative transfer experiments anduations at a wavelength of 870 nm because at
this wavelength the influence of soot and lightapson by fluid water is minimal.

From the results we found that the BTM overestimatiee reflectance for fresh snow and
underestimates the reflectance for snow samplds aoidrser structure. Under the assumption that the
reflectance measurements are correct the deviatembe explained by not considering the process of
refraction and by the fact that we do not know s$iee of the representative areas of the structure
images. The representative area might be largerttimimages used in this study, the asymmetric BR
is an indication for this. However, we think thiaistmethod could be used in the future to calculze
bidirectional reflectance distribution function (BR) of different, and especially layered, snow g/pe
It remains to discuss whether modeling radiatiandfer in three-dimensional space improves the
modeling results.
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