Dear Prof. Marsh,

Point-by-point responses to the referee comments on thesoept tc-2014-203
“Parameterization of single-scattering properties ofwghare given below. The
page and line numbers refer to the marked-up version of thee@ manuscript,
where deletions are marked withd and additions wittblue colour. For conve-
nience, running line numbers are used.

Sincerely, on behalf of myself and my coauthors,

Petri Raisanen

Response to comments by Bastiaan van Diedenhoven

We thank Bastiaan van Diedenhoven for his constructive centson the manuscript.
Point-by-point responses to the comments are providedwbdlbe referee com-
ments are written ifitalic font, and our responses in normal font.

Comment: This paper aims to provide a parameterized set of singletscag
properties for surface snow. Although the resulting mosleather ad hoc, avail-
ability of such a model would be of benefit to the snow radmatimdeling com-
munity, as often still models based on perfect sphericahgrare used. The paper
is well-structured and clear and | recommend it for publioatin The Cryosphete

| do have a few minor suggestions and questions for the asitttoconsider to
improve the paper:

Page 881: line 19: It is noted that, since absorption is wetlk.& micron and

particles are in the GO regime, the modeled phase functiamig weakly sen-
sitive to size. However, it should be noted that many of theteian the Yang et
al. database have geometries (i.e. component aspect yatiasdepend on size.
This means that 1) some of the obtained fits in Figure 3 probaddlsomewhat de-
pend on the chosen size distribution and 2) a combinatiorabit that provides
a good fit given a certain size could be producing a poor fit (irerealistic phase
function) when applied to another size because the diffeyeometry. However,
the droxtal that is used does not depend on size, and neitres the fractal by



Macke et al. It is unclear to me from the Yang et al. papers drethe aggre-
gates of 10 plates have geometries that depend on size. ldpuleat appears
not to be the case, as the asymmetry parameter for non-aingpwavelengths
do not appear to depend on size (for large sizes), as theydibtile geometries
would significantly change with size. This is then a (uninteral?) benefit of the
authors final choice of habits.

Response: This is true, and in fact not completely unintentional. Thegesses
that determine the relationship between grain shape aadrssnow are different
from those in ice clouds, and therefore, size-shape reistips based on crystals
in ice clouds might be misleading. We feel that at this pdint for simplicity
better to ignore the size dependence of shapes. Indeedpihalps to keep the
parameterization simpler.

Change in the manuscript: In the revised manuscript, it is noted at the end
of Section 3, that the geometry of some of the habits in theg¥atnal. (2013)
database depens on size while that for others does not (fp11bres 244—-249).
Furthermore, at the end of Section 4, it is made explicit #vaiding such depe-
dencies was one of our criteria when making the final choide@fOHC (p. 15—
16, lines 378-386).

Comment: Page 886: Equations 7 and 8: | assume the Betas are a funcfion o
size parameter x here. Please add (x) for clarity.

Response and changein the manuscript: In fact, thes:s depend not only on the
size parameter but separately on the particle sizg,) and wavelength\ (be-
cause ice refractive index depends’)gn This is marked explicitly in the revised
manuscript (p. 16, Egs. 6 and 7).

Comment: Page 887: line 22: | think a reference to Macke et al. (1996uldo
be useful here.

Response and change in the manuscript: This reference is added in the revised
manuscript (p. 17, line 430).

Comment: Page 890: Equation 12: | replotted Fig. 1 in van Diedenhovéeale
(2014) and would like to confirm that this definition of abdap parameter also
results in a better overlap between the single scatterihgdbs at several wave-



lengths calculated for a hexagonal crystal with aspectaafil as compared with
the case using the definition of van Diedenhoven et al (2004ank you for this
insight.

Response: This is good to know! No change is required in the manuscript.

Comment: Page 890: Equation 13: How are the parameters in this equedie-
termined? Are these determined using a least-squares fit?

Response: The aim of Eq. (13) is to minimize the root-mean-square arnay.
In practice, the functional form of the parameterizatiomedl as the parameter
values were determined by trial and error together withalianalysis of the data.
However, we believe that the parameter values are quite tbosptimal, that is, a
rigorous search of the parameters would probably not imgotio® fit significantly.

Changein the manuscript: In the revised manuscript, it is noted that Eq. (13) is
aimed at minimizing the rms error gf(p. 21, lines 516-517). A more detailed
discussion of the fitting approach is, in our opinion, notnaated, on one hand in
the interest of brevity, and on the other hand because tlag-Werld” uncertainty

of the parameterization is very likely influenced more by lingtations of our
dataset than the numerical inaccuracy of Eq. (13) (whicmysvay quite small).
Basically, this remark also applies to the other commemarding the numerical
fits below.

Comment: Page 890-891: You state that g increases slightly with iasirey
size parametet,, even at non-absorbing wavelengths (in the size parameter re
gion where the geometric optics is not yet fully valid). Tisiprobably due to
the fact the diffraction asymmetry parameter becomes asingly less than 1 for
decreasing size. | suggest adding that note if you agree.

Response: Diffraction is certainly partly responsible for this. Howes, it is not
necessarily the only explanation, in the case of the Yand. €2@13) database,
which utilized an “improved geometric optics method” witbnse refinements
over the ordinary geometric optics. These refinements may geobably do) in-
fluence how the asymmetry paramejezthanges with size. An inspection of the
values ofg at weakly absorbing wavelengths suggested ghdtanges somewhat
more with size than expected from diffraction alone; howgités hard to be sure
because is not provided separately for diffraction.



Change in the manuscript: In the revised manuscript, this sentence is formu-
lated as: “..g ...increases slightly with increasing size parametgreven at
non-absorbing wavelengths, in part because the diffragtieak becomes nar-
rower.” (p. 21, lines 519-521).

Comment: Page 891: Equations 15 and 16: | suggest adding a reference to
Macke et al. (1996).

Response and change in the manuscript: The reference is added in the revised
manuscript (p. 22, line 537).

Comment: Page 892: Equation 19: Is there any reference for this apjpnax
tion? How was it determined? Diffraction is mostly deteredrby the projected
area of a crystal, so a parameterization in termsef is unexpected. It may be
noted that an alternative approximation was given by Eq.nlvan Diedenhoven
et al. (2014).

Response: No reference is given in the text, which implies that the agpna-
tion was developed by ourselves. The parameterizatiopy;gfwas derived by
attempting to minimize the rms errors in the logarithm of gg&unctionin Py,
in near-forward directions (within a few degrees), althotige choice is a bit ar-
bitrary. The minimum in rms error is not very sharp, and farthore, we were
not able to cleanly separate the diffraction peak from tis¢ oéthe phase func-
tion because only the total phase function is provided inYifweg et al. (2013)
database.

The parameterization @fyq is provided in terms of,, to be consistent with
the rest of the SSP parameterization. However, the sizenstea defined with
respect to the projected areg which is physically more relevant for diffraction,
is directly proportional ta,, for the OHC:z, ~ 1.535z,,, so that Eq. (19) may
be rewritten as

gaig = 1 —0.60/x,, =1 —0.921/x,. (1)

Compared to Eg. (14) in Diedenhoven et al. (2014), our vabfeg;; are
somewhat smaller in the size rangg < 100 considered by Diedenhoven et al.
We found this beneficial, however, probably because it toesertent compen-
sates for errors incurred by approximating diffractionhnat Henyey-Greenstein
phase function. The only way to improve the accuracy subistgnwould be to
parameterize the shape of the diffraction peak more rigdypbut in this case,
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we consider simplicity more important. As stated in the :téixtis treatment of
diffraction ... is a rough approximation, and clearly noesl for studies of very
near-forward scattering, but it serves well the current pose. On one hand, it
improves the accuracy compared to the assumption of a delka,sand on the
other hand, the HG phase function has a very simple Legenghansion ...

Changeinthemanuscript: In the revised version, the following changes/additions
are made: (1) It is noted (on p. 22, lines 538-542) that theggmim in fitting

the phase function parameterization was to minimize theemw's in the loga-
rithm of the total phase functiori/(P;;), as the diffraction and ray tracing parts
are not available separately (in this respect, the diviskpressed by Eq. (14) is
conceptual rather than rigorous); (2) the expressiog@fas a function of,, is
provided in Eq. (19) (on p. 22); and (3) the parameterizatibBiedenhoven et

al. (2014) is referred to (p. 23, lines 550-553).

Comment: Page 892: Equation 22: Where is this form based on? How are all
parameters in this equation determined?

Response: When deriving Eq. (22), only the first two terms of Eq. (14) wer
included in the phase function parameterization, withrddtion treated as ex-
plained in the manuscript. In the first phase, a fortran @ogwas utilized for
an iterative search for the best valuewof separately for each wavelengih=
0.199-2.7um and snow grain size,, = 10-2000m, where “best” is defined
in terms of the rms error dh P;; over the whole range of scattering angles (0—
180). In practice, this rms error is strongly dominated by thetracing part of
the phase function. In the second phase, the values wfere analyzed visually,
and the functional form of the, parameterization was determined by a “trial and
error” procedure, where the goal was to minimize the rmsrema);. We chose

to exclude cases with very strong absorption (co-albéds 0.3) when doing
this fit, since such cases are probably of little practicadoniance due to the low
reflectance of snow. Thus, this is not a rigorous root-meprae fit, but most
probably, quite close to optimal.

Changein themanuscript: Since explaining all of this in the paper would proba-
bly be distracting to the reader, we note in the revised maiptonly the general
aim of the phase function parameterization, which was tammaze the rms errors
inln Py (p. 22, lines 541-542).



Comment: Page 894: Equation 27: How are all parameters in this equatie-
termined?

Response: First, the phase function residualB.{;q in Eq. 14) were determined
by subtracting the diffaction and ray tracing parts (the: and F,,, terms) from

the “exact” phase functiof;; for the OHC. Second, the residuals were developed
into Legendre series, for eaef), and \ separately. Third, the Legendre coef-
ficients in these series were parameterized by performimmgpamean-square fit
with the LAPACK subroutine DGELS, which yielded the coefticts in Eq. (27).

Change in the manuscript: In the revised manuscript, we include the follow-
ing statement (on p. 24, lines 585-58@)e parameterization coefficients,,
were determined by minimizing the rms errorsipfwith the LAPACK subroutine
DGELS, and they are given in Table 2

Comment: Page 894: line 6: Why is the Legendre expansion replaced lmha p
nominal? Could the term&, be directly determined from,, or are they deter-
mined by a separate fit? Does the form of Eq. 28 also ensureal@mation?

Response: The ordinary polynomial form (28) was derived by writing dbe
Legendre polynomials in (26), which gives directly the dio&dntss,, andd,,,,,.
Therefore, it is completely equivalent to (26) and also eesmormalization. It
is provided because in applications which do not requireues of a Legendre
expansion (e.g., Monte Carlo models), an ordinary polym@bmisimpler.

Change in the manuscript: To make it absolutely clear that the two forms are
equivalent, the following note is added right after Eq. (&%) p. 25, lines 594—
595): Here, the coefficients,,,, were obtained directly based on the coefficients
cmn 1IN EQ. (27), by writing out the Legendre polynomials in E)(2

Comment: Page 896 and further: The phase function was parameterigesina-

plified parameterization and a full parameterization. Aresimpler parameter-
ization would be just taking a Henyey-Greenstein phasetimmavith the param-
eterized g. | think it would be useful to show the improvertteattthe additional

terms bring compared to using a Henyey-Greenstein phasgiéum The HG re-
sults could be included in Figs. 10, 12, 13 and 14.

Response: Thank you for this very useful comment! We have tested theofise



the Henyey-Greenstein phase function, and found thatdlsléa substantial and
systematic errors in the phase function: underestimatiahe diffraction peak,
otherwise overestimation at forward scattering angleoup35—-80 (depending
on the case), and underestimation at sideward and backeaiteésng directions.

Change in the manuscript: In the revised manuscript, results corresponding to
the Henyey-Greenstein phase function are included in Ei@sl3 and 14 (but, in
the interest of brevity, not in Fig. 12). These results aseused on p. 27 (lines
654—-662), p. 31 (lines 748-750) and p. 32 (lines 788-791).

Comment: Figure 2a: The images appear to show many rounded crysta®dg
which are signs of melting or sublimation. This can signiiitbaaffect the optical
properties. Please add a discussion about the conditioiseonow pack at the
time of the measurements in section 3. Can this be considédeshow?

Response: The blowing snow case on 23 March was preceded by heavy sthowfa
on 22 March, ending during the night of 23rd. The last snaviialore the March
31 blowing snow case occurred on 29 March. Consequentlgabe of 23 March
represents essentially new snow, while on 31 March, some smetamorphism
had occurred, and the snowpack was probably denser (altrengyv density was
not measured). The near-surface air temperature ranged-ffoto —9°C during
the 23 March event and from18 to —20°C during March 31. The wind speeds
ranged from 1 to 9 ms on 23 March (median value 4 n1§ and from 5to 8 m
s~! on 23 March (median value 7 nTY. Mainly cloudy conditions prevailed on
23 March, while 31 March was cloud-free.

It is quite possible that the rounded forms in Fig. 2a ardeelto sublimation,
but melting is not plausible because the temperature stagéidelow zero dur-
ing the whole campaign.

Changein the manuscript: Discussion on weather and snow conditions is added
to the beginning of Section 3 (p. 7-8, lines 160-171) in tivésezl manuscript.
The possible role of sublimation in producing particleshamibunded edges is
mentioned on p. 10, lines 235-236.

Comment: Appendix A: You might want to note that et for fractals equals
2 for all sizes.

Response and changein the manuscript: This is true, due to the use of geomet-



ric optics. A short note about this is included in the revisghuscript, not in the
Appendix but in connection to the discussion of Fig. 7, whatlows(Q).... See
p. 20, lines 493-495.

Response to comments by Referee #2

We thank Referee #2 for his/her constructive comments omidweuscript. Be-
low, the referee comments are writtenitalic font, and our responses in normal
font.

Comment:
General remarks:

The authors provide a wavelength dependent single scadfgrarameterization
based on a optimum habit combination OHC that matches obddigyht scatter-
ing properties at one specific wavelength. The approachraésgsttforward and
represents a further step towards our understanding andiegigon of light scat-
tering at snow particles. However, the authors arrive toacily to some conclu-
sions where | see a need for more discussion. | thereforewgtend acceptance
after major revisions.

Response: More discussion is added in the revised manuscript, as idesicbe-
low in our responses to the specific points raised by the Befer

Comment:
Specific points:

page 876, line 11 - 24: | understand the approach to fit obsgEpaattering prop-

erties to model results for certain particle shape habita given wavelength and
to use this habit combination to calculate the scatterind ahsorption properties
at all wavelengths. However, since the reference phaséitumis constructed at a
non-absorbing wavelength (800 nm), the OHC is not or onlysmall extend de-
pendent on particle size (as the authors also state on patje &8nostly depends
on particle geometry. The situation is even worse since ttarmephelometer
with its observation range between 15 and 162 degree saagteange excludes
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the forward and backward scattering region that contain kdgest information
on size.

Response: We are not entirely sure if we understood this comment ctytethe
phase function is very weakly sensitive to size becauseizkeeggarameter is very
large (geometric optics regime) and absorption is very wedkwever, in our
view, this insensitivity can also be viewed as a benefit: plies that potential
inaccuracy in the definition of the size distribution does influence the choice
of the OHC appreciably.

At the same time, it is true that phase function observatmade at\ = 800
nm contain very little information on absorption. In thigise, it is indeed a clear
limitation of our dataset that the observations are madeiaigge very weakly ab-
sorbing wavelength. However, we would like to emphasizettiiadoes not make
it pointless to provide a snow co-albedo parameterizatimp {1). Namely, as ev-
idenced by Fig. 5b and 6b—d (figure numbers referring to tlggrad manuscript),
there is a systematic difference in absorption betweensperical particles and
spheres, the co-albedo being significantly larger for rgmescal particles, for a
given volume-to-projected-area equivalent radiys Therefore, although we are
not able to constrain the co-albedo of snow precisely (agtsescatter among the
non-spherical shapes), at least we can capture the systatifigrence between
non-spherical shapes and spheres.

Change in the manuscript: In the revised manuscript, more discussion of this
issue is added to the end of Section 5, in connection to Fig. &9, lines 468—
479).

Comment: 879, 5: "In fact, this approach does not represent any speoifugh-
ness characteristics, but..” Very good! | appreciate tbasnment very much as
the term "roughness” is often misused in the light scattgriiberature.

Response: Thanks! No change required in the manuscript.

Comment: 879, 15: "blowing snow”: Of course, details can be found in yati
et al. (2013), however, it would be good to provide some méiron on how
representative the observed phase functions are, i.e. genaity of the snow
conditions, duration of the observations, ...

Response: The blowing snow case on 23 March was preceded by heavy sthowfa



on 22 March, ending during the night of 23rd. The last snaviialore the March
31 blowing snow case occurred on 29 March. Consequentlgabe of 23 March
represents essentially new snow, while on 31 March, some smetamorphism
had occurred, and the snowpack was probably denser (altrengyv density was
not measured). The near-surface air temperature ranged-ffoto —9°C during
thea 23 March event and froml18 to —20°C during March 31. The wind speeds
ranged from 1 to 9 m3s on 23 March (median value 4 nT§ and from 5to 8 m
s~! on 23 March (median value 7 nTY. Mainly cloudy conditions prevailed on
23 March, while 31 March was cloud-free. The phase functghsvn in Fig. 1a
are averages over the entire blowing snow events, whicbddst approximately
10 hours (8-18 UTC) on 23 March and 12 hours (12—24 UTC) on 3tMa

Changein the manuscript: Discussion on weather and snow conditions is added
to the beginning of Section 3 (p. 7-8, lines 160-171) in tvésesl manuscript.

Comment: 880, 19—-26: The authors rather quickly dismiss the scattepeak at
145 degree scattering angle as an artefact and as quantébtirrelevant. How-
ever, if this peak is caused by photodiode problems, how eatrust the rest of
the observations? Why should this be limited to an angulgiore around 145
degree? The authors note that non of the considered pagmbenetries can re-
produce this feature. | suggest to search the light scattgliterature to identify
which particle geometry could do the job.

Response: Firstly, we have to withdraw the photodiode explanatioregiin the
original manuscript. While it is true that reflections by pbaiodes are a possible
source of inaccuracy in polar nephelometer measurememdsc@uld possibly
contribute to the 145feature, neither the paper cited in the original manuscript
(Jourdan et al. 2003) or any other paper we have found prewiect evidence
that this would be responsible for the T4®ature. We must apologize for not
checking this properly when preparing the original manipscrRegarding the
reliability of the PN measurements, Shcherbakov et al. §2@heir Table 1)
report an accuracy of 3—5% betweer? &hd 142, but degrading to 30% at 162
for an experimental setup with low extinction. Thus the ghsction derived
from PN measurements is, overall, less reliable near thkslattering direction
than in near-forward and side-scattering directions.

It is in principle possible that the 14%eature is caused by snow grains, but
unfortunately, we have not been able to identify an ice ahggometry that would
reproduce this feature. This feature falls between theowebeak of spherical
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ice particles near 13%and a maximum that appears for many pristine hexagonal
crystals at 150-155 One might speculate that for rounded crystals (which seem
to be present in Fig. 2a), the latter peak could be displaoedit is not at all
obvious (and indeed rather unlikely) that this would resula clear maximum
near 148. Furthermore, for oriented crystals, it would most likely possible
to find geometries that produce a maximum near° 146wever the presence of
a large amount of oriented crystals in blowing snow (where dbnditions are
typically turbulent) seems implausible. Finally, in geslethe presence of a single
halo peak near 145vould be surprising, when there is no evidence of other halos
in the measured phase function.

One particle type that would produce a phase function maxiraul40-145
are liquid cloud droplets with a diameter @f~ 10 um. However, we consider
this an unlikely explanation due to the meteorological ¢tmals. There was no
cloud (i.e., fog) at the surface level, the air was subs&tdraith respect to liquid
water, and the temperature was well bel&\Z in both cases. In particular, the
latter case (31 March) was quite cold18...—20°C), with a relative humidity
of 79-87% and cloud-free skies. It is hard to imagine how astuttial amount
of liquid droplets could exist in these conditions; yet tH& 1feature was clearly
visible in the measured phase function also in this case.

In summary, we cannot say with certainty whether the°1féature is a real
feature caused by scattering by snow or some kind of an er{géi#though the lat-
ter is perhaps more likely, given that the PN data at theskeaigin general less
accurate than at smaller scattering angles). Further merasuts, preferably us-
ing some alternative technique, would be needed to resbiséssue. Regarding
the SSP parameterization, our original statement that4beféature has only a
small influence still holds true. Note that we did not (and d¢) screen out this
feature when developing the parameterization.

Change in the manuscript: A shorter version of the above discussion is added
to Section 3 in the revised manuscript (p. 9-10, lines 196}.22

Reference:
Shcherbakov, V., Gayet, J.-F., Baker, B. and Lawson, P620@ht scattering by
single natural ice crystald. Atmos. Scj63, 1513-1525.

Comment: 881, 23 - 882, 2: | respectfully disagree with the pragmapp@ach

to completely ignore the observed particle shapes and tosathie optimum habit
combination purely by minimizing a light scattering costdtion. The observed
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snow grains should provide some constrains on the size depéparticle shape
variation, see the work by Brian Baum. The authors corresti#iye on 884 "Thus,
the potential dependence of snow crystal shapes on therisiaot considered
here”. | consider this as an unnecessary simplification.

Response: This is, at the same time, a well-justified suggestion and thae
would be very hard to address satisfactorily. Considenadiohow the shape of
snow grains depends on their size would require a fundarheuiiéerent ap-
proach to the development of the parameterization. Thisldvoequire (1) an
analysis of how the shape of grains in (blowing) snow depeandsize, (2) a
parameterization of this size-shape distribution, (3)¢bmputation of the cor-
responding single-scattering properties (SSPs), ande@dpning the numerical
fits.

We agree that in principle, this would be the ideal solutem] this approach
indeed represents the state-of-the-art for the paramatem of ice cloud single-
scattering properties. However, to our knowledge, it hasoeen attempted for
snow. The primary practical difficulty is that a very largadtion of the particles
in snow are irregular. For the current samples of blowingissmanual classifi-
cation of shapes in CPI images by Guyot et al. (2013) (citetthénmanuscript)
suggested that more than 80% of the particles were irregiilaould be unfea-
sible to compute the SSPs of each irregular particle “exgab in practice, one
would have to associate them with some habit type in aval&3P databases
(e.g., some aggregate type in the Yang et al. (2013) datpbblsvever, there
would be much ambiguity in such an approach, and it is not ¢he it would, in
practice, result in a better SSP parameterization. Alsoyice out such an anal-
ysis and reworking the parameterization from “scratch” lddae very laborious
(well beyond a typical major revision).

It may also be noted that our approach basically follows ith&tokhanovsky
and Zege (2004), where the choice of Koch fractals for agprating the scat-
tering by snow was likewise based on phase function data &nlghermore, our
approach may be considered analogous to the widely usetigerat¢ modeling
the SSPs of irregular dust particles. Instead of considehe actual dust parti-
cle shapes, shape distributions of spheroids are usedtmpmetéy in a variety of
applications (Dubovik et al. 2006, 2011; Levy et al. 2007drences provided in
the manuscript)), as they have been found to reasonablyasicaitering by dust.

Changein the manuscript: We keep our “pragmatic” parameterization approach
also in the revised manuscript. However, discussion ofisisise (along the lines
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noted above) is added to the beginning of Section 4 (p. 11k 256—274) and
to the end of Section 8 (p. 34-35, lines 850—856) (see alstegponse to the last
major comment).

Comment: Discussion of Fig. 3: From the very interesting comparisdrihe
observed phase function to those of the individual partigemetries | get the
impression that the observed 145 degree peak somewhatbiesethe 150 de-
gree peak for hexagonal shaped patrticles.

Response: This is true, but this peak is consistently at slightly largeattering
angles (around 150-19%han the 145feature in the observed phase function.

Change in the manuscript: Regarding the maximum near 145t is stated on
p. 9, lines 204-206 in the revised manuscript thatit falls between the icebow
peak for spherical ice particles near 13&nd a maximum seen for many pristine
hexagonal shapes at 150-*5See Fig. 3)”

Comment: 885, discussion of Fig. 5: Fig. 5a nicely shows that there séngle 3
habit combination that fits the asymmetry parameter best,that this is not the
case for the absorption parameter, because of the rathekwbaorption. It looks
like there is a set of 5 to 6 3 habit combinations, which prewidst< 0.1 for the
absorption parameter. Are those combinations very diffei@m each other? In
general, since absorption at 800 nm does not provide mudcitsgty on particle
habit, as the authors also state several times, | suggestdonsider to remove
the OPC exercise for the absorption parameter.

Response: Figure 5a demonstrates that by using three habits, we castraom
the asymmetry parameter very well, but also that there areralethree-habit
combinations that yield nearly as small values of the costtion. As stated
in the original manuscript, the best habit combinationsuide “severely rough”
droxtals and strongly distorted Koch fractals, while thedihabit varies from one
combination to another.

Regarding absorption, there are two points to make. Firstavailable obser-
vations indeed yield little/no information on absorpti®@econd, snow grains are
distinctly non-spherical, and for non-spherical parsclhel parameter and the
co-albedaos are, in general, systematically larger than those for gshérhere is
some uncertainty because the valueg differ between different non-spherical
habits. This scatter implies that our parameterization (H¢ cannot be expected
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to present the co-albedo of snow precisely. Neverthelesghimk that this pa-
rameterization is useful, as it is very likely that the atteaues of¢ andj are
larger than those for spheres.

Change in the manuscript: In the revised manuscript, a new table (Table 1) is
included, which lists explicitly the three-habit combiioais with cost function
below 0.1. This table is introduced on p. 15, lines 364—36ten@as the corre-
sponding text on p. 14, lines 341-344 is deleted.

Regarding absorption, Fig. 5b an the related discussioea@tiéh 4 (on p. 15,
lines 352-363) is deleted, as the above points can be madd basFig. 6 too.
Accordingly, some more discussion of this issue is adde@immection to Fig. 6
(p. 18, lines 438—444 and p. 19, lines 468-479).

Comment: 887, 8: point number 4: | totally agree! But if this is so, whyirog
through all the effort and provide a size/wavelength par@meation that may
not be representative for snow particles in general? In neywihe authors too
quickly jump from a case study to a general parameterizat{ther researchers
will happily apply this "DISORT ready-to-use” parametegizon to all kind of
snow conditions without questioning its applicability.

Response: While the accuracy may not be equally good at other wavetengst
snow grain sizes, we do anticipate that it is better thanftrapheres, most prob-
ably substantially better. This is an important point, alsesps are still widely
used for radiative transfer calculations involving snoug do the simplicity of us-
ing Mie theory. By providing an easy-to-use parameteriwebiased on the OHC,
we hope to improve upon this situation. To our knowlegde, mchsprevious
parameterization exists. In this respect, the situatiorsfmw is much less ma-
ture than that for ice clouds, for which there are numerou3 EB8ameterizations
available. Thus, were we not to provide this parameteomathere is an obvious
risk that some/many researchers will continue to use sptieresnow, happily or
unhappily!

In short, most certainly our parameterization is not perfeo parameteriza-
tion is). The key question is, whether it iseful In the present situation, we
believe it is. If a better parameterization based on a mongpcehensive dataset
is provided in future, then it is of course recommendablédd sising that param-
eterization instead.

Change in the manuscript: The limitations of the current parameterization and
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the desirability of parameterizations based on more cohgm&ve datasets are
discussed in the concluding section in the revised martqchanges in text on
p. 33-35, between lines 816—-856). For a more detailed gxiserj see our re-
sponse to the last major comment.

Comment: 896: section 7: Don’t you need to account for close-packéstes in
the radiative transfer calculations?

Response: In principle, yes, but we expect that their effect is rathmal. As
noted in the original manuscript (p. 876, lines 26—Z&). simplicity, close-packed
effects are ignored in the calculations. It has been showkdkhanovsky (1998)
that, at least as a first approximation, they do not have a pumted impact on

the snow reflectanc&urthermore, the same simplification has been made in most
(or even nearly all) other radiative transfer studies imra snow, at least in the
solar spectral region considered in this work.

Changein themanuscript: In the revised manuscript, the sentence quoted above
is moved from the Introduction (p. 5, lines 90-92) to Secfiqip. 28, lines 673—
675), where this issue is more topical.

Comment: Conclusions: | think the authors did a good job with the techhset
up of the snow light scattering parameterization, but théadzasis that is used
for that is simply not sufficient. Thus, the work should beencarefully treated as
a case study on the effect of different shape assumptionsoonreflectance. The
OHC constructed here should not get generalized (as theoasithy to encourage
the reader on page 902).

Response: We agree that the data basis is rather limited. Note howthegrthis
also applies to previous studies on the topic (e.g., theestgm to use Koch frac-
tals by Kokhanovsky and Zege (2004) was based on a compaxisiora single
phase function for laboratory-generated fairly small igsstals — here we at least
have direct phase function measurements for blowing snow).

To repeat our response above, currently many researchieosstspheres for
computing the single-scattering properties of snow (as ighthe easiest way to
go, in the absence of parameterizations based on non-sphenow grains). In
spite of the limited data basis, we think that our statememf( 902, lines 14-16
of the original manuscript)t seems reasonable to assume that the OHC selected
here provides a substantially better basis for representire SSPs of snow than
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spheres do’is justified. Therefore we think that providing this paraeretation
is useful.

Changein the manuscript: In response to the Referee comments, the following
changes are made in the concluding section.

e The paragraph regarding the limitations of the current Wpri02, lines 4—
13 in the original manuscript) is converted to a list, to mekeore explicit
(p- 33—-34, lines 816—834 in the revised manuscript).

e The wording of the last paragraph in the original manus¢pp®02, lines
14-20) is moderated a bit (see p. 34, lines 837-843 in thegdwnanuscript).

e A new paragraph is added, which states explicitly that threecti parame-
terization should not be considered as the “final solutienthie represen-
tation of single-scattering properties of snow. Developtred snow SSP
parameterizations based on more comprehensive datasetsleally link-
ing the snow grain shapes more directly to those observeshdsuraged.
See p. 34-35, lines 844—-856.

Comment:
minor:
882, 17: fractal geometry- tetrahedral geometry

Response and change in the manuscript: This is corrected (p. 12, line 289 in
the revised manuscript).

Comment:
885, 17: The differences in cost function, ... with lowest anction values... ???

Response and change in the manuscript: To avoid the repetition, this is refor-

mulated as “The differences in cost function ... betweerbest habit combina-
tions are very small ...” (p. 15, lines 366—369).
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Other changesin the manuscript

In addition to those listed above, the following minor chestpave been made in
the revised manuscript:

¢ In the introduction, two more references have been addetday) radia-
tive transfer simulations for snow with non-spherical jgdes (Tanikawa et
al. 2006; Jin et al. 2008), discussed on p. 4, lines 58—650hmection to
this, the text between lines 45—75 on p. 3—4 has been sligddlganized.

¢ Instead of Guyot et al. (2013), a newer reference for the CRUNP mea-
surements (Guyot et al. 2015) is cited in the revised maiptscr

e InFigure 14, the wavelength= 2.0 um considered in the original manuscript
has been replaced by= 2.2 um. The reasons for this change are twofold.
First, the latter wavelength is potentially more relevamt dbservational
studies, due to its higher (but still relatively low) snovibedio &0.11, as
compared with=0.011 at\ = 2.0 um) and location in an atmospheric win-
dow region. Second, in cases with extremely low snow refl@etasuch
as\ = 2.0 um, numerical issues related to the truncation of the phase
function in DISORT can cause atrtificial patterns in the seted radiance
distributions. This change gives rise to some changes itettteon p. 31,
lines 752—-768. Also, the colour scale in both Fig. 13 and 14 madified
slightly.

e Several very small changes in language (e.g., “snow graniow used
consistently instead of “snow crystal”).

References;

Guyot, G., Jourdan, O., Olofson, F., Schwarzenboeck, Ayrkayre, C., Feb-
vre, G., Dupuy, R., Bernard, C., Tunved, P., Ancellet, Gw/]id., Wobrock, W.,

and Shcherbakov, V., 2015: Ground based in situ measureméatctic cloud
microphysical and optical properties at Mount Zeppelin-{Agsund, Svalbard),

in: Proceedings of the EGU conference, Vienna, Austrial 13yril 2015, EGU2015-
14794 http://meetingorganizer.copernicus.org/EGU2015/EGW2-14794.pdf

Jin, Z., Charlock, T. P, Yang, P., Xie, Y., and Miller, W.,G8 Snow optical prop-

erties for different particle shapes with application towmrain size retrieval and
MODIS/CERES radiance comparison over Antarctifemote Sens. Envirgn.
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112, 3563-3581.

Tanikawa T., Aoki, T., Hori, M., Hachikubo, A., and Aniya, M2006: Snow bidi-
rectional reflectance model using non-spherical snowgastiand its validation
with field measurement§ ARSeL eProceedings 137-145,
http://www.eproceedings.org/static/vol@B5 2 _tanikawal.html
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Abstract

Snow consists of non-spherical grains of various shapes and sizes. Still, in many radiative
transfer applications, single-scattering properties of snow have been based on the assump-
tion of spherical grains. More recently, second-generation Koch fractals have been em-
ployed. While they produce a relatively flat phase function typical of deformed non-spherical
particles, this is still a rather ad-hoc choice. Here, angular scattering measurements for
blowing snow conducted during the CLimate IMpacts of Short-Lived pollutants In the Polar
region (CLIMSLIP) campaign at Ny Alesund, Svalbard, are used to construct a reference
phase function for snow. Based on this phase function, an optimized habit combination
(OHC) consisting of severely rough (SR) droxtals, aggregates of SR plates and strongly
distorted Koch fractals is selected. The single-scattering properties of snow are then com-
puted for the OHC as a function of wavelength A and snow grain volume-to-projected area
equivalent radius ryp. Parameterization equations are developed for A =0.199-2.7 um and
rvp = 10-2000 pm, which express the single-scattering co-albedo 3, the asymmetry param-
eter g and the phase function P;; as functions of the size parameter and the real and
imaginary parts of the refractive index. The parameterizations are analytic and simple to
use in radiative transfer models. Compared to the reference values computed for the OHC,
the accuracy of the parameterization is very high for 5 and g. This is also true for the phase
function parameterization, except for strongly absorbing cases (/3 > 0.3). Finally, we con-
sider snow albedo and reflected radiances for the suggested snow optics parameterization,
making comparisons to spheres and distorted Koch fractals.

1 Introduction

Snow grains are non-spherical and often irregular in shape. Still, in many studies, spher-
ical snow grains have been assumed in radiative transfer calculations, due to the conve-
nience of using Mie theory. In fact, it has been shown that the spectral albedo of snow
can be fitted by radiative transfer calculations under the assumption of spherical snow

2
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grains, when the effective snow grain size is considered an adjustable parameter (i.e., deter-
mined based on albedo rather than microphysical measurements) (Wiscombe and Warred,
11980; |Grenfell et all, [1994; |Aoki et all, [2000). Snow albedo parameterizations used in cli-
mate models and numerical weather prediction models are often semi-empirical and do
not specify the snow grain shape (for some examples, see MLang_a_nd_ZQnd lZQld). How-
ever, in most (if not all) physically-based albedo parameterizations that explictly link the

albedo to snow grain size, spherical snow grains are assumed dFIanner and Zgndgﬂ, |2_O_O_d;
\Gardner and Sharp, 2010; |Aoki et all, 2011).

It is, however, well known that the single-scattering properties (SSPs) of non-
spherical particles, including the single-scattering albedo w, the phase function Piq,
and the entire phase matrix P, can differ greatly from those of spheresﬂ A conse-
quence of this is that the assumed shape of snow grains has a profound effect on
the bidirectional reflectance distribution function BRDF of snow (Mischenko et al], |L9_9_Q;
@) Furthermore, |Aoki et all dZO_O_d) showed that the modelled BRDF of snow

greed better with observations if, instead of the actual phase function for spheres,
the Henyey—Greenstein (HG) phase function dl:l_en;Le_}Land_G_Le_enslﬂd llS_AJJ) was as-
sumed. The HG phase function is very smooth, while that of spheres features ice-
bow and glory peaks not seen for real snow, along with very low S|deward scattering.

shape _models with phase functlon measurements for laboratory-generated ice crystals

(|2004|) recommended, instead of spheres,
the use of Gaussmn random spheres (Muinonen et a] |_9_9_d Nousiainen and Mumgned
@) or Koch fractals dMane_e_t_a.LJ 119_9_6|), which both exhibit a relatively featureless phase
function. Since Gaussian random spheres have several free parameters while Koch fractals
have none (except for the degree of distortion, for randomized Koch fractals), Koch fractals
were selected by IKokhanovsky and Zegd d;OLMI). Kokhanovsky et QIJ (ZQQS,M) further

demonstrated that the reflectance patterns computed for Koch fractals agreed reasonabl

LWhile symbols and abbreviations are introduced at their first appearance, they are also listed in

Table[A1l
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well with actual measurements for snow. Subsequently, they have been used in several
studies related to remote sensing of snow grain size and snow albedo

lZODQlNegLaad_lsQIshanm&k)J [KQKD.&DDALS.ky_eLalJlZQlJJ)A—d-IﬁefeH{—HGH-SﬁheHe&P

Other snow rain sha e models have also been considered.
Ea.mkm&a_ej:_aﬂ suggested the use of non-spherical ice particles with rough

surfaces, specifically, cylindrical particles for new snow and prolate ellipsoids for old
ranular snow. These choices improved the agreement with observed angular reflectance
WWWMW

aggregates of columns with ground-based measurements in Antarctica, finding the
best agreement for the aggregate model and the largest discrepancies for sheres

Furthermore,

Mlm tested, in their retrieval algorithm of snow grain size and

soot concentration in snow, a mixture of hexagonal columns and plates with rough surfaces.
White—QOverall, while it is clear that spheres are not an ideal choice for mod-
eling the SSPs of snow, it is less clear which non-spherical model should be

IKokhanovsky and Zege (2004) noted that the final decision of the shape model should be

made when in situ phase function measurements for snow become available. The present
paper makes a step towards this direction. We employ angular scattering measurements for

blowing snow performed with a polar nephelometer dQ_aLej_el_ﬂ |LQ_9_7|) during the CLimate
IMpacts of Short-Lived pollutants In the Polar region (CLIMSLIP) campaign at Ny Alesund,

Svalbard (—?9—@%@@)30 construct a reference phase function for snow grains

at the wavelength A =0.80 um. This phase function is used to select a new shape model

4
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for snow, an “optimized habit combination” (OHC) consisting of severely rough (SR) drox-
tals, aggregates of SR plates and strongly distorted Koch fractals. The SSPs for the OHC
are then computed as a function of wavelength and snow grain size, and parameterization
equations are developed for the single-scattering co-albedo 5 = 1 — w, the asymmetry pa-
rameter g, and the phase function P;;. Such parameterizations are of substantial practical
significance, as they greatly facilitate the use of the OHC in radiative transfer applications.
We are not aware of any such previous parameterizations for representing the snow SSPs.

The outline of this paper is as follows. First, in Sect. [2 the models used to compute
the SSPs of Koch fractals, Gaussian spheres and spheres are introduced, along with the

database of Bmg_et_d d;OLd) used for several other shapes. In Sect. [3] the reference
phase function for snow is constructed. In Sect. [4] several shape models are compared in
terms of their ability to reproduce the reference phase function, and the OHC is selected.
In Sect.[5] the SSPs for the OHC are computed as a function of wavelength and snow grain
size, and in Sect. [6, parameterization equations are developed. In Sect. [7] the snow SSP
parameterization is applied to radiative transfer computations, and comparisons are made
to spheres and Koch fractals. Finally, a summary is given in Sect.

2 Shape models and single-scattering data

Here, several shape models are considered as candidates for representing the SSPs of
snow. These include (1) second-generation Koch fractals, (2) Gaussian random spheres,
(3) nine different crystal habits in the [Yang et all d;oﬁ) single-scattering database and,
for comparison, (4) spheres. The snow grains are assumed to consist of pure ice (i.e., no
impurities such as black carbon are included). The ice refractive index ofWarren and Brandt
(E(E) is employed.
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The SSPs (extinction cross section, single-scattering albedo, phase function and asym-
metry parameter) of Koch fractals are simulated using the geometric optics code of
dﬁ) (see also IMacke et all, 119_9_d). Both regular and distorted Koch fractals are con-
sidered. A regular second-generation Koch fractal has 144 equilateral triangular surface
elements. Distortion is simulated using a statistical approach, where for each refraction-
reflection event, the normal of the crystal surface is tilted randomly around its original di-
rection (Macke et al], |L9_9_d). The zenith (azimuth) tilt angle is chosen randomly with equal
distribution between [0,6™2%] ([0,360°]), where #™>* is defined using a distortion parameter
t = 6™ /90°. Values of t = 0 (regular), ¢t = 0.18 (distorted), and ¢ = 0.50 (strongly distorted)
are considered. The geometric optics solution consists of ray tracing and diffraction parts,
which are combined as in[Macke et al] d;g_g_d). For diffraction, the Fraunhofer (far-field) ap-
proximation is employed. Either 3 million (in Sect. [4) or 1 million (in Sect. ) rays per case
(i.e., crystal size, wavelength and degree of distortion) are used for the ray tracing part.
Eﬁ) p = 12 ray-surface interactions per initial ray are considered (see Sect. 3A in m

).

The SSPs of Gaussian random spheres are computed with the geometric optics code of
IMuinonen et all d199d). Details of the Gaussian random sphere shape model are discussed
(e.g.) in INousiainen and MgFarquhaﬂ d;O_OAI). The shape of the particles is described in
terms of three parameters: the relative SD of radius o, the power-law index v in the Legen-
dre polynomial expansion of the correlation function of radius (the weight of the /th degree
Legendre polynomial P, being ¢; < [~"), and the degree of truncation /.« for this polyno-
mial expansion. In broad terms, increasing o increases the large-scale non-sphericity of the
particle, while decreasing v and increasing Imax adds small-scale structure to the particle
shape. Four values were considered for ¢ (0.15, 0.20, 0.25 and 0.30), four for v (1.5, 2.0, 2.5
and 3.0), and three for [,,ax (15, 25 and 35), which yields 48 parameter combinations. A total
of 1 million rays with 1000 realizations of particle shape per case were employed in the ray
tracing computations. Diffraction was computed by applying the Fraunhofer approximation
to equivalent cross-section spheres.

1odeq worssnosyq | 1odeg moissnostiq | Iedeq mOISSMOSI(Y

J1odeJ TOISSNOSI(]



140

145

150

155

160

Recently, |Xa_ng_e_t_a_L| (lZO_lEj) published a comprehensive library of SSPs of non-spherical
ice crystals, for wavelengths ranging from the ultraviolet to the far infrared, and for parti-
cle maximum dimensions d.,ax ranging from 2um to 10000 um. The library is based on
the Amsterdam discrete dipole approximation (Yurkin et al J |_O_O_7|) for small particles (size

arameter smaller than about 20) and improved geometric optics dla.ng_and_ng_d 1998;
m, @) for large particles. Here, single-scattering properties for nine ice particle
habits in the [Yang et all _2_0;3) database are used: droxtals, solid and hollow hexagonal
columns, aggregates of 8 columns, plates, aggregates of 5 and 10 plates, and solid and
hollow bullet rosettes. For each habit, the SSPs are provided for three degrees of particle
surface roughness: completely smooth (CS), moderately rough (MR) and severely rough
(SR). The effect of roughness is simulated in a way that closely resembles the treatment
of distortion for Koch fractals: the surface slope is distorted randomly for each incident ray,
assuming a normal distribution of local slope variations with a SD of 0, 0.03 and 0.50 for the
CS, MR and SR particles, respectively, in Eq. (1) of|la_ng_e_t_a_L| (lZQlﬁ). In fact, this approach
does not represent any specific roughness characteristics, but rather attempts to mimic the
effects on SSPs due to non-pristine crystal characteristics in general (both roughness ef-
fects and irregularities).

For comparison, results are also shown for spheres The SSPs of spheres are computed

using a Lorenz-Mie code dd_e_BD_Qu_andJan_d_er_S_Lad IMischenko et all, 119_9_§)

3 Observation-based phase function for blowing snow

We employ as a reference an observation-based phase function for blowing snow. The refer-
ence phase function was derived from ground-based measurements conducted during the
CLIMSLIP field campaign at Ny Alesund, Svalbard {2}~ t et all,12015) , on 23 and

31 March 2012, The blowing snow case on 23 March was preceded by heavy snowfall on 22
case occurred on 29 March. Consequently, the case of 23 March represents essentially

7
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was probably denser (although snow density was not measured). The near-surface air

(median value 4 m s~') and from 5 to 8 m s~! on 23 March (median value 7 m s_%).

functions discussed below are averages over the entire blowing snow events, which lasted
for approximately 10 hours (8—18 UTC) on 23 March and 12 hours (12—-24 UTC) on 31

March.

The angular scattering coefficient W(6,)[um~1sr—] of blowing snow was measured with
the Polar Nephelometer (PN; Gayet et all, [1997; [Crépel et al!, 11997) on 23 and 31 March
2012, at 31 scattering angles in the 15° <6, < 162° range at a nominal wavelength of
A =0.80 um. The corresponding phase function Pi1(6s) was obtained by normalizing W(6s)
by the volume extinction coefficient gey:

W(6s)
Oext .

Here oex Was estimated from the PN data following |G_a)Le_t_e_t_a_LJ dZO_QZI), with a quoted ac-
curacy of 25 %.

The derived phase functions are shown in Fig. [[la. There are only minor differences
between the 23 March and 31 March cases. In both cases P;; decreases sharply from
15 to 50°, then more gradually until 127°. At larger scattering angles P;; rather increases
slightly, with a local maximum around 145° (discussed below). Hereafter, the average over
the two cases is used as a reference for the modeled phase functions:

1

Pi11(6s) = 4rn (1)

P{?f —05- (P1213 March + P1311 March) ) 2)

In Fig. [Ib, P{ﬁf is compared with three other phase functions: a non-precipitating cir-
rus case over Southern France in the CIRRUS’98 experiment dDuLa.nd_e_t_alJ ‘19_93) (dis-
cussed in Jourdan et all, |2_O_O_d), and two phase functions for glaciated parts of nimbostra-
tus over Svalbard in the ASTAR 2004 experiment, corresponding to Clusters 6 and 7 in

8
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Jourdan et all dZQ;Ld). These phase functions were derived from raw PN data using a sta-
tistical inversion scheme (Jourdan et all, 12003, M). Perhaps as expected, the blowing
snow phase function Pref is generally closer to the glaciated nimbostratus phase functions
than to the cirrus phase function. In particular, at sideward angles between roughly 55° and
135°, P{ﬁf falls mostly between the two nimbostratus phase functions, while the cirrus phase
function exhibits somewhat smaller values. The smallest Py in the cirrus and nimbostratus
cases occurs at fs = 120°, as compared with 65 = 127° for PJ$'. All four phase functions
then increase until 6 ~ 140°, after which the nimbostratus and cirrus phase functions be-
come quite flat. In contrast, Pf$" shows a local maximum around 6s ~ 145°.

tt—is—possible—that-The origin of the maximum at s ~ 145° is an—artifact—tt—rraynot
clear. Whlle it ma in_principle, be caused by tht—eeﬁtawnaﬂeﬁ—dﬁe—te—reﬂeeﬂen—eﬁ

thts—featu%e—scatterln b snow_grains, thls feature is not ca tured b an of the artlcl
shapes considered in this_study; nor is it present in phase functions measured for

laboratory-generated ice crystals in|Barkey et al. (2002) and [Smith et al. (2015) . Rather, it
with the scattering maximum of small water droplets with a ~ 10um diameter at 140-145°.
roughly 92-95% on 23 May and 79-87% on 31 May), and especially the 31 March case
was quite cold. Yet the 145° feature is clearly visible in the measured phase function in
both cases. Finally, we _cannot discount the possibility that inaccuracy in the PN angular
accuracy of scattered intensities of 3-5% between 15° and 141°, but degrading to 30%
from the PN measurements is, overall, less reliable near the backscattering direction than
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Whether the phase function feature at 145° is an artifact or a real feature caused b
scattering by snow should be resolved through further measurements, preferably usin

some alternative technique. However, in either case, it has only a small impact on the snow
SSP parameterizations derived in this paper. This detail cannot be captured by any of the

shape models considered, so it is not present in the parameterized phase functions. Its
influence on the asymmetry parameter is also modest. Even a complete elimination of the
maximum by linear interpolation of PJ$" between the minima at 127° and 155° would in-
crease g by only ~ 0.007.

The size distribution of blowing snow was measured with the Cloud Particle Imager
(CPI) instrument dLamLs_Qn_e_t_a.LJ lZQ_QJJ). The CPI registers particle images on a solid state,
one million pixel digital charge-coupled device (CCD) camera by freezing the motion of the
particle using a 40 ns pulsed, high power laser diode. Each pixel in the CCD camera array
has an equivalent size in the sample area of 2.3 um. In the present study, the minimum size
for the CPI's region of interest is set up to 10 pixels. Therefore particles with sizes ranging
approximately from 25 pum to 2 mm are imaged.

Figure 2a shows examples of particles imaged by the CPI on 31 March 2012. While
some needle-shaped crystals can be spotted, many of the erystals-particles are irregular,

which also applies to the 23 March 2012 case. It is also noted that many of the particles

show rounded edges, possibly related to sublimation during snow metamorphosis. Size
distributions derived from the CPI data are shown in Fig. 2b. A lognormal distribution was

fitted to the data (averaged over the 23 and 31 March cases):

1 [_(mdp—mdp@)zl

n(dp) 3)

= ————exp >
V2minogd, 2In“ oy

Here, d, is the projected-area equivalent diameter of the particles, d, o =187 um is the me-

dian diameter, and o, = 1.62 the geometric SD. This size distribution was used for all shape

models, when comparing the modeled phase functions with P{ﬁf. Hewever,-sinee-Since ab-

sorption is weak at A =0.80um and the particles are much larger than the wavelength,

the modeled Pi; is only weakly sensitive to the size distribution employed, if the shape
10
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of the snow grains is independent of size. This holds true for spheres, Gaussian spheres,
Koch fractals, droxtals, and the three aggregate habits in the [Yang et al. (2013) database.

However, for solid and hollow hexagonal columns, plates, as well as solid and hollow bullet
rosettes, the crystal geometry is a function of size, with some influence on P;; (see end of

Sect. [ for more discussion).

4 Selecting a shape model for snow optics

The purpose of this section is to select a shape model of snow for use in Sects.
to [Zl The phase function for blowing snow from the CLIMSLIP campaign, as defined by
Eqg. @), is used as a reference. It is emphasized that the approach is deliberately prag-
matic: we do not attempt to model the scattering based on the shapes of the observed
snow grains, but rather try to develop an equivalent microphysical model for represent-
ing the SSPs. Previously, the choice of Koch fractals for approximating the scattering
by snow 2004) was likewise based on phase function data only.
WMM%GWW
shapes shape distributions of spheroids are m%qmwwnetmm
. 2011 ,2007) , as they have been found to reasonabl

mimic scattering by dust. In contrast, current state-of-the-art models for ice cloud SSPs
include ice crystal habit distributions parameterized as a function of crystal size, based on in

situ microphysical observations lZO_O_d lZO_l:IJ' [ZQ_O_Q . In principle, it

SSPs. The main reason why we have not attempted this approach in the current work is

11
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more than 80% according to manual classification of CP| images 2015) (see

also Fig. [2h), and cannot be unambiguosly associated with habits considered (e.qg) in the
database of -

To provide a quantitative measure for the agreement between the modeled and reference
phase functions (PJ]°%' and PJ$", respectively) we define a cost function as the root-mean-
square error of the logarithm of phase function:

162° 2 .
(In Pmodel _ 1n PreN) 2 sin g, d6

15°
162° .
202 Sin 65

cost =

(4)

To start with, the phase function for single crystal shapes is compared with Pl“lef in
Fig.[3l To be consistent with the CLIMSLIP observations, the phase function is computed at
A=0.80um, and it is integrated over the size distribution defined by Eq. (3). Several points
can be noted.

First, unsurprisingly, the phase function for spheres agrees poorly with the observa-
tions (Fig. [BR). In particular, sideward scattering is underestimated drastically, and there
is a strong “ieebew-"icebow peak at 5 = 134°, which is not seen in P{®'.

Second, for 2nd generation Koch fractals (Fig. [Bb), the agreement with P{‘ff is consid-
erably better than for spheres. The main features of the phase function are similar for
regular and distorted Koch fractals. However the regular Koch fractal's phase function ex-
hibits several sharp features specific to the fractat-tetrahedral geometry, which are not ob-
served in Pj¢. The distorted Koch fractals’ versions are more consistent with the measure-
ments even though marked deviations from P{?f are still present. Scattering is underesti-
mated between 15 and 30° and overestimated between 45 and 100°. Also, the gradient of
P71 in the backscattering hemisphere is consistently negative, while P{‘{f rather increases
slightly between 127 and 162°. Overestimated sideward scattering by Koch fractals has
been previously noted in the context of cirrus clouds dEr_a_ngs_e_t_alJ [19_9_§) and in a com-
parison with a measured phase function for laboratory-generated ice crystals (Fig. 3 in

IKokhanovsky and Zege, [2004).
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Third, for Gaussian spheres, the level of agreement with Pref depends on the shape pa-
rameters chosen. Four cases out of the 48 considered are shown in Fig. Bk (for all of these,
lmax = 15, but the general features for [, = 25 and [,,x = 35 are similar). For example, for
the parameter values o = 0.15 and v = 3.0, which are close to those estimated from shape
analysis of small quasi-spherical ice crystals in cirrus clouds in INousiainen et all d;oﬂ),
the deviations from PIS" are substantial. The phase function features undesirable large-
scale oscillations, and in particular, scattering at 65 ~ 45-75° is underestimated substan-
tially. Best agreement with Pref is obtained in the case o = 0.30, » =0.15, which features
both pronounced large-scale non—sphericity and small-scale structure in the particle shape.
The sideward scattering is overestimated (mainly between 70 and 100°), but the cost func-
tion (0.163) is clearly smaller than that for distorted Koch fractals (0.284), and is, in fact, the
smallest among all single-habit shape models considered.

Fourth, regarding the habits in the [Yang et all d;o;é) database (Fig. [Bd-1), both visual
inspection and the cost function values indicate that the agreement with Pref improves with
increasing particle surface roughness. While completely smooth and, in many cases, mod-
erately rough particles exhibit halo peaks, for severely rough particles the phase function
is quite smooth and featureless, as is Pref It is further seen that in general, increasing
the roughness increases sideward scattering and reduces the asymmetry parameter. While
none of the habits considered provides perfect agreement with P{‘{f, the cost function is
smallest for the aggregate of 8 columns (0.172).

Since none of the individual shape models agrees fully satisfactorily with P{?f, we consid-

ered comblnatlons of two or three shapes eeheep%uaﬂy—thrs—fs—apralegeﬁs—te+he—medelmg

thus use

n
PlnIOdel _ ijpljlﬂ (5)
j=1

13

1odeq worssnosyq | 1odeg moissnostiq | Iedeq mOISSMOSI(Y

J1odeJ TOISSNOSI(]



325

330

335

340

345

350

where n =2 or n = 3 is the number of shapes in a combination and Plj1 is the phase func-
tion for shape j, integrated over the size distribution (Eq.[3) for each shape separately. Thus,
the potential dependence of snow erystat-grain shapes on their size is not considered here.
For each combination of shapes considered, the optimal weight factors w; were searched
by minimizing the cost function (Eq.4), subject to the conditions that all w; are non-negative
and their sum equals 1. Since pristine particles and even moderately rough particles fea-
ture halo peaks (or an icebow peak in the case of spheres), which are absent in P{‘{f, the
following groups of habits are considered: distorted Koch fractals, Gaussian spheres, and
severely rough (SR) particles in the|Xang_e_t_a.LJ dZQlﬁ) database.

Figuredillustrates a comparison with P{‘ff for three single-habit cases (Fig.4a and d) (the
best Koch fractal case, the best Gaussian sphere case, and the best case with m
M) particles), the best three two-habit cases (Fig. [4b and e) and the best three three-
habit cases (Fig. [4c and f), as defined in terms of the cost function. As expected, the
agreement of Pi°d! with P improves with increasing number of crystals in the combina-
tion. The best three—habit cases follow P{‘ff quite faithfully, though slightly underestimating
Pref in near-forward directions and not capturing the {pessibly-artificial-details of P“{f near
0s = 145°. Furthermore, it is seen that the best three-habit combinations produce nearly
identical P11, agreelng even better W|th each other than with Pref These-combinations;like

The relationship between the asymmetry parameter g and the cost function is consid-
ered in Fig. Bk, where all single-habit cases and combinations of two or three habits are
included. While high values of cost function can occur at any g, the lowest values (< 0.10)
always occur for three-habit combinations with 0.775 < g < 0.78. This supports a best es-
timate of g ~ 0.78 for snow at A\ =0.80 um, of course subject to the assumption that the
measurements for blowing snow used to construct Pref are also representative of snow on
ground.

14
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The three-habit combinations with cost function below 0.1 are listed in Table [ All of
them include SR droxtals and either strongly distorted (¢ = 0.50) or distorted (¢ = 0.18) Koch
meﬁe dif-

v QJJQV@%YIW@V@%&V
between the best hablt comblnatrons are very smaII but—therelatrvefhﬁerenees—rrhéend—&
are-somewhattarger{Fig-[5b)-This-which makes the choice of a single “best” habit combina-

tion for representing the SSPs of snow somewhat arbitrary. For further use in representing
the SSPs as a function of wavelength and size, we select the following habit combination:

36 % of SR droxtals, 26 % of aggregates of 10 SR plates, and 38 % strongly distorted 2nd
generation Koch fractals (t_O 50) Where the weights refer to fractlonal contributions to
the projected area.
£=1:62—This habit combination is represented with a blue line in Flg IZb and f and is
marked with an arrow in Fig. Ba—and-b. Hereafter, this habit combination will be referred
to as the “optimized habit combination” (OHC). The primary reason why we selected this

OHC rather than either of the first two habit combinations in Table[I], which have a marginall
15
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rosettes. For these habits (unlike aggregates of plates), the particle geometry assumed
crystals increasing with their length. However, due to snow metamorphosis on ground,
for snow. Therefore, we considered it better to use a crystal geometry that is independent

of size. This also helps to keep the SSP parameterization simpler.

5 Snow single-scattering properties as a function of size an d wavelength

The SSPs, including the extinction efficiency Qext, Single-scattering co-albedo 5, asymme-
try parameter g and scattering phase function P (6s) were determined for the OHC, for 140
wavelengths between 0.199 and 3 um and for 48 particle sizes between 10 and 2000 pm.
Here, the size is defined as the volume-to-projected area equivalent radius r,, = 0.75V/ P.
As stated above, the OHC consists of SR droxtals, aggregates of 10 SR plates, and strongly
distorted Koch fractals. The SSPs for droxtals and aggregates of plates were taken from the
|Xa_ng_e_t_a_L| dZQlﬁ) database (interpolated to fixed values of r,,) while those of Koch fractals
were computed using the geometric optics code of ), as explained in Sect. 2l
Four caveats should be noted:

1. due to problems associated with the truncation of numerical results to a finite number
of digits (P. Yang, personal communication, 2013), the values of /3 in the

) database are unreliable in cases of very weak absorption. To circumvent this

issue, it was assumed that in cases of weak absorption (8 < 0.001 for Koch fractals),
the values for droxtals and aggregates of plates may be approximated as

Bdroxtal (/\wa\\//g\) = 0.943 Bfractal (/\wayg)a (6)

/Baggregate()ww\f\//\p) = 0-932/8fractal()\7w\f\//\pN)- (7)
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Here the scaling factors were determined as Syroxtal/Sractal @Nd Baggregate / Bractals
where the overbar refers to averages over the cases in which 0.001 < Sactal < 0.01
and the size parameter x = 27ryp /A > 100.

2. While the largest maximum dimension for particles in the [Yang et all dZ_O;d) database
is 10000 um for all habits, the corresponding maximum values of ry, are smaller and
depend on the habit. For droxtals, ryp max = 4218 um, while for the aggregates of 10
plates, itis only 7yp max = 653 um. Thus, to extend the SSPs for the OHC to sizes up to
rvp = 2000 pm, we extrapolated the SSPs for the aggregates of plates based on how
the SSPs depend on size for Koch fractals. See Appendix [Al for details.

3. The SSPs for Koch fractals were computed using a geometric optics code, which
means that the accuracy deteriorates somewhat in cases with smaller size parameters
(typically for z < 100). This issue pertains mainly to small snow erystals-grains at near-
IR wavelengths (e.g., for A = 2.5 um, x = 100 corresponds to ryp ~ 40 um).

4. Lastly but importantly, since the OHC was selected based on measurements at a sin-
gle wavelength A = 0.80 um for only two cases, there is no guarantee that it represents
the snow SSPs equally well at other wavelengths, or for all snow grain sizes.

Figure [6] compares wavelength-dependent SSPs for the OHC with those for two shape
assumptions previously used in modeling snow optics: spheres and Koch fractals (distorted
Koch fractals with ¢ =0.18 were selected for this comparison; this is close though not iden-
tical to the shape assumption used by [Kokhanovsky et all, Qoﬂ). Two monodisperse cases
are considered, with 7, =50 pm and 7, = 1000 um, respectively. For all three habits, the
asymmetry parameter g (Fig.[6a) and the single-scattering co-albedo 3 (Fig.[Eb) show well-
known dependencies on particle size and wavelength. Thus, g is largely independent of both
A and ryp in the visible region where 3 is very small. In the near-IR region, /3 increases with
increasing imaginary part m; of the refractive index and with increasing particle size. With
increasing S, the fractional contribution of diffraction to the phase function increases, which

results in larger values of g (e.g. Macke et al], 11996) . The most striking differences between
17
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the three shape assumptions occur for the asymmetry parameter, especially in the visible
region, where g ~ 0.89 for spheres, g ~ 0.74 for distorted Koch fractals, and g ~ 0.77-0.78
for the OHC. The values of § for the OHC are also intermediate between the two single-
shape cases: larger than those for spheres (except for r,, = 1000 um at the strongly ab-
sorbing wavelengths A > 1.4um), but slightly smaller than those for distorted Koch fractals.
The implications of these differences for snow albedo are considered in Sect. [7
As-While the co-albedo values in Fig. [Bb are strongly wavelength dependent through

m;, we—eeﬁsndeem—ﬁg—@c—the—the effects of shape on absorption can be distinguished
more _clearly by considering the non-dimensional absorption parameter—parameter

_ C’abs _ Qextpﬁ
LAV AV

(8)

where Cyps is the absorption cross section + the extinction efficiency, P the projected
area and V the particle volume, and v = 4mm; /), m; being the imaginary part of ice

refractive index. Figure [6c displays & :
shape-effects—on-absorption—at the wavelengths A=0.199-1. 4um Where absorptlon by

snow is relatively weak. Consistent with the co-albedo values (Fig.[Bb) and previous studies
WMAMA@QQ Fig.[Bc indicates that absorption is generally
stronger for non-spherical than spherical particles, for the same r,,. The difference is par-
ticularly clear in the visible region, where ¢ < 1.3 for spheres (except for some spikes that
occur in the Mie solution especially for r,, =50 um), ~ 1.7 for the Koch fractals, and slightly
over 1.6 for the OHC.

At wavelengths beyond A = 1.0 um, £ tends to decrease especially for the larger particle
size ryp=1000 um considered, as absorption no longer increases linearly with m;. Fur-
thermore, in the UV region, Koch fractals and the OHC show a distinct increase in & with
decreasing wavelength. This is related to the corresponding increase of the real part of
the refractive index m,. Interestingly, it is found that for these shape assumptions, absorp-
tion scales linearly with m , and furthermore, for Koch fractals, & /m ~ 1 when absorp-

18

1odeq worssnosyq | 1odeg moissnostiq | Iedeq mOISSMOSI(Y

J1odeJ TOISSNOSI(]



460

465

470

475

480

tion is weak (Fig. [6d). For spheres, the dependence of £ on m, is weaker. Equation (4) in
Bohren and Neviti _L%_d) provides the absorption efficiency of weakly absorbing spheres
in the limit of geometric optics, which can be rewritten in terms of £ as

3/2 3/2
DR Ut K et i o
my my

For ryp = 1000 um, ¢ for spheres follows this approximation closely until A =~ 1.0 pum (Fig. [6c
and d). However, it appears that for Koch fractals, only the first term should be included.

It should be noted that ¢ for the OHC is not independent of that for Koch fractals (due to
the scaling of co-albedo in Egs. (6) and (7)). However, we found that ¢ also scales linearly
with m? for Gaussian spheres (this was tested for o =0.17, v =2.9, [« = 15), suggesting
that this might apply more generally to complex non-spherical particles.

parameterization based on the OHC (Eq.[ITlin Sect.[6.2). The reason for this is that snow

rains are distinctly non-spherical, and for non-spherical particles, £ and 3 are, in general,
systematically larger than those for spheres, as demonstrated by Fig. |6l In fact, considerin
Eq. (3) are, for the large majority of the non-spherical shapes considered, between 1.55 and
1.75, the value for the OHC being £ = 1.62 (Table[1). The corresponding value for spheres
is substantially lower, £ = 1.29. Thus, while we cannot constrain £ or recisely, it is ver

likely that the actual values for snow exceed those for spheres.

6 Parameterizations for the single-scattering properties of snow

In this section, parameterization equations are provided for the computation of snow SSPs
(extinction efficiency Qext, Single-scattering co-albedo 3, asymmetry parameter g and scat-
19
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tering phase function P;1(6s)) for the OHC discussed above. The parameterizations are pro-
vided for the size range ry, = 10-2000 um and wavelength range A =0.199-2.70 um. They
are expressed in terms of the size parameter x and real and imaginary parts of refractive
index (m, and m;). Here, the size parameter defined with respect to the volume-to-projected
area equivalent radius is used:

T =Ty = 27Tr£. (10)

A

For the OHC, the size parameter defined with respect to the projected area is x;, ~ 1.535xy.
6.1 Extinction efficiency

The extinction efficiency Qey: for the OHC is displayed in Fig. [Zl For most of the wavelength
and size region considered, Qey; is Within 1% of the asymptotic value Qex = 2 for particles
large compared to the wavelength. Note that the deviations from = 2 are probabl
somewhat underestimated because the OHC includes Koch fractals, for which =2due
to the use of geometric optics. For simplicity, we assume this value in our parameterization,
while acknowledging that the actual value tends to be slightly higher especially for small
snow grains in the near-IR region.

6.2 Single-scattering co-albedo

The single scattering co-albedo is parameterized as

8 =0.470 { 1—exp [—2.69xabs (1 — 0.31min (Zabs, 2)°~67)] } : (11)
where the size parameter for absorption is defined as

2
ZLabs = 7T)\rvp mimf. (12)

The general form of this parameterization was inspired by the ice crystal optics parameter-

ization of lvan Diedenhoven et al] d;OMI); however our definition of xgns differs from theirs
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in that the factor m? is included, based on the findings of Fig. 6k and d. The performance
of this parameterization is evaluated in Fig. [Ba and c. In Fig. Ba, the parameterized val-
ues (shown with contours) follow extremely well the reference values computed for the
OHC (shading). The relative errors Ag /5 are mostly below 1%; errors larger than 3%
(and locally even > 10%) occurring only for small snow erystats—grains (ryp < 50um) at
wavelengths A > 1.2um. The rms value of the relative errors (computed over 125 values
of A € [0.199,2.7 um] and 48 roughly logarithmically spaced values of ry, € 10,2000 um]) is
1.4%.

6.3 Asymmetry parameter
The asymmetry parameter is parameterized as

g =1-1.146[m, — 1]°%[0.52 — B]** [1 +8z.,°] ., (13)

where the parameter values were determined by trial and error, with the aim of minimizin
the rms error in g. The form of this parametrization—parameterization reflects how g de-
creases with increasing m,, increases with increasing absorption (i.e., increasing co-albedo

08), and mcreases slightly with mcreasmg size parameter xvp even at non- absorblng wave-
lengths(in-the A y y
because the diffraction peak becomes narrower. In practice, the co-albedo ﬁ plays the most
important role (cf. van Diedenhoven et al., [2Q1_AJ), which explains the general increase of g
with increasing 7y in the near-IR region (Fig. Bb). The parameterized values of g (shown
with contours in Fig. Bb) follow the reference values (shading) very well. Note that when
producing these results, parameterized rather than exact 5 was used in Eq. (13). The differ-
ences from the reference are mostly below 0.001 at the weakly absorbing wavelengths up
to A = 1.4 um, and while larger differences up to |g| = 0.007 occur at the strongly absorbing
wavelengths (Fig. [8d), the overall rms error is only 0.0019.
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6.4 Phase function

The phase function parameterization consists of three terms,
P11(0s) = waite Puitr (0s) + wray Pray(0s) + Presid(0s), (14)

which represent contributions due to diffraction, due to the ray tracing part, and a residual
that corrects for errors made in approximating the former two parts. The weight factors for
diffraction wgirr and ray tracing wray are given by

1 1
Wdiff = m ~ o
ey — Qextw — 1 ~ 2w—1,
Qextw 2w

where the latter form assumes Qext = 2 @M&

than the diffraction and ray tracing parts separately, as these two parts are not separated

errors in In Py1.

For diffraction, the HG phase function (Henyey and Qrggnsteid, 194ﬂ) is used:

(15)

(16)

Fiitt(0s) = Prc(9aifr, s)- (7)
The HG phase function is given by

1— 2
Puc(g.0s) . (18)

; 1+g%— 2gcos€s]3/27

and the asymmetry parameter ggqi iS approximated as
gaitt = 1 — 0.60/yp.= 1 —0.921 /xp, (19)
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Fhis-treatment-of-diffraction—inctuding-theparameterization-where we have utilized the
relation x, ~ 1.535x,, specific to the OHC. Compared to the parameterization derived b

2014) , Eq. ields somewhat lower values of ggis, Which to
some extent compensates for the fact that the actual shape of the diffraction peak deviates

from the HG phase function. Overall, this treatment of diffraction is a rough approximation,
and clearly not ideal for studies of very near-forward scattering, but it serves well the current

purpose. On one hand, it improves the accuracy compared to the assumption of a delta
spike, and on the other hand, the HG phase function has a very simple Legendre expansion

(e e}

Pug(g,05) = > _(2n+1)g" P(cosbs), (20)
n=0

where P,, denotes the nth order Legendre polynomial. This facilitates greatly the use of Pyg
in radiative transfer models such as DISORT (Stamnes et al], |L9_8_d).
The phase function for the ray tracing part is approximated as

Pray(es):wlpHG(91>95)+(1_wl)a (21)

where the latter term 1 —w; is intended to emulate the nearly flat behaviour of Pi; in the
near-backward scattering directions. The weight factor for the HG part is parameterized as

wp =1-—1.53-max(0.77 — gray,O)l‘z, (22)

where g5y is the asymmetry parameter for the ray tracing (i.e., non-diffraction) part. It is
derived from the condition g = wyitgdits + Wraygray, Which yields

g — Wdift gdiff
Gray = L (23)
Wray

The total asymmetry parameter g is computed using Eq. (I3) above. Finally, the asymmetry
parameter g; needed in Eq. (21)) is

g1 = gray/wl- (24)
23
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While the sum of the first two terms of Eq. (14) already provides a reasonably good
approximation of the phase function (see below), the aceuracy-fit can be further improved
by introducing the residual Pesig, Which is represented as a Legendre series. It turns out
that, except for cases with strong absorption, a series including terms only up to n =16
yields very good results

6
Presid(es) = Z (2n + 1)anPn(COS 95)7 (25)

n=0

provided that §-M-scaling dwls_c_me_d [19_7_2|) is applied, with a truncated fraction f = ae.
Thus,

5

Presid(0s) & Pragig(0s) = 2/ (1 — cosbs) + (1 — ) > (2n+ 1)%19”(@5 05)
n=0
5
= 2a60(1 — cosbs) + > _(2n+1)(an — ag) Pu(cosbs), (26)

n=0

where § is Dirac’s delta function. What remains to be parameterized, then, are the coeffi-
cients ag. .. ag. A rough but useful approximation is to express them as a simple function of
the co-albedo 5 and the asymmetry parameter g:

an = C1p + CZnﬁ +C3pg + C4nﬁg- (27)

The parameterization coefficients ¢,,,, were determined by minimizing the rms errors of a

with the LAPACK subroutine DGELS, and they are given in Table [2l Note specifically that
the coefficients c,,0 and c,,1 are all zero. The formulation of Py and P,y ensures that

the phase function (Eq. [14) is correctly normalized and that its asymmetry parameter is
consistent with Eq. (I3) even without considering Psiq; therefore ag = a; = 0. Equivalently,
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the Legendre expansion may be replaced by an ordinary polynomial. This yields

5

Presid(0s) ~ Prigiq(0s) = 2a65(1 — cos 65) + Z by, (cosbs)"”, (28)
n=0

where

bn — dln + d2n5 + d3ng + d4nﬁg (29)

Fhe—Here, the coefficients dm, were obtained directly based on the coefficients ¢y, in
Eq. , by writing out the Legendre polynomials in Eq. . Their numerical values are

given in Table[3l In summary, the phase function parameterization reads

P11(8s) = waitt P (gditt 0s) + Wrayw1 Pruc (91, 0s) 4+ wray (1 — w1) + Presia(s), (30)

where Psig(6s) is given by Eq. (26) or, equivalently, by Eq. (28).

Finally, it is worth noting how this parameterization can be used in DISORT, when ap-
plying a “0-NSTR-stream” approximation for radiative transfer, NSTR being the number
of streams. In this case, DISORT assumes by default a truncation factor f = anstr. If
NSTR > 6, the Legendre expansion for Psig in Eq. (26) should be formally extended to
n = NSTR, with a,, = ag for n=7...NSTR. Thus the Legendre coefficients input to DIS-
ORT become

1, forn=0
Pn = wdiffggiﬁ + Wrayw197 + ayn, forl<n <6 ) (31)

Wit ggis + Wrayw1gy +ag, for 7 <n < NSTR

where we have utilized the Legendre expansion of the HG phase function in Eq. (20).
To provide a compact view of how the phase function parameterization performs, we
define, analogously to Eq. (@), a cost function as the rms error of the natural logarithm of
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the phase function,

180° 2 .
(In PP™ _ In POHC)sin 6,6,

OO
180° . ’
250" sin 056

cost =

(32)

where PP is the parameterized phase function and PSHC is the reference value, defined

here as the “exact” phase function computed for the OHC. Figure @ shows the cost function
for the full phase function parameterization, and Fig.[@b for a simpler parameterization that
includes only the first two terms of Eq. (14) (i.e., Pesiq iS excluded). Note that the parame-
terized phase function is computed here using parameterized (rather than exact) values of
Qext, 4, and g.

Most importantly, Fig. @ shows that in a large part of the wavelength and size domain,
the accuracy of the full parameterization is very high, with cost function values < 0.03.
This corresponds to a typical relative accuracy of 3% in the computed phase function, as
compared with the reference values for the OHC. The primary exception is that substantially
larger errors occur for large snow erystais—grains at the strongly absorbing wavelengths
in the near-IR region. In broad terms, the accuracy starts to degrade appreciably when
£ > 0.3, that is, in cases in which snow reflectance is quite low (5 = 0.3 corresponds roughly
to a spherical albedo of 0.03 for an optically thick snow layer). At the largest wavelengths
considered (A > 2.5 um), somewhat larger values of the cost function also occur for smaller
values of ry, and 3. The cost function for the simplified parameterization (Fig. [@b) shows
mainly the same qualitative features as the full parameterization in Fig. [QR; however, the
cost function values in the weakly absorbing cases are ~ 0.07, in contrast with the values
of ~ 0.03 for the full parameterization.

Figure[10 displays examples of phase function for nine combinations of A and ry. In the
weakly absorbing cases in Fig.[I0h—c, and also at the more strongly absorbing wavelength
A=1.50pm for 7y, =10pm and 7y, = 100 um (Fig. [L0d, e), the full parameterization fol-
lows extremely well the reference phase function computed for the OHC, to the extent that
the curves are almost indistinguishable from each other. Even at A =2.00 um, the devia-
tions from the reference are generally small in the cases with relatively small snow erystals
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grains (ryp = 10pm and ry, = 100 pm; Fig. [10p, h), although backward scattering is slightly
overestimated in the latter case. In contrast, in cases with very strong absorption and large
show erystals-grains (ryp = 1000 um for A = 1.50um and A = 2.00 pm in Fig. [I0F, i) there are
more substantial deviations from the reference. Here, the parameterized phase function is
generally underestimated in the backscattering hemisphere and overestimated at 65 < 30°
especially for A =2.00 um; r,, = 1000 um. Furthermore, the Legendre expansion in Pesid
leads to oscillations in the backscattering hemisphere, which do not occur in the reference
phase function. Again, it should be noted that the largest errors occur in cases in which
snow is very “dark”: the spherical albedo corresponding to the cases in Fig. and i is only
~ 0.005.

In many respects, the simplified parameterization (i.e., without Piesig) produces quite sim-
ilar phase functions as the full parameterization. Two differences can be noted. First, the
simplified parameterization does not capture the slight increase in phase function at an-
gles larger than 65 ~ 120-130°, which is present in the reference and full parameterization
phase functions, and which was also suggested by the CLIMSLIP data for blowing snow at
) = 0.80 um, along with the other phase functions in Fig.[Ib. Second, in the cases with very
strong absorption (Fig. and i) the simplified phase function avoids the oscillations seen
in the full parameterization.

The utility of providing a phase function parameterization is further demonstrated b
showing in Fig. for comparison, the HG phase function computed using the asymmetr

arameter from Eqg. . The differences from the reference phase function are systematic.
The scattering in the diffraction peak is underestimated (although this is not properly seen
from Fig. but otherwise forward scattering is overestimated until a scattering angle of

~35°-80°, depending on the case. Conversely, at sideward and backscattering angles,

scattering is underestimated. Consequently, the cost function values for the HG phase
function given in Fig. substantially exceed those for both the full and simplified phase

function parameterizations.
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7 Radiative transfer applications

In this section, we consider the impact of snow optics assumptions on snow spectral albedo
A and reflected radiances L'.The purpose is, on one hand, to evaluate the accuracy of
the proposed snow SSP parameterization, and on the other hand, to compare the results
obtained with three shape assumptions: spheres, 2nd generation Koch fractals (distorted
with ¢ =0.18) and the OHC proposed here. Throughout this section, the results for the OHC
are used as the reference, although it is clear that they cannot be considered an absolute
benchmark for scattering by snow. The radiative transfer computations were performed with
DISORT (with 32 streams, delta-M-scaling included), assuming an optically thick (i.e., semi-
infinite) layer of pure snow with a monodisperse size distribution.

Like most other solar radiative transfer studies involving snow, close-packed effects are
ignored in the calculations. It has been shown b that, at least as a first
approximation, they do not have a pronounced impact on the snow reflectance.

First, snow albedo as a function of A and r, is considered in Fig.[11l Direct incident radi-
ation with a cosine of zenith angle 1o = cosfy = 0.5 is assumed. Figure [L1a demonstrates
the well-known features of snow albedo: the values are very high in the UV and visible re-
gion, and decrease with increasing particle size in the near-IR. The results computed using
the parameterized snow optical properties Qext, 5, g, and Pi; are almost indistinguishable
from those obtained using the “exact” optical properties for the OHC. The differences be-
tween these two are mostly within 0.002 (Fig. [11b), although larger differences up to 0.02
occur for very small snow grains (ry, ~10-20 um) at wavelengths with strong absorption
by snow (A > 1.4um). These results are only weakly sensitive to the assumed direction of
incident radiation. Furthermore, while the parameterized albedo values were computed us-
ing the full phase function parameterization, the values for the simplified parameterization
(without Pesig in Eq. (14)) differed very little from them, mostly by less than 0.001.

For distorted Koch fractals, the albedo values are higher than those for the OHC, but the
difference is rather small, at most 0.017 (Fig.[11k). Conversely, for spheres, the albedo val-
ues are lower, with largest negative differences of —0.08 te-from the reference (Fig. [11H).
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This stems from the higher asymmetry parameter of spheres, which is only partly compen-
sated by their lower co-albedo (Fig.[6). To put it in another way, for a given albedo A in the
near-IR region, a smaller (slightly larger) particle size is required for spheres (for distorted
Koch fractals) than for the OHC.

To compare the simulated radiance distributions to the reference, we next consider the
root-mean-square error in the logarithm of reflected radiances integrated over the hemi-
sphere:

21 7'('/2
2

1 .
LOGRMSE = %// [InLT(Q,gb)—InLgHC(H,qb) sinfdfdo, (33)
00

where 6 and ¢ denote the zenith angle and azimuth angle, respectively, and LTOHC is the
radiance in the reference computations for the OHC. Figure [12a—c shows LOGRMSE as
a function of particle size and wavelength for the full parameterization, for three directions of
incident radiation (10 =0.8, o =0.4 and pp =0.1, corresponding to 6y = 36.9°, p = 66.4°
and 6y =84.3°, respectively). For weakly absorbing wavelengths up to A=1.4pum, the
performance of the parameterization is extremely good for all particle sizes, with values
of LOGRMSE < 0.01 for pp=0.8 and pp=0.4 and between 0.01 and 0.02 for ;o =0.1.
LOGRMSE ~ 0.01 implies a typical relative accuracy of ~ 1% in the reflected radiances.
The accuracy in radiances at weakly absorbing wavelengths is even higher than that in the
phase function (Fig. [@R) because strong multiple scattering diminishes the effect of phase
function errors. At wavelengths A > 1.4 um, LOGRMSE increases, not only due to larger
phase function errors, but also because multiple scattering is reduced due to stronger ab-
sorption. Even here, LOGRMSE stays mainly below 0.05 for relatively small snow grains
(rvp < 100 um), but substantially larger errors occur in the cases with large and strongly ab-
sorbing grains, consistent with the modest accuracy of the phase function parameterization
in these cases (Fig. @b). These errors depend only weakly on . It should be noted that
the largest relative errors occur in cases where the reflected radiances and radiance errors
are small in an absolute sense and probably matter little for practical applications.
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Values of LOGRMSE obtained using the simplified phase function parameterization are
shown in Fig.[12d-f. Consistent with the phase function errors (cf. Fig.[Qa vs. b), the simpli-
fied parameterization is slightly less accurate in simulating reflected radiances than the full
parameterization, except for the most strongly absorbing cases. Nevertheless, the accuracy
is quite high for the weakly absorbing cases; LOGRMSE ranging from ~ 0.01 (or even less)
for g = 0.8 to ~ 0.03 for pp=0.1.

For comparison, Fig. 12y and h shows LOGRMSE computed for distorted Koch fractals
and spheres (for o = 0.4 only). Unsurprisingly, LOGRMSE is generally smaller for Koch
fractals than for spheres (e.g., 0.05-0.10 in weakly absorbing cases, as compared with
~ 0.20 for spheres). In both cases, again excepting large particles at strongly absorbing
wavelengths, the values of LOGRMSE are substantially larger than those associated with
the snow SSP parameterization. This indicates that in general, the-iraceuracy-numerical
fitting errors in the parameterization is-are a minor issue in comparison with the radiance
differences associated with different shape assumptions.

Examples of the angular distribution of reflected radiances are given in Figs. [13] and [14
Here, only a single particle size ry, =200 pum is considered, and the azimuth angle for
incident radiation is ¢g = 0°. In Fig. results are shown for three zenith angles of inci-
dent radiation, corresponding to pg = 0.8, o = 0.4, and o = 0.1, for a single wavelength
A=0.80um. In Fig. [14] three wavelengths are considered (A =0.30, 1.40 —and-2:06and
2.20 um) but for 1o =0.4 only. In each figure, panels (a)—(c) display the distribution of re-
flected radiances in the reference calculations for the OHC, while the remaining panels
show the relative differences from the reference for distorted Koch fractals with ¢ =0.18
(panels d-f), for spheres (g-i), for the Henyey-Greenstein phase function (j-1), for the full
snow SSP parameterization (—tm—0), and for the simpler parameterization without Fesiq in
Eq. (14) (m—ep-r). For brevity, only some main points are discussed.

First, it is seen, consistent with Fig. [12] that in general, the radiance distribution for
spheres differs more from the reference than the distribution for Koch fractals does. For
example, for A =0.80um and o = 0.4, both positive and negative differences larger than
50 % occur for spheres (Fig.[13h), while for Koch fractals, the differences exceed 10 % only
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locally (Fig.[13k). Furthermore, in the same case, the radiance errors are <2< 1% almost
throughout the (6, ¢) domain for the full parameterization (Fig.[I3kn), and mostly < 2% even

for the simplified parameterization (Fig.[L3kq). In contrast, when the HG phase function is
employed in_the calculations, the differences from the reference reach locally 30 % and
—40% (Fig.[13K).

Second, while the results noted above for A =0.80 um and pg = 0.4 are also mostly valid
for 1o = 0.8 and o = 0.1, and for x=96-30ane-A = 0.30, 1.40 and 2.20 um, some quantita-
tive differences can be noted. When g decreases from 0.8 to 0.1, the pattern of reflected
radiances becomes increasingly non-uniform and more sensitive to both the assumed par-
ticle shape and the errors in phase function parameterization. This occurs because the
relative role of first-order scattering increases (e.g., Mischenko et al J |_9_9_Q) For the same
reason, the sensitivity of the radiance pattern to the phase function increases with increas-
ing absorption. Thus, while the qualitative features are simitar—at-the—weakly—absorbing
wavetengths-mostly similar at all wavelength considered here, the relative differences are
generally larger at A =6-361.40 pm and \ =6:862.20 um and-at-the-moderately-absorbing
wavetength-than at A\ =1460,.30 um —theretative-differences-are-generatty targest-at-and

A =1-400.80 um. At-the-strongly-abseorbing-Especially at the wavelength A =2:662.20 um,
at which snow absorption is_quite strong and the albedo for the OHC is only 6:6310.11,

the radiance pattern is getermined-entirety-dominated by first-order scattering and is thus
very sensitive to the details of the phase function. In a relative (though not absolute) sense,
the errors in parameterized radiances are fteh-also somewhat larger than at the other
wavelengths considered —in-part-due—telargererrors-inthephasefunetien{ef—(Fig. O
and ).

Third, even at weakly absorbing wavelengths, the role of first-order scattering is clearly
discernible: many differences in the pattern of reflected radiances can be traced directly to
phase function differences. For example, at-considering the results for A =0.80 um ;three

for both 1o =0.4 and ug =0.1, we note the following:

— Three regions appear in the radiance differences between distorted Koch fractals and
the OHC fer-beth1y=0-4-and1y=0-1in Fig.[13e and f). Going from left to right, neg-
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ative radiance differences occur at large values of § and small values of ¢ (roughly for
f > 65° and ¢ < 20°), followed by a region of positive differences, and another region
of negative differences (roughly for 8 > 40°,¢ > 140°). These regions occur because
the phase function for Koch fractals is larger than that for the OHC at intermediate
scattering angles (29° < s < 134°) but smaller in the near-forward and near-backward
directions.

— For spheres in Fig. [I3h and i, the reflected radiances greatly exceed those for the
OHC for roughly 8 > 60°, ¢ < 40° because the phase function for spheres is generally
larger than that for the OHC for 65 < 54°. Conversely, at larger 6, the phase function
for spheres is (mostly) considerably smaller than that for the OHC. This results in
generally smaller reflected radiances for spheres in most of the (6,¢) domain with
¢ > 50°. As an exception, the icebow feature for spheres at 65 ~ 135° results in an arc
with larger radiances for spheres than for the OHC.

— For the HG phase function, the pattern of overestimated radiances up to ¢ ~ 60° and
underestimated radiances at larger azimuth angles (Fig. and ) arises because the

8 Summary

In this work, measurements of angular distribution of scattering by blowing snow made
during the CLIMSLIP campaign in Svalbard were used to select a shape model for rep-
resenting the single-scattering properties (SSPs) of snow. An optimized habit combination
(OHC) consisting of severely rough (SR) droxtals, aggregates of SR plates and strongly
distorted Koch fractals was selected. The SSPs (extinction efficiency Qeyx, Single-scattering
co-albedo 3, asymmetry parameter g and phase function P;;) were then computed for
the OHC as a function of wavelength and snow grain size. Furthermore, parameterization
equations were developed for the SSPs for the wavelength range A =0.199-2.7 um, and
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for snow grain volume-to-projected area equivalent radii 7y, = 10-2000 um. The parame-
terizations are expressed in terms of the size parameter and real and imaginary parts of
refractive index. The relative accuracy of the parameterization, as compared with the ref-
erence calculations for the OHC, is very high for the single-scattering co-albedo and the
asymmetry parameter. This is also true for the phase function parameterization in weakly
and moderately absorbing cases, while in strongly absorbing cases (mainly for 5 > 0.3), the
accuracy deteriorates. Such strongly absorbing cases are, however, associated with small
values of snow albedo and reflected radiances.

The SSPs and the resulting snow albedo and reflected radiances for the OHC were com-
pared with two previously used shape assumptions for snow grains, spheres and second-
generation Koch fractals. The asymmetry parameter for the OHC is distinctly smaller than
that for spheres but slightly higher than that for Koch fractals. Consistent with this, snow
albedo for the OHC is generally substantially higher (slightly lower) than that for spheres
(Koch fractals), for a given snow grain size r,. Also for the distribution of reflected radi-
ances, spheres differ more from the OHC than Koch fractals do.

The main limitation of the current work is that the SSP parameterization is based on
a rather limited observational dataset. The OHC was selected based-en-using scattering
measurements at a single wavelength A = 0.80 um, ane-for only two cases with blowing

snow. This raises several potential issues;

— The choice of the OHC based on scattering measurements only implies that most
probably, it does not represent properly the actual distribution of snow grain shapes in

blowing snow (or snow on ground). It also neglects the potential dependence of snow
grain shapes on their size, Therefore, there is no guarantee that it represents the snow
SSPs equally well at other wavelengths, or for all snow grain sizes. Furthermore

— Since absorption is very weak at A =0.80um, the observations used—here—do
not constrain properly the—absorption by snow. Therefore, we cannot expect that

our parameterization of Eq. redicts precisely the actual values for snow.
However, we do expect that it captures reasonably the systematic difference between
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non-spherical snow grains and spheres: in general ( is larger for non-spherical
articles.

— It is also possible that the snow grain shapes, and therefore the SSPs of snow
on ground might differ from those of blowing snow, and they might well vary from

case to case—Al-thispeints-, depending on how much metamorphosis the snow has
experienced.

All these issues point to the need for validation of the derived parameterization against
actual snow reflectance measurements in future work.

In spite of the concerns mentioned above, it seems reasonable to assume that the OHC
selected here prowdes a substantlally better basis for representmg the SSPs of snow than
spheres do

atene. Moreover, the pa%mﬁeﬁﬂmﬂsmmprowded in thls paper
are analytic and simple to use—which—should-make-them—an—attractive-option-for-use—in
fathative-transfer-applicationsinvotving-snow—-A. A Fortran implementation of the snow SSP
parameterizations is available at https://github.com/praisanen/snow_ssp.

will be useful, especially to those researchers that still use spherical particles for computing
the future development of snow SSP parameterizations based on_more comprehensive

datasets. Furthermore, at least in principle, it would be desirable to replace the current
approach (where the shape distribution of snow grains is selected based on scatterin

measurements only) with an approach that more directly links the snow grain shapes to

those actually observed. This would require, first, the parameterization of the size-shape
distribution of snow grains based on observations, and second, the computation and
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arameterization of their SSPs. The main challenge in such an approach is the treatment
of irreqular grains, which are very common in snow.

Appendix A: Extrapolation of single-scattering propertie S

The largest value of volume-to-projected area equivalent radius for which the SSPs are
defined for aggregates of 10 plates in the|¥ang_e1_alj dZQlﬁ) database is ryp max = 653 pm,
which falls below the upper limit of 2000 um considered for the OHC. Thus, to extend the
SSPs for the OHC to sizes up to ryp, = 2000 um, we extrapolated the SSPs for the aggre-
gates of plates based on how the SSPs depend on size for Koch fractals:

T i
Qext,aggregate (Tvp) =2+ [Qext,aggregate(rvp,lim) - 2] : ya (A1)

vp

Brractal (7
/Baggregate(rvp) = 5aggregate (Tvp,lim) : L(Vp)a (A2)
Brractal (rvaim )
1 — grractal ("
gaggregate(rvp) =1- [1 — YJaggregate (Tvp,lim)] : racta( vp) s (A3)
1- gfractal(rvp,lim)
P11 fractal(Tvp, 0

Pll,aggregate (Tvpa 95) = Pll,aggregate(rvp,limy 95) = a( A S) (A4)

Pll,fractal(rvp,lima 95)

Here, ryp im = 650 um. While this is an ad-hoc approach, the resulting uncertainty in the
SSPs for the OHC (in which the aggregates of plates have a weight of 26 %) is most likely
small. When the extrapolation was based on droxtals instead of Koch fractals, this changed
the values of g by at most 0.0025 and 5 by at most 0.006 (or 1.4 % in relative terms).
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Table 1. List of best three-habit combinations. w;, w, and w3 are the weights

i.e., fractional

contributions to projected area) of each habit, “cost” is the cost function, g the asymmetry parameter,

and ¢ a non-dimensional absorption parameter defined by Eq. (8). SR refers to severely rough

combination” (OHC) is highlighted with italic font.
w1y habity Wy habit, w3 habits cost g 13
0.38 fractal (t=0.50) 0.32 SRdroxtal 0.30 SR hollow column 0.084 0.777 1.64
0.38 fractal (t=0.50) 0.26 SR droxtal 0.36 SR hollow bullet rosette 0.085 0.777 1.65
0.38 fractal (t =0.50) 0.36 SR droxtal 0.26 aggregate (10 SR plates) 0.086 0.778 1.62
0.30 fractal (t=0.50) 0.34 SRdroxtal 0.36 aggregate (5 SR plates) 0.086 0.778 1.60
0.46 fractal (t =0.50) 0.36 SR droxtal 0.18 SR plate 0.087 0.778 1.66
0.38 fractal ({ =0.50) 0.28 SRdroxtal 0.34 SR solid column 0.090 0.776 1.63
0.42 fractal (t=0.18) 0.26 SRdroxtal 0.32 SR hollow bullet rosette 0.095 0.779 1.66
0.42 fractal (t=0.18) 0.32 SRdroxtal 0.26 SR hollow column 0.095 0.778 1.65
0.34 fractal (t =0.18) 0.32 SR droxtal 0.34 aggregate (5 SR plates) 0.096 0.779 1.61
0.42 fractal (t =0.18) 0.34 SRdroxtal 0.24 aggregate (10 SR plates) 0.098 0.780 1.63
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Table 2. Parameterization coefficients appearing in Eq. (27).

Jode g woIssSnosI(q

Cin C2n C3n Can

1ode J uosSsSnasIq

0.00000 0.00000 0.00000 0.00000

0.00000 0.00000 0.00000 0.00000
—0.01400 —0.10367 0.02144 0.08903
—0.13184 —-0.01741 0.16890 —0.06365
—0.20878 —0.03438 0.27353 —0.10418
—0.29763 —0.06931 0.38501 —0.11329
—0.32153 —-0.10691 0.41282 —0.07934
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Table 3. Parameterization coefficients appearing in Eq. (29).

Jode g woIssSnosI(q

dln d2n d3n d4n

1ode J uosSsSnasIq

—0.06679 0.34357 0.09553 —0.42542
—0.53413 0.15642 0.74905 —0.62700
—1.49866 —2.42334 1.76580 2.10118
1.01884 —2.05239 —1.59160 3.54237
4.43936 2.85558 —-5.48475 —0.97817
2.07065 3.25673 —2.40933 —2.94094
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Table Al. List of abbreviations and symbols.

CLIMSLIP
CPI

Ccs
DISORT
HG
LAPACK
LOGRMSE
MR

OHC

PN

SSP

SR

ESaMIET oo

CLimate IMpacts of Short-Lived pollutants In the Polar region
cloud particle imager

completely smooth particles m, M)

Discrete Ordinates Radiative Transfer Program for a Multi-Layered Plane-Parallel Medium , )
Henyey—Greenstein m @)

Linear Algebra Package

root-mean-square error in the logarithm of reflected radiances
moderately rough particles m, M)

optimized habit combination

polar nephelometer

single-scattering properties

severely rough particles ,

2013)

single-scattering co-albedo = 1 — single-scattering albedo
Dirac’s delta function

zenith angle

zenith angle for incident radiation

scattering angle

wavelength

cosine of zenith angle for incident radiation

power-law index in the Legendre polynomial expansion of the correlation function of radius for Gaussian random spheres
non-dimensional absorption parameter (Eg. )

relative SD of radius for Gaussian random spheres
azimuth angle

single-scattering albedo

truncated fraction of phase function in §-M-scaling
asymmetry parameter

asymmetry parameter for the Henyey—Greenstein part in Eq. (1), defined by Eq. (24)

asymmetry parameter for diffraction (Eq. I9)

asymmetry parameter for the ray-tracing part (Eq. 23)

degree of truncation of the Legendre polynomial expansion of the correlation function of radius for Gaussian random spheres
imaginary part of refractive index

real part of refractive index

projected area

phase function

reference phase function constructed from CLIMSLIP data (Eq.[2)

phase function for the optimized habit combination

Henyey-Greenstein phase function (Egs. [18]

parameterized phase function for diffraction (Eq.[I7)

parameterized phase function for the ray tracing part (Eq. 21)

residual in the phase function parameterization (Eq.

residual in the phase function parameterization, truncated for 4-M-scaling (Egs.
nth order Legendre polynomial

extinction efficiency

volume-to-projected area equivalent radius

degree of distortion for Koch fractals

volume

weight factor for the Henyey—Greenstein part in Eq. 1), defined by Eq. 22)
weight factor for the diffraction part in the parameterized phase function (Eqs. 14} 30), defined by Eq. (I5)
weight factor for the ray tracing part in the parameterized phase function (Eqgs. [14] 30), defined by Eq. (I6)
size parameter

size parameter for absorption (Eq.[12)

size parameter defined with respect to the projected area equivalent radius

size parameter defined with respect to the volume-to-projected area equivalent radius (Eq. I0)

[1977)

J)
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Figure 1. () Phase function of blowing snow as derived from the CLIMSLIP data on 23 March 2012
(red) and on 31 March 2012 (blue). The reference phase function Pf¢' (grey) was defined as the aver-
age of the 23 and 31 March cases. (b) Comparison of Pf¢" with phase functions for non-precipitating
cirrus (CIRRUS’98, black line) and glaciated Arctic nimbostratus (ASTAR Clusters 6 and 7, red and

blue lines).
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Figure 2. (a) Examples of snow erystats—grains imaged by the CPI instrument on 31 March 2012

and (b) size distributions for both the 23 and 31 March cases.
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Figure 3. Comparison of phase function for various shape models with the reference phase function
derived from CLIMSLIP data (P}$" shown with gray dots in each panel). (a) Spheres, (b) regular and
distorted 2nd generation Koch fractals (with distortion parameters ¢ =0.18 and ¢t =0.50), (c) four
realizations of Gaussian spheres, and (d—I) nine habits in the ) database. For each
habit, the phase function was averaged over the size distribution defined by Eq. (). In the figure
legends, the two numbers in parentheses give the asymmetry parameter and the cost function de-
fined by Eq. (@), respectively. For the Gaussian spheres in (c), the notation indicates the shape
parameters (e.g., for 0.15_3.0, 0 =0.15 and v = 3.0); [nax Was fixed at 15. For them M)
habits in (d-I), CS, MR and SR refer to particles with completely smooth surface, moderate surface
roughness, and severe surface roughness, respectively.
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(a) Single habits
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Figure 4. Comparison of modeled phase functions with the reference phase function (Pj$" shown
with gray dots in a—c). (a) Selected single-habit cases: 1 =distorted Koch fractals with ¢ =0.18;
2 = Gaussian spheres with 0 =0.30, v = 1.5 and /. = 15; and 3 = aggregates of 8 severely rough
(SR) aggregatesoef8-columns. (b) Best combinations of two habits: 4 = aggregates of 8 SR columns
and SR hollow bullet rosettes (weights 0.61 and 0.39); 5 = aggregates of 8 SR columns and aggre-
gates of 5 SR plates (weights 0.61 and 0.39); and 6 = aggregates of 8 SR columns and SR hollow
columns (weights 0.68 and 0.32). (c) Best combinations of three habits: 7= SR droxtals, SR hol-
low columns and distorted Koch fractals (t =0.50) (weights 0.32, 0.30 and 0.38); 8 = SR droxtals,
SR hollow bullet rosettes and distorted Koch fractals (t =0.50) (weights 0.26, 0.36 and 0.38); and
9 = SR droxtals, aggregates of 10 SR plates and distorted Koch fractals (t =0.50) (weights 0.36,
0.26 and 0.38). In the legends in (a—c), the two numbers in parentheses give the asymmetry param-
eter and the cost function defined by Eq. (@), respectively. (d—f) show the corresponding differences
from PJS.
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Figure 5. {a)-A scatter plot of asymmetry parameter vs. cost function (Eq.[) for single habits (black
dots), for combinations of two habits (red dots), and for combinations of three habits (blue dots). The
“optimized habit combination” selected for parameterization of snow single-scattering properties is
marked with an arrow. v
fureten{see—Ca-Si—Note that some smgle hablt cases fall outS|de the range plotted here. These
include spheres, for which cost=1.90 ;-and g = 0.892;-ant-£=129.
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Figure 6. Comparison of single-scattering properties for spheres (black lines), distorted Koch frac-
tals with ¢ =0.18 (red), and the optimized habit combination (blue), for r,, =50 pum (solid lines) and
rvp = 1000pum (dashed lines), for a monodisperse size distribution. (a) Asymmetry parameter g;
(b) single-scattering co-albedo 3 = 1 — w; (c) non-dimensional absorption parameter £ (Eq.[8); and
(d) ¢ divided by the real part of refractive index squared. In (c and d), the grey line represents Eq. (9).
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Figure 7. Extinction efficiency Qe for the optimized habit combination as a function of wavelength
(M) and volume-to-projected area equivalent radius (ryp).
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Figure 8. Comparison of (a) parameterized single-scattering co-albedo /3 (contours) with the refer-
ence values computed for the OHC (shading), and (b) parameterized asymmetry parameter g (con-
tours) with the reference values (shading). (c) Relative errors (%) in the parameterized co-albedo.
(d) Absolute errors in the parameterized asymmetry parameter.
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Figure 9. Cost function for the phase function parameterization as defined by Eq. (32) for (a) the full
parameterization (Eq.[14) and (b) without the term Psiq. The black solid line indicates, for reference,
a co-albedo value of 8 = 0.3, which approximately corresponds to a spherical albedo of 0.03 for an
optically thick snow layer.
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Figure 10. Examples of the reference phase function computed for the OHC (black lines) and of the
parameterized phase function for the full parameterization (red lines)ane-, the simplified parameteri-
zation without the term Presig in Eq. (14) (blue lines), and the Henyey-Greenstein phase function with
dashed green lines) for nine combinations of wavelength
A and volume-to-projected area equivalent radius r,. For reference, the values of single-scattering
co-albedo 3, asymmetry parameter g, and cost functions for the full parameterization (costl)and-,
for the simplified parameterization (cost2) and for the Henyey-Greenstein phase function (cost3) are
listed in each panel.
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Figure 11. Albedo of a semi-infinite snow layer for direct incident radiation with the cosine of zenith
angle uo = 0.5. (a) Reference values computed for the OHC (shading) and values for the full snow
optics parameterization (contours). (b) The difference between the parameterization and the refer-
ence, (c) between distorted Koch fractals (¢t = 0.18) and the reference, and (d) between spheres and
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Figure 12. Root-mean square errors in In(radiance) (Eq.[33) for (a—c) the full parameterization and
(d—f) the simpler parameterization without the term Pesjg in the phase function, as compared with
reference calculations for the OHC, for three directions of incident radiation (cosine of zenith angle
o = 0.8, o = 0.4, and po = 0.1, respectively). (g and h) show the respective differences from the
reference calculations for distorted Koch fractals (¢t = 0.18) and spheres (for pig = 0.4 only).
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Figure 13. (a—c) Angular distribution of reflected radiances for the OHC for a single wavelength
A=0.80 um and a single particle size r,, = 200 um. The yellow sphere indicates the cosine of zenith
angle for the incident radiation (o = 0.8, o = 0.4 and pp = 0.1 for (a—c), respectively). The azimuth
angle for the incident radiation is ¢g = 0°. (d—f) and (g—i) show the fractional differences in reflected
radiances (in %) from the OHC for distorted Koch fractals with ¢t = 0.18 and for ice spheres, respec-

tively. (j-1) are<m—o) show the differences from the OHC for the Henyey-Greenstein phase function
with g computed using Eqg.[13|and 3 using Eq. m-o0) for the full snow optics parameterization

and (p—r) for the simpler parameterization without Pesig in Eq. (14). Note that the colour scale in

m-r) differs from that in (d—I).
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Figure 14. As Fig.[I3] but for three wavelengths A\ =0.30, 1.40 and 2:862.20 um, for a single value
of the cosine of zenith angle for incident radiation 1o = 0.4 and a single particle size 7y, =200 pum.
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