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Using snowflake surface-area-to-volume ratio to model and
interpret snowfall triple-frequency radar signatures
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Abstract. The snowflake microstructure determines the microwaveesoag properties of individual snowflakes and has a
strong impact on snowfall radar signatures. In this studgividual snowflakes are represented by collections of garig
distributed ice spheres where the size and number of theitgg ice spheres are specified by the snowflake mass and
surface-area-to-volume ratio (SAV) and the bounding va@wheach ice sphere collection is given by the snowflake maxi-
mum dimension. Radar backscatter cross sections for thepicere collections are calculated at X-, Ku-, Ka-, and Weban
frequencies and then used to model triple-frequency ragaatires for exponential snowflake size distribution$SAd-
ditionally, snowflake complexity values obtained from higdsolution multi-view snowflake images are used as an &tdic

of snowflake SAV to derive snowfall triple-frequency radigmaitures. The modeled snowfall triple-frequency radgmaiures
cover a wide range of triple-frequency signatures that vpeegiously determined from radar reflectivity measurersamd
illustrate characteristic differences related to snowefyguantified through snowflake SAV, and snowflake size. Thelt®
show high sensitivity to snowflake SAV and SSD maximum sizeabe generally less affected by uncertainties in the param-
eterization of snowflake mass, indicating the importancenofvflake SAV for the interpretation of snowfall triple-fpgency

radar signatures.

1 Introduction

Snowfall retrievals from radar remote sensing of snow ckoark highly sensitive to the applied characterization ef th
snowflake microstructure, i.e., of snowflake mass and steage Matrosov, 2007; Liu, 2008; Kulie et al., 2010; Coopeale
2017). To analyze and model snowfall radar signatures, Bakes have often been represented by (i) mixed ice—air spluar
spheroids parameterized with respect to snowflake sizespetaratio (e.g., Matrosov, 1992; Hogan et al., 2006, 201 By

(i) detailed three-dimensional (3D) shape models of grgglow crystals or aggregate snowflakes based on variolzétka
ice crystals like bullet rosettes, dendrites, plates, duroos (e.g., Kulie and Bennartz, 2009; Nowell et al., 2018;eDal.,
2014; Honeyager et al., 2016).

In recent years, several studies have found that the ‘gufeoidal particle model, where the volume, density, andplex
index of refraction of a homogeneously mixed ice—air spitkaoe derived from the snowflake size, mass, and aspect ratio
yields a realistic description of microwave backscattdy éor small snowflakes and at low frequencies (e.g., Pettytdnang,
2010; Tyynela et al., 2011; Nowell et al., 2013). Furtherendine analysis of radar reflectivity measurements coltesiaul-
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taneously at three microwave frequency bands has showthihednge of observed snowfall triple-frequency radaratigres

is much larger than the total range of modeled snowfall radgratures when representing snowflakes by soft spheesgds:

cially triple-frequency radar signatures of snowfall cderized by large aggregate snowflakes fall outside theetadatange
(Leinonen et al., 2012; Kulie et al., 2014; Kneifel et al. 18) Using detailed 3D shape models instead of soft spheteatls

to a wider range of modeled snowfall triple-frequency raglgnatures and indicates better agreement between odsande
modeled snowfall radar signatures.

Due to the large variety of (visually distinct) snow types$ided by characteristic geometric shapes resembling theftaie
microstructure, such as planar dendrites or aggregatdatefsgMagono and Lee, 1966; Kikuchi et al., 2013; Fontatrad.e
2014), and the high natural variability of snowflake microstural properties like size and aspect ratio (e.g., Beared al.,
2007; Gergely and Garrett, 2016), modeling microwave beatksr in snowfall based on detailed snowflake 3D shape model
requires significant computational resources and time, wlen determining backscatter cross sections for a langger
of snowflake models with the widely used discrete dipole apionation (Draine and Flatau, 1994). Therefore, it would be
desirable to identify ‘effective’ microstructural paratees that quantify snowflake shape independent of snow tydestll
explain important features of observed and modeled snbrefdér signatures, thus further constraining snowflak@stiar
snowfall remote sensing.

In materials science, four basic characteristics play @rakrole for an objective and quantitative description &f Bi-
crostructures: volume fraction or equivalently (mass)sitgnsurface area per volume, integrated mean curvaturegheme,
and integrated Gaussian curvature per volume (Ohser an#lidiic2000). Physical and chemical properties stronglyetel
on these characteristics and can often already be analgitbdufly when the 3D microstructure is quantified through a
or some of these four characteristics. Ice volume fractiosmow density and the ratio of ice surface area to volume are
crucial for modeling light scattering and radiative trarst optical wavelengths in falling and deposited snow,efcam-
ple (Grenfell and Warren, 1999; Grenfell et al., 2005; Kakinsky and Zege, 2004, Picard et al., 2009; Gergely et alQR0
Besides snowflake density, however, none of these four lohsi@cteristics have been investigated to evaluate thadtmd
snowflake shape on snowfall microwave scattering signsture

In this study, snowflake density and surface-area-to-veluatio (SAV) are used to model snowflake backscatter cross
sections at X-, Ku-, Ka-, and W-band frequencies and theivelanowfall triple-frequency radar signatures for realis
snowflake size distributions. The impact of snowflake SAV pavdall triple-frequency radar signatures is analyzecedas
on high-resolution snowflake imaging data collected with Multi-Angle Snowflake Camera (MASC; Garrett et al., 20E2),
pre-established density—diameter relationship for degignowflake mass from snowflake maximum dimension accgtdin
Heymsfield et al. (2004), and the snowflake SAV range given biydyfager et al. (2014).

First, MASC measurements are presented in Sect. 2. Thesdppkthod for modeling snowflake backscatter cross sections
and snowfall triple-frequency radar signatures is describ Sect. 3. Individual snowflakes are represented byatales of ice
spheres where the size and number of the constituent icesspdue specified by the snowflake mass and SAV and the bounding
volume of each ice sphere collection is defined by the snoeflfakximum dimension. Backscatter cross sections of these
collections of ice spheres are calculated with the germ@limultiparticle Mie solution (Xu, 1995; Xu and A. S. Gusta,
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2001). For the same snowflake mass, different SAV valuestteadllections of ice spheres characterized by a differemt i
sphere size and number. This characteristic forms the fmsamalyzing the impact of snowflake SAV on modeled snowflake
backscatter cross sections and snowfall triple-frequeadsr signatures in Sect. 4. The analysis includes a cosqguawith
snowfall triple-frequency radar signatures determinadsfift spheroids and for snowflakes modeled according to dlie s
similar Rayleigh—Gans approximation (Hogan and Westhraok4; Hogan et al., 2017). Additionally, snowflake comfiiex
values obtained from MASC images are used as an indicatonaf/ftake SAV to derive snowfall triple-frequency radar
signatures. The results are discussed in the context ohassand modeled snowfall radar signatures that were piedém
previous studies. Section 5 summarizes the findings andusians.

2 Snowflake observations

First, the Multi-Angle Snowflake Camera (MASC) and the dedisnowflake microstructural properties are describedlyrie
(a more detailed description of a similar MASC model usirnighgly different camera optics and of the performed MASC
image analysis was given by Garrett et al., 2012). As theiegh@pproach for modeling the impact of snowflake SAV on
snowfall radar signatures is partly based on collected fakevdata, MASC measurement results are also presentectbleéo
modeling method is introduced in Sect. 3.

2.1 Measurement method

Estimates of near-surface snowflake microstructural ptgseare obtained from MASC photographs taken at Alta (USAY
and at Barrow (AK, USA) during winter 2013—-2014 and spring20The MASC provides multi-view snowflake images from
three cameras that are separated36y and point at an identical focal point at a distance of 10 cnovBlake images are
recorded at a resolution of about 30 um with horizontal fieliddew of about 40 mm at the focal-point distance. The casera
and three light-emitting diodes serving as flash lights dggéred simultaneously at a maximum rate of 2 Hz as snowdlake
fall through an array of near-infrared emitter—detectargpgsampling the horizontal fields of view of the cameras.\#takes
with maximum dimensions of 0.2 mm and larger are recordedhbyMASC and identified in the images using a Sobel edge
detection algorithm. Figure 1 shows images of two snowflakggured by the MASC center camera at Alta.

In this study, MASC images are used to derive the snowflakaelierD or maximum dimension along the snowflake major
axis, the orientation angleof the snowflake major axis with respect to the horizontahgland the snowflake complexity
defined as the ratio of the snowflake perimeter to the circtenfze of a circle with the same area as the snowflake profectio
image (illustrated in Fig. 1). For all snowflakd3, #, andy are given as average values determined from the MASC single-
images of the snowflakes.

The applied definition of quantifies snowflake complexity based on the boundary cemngth of two-dimensional (2D)
snowflake images. Projection images of spherical snowgbestare characterized by a circular boundary curve indigrgrof
viewing direction, and thus by a complexity 9f= 1. As a circle has the shortest perimeter of any boundary done given
enclosed area, all non-spherical particle shapes leadnpleaity values ofy > 1. Accordingly, heavily rimed graupel snow
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Figure 1.

is described by a low snowflake complexity pf 1 and large aggregate snowflakes are characterized by highmgglexity
values (see examples in Fig. 1). Loweralues are then expected to indicate stronger snowflakagiimi general (see also
Garrett and Yuter (2014) who used a definition of snowflake merity which additionally included brightness variation
within each MASC image to classify snowflakes according &irtegree of riming).

One MASC was installed at Alta Ski Resort at 2590 m above se (a.s.1) in Collins Gulch within the Wasatch Mountain
Range. A second MASC was located at Barrow at the North Slbp&aska Atmospheric Radiation Measurement (ARM) site
at 10 m a.s.l., approximately 500 km north of the Arctic Giroh the coast of the Arctic Ocean.

2.2 Measurement results

Figure 2 shows the distributions of snowflake diamddgercomplexityy, and orientation anglé derived from all qualifying
MASC observations with realistic complexity values)of 1 that were collected at Alta from December 2013 to April 2014
and at Barrow in April and May 2014, resulting in a MASC dataafet.4 - 10° sampled snowflakes. Snowflake size distribu-
tions N(D) are expressed as frequency size distributions and refiecitimber of snowflakes sampled at Alta3(- 10°) and

at Barrow (0%). For snowflake complexity and orientation, the presengéative distributions are normalized with respect to
the maximum valuedV,,..x (x) and Ny,.x(6) of the respective frequency distributiohg x) and N (9).

The distributions of snowflake diameters and complexitieBig. 2 are dominated by small values and show exponential
decay for diameters aD 2 1 mm and for the entire complexity range p£> 1. In contrast to snowflake diameters and com-
plexities, snowflake orientation angles are charactetigeal nearly uniform distribution with mean valuesto& 40° derived
for the set of MASC observations at Alta afe= 45° at Barrow.
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Figure 2.

Similar to previous studies that have used exponential 8akevsize distributions to describe snowfall (e.g., Matkgs
2007; Kneifel et al., 2011), snowflake (frequency) sizerttistions N (D) [mm~1] in this study are expressed through

N(D)= Nyexp(—AD) , 1)

whereA is the exponential slope parameter specifying the widthefdistribution andV, [mm~!] denotes the scaling factor
determined by the snowflake sample size. Comma¥ily)) and N, are additionally normalized with respect to atmospheric
volume to account for the atmospheric snow water contevin@iV (D) and Ny in units of mnT! m=3. As the normalization
of N (D) has no impact on the analyzed dual-wavelength ratios of fadde in Sect. 4.2, the scaling factd¥, is ignored in
the analysis and exponential distributions are specifiggtbrough the exponential slope parameter

Exponential snowflake size distributiods(D) were fitted to MASC data restricted t8 > 1 mm and collected for 47
snowstorms at Alta and 7 snowstorms at Barrow. These snowstiasted between 4 h and 24 h, diid to 10* snowflakes
were recorded during each snowstorm. Small sample siz&% aowflakes correspond to snowstorms at Barrow marked by
very low snowfall liquid equivalent of less than about 1 mnd &y strong crosswinds that affected overall sampling eificy.
Large sample sizes of up t®* snowflakes correspond to high-intensity snowfall at Altar €ach snowstorm, the sampled
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Figure 3.

snowflakes were divided into 20 size bins according to thaiméterD. An exponential snowflake size distributidf( D) was
then determined by the non-linear least squares methodtfogfEq. (1) to the binned snowflake size distribution.

For uniform visualization in Fig. 2N (D) curves illustrating the total range of exponential sizéritigtions fitted to the
MASC data from Alta and from Barrow were rescaled to the tatahber of snowflakes sampled at the respective location.
At Alta, N (D) are characterized by exponential slope parametess,@f = 0.5 mm=—! < A < A, = 3.1 mm~! with mean
A =1.2 mm~!. At Barrow, the range ofV(D) is given by0.6 < A < 3.6 mm~! with meanA = 1.5 mm~!. The derived
exponential slope parameters yield snowflake size didioibs.V (D) that are in line with previously presented snowflake size
distributions using different measurement methods, bygBrandes et al. (2007) and Tiira et al. (2016), with thepared
median volume diameter3, of the derived snowflake size distributions converted te 3.67/D, for N (D) given by Eq. (1).

For each analyzed snowstorm, the sampled snowflakes weraligised into 20 bins according to their complexity
and an exponential snowflake complexity distributigfy) = N7 exp(—Ax) was fitted to the binned distribution by the non-
linear least squares method. At Alta, the rangé&/df ) is characterized by exponential slope parameters,gf = 1.5 <A <
Amax = 5.5 with meanA = 3.3. At Barrow, a range of .2 < A < 5.0 is found with mean\ = 2.2 (see Fig. 2).

To illustrate the correlation between snowflake diamédesind complexityy, Fig. 3 shows a logarithmic 2D histogram
of the frequency distributions fob and x at Alta and Barrow (Fig. S1 in the Supplement shows the cpomrgding non-
logarithmic 2D histogram). Calculated mean complexityuesiy per size binAD are shown separately for both MASC
data sets collected at Altag/(AD given for D <15 mm) and at BarrowY/AD given for D < 10 mm) to indicate typical
snowflake complexities at the two locations. Despite thevekkdistribution ofy within the size bins, the choice of whether
typical snowflake complexities are quantified through themar through the median complexity per size bin has only @min
influence on the derived results in this study and does netttifie drawn conclusions.
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As already seen in Fig. 2, small valuesiofandy dominate the distributions in Fig. 3. Additionally, meamgaexityy gen-
erally increases with increasing snowflake diameter. Nptahowflake complexities of = 1.0 are not observed for snowflake
diameters oD = 3 mm. These results are consistent with previous obsenssioggesting that larger snowflakes are generally
aggregates characterized by a high complexity of the snkevftacrostructure (Garrett and Yuter, 2014).

Based on the mean snowflake complexity valiyeger size binAD shown in Fig. 3, a snowflake complexity—diameter
relationship is then defined by a modified power law as

X(D)=1+aD", ()

with parameters, andb. Power laws have been applied to parameterize a varietyaviftake propertiegy with respect to
snowflake size, illustrated by the density—diameter retestnip in Eqg. (3), for example. In Eq. (2), the constankgt= 1 is
added to the commonly used pure power law of the fg(i?) = a.D? due to the definition of, which leads to a minimum
value of ymin (D) = xo = 1 (Sect. 2.1).

Figure 3 shows the twq (D) curves for the MASC data from Alta and from Barrow determitgcthe non-linear least
squares method for fitting Eq. (2) to the mean complexityesifuper size binAD. These twoy (D) relationships, with fitted
parameters of = 0.20, b = 0.75 at Alta anda = 0.36, b = 0.54 at Barrow, are dominated by the power-law termudi® for
large snowflakes and thus follow the observed increaseviith increasing snowflake diameter, but also reflect the veske
convergence of — 1 for small snowflakes. Furthermore, the mean complexityasiuper size binA D and the two derived
x(D) curves generally indicate lower snowflake complexities(given snowflake diameter) for the MASC data recorded at
Alta.

3 Modeling method

In this study, snowflakes are specified by their diameterspasd surface-area-to-volume ratio (SAV). Snowflake dianse
were derived from a large set of MASC observations in Sedn &ect. 3, the quantification of snowflake mass and SAV is
described, and the approach for modeling snowflake badkseabss sections and snowfall triple-frequency radaratigres

is presented.

3.1 Snowflake mass

No coincident measurements of snowflake mass are availabted analyzed MASC data in Sect. 2. Therefore, snowflake
mass is derived from measured snowflake diamBtdollowing a previously determined density—diameter rielaship that
uses a similar definition of snowflake diameter (Heymsfielal €22004, abbreviated as ‘H04’ throughout the text). HO4 de
termined effective ice-cloud particle densities by conmgrobservations by airborne 2D optical array probes witihh@dent
measurements of cloud ice water content. According to tiesinlts, snowflake density [g cm—3] and massn; [mg] are
calculated from snowflake maximum dimensiBrimm] for a spherical snowflake bounding voluimeof diameterD:

pt(D) = 0.104D~0-9%0 (3)
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me(D) = pr(D)Ve =

pi(D)D?. (4)

Here, derivegh; (D) values are limited to the density of pure igg. = 0.917 g cm~3, leading to densities gf; (D) = p;c. for
snowflakes withD < 0.1 mm.

With Egs. (3) and (4), snowflake masg can alternatively be expressed through the radiy®f a single mass-equivalent
ice sphere given by

- 3mf(D)

3
req(D) - 47Tpice . (5)

Analyzed snowflake and snowfall backscatter propertieseict.S4 are determined from different modeling approaches
that all rely on the same parameterization of snowflake malksafing Eqgs. (3)—(5). The impact of the parameterizatién o
snowflake mass on the presented results and conclusionalisagd by uniformly increasing and decreasing all snowflak
densitiesys (D) obtained from Eq. (3) by 25 % and by 50 %.

3.2 Snowflake surface-area-to-volume ratio

The normalized snowflake surface-area-to-volume tasalefined as the ratio of snowflake surface-area-to-volamne3$ AV
to the surface-area-to-volume ra8aV, of a mass-equivalent ice sphere:

_ SAV;
T SAV,

§ (6)

This definition of¢ for snowflake 3D microstructures is conceptually similathe definition of the complexity applied to
snowflake 2D projection images in Sect. 2. For a given icemelor mass, an ice sphere has the smallest surface area of any
3D microstructure and a surface-area-to-volume rati®Af; = SAV, = 3/r with ice sphere radius, leading to a normalized
SAV of £ = 1. Increasing values &f > 1 then imply a larger deviation of the snowflake shape from arsjzhere, and thus an
increasing complexity of the snowflake 3D microstructure.

Snowflake SAV is quantified from the total rangeéo¥alues determined by Honeyager et al. (2014). They used @ndor
cell-based approach to define an effective SAV by Eq. (6)Heirtdatabase of snowflake 3D shape models and found values
of 1 <¢<5.

The impact of snowflake SAV on snowfall radar signatures alyared based on synthetically generated expressiabs.
Theset(D) relate normalized SAV to snowflake diameter with< £(D) <5 for 0 < D < Dyyax, Where D, refers to the
maximum diameter of the snowflake size distribution. Basedhe MASC observations in Sect. 2.2 where the average
snowflake complexityy (D) for all snowflakes with diameteb was derived from snowflake 2D projection images and ex-
pressed through a power law plus constant of one in Eq¢(2)) relationships indicating the complexity of the snowflake 3D
microstructure are again formulated as modified power l&ws o

¢(D)=1+pD?. @)
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Figure 4 shows severg[ D) curves that illustrate the total range of power-law expésigrronsidered in the analysis, in-
cluding constant values determined by setting 0. The parameter is merely a scaling factor confining Eq. (7) to the interval
of 1 <£(D) < 5. Only monotonically increasing( D) with ¢ > 0 are considered because the analyzed MASC observations in
Sect. 2.2 indicated an overall increase in snowflake conitgleith increasing snowflake size.

Constant (D) =1.0, 1.6, 2.0, 2.5, 3.0, 4.0, and 5.0 shown in Fig. 4 are used teefrsmbwflake backscatter cross sections
in Sect. 4.1 and lead to a wide range of snowfall triple-fiesty radar signatures in Sect. 4.2. The discussion of howftaile
surface-area-to-volume ratio affects modeled snowfgllerfrequency radar signatures in Sect. 4.2 focuses @etbenstant
¢(D). Nonetheless, non-const&ttD) given by Eqg. (7) with exponents> 0 are included in the analysis to outline the total
range of modeled snowfall triple-frequency radar sigreguand to establish a relationship between normalized salcsvfl
surface-area-to-volume ratfopand snowflake complexity that reflects the similarity of these two characteristics ean be
applied to estimaté( D) relationships for the recorded MASC data at Alta and at Barro

The method for relating to x uses the two complexity—diameter relationshig®) fitted to the MASC data in Fig. 3.
To estimates(D) relationships at Alta and at Barrow, it is assumed that treviiake complexity range of < x(D) <
X(Dmax) = Xmax at each location corresponds to the full snowflake SAV rarige<0{ < 5 with

€00 =1+ < ((D) = 1), ®)

After inserting Eq. (2) fory (D), Eqg. (8) leads to a modified power law f6fD) given by Eg. (7), with power-law exponent of
q =b. Only the scaling factod in Eq. (2) is modified by Eq. (8) to map(D) onto the interval ofl < ¢ <5.

High values of; > 1 in Eq. (7) lead t& (D) relationships marked by a steep increase féoml to £ = 5 for large snowflake
diameters (see Fig. 4), corresponding to a sudden changevflake shape from ice spheres to more complex 3D microstruc
tures. This is an unrealistic description of snowflake shmgmause such an abrupt transition is not seen in snowflaleevabs
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Figure 5.

tions. Figure 3 showed power-law exponents f 1, leading tog < 1 according to Eq. (8). Nonetheleg$D) with ¢ > 1 are
also included for completeness. Section 4.2 indicateglhieses (D) relationships contribute only a small fraction to the total
range of modeled snowfall triple-frequency radar sigregand do not affect the drawn conclusions.

3.3 Snowflake backscatter cross sections

Microwave backscatter by a snowflake is modeled at X-, Ku-, Kad W-band frequencies of 10, 14, 35, and 94 GHz, respec-
tively. Here, the (radar) backscatter cross sectigis calculated for mass- and SAV-equivalent collectionsarf-overlapping
ice spheres with the generalized multiparticle Mie (GMMjusion (Xu, 1995; Xu and A. S. Gustafson, 2001). Calculaigd
values correspond to the differential scattering cross@esat backscatter multiplied hiyr (see Bohren and Huffman (1983)
for a discussion on commonly applied conventions for exginggbackscatter by a particle). The modeling approachtisied
in Fig. 5 and described in this section.

A snowflake defined by the diametBy, the massn; (D), and the normalized surface-area-to-volume rai®represented
by a collection of ice spheres where the raditisand the numbeN,; of the constituent ice spheres are specifiechy or
equivalently byr., through Eq. (5), and by:

rcl(recpg) = % 5
Na(§) =¢€%. 9)

The snowflake diametdp specifies the (spherical) bounding voluiieof the collection of ice spheres according to Eq. (4).
Limitations of this representation and implications foe thodeling results presented in Sect. 4 are discussed inn&ppA.

10
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Equation (9) preserves snowflake mass and normalized staf@a-to-volume ratio given by = 47” picer‘gq =

and ¢ = SAV;/SAV, = (i)/(%‘), respectively. This approach derives the parameterizatfdhe constituent ice spheres

Tcl

4 .3
?ﬂ-pice Ncﬂ cl

from effective microstructural properties of the modeladwflake in contrast to other methods where mass and shape of t
constituent ice crystals were parameterized in detail Aednicrostructure of the modeled snowflake was then deriyed b
aggregation of the ice crystals (e.g., Westbrook et al.42B@well et al., 2013; Leinonen and Moisseev, 2015).

The MASC observations presented in Sect. 2.2 showed neaifigrmn distributions of snowflake orientation angles and
therefore suggest randomly oriented snowflakes for theyaedlsnowfall data. To account for random snowflake orierat
in the applied modeling approach and also include a varieBpomicrostructures derived for the same value$ofn: (D),
and¢, 500 realizations of randomly distributed non-overlaggoce spheres insidg: are used to model each configuration of
D and¢, or equivalently each configuration ef; and V.. The snowflake backscatter cross sectigD;¢) is determined
as the mean of all backscatter cross sectans(D;¢), ..., 01,500 (D;§) that are calculated by the GMM solution for the 500
individual realizations. Here, the refractive index of@dinstituent ice spheres is given by the complex refractidexn;c.,
of pure ice calculated according to Méatzler and Wegmull&8@), leading to refractive indices of.. » = 1.8 +2.3 - 1074,
1.843.2:107%, 1.8+8.2-10~ %, and1.8+-2.4-10~3; (rounded to two significant figures) at 10, 14, 35, and 94 Gepectively.

Sets of 500 realizations were chosen for averaging becaeaa walues of, (D; &) stabilize to within relative differences
of less than 0.1 oncE)! to 102 collections of randomly distributed ice spheres are inetligsee Fig. S2 in the Supplement for
details). These uncertaintiesdn(D; &) are small compared to the impact©dn modeledr, (D;¢), characterized by relative
differences of up to a factor d? in Sect. 4.1. The presented methodology then quantifiesrtpadt of normalized SAV on
the calculated backscatter cross sections without inetudffects due to the spatial distribution or clusteringhaf vV, ice
spheres inside the bounding volurvie

To analyze the impact of snowflake surface-area-to-volatie on modeled backscatter cross sections for a given sakesvfl
diameterD, oy, (D;¢&) are calculated for seven values df; =1, 4, 8, 16, 27, 64, and 125, corresponding to normalized
snowflake surface-area-to-volume ratiogef 1.0, 1.6, 2.0, 2.5, 3.0, 4.0, and 5.0, respectively. Backscattess sections for
intermediate values oWV, = ¢ are determined from linear interpolations of the sevenutatedoy, (D;¢) values. The pa-
rameterg, describing the snowflake microstructure, and the numgerspecifying the corresponding collections of randomly
distributed ice spheres inside the snowflake bounding ve|ware used interchangeably throughout this study acaptdin
Eq. (9).

For comparison, the analysis also includes mass-equivatgh (mixed ice—air) oblate spheroids and snowflakes mod-
eled according to the self-similar Rayleigh—Gans appratiom (SSRGA; Hogan and Westbrook, 2014; Hogan et al., 2017)
Backscatter cross sections of randomly oriented soft gjdfewith major axis lengthD are calculated with the T-matrix
method (Waterman, 1971), using the implementation of Migin&o and Travis (1998) within the PyTMatrix software pack-
age of Leinonen (2014). Aspect ratios®@f= 1, 0.6, and 0.2 are considered, representing soft spherkswt1, spheroids
that are characterized by typical average valuea ef0.6 found in snowflake observations (e.g., Korolev and Isaa0320
Gergely and Garrett, 2016) and used for the interpretati@mow- and ice-cloud radar measurements (Matrosov et@05;2
Hogan et al., 2012), and spheroids described by extremewaluobserved snowflake aspect ratiosef 0.2. Effective re-
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fractive indices of the soft spheroids are determined byyampgpthe Maxwell-Garnett mixing rule (Maxwell Garnett,d4) for
volume mixtures of ice inclusions in air, given by the mag$D) and the volume/V; of the spheroidal snowflakes, and for the
complex refractive index;..,» of pure ice. The SSRGA has been derived to approximate bait&scross sections for detailed
3D shape models of aggregate snowflakes based on a statigtsraiption of mean snowflake microstructure and dewviatio
5 from the mean microstructure. Calculateg values with the SSRGA represent ensemble averages fodifférent realiza-
tions of the snowflake 3D microstructure with the same snawftiiameterD, for 50 random orientations of each snowflake
3D shape model, and for then illuminating each of the rete@B8D shape models along its three orthogonal directioese H
the SSRGA is applied to snowflake masses derived by Egs. Bj4grand for complex refractive indices..,» of pure ice,
using the parameterizations listed by Hogan et al. (20173\othetic aggregate snowflakes that were generated acgdod
10 Westbrook et al. (2004), abbreviated as ‘W04’ throughoetéxt, and according to Nowell et al. (2013), abbreviatetlas’.

3.4 Snowfall triple-frequency radar signatures

In this study, snowfall triple-frequency radar signatuaes defined by the two dual-wavelength ratios of modeled falbw
radar reflectivity factors at (i) Ka and W band and at (ii) eitik and Ka band or Ku and Ka band, where X, Ku, Ka, and W
band refer to frequencies of 10, 14, 35, and 94 GHz, resggtiVhe selected frequencies are within £1 GHz of X-, Ku-;,Ka
15 and W-band frequencies commonly used for the analysis affatidriple-frequency radar signatures (Leinonen et2012;
Kulie et al., 2014; Kneifel et al., 2015, 2016; Yin et al., 201
To derive snowfall triple-frequency radar signatures ak4, and W band and at Ku, Ka, and W band, snowflake (radar)
backscatter cross sectioag modeled according to Sect. 3.3 are first integrated for eeptial snowflake size distribu-
tions N(D) expressed through Eq. (1), yielding the corresponding falb¢equivalent) radar reflectivity factorg. (e.g.,
20 Matrosov, 2007; Liu, 2008):
2 Dimax
[ auDsonDyaD, (10)
0

wheren,, » denotes the complex refractive index of liquid water at viewgths ofA = 30.0, 21.4, 8.6 and 3.2 mm for the
analyzed frequencies of 10, 14, 35, and 94 GHz, respectidele n,, » is determined for pure water at a temperature of
following Meissner and Wentz (2004).

25 Snowfall triple-frequency radar signatures are then giwedual-wavelength ratioDWRs, Kneifel et al., 2011) of

Ze
DWR Ay /Ay = 10-log < ’Al) (11)
Z€7A2
=dBZ.x, —dBZ.», , (12)

where\; /A, indicate the pairs of analyzed radar frequency bands of XtKi#&a, and Ka/W.
Radar reflectivity factorsZ, are calculated by Eq. (10) for snowflake diameterdof D, = 23.6 mm, or for mass-
30 equivalentice sphere radii of, < 2.1 mm according to Egs. (3)—(5). This snowflake diameter rangers more thaf9.99 %
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of all MASC observations presented in Sect. 2.2. Furtheemamowflake size distribution$ (D) given by Eg. (1) with ex-
ponential slope parameters@B < A < 5.0 mm~1! are included in the analysis. This rangefo€overs allN (D) determined
from the MASC observations that were presented in Sect.cBr2esponds to size distributions derived from snowflake ob
servational data that were collected with different measient methods (e.g., Brandes et al., 2007; Tiira et al., R @8l
is similar to A ranges used in prior studies that have modeled snowfalétfipquency radar signatures (e.g., Kneifel et al.,
2011).

In Sect. 4.2, snowfall triple-frequency radar signaturressdso modeled for size distributions limited to snowflalenteters
of D <10.0 mm andD < 5.0 mm. The corresponding triple-frequency radar signatureslarived by applying the presented
modeling approach for modified snowflake maximum diameter3,@., = 10.0 mm andD,,, ., = 5.0 mm.

4 Modeling results and discussion
4.1 Snowflake backscatter cross sections

Figure 6 shows snowflake backscatter cross sectigmaodeled according to Sect. 3.3 at 35 and 94 GHz and for snavflak
diameters ofD < 14.4 mm, corresponding to mass-equivalent ice sphere radiipof 1.5 mm. The total range ofy, for all
diameters ofD < 23.6 mm, for all considered snowflake models, and for frequeraid® and 14 GHz is included in Fig. S3
in the Supplement.

For soft spheres, Figs. 6 and S3 show strong resonancesculatedo;, typical for applying Mie scattering theory to
large particles (Mie, 1908; Bohren and Huffman, 1983). Tighér the frequency, and thus the larger the effective sfze o
a spherical particle with diameté» relative to the wavelength, the more oscillations are olesewithin the total diameter
range. Oscillations ia, are heavily dampened for spheroids due to orientation girgaf o}, and for SSRGA results due to
averaging over an ensemble of many different realizatidm®pn-spherical snowflake shape models. Collections ofoariy
distributed ice spheres inside the (spherical) snowflakendimg volume also lead to a much weaker oscillation patiern
oy, than soft spheres of diametér because the refractive index.. » of pure ice generally differs significantly from the
effective refractive indices of soft spheres determingti Wie Maxwell-Garnett mixing rule (real and imaginary part soft-
sphere effective refractive indices are smaller and thoseclto one and zero, respectively) and because the iceespéuer
characterized by a radius afi < D/2 and therefore by a much smaller effective size relative¢onthvelength (see Sect. 3.3).

In Fig. 6, calculated backscatter cross sectiop&D;¢) for collections of1 < N, = ¢2 < 125 randomly distributed ice
spheres inside the snowflake bounding volume cover a maxirange of over 2 orders of magnitude fiQg ~ 0.85 mm or
D =~ 6.3 mm at 35 GHz and foreq ~ 0.44 mm or D ~ 2.4 mm at 94 GHz. Outside the Mie resonance regieng.D;¢)
decrease with increasing normalized surface-area-toavelratio. This trend is consistent with results of Honeyager et al.
(2014) who found smaller backscatter cross sections foatgresnowflake surface complexity when modeling microwave
backscatter for their snowflake 3D shape models with theelisdipole approximation.

A comparison of the, curves in Figs. 6 and S3 shows that differences,jmssociated with the choice of snowflake model
generally increase with increasing snowflake diameter aicdomiave frequency. In Fig. G, curves can be distinguished
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Figure 6.

visibly from each other for., > 0.3 mm or D > 1.4 mm at 35 GHz whilesy, curves already split for.q ~ 0.2 mm or

D =~ 0.6 mm at 94 GHz, for example. SSRGA results for the N13 and WO4v8ake parameterizations are similar to each
other and fall within the indicated range ef (D;¢) for collections ofl < N, = &3 < 125 randomly distributed ice spheres
for small snowflake diameters and low microwave frequenéieslarge snowflake diameters and high frequencies, haweve
backscatter cross sections calculated by the SSRGA are up to 1 order of magnitude smialéer the minimunw, (D;€).
Compared to soft spheres, values calculated by the SSRGA are up to 4 orders of magnitigdher in Fig. 6.

The N13 and W04 snowflake parameterizations according t&8RGA used in this study were originally derived for
snowflake 3D shape models with diametersS 10 mm by Hogan et al. (2017). Nonetheless, these SSRGA pardpagiens
are applied to snowflake diameters uglg.x = 23.6 mm in the presented analysis to allow a direct comparisommitdeled
backscatter by collections of randomly distributed iceespk and by soft spheres and spheroids (this extension 88REA

validity range is briefly discussed below).
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Diameters ofD = 10.0 mm andD = 5.0 mm, indicated in Fig. S3 by vertical dashed lines, are usechasmum di-
ametersD,,., for the analysis of truncated snowflake size distributionSeéct. 4.2. Combined with the analysis of mod-
eled snowfall triple-frequency radar signatures fof,.. = 23.6 mm, the results for snowflake size distributions truncated
at Dyax = 10.0 mm and atD,,,,. = 5.0 mm then characterize the impact of large snowflakes Wity 10.0 mm and with
D > 5.0 mm on modeled snowfall triple-frequency radar signatures.

Notably, snowfall triple-frequency radar signatures medeaccording to the SSRGA for N13 and W04 snowflake parame-
terizations and snowflake size distributions truncateB at, = 10.0 mm in Sect. 4.2 show similar characteristic differences
with respect to triple-frequency radar signatures modébeccollections of randomly distributed ice spheres and Joft
spheres and spheroids as the differences found for snovéiadelistributions spanning the total analyzed range ahdtars
up to D = 23.6 mm. Therefore, application of the two SSRGA snowflake patarmtions beyond the size range they
were originally derived for by Hogan et al. (2017) is not esfeel to significantly affect the corresponding analysisitesand
conclusions in this study.

4.2 Snowfall triple-frequency radar signatures

An overview of the snowfall radar reflectivity factofs. derived from the modeled snowflake backscatter cross seciio
Sect. 4.1 is included in Fig. S4 in the Supplement but notudised in this study. Snowfall triple-frequency radar sigres
are shown in Fig. 7. For all considered snowflake modelsgusiWR Ku/Ka to quantify triple-frequency radar signatures in
combination withDWR Ka/W leads to compressed triple-frequency curveAlWR < 3 dB compared to usinBWR X/Ka.
But the general shape of each curve and characteristicatiffes among the shapes of all curves are not affected bipdheec
of defining triple-frequency radar signatures with respe&itherDWR X/Ka or DWR Ku/Ka.

Triple-frequency curves for soft spheres and spheroids agpect ratios af = 1, 0.6, and 0.2 in Fig. 7 are characterized by
strictly increasindWRs with decreasing exponential slope parameteo$ the snowflake size distribution. For a given value
of A, DWRs determined for the three aspect ratios are generallym@iB from each other.

Modeled triple-frequency radar signatures for the N13 ar@¥\8howflake parameterizations according to the SSRGA
roughly follow the shape of the curves determined for sdfiesps and spheroids for high values\gfbut show a maximum in
DWR Ka/W nearA ~ 0.5 mm~!. A further decrease df.5 > A > 0.3 mm~! then leads to a decreaseDWR Ka/W by less
than 1 dB, resulting in triple-frequency curves roughly st like a comma sign. Based on synthetic aggregate snowflake
generated according to W04, Stein et al. (2015) related #vémum inDWR Ka/W to the fractal geometry of the modeled
aggregate snowflakes.

For collections of randomly distributed ice spheres inditke (spherical) snowflake bounding volume, triple-frequyen
curves in Fig. 7 derived for low normalized surface-areadtume ratios ot ~ 1 show only a slow increase DWR X/Ka or
DWR Ku/Ka with decreasing\ and therefore occupy a region below the triple-frequencyesidetermined for soft spheres
and spheroids and for the N13 and W04 snowflake parameierizaincreasing values df lead to curves that follow the
shapes of the triple-frequency curves derived for soft sgghand spheroids withh = 1 and o = 0.6 for narrow snowflake
size distributions characterized by high valuestofHowever, triple-frequency curves derived for colleciarf randomly
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Figure 7.

distributed ice spheres generally reach a strong maximubwiR Ka/W at an intermediate value df and then sharply bend
back toward loweDWR Ka/W with a further decrease if. This behavior leads to hook-shaped triple-frequencyesirVhe
strength of the ‘hooking’ increases with increasihguantified through the difference between maxinidWikR Ka/W and the
value ofDWR Ka/W corresponding to the minimum slope parametek ef 0.3 mm~!. Additionally, higher values of result
in triple-frequency curves that roughly follow the shapsptieroidal curves up to higher valuedR X/Ka or DWR Ku/Ka
before hooking toward lowddWR Ka/W (see also Fig. 8 for triple-frequency curves determifoe £ = 6).

The hook shape of triple-frequency curves derived for mtatiate and high normalized surface-area-to-volumegdtio
in Fig. 7 is similar to the general shape of snowfall triplefuency curves that were previously modeled by Kneifel.et a
(2011) and Leinonen et al. (2012) based on non-spheroidelftake 3D shape models. Neither soft spheres and sphemids n
the N13 and W04 snowflake parameterizations according t88RGA yield triple-frequency curves showing such a strong
maximum inDWR Ka/W at intermediate values of.

Modeling snowfall triple-frequency radar signatures follections of randomly distributed ice spheres inside thedlake
bounding volume also leads to a much wider range of tripdediency radar signatures in Fig. 7 than the region betwesen th
triple-frequency curves derived for soft spheres and sptsior for the N13 and W04 snowflake parameterizations aocgr
to the SSRGA. Modeled triple-frequency curves fox £ <5 cover a range of up to about 10 dB BWR X/Ka, 8 dB
in DWR Ku/Ka, and 7 dB inDWR Ka/W (see also Fig. S5). In contrast, soft spheres and sjlseoo the N13 and W04
snowflake parameterizations according to the SSRGA $DWIR ranges of generally about 3 dB and less.
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The total range of triple-frequency radar signatures meifr collections of randomly distributed ice spheres m Ficov-
ers a large part of all observed triple-frequency signatimesnowfall radar reflectivity measurements by Kulie e(2014),
Kneifel et al. (2015), and Yin et al. (2017). This modeledgaralso includes many of the triple-frequency radar sigestu
that Stein et al. (2015) observed in their radar reflectinigasurements at 3, 35, and 94 GHz and modeled based on 8ynthet
aggregate snowflakes generated according to WO04. In thergrstudy, the overlap between modeled W04 triple-frequenc
curve and the total range of triple-frequency radar sigmstmodeled for collections of randomly distributed iceesgls in-
creases for small, and thus for broad snowflake size distributions charazdrby larger snowflakes, when higher normalized
surface-area-to-volume ratiosf> 5 are also included in the modeling approach (see Fig. 8 foeffleet of includings = 6).

Modeled triple-frequency radar signatures in Fig. 7 foeintediate and high values &ftombined with small exponential
slope parameters of the snowflake size distribution correspond to triplegfrency radar signatures that were related to the
presence of large aggregate snowflakes by Kneifel et al5)20he region of triple-frequency radar signatures they tielated
to snowfall characterized by rimed snowflakes, denotedaspgl in Fig. 7, contains triple-frequency curves modeteddw
normalized surface-area-to-volume ratiostef 1 in this study. High values of indicate high complexity of the snowflake
microstructure (Sect. 3.2), as expected for aggregateftai@g. Furthermore, broad snowflake size distributionsattterized
by smallA in Eq. (1) contain a higher amount of large snowflakes, ctersisvith the observation of large aggregates for
triple-frequency radar signatures that correspond tolstndtxtensive snowflake riming, on the other hand, is assatiaitn
a coarsening or rounding of the snowflake microstructuretduble accretion of supercooled water droplets. This rednct
in the complexity of the snowflake microstructure for strigrmimed snowflakes is reflected in the applied modeling appho
by low normalized surface-area-to-volume ratios, leadingelatively flat triple-frequency curves with consistgriow dual-
wavelength ratio®WR X/Ka andDWR Ku/Ka for § ~ 1.

In contrast, snowfall triple-frequency radar signatuhed tvere modeled by Leinonen and Szyrmer (2015) based oitedieta
3D shape models of rimed snowflakes extend to higher valuB8A\R X/Ka andDWR Ku/Ka and roughly span the region
between the W04 and N13 triple-frequency curves shown inFigr small exponential slope parametarsiepending on the
amount of riming assigned to the snowflake 3D shape modelsetleless, Fig. S6 indicates that truncated size disiitsibf
the rimed snowflake 3D shape models analyzed by Leinonenanrd®r (2015), i.e., snowflake size distributions exclgdin
large snowflakes, again lead to flat triple-frequency cuchesacterized by consistently ldwWR X/Ka andDWR Ku/Ka, in
line with the snowfall triple-frequency radar signaturekated to snowflake riming by Kneifel et al. (2015) and moddta
low normalized snowflake surface-area-to-volume ratias=ofl in this study (see also the discussion below of how truncated
snowflake size distributions and different parameteriretiof snowflake mass affect modeled snowfall triple-freqyeadar
signatures).

Triple-frequency curves determined for soft spheres ahergpds and for the N13 and W04 snowflake parameterizations
according to the SSRGA cover a much smaller region of thecatdd range of observed snowfall triple-frequency radar
signatures in Fig. 7 than the triple-frequency radar sigrest modeled for collections of randomly distributed icbeses
inside the snowflake bounding volume and do not explain théndi regions related to the presence of large aggregates a
rimed snowflakes that were observed by Kneifel et al. (2046)ably, even if various combinations of snowflake gamma siz
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distributions, mass—diameter relationships, aspeatgatind distributions of preferentially horizontally aried snowflakes
are used to model snowfall triple-frequency radar sigresttior soft spheroids, the range of modeled triple-frequeadar

signatures does not show significantly better agreemehtdt observed range of snowfall triple-frequency sigrestim radar
reflectivity measurements (Leinonen et al., 2012; Kneifellg 2015).

Comparing radar reflectivity measurements and in situ sadefbbservations, Kneifel et al. (2015) also found that arcle
distinction between different snow types was not feasibtedmbinations of lowDWR Ka/W and lowDWR X/Ka. Here, this
ambiguity can be explained by the similarity of all tripleedluency curves in Fig. 7 for high exponential slope pararsét,
and thus for narrow snowflake size distributions accordingq. (1). Modeled triple-frequency radar signatures faroa
snowflake size distributions are dominated by small snowfaknd for small snowflakes, the differences in the modeled
snowflake backscatter cross sections shown in Figs. 6 andeS3o& significant enough to cause a clear separation of the
modeled triple-frequency curves in Fig. 7 at highFor larger snowflakes, larger differences among modelekidgatter cross
sections are found in Figs. 6 and S3. As broader snowflakedsnebutions characterized by lower values/ofcontain a
higher amount of large snowflakes, the modeled triple-feagy curves in Fig. 7 are more easily distinguished at stall

Modeled snowfall triple-frequency radar signatures basetthe MASC measurements of snowflake complexipresented
in Sect. 2.2 are shown in Fig. 8. The tgoD) relationships derived by inserting Eq. (2) into Eq. (8),hwfitted exponents
of ¢ =b=0.75 for the MASC data recorded at Alta ad= b = 0.54 for the Barrow data, still lead to hook-shaped triple-
frequency curves with a maximum BPWR Ka/W at intermediate values df. However, the maximum value &fWR Ka/W
is smaller and the hook shape is therefore less pronouneadfth triple-frequency curves derived for constant noireal
snowflake surface-area-to-volume ratiog of 3 in Fig. 7.
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Figure 9.

Thus far, all snowfall radar signatures have been detemioeexponential snowflake size distributions with snowdlak
diameters ofD < D.,.x = 23.6 mm. To investigate the effect of truncating snowflake sizgritiutions already at smaller
maximum diameters, snowfall triple-frequency radar sigres were also modeled for exponential snowflake sizealdligions
limited to D < Dy = 10.0 mm andD < Dy, = 5.0 mm. The modeling results are presented in Figs. S7 and S&in th
Supplement and summarized in Fig. 9.

In general, truncation at smallér,,., leads to an ‘un-hooking’ or flattening of the derived trifitequency curves. Fap <
10.0 mm, modeled snowfall triple-frequency radar signaturdsgn 9 follow the corresponding triple-frequency curvesvks
for D < 23.6 mm down to snowflake size distributions characterized byaeptial slope parameters &fx~ 1.0 mm~! before
splitting off (toward higher values ddWR Ka/W for N = £ =27, 125 and toward loweDWR X/Ka and DWR Ku/Ka
for N = & = 1). Triple-frequency curves derived fd» < 5.0 mm already start to deviate visibly from the two correspond-
ing curves determined fab < 23.6 mm and forD < 10.0 mm at higher values o ~ 2.0 mm~!. Additionally, truncating
snowflake size distributions &?,,,,,, = 5.0 mm leads to a smaller total range of model®d&R X/Ka andDWR Ku/Ka, con-
sistent withDWR modeling results presented by Kneifel et al. (2011) for ¢tated snowflake size distributions of various
snowflake 3D shape models. For low normalized surface4ar@atume ratios, indicated byv.; = ¢ =1 in Fig. 9, trunca-
tion at Dy, = 5.0 mm also leads to a smaller range of moddl&IR Ka/W. The comparison of the triple-frequency curves
in Fig. 9 shows the strong impact of the maximum diaméigy,.. of the snowflake size distribution on modeled snowfall

triple-frequency radar signatures.
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For snowflake size distributions limited to diameters/oK D,,., = 10.0 mm, modeled snowfall triple-frequency radar
signatures based on the MASC measurements of snowflake exitypl at Alta and at Barrow are included in Fig. S9.
Compared to Fig. 8, truncation &2,,.x = 10.0 mm leads to an increase in modelBdVRs of up to about 3 dB. These
differences are caused by the strong influenc®gf.« on the value ofy(Dmax) = Xmax Calculated with Eq. (2), i.€ Xmax
of the twox (D) relationships illustrated in Fig. 3 decreases for snowfkike distributions truncated at smalley,..., which
translates into higher normalized snowflake surface-traealume ratios () for D < Dy, = 10.0 mm following Eg. (8).

A reliable determination oD, is therefore also important for modeling snowfall tripfeduency radar signatures based on
snowflake complexity measurements.

Combining the hook shape of triple-frequency curves dérfee high normalized surface-area-to-volume ratios irsFig
and 8 with the flattening of triple-frequency curves due ® tituncation of snowflake size distributions at smaller mmasxn
diameters as illustrated in Fig. 9, modeled triple-frequyeradar signatures for snowfall characterized by high dlade
surface-area-to-volume ratios and small snowflake diametn resemble snowfall triple-frequency radar signatumed-
eled for soft spheroids. This explains why some non-spHat@nowflake shape models may lead to similarly high val-
ues of modeledWR Ka/W > 10 dB as soft spheroids, e.g., for the aggregates of needf@edhae crystals analyzed by
Leinonen et al. (2012). According to Fig. 9, valuesidVR Ka/W > 10 dB are expected for snowfall characterized by nor-
malized snowflake surface-area-to-volume ratiog sf 5 and exponential snowflake size distributions limited toveiteke
diameters ofD < Dy, = 5.0 mm with exponential slope parameters/of 1.0 mm~!. Higher values of > 5 already lead
to DWR Ka/W > 10 dB for less restrictive snowflake size distributions witepect toD ., andA.

All presented results have been determined for only onenpetexization of snowflake mass: (D) according to Sect. 3.1.
Previous studies have shown, however, that the uncertaimtypdeled snowfall radar reflectivity facto#s due to the param-
eterization ofm¢(D) is significant. Hammonds et al. (2014) found uncertaintieg. related tom(D) on the order of 4 dB
at X, Ku, Ka, and W band, for example. To evaluate the impadhefparameterization of snowflake mass on the modeled
snowfall triple-frequency radar signatures in this studwRs for collections ofN.; = 1, 27, 125 randomly distributed ice
spheres inside the snowflake bounding volume (correspgridimormalized surface-area-to-volume ratiosef 1, 3, 5)
were also derived after uniformly increasing and decregtia density valuesy (D) obtained from the HO4 density—diameter
relationship, and thus the snowflake massg6D) given by Egs. (3) and (4), by 25 % and by 50 %. Derived trip&gtrency
curves for the modifie@; (D) are shown in Figs. S10 and S11, and the impact of the pararatien of snowflake mass on
modeledZ. andDWRs is summarized in Fig. 10.

The analyzegs (D) range leads to a corresponding range in modgledf AdBZ, > 3.5 dB and a range in derivddWRs
of ADWR < 3.0 dB in Fig. 10. Generally, differences &fdB~Z. = 6 dB and of ADWR < 1 dB are found, except for snow-
fall characterized by = 1, indicative of heavily rimed graupel snow according to Figand snowflake size distributions
with exponential slope parameters < 2 mm~!. Similar trends are also noted for snowflake size distrimstilimited to
D < Dpyax = 10.0 mm andD < Dy, = 5.0 mm (not shown). Here, an increase (decrease){®) for snowfall charac-
terized by¢ = 1 additionally yields consistently higher (loweDWR Ka/W for all A and thus an increase (decrease) in the
modeledDWR Ka/W range (see Fig. S11 for truncation/at,,, = 10.0 mm; and extreme differencesDWR for £ =1 are
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Figure 10.

illustrated in Fig. S12 by comparing triple-frequency nadmnatures determined for the HO4 snowflake density—diame
relationship with triple-frequency radar signatures dateed for a snowflake mass—diameter relationship whichdeased
by Locatelli and Hobbs (1974) specifically to describe lumgugel). These results demonstrate that modeMtRs are less
sensitive to uncertainties associated with the paranzet@sn of snowflake mass than modelédat a single wavelength but
5 can still be affected significantly by these uncertainsgecially at low normalized surface-area-to-volumesgati
Nonetheless, even high differencesXDWR > 1 dB associated with changesp(D) andm¢ (D) of £50 % are generally
much smaller than the differencADWR of up to about 10 dB iDWR X/Ka, 8 dB inDWR Ku/Ka, and 7 dB irDWR Ka/W
associated with the range of normalized surface-arealiome ratios ofl < ¢ <5 (compare Fig. 10 with Fig. S5). The pre-
sented analysis then highlights the importance of snowlak&ce-area-to-volume ratio for a detailed interpretatf ob-

10 served and modeled snowfall triple-frequency radar sigeat

21



10

15

20

25

30

5 Conclusions

In this study, snowflake (radar) backscatter cross secti@ns modeled at X-, Ku-, Ka-, and W-band radar frequencid®of
14, 35, and 94 GHz based on representing individual snovélaiesollections of randomly distributed ice spheres. The si
and number of the constituent ice spheres are defined by thelake mass derived from the snowflake maximum dimension
or diameterD and by the snowflake surface-area-to-volume ratio (SA® hihunding volume of each collection of ice spheres
is given by a sphere of diametér. SAV was quantified through the normalized ragiof snowflake SAV to the SAV of a
single mass-equivalent ice sphere for a range of¢ < 5.

Snowfall triple-frequency radar signatures were thenrdaiteed from dual-wavelength ratioB\VRs) of the snowfall equiv-
alent radar reflectivity factorg, that were calculated using the modeled snowflake backscattes sections. Based on near-
surface snowflake observations collected by high-resmiutiulti-view imaging at Alta (UT, USA) and at Barrow (AK, USA
Z. andDWRs were calculated for exponential snowflake size distrdmstiwith snowflake diameters 6f < Dy, = 23.6 mm
and exponential slope parameter®F < A < 5.0 mm~1.

The analysis focused on the impact of snowflake SAV on modsiedsfall triple-frequency radar signatures. Additiogall
snowflake complexity values obtained from the snowflake esamnd averaged over one winter season were used as an indica-
tor of snowflake SAV to derive snowfall triple-frequency aadignatures at Alta and at Barrow. Finally, the effect ohtrating
snowflake size distributions #&,.x = 10.0 mm and atD,,,x = 5.0 mm on modeled triple-frequency radar signatures was in-
vestigated, and the impact of the parameterization of sag@finass on model€a/V/Rs was evaluated by uniformly increasing
and decreasing all snowflake densities, and thus all snosvifelsses, by up to 50 %.

Important findings are summarized by the following bulleirps:

— Average snowflake complexity increases with increasingviiaée size.

— Modeled snowflake backscatter cross sections generaltgase with increasing snowflake surface-area-to-volume ra
tio (SAV).

— Modeled snowfall triple-frequency radar signatures cemeide range of snowfall triple-frequency signatures pyasly
determined from radar reflectivity measurements.

— Snowflake SAV and truncated snowflake size distributionsradf physical interpretation of snowfall triple-frequency
radar signatures that is consistent with previously olesgdifferences in snowfall triple-frequency radar signesu
related to the presence of large aggregate snowflakes aed smowflakes and that may explain why some snowfall
triple-frequency radar signatures apparently point toheespidal snowflake shape.

— While modeledZ. show high sensitivity to the parameterization of snowflakessywith typical differences dBZ. >
6 dB for the analyzed snowflake density range, deriiDdIRs are less sensitive, with corresponding differences of
ADWR < 1 dB except for low SAV.
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— The analyzed impact of the parameterization of snowflakesmmasnodeled snowfall triple-frequency radar signatures
is generally much smaller than the analyzed impact of sn&ae/f&AV.

Overall, the results indicate a strong influence of snowfa&& on modeled snowfall radar signatures that may be exqoit
in the interpretation of snowfall triple-frequency radaeasurements, e.g., to distinguish snow types charaatdnizéiffer-
ent snowflake SAV. For a detailed analysis of snowfall tHfpeEuency radar signatures based on snowflake SAV, however
a more comprehensive quantification of snowflake SAV will leeded. This should include characteristic differences and
similarities in snowflake SAV among various snow types awveaépotential relationships between snowflake SAV androthe
microstructural parameters important for the interpietedf snowfall radar signatures like snowflake size and mass

Accordingly, current and future databases of microwavétedag properties determined for detailed snowflake 30psha
models would benefit from incorporating snowflake surfa@aars additional microstructural parameter (besides sakesvfl
size and mass). Common features and differences in modedd¢t@isng properties could then be related not only to Vigua
distinct snow types (and snowflake size and mass) but alsmisfiake surface-area-to-volume ratio, providing a quatitie
description of the snowflake microstructure across all styp&s and thereby helping to further constrain snowflakpeiiar
snowfall remote sensing.

Based on a more comprehensive quantification of snowflakacaiarea-to-volume ratio that reflects characterisffedi
ences among snow types, the outlined approach for relatimgalized snowflake surface-area-to-volume ratio snowflake
complexity x obtained from snowflake images could be applied to defi2) relationships for a variety of snowfall con-
ditions. Snowfall triple-frequency radar signatures dotlien be modeled from theg€D) relationships and compared to
triple-frequency radar reflectivity measurements. Suammarisons would show whethé(f D) relationships derived from
snowflake imgaging data can adequately describe snowflakacstarea-to-volume ratio for the interpretation of sfailv
triple-frequency radar signatures and may therefore leadgarameterization of snowflake shapeb#) relationships simi-
lar to the parameterization of snowflake mass by densityreliar or mass—diameter relationships commonly used infatiow

remote sensing.

6 Data availability

Modeled snowflake backscatter cross sections and duallevepté ratios of snowfall equivalent radar reflectivity tiars are
included in the Supplement. Additional data may be obtabmedontacting the corresponding author.

Appendix A: Representation of snowflakes by collections ofandomly distributed ice spheres

In this study, snowflakes defined by the maximum dimensionesnédterD, the massn¢(D), and the normalized surface-area-
to-volume ratict are represented by collections of randomly distributedpteeres where the raditig and the numben,; of
the constituent ice spheres are specified by Eq. (9) and #meedér of the (spherical) bounding voluivieof each ice sphere

23



10

15

20

25

30

35

collection is given byD. The Appendix discusses limitations of this representagind implications for the modeled radar
signatures.

To generate collections of non-overlapping ice spherdgéng according to Eq. (9)¢® = N, has to be an integer and
the snowflake mass:;(D) has to be sufficiently low. Backscatter cross sectionsD; <) were calculated for collections of
Nqg =1, 4, 8, 16, 27, 64, and 125 ice spheres, corresponding to hieedasurface-area-to-volume ratios & 1.0, 1.6,
2.0, 2.5, 3.0, 4.0, and 5.0, respectively (see Sect. 3.3)k®atter cross sections for all intermediate valuesgereand
non-integers®, were determined from linear interpolations. These indkaed oy, (D; &) were used in Sect. 4.2 to outline
the total range of modeled snowfall triple-frequency rasignatures forl < ¢ <5 and to derive triple-frequency curves for
the two sets of MASC observations at Alta and at Barrow. Mdshe discussion in Sect. 4, however, focused on ice sphere
collections characterized by the sew®n or corresponding values with calculated, (D;¢). Uncertainties associated with
the interpolation o, (D; &) for 1 < ¢ < 5 should therefore play only a minor role in the presentedyasisl

To determine radar reflectivity factofs. with Eq. (10),01,(D;¢) for collections of multiple ice spheres were calculated
only for snowflake diameters dp > 0.55 mm, corresponding to (single) mass-equivalent ice sptegtie of ., > 0.16 mm.
For smaller snowflakes, Eqgs. (3) and (4) lead to high snowilaéteses that could not be reached consistently by randomly
placing non-overlapping ice spheres given by Eq. (9) insidesnowflake bounding volumié&. Here,o, was calculated
only for a single mass-equivalent ice sphere specified byl, and the value 0f,(D;{ = 1) was then assigned to all ice
sphere collections, leading t9,(D;1 < ¢ <5) = o,(D;& = 1) for D < 0.55 mm orr.q < 0.16 mm. This simplification has
no significant impact on modeled snowfall triple-frequemaglar signatures in Sect. 4.2 because radar reflectivitpriac
determined with Eq. (10) are only affected weakly by the Isaaekter cross sections of small snowflakes. Even when sri@vfla
diameters ofD < 0.55 mm are ignored completely, modeléfl decrease an®WRs increase by less than about 0.3 dB
for snowflake size distributions with exponential slopegmaeters ofA < 2.0 mm~!. Slightly higher changes in modeled
7. andDWRs are noted for snowflake size distributions characterizeligher values of\, with a maximum decrease of
1.7 dB in modeledZ, at 94 GHz and a maximum increase of 0.8 dBDWR Ka/W found for an extreme slope parameter of
A =5.0 mm~!. These differences are generally much smaller than thedhgdanormalized SAV on modeled., andDWRs
discussed in Sect. 4.2.

At 10 and 14 GHz, alby,(D;1 < ¢ <5) for 0.55 < D < 1.4 mm or0.16 < rq < 0.3 mm were additionally replaced by
o, (D;€ = 1) to obtain smooth spline interpolants®@f(D; &) across the entire range 6f (see Sect. 4.1). The effect of these
modifications on modeled snowfall triple-frequency radgnatures in Sect. 4.2 is again small, with associated rdiffees
in modeledZ, and inDWR X/Ka and DWR Ku/Ka of less than about 0.1 dB fof < 2.0 mm~! and slightly increasing
differences for higheA up to a maximum of 0.7 dB at = 5.0 mm~1.

As N. non-overlapping ice spheres were placed randomly insidesfiherical bounding volumeg; specified by the
snowflake diameteP (see Sect. 3.3), the maximum dimension or diamé&lgrof each generated ice sphere collection is
always smaller tha (also note thaiD., # 2r.; . quantifies the size of each individual ice sphere within tbkection,
D, indicates the size of the entire collection). Figure SisiHlates the relation between snowflake diamBtand the mean
diameterD,, of 500 generated collections of randomly distributed ickesps insidé/;. High values ofN, = £3, i.e., col-
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lections of many small ice spheres, lead to small relatifflerdinces betwee® and D, of less than 5 %. For collections of
N =4 (and thus fewer but larger) ice spheré, is up to about 25% smaller than the snowflake diameter. Nefess,
the calculated backscatter cross section$or the ice sphere collections show only a weak correlatigh the diameteD,,
(see examples in Fig. S14), and Fig. S15 illustrates the Wwekience of the differences betweé&hand D.; on the modeled

5 snowfall triple-frequency radar signatures. Here, dualslength ratio®WR X/Ka, DWR Ku/Ka, andDWR Ka/W generally
change by less than 1 dB when the mean diameteof the generated ice sphere collections is used instead aftbwflake
diameterD to determine the corresponding snowfall radar reflectifagtorsZ. with Eq. (10). These differences are again
small compared to differencesWRs associated with the range of normalized surface-arealtone ratios ofl < ¢ < 5.
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Figure captions

List of figure captions:

Figure 1. (left) MASC single-view images of two snowflakes: (top) aempite snowflake and (bottom) heavily rimed graupel snow.
(right) Illustration of the corresponding projection ineegof perimeter” (highlighted white regions) and area-equivalent circlesio
cumferenceC’ (outlined in red), leading to complexity valugs= g of (top) x = 2.1, (bottom) y = 1.2. Derived snowflake diametei3
and orientation angle® are indicated by solid and dotted magenta lines, respégtitep) D = 5.7 mm, 6 = 16 °; (bottom) D = 2.3 mm,
0=231°.

Figure 2. Snowflake (frequency) size distributiodé(D) and relative distributions of snowflake complexityand orientatiord for
4.4-10° snowflakes sampled by MASC at Alta and Barrow. Dashed linpgesent minimum and maximum slope parametfers, and
Amax Of exponential snowflake size distributioNg D) and exponential complexity distributiod$(x) fitted to 47 snowstorms at Alta and
to 7 snowstorms at Barrow. The number of recorded extremeegabutside the plotted range is 33 forand 43 fory. Mean orientation
angles at Alta and at Barrow afle= 40° andd = 45°, respectively. Numerical values &f,i,, Amax, and mean\ are given in the text.

Figure 3. Logarithmic 2D histogram for all MASC data of snowflake didereD and complexityy presented in Fig. 2, with bin sizes
of AD = 0.1 mm andAy = 0.01. Mean complexity values per size bin are indicateddhA D for snowflake data recorded at Alta and at
Barrow separately. Snowflake complexity—diameter retestigpsy (D) for the data sets collected at Alta and at Barrow are deteniy
the non-linear least squares method for fitting Eq. (2) tostilees ofy/A D and characterized by the power-law exporfent

Figure 4. Synthetically generategl( D) relationships for deriving normalized snowflake surfaceago-volume rati@ from snowflake
diameterD by Eq. (7) withD < Dmax = 23.6 mm. Showné(D) curves reflect the total range 6fD) relationships used for modeling
snowfall triple-frequency radar signatures in Sect. 4.2.

Figure 5. Sketch of the modeling approach described in Sect. 3.3, thitte examples highlighted in red, green, and blue. Thedimpa
of normalized snowflake surface-area-to-volume ratios €f¢ < 5 on modeled snowflake backscatter cross sectnis investigated by
applying the generalized multiparticle Mie (GMM) solutitimcollections of randomly distributed ice spheres chamed by the radius.;
and the numberV,, of the constituent ice spheres and by the snowflake dianietedicating the spherical bounding volume of the ice
sphere collections.

Figure 6. Modeled snowflake backscatter cross sectionat 35 and 94 GHz for (i) collections df< N, < 125 randomly distributed
ice spheres inside a spherical bounding volume of diamBterorresponding to normalized surface-area-to-volumiegaif 1 < ¢ <5,
for (i) the self-similar Rayleigh-Gans approximation 8SA) applied to N13 and to W04 snowflake 3D shape models, an(iifiosoft
spheres and oblate spheroids with aspect ratias-6fl anda = 0.6, respectively. Results for (single) mass-equivalent jdeeses given
by N = 1, for snowflakes modeled according to the SSRGA, and for gbi¢ies and spheroids were calculated at a resolutidxrgf =
0.01 mm. For collections ofV,; = 4, 8, 16, 27, 64, and 125 ice spheres, dots mark values @D; £) that were calculated at a resolution
of Areq =~ 0.14 mm following Sect. 3.3, and lines indicate spline interpiolas of the calculated,(D;¢). Modeledoy, for the full range
of considered snowflake diametdps< 23.6 mm, for soft spheroids characterized by extreme aspedsrafic = 0.2, and for microwave
frequencies of 10 and 14 GHz are shown in Fig. S3 in the Suppiem

Figure 7. Modeled snowfall triple-frequency radar signatures gikgrdual-wavelength ratios @WR Ka/W and eitheDWR X/Ka or
DWR Ku/Ka. DWRs are determined according to Sect. 3.4 for exponentialdistgbutions characterized by snowflake diameter®of
23.6 mm and exponential slope parameters.6f< A < 5.0 mm~'. Snowflakes are represented by (i) collections of randorslyiluted ice

spheres inside the spherical snowflake bounding volumeij)lii¢ N13 and W04 snowflake parameterizations accordirigeelf-similar
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Rayleigh—Gans approximation (SSRGA), and by (iii) softesjgls and oblate spheroids. The gray area indicates the mtiaétriple-
frequency curves derived for collections of randomly dlistred ice spheres that are described by syntheticallyrgeat (D) relationships
expressed through Eq. (7) and summarized in Fig. 4. Darletesbf gray marks the region BWR combinations derived for high power-
law exponents of > 2.5 in Eq. (7). Colored rectangles are adapted from Kneifel .g28115) and roughly outline regions associated with
the presence of large aggregate snowflakes (cyan) and rinoedlakes (graupel; magenta) that were inferred by relatimgvfall triple-
frequency radar reflectivity measurements at X, Ka, and Vd baoincident in situ snowflake observations. Correspuntiple-frequency
radar signatures for snowflake size distributions limie@®t< 10.0 mm and toD < 5.0 mm are shown in Figs. S7 and S8, respectively.

Figure 8. Modeled snowfall triple-frequency radar signatures fgganential size distributions with snowflake diameter®of 23.6 mm.
The notation follows Fig. 7 with addition&ddWRs determined for ice sphere collections with a normalizetasa-area-to-volume ratio of
¢ =6 and by applying Eq. (8) to the MASC measurement results frdta and from Barrow presented in Fig. 3. Corresponding eripl
frequency radar signatures for exponential size distiobstlimited toD < 10.0 mm are shown in Fig. S9.

Figure 9. Impact of snowflake maximum diameték,,.x = 23.6, 10.0, 5.0 mm on modeled snowfall triple-frequency radar signatures
for exponential snowflake size distributions with expoiarsiope parameters 03 < A < 5.0 mm~*. Modeling results for collections of
Na =1, 27, 125 randomly distributed ice spheres inside the spherical #akesbounding volume correspond to normalized surface-are
to-volume ratios of = 1, 3, 5, respectively.

Figure 10. Impact of the parameterization of snowflake mass on modeied/fall radar reflectivity factorsZ. and dual-wavelength
ratios OWRs) for exponential size distribution¥ (D) with snowflake diameters ab < 23.6 mm and exponential slope parameters of
0.3<A <50 mm!. ShownAdBZ. and ADWR curves indicate the maximum difference in derivedZiBsalues andDWRs that is
associated with uniformly increasing and decreasing @h$lake densitieps(D) obtained from the H04 density—diameter relationship,
and thus all snowflake masses (D) determined from Egs. (3) and (4), by 25 % and by 50 %. Modeksuits for dB&7. at 14 GHz and for
DWR Ku/Ka are similar to shown dB, at 10 GHz andWR X/Ka, respectively. Collections dV.; = 125 ice spheres, corresponding to a
normalized surface-area-to-volume ratic¢of 5, lead to similarAdBZ. and ADWR as the included ice sphere collections with, = 27
oré§=3.
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