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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 studgy/nicrostructure of individual snowflakes is approximatgdollec-
tions of randomly distributed ice spheres where the sizenantber of the constituentice spheres are specified by thélsike
mass and ice surface area-to-volume ratio (SAV) and thedingrvolume is given by the snowflake maximum dimension.
Radar backscatter cross sections for the ice sphere dolisare calculated at X-, Ku-, Ka-, and W-band frequenaiekthen
used to model snowfall triple-frequency radar signatucesekponential snowflake size distributions (SSDs). Addilly,
first results are presented for using snowflake complexilyesgderived from high-resolution multi-view snowflake mes

as indicator of snowflake SAV. The modeled snowfall triplegfuency radar signatures cover a wide range of triplesaqy
signatures that were previously determined from radaratdfiey measurements and illustrate characteristic dififiees related

to snow type, quantified through snowflake SAV, and snowflée 3 he results show high sensitivity to snowflake SAV and
SSD maximum size but are less affected by uncertaintiesipainameterization of snowflake mass, indicating the inanoe

of a realistic description of snowflake SAV for a quantitetimterpretation of snowfall triple-frequency radar sigmes.

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 shege Matrosov, 2007; Liu, 2008; Kulie et al., 2010). In poas
studies that have analyzed snowfall microwave scatteligngagures, snowflakes have often been approximated by Xgadni
ice-air spheres or spheroids parameterized with respettdwflake size and aspect ratio (e.g., Matrosov, 1992; Hegah,
2006, 2012) or by (ii) detailed three-dimensional (3D) shapdels of single snow crystals or aggregate snowflakesl lnase
various idealized ice crystals like bullet rosettes, daagdy plates, or needles (e.g., Kulie and Bennartz, 2009yel@t al.,
2013; Orietal., 2014; Honeyager et al., 2016). This studyelad uses ice surface area-to-volume ratio to charaettrez
snowflake microstructure and model snowfall triple-fremgieradar signatures.

In recent years, several studies have found that the ‘soffttidal particle model, where the volume, density, and-co
plex index of refraction of a homogeneously mixed ice-airespid are derived from the snowflake size, mass, and asgext r
only yields a realistic description of microwave backseaftbr small snowflakes and at low frequencies (e.g., Petty-arang,
2010; Tyynela et al., 2011; Nowell et al., 2013). Furtherendine analysis of radar reflectivity measurements coltesi@ul-
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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 ragaratures when approximating snowflakes as soft spheroids
especially triple-frequency radar signatures of snowdh#iracterized by large aggregate snowflakes fall outsielenthdeled
range (Leinonen et al., 2012; Kulie et al., 2014; Kneifellet2015). Using detailed 3D shape models instead of softisptis

to approximate snowflakes leads to a wider range of modeledfatfi triple-frequency radar signatures and indicatetsebe
agreement between observed and modeled snowfall radatsigs.

Due to the large variety of (visually distinct) snow typesfided by characteristic geometric shapes resembling theflake
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, wlgen determining backscatter cross sections for a langeber
of snowflake models with the widely used discrete dipole apionation (Draine and Flatau, 1994). Therefore, it would be
desirable to identify effective microstructural paramgtiéhat quantify snowflake shape independent of snow typestlhd
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 analgitbtLfly when the 3D microstructure is quantified throudihoa
some of these four characteristics. A realistic descniptibice volume fraction or snow density and of the ratio ofsceface
area to volume is crucial for modeling light scattering aadiative transfer at optical wavelengths in falling and ae{ed
snow, for example (Grenfell and Warren, 1999; Grenfell t2005; Kokhanovsky and Zege, 2004; Picard et al., 2009). Be
sides snowflake density, however, none of these four basiracteristics have been investigated to evaluate the ingfac
snowflake shape on snowfall microwave scattering signsture

In this study, snowflake density and ice surface area-taraelratio (SAV) are used to model snowflake backscatter cross
sections at X-, Ku-, Ka-, and W-band frequencies and theivelanowfall triple-frequency radar signatures for rdalis
snowflake size distributions. The impact of snowflake SAV pavdall triple-frequency radar signatures is analyzededas
on high-resolution snowflake imaging data collected with Multi-Angle Snowflake Camera (MASC; Garrett et al., 20E2),
pre-established relation by Heymsfield et al. (2004) foiviteg snowflake mass from snowflake maximum dimension, aad th
snowflake SAV range given by Honeyager et al. (2014).

First, MASC measurements are presented in Sect. 2. Theedppiethodology for modeling snowflake backscatter cross
sections and snowfall triple-frequency radar signatusedeiscribed in Sect. 3. Individual snowflakes are approxachay
collections of solid ice spheres where the size and numball cbnstituent ice spheres are specified by the snowflake mas
and SAV and the bounding volume is defined by the snowflake maxi dimension. Backscatter cross sections of these
collections of ice spheres are calculated with the germ@limultiparticle Mie solution (Xu, 1995; Xu and A. S. Gustat,
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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 that are daeiteed for soft spheroids and for snowflakes modeled accgrdithe
self-similar Rayleigh—Gans approximation (Hogan and Whestk, 2014; Hogan et al., 2017). Additionally, Sect. 4 shdinst
results for using snowflake complexity values derived frolAS€C images as indicator of snowflake SAV. Modeled snowfall
triple-frequency radar signatures are discussed in théegbof observed and modeled snowfall radar signaturesvikes
presented in previous studies. Section 5 summarizes ianpadsults and conclusions.

2 Snowflake observations

First, the Multi-Angle Snowflake Camera (MASC) and the dedigsnowflake microstructural properties are describedlyrie
(a more detailed description was given by Garrett et al. 2204s the applied approach for modeling the impact of sndwefla
SAV on snowfall radar signatures is partially based on ctdlé snowflake data, MASC measurement results are alsaypedse
before the modeling method is detailed in Sect. 3.

2.1 Measurement method

Snowflake microstructural properties are obtained from M@Afotographs that were captured at Alta (UT, USA) and at Bar-
row (AK, USA) during winter 2014. The MASC provides multiev snowflake images from three cameras that are separated
by 36° and point at an identical focal point at a distance of 10 cne ddmeras and three light-emitting diodes serving as flash
lights are triggered simultaneously when a snowflake falleugh an array of near-infrared emitter—detector paingpdiag

the horizontal field of view. Snowflakes with maximum dimems of about 0.2 mm and larger are recorded at a resolution of
about 30 um and identified in the images using a Sobel edgetietalgorithm. Figure 1 shows images of two snowflakes
captured 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 angkeof the snowflake major axis with respect to the horizontaheland the snowflake complexity
defined as the ratio of the snowflake perimeter to the circtenfe of a circle with the same area as the snowflake projectio
image (illustrated in Fig. 1). For all snowflakds, 6, andy are given as average values determined from the MASC sirigle-
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 partiagtescharacterized by a circular boundary curve indepenafent
viewing direction, and thus by a complexity @f= 1. As a circle has the shortest perimeter of any boundary done given
enclosed area, all non-spherical particle shapes leadmpleaity values ofy > 1. Accordingly, heavily rimed graupel snow
is described by a low snowflake complexity pf 1 and large aggregate snowflakes are characterized by highmgglexity
values (see examples in Fig. 1). This 2D description of srakefcomplexity is chosen because it corresponds concgptual
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Figure 1. (left) MASC single-view images of two snowflakes: (top) aegmte snowflake and (bottom) heavily rimed graupel snoghiil-

lustration of the corresponding projection images of petenP (highlighted white regions) and area-equivalent circlégioccumfer-

enceC (outlined in red), leading to complexity valugs= g of (top) x = 2.1, (bottom)x = 1.2. Snowflake diameter® and orientation
angles) are indicated by solid and dotted magenta lines, respéctiftep) D = 5.7 mm, 0 = 16°; (bottom)D = 2.3 mm, 0 = 31°.

to characterizing the complexity of snowflake 3D microstuues based on their boundary surface area (used for mgdelin
snowflake backscatter cross sections in Sect. 3.2). Theitt@fiof  in this study therefore differs from the definition of
snowflake complexity introduced by Garrett and Yuter (20%jich additionally included brightness variations witldach
MASC image.

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 Slbpéaska 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 and at Barrow during winter 2014,
resulting in a MASC data set df4 - 10° sampled snowflakes. Snowflake size distributidisD) are expressed as frequency
size distributions and reflect the number of snowflakes sadgiAlta ¢.3-10%) and at Barrow{0%). For snowflake complexity
and orientation, the presented relative distributiongarenalized with respect to the maximum valués..« (x) andN.,.x ()

of the respective frequency distributioNg x) and N (9).

The distributions of snowflake diameters and complexitieBig. 2 are dominated by small values and show exponential
decay for diameters @D = 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 afig- 45° at Barrow.
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Figure 2. Snowflake (frequency) size distributiodd D) and relative distributions of snowflake complexityand orientatior for 4.4 - 10°
snowflakes sampled by MASC at Alta and Barrow. Dashed linpsesent (top left) minimum and maximum slope parametgrs, and
Amax Of exponential snowflake size distributiong D) fitted to 47 snowstorms at Alta and to 7 snowstorms at Barrdloviting Eg. (1)
and (top right) slope parameteks; of exponential complexity distribution¥ (x) fitted to combined snowflake data at Alta and at Barrow.
Numbers in bottom right corners indicate extreme value® ahdy outside the plotted range. Mean orientation angles at Altbed Barrow
are indicated by.

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

N(D)= Nyexp(—AD) , (1)

where A is the exponential slope parameter specifying the widthhef distribution andV, [mm~!] denotes the scaling
factor determined by the overall snowflake sample size. ContynN (D) and N, are additionally normalized with respect to
atmospheric volume to account for the atmospheric snowrnveatgtent, givingV (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 fadd& in Sect. 4.2, the scaling factor
Ny is ignored in the analysis and exponential distributiorsarly specified through the exponential slope parameter
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Exponential snowflake size distributiodé(D) were fitted to MASC data restricted #© > 1 mm and collected for 47
snowstorms at Alta and for 7 snowstorms at Barrow with snhp&iods between 4 and 24 h. A similar total range and mean
value of A is found for both sets of MASC data (see Fig. 2). At Albé(D) for individual snowstorms are characterized by
values of A, = 0.5 mm~t < A < Ay, = 3.1 mm~! with meanA = 1.2 mm~!. At Barrow, the range ofV (D) is given
by 0.5 mm~! < A < 3.2 mm~! with meanA = 1.4 mm~!. The range of the derived exponential slope parametersateti
snowflake size distributiond’ (D) that are similar to previously presented snowflake sizeildigtons using different mea-
surement methods (e.g., Brandes et al., 2007; Tiira et@L6,2with reported median volume diametdps of the derived
snowflake size distributions convertedAc= 3.67/D, for N (D) given by Eq. (1)).

Exponential snowflake complexity distributios(x) = N1 exp(—Aanx) were also fitted to the MASC data collected at
Alta and at Barrow. Here, all data at each location were casibinto a single data set. The derived snowflake complexity
distributions both at Alta and at Barrow are characterizgdibexponential slope parameter/of; = 4.1 (see Fig. 2).

To illustrate the correlation between snowflake diamétand complexityy, Fig. 3 shows a logarithmic 2D histogram of the
frequency distributions foP andy at Alta and Barrow (Fig. S1 in the Supplement shows the cpaording non-logarithmic
2D histogram). Derived mean complexity valgeper size birA D are shown separately for both MASC data sets collected at
Alta (x/AD given for D < 15 mm) and at BarrowY/AD given for D < 10 mm). As already seen in Fig. 2, small values of
D andy dominate the distributions. Additionally, mean complgsitgenerally increases with increasing snowflake diameter.
Notably, snowflake complexities gf = 1.0 are not observed for snowflake diameterdof 3 mm. These results are in line
with previous observations suggesting that larger snoeflate generally aggregates characterized by a high cotypéx
the snowflake microstructure (Garrett and Yuter, 2014).

Based on the mean snowflake complexity valyggser size binAD shown in Fig. 3, a snowflake complexity-to-diameter
relation is then defined by a modified power law as

x(D)=14aD", 2)

with parameters, andb. Power laws have been applied to parameterize a varietyaviftake propertiegy with respect to
snowflake size, illustrated by the density-diameter retatn Eq. (3), for example. In Eq. (2), the constant@f= 1 is added
to the commonly used pure power law of the fog(iD) = a. D’ due to the definition of, which leads to a minimum value of
Xmin(D) = xo0 = 1 (see Sect. 2.1).

Figure 3 shows the two curves obtained by the least-squagtshfor fitting Eq. (2) to the mean complexity valgeper
size binAD that were determined for the MASC data recorded at Alta ariBaatow. These two(D) relations, specified
through parameters af= 0.20, b = 0.75 at Alta anda = 0.36, b = 0.54 at Barrow, are dominated by the power-law term of
aDP? for large snowflakes and thus follow the observed increaseviith increasing snowflake diameter, but also reflect the
observed convergence gf— 1 for small snowflakes.
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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 andAx = 0.01. Mean complexity values per size bin are indicatedyByA D for snowflake data recorded at Alta and at
Barrow separately. Snowflake complexity-to-diametertiefes x (D) for the data sets collected at Alta and at Barrow are deteniy the
least-squares method for fitting Eq. (2) to the valueg i D and characterized by the power-law exponent

3 Modeling method

Snowflake backscatter cross sections and snowfall radactigfty factors are modeled at X-, Ku-, Ka-, and W-band fre-
quencies of 10, 14, 35, and 94 GHz, respectively. Snowfgllesfrequency radar signatures are then defined by the two
dual-wavelength ratio(\WRs) of modeled snowfall radar reflectivity factors at (i) Kadalv band and at (ii) either X and Ka
band or Ku and Ka band, indicated @8VR Ka/W, DWR X/Ka, andDWR Ku/Ka, respectively. The selected frequencies are
within £1 GHz of X-, Ku-, Ka-, and W-band frequencies commpuoked for the analysis of snowfall triple-frequency radar
signatures (e.g., Leinonen et al., 2012; Kulie et al., 2&hkifel et al., 2015, 2016; Yin et al., 2017).

3.1 Snowflake mass

No coincident measurements of snowflake mass are avaitatitesf analyzed MASC data in Sect. 2. Therefore, snowflake mas
is derived from measured snowflake diamddeiollowing a previously determined density-diameter rielathat uses a similar
definition of snowflake diameter (Heymsfield et al., 2004, rabiated as HO4 throughout the text). HO4 determined effect
ice-cloud particle densities by combining observationsinlgorne 2D optical array probes with coincident measurgmef
cloud ice water content. According to their results, snokeldensityp; [g cm~—3] and massn¢ [mg] are calculated from
snowflake maximum dimensiab [mm] for a spherical snowflake bounding voluvigof diameterD:

pe(D) =0.104D 0950 (3)
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m¢(D) = pi(D)Vi = —ps(D)D?. (4)

6

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
15 (D) = ) ©)

Analyzed snowflake and snowfall backscatter propertiest. & are determined from different modeling approachesath
rely on the same parameterization of snowflake mass follp&igs. (3)—(5). The impact of the parameterization of sndwfla
mass on the presented results and conclusions is evaluatsahiparing modeling results that are derived for modifyatig
snowflake densitiegs (D) obtained from Eq. 3 by £25 % and by +50 %.

3.2 Modeling snowflake backscatter cross sections based arrfaice area-to-volume ratio

In this study, microwave backscatter by a snowflake is matbkiecalculating the (radar) backscatter cross sectipfor
snowflake mass- and SAV-equivalent collections of nonJapging ice spheres with the generalized multiparticle (@& M)
solution (Xu, 1995; Xu and A. S. Gustafson, 2001). Calculatg values correspond to the differential scattering cross sec
tions at backscatter multiplied biyr (see Bohren and Huffman (1983) for a discussion on comma@pied conventions for
expressing backscatter by a particle). The modeling apprizeoutlined in Fig. 4 and described in this section.

Snowflakes are specified by the snowflake diamBtghe snowflake mass derived fromD according to Egs. (3) and (4),
and by the normalized snowflake surface area-to-volume gadiefined as the ratio of snowflake ice surface area-to-volume
ratio SAV; to the surface area-to-volume ra8@V, of a mass-equivalent ice sphere:

_ SAV;
T SAV,

§ (6)

For a givenice volume or snowflake mass, spherical ice pestiave the smallest surface area of any snowflake 3D micoest
ture and a surface area-to-volume rati®él/y = SAV, = 6/D = 3/r. Therefore, a normalized SAV ¢f= 1 corresponds with
a solid ice sphere, and all other snowflake shapes are charact by normalized SAV values gf> 1. Similar to the defi-
nition of snowflake complexity derived from snowflake images in Sect. 2, increasing val@igsimply a more significant
deviation of the snowflake shape from a mass-equivalentaberg, and thus an increasing complexity of the snowflake 3D
microstructure. Heavily rimed graupel snow is then desatiby low normalized surface area-to-volume ratiog ef 1 and
large unrimed aggregate snowflakes are characterized hgivglues of, for example.

The variability in snowflake SAV is derived from the total ggnof¢ values determined by Honeyager et al. (2014). They
used a Voronoi cell-based approach to define an effective IBARq. (6) for their database of detailed 3D shape models and
found values ofl <¢ <5.
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Eq. (7) Iy, N, GMM (D9 =
D, D , clr Vel -
m(D), § W %500 ~oion > 001D Do G500 D D
@ T D Dy ,"'t:—'-..'\
51_ 4 Ta1 = Lg(D) /4 l‘ Op1 (D16 =4) 0, O 500 (D13 E=4)
1 "Ny = 64 WL x 500
@ T D D, 'l":-..~‘\‘
931: 5 °ryy = Ing(Dy)/2 l“ ° o. .. ’: Op1 (D136 =2),, 04, 500(Dy; §=2)
1 Ny, =8 R’ X500
I D, o
O Dy < Dy *Taz = Teg(D2)/2 i 0,1 (D5;$=2),, O 500(Do; § =2)
§=2 *Naz=Na2=8 %500 ' '
my(D): Egs. (3) and (4)
Iq(D): Eq. (5) 500 realizations for each o, (D; § = mean of 500
¢:Eq. (6) (D; é) configuration (D; §) realizations

Figure 4. Sketch of the modeling approach described in Sect. 3.2, thitte examples highlighted in red, green, and blue. The ¢tnpfa
normalized snowflake surface area-to-volume ratio$ ef¢ <5 on modeled snowflake backscatter cross sections investigated by
applying the generalized multiparticle Mie (GMM) solutitmcollections of randomly distributed ice spheres chamtd by the radius.;
and the numbetV,, of the constituent ice spheres and by the snowflake dianieterdicating the bounding volume of the ice sphere
collections.

A snowflake defined by the three values Bf m¢(D), and¢ is approximated as a collection of ice spheres, where the
radiusr; and the numbeN,; of the constituent ice spheres are specifiedfpyor equivalently by, through Eq. (5), and by

&

rcl(reqvg) = % 5
5 Na(§) =¢€*. (7)

Equation (7) preserves snowflake mass and normalized suafaa-to-volume ratio given by = %”picer;:’q = %fpicezvdrgl

and¢ = SAV¢/SAV, = (%)/(%), respectively. The snowflake diamefespecifies the bounding volumé of the collection

of ice spheres according to Eq. (4).

The MASC observations presented in Sect. 2.2 showed neaifigrmn distributions of snowflake orientation angles and

10 therefore suggest randomly oriented snowflakes for theyaedlsnowfall data. To account for random snowflake oriemat

in the applied modeling approach and also include a varieBpomicrostructures derived for the same value$ofns (D),

and¢, 500 realizations of randomly distributed non-overlaggoce spheres insidg: are used to model each configuration of

D andg¢, or equivalently each configurationaf and V.. The snowflake backscatter cross sectigiD;¢) is then determined

as the mean of all backscatter cross sectaNs(D;¢), ..., 01,500 (D;§) that are calculated by the GMM solution for the 500
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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~% at 10, 14, 35, and 94 GHz, respectively.

Sets of 500 realizations were chosen for averaging becaeaa walues of, (D; &) stabilize to within relative differences
of Aoy, /o1, < 0.1 oncel0! to 102 collections of randomly distributed ice spheres are inetlisee Fig. S2 in the Supple-
ment). These uncertainties i (D; &) are small compared to the impactfbn modeledr,, (D; &), characterized by relative
differences of up ta\oy, /o, > 102 in Sect. 4.1. The applied methodology then quantifies theghpf SAV on the modeled
snowflake backscatter cross sections without includingcedfdue to the spatial distribution or clustering of the hanof NV,
ice spheres inside the bounding voluirje

To analyze the impact of snowflake surface area-to-volutimea modeled backscatter cross sections for a given sniasvfla
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
intermediateV,, or ¢ values are determined from linear interpolations of thes@alculated, (D; ¢) values. The parametér
describing the snowflake microstructure, and the numerspecifying the corresponding collections of randomlyriisited
ice spheres inside the snowflake bounding volume, are usaimngeably throughout this study according to Eq. (7).

For comparison, the analysis also includes snowflake ajpedions as mass-equivalent soft (mixed ice-air) oblatespds
and snowflakes modeled according to the self-similar Rghteibans approximation (SSRGA; Hogan and Westbrook, 2014;
Hogan et al., 2017). Backscatter cross sections of randongynted soft spheroids are calculated with the T-matrixhoe
(Waterman, 1971), using the implementation of MishchemiaBravis (1998) within the PyTMatrix software package of
Leinonen (2014). Aspect ratios af=1, 0.6, and 0.2 are considered, representing soft sphereswt1, spheroids that are
characterized by typical average valueaef 0.6 found in snowflake observations (e.g., Korolev and Isaa@32Gergely and Garrett,
2016) and used for the interpretation of snow- and ice-clawldr measurements (Matrosov et al., 2005; Hogan et al2)201
and spheroids described by extreme values of observed stkewdlspect ratios af = 0.2. Refractive indices of the soft
spheroids are determined by applying the Maxwell-Garngting rule (Maxwell Garnett, 1904) for volume mixtures ogic
inclusions in air, given by the mass; and the volumeV; of the spheroidal snowflakes, and for the complex refradatigiex
nice,x Of pure ice. The SSRGA has been derived to approximate battkscross sections for detailed 3D shape models of
aggregate snowflakes based on a statistical descriptioreahranowflake microstructure and deviation from the mean mi-
crostructure. Calculates}, values with the SSRGA represent ensemble averages fatifferent realizations of the snowflake
3D microstructure with the same snowflake diaméefor 50 random orientations of each snowflake 3D shape maddifor
then illuminating each of the reoriented 3D shape modelsgais three orthogonal directions. Here, the SSRGA is appb
snowflake masses derived by Egs. (3) and (4) and for compiective indicesu;c. » Of pure ice, using the parameterizations
listed by Hogan et al. (2017) for aggregate snowflakes tha¢ wenerated according to Westbrook et al. (2004), ablieslia
as ‘W04’ throughout the text, and according to Nowell et 20%3), referred to as ‘N13'.
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3.3 Snowfall triple-frequency radar signatures

To derive snowfall triple-frequency radar signatures)eX(iKa, and W band and at (ii) Ku, Ka, and W band, snowflake (rada
backscatter cross sectioms modeled according to Sect. 3.2 are integrated for expoalemowflake size distribution¥ (D)
expressed through Eq. (1), yielding the corresponding falb{equivalent) radar reflectivity factots, (e.g., Matrosov, 2007;
Liu, 2008):
2 Dmax

[ auDson(DyaD, ®)

0
wheren,, , refers to the complex refractive index of liquid water at ef@ngths ofA = 30.0, 21.4, 8.6 and 3.2 mm for the

4
Z—)\

6_7]'5

an,A+2

2
nwA—l

analyzed frequencies of 10, 14, 35, and 94 GHz, respectidelg n,, » is determined for pure water at a temperature of
following Meissner and Wentz (2004).
Snowfall triple-frequency radar signatures are then giwedual-wavelength ratioDWRs, Kneifel et al., 2011) of

Ze
DWR A1 /A2 = 10 -logy < ~ - ) = dBZ.., —dBZ.., [dB], 9)

e, A2
where\; /A, indicate the pairs of analyzed radar frequency bands of XtKi#&a, and Ka/W.

Radar reflectivity factorsZ. are calculated by Eq. (8) for snowflake diametersioK D, .. = 23.6 mm, or for mass-
equivalent ice sphere radii of, < 2.1 mm according to Egs. (3)—(5). This size range covers more #9209 % of all
snowflakes that were observed with the MASC in Sect. 2.2. 8akevsize distributionsV (D) given by Eq. (1) with ex-
ponential slope parameters@B < A < 5.0 mm~! are included in the analysis. This rangefo€overs allN (D) determined
from the MASC measurements presented in Sect. 2.2, comdspath size distributions derived from snowflake obseéovet|
data that were collected with different measurement metlfed., Brandes et al., 2007; Tiira et al., 2016), and islam A
ranges used in prior studies that have analyzed snowfaliétfiequency radar signatures (Kneifel et al., 2011; been et al.,
2012).

In Sect. 4.2, snowfall triple-frequency radar signatures @so modeled for size distributions limited to snowflake d
ameters ofD < 10.0 mm andD < 5.0 mm. The corresponding triple-frequency radar signaturesdatermined by apply-
ing the described modeling approach in this section for firextlisnowflake maximum diameters 6f,,,,, = 10.0 mm and
Diax = 5.0 mm.

The study analyzes the impact of snowflake surface areaitone ratio (SAV) on snowfall radar signatures based on
synthetically generated expressigii®) that relate normalized SAV to snowflake diameter with (D) <5 for0 < D <
Dnax. Based on the MASC observations in Sect. 2.2 where the a@sragvflake complexity (D) for all recorded snowflakes
with maximum dimensiorD was derived from 2D images and expressed through a powerllms/cpnstant of one in Eq. (2),
&(D) relations indicating the complexity of the snowflake 3D ro&tructure are again formulated as modified power laws of

¢(D)=1+pD? . (10)

Figure 5 shows severg( D) curves that illustrate the total range of power-law expaswoonsidered in the analysis, including
constant values that are determined by settinrg0. The parametep is merely a scaling factor confining Eq. (10) to the

11



10

15

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-385, 2017 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 16 May 2017 and Physics
(© Author(s) 2017. CC-BY 3.0 License. Discussions
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Figure 5. Synthetically generateél(D) relations for deriving snowflake normalized surface aeaeiume ratio (SAV) from snowflake
diameter by Eq. (10) witlD < Dnax = 23.6 mm. Shown{ (D) curves reflect the total range §fD) relations used for modeling snowfall

triple-frequency radar signatures in Sect. 4.2.

interval of 1 < ¢(D) < 5. Here, only monotonically increasing D) with ¢ > 0 are considered because the analyzed MASC
observations in Sect. 2.2 indicated an increase in snowflakeplexity with increasing snowflake size.

Constant (D) =1.0, 1.6, 2.0, 2.5, 3.0, 4.0, and 5.0 shown in Fig. 5 are used teetrsmbwflake backscatter cross sections
in Sect. 4.1 and lead to a wide range of characteristic sribwfde-frequency radar signatures in Sect. 4.2. Thewls@n of
how snowflake surface area-to-volume ratio affects modsiewfall triple-frequency radar signatures in Sect. 4@ig@s on
these seven constafitD) relations. Modified power-law relations ¢fD) given by Eq. (10) with exponenis> 0 are mainly
included in the analysis to outline the total range of modsigowfall triple-frequency radar signatures.

In addition to analyzing snowfall triple-frequency radaretures for synthetically generaté@D) relations, first results
for using snowflake complexity derived from 2D images as indicator of normalized snowflakéase area-to-volume ratio
¢ are also presented in Sect. 4.2. The method relies on thisresditting x (D) relations following Eq. (2) to the MASC
data in Fig. 3. To determiné values from the fitted¢(D) relations, it is assumed that the snowflake complexity rasfge
1 < x(D) < x(Dmax) = Xmax cOrresponds to the full snowflake SAV rangelof ¢ <5, and the derived range of(D)
values is rescaled to the full rangefo¥alues by
€00 =1+ < ((D) = 1), (1)
After inserting Eq. (2) fory(D), Eq. (11) again leads to a modified power law §0D) given by Eq. (10), with power-law
exponent of; = b. Only the scaling factod in Eq. (2) is modified by Eq. (11) to configgy) to the interval ofl < ¢ <5.

High values ofy >> 1 in Eq. (10) lead t& (D) relations marked by a steep increase fiom 1 to £ = 5 for large snowflake
diameters (see Fig. 5), corresponding to a sudden changewflake shape from ice spheres to complex 3D shapes found for
aggregates, for example. This is an unrealistic descrigifsnowflake shape because such an abrupt transition igeotis
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snowflake observations. Figure 3 showed power-law expsriEnt< 1, leading tog < 1 according to Eq. (11). Nonetheless,
&(D) with ¢ > 1 are also included for completeness. Section 4.2 indicatgstiheses (D) relations only contribute a small
fraction to the total range of modeled snowfall triple-fueqcy radar signatures and are not crucial to the drawn gsiocis.

To determine radar reflectivity factofg with Eq. (8), backscatter cross sectiang D;¢) for collections of multiple ice
spheres are only calculated for snowflake diameter® of 0.55 mm, corresponding to mass-equivalent ice sphere radii of
req > 0.16 mm. For smaller snowflakes, Eq. (3) leads to high snowflaksitles that cannot be reached consistently by ran-
domly distributing non-overlapping ice spheres insideshewflake bounding volume. Hers, is only calculated for a single
mass-equivalent ice sphere specifiedby 1, and the value of,(D; ¢ = 1) is then assigned to all ice sphere collections, lead-
ingtoo,(D;1 <& <5)=0,(D;&=1) for D <0.55 mm orr.q < 0.16 mm. This simplification has no significant impact on
modeled triple-frequency radar signatures in Sect. 4.2lse snowfall radar reflectivity factors determined from Bj are
only affected weakly by the backscatter cross sections aflsnowflakes. Even when snowflake diameter®of 0.55 mm
are ignored completely, modelefl andDWRs decrease by less than 0.3 dB for snowflake size distrilbaitidgth exponential
slope parameters df < 2.0 mm~!. Slightly higher changes in modeléfi andDWRs are found for snowflake size distribu-
tions characterized by higher valuesgfwith maximum differences of 1.7 dB in modeléd at 94 GHz and 0.8 dB in derived
DWR Ka/W for an extreme slope parameter/of= 5.0 mm~!. These differences are generally much smaller than thedmpa
of snowflake SAV on modeled, andDWRs in Sect. 4.2.

At 10 and 14 GHz, alb,(D;1 < £ <5) for 0.55 < D <1.4 mm or0.16 < r.q < 0.3 mm are additionally replaced by
op(D;€ = 1) to obtain smooth spline interpolants@f(D;1 < £ < 5) in Sect. 4.1. The effect of these modifications on mod-
eled triple-frequency radar signatures in Sect. 4.2 isigibdg, with associated differences in modelédand inDWR X/Ka
andDWR Ku/Ka of less than 0.1 dB for all analyzed snowflake size itistions.

4 Modeling results and discussion
4.1 Snowflake backscatter cross sections

Figure 6 presents snowflake backscatter cross sectipndeled according to Sect. 3.2 at 35 and 94 GHz and for snavflak
diameters ofD < 14.4 mm, corresponding to mass-equivalent ice sphere radii(of 1.5 mm. The total range ofy, for all
diameters ofD < 23.6 mm, for all considered snowflake approximations, and fagdencies of 10 and 14 GHz is included in
Fig. S3 in the Supplement.

For soft spheres, Figs. 6 and S3 show strong resonancesculateds;, typical for applying Mie scattering theory to
large particles (Mie, 1908; Bohren and Huffman, 1983). Thyhér the frequency, and thus the larger the effective size o
spherical particle with diametd? relative to the wavelength, the more oscillations are oleskwithin the total diameter range.
Oscillations inoy, are heavily dampened for spheroids due to orientation girggaf oy, to reflect random snowflake orientation
and for SSRGA results due to averaging over an ensemble of diffarent realizations of non-spherical snowflake shape
models. Collections of randomly distributed (solid) icéspes also lead to much weaker oscillationsinthan soft spheres
of diameterD because calculated, (D;¢) are determined as ensemble averages of 500 realizatioeadbrconfiguration of
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Range 1 <N, =¢ <125 N,=16, £=2.5 ~——SSRGA N13
— N =¢=1 —— N, =217, £=3 —— SSRGA W04
—0— N, =4, {=1.6 —o— N, =64, £=4 — Soft spheres (a=1)
N, =8, {=2 Ny=125, £=5 = = Soft spheroids (a=0.6)
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Mass-equivalent ice sphere radius Teq (Diameter D) [mm]

Figure 6. Modeled snowflake backscatter cross sectionsat 35 and 94 GHz for (i) collections of randomly distributeg ispheres of
1 < N < 125 constituent ice spheres, corresponding to normalizediseirérea-to-volume ratios af< ¢ <5, for (ii) the self-similar
Rayleigh-Gans approximation (SSRGA) applied to N13 and @4\8nowflake 3D shape models, and for (iii) soft spheres ahateb
spheroids with aspect ratios ef= 1 and a = 0.6, respectively. Results for (single) mass-equivalent jgeeses given byV. = 1, for
snowflakes modeled according to the SSRGA, and for soft ibergg and spheroids were calculated at a resolutialref = 0.01 mm.
For ice sphere collections witN,; = 4, 8, 16, 27, 64, and 125, dots mark valuesrgf D; {) that were calculated at a resolutionf-eq ~
0.14 mm following Sect. 3.2, and lines indicate spline interfiolas of the calculated, (D;¢). Modeledoy, for the full range of considered
snowflake diameter® < 23.6 mm, for soft spheroids characterized by extreme aspecisrafic = 0.2, and for microwave frequencies of
10 and 14 GHz are shown in Fig. S3 in the Supplement.

Ng = €2 > 1 and because the individual ice spheres are characterizaddgjius ofr.; < D/2, and thus by a much smaller
effective size relative to the wavelength (see Sect. 3.2).

In Fig. 6, calculated backscatter cross sectignd); ¢) for collections of randomly distributed ice sphereg of N = £ <
125 constituent ice spheres alone cover a maximum range of ovetteds of magnitude for., ~ 0.85 mm orD ~ 6.3 mm
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at 35 GHz and foreq ~ 0.44 mm or D ~ 2.4 mm at 94 GHz. Outside the Mie resonance regiongD;¢) decrease with
increasing normalized snowflake surface area-to-volutiegaThis trend is consistent with results of Honeyager et 14
who found smaller backscatter cross sections for greatavftake surface complexity when modeling microwave baditeca
for detailed snowflake 3D shape models with the discreteleigoproximation.

A comparison of ther, curves in Figs. 6 and S3 shows that differencesjnassociated with the choice of snowflake
approximation generally increase with increasing snowfldiameter and microwave frequency. In Fig.o§, curves can
only be distinguished visibly from each other fiog, > 0.3 mm or D > 1.4 mm at 35 GHz whiler,, curves already split for
Teq = 0.2 mmorD ~ 0.6 mm at 94 GHz, for example. SSRGA results for the N13 and WO4vHake parameterizations are
similar to each other and fall within the range of modetedD;¢) for collections of randomly distributed ice spheres with
1 < Ny = &3 <125 for small snowflake diameters and low microwave frequendies large snowflake diameters and high
frequencies, however, backscatter cross sectigrealculated by the SSRGA are up to 1 order of magnitude siiaber the
minimumoay, (D;€). Compared to soft spheres, values calculated by the SSRGA are up to 4 orders of magnitigher.

The N13 and W04 snowflake parameterizations according t8 8RGA that are used in this study were originally derived
for snowflake 3D shape models with diamet&rsS 10 mm by Hogan et al. (2017). Nonetheless, these SSRGA pardnaete
tions are applied to snowflake diameters ugxQ.. = 23.6 mm in the presented analysis to allow a direct comparison wit
modeled backscatter by collections of randomly distribute spheres and by soft spheres and spheroids (brieflyssisdu
below).

Vertical dashed lines in Figs. 6 and S3 indicate diameter® ef 5.0 mm andD = 10.0 mm used as maximum diam-
eters Diax fOr the analysis of truncated snowflake size distributionSeéct. 4.2. Combined with the analysis of modeled
snowfall triple-frequency radar signatures fbx,,, = 23.6 mm, the results for truncated snowflake size distributions a
Dpax = 10.0 mm and atD,,.x = 5.0 mm then characterize the impact of large snowflakes Witk 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 truncated snowflake size distribution®,at, = 10.0 mm in Sect. 4.2 show similar characteristic differences
with respect to triple-frequency radar signatures modébecdcollections of randomly distributed ice spheres and Joft
spheres and spheroids as the differences found for snovdiadelistributions spanning the total analyzed range ohdtars
up to Dp,.x = 23.6 mm. Therefore, application of the two SSRGA snowflake patarnmations beyond the size range they
were originally derived for by Hogan et al. (2017) is not esfeel to significantly affect the corresponding analysisiltssand
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 seciin
Sect. 4.1 are included in Fig. S4 in the Supplement but noudised in this study. Snowfall triple-frequency radar atgres
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.
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Figure 7. Modeled snowfall triple-frequency radar signatures gibgndual-wavelength ratios dWR Ka/W and eitheDWR X/Ka or
DWR Ku/Ka. DWRs are determined according to Sect. 3.3 for exponential digteibutions characterized by snowflake diameters of
D < 23.6 mm and by exponential slope parameter§8f< A < 5.0 mm~'. Snowflakes are approximated by (i) collections of randomly
distributed ice spheres, by (ii) the self-similar Raylei@ans approximation (SSRGA) applied to N13 and to W04 sné&fD shape
models, and by (iii) soft spheres and oblate spheroids. Téearea indicates the plume of all triple-frequency cuderdved for collections

of randomly distributed ice spheres that are described bthsyically generateg( D) relations expressed through Eq. (10) and summarized
in Fig. 5. Darker shade of gray marks the regionDM/R combinations that are only derived for high power-law exgus ofg > 2.5

in Eqg. (10). Colored rectangles are adapted from Kneifel.2815) and roughly outline regions associated with thespnce of large
aggregate snowflakes (cyan) and rimed snowflakes (graupelemta) that were derived by relating snowfall triple-frency radar reflec-
tivity measurements at X, Ka, and W band to coincident in sitowflake observations. Corresponding triple-frequeadar signatures for
snowflake size distributions limited 0 < 10.0 mm and toD < 5.0 mm are shown in Figs. S5 and S6, respectively.

But the general shape of each curve and characteristicatiifes among the shapes of all curves are not affected bptieec
of defining triple-frequency radar signatures with respeditherDWR X/Ka or DWR Ku/Ka.

Triple-frequency curves for soft spheres and spheroids agpect ratios ofi = 1, 0.6, and 0.2 in Fig. 7 are characterized
by strictly increasinddWRs with decreasing exponential slope parameters the snowflake size distribution. For a given
value of A, DWRs determined for the three aspect ratios are generallym@laiB from each other, except for very broad size
distributions withA < 0.5 mm~1.

Modeled triple-frequency radar signatures for the N13 ar@¥\8howflake parameterizations according to the SSRGA
roughly follow the shape of the curves determined for spidatsnowflake approximations for high values/of but show
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a maximum inDWR Ka/W nearA ~ 0.5 mm~!. A further decrease df.5 > A > 0.3 mm~! then leads to a decrease in
DWR Ka/W by less than 1 dB, resulting in triple-frequency curk@sghly shaped like a comma sign.

The shapes of triple-frequency curves derived for colbexgtiof randomly distributed ice spheres inside the snowhaked-
ing volume and shown in Fig. 7 are markedly different fromtifiy@e-frequency curves derived for soft spheres and spder
and for the N13 and W04 snowflake parameterizations acaptdithe SSRGA. Curves derived for low normalized surface
area-to-volume ratios @~ 1 only show a slow increase DWR X/Ka or DWR Ku/Ka with decreasing\ and therefore oc-
cupy a region below the triple-frequency curves determfoedoft spheres and spheroids and for the N13 and W04 snavflak
parameterizations. Increasing values déad to curves that follow the shapes of the triple-freqyenuves derived for soft
spheres and spheroids with=1 and « = 0.6 for narrow snowflake size distributions characterized lmhhialues ofA.
However, triple-frequency curves derived for randomiytritisited ice spheres generally reach a strong local maximafim
DWR Ka/W at an intermediate value df and then sharply bend back toward lovi/VR Ka/W with a further decrease ifi.
This behavior leads to hook-shaped triple-frequency @urVee strength of the ‘hooking’ increases with increasimdese
area-to-volume ratio, quantified by the difference betweeximumDWR Ka/W and the value oDWR Ka/W that corre-
sponds to the minimum slope parameteriof 0.3 mm~'. Additionally, higher values of result in triple-frequency curves
that roughly follow the shape of spheroidal curves up to eiglalues oDWR X/Ka or DWR Ku/Ka before hooking toward
lower DWR Ka/W (see also Fig. 8 for triple-frequency curves determifog £ = 6).

Modeling snowfall triple-frequency radar signatures follections of randomly distributed ice spheres inside thmnglake
bounding volume leads to a much wider range of triple-freqyeradar signatures in Fig. 7 than the region between the
triple-frequency curves that were derived for soft spharesspheroids or for the N13 and W04 snowflake parameteyizati
according to the SSRGA. Modeled triple-frequency curvesifa ¢ <5 cover a range of up to about 7 dB fBWR Ka/W
atA =1.0 mm~!, 10 dB forDWR X/Ka at A = 0.5 mm~!, and 8 dB forDWR Ku/Ka atA = 0.5 mm~!. In contrast, soft
spheres and spheroids or the N13 and W04 snowflake paranagienis according to the SSRGA only show corresponding
DWR ranges of about 3 dB and less.

The total range of triple-frequency radar signatures nestlébr collections of randomly distributed ice spheres ig. Fi
covers a large part of all observed triple-frequency sigrestin snowfall radar reflectivity measurements by Kuliale2014),
Kneifel et al. (2015), and Yin et al. (2017). Additionallypateled triple-frequency radar signatures for intermedatd high
values of¢ combined with smallA correspond to triple-frequency radar signatures that waleged to the presence of large
aggregate snowflakes by Kneifel et al. (2015). The regiorripletfrequency radar signatures that they related to &mbw
characterized by rimed snowflakes (denoted as graupel in7lrigontains modeled triple-frequency curves for low stefa
area-to-volume ratios given lgy= 1 in this study. High values of indicate high snowflake surface area-to-volume ratios, and
thus a high complexity of the snowflake microstructure (Seé@), as expected for aggregate snowflakes. Furthermarad b
snowflake size distributions characterized by smatfi Eq. (1) contain a higher amount of large snowflakes, ctersisvith the
observation of large aggregates for triple-frequencyragatures that correspond to smallSnowflake riming, on the other
hand, is associated with a rounding of the snowflake miarosire due to the aggregation of supercooled water droflbis
reduction in the complexity of the snowflake microstructiorerimed snowflakes is reflected in the applied modeling apphn
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by low normalized snowflake surface area-to-volume rati@gse 1 (Sect. 3.2), leading to relatively flat triple-frequencywes

for graupel snow. In sharp contrast, triple-frequency eametermined for soft spheres and spheroids and for the iNLB/&4
snowflake parameterizations according to the SSRGA onlgrcavmuch smaller region of the indicated range of observed
snowfall triple-frequency radar signatures and cannotaéxhe distinct regions related to the presence of larggegpates
and rimed snowflakes in Fig. 7. Notably, even if various carabons of snowflake gamma size distributions, densityrdizr
relations, aspect ratios, and orientation angles are wsenbtlel snowfall triple-frequency radar signatures fot spheroids,

the range of modeled triple-frequency radar signatures doeshow a significantly better agreement with the obseraege

of snowfall triple-frequency signatures in radar refleitgyivneasurements (e.g., Leinonen et al., 2012; Kneifel.eRatl5).

The hook shape of triple-frequency curves derived for megiate and high values 6in Fig. 7 is similar to the characteris-
tic shape of snowfall triple-frequency radar signaturesere previously modeled by Kneifel et al. (2011) and Laiet al.
(2012) based on detailed 3D approximations of non-sphatsitbwflake shape models. Neither soft spheres and spkeroid
nor the N13 and W04 snowflake parameterizations accordittget&SRGA vyield triple-frequency curves showing this char-
acteristic behavior with a strong maximum@¥R Ka/W at intermediate values of.

Comparing radar reflectivity measurements and in situ sradefbbservations, Kneifel et al. (2015) also found that arcle
distinction between different snow types was not possitmedmbinations of loDWR Ka/W and lowDWR X/Ka. Within the
modeling approach presented in this study, this ambiguityle explained by the similarity of all triple-frequencynaes in
Fig. 7 that are determined for narrow snowflake size distiding characterized by high values/ofFor narrow snowflake size
distributions, modeled triple-frequency radar signaglaee dominated by small snowflakes. Even at 94 GHz, the difteys
in modeled backscatter cross sections for the total SAVeafig < ¢ < 5 shown in Figs. 6 and S3 are not significant enough
for small snowflakes to cause a clear separation of the tfiptpuency curves for highh in Fig. 7. For larger snowflakes,
larger differences among modeled snowflake backscattes sextions are observed in Figs. 6 and S3. Broader snowitake s
distributions characterized by lower valueso€ontain a higher amount of large snowflakes and therefockettemore easily
distinguishable triple-frequency curves in Fig. 7.

Modeled snowfall triple-frequency radar signatures fa MMASC measurements of snowflake complexity that were pre-
sented in Sect. 2.2 are shown in Fig. 8. The derigid) relations according to Egs. (2) and (11) still lead to chemastic
hook-shaped triple-frequency curves with a local maximdrd@/R Ka/W observed at intermediate values/of However,
the maximum oDWR Ka/W is already found at lower values DIVR Ka/W and is therefore less pronounced than for triple-
frequency curves derived for constant normalized snowRakface area-to-volume ratios©g 3 in Fig. 7.

Thus far, all snowfall radar signatures have been deteioeexponential snowflake size distributions with snowdlak
diameters ofD < Dy, = 23.6 mm. To investigate the impact of truncating snowflake sizgrithutions already at smaller
maximum diameters, snowfall triple-frequency radar sigres were also modeled for exponential snowflake sizeillistr
tions limited toD < Dy.x = 10.0 mm andD < Dy,.x = 5.0 mm. The modeling results are presented in Figs. S5 and S6 in
the Supplement and summarized in Fig. 9. In general, triorcat smallerD,,,, leads to an ‘un-hooking’ or flattening of
the derived triple-frequency curves. FBr< 10.0 mm, modeled snowfall triple-frequency radar signaturdsign 9 follow the
corresponding triple-frequency curves derived foK 23.6 mm down to snowflake size distributions characterized byexp
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Figure 8. Modeled snowfall triple-frequency radar signatures fquanential size distributions with snowflake diameterdDo& 23.6 mm.
The notation follows Fig. 7 with addition&@WRs calculated for a constant normalized surface area-toweratio ot = 6 and by applying
Eq. (11) to the MASC measurement results shown in Fig. 3.€3ponding triple-frequency radar signatures for expaalesize distributions

limited to D < 10.0 mm are presented in Fig. S7.

nential slope parameters af~ 1.0 mm~!, before splitting off toward higher values BWR Ka/W. Triple-frequency curves
derived forD < 5.0 mm already start to deviate visibly from the two correspagdiurves determined fdp < 23.6 mm and
for D < 10.0 mm at higher values of ~ 2.0 mm~*!. Additionally, truncating snowflake size distributionsia,.. = 5.0 mm
leads to a smaller total range of mode@d/R X/Ka andDWR Ku/Ka, and for low normalized surface area-to-volume 1stio
indicated byN.; = ¢ = 1 in Fig. 9, also to a smaller total range of model®d/R Ka/W.

For snowflake size distributions limited to diameterddK D,,.x = 10.0 mm, snowfall triple-frequency radar signatures
determined from MASC measurements of snowflake complexiye shown in Figure S7. Compared to Fig. 8, truncation
at D,.x = 10.0 mm leads to an increase in modelB@Rs of up to about 3 dB. These differences are caused by thegstron
impact of Dy,,.x on the value ofy(Dmax) = xmax Calculated with Eq. (2), which translates to higher norzeadi snowflake
surface area-to-volume ratig$y) for D < D.,.x = 10.0 mm following Eq. (11). A reliable determination @¥,,, for the
analyzed snowflake size distributions is therefore crioratieriving snowflake surface area-to-volume ratios fromoveflake
complexity measurements and then modeling snowfall tfilgquency radar signatures.

Combining the characteristic hook shape of triple-freqyearurves derived for high surface area-to-volume ratidsgs. 7
and 8 with the flattening of triple-frequency curves due ®tituncation of snowflake size distributions at smaller mmaxn
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 signatored-
eled for soft spheroids. This explains why some non-spHaf@nowflake shape models may lead to similarly high val-
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Figure 9. Impact of snowflake maximum diamet@r,,.x = 23.6, 10.0, 5.0 mm on modeled snowfall triple-frequency radar signatures
for exponential snowflake size distributions with exporertlope parameters @3 < A < 5.0 mm~*. Modeling results for snowflakes
approximated as collections &f.; = 1, 27, 125 randomly distributed ice spheres inside the bounding velaorrespond to normalized

snowflake surface area-to-volume ratiogef 1, 3, 5, respectively.

ues of modeledWR Ka/W > 10 dB as soft spheroids, e.g., for the aggregates of needfgedhae crystals analyzed by
Leinonen et al. (2012). According to Fig. 9, valuesidR 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 < D, = 5.0 mm with exponential slope parameters/of< 1 mm~!. Even higher values of > 5 already
lead to similarly high values ddWR Ka/W for less restrictive snowflake size distributions wiglspect taD,,,.x 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 ofn¢ (D) is significant. Hammonds et al. (2014) found uncertaintigs.i related tom: (D) on the order of 4 dB at
X, Ku, Ka, and W band, for example. To evaluate the impacteft@rameterization of snowflake mass on the modeled snowfall
triple-frequency radar signatures in this studyyRs for low, intermediate, and high normalized surface acegstume ratios
of ¢ =1, 3, 5 were also derived after modifying the density valpedD) obtained from the HO4 density-diameter relation in
Eq. (3) by £25% and +50 %. Derived triple-frequency curvesiie modified relations gf¢(D) are presented in Figs. S8 and
S9, and the impact of; (D) on modeledZ. andDWRs is summarized in Fig. 10.

Figure 10 shows that the analyzed D) range leads to a corresponding range in mod&ledf AdBZ, > 3.5 dB and a
range in derive®WRs of ADWR < 3.0 dB. Generally, differences &¢dBZ, 2 6 dB and ofADWR < 1 dB are found, except
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Figure 10. Impact of snowflake density:(D) on modeled snowfall radar reflectivity facto#s and dual-wavelength ratio®YVRs) for
exponential size distributions with snowflake diameter®of 23.6 mm and exponential slope parameter§ 8f< A < 5.0 mm~'. Shown
AdBZ. and ADWR curves indicate the maximum difference in derived4dB/alues andDWRs that is associated with the total analyzed
pt(D) range given by modifying alps(D) determined from Eq. (3) by £25% and +50 %. Modeling resultsdBZ. at 14 GHz and for
DWR Ku/Ka are similar to shown dB. at 10 GHz andDWR X/Ka, respectively. Collections of randomly distributexispheres with a
surface area-to-volume ratio given By=5 or N, = 125 lead to similarAdBZ. and ADWR as the included ice sphere collections with

N =27o0ré=3.

for snowfall characterized by= 1, indicative of heavily rimed graupel snow, and snowflake sistributions with exponential
slope parameters ¢f <2 mm~L. Similar trends are also observed for snowflake size digtdhs limited toD < 10.0 mm
andD < 5.0 mm (not shown). These results indicate that modB8é(Rs are less sensitive to uncertainties associated with the
parameterization of snowflake mass than modgledt a single wavelength.

Even high differences cdADWR > 1 dB associated with changesgp(D) of up to £50 % are still smaller than differences
in DWR Ka/W, DWR X/Ka, andDWR Ku/Ka that are associated with the range of normalized saréaea-to-volume ratios
of 1 <¢ <5 and illustrated in Figs. 7 and 8. The presented analysisshggests that a realistic characterization of snowflake
surface area-to-volume ratio is crucial for a quantitaititerpretation of observed and modeled snowfall tripkggtrency radar

signatures.
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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 by approximating each snowflake as a doltect randomly distributed ice spheres. The number and size
of the constituent ice spheres are defined by the snowflake desived from the snowflake maximum dimensidmand by the

5 snowflake ice surface area-to-volume ratio (SAV); the baumeolume of each collection of ice spheres is given by a sphe
of diameterD. SAV was quantified through the normalized ragiof snowflake SAV to the SAV of a single mass-equivalent
solid ice sphere.

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 backseatiss sections. Based on ob-

10 servational data collected by high-resolution snowflakagimg,Z. andDWRs were calculated for exponential snowflake size
distributions with snowflake diameters Bf< D,,.., = 23.6 mm and exponential slope parameter® 8f< A < 5.0 mm~".

The analysis focused on the impact of snowflake surfacetargalume ratio on modeled snowfall triple-frequency nada
signatures. Additionally, first results were shown for deti@ing snowfall triple-frequency radar signatures fronowflake
complexity values that were derived from snowflake imagesaueraged over one winter season. Finally, the effect of tru

15 cating snowflake size distributions B, ., = 10.0 mm and atD,,., = 5.0 mm on modeled triple-frequency radar signatures
was investigated, and the impact of the parameterizatisnafvflake mass on derivéiVRs was evaluated by increasing and
decreasing all snowflake densities by up to 50 %.

Important results and conclusions are summarized by th@afimlg bullet points:

— Average snowflake complexity increases with increasingviiaée size.

20 — Snowflake complexity values obtained via high-resolutiantrview imaging may be used as indicator of snowflake
surface area-to-volume ratio (SAV).

— Modeled snowflake backscatter cross sections generaltgase with increasing SAV.

— Modeled snowfall triple-frequency radar signatures cemeide range of snowfall triple-frequency signatures pyasly

determined from radar reflectivity measurements.

25 — 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 ard snowflakes and that explains why some snowfall triple-
frequency radar signatures apparently point to a sphdrendavflake shape.

— While modeledZ. show high sensitivity to the parameterization of snowflakessywith typical differences &dBZ. >
30 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 impact of snowflake SAV.

The results and conclusions suggest two avenues for furtkearch:

1. It would be interesting to adapt the outlined approachiéyiving normalized snowflake surface area-to-volumeati
from snowflake images to individual snowstorms and thusinksiaowstorm-specifi¢(D) relations. Snowfall triple-
frequency radar signatures could then be modeled for iddalisnowstorms, following the modeling method presented
in this study or a similar approach that accounts for snowflakface area-to-volume ratio, and compared to coincident
triple-frequency radar reflectivity measurements.

2. The strong impact of snowflake surface area-to-volunmie @t modeled snowfall triple-frequency radar signatures
indicates that current and future databases of microwaaiesmg properties determined for detailed snowflake 3D
shape models would benefit from including snowflake surfaea as additional microstructural parameter (besides
snowflake size and density, mass, or ice volume). Differeimrceodeled scattering properties due to the snowflake shape
could then be related not only to visually distinct snow typdentified by characteristic geometric shapes resegblin
the snowflake microstructure, but also to snowflake surfeea-t0-volume ratio, providing a quantitative descriptad
the snowflake microstructure across all snow types.

6 Data availability

Modeled snowflake backscatter cross sections and derivaldwdvelength ratios of snowfall equivalent radar reflgsti
factors are included in the Supplement. Additional data begbtained by contacting the corresponding author.
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