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Abstract: This article proposes and presents a novel approach to the characterization of winter
precipitation and modeling of radar observables through a synergistic use of advanced optical
disdrometers for microphysical and geometrical measurements of ice and snow particles (in
particular, a multi-angle snowflake camera—MASC), image processing methodology, advanced
method-of-moments scattering computations, and state-of-the-art polarimetric radars. The article
also describes the newly built and established MASCRAD (MASC + Radar) in-situ measurement
site, under the umbrella of CSU-CHILL Radar, as well as the MASCRAD project and 2014/2015
winter campaign. We apply a visual hull method to reconstruct 3D shapes of ice particles based on
high-resolution MASC images, and perform “particle-by-particle” scattering computations to obtain
polarimetric radar observables. The article also presents and discusses selected illustrative observation
data, results, and analyses for three cases with widely-differing meteorological settings that involve
contrasting hydrometeor forms. Illustrative results of scattering calculations based on MASC images
captured during these events, in comparison with radar data, as well as selected comparative studies
of snow habits from MASC, 2D video-disdrometer, and CHILL radar data, are presented, along with
the analysis of microphysical characteristics of particles. In the longer term, this work has potential to
significantly improve the radar-based quantitative winter-precipitation estimation.

Keywords: winter precipitation; polarimetric radar; in-situ measurements; multi-angle snowflake
camera; 2D video-disdrometer; electromagnetic scattering; hydrometeor shapes; frozen
phase microphysics

1. Introduction

Winter precipitation can, in extreme conditions, cause substantial damage and havoc, as in the
case of ice storms or heavy snow storms; such storms are also of considerable impact on aviation safety.
The literature on the microphysics of winter precipitation, which is characterized by a large variety of
ice particles, is rather rich, with great efforts being expended into modeling, in-situ measurements,
and remote sensing of the particles [1,2]. Here, we focus on in-situ measurements of hydrometeor
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characteristics such as fall speed, size, shape, and density, development of physical and scattering
models of natural snow and ice particles, computation of realistic particle scattering matrices and full
polarimetric variables, and dual-polarized radar observations. Our overarching long-term goal is the
improvement of radar-based methods of classification of hydrometeor types and estimation of the
liquid equivalent snow rates.

Straka et al. [3] have summarized the key microphysical characteristics of ice crystals and
aggregates, as well as the corresponding ranges of dual-polarized radar observables useful for type
classification. One limiting factor is the large uncertainty in going from idealized microphysical
characteristics of ice hydrometeors to the appropriate scattering model and hence to calculation of the
scattering matrix. For example, the particle density (which often depends on particle size, especially
for snow aggregates) plays an important role in determining the scattering matrix but can cause large
errors if the wrong density is assumed [4,5]. Similarly, assuming idealized spheroidal shapes for ice
particles instead of the more complicated realistic three-dimensional (3D) shapes can also cause errors
in the scattering matrix [6]. Some radar signatures assuming spheroidal shapes for plate or column-like
crystals have been successful in showing consistency with radar measurements [4,7–10]. In general,
however, it is very difficult to explain all of the polarimetric radar measurables, namely, horizontal
reflectivity, Zh, differential reflectivity, Zdr, linear depolarization ratio, LDR, specific differential phase,
Kdp, and co-polar correlation coefficient, ρhv, in winter precipitation simultaneously using spheroidal
shape models with specified densities and orientation distributions. In fact, it is in the computation of
the reflectivity Ze that simple scattering models, and dielectric constant based on the average density
versus apparent diameter (Dapp) power law relationship are invoked. However, even for Rayleigh
scattering, where the spherical or spheroidal shape assumption is reasonable for Ze computation [11],
it is not sufficient for computing the full scattering matrix and related radar measurables (Zdr, LDR,
and ρhv), required for radar-based particle classification. So, even at the S-band (all WSR-88D radars),
Zdr, LDR, and ρhv significantly depend on the shape and composition of particles, and even at 3 GHz,
sophisticated scattering methods are needed for radar parameters other than Ze.

The estimation of liquid equivalent snow rate (henceforth snow rate or SR) from radar
measurements has long been recognized as a difficult problem in quantitative precipitation estimation
(QPE), but one of great importance given the large areal coverage afforded by the WSR-88D network.
With the advent of optical imaging disdrometers that can measure fall speed along with projected
particle views in either one plane (hydrometeor velocity and shape detector (HVSD) [12]) or two
planes (2D-video disdrometer [13]), and well-calibrated radars, there appears to be progress made in
QPE [14–16]. In essence, the measure of the fall speed and “area”-ratio (along with state parameters)
permits estimation of the particle mass [17,18]. The apparent volume of the particle is estimated
from the image (more accurately from two orthogonal views as with the 2DVD), and an average
density—Dapp power law is derived. With the measure of the particle size distribution (PSD), where
“size” refers to Dapp, the snow accumulation is estimated and compared with collocated snow gauge.
These latter “microphysical” steps can be accomplished with a single 2DVD (or with HVSD) and
validated with an accurate snow gauge (such as Geonor or Pluvio). Huang et al. [15] derived Ze–SR
power law for specific winter precipitation events, and then applied it to radar observations to produce
a radar-based snow accumulation map, with these accumulations being compared to accumulations
from other gauges under the radar umbrella. However, the current operational version of cool season
precipitation-type classification performs poorly, while the quantification of liquid equivalent SR is
generally based on climatological Ze–SR power laws which can give large errors with respect to gauge
measurements (not surprising given the large variability in snow microphysics).

Straka et al. [3] and Zrnić et al. [19] proposed that QPE in general could be improved by
first classifying particle types with polarimetric radar prior to quantification. For example, the
WSR-88D operational estimation of rainfall is achieved by polarimetric-based classification followed
by quantification using Zh, Zdr, and Kdp in rain-only regions and empirical Z–R power laws when
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other types of hydrometeors, such as wet snow, graupel, dry snow or crystals, are identified at long
ranges where the beam overshoots the freezing level [20].

In terms of scattering models and techniques, the T-matrix method [21] and the discrete dipole
approximation (DDA) method [22] are the two conventionally and almost exclusively used tools in
atmospheric particle scattering analysis. The T-matrix method is extremely fast. However, most of the
working T-matrix tools are able to calculate scattering properties of rotationally symmetric particles
only, and only those with smooth surfaces. The major advantage of the DDA method is that it can be
applied to arbitrarily shaped particles. However, the numerical accuracy of the method is relatively
low, and improves slowly with increasing the number of dipoles, which makes the DDA computation
very time-consuming. In addition, the DDA codes do not converge for any reasonable predefined
accuracy and number of iteration steps in some cases with high-contrast dielectric materials and large
electrical sizes of particles. The T-matrix solution does not converge or exhibits an erratic behavior
in some cases with electrically large or geometrically complex particles, namely, those with a large
aspect ratio.

Overall, shape and composition (density) of ice and snow particles have a significant impact on
radar observations, and current physical and scattering models, and thus radar-based precipitation
retrievals, do not take this into account adequately.

This article proposes and presents a novel approach to characterization of winter precipitation and
modeling of radar observables through a synergistic use of advanced optical imaging disdrometers for
microphysical and geometrical measurements of ice and snow particles, image processing methodology
to reconstruct complex particle 3D shapes, full-wave computational electromagnetics (CEM) to analyze
realistic winter precipitation scattering, and state-of-the-art polarimetric radar to validate the modeling
approach. The principal enabling methodologies and technologies are specifically (i) multi-angle
snowflake camera (MASC) and two-dimensional video disdrometer (2DVD); (ii) visual hull geometrical
method for reconstruction of 3D hydrometeor shapes; (iii) efficient and accurate CEM scattering
models and solutions based on a higher order method of moments (MoM) in the surface integral
equation (SIE) formulation and the frequency domain; and (iv) fully polarimetric data from the
Colorado State University (CSU) CHILL radar, with added observations from the National Center for
Atmospheric Research (NCAR) SPOL radar [23–27]. We develop physical and scattering models of
natural snowflakes using the MASC, 2DVD, visual hull, and advanced scattering methods, with the
modeling and scattering calculations being verified and validated by CSU-CHILL and SPOL radar
observations. We also perform comparative studies of snow habits from MASC, 2DVD, and CHILL
radar data and analyze microphysical characteristics of particles.

A modified MASC system, within a double wind fence, is used to capture five different
high-resolution images of an ice particle in free-fall. We apply the visual hull method to reconstruct
3D shapes of particles based on these images. We use the fall-speed from the MASC and the
collocated 2DVD, along with measured state parameters, to estimate the dielectric constant of particles.
By calculation of “particle-by-particle” scattering matrices based on the reconstructed shapes and
estimated dielectric constant, we obtain polarimetric radar observables.

Overall, the main goal of this article is to propose the synergistic use of new research
instrumentation (MASC) coupled with accurate and fast CEM scattering computation as well as
state-of-the-art polarimetric radar (with exceptional polarization purity) and other in-situ surface
instrumentation to substantially increase the accuracy of modeling of radar observables and
characterization of winter precipitation, including comparative studies of snow habits and analyses
of microphysical characteristics of particles. The goal of the article is also to describe the newly
built and established MASCRAD (MASC + Radar) in-situ measurement site, in the proximity of
CSU-CHILL Radar, near Greeley, Colorado. The goal as well is to describe the MASCRAD project and
the 2014/2015 MASCRAD winter campaign, along with illustrative results and analyses. The article
presents and discusses selected illustrative data collected during several 2014/2015 MASCRAD cases
with widely-differing meteorological settings that involved contrasting hydrometeor forms [28–30].
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Of particular interest were episodes when the occurrence of vertically-oriented graupel, pristine
individual ice crystals, and large-diameter aggregates were observed. Also shown are illustrative
results of scattering calculations based on MASC images captured during these events, in comparison
with radar data, as well as microphysical characteristics analysis of some cases.

The MASCRAD surface instrumentation field site includes a 2/3-scaled double fence
intercomparison reference (DFIR) wind shield housing MASC, 2DVD, PLUVIO snow measuring
gauge, VAISALA weather station, as well as the collocated NCAR GPS advanced upper-air system
sounding system trailer, under the umbrella of two state-of-the-art polarimetric weather radars,
CSU-CHILL Radar and NCAR SPOL Radar, with high spatial and temporal resolutions and special
scan strategies. It is supported by excellent geometrical and image processing and scattering modeling
and computing capabilities, and is one of the currently best instrumented and most sophisticated
field sites for winter precipitation measurements and analysis worldwide. This is the first time real
(measured) snowflake images have been used with reconstructions of 3D hydrometeor shapes and
realistic scattering calculations, to obtain radar measurable parameters, which are then compared and
analyzed against measurements by highly precise polarimetric radars.

In a longer term, this work has potential to significantly improve the radar-based QPE and
estimation of liquid equivalent snow rates near the surface in stronger, more hazardous, winter
events by first classification of precipitation type followed by quantification. Overall, there is great
need and interest for advances in characterization, classification, and quantification of snow—largely
an unsolved, extremely important, problem.

Specifically, there has been great and increasing interest by meteorologists and atmospheric
scientists in microphysical properties of winter precipitation, where new discoveries are anticipated
and the synergy between polarimetric radar observations, optical measurements and processing, and
advanced electromagnetic scattering computations is expected to bring significant advancements.
In addition, as snow is currently the least understood component of the global water cycle, the
importance of studies on parametrization of snow and ice particle microphysics in numerical weather
prediction models can hardly be overstated.

2. Capturing Snowflake Images in Freefall by Multi-Angle Snowflake Camera

The multi-angle snowflake camera (MASC), shown in Figure 1a, is a new instrument for
capturing high-resolution photographs of snow and ice particles in freefall from three views, while
simultaneously measuring their fall speed [31]. In the MASC system, the horizontal resolution is
between 10 µm and 37 µm for different cameras and the vertical resolution at 1-m/s fall speed is
40 µm. For Colorado State University’s customized system, the horizontal resolution is 35.9 µm for the
3 original cameras and 89.6 µm for the 2 externally added cameras. The virtual measurement area is
30 cm2 (about 1/3 of that of the 2DVD). Note that the horizontal resolution of the 2DVD for the current
production model is around 160–170 µm, depends on the unit, which is not sufficient to resolve details
of the complexity of ice particles in winter precipitation. There is, of course, a distinct advantage in
obtaining photographs relative to the 2DVD contours to facilitate, for example, estimates of the degree
of riming of snow particles.

Figure 1b shows the 3D schematic of the MASC, which consists of three cameras, with
angular separation of 36� and the camera-to-common focal center distance of 10 cm. The near-IR
emitter-detector pairs are separated vertically by 32 mm. Particles that fall through the lower array
simultaneously trigger each of the three cameras and the bank of LEDs at a maximum triggering rate
of 2 Hz. Fall speed is calculated from the time taken to traverse the distance between the upper and
lower triggering arrays. While the standard version of the MASC uses cameras with different lenses,
giving different horizontal field of views (FOVs), depth of fields (DOFs), and image resolutions [31]
(Table 1), the CSU version has three identical cameras (5 MP (Megapixel) Unibrain Fire-i 980b digital
cameras), with identical lenses (Fujinon 12.5 mm). The choice of 12.5-mm lenses not only gives a better
match between the horizontal resolution and the motion blur length of ~40 µm, but it also means that
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particles are in-focus within the measurement area. Figure 1c gives a planar view for the prototype
design for which the horizontal FOVs and DOFs are the same for the three cameras/lenses, and, more
importantly, the virtual measurement area is precisely defined by the yellow-colored area, shown in
Figure 1d. The only compromise with respect to the original design is that the horizontal resolution
is degraded to 35.9 µm, at the center of the measurement area, which, however, is sufficient to get
high-quality pictures of snow particles. Shown in Figure 2 are examples of MASC snowflake images
collected at the MASCRAD Field Site.
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Figure 1. Multi-Angle Snowflake Camera (MASC): (a) photograph showing three cameras and
electronic and mechanical components; (b) 3D schematic showing basic components (the “hatched”
area represents the cross section for triggering of the near-IR motion detection system); (c) planar view
of the prototype design with cameras having equal horizontal field of views (FOVs) and depth of
fields (DOFs); and (d) precisely defined virtual measurement area (yellow-colored area); (e,f) Adding
two “external” cameras, in temperature controlled enclosures, to the Colorado State University (CSU)
MASC, to improve 3D reconstruction of snowflakes.
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Figure 2. Characteristic examples of images of snowflakes with contrasting forms collected by the
MASC (Figure 1) at the MASC + Radar (MASCRAD) field Site during the 2014/2015 MASCRAD
winter campaign.

We have developed a new mechanical calibration method for the MASC which significantly
improves upon that currently used by the MASC manufacturer. In addition, we have also developed
a multi-camera software self-calibration procedure to obtain a correction matrix for the MASC, based
on the method by Svoboda et al. [32], which is the first software correction and compensation of
a non-perfect mechanical calibration of the instrument. While this is still work in progress, our analysis
methods and codes are generally able to handle and process MASC images with multiple snowflakes
per image, which is a very significant advancement of the previously available analysis techniques.

3. Visual Hull Reconstruction of 3D Hydrometeor Shapes from MASC Images

We use the visual hull geometrical method and software to reconstruct 3D shapes of snow
particles and other hydrometeors based on photographs obtained by the MASC (Figure 2), and the
corresponding 2D silhouettes of an object [25,26]. Such a reconstruction enables realistic computation
of “particle-by-particle” scattering matrices and simulation of radar observables. The visual hull
of an object can be interpreted as the maximal domain that is silhouette-equivalent to the object,
namely, that gives the same silhouettes as the object from a set of viewpoints (theoretically, from any
viewpoint) [33–36]. The visual hull is obtained as an intersection of visual solid cones (five cones
in our case) formed by back-projecting, from the viewpoints, the previously found silhouettes in
the corresponding image planes situated in front of the (five) cameras, as illustrated in Figure 3.
In particular, we use an open-source MATLAB, C++ Visual Hull Mesh Code (VHMC) [37,38], that
generates a visual hull mesh from silhouette images and associated camera parameters. Camera
calibration and the corresponding information, such as focal lengths, lens distortion parameters, 3 � 3
rotation matrices, and 3 � 1 translation vectors, are essential for the accuracy of the VHMC shape
reconstruction. In the code, the boundaries of silhouettes are approximated by polygons, and the final
3D model is represented by a mesh of flat triangular patches.

We are also able to compute readily, within the visual hull method and code, the volume of the
3D reconstructed particle, thus obtaining the volume estimation for hydrometeors. Along with the
estimation of the particle mass using the theory of Böhm [17], this gives us the effective density (or
porosity) of snowflakes, from which we are able to obtain the effective dielectric constant of the particle,
which takes into account air inclusions and partly melted regions of ice crystals. Note, however, that
the MASC/VHMC can capture some of the porosity of ice particles along with their complex shapes.
In addition, we can easily compute, from the 3D particle reconstruction, the particle projected area
presented to the flow that is necessary for Böhm’s method. Finally, the realistically and accurately (as
much as possible) reconstructed 3D particle shapes can further be used for studies of snow habits, for
advanced analyses of microphysical characteristics of particles, and for particle classifications.



Atmosphere 2016, 7, 81 7 of 31

Atmosphere 2016, 7, 81 7 of 31 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) (h) 

Figure 3. Illustration of MASC-VHMC snowflake measurement-reconstruction: (a) visual hull 
(VHMC) reconstruction of the 3D shape of a snowflake based on MASC (Figure 1) photographs and 
the corresponding 2D silhouettes of the object; (b) triangular 3D mesh of the reconstructed snowflake; 
(c), (d) MASC photograph and corresponding projection of the VHMC-generated 3D mesh in (b) to 
the camera image plane in (a) for the first camera; (e), (f) MASC photograph and mesh projection for 
the second camera; (g), (h) photograph and projection for the third camera.  

Figure 3 shows an example of snowflake reconstruction by the VHMC based on three MASC 
(Figure 1) photographs of a snowflake. We observe very good results, which are much better than 
any snowflake 3D realistic-shape reconstruction data in the literature, e.g., [31,39–41], and are 
indicative of the potential of the MASC-VHMC approach, coupled with advanced CEM scattering 
methods and codes, as well as advanced and emerging approaches to studies of snow habits, 
microphysical characteristics analysis, hydrometeor classification, etc. 

However, 3D reconstructed snowflakes from the three MASC photographs are, generally, not 
close enough to the real shapes of the snowflakes. This is because of the insufficient information from 
the three MASC cameras being placed at 36° with respect to each other in one plane, as can be seen 
in Figure 1c, covering only 72° in front of the object (MASC is not intended for 3D shape 
reconstruction). In order to improve the 3D reconstruction obtained from the visual hull method, two 
additional cameras are added to the MASC, “externally”, to provide additional views. They are on 
an elevated plane with respect to the original three, at about a 55° angle above horizon, as shown in 
Figure 1e,f. All five cameras trigger simultaneously and collect images at a 2-Hz rate. We perform 5-
camera software self-calibration of the MASC, to obtain a correction matrix that is then used as an 
input to the visual hull code to correct for a non-perfect mechanical calibration. Without this, the 
visual hull fails to create 3D reconstructions for many snowflakes. 
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Figure 3. Illustration of MASC-VHMC snowflake measurement-reconstruction: (a) visual hull (VHMC)
reconstruction of the 3D shape of a snowflake based on MASC (Figure 1) photographs and the
corresponding 2D silhouettes of the object; (b) triangular 3D mesh of the reconstructed snowflake;
(c,d) MASC photograph and corresponding projection of the VHMC-generated 3D mesh in (b) to the
camera image plane in (a) for the first camera; (e,f) MASC photograph and mesh projection for the
second camera; (g,h) photograph and projection for the third camera.

Figure 3 shows an example of snowflake reconstruction by the VHMC based on three MASC
(Figure 1) photographs of a snowflake. We observe very good results, which are much better than any
snowflake 3D realistic-shape reconstruction data in the literature, e.g., [31,39–41], and are indicative
of the potential of the MASC-VHMC approach, coupled with advanced CEM scattering methods
and codes, as well as advanced and emerging approaches to studies of snow habits, microphysical
characteristics analysis, hydrometeor classification, etc.

However, 3D reconstructed snowflakes from the three MASC photographs are, generally, not
close enough to the real shapes of the snowflakes. This is because of the insufficient information
from the three MASC cameras being placed at 36� with respect to each other in one plane, as can
be seen in Figure 1c, covering only 72� in front of the object (MASC is not intended for 3D shape
reconstruction). In order to improve the 3D reconstruction obtained from the visual hull method, two
additional cameras are added to the MASC, “externally”, to provide additional views. They are on
an elevated plane with respect to the original three, at about a 55� angle above horizon, as shown in
Figure 1e,f. All five cameras trigger simultaneously and collect images at a 2-Hz rate. We perform
5-camera software self-calibration of the MASC, to obtain a correction matrix that is then used as an
input to the visual hull code to correct for a non-perfect mechanical calibration. Without this, the visual
hull fails to create 3D reconstructions for many snowflakes.

Figure 4 shows two sets of five images of snowflakes collected by five cameras of the new
five-camera MASC system during the snow storm on 15 November 2014, at the MASCRAD Field
Site. Additional “external” cameras, which took fourth and fifth images in each horizontal panel in
the figure, are of much lower resolution (1.2 MP Unibrain Fire-i 785b cameras) than the three original
“internal” MASC cameras, and with the same 12.5-mm lenses that were used in the three-camera
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setup. However, the quality of the additional images is sufficient for the visual hull reconstruction
method, where the five image sets substantially improve 3D reconstruction over the three image
original MASC output. Figure 5 shows an example of snowflake shape reconstruction based on five
MASC photographs of a snowflake.
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Figure 5. An example of snowflake reconstruction by the visual hull method based on five photographs
of a snowflake collected by the new 5-camera CSU MASC system in Figure 1e: (a) MASC images and
corresponding projections of the visual hull generated 3D mesh to camera image planes and (b) the
resulting triangular 3D mesh of the snowflake.

Since the surface-based CEM scattering method [27] uses curvilinear quadrilateral meshes, and the
final output of the visual hull 3D reconstruction code is a mesh of flat triangular patches, a methodology
is developed to convert the VHMC-generated mesh to a mesh with curved generalized quadrilateral
patches. First, from the VHMC, a STereoLithography (STL) file is obtained, which gives a triangular
mesh representation of the 3D reconstructed snowflake. A TCL script file has been written to take
as an input a folder containing multiple STL files and convert them to quadrilateral meshes with no
user input using an appropriate meshing technique. For this purpose, commercial ANSYS ICEM CFD
software [42] is used. Figure 6 shows examples of 3D shape reconstruction of snow particles using
the VHMC code and ANSYS ICEM CFD meshing software. The size of the snowflake is analyzed
and meshing parameters are specified based on this size to create a mesh with the desired number of
elements in order to adequately represent features of the geometry (Figure 7), as well as to enhance the
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efficiency of the scattering CEM analysis. We perform mesh error checking, “smoothing” of the mesh,
and re-meshing to get a desired, “optimal”, number of elements, from both the geometrical accuracy
and the computation efficiency standpoints.
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4. Collocated 2DVD for Geometrical and Microphysical Comparisons

The 2D-video disdrometer (2DVD) is described in detail by Schönhuber et al. [13]; Figure 8a shows
a 2DVD SN36 model, at the MASCRAD Field Site; a 2DVD schematic is depicted in Figure 8b. Earlier
works related to using the 2DVD for snow particles are, for example, [43–45]. The instrument computes
the particle fall speed and gives two mutually orthogonal images of the particle using high-speed
line-scan cameras (Figure 8).
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The MASC instrument is relatively new and while it gives high resolution photographs of snow
particles, the fall speed and the PSD have yet to be validated by comparison with more established
instruments such as the 2DVD. Though the 2DVD has considerably lower resolution (by a factor of
3 for horizontal dimension), it has a much larger sampling area (by a factor of ~3; for MASC, it is
approximately 3 cm � 10 cm; for 2DVD, it is 10 cm � 10 cm) and more precise measurement of particle
fall velocity. Thus, we installed a well-calibrated 2DVD SN36 (third generation unit) collocated with
the MASC, and within the same wind fence, as shown in Figure 9, for cross-comparisons. Figure 10
shows particle collection comparison between the MASC and the 2DVD for selected events during
the MASCRAD 2014/2015 snow season, where we observe a satisfactory agreement given the ratio of
sampling areas of the 2DVD and the MASC, except in the region with low number of hydrometeors
per hour, which might be due to sampling issues playing a more dominant role for low intensity cases
(reflected by lower particle counts) and much higher sensitivity of the MASC than the 2DVD for very
small particles, e.g., Deq = 1–1.5 mm. In addition to cross-comparisons, the combination of MASC
and 2DVD data enables us to tie microphysical observations with advanced scattering computations
through better modelling of snow 3D structure. Moreover, we can use the valuable microphysical
statistic properties such as PSD, density-size and fall speed-size relationships obtained by the 2DVD
for the MASC data analysis.
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We have developed a method for 3D shape reconstruction of ice particles from two orthogonal
contour images provided by the 2DVD using a “stacked ellipses” interpolation method [26,47].
Note, however, that this technique, although enabling a better shape model as opposed to the soft
spheroid, is much less accurate than that from MASC images (Figure 5) for arbitrary snow particles
(it can quite accurately reconstruct the shape of smoother particles, such as graupel). Another caveat
is that, for snow particles, it can be used in its current form only under very light horizontal wind
conditions due to skewing of the line scan data with even small horizontal particle movement. Still, the
volume of the particle is preserved.

5. Winter Precipitation Particle Scattering Analysis Using Method of Moments

Our scattering models of winter precipitation particles and computation of realistic particle
scattering matrices and full polarimetric variables for winter precipitation, focusing only on
single particle scattering properties, are based on a numerically rigorous full-wave computational
electromagnetics (CEM) approach using primarily the higher order method of moments (MoM) in the
surface integral equation (SIE) formulation [27]. In this technique, surfaces of a dielectric scatterer are
modeled using generalized curved quadrilaterals of arbitrary geometrical orders Ku and Kv, shown in
Figure 11, and electric and magnetic equivalent surface current densities, Js and Ms, over quadrilaterals
are approximated by means of hierarchical vector basis functions of arbitrarily high current-expansion
orders Nu and Nv,
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and analogously for Ms, where L represent Lagrange interpolation polynomials, rkl are position vectors
of interpolation nodes (see Figure 11), P are divergence-conforming polynomial bases, = = |au � av| is
the Jacobian of the covariant transformation, and au = Br/Bu and av = Br/Bv are unitary vectors along
the parametric coordinates. The unknown current-distribution coefficients {α} in Equation (1) and {β}
(for Ms) are determined by solving surface integral equations (SIEs) based on boundary conditions for
both electric and magnetic field intensity vectors, employing Galerkin method. Element orders in the
model, however, can also be low, so that the low-order modeling approach is actually included in the
higher order modeling. For simulations of inhomogeneous scatterers (e.g., melting ice particles), we
also use higher order MoM volume integral equation (VIE) modeling [27].
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Similarly to the approach described in [15], we use Böhm’s method [17] and the fall speed from the
MASC and the 2DVD, as well as the horizontal cross-sectional projected area of the 3D reconstruction
of the particle, along with state parameters measured at the MASCRAD Field Site, to estimate the
particle mass. In particular, Böhm’s formula for the terminal fall speed depends on three parameters,
mass, the mean circumscribed area presented to the flow (A), and the mean effective projected area
presented to the flow (Ae), as depicted in Figure 12a. It includes environmental conditions such as
air density, viscosity, and temperature. In our analysis process, the bottom view (normal to the flow)
is automatically obtained from the reconstructed 3D shape of a snow particle using the visual hull
method, as illustrated in Figure 12b. From the mass and volume of the flake, using the volume of 3D
reconstructions, we estimate the density, and then the dielectric constant of each snowflake, based on
a Maxwell-Garnet formula. Scattering analysis of the 3D reconstructed snowflakes is performed on
a particle-by-particle basis by means of the MoM-SIE method and is used to compute polarimetric
radar measurables (Zh, Zdr, LDR, Kdp, and ρhv). These results are compared against the corresponding
data collected by the CSU-CHILL radar.
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6. Establishing MASCRAD Easton Surface Instrumentation Snow Field Site

Out of several possible locations, the requirement that the MASCRAD surface instrumentation
site be located within the view of CHILL and SPOL radars led to two best candidate sites, the “Nesse
site” and the “Easton site”, at a range of 14.88 km and 12.92 km, respectively, from the CHILL Radar
(Figure 13a). Overall, the ground clutter was by far the predominant reason which resulted in the
selection of the Easton Valley View Airport, a small airport for crop dusting airplanes in La Salle,
Colorado, shown in Figure 13b, for the MASCRAD project. To evaluate ground clutter effects, rain
of varying intensity was observed by the CHILL Radar at the two candidate MASCRAD sites over
several days in late August 2014, as shown in Figures 14 and 15. It appeared that due to clutter and
beam blockage effects, becoming more apparent as the meteorological echo strength weakened, LDR
measurements could be made to lower signal levels at the Easton site when compared to the Nesse
site. In order to clear the ground clutter, CHILL radar had to point at a higher elevation angle at the
Nesse site than at the Easton site. The Easton site is located on a ridge, and, from the right location,
one can see the radome of the CHILL antenna. At the Easton site, the elevation angle of the radar can
be kept noticeably lower, which allows for the beam to be closer in height to the measurement area of
the MASC and 2DVD, minimizing difference between the snow in the radar pulse volume versus the
snow measured by the MASC/2DVD.
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Figure 14. Nesse site (at a range of 14.88 km) as rain approached on 27 August 2014: VCHILL (Virtual 
CHILL) displays of (a) Ze and (b) LDR measured by CSU-CHILL Radar. LDR “wedge” is apparent, 
due to the University of Northern Colorado/Greeley hill, downrange; it fades out as precipitation echo 
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Figure 15. Easton site (12.92 km range) with ~30 dBZ rain: CSU-CHILL Radar measurements of (a) Ze 
and (b) LDR. LDR looks reasonable down to near-surface elevations. It appeared that reasonable LDR 
can be obtained down to lower reflectivity levels at the Easton site versus the Nesse site (Figure 14). 
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Figure 15. Easton site (12.92 km range) with ~30 dBZ rain: CSU-CHILL Radar measurements of (a) Ze

and (b) LDR. LDR looks reasonable down to near-surface elevations. It appeared that reasonable LDR
can be obtained down to lower reflectivity levels at the Easton site versus the Nesse site (Figure 14).
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We constructed the MASCRAD Field Site at the Easton Valley View Airport, south of Greeley,
Colorado, shown in Figure 16, in October 2014 [23]. We built a 2/3-scaled (8-m outer diameter)
double fence intercomparison reference (DFIR) wind shield [48] at the site, for placement of the MASC
(Figure 1), 2DVD (Figure 8), PLUVIO200 snow measuring gauge (a weighing-type gauge, which
provided conventional precipitation accumulation measurements vs. time for the campaign), and
VAISALA weather station, as well as a big heated weather-proof enclosure for the two computers
running the MASC and the 2DVD and other accessories. The purpose of the DFIR shield is to reduce
the impacts of horizontal wind on the collection efficiency of the hydrometeor sensors. We also used
the collocated NCAR GAUS (GPS advanced upper-air system) sounding system. The GAUS facility
provided important high-resolution measurements of temperature, humidity, pressure, and winds.
It is well-known, for example, that the vertical profile of wet-bulb temperature will constrain the
type of precipitation at the surface. Figure 17 shows characteristic plots of the GAUS measured wind
speed data at the MASCRAD Snow Field Site, outside and inside the DFIR wind fence, from which
a threefold (or more) wind reduction inside the fence relative to the outside environment is observed;
this is typically observed in all high-wind events during the 2014/2015 winter season. The MASCRAD
Field Site was fully operational and performed well during the first snow storm of the season, on
15 November 2014.

Atmosphere 2016, 7, 81 14 of 31 

 

We constructed the MASCRAD Field Site at the Easton Valley View Airport, south of Greeley, 
Colorado, shown in Figure 16, in October 2014 [23]. We built a 2/3-scaled (8-m outer diameter) double 
fence intercomparison reference (DFIR) wind shield [48] at the site, for placement of the MASC 
(Figure 1), 2DVD (Figure 8), PLUVIO200 snow measuring gauge (a weighing-type gauge, which 
provided conventional precipitation accumulation measurements vs. time for the campaign), and 
VAISALA weather station, as well as a big heated weather-proof enclosure for the two computers 
running the MASC and the 2DVD and other accessories. The purpose of the DFIR shield is to reduce 
the impacts of horizontal wind on the collection efficiency of the hydrometeor sensors. We also used 
the collocated NCAR GAUS (GPS advanced upper-air system) sounding system. The GAUS facility 
provided important high-resolution measurements of temperature, humidity, pressure, and winds. 
It is well-known, for example, that the vertical profile of wet-bulb temperature will constrain the type 
of precipitation at the surface. Figure 17 shows characteristic plots of the GAUS measured wind speed 
data at the MASCRAD Snow Field Site, outside and inside the DFIR wind fence, from which a 
threefold (or more) wind reduction inside the fence relative to the outside environment is observed; 
this is typically observed in all high-wind events during the 2014/2015 winter season. The MASCRAD 
Field Site was fully operational and performed well during the first snow storm of the season, on 15 
November 2014. 

(a) (b) 

Figure 16. MASCRAD Snow Field Site at Easton Valley View Airport, Colorado: (a) 2/3-scaled DFIR 
double wind fence right after construction in October 2014 and (b) 2DVD, VAISALA, and MASC 
instruments operating within the DFIR fence. 

(a) (b) 

Figure 17. Plots of the GAUS measured wind speed data on 2 and 3 December 2014 at the MASCRAD 
Snow Field Site: (a) surface data outside the wind fence (surrounding environment) and (b) surface 
data inside the wind fence (distrometer environment)—both measured by NCAR Mesonet sensors. 

7. Scans over MASCRAD Field Site by Two State-of-the-Art Polarimetric Radars 

Figure 16. MASCRAD Snow Field Site at Easton Valley View Airport, Colorado: (a) 2/3-scaled DFIR
double wind fence right after construction in October 2014 and (b) 2DVD, VAISALA, and MASC
instruments operating within the DFIR fence.

Atmosphere 2016, 7, 81 14 of 31 

 

We constructed the MASCRAD Field Site at the Easton Valley View Airport, south of Greeley, 
Colorado, shown in Figure 16, in October 2014 [23]. We built a 2/3-scaled (8-m outer diameter) double 
fence intercomparison reference (DFIR) wind shield [48] at the site, for placement of the MASC 
(Figure 1), 2DVD (Figure 8), PLUVIO200 snow measuring gauge (a weighing-type gauge, which 
provided conventional precipitation accumulation measurements vs. time for the campaign), and 
VAISALA weather station, as well as a big heated weather-proof enclosure for the two computers 
running the MASC and the 2DVD and other accessories. The purpose of the DFIR shield is to reduce 
the impacts of horizontal wind on the collection efficiency of the hydrometeor sensors. We also used 
the collocated NCAR GAUS (GPS advanced upper-air system) sounding system. The GAUS facility 
provided important high-resolution measurements of temperature, humidity, pressure, and winds. 
It is well-known, for example, that the vertical profile of wet-bulb temperature will constrain the type 
of precipitation at the surface. Figure 17 shows characteristic plots of the GAUS measured wind speed 
data at the MASCRAD Snow Field Site, outside and inside the DFIR wind fence, from which a 
threefold (or more) wind reduction inside the fence relative to the outside environment is observed; 
this is typically observed in all high-wind events during the 2014/2015 winter season. The MASCRAD 
Field Site was fully operational and performed well during the first snow storm of the season, on 15 
November 2014. 

(a) (b) 

Figure 16. MASCRAD Snow Field Site at Easton Valley View Airport, Colorado: (a) 2/3-scaled DFIR 
double wind fence right after construction in October 2014 and (b) 2DVD, VAISALA, and MASC 
instruments operating within the DFIR fence. 

(a) (b) 

Figure 17. Plots of the GAUS measured wind speed data on 2 and 3 December 2014 at the MASCRAD 
Snow Field Site: (a) surface data outside the wind fence (surrounding environment) and (b) surface 
data inside the wind fence (distrometer environment)—both measured by NCAR Mesonet sensors. 

7. Scans over MASCRAD Field Site by Two State-of-the-Art Polarimetric Radars 

Figure 17. Plots of the GAUS measured wind speed data on 2 and 3 December 2014 at the MASCRAD
Snow Field Site: (a) surface data outside the wind fence (surrounding environment) and (b) surface
data inside the wind fence (distrometer environment)—both measured by NCAR Mesonet sensors.
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7. Scans over MASCRAD Field Site by Two State-of-the-Art Polarimetric Radars

The newly built and established MASCRAD Easton Field Site is conveniently located in-between
the CSU-CHILL and NCAR SPOL radars, as shown in Figure 18. The CSU-CHILL radar is the primary
radar for the project, while the SPOL radar provides for additional polarimetric radar coverage as
well as the capability of dual-Doppler derived wind fields. The CSU-CHILL radar with the high
performance S-band feed was used to scan (with high resolution) precipitation over the instrumented
site. The very high quality LDR measurements are needed to see if subtle changes in particle riming
can be corroborated with MASC data, and if freezing rain or a re-freezing layer can be detected by
CSU-CHILL and corroborated with the MASC images—as two characteristic examples. The SPOL
radar provides broader coverage and at times the two radars are scanned to obtain dual-Doppler
wind fields.
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high spatial and temporal resolutions over the Easton site. For CHILL, the dual-transmitter PRFs 
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Figure 18. (a) The Front Range Observational Network Testbed (FRONT) [49] map showing location
of various radars; (b) MASCRAD Easton Field Site is located about 12.92 km south/southeast of the
CSU-CHILL Radar, along the baseline to the SPOL Radar.

The CSU-CHILL radar is a two-transmitter, two-receiver system that measures the full covariance
matrix in either H/V or slant linear 45�/135� basis. The antenna is an 8.5 m dual-offset Gregorian
design with very high polarization purity and excellent side-lobe performance in any plane [50].
The measured LDR system limit is estimated to be �40 to �43 dB, while the two-transmitter firing
alternately every PRT prevents any cross-coupling errors in Zdr, present in simultaneous transmit
systems such as the WSR-88D [51,52], and avoids depolarization streaks in Zdr/ρhv due to crystals
aligned off the horizontal or vertical directions [53]. In addition to the two examples mentioned above,
note that it has long been recognized that the measure of the LDR is highly sensitive to particle riming
or melting, to irregular shapes such as dry snow aggregates, to ice crystal morphology, to aspherical
ice pellets or lump graupel, and, in the extreme case, to freezing rain [4,54,55].

For collection of CHILL and SPOL radar data for the MASCRAD project, for the 2014/2015
MASCRAD winter campaign, special scan strategies were implemented for both radars focused on
high spatial and temporal resolutions over the Easton site. For CHILL, the dual-transmitter PRFs were
increased to 1000 Hz each. In alternating pulse mode, the effective PRF is 2000 Hz to enable coherent
processing gain to extract weak cross-polar signal from noise (improving LDR detection). All data over
the Easton site was being acquired in time series mode (I + jQ) in addition to conventional covariance
products. The scan strategy over Easton included three fixed pointing beams with dwell of 20 s each,
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2 RHIs, 1 low elevation angle PPI sweep, and 1 VAD scan. This cycle repeated every 4 min. The SPOL
radar (PRF = 1000 Hz; alternating mode using fast polarization switch) scans included PPI sectors at
7 elevation angles (60� sector centered at Easton) along with 2 RHIs. Time series data were archived
routinely. Additionally, the WSR-88D radars in Denver, Colorado, and in Cheyenne, Wyoming (see
Figure 18), provided secondary validation data over the Easton measurement site.

The MASCRAD Easton Field Site is at azimuth 171.3�/range 12.92 km from CSU-CHILL.
The ground elevation at the Easton Airport is ~32 m higher than the terrain height at CSU-CHILL.
Due to ground clutter, the lowest elevation angle at which uncontaminated meteorological data can be
collected with the CSU-CHILL S-band system in the immediate Easton vicinity is 1.5� (of course, our
goal is to reduce as much as possible the vertical separation between the radar sample volume and
the surface-based measurements). At this elevation angle, the antenna pattern’s main lobe is located
between the ~192 m and 420 m heights above the ground at the Easton site. When precipitation was
occurring or expected at Easton, both CSU-CHILL and SPOL radars conducted pre-programmed,
~4 min cycle time scan sequences that included both low-elevation angle PPIs as well as narrow RHI
volumes centered on the ground instrumentation site.

8. Illustrative Results from 2014/2015 MASCRAD Winter Campaign and Discussion

Using either individual or coordinated operations, the CSU-CHILL and NCAR SPOL radars
collected dual polarization data—coupled with in-situ surface measurements performed at the
MASCRAD Field Site—during essentially all significant snow events that occurred in the greater
Easton Airport area between November 2014 and April 2015. The following three cases were selected
to illustrate MASCRAD observations and computations during the 2014/2015 MASCRAD winter
campaign, as well as the diversity of hydrometeor types that were processed and analyzed.

8.1. Example Case 1 of MASCRAD Observations and Computations: Unusual Winter Graupel Shower Event
on 16 February 2015

During the pre-dawn hours of 16 February 2015, a well-defined 50 kPa upper trough system
moved southward across the MASCRAD Field Site [28,29]. The operational NWS sounding data
at 12:00 UTC on the 16th, indicated that mid-tropospheric cold air advection was occurring over
northeastern Colorado. The resultant thermal instability was forecast to increase later in the day as
solar heating of the ground surface occurred. (Surface temperatures were expected to remain just
below freezing). This forecast instability was realized in the active development of cumulus clouds,
some with visible precipitation shafts, in the vicinity of the CSU-CHILL radar site around 18:00 UTC.
By 18:31 UTC, small convective echoes with maximum core reflectivities of ~35 dBZ existed along
a line located just south of the MASCRAD Easton site (Figure 19). Similar small shower echoes affected
many locations in the general Greeley–Denver region on the afternoon of 16 February. Based on the
reports filed by observers in the Community Collaborative Rain, Hail and Snow (CoCoRaHS) network,
a number of these showers generated graupel.

Additional showers began to develop near the MASCRAD Easton site at ~18:40 UTC. In response
to these local developments, CSU-CHILL scanning that repeated RHIs over the Easton site with a cycle
time of ~2.25 min were started. The vertical structure of one of the convective echoes that affected
the Easton site at 19:27 UTC is shown in Figure 20. Echo height was relatively low, extending to only
slightly above 4 km height above ground level (AGL). An elevated region of more intense reflectivity,
reaching levels of ~30 dBZ, was found in the leading portion of the echo system near the 2 km AGL
level. This elevated reflectivity maxima appeared to be the source region for curving columns of
enhanced reflectivity that reached down to the surface. Differential reflectivity values tended to be
fractionally negative in this same higher-intensity, overhanging reflectivity at the leading edge of the
system (i.e., between ranges 12 and 15 km in Figure 20). Generally similar reflectivity and Zdr structures
were seen in two other showers that passed through the RHI scan planes between 19:00 and 20:15 UTC.
The accuracy of the CSU-CHILL system Zdr calibration was checked using vertically-pointed data
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collected during a snow event six days later. Based on this vertically-pointed data, +0.2 dB was added
to the values in the archive data files. This adjustment has been applied to the plots shown in Figure 20.
The fractionally negative Zdr values in the echo cores are also consistent with those observed by the
NWS KFTG radar in this event. This pattern of low-topped convection containing slightly negative
Zdr values and producing reports of conical graupel at the surface has been reported by Evaristo [56].
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Easton site; as a result, the MASC only collected ~50 particle images during the ~19:00–20:15 UTC 
period. Within this small sample, lump type graupel particles were frequently observed (Figure 21). 
Analysis results indicate the axis ratio of the graupel particles tended to become slightly prolate with 
increasing diameter. This shape characteristic accounts for the fractionally negative Zdr values that 
were observed [29]. 
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Figure 20. Range-height indicator (RHI) scan through a convective echo near the Easton site (12.92 km
range) at 19:27 UTC on 16 February 2015. (a) Horizontal reflectivity, Zh, in dBZ; (b) Differential
reflectivity, Zdr, in dB. Horizontal ranges and heights (AGL) are in km.

The descending reflectivity cores observed on 16 February 2015 were never well-centered on the
Easton site; as a result, the MASC only collected ~50 particle images during the ~19:00–20:15 UTC
period. Within this small sample, lump type graupel particles were frequently observed (Figure 21).
Analysis results indicate the axis ratio of the graupel particles tended to become slightly prolate with
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increasing diameter. This shape characteristic accounts for the fractionally negative Zdr values that
were observed [29].Atmosphere 2016, 7, 81 18 of 31 
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Figure 21. Example MASC images recorded during the 16 February 2015 graupel showers at the
MASCRAD Easton site.

Figures 22 and 23 show illustrative results of MoM-SIE scattering calculations based on the MASC
images captured at the MASCRAD Field Site during the unusual winter graupel shower event on
16 February 2015, in comparison with CSU-CHILL radar data [30]. As can be seen, the computed
LDR and Zdr single-particle values (given just for illustration; the full analysis based on all collected
particles for the event is ongoing) agree well with those measured simultaneously by the radar.
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Figure 22. Illustrative results of MoM-SIE scattering calculations based on the MASC images captured
at the MASCRAD Field Site during the unusual winter graupel shower event on 16 February 2015 and
the resulting 3D shape reconstruction, in comparison with the corresponding CSU-CHILL radar RHI
plots of LDR and Zdr at the same time. Results: MASC/MoM-SIE: εr = 1.275 � j0.0003, LDR = �36 dB,
Zdr = �0.15 dB; CHILL Radar: LDR = �35 dB, Zdr = �0.21 dB, at the 12.92-km range.
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at the same time. Results: MASC/MoM-SIE: εr = 1.19 � j0.0002, LDR = �24.5 dB, Zdr = �0.05 dB;
CHILL Radar: LDR = �33 dB, Zdr = �0.02 dB (12.92-km range).

8.2. Example Case 2 of MASCRAD Observations and Computations: Major Snow Band Passage Event on
21 February 2015

The second MASCRAD project example case took place on 21–22 February 2015, when a major
snow band associated with a cold frontal passage moved across the MASCRAD Field Site [28]. Figure 24
shows the low-level reflectivity pattern observed by the NCAR SPOL radar as the leading edge of this
snow band was just reaching the CSU-CHILL site at 2015 UTC. The reflectivity values in excess of
30 dBZ were some of the highest levels observed from snow echoes during the 2014/2015 MASCRAD
winter campaign.
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Shown in Figure 25 is an RHI scan taken by the CSU-CHILL radar as the maximum reflectivity
portion of the snow band was in the vicinity of the MASCRAD Easton site (range 12.92 km). Areas
of light snow were fairly widespread before the surface cold front and primary snow band arrived
in the Greeley area near 21 UTC. The arrival of the cold front brought northerly winds gusting to
~15 m/s and markedly reduced visibility in moderate to heavy snow at the CSU-CHILL site. The RHI
data showed an echo depth increase of 1.5–2 km in association with the arrival of the snow band.
Differential reflectivity was consistently near 0 dB in the lowest ~1 km in the higher reflectivity portions
of the snow band.
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Figure 25. CSU-CHILL radar RHI scan over the MASCRAD Easton site (located at a range of 12.92 km)
at ~21:31 UTC on 21 February 2015. (a) Maximum reflectivities slightly exceeded 30 dBZ; (b) Differential
reflectivities were near 0 dB in the high reflectivity regions.

Selected MASC images from this high-reflectivity period are shown in Figure 26. These images
contain relatively large diameter particles with good focus and illumination. The larger diameter
particles were of interest since they primarily influence the radar return signal. The MASC images
during the passage of the high reflectivity axis of the snow band were typically rimed aggregates.
Based on the MASC’s rapid flash rate, particle concentrations were high. The irregular shapes and
orientations of these aggregates are consistent with the observed near 0 dB Zdr values.
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A comparison of the Zdr values observed in the 16 February 2015 graupel showers and in the
21 February 2015 snow band is shown in Figure 27. Both events have a mode Zdr value that is very
close to 0 dB. The 16 February case, which contained more lump graupel particles than aggregates,
had a longer tail of values extending into the negative Zdr range.
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Figure 27. Differential reflectivity (Zdr) histograms for the 16 February 2015 graupel and 21 February
2015 snow band cases.

Similar histograms for the LDR are shown in Figure 28. The snow band case (blue trace) shows
slightly higher depolarization levels. This is related to the more irregular/less spherical shapes of the
large aggregates that were documented in the snow band.
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In addition, we performed the microphysical characteristics analysis of the 21–22 February 2015
heavy snowfall case, with the objective to quantify the vertical structure of precipitation and the snow
characteristics at ground level and link one to the other. The precipitation vertical structure was
obtained from the CSU-CHILL radar RHI scans and the ground snow characteristics from the 2DVD
(to characterize PSD at the ground) and the MASC (to classify habits of snow particles at the ground).
Quality control of the 2DVD data was performed in a step-by-step procedure, details of which are
given in [57].

Past studies have shown that the dominant microphysics processes at heights above the �15 �C
level are different from those below it [9]. In the region warmer than �15 �C height, ice particles
mainly grow from aggregating or riming. At colder temperatures, ice particles predominantly grow
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from diffusion process. To measure microphysics of two regions, temperature profile data observed
from sondes launched at the MASCRAD Field Site is used. From temperature profiles, �5 �C,
�10 �C, and �15 �C heights are found and the radar reflectivity gradients are calculated for the
corresponding heights.

The ground snow characteristics were quantified by (a) PSD; (b) particle velocity distribution; (c)
intercept parameter Nw (= (44/Γ(4))(M3)5(M4)�4, m�3�mm�1) of the PSD; (d) apparent mass-weighted
mean diameter Dm (= M4/M3, mm), which is proportional to the degree of aggregation; and (e) mean
fall velocity, which is proportional to the degree or riming [58], where Mn is n-th moment of the PSD.

From the regular RHI radar scans, such as the one shown in Figure 29a, the height-time indicator
extracted over the MASCRAD Field Site was obtained. This indicator can clearly show precipitation
vertical structure change above a specific location. Precipitation vertical structure changes influence the
ground snowfall properties, thus the height-time indicator can be used to find quantitative relationships
between the precipitation vertical structure and the ground snow characteristics. In our analysis, we
have taken into account the finite time for the snow particles to fall from a given height to reach the
ground level. Figure 29b,c show the height-time indicator for the horizontal reflectivity, Zh, and the
differential reflectivity, Zdr, for the event, where several points can be made observing the results.
First, this indeed is a very heavy snowfall case because Zh is greater than 30 dBZ close to the surface.
Second, there appear to be some high positive Zdr regions and some negative Zdr regions. High Zdr
implies that ice particles have significant oblateness and is seen at cloud top heights. A negative Zdr
area indicates ice particles like conical graupel or heavily rimed aggregates with the major axis in the
vertical and the area is often seen in mid-cloud regions (see, for example, Figure 26).
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Horizontal reflectivity, Zh, height-time indicator above the MASCRAD Field Site, extracted from RHI 
scans during the 21–22 February 2015 event; (c) Differential reflectivity, Zdr, height-time indicator for 
the event; blue and black circles indicate negative Zdr and high Zdr (Zdr > 3 dB) regions, respectively. 

Figure 30 shows the relation between precipitation vertical structure and ground snow 
characteristics, namely, the scatterplots of the linked gradient of the horizontal reflectivity, ∇Zh 
(dB/km), computed using the radar variable values of −10 °C and −15 °C isotherm heights h as ∇Zh = 
(Zh(−10 °C) − Zh(−15 °C))/(h(−15 °C) − h(−10 °C)), versus Dm and versus Nw, respectively, for the 21–22 
February 2015 event. We observe from the figure that ∇Zh increases with Dm, but decreases with Nw, which 
means that the radar signatures show high ∇Zh when aggregation becomes the dominant microphysics. 
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Figure 30. Scatterplots of (a) linked ∇Zh versus Dm and (b) linked ∇Zh versus Nw for the 21–22 February 
2015 event. Solid lines and the corresponding linear relations ∇Zh(Dm) and ∇Zh(Nw) given in the figure 
represent the least-squares fitting results. 

Figure 31 shows the time series of the PSD and particle velocity distribution for the 21–22 February 
2015 event. Figure 31b also includes some MASC images. MASC images at around 15 h UTC show 
aggregated snowflakes. At the same time, the mean fall velocity had low values, although the PSD had 
narrow distribution. MASC images of 22 h UTC show aggregated snowflakes with riming. Within that 
timing, the PSD had wide distribution and it was observed to have high fall velocity. 

Figure 29. (a) RHI scan display from the CSU-CHILL radar at 21:30 UTC on 21 February 2015;
(b) Horizontal reflectivity, Zh, height-time indicator above the MASCRAD Field Site, extracted from
RHI scans during the 21–22 February 2015 event; (c) Differential reflectivity, Zdr, height-time indicator
for the event; blue and black circles indicate negative Zdr and high Zdr (Zdr > 3 dB) regions, respectively.

Figure 30 shows the relation between precipitation vertical structure and ground snow
characteristics, namely, the scatterplots of the linked gradient of the horizontal reflectivity, ∇Zh
(dB/km), computed using the radar variable values of �10 �C and �15 �C isotherm heights h as
∇Zh = (Zh(�10 �C) � Zh(�15 �C))/(h(�15 �C) � h(�10 �C)), versus Dm and versus Nw, respectively,
for the 21–22 February 2015 event. We observe from the figure that ∇Zh increases with Dm, but
decreases with Nw, which means that the radar signatures show high ∇Zh when aggregation becomes
the dominant microphysics.
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Figure 30. Scatterplots of (a) linked ∇Zh versus Dm and (b) linked ∇Zh versus Nw for the 21–22
February 2015 event. Solid lines and the corresponding linear relations ∇Zh(Dm) and ∇Zh(Nw) given
in the figure represent the least-squares fitting results.

Figure 31 shows the time series of the PSD and particle velocity distribution for the 21–22 February
2015 event. Figure 31b also includes some MASC images. MASC images at around 15 h UTC show
aggregated snowflakes. At the same time, the mean fall velocity had low values, although the PSD had
narrow distribution. MASC images of 22 h UTC show aggregated snowflakes with riming. Within that
timing, the PSD had wide distribution and it was observed to have high fall velocity.
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Figures 32 and 33 show characteristic examples of MoM-SIE single-particle scattering 
calculations based on the MASC images captured during the 21 February 2015 major snow band 
passage event, in comparison with results measured simultaneously by CSU-CHILL radar [30]. 
Again, while a good agreement can be observed, these examples are given just for illustration, as the 
scattering analysis of all collected particles for the event is ongoing. 

Figure 32. Illustrative results of MoM-SIE scattering calculations based on the MASC images captured 
at the MASCRAD Field Site during the major snow band passage event on 21 February 2015 and the 
resulting 3D shape reconstruction, in comparison with the corresponding CSU-CHILL radar RHI 
plots of LDR and Zdr at the same time. Results: MASC/MoM-SIE: εr = 1.216 − j0.0002, LDR = −31 dB, 
Zdr = −0.1 dB; CHILL Radar: LDR = −29 dB, Zdr = −0.17 dB, at the 12.92-km range. 

Figure 31. Time series of (a) the particle size distribution (PSD) and (b) the particle velocity distribution
for the 21–22 February 2015 event, with representative MASC images also shown.

Figures 32 and 33 show characteristic examples of MoM-SIE single-particle scattering calculations
based on the MASC images captured during the 21 February 2015 major snow band passage event, in
comparison with results measured simultaneously by CSU-CHILL radar [30]. Again, while a good
agreement can be observed, these examples are given just for illustration, as the scattering analysis of
all collected particles for the event is ongoing.

Atmosphere 2016, 7, 81 24 of 31 

 

(a) (b)

Figure 31. Time series of (a) the particle size distribution (PSD) and (b) the particle velocity 
distribution for the 21–22 February 2015 event, with representative MASC images also shown. 

Figures 32 and 33 show characteristic examples of MoM-SIE single-particle scattering 
calculations based on the MASC images captured during the 21 February 2015 major snow band 
passage event, in comparison with results measured simultaneously by CSU-CHILL radar [30]. 
Again, while a good agreement can be observed, these examples are given just for illustration, as the 
scattering analysis of all collected particles for the event is ongoing. 

Figure 32. Illustrative results of MoM-SIE scattering calculations based on the MASC images captured 
at the MASCRAD Field Site during the major snow band passage event on 21 February 2015 and the 
resulting 3D shape reconstruction, in comparison with the corresponding CSU-CHILL radar RHI 
plots of LDR and Zdr at the same time. Results: MASC/MoM-SIE: εr = 1.216 − j0.0002, LDR = −31 dB, 
Zdr = −0.1 dB; CHILL Radar: LDR = −29 dB, Zdr = −0.17 dB, at the 12.92-km range. 

Figure 32. Illustrative results of MoM-SIE scattering calculations based on the MASC images captured
at the MASCRAD Field Site during the major snow band passage event on 21 February 2015 and the
resulting 3D shape reconstruction, in comparison with the corresponding CSU-CHILL radar RHI plots
of LDR and Zdr at the same time. Results: MASC/MoM-SIE: εr = 1.216 � j0.0002, LDR = �31 dB,
Zdr = �0.1 dB; CHILL Radar: LDR = �29 dB, Zdr = �0.17 dB, at the 12.92-km range.
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Figure 33. Some more illustrative results of MoM-SIE scattering calculations based on the MASC
images captured during the 21 February 2015 event, in comparison with CSU-CHILL radar data
(12.92-km range). Results: MASC/MoM-SIE: εr = 1.201 � j0.0002, LDR = �31.5 dB, Zdr = �0.48 dB;
CHILL Radar: LDR = �32 dB, Zdr = �0.12 dB.

8.3. Example Case 3 of MASCRAD Observations and Computation: Positive Zdr in Dissipating Light Snow
Area on 3 March 2015

In contrast to the two previous “active” cases in which local convection (16 February 2015 graupel
showers) and well-organized frontal lifting (21 February 2015 snow band) were occurring, the final
event took place as an area of light snow was fading in terms of horizontal extent and reflectivity [28].
On the morning of 3 March 2015, an area of light to moderate snow had passed the MASCRAD
Field Site while moving from north to south. By ~18:00 UTC, only a shallow (~1 km deep), low
reflectivity (single digit positive Zh values) remained over the Easton site. Within this tenuous residual
echo layer, Zdr values were distinctly positive, with isolated maximum values of ~+5 dB (Figure 34).
Quantifications of Zh and Zdr values observed in this layer near Easton are shown in Figure 35.
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Figure 35 highlights that aggregation is occurring. Namely, an increase in Zh and respective
decrease in Zdr cannot happen with diffusional growth of dendrites/plates [59]. In other words, when
reflectivity is low, the particle number concentrations are small, reducing the frequency of particle
collisions/aggregation. When these “aggregational” collisions do not occur, the intrinsic positive Zdr
characteristics of the individual crystals are more evident.
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This shallow, low reflectivity environment reduced the probabilities of particle riming and
collisions. The selected MASC images shown in Figure 36 have more readily apparent individual
crystal components vs. the heavily rimed aggregates seen in the snow band of 21 February
2015. The more pristine, planar crystal forms on 3 March 2015 would be expected to fall in
a maximum-drag/quasi-horizontal orientation [60]. This fall mode would produce the distinctly
positive Zdr values that were observed in the CSU-CHILL data. While the surface temperature was
near �6 �C, NWS Denver sounding data at 00:00 UTC indicated that temperatures at the ~1.4 km AGL
(2.8 km MSL) echo top level were ~�13 �C. The pristine, single crystals likely grew primarily in the �10
to �15 �C temperature range in near the top of the echo layer, then maintained their flat/positive-Zdr
aspect ratios as they descended to the ground (with infrequent collisions).
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hull image processing methodology; (3) advanced MoM-SIE computational electromagnetics scattering
computations; and (4) state-of-the-art polarimetric radars. The article has also described the newly built
and established MASCRAD surface instrumentation snow field site, which includes a MASC, 2DVD,
PLUVIO snow gauge, and VAISALA weather station, within a DFIR wind fence, and the collocated
NCAR GAUS sounding system, under the umbrella of CSU-CHILL and NCAR SPOL polarimetric
weather radars. This site has then been augmented by advanced geometrical and image processing
and scattering modeling and computing capabilities.

The article has also described the MASCRAD project and the 2014/2015 MASCRAD winter
campaign, and has presented and discussed selected illustrative observation data, results, and analyses
for three cases with widely-differing meteorological settings that involved contrasting hydrometeor
forms, namely, an unusual winter graupel shower event on 16 February 2015, a major snow band
passage event on 21–22 February 2015, and a positive Zdr in a dissipating light snow event on 3 March
2015. Illustrative results of scattering calculations based on MASC images captured during these events,
along with initial comparison with radar data. Selected comparative studies of snow habits from MASC,
2DVD, and CHILL radar data have also been presented, along with the analysis of microphysical
characteristics of particles. In addition, a link between the vertical structure of precipitation, obtained
from the CSU-CHILL radar, and the snow characteristics at ground level, using the 2DVD and MASC
data, has been analyzed and discussed for the 21–22 February 2015 heavy snowfall case.

This newly developed framework has potential to advance frozen phase precipitation remote
sensing and microphysics research. Through judicious use of these technologies, many ongoing and
emerging observational and modeling activities can be enhanced. Ongoing and future work using
this approach includes a variety of aspects relevant to the broader remote sensing and microphysics
communities, and may also spur future collaborative efforts.
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