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Abstract—1In this study, as part of an effort to study snowfall
characteristics and quantify winter precipitation in East China,
we investigated the microphysical properties of snowfall, includ-
ing size, shape, density, and terminal velocity using a 2-D video
disdrometer (2-DVD) and a weighing precipitation gauge in
Nanjing (NJ), East China during the winters of 2015-2019.
We obtained larger snow density and terminal velocity values
than those reported in the literature for this region. Higher snow
density could account for higher snowflake terminal velocity, after
removing the effects of observation altitude and surface temper-
ature. We then fit the snow particle size distributions (PSDs)
to the gamma model and explored the interrelationships among
the model parameters and snowfall rate (SR). The relationship
between radar reflectivity factor (Z,) and SR was derived based
on snow PSD measurements and the snow density relation.
Using this Z, — SR relationship, the estimated liquid-equivalent
SRs are obtained from S-band NJ radar data collected during
several snowfall events. Radar-inferred SRs showed reasonable
agreement with those measured on the ground, with a mean
absolute error of 16% for the collected snowfall events in NJ.

Index Terms—Disdrometer, microphysical
snow, snowfall estimation, weather radar.

characteristics,

I. INTRODUCTION

NOWFALL is a common type of winter precipitation.
Heavy snowfall can exacerbate city traffic and cause huge
economic losses. Accurate snowfall forecasting and estimation
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are crucial for disaster mitigation and many other applications.
However, quantitative snowfall estimation remains challenging
due to the complexity and variability of snow microphysical
properties. The size, terminal velocity, and density of indi-
vidual snowflakes vary significantly [1], [2]. Traditionally,
the liquid-equivalent snowfall rate (SR) is estimated from
equivalent radar reflectivity (Z) using the Z — SR relationship
in the form of Z = aSR’, where a and b are constants
determined by local snowfall microphysics, such as the snow
particle size distribution (PSD) [3], [4]. However, the micro-
physical properties of snowfall in East China remain largely
unknown due to a lack of in situ measurements.

The 2-D video disdrometer (2-DVD) [5]-[7] is an advanced
instrument that provides the most accurate measurements of
liquid precipitation microphysics [8], [9]. The application of
2-DVD for solid-phase precipitation observation has increased
in recent years; for example, Brandes et al. [10] used 2-DVD
snowstorms observations to investigate the physical attributes
of PSDs and derived density—snowflake size relationship for
Colorado (USA), and examined the interrelationships of the
parameters of gamma PSD model. Huang ez al. [11] developed
a method to derive the Z — SR relationship based on 2-DVD
and radar measurements during the 2006-2007 winter season
in Canada. In their method, the optimal values of parame-
terized snow density could be well estimated by minimizing
the difference between 2-DVD-calculated and radar-observed
reflectivity values. Adjustment for snow density was per-
formed by Zhang et al. [12] for winter precipitation in Central
Oklahoma, which shows promising performance in improv-
ing the simulation of radar variables from disdrometer data.
Huang et al. [13] applied the methodology of Bohm [14] to
derive mean density-size and Z — SR power-law relationships
using a 2-DVD over Jarvenpid (Finland) for snowfall events
in 2010 and 2011. Nevertheless, studies performing micro-
physical properties and quantitative estimation of snowfall
remain relatively rare, especially in China.

During the East Asia winter monsoon season, the maximum
snowfall intensity usually occurs in the Yangtze—Huaihe region
of East China due to abundant water vapor throughout the
region [15]. Since snowfall microphysical properties vary
greatly among regions with different climates, previous studies
of snowfall microphysical properties in other areas may be
insufficient to represent those in East China. Therefore, in this
study, we investigated snowfall microphysical characteristics
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Fig. 1. Locations in East China covered by the NJRD, the 2-DVD, and

11 weighing precipitation gauges used in this study. Range rings (50-km
interval) are indicated by black dashed circles. The highlighted location is
in the top right corner.

based on local 2-DVD measurements obtained in Nanjing
(NJ), East China, to further improve the parameterization and
estimation of winter precipitation in this area. We derived and
verified a radar quantitative estimation algorithm for snowfall
intensity using collocated radar and snow gauge data.

The remainder of this article is organized as follows.
Descriptions of the instruments used, and of the data set and
analysis methodologies, are provided in Section II. Section III
describes snowfall microphysical properties and the processes
of liquid-equivalent snowfall estimation and verification based
on the Z — SR relationship. The discussion and conclusions
are provided in Section IV.

II. DATA AND METHODS
A. Instrumentation

The instruments used in this study included a 2-DVD,
several weighing precipitation gauges, and an S-band Doppler
radar (Fig. 1). The S-band Nanjing Radar (NJRD) is deployed
in NJ, Jiangsu Province (32.19°N, 118.69°E) at an alti-
tude of about 138.2-m a.s.l. The 2DVD is deployed at the
Jiangning (JN) national weather station (31.93°N, 118.90°E;
~35.2-m a.s.l.). JN station is approximately 35 km from
NIJRD. The weighing precipitation gauges used in this study
are all located within 100 km of NJRD; one is collocated
with 2-DVD at JN station as shown in Fig. 2 (distance ~ of
about 20 m).

The 2-DVD is the third-generation version produced
by JOANNEUM RESEARCH (Graz, Austria). The 2-DVD
includes two orthogonal high-speed line-scan cameras with
a height offset of 6-7 mm. Particles passing through the
approximately 10 cm x 10 cm virtual measuring area, formed
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Fig. 2. Relative positions of the 2-DVD and the weighing precipitation gauge
at JN station.
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Fig. 3. Time series of the PSD, maximum diameter (Dpmax), terminal
velocity, and precipitation rate for the event on January 03, 2018. Colors in
the PSD time-series indicate particle number concentrations after logarithmic
transformation.

by the cross section of the two optical paths, obstruct light
and cast shape shadows on the cameras [6]. The 2-DVD
obtains a pair of pictures of each particle, along with volume,
equivolumetric diameter, and terminal velocity data. Further
information about instrument capability is available on the
manufacturer website (www.distrometer.at).

The weighing precipitation gauges used in this study are
all installed at automatic meteorological network stations in
East China (black dots in Fig. 1), operated by the China
Meteorological Administration (CMA). The gauge has an
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TABLE I
SNOWFALL EVENTS MEASURED BY 2-DVD FrRoM 2015 1O 2019

Year Case  Snow Period (LST) TEC) Ty (°C) W“(lr‘il/sseed gﬁfﬁf‘iﬁ;’&z
2005 1 01:36-08-00 28 Jan 20,56 4 3 Tow
21:00-24:00 28 Jan 04 0.0 3.0 low
11:50-18:00 29 Jan 0.41 0.0 28 low
2016 2 19:30-24:00 20 Jan -0.06 14 24 Tow
00:00-08:00 21 Jan 2071 16 18 low
09:00-24:00 22 Jan 0.41 0.6 34 high
3 13:00-21:00 31 Jan -0.57 16 32 high
4 11:00-18:00 23 Nov 0.45 02 33 high
2018 5 00:00-24:00 04 Jan 0.41 0.0 24 high
6 13:00-17:00 09 Dec 0.97 02 24 Tow
7 13:00-21:00 30 Dec 14 26 25 high
2019 8 02:00-15:00 09 Jan 0.51 0.0 16 high

T is the mean surface temperature obtained from Stevenson screen at JN station. T\, is the mean wet-bulb temperature calculated from surface temperature and
relative humidity [21]. Two categories of the snowfall events classified by terminal velocity are described with high terminal velocity and low terminal velocity.

TABLE 11
TERMINAL VELOCITY RELATIONS IN PREVIOUS STUDIES AND THIS STUDY

Study Relation Snow Type
Brandes (2002) [22] v, = —0.1021 + 4.932D — 0.9551D?% + 0.07934D3 — 0.002362D* Rain
Jeong-Eun (2015) [23] v =1.03D%7* Needle
Locatelli and Hobbs (1974) [24] v = 1.3D066 Lump graupel

v = 0.79D%27 Densely rimed aggregates
v = 0.81D%1° Unrimed aggregates

This study v = 1.03D%?5 low terminal velocity cases
v = 1.29D%?° high terminal velocity cases

orifice diameter of 20 cm. It records the liquid-equivalent
accumulated height of snow at 1-min intervals (0.1-mm reso-
Iution). Wind speed is the most important factor determining
gauge catch efficiency [15]. The snowfall events analyzed in
this study had ambient wind speeds of <3.5 m/s (Table I).
In order to make the snow gauge measurements more accu-
rate, we performed wind-loss corrections of snow gauge data
according to the equation described in [20]. They compared
the gauge measurements of snowfall with and without the
Double Fence Intercomparison Reference (DFIR) shield which
is an international standard reference windshield used by the
World Meteorological Organization for accurate snow gauge
measurements [16], [17]. Then, the snow gauge catch ratio R
(Gauge/DFIR) is parameterized by wind speed Wj as follows:

R = exp (4.605 — 0.06 x W,*).

Finally, the snow gauge catch ratio is used for the correction
of snow gauge measurements in our study.

NJRD is operated in volume coverage pattern (VCP)
mode 21, which includes nine elevation angles (0.5°, 1.5°,
2.4°,3.3°, 4.3°, 6.0°, 9.9°, 14.6°, and 19.5°). The temporal
resolution of NJRD is about 6 min; the gate spacing and
azimuth resolution are 0.25 km and 1°, respectively. In this
study, we used NJRD data at the 0.5° PPI scans within an area
average of 1 km x 1 km aloft the instruments for comparison.

B. Data Set

From January 2015 to February 2019, eight snowfall
events in the observation region were recorded (Table I).

Some of these events were split into multiple time periods.
To ensure collection of sufficient snowflake samples, 2-DVD
and weighing precipitation gauge data were integrated at 5-min
intervals.

As shown in Table I, the surface wet-bulb temperatures
Ty, during the snowfall events were <0 °C, indicating the
hydrometeors were dry snow [18]-[21]. Liquid and mixed-
phase precipitation data recorded at the JN site were excluded
from the analysis. To illustrate the process of snowfall period
selection, Fig. 3 shows a time series of the snowfall charac-
teristics for a rain—snow transition event (January 03, 2018),
including snow PSD, maximum diameter (Dy,x), terminal
velocity, and precipitation rate, as measured by the 2-DVD
and weighing precipitation gauge. The terminal velocity data
for each precipitation period are presented in Fig. 4. The rep-
resentative terminal velocity relationships of different particle
types are also shown for comparison (Table II) [22]-[24].
Period (a) was characterized by light rain with Dp,x seldom
exceeding 2 mm (Fig. 3) and the particle terminal velocity
matching well with the relation for rain [22] [Fig. 4(a)].
An increase in precipitation rate during the moderate rain
period (b) corresponded to increases in Dy, and termi-
nal velocity. During the transition from rain to snow in
period (c), D,y increased and the terminal velocity decreased.
The particle velocities during this mixed-phase precipitation
period were between those of rain and snow [Fig. 4(c)].
During the pure snowfall period (d), Dpm,x exceeded 8 mm
and the terminal velocity was <3 m - s™'; no significant
increase in terminal velocity was noted when particle size
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Fig. 4. Terminal velocity versus diameter for periods of (a) light rain, (b) moderate rain, (c) mixed-phased precipitation, and (d) snow on January 03, 2018,
obtained via the 2-DVD. Colors denote scatter density. Curves are the representative relationships of different particle types (Table II).
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Fig. 5. Snow density—diameter relationship derived from the 2-DVD

measurements and weighing precipitation gauge data obtained during the
snowfall events listed in Table I. Colors denote scatter density. The relationship
derived in this study and by Brandes ef al. [10] is indicated by red solid and
dashed lines, respectively.

increased [Fig. 4(d)]. Due to the short snowfall period on
January 03, 2018, we included snow data from the following
day (January 04, 2018; a whole-day snowfall event) in the
analysis.

C. Snow PSD

We sorted 2-DVD-observed snowfall particles from 0.1 to
15 mm into 150 size bins (0.1-mm intervals). The snow PSD
is expressed by

1 S |
N(D;) = 1
(D:) At*ADZAj*vj W

j=1

where D; (mm) and N(D;) (mm~' - m™3) are the mean
diameter and mean number concentration of particles in class
i, At (s) is the time interval, A D (mm) is the particle size class
width, and A; (m?) and v; (m-s~") are the effective measuring
area and terminal velocity of particle j, respectively. Due
to the complexity of snowflake shapes, 2-DVD mismatching
can occur. We filtered initially matched particles using the
method of Bukovci¢ et al. [25]. The products of the height
ratio of the orthogonal images and the ratio of measured
terminal velocity to the predetermined value are calculated
for the match samples. The samples with the product below
the threshold value of 0.5 are filtered out. Note that, filtered
mismatching particles can cause errors in measured PSD.
Accordingly, filtered PSD N,,(D;) was corrected following
the method of Huang ef al. [13] using adjustment factor y,
which is derived as follows y, as shown at the bottom of the
next page, where 0.4 (100/250) is the ratio of the theoretical
number of snowflakes in the virtual measuring area and the
theoretical number of snowflakes in the scan area of a single
camera. The N,,(D;) for the 2-DVD measurements is then
readjusted to N(D;) = y * N,,(D;).

The total number concentration of particles Ny (m~3) is
given by

Dinax
Nr :/ N(D)dD. (2)

Dhin

The well-known three-parameter gamma model is widely
used to describe the size distribution of raindrops [26],
ice particles and cloud droplets [27], [28], and snow parti-
cles [29]-[31], as follows:

N(D) = NyD* exp(—AD) 3)
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(a) Low and high terminal velocity snowfall events, indicated by blue and pink lines, respectively. The black dashed line indicates the mean terminal

velocity among all cases. (b) Scatterplots of terminal velocity versus particle diameter for low terminal velocity snowfall events. Black lines are power-law
fitting curves. (c) Scatterplots of terminal velocity versus diameter for high terminal velocity snowfall events. Black lines are power-law fitting curves. Colors
in (b) and (c) denote scatter density. Green and red lines in (b) and (c) are the terminal velocity relationships summarized in Table II.

where Ny (mm™#~!.m™3), u (dimensionless), and A (mm™")
are the intercept, shape, and slope parameters, respectively.
The M246 (the 2nd, 4th, and 6th moments of the observed
particle distribution) truncated-moment method was used to
calculate the three parameters [32].

D. Parameterization of Snow Density

In previous studies, snow density (ps) was parameterized
using numerous diameter variables, including the median
volume diameter (Dp) [10], geometric mean of the major
and minor axes of particles [33], minimum circumscribed
circle of the particle projected area [28], and the equivalent
volume diameter [34]. In this study, we used Dy to derive the
power-law pg — Dy relationship, similar to the method used by
Brandes et al. [10] but from a weighing precipitation gauge
instead of a heated tipping-bucket gauge. Snow density
was calculated using a gravimetric measurement method,
as follows:

Msnow
pPs = 4)
Vsnow
where mqow and Vg,ow represent the mass and volume, respec-
tively, of snow deposited during a 5-min period. Snow mass

per unit area can be expressed as
Mgpow = Pwh 5)

where py (g - cm™) is the density of water and /& (mm) is
the liquid-equivalent accumulated height of snow measured
by the weighing precipitation gauge. We then estimated the
snow volume per unit area as

Vinow = / D*V.N(D)dD ©)

using the 2-DVD-measured terminal velocity (V;) and the
number concentration of particles, i.e., N(D). It should be
noted that sampling differences between the weighing precip-
itation gauge and 2-DVD are likely to limit the accuracy of
snow density calculations.

The median volume diameter Dy is defined as

Dy Dinax
/ D*N(D)dD = / D3N (D)dD (7
Diin Do

where the minimum diameter (Dy,in) and Dp.x are obtained
from the 2-DVD measurements. The relationship between
density ps and Dy is thus established. In this study, power-
law relationships were derived using the weighted total least
squares (WTLS) fitting technique [35].

E. Quantitative Estimation of Snow

Based on the snow density—diameter relationship, radar
reflectivity can be calculated directly from measured PSDs
using the Rayleigh-scattering approximation for low density,
irregularly shaped dry snow particles [36]. The dielectric
constant of snowflakes |K | determined using the Maxwell
Garnett mixing formula for a mixture of ice and air is given
as |Ks|> = (p2/p?)|K;|* [37]. The equivalent radar reflectivity
factor Z, for snowflakes can be written as [38]

7z, = Kl / " R DSN(D)D ®)
‘ piZIKW|2 Dpin )
where |K;| = ((&; — 1)/(e; + 2)), €; is the relative dielectric
constant of ice, |Ky| = ((ew — 1)/(ew + 2)), and &, is the
relative dielectric constant of water. The density of ice is
pi =0.917 g-cm™ [39].

The observed PSDs, particle terminal velocity V;, and ps(D)
were then combined to calculate melted liquid-equivalent SR
(in mm - h’l),

SR = % / ps(D)D*V,N(D)dD. )
Based on measured snow PSD for all events analyzed in this
study, the Z, — SR relationship can be derived from (8) and
(9) using the WTLS fitting method.

y =04 %

# of snowflakes actually counted in scan area of a single camera

# of matched snowflakes in virtual measuring area

Authorized licensed use limited to: University of Maryland College Park. Downloaded on July 13,2021 at 13:07:52 UTC from IEEE Xplore. Restrictions apply.



TAO et al.: SNOW PSD FROM A 2-DVD AND RADAR SNOWFALL ESTIMATION

6 8

4

2

L A

0

[ T
2

R
4 6 8 10 12 (cm)

Fig. 7.  (a) Aggregates of needles at 16:05 LST on December 09, 2018
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ITI. RESULTS
A. Snow Density and Terminal Velocity

Snow density differs among climate regions. We derived
the p; — Dy relationship for snowfall events in this study to
optimize the estimation of radar reflectivity factor and SR. A
total of 600 valid density data points for eight events are shown
in Fig. 5. The relatively diffuse pattern of data points (scatter
density < 0.1) may have been caused by the variation in the
type of snowflakes and riming degree among events, or by
observation errors. The fit p; — Dy relationship (red solid line)
is expressed as follows:

ps = 0.36D; 2. (10)

The coefficient of the relationship was larger (0.36), and the
negative exponent was smaller (—1.52), in this study versus
Brandes et al. [10] (red dashed line; coefficient, 0.178; expo-
nent, —0.922). Snow density was higher when Dy < 3.2, and
was close to that of Brandes et al. [10] when Dy > 3.2 (Fig. 5),
probably due to the degree of looseness and riming, and the
content of ice. Differences among observation instruments and
data processing procedures may also cause differences in the
derived relationships.

The terminal velocity—diameter relationship is in the form
of v = aD". All snowfall events were divided into two
categories (Table I) according to the comparison between the
terminal velocities in each case and the mean terminal velocity
of all cases. Snowfall events with the terminal velocities
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Fig. 9.  Mean PSD of eight snowfall events determined by the 2-DVD.
Blue dots indicate averaged N (D) for all size ranges; standard deviations are
indicated by vertical bars.

higher (lower) than the mean terminal velocity were classified
into the high (low) terminal velocity group, shown as pink
(blue) lines in Fig. 6(a). Splitting the snowfall events into two
categories improved the fit (Fig. 6); otherwise high terminal
velocity values would mask lower values. For comparison,
we also show the relationships proposed by Locatelli and
Hobbs [24], which have been applied extensively for solid
precipitation (Fig. 6 and Table II). In five of eight cases
(Cases 3, 4, 5, 7, and 8) and a part of Case 2 (09:00-24:00,
January 22, 2016), particles had a relatively higher terminal
velocity [1-3 m - s~!; Fig. 6(c)] with larger spectral width.
Terminal velocities were lower in the other periods and were
within a narrower range [0.8-2 m-s~'; Fig. 6(b)]. The v — D
curve of lower terminal velocity group was closer to, but
still higher than, that for densely rimed aggregates described
by Locatelli and Hobbs [24]. Similar to those described by
Barthazy and Schefold [40], the mean terminal velocity of
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3 2<SR<3 captured during two snowfall events, i.e., Case 6 (in the low
10
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Fig. 11. Mean PSDs for three SR ranges (0 < SR < 1, 1 < SR < 2, and
2 < SR < 3) based on the 2-DVD measurements.

snowflakes in this study was higher than that for aggregates of
Locatelli and Hobbs [24]. Because measurement elevation was
similar between these two studies (750-1500-m a.s.l. in [40];
1604-m a.s.l. in [24]), the atmospheric pressure difference
was excluded from the interpretations of the higher observed
terminal velocities in their study. However, our measurements
were obtained at 42.2-m a.s.]. For a given ice crystal diam-
eter, terminal velocity was lower at high pressure than at
low pressure [41]. The higher snowfall terminal velocities
in our study were not caused by differences in observation
altitude.

Brandes et al. [5] showed that the terminal velocity of
snowflakes in eastern Colorado was close to that reported
by Locatelli and Hobbs [24] for densely rimed aggregates at
temperatures near —1 °C (=2 < T < 0 °C); they also found
that the terminal velocity of the aggregates increased with
ground temperature. In this study, all events occurred within a
narrow temperature range close to 0 °C (Table I). There was no
monotonic correlation between terminal velocity and ground
temperature in our study, indicating that the higher terminal
velocity of the snow aggregates was not closely related to
ground temperature.

terminal velocity group) and Case 8 (in the high terminal
velocity group) (Fig. 7). These images were taken using a high
resolution digital single-lens reflex camera after collecting
snowflakes on black velvet. Snowflakes in Case 6 were almost
exclusively aggregates of needles with low terminal velocity,
whereas those in Case 8 consisted of a mixture of plates and
dendrites with high terminal velocity. Thus, it is possible to
infer that the wider range of velocities observed in Case 6 than
that in Case 8 was caused by the diversity in snowflake types.
The photographs showed that the snowflakes in Case 8 were
formed by ice crystals aggregation; this higher ice content
increased the terminal velocity of Case 8 snowflakes relative
to those of Case 6. This may suggest that different snowflake
types in each event result in two different terminal velocity
categories in this study. Plates or dendrites occur at lower
temperatures (—8 °C to —22 °C) than needles (0 °C to —8 °C),
as shown in the habit diagram presented by Bailey and Hal-
lett [42]. Hence, differences in upper ambient temperature and
ice supersaturation among snowfall cases may have led to the
formation of different snowflake types.

We observed larger snow density values in this study
(Do < 3.2) than reported previously in the literature, which
suggests that the density of the snowflakes may be responsible
for the higher terminal velocities in this study.

B. Statistical Characteristics of Snow PSD

The 1-h liquid-equivalent snow accumulation data for all
snowfall events, as estimated based on 2-DVD and measured
by the weighing precipitation gauge, are presented in Fig. 8.
The standard deviation was 0.44 mm and the correlation coef-
ficient was 0.84. Generally, the 2-DVD observations showed
reasonably good agreement with the gauge data, indicating the
reliability of the 2-DVD data for calculating SR.

It is possible to specify a general form of snow PSD
since snow data behave much more consistently than rain
data on a single day [43]. The mean PSD of eight snowfall
events obtained from the 2-DVD is shown in Fig. 9. The
peak concentration (diameter ~ 0.3 mm) was comparable to
that of the stratiform rain in NJ [44]. Compared to snowfall
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Fig. 12. (a) Median volume diameter (Dg) and (b) total number of particles (N;) versus SR for all snowfall periods.
TABLE III
INTERRELATIONSHIPS AMONG THE THREE PARAMETERS AND SR
Parameters-SR 1-SR A-SR Ny-SR
SR
SR<1.5 mm/h small variability in 1 large variability in A large variability in N,
SR>1.5 mm/h tend to converge with increasing tend to be consistent and tend to converge with an

SR and distributed around 0

concentrated at 0 - 2 mm’ increasing trend

PSDs obtained in Finland [13] and Colorado [10], the snow
particle size corresponding to the maximum concentration is
smaller in this study. Another difference is shown by the
steeper curve when D > 1 mm, which characterized with
lower concentrations for larger particle sizes. This may be
attributed to occasional collisions and coalescence of small
particles during the particle growth process. We also found
that the curve describing the mean PSD tended to flatten
out at large particle sizes (D > 8 mm) as the result of
PSD averaging, where the PSD diameter range varied over
time. Similar particle concentrations in the tail of the mean
distribution suggest that the concentrations of the aggregates
reached equilibrium within 1-4 mm~'-m~3 when D > 8 mm.

Three governing parameters of gamma PSD were derived
for particles ranging from 0.1 to 15 mm in diameter using
the truncated moment fitting method. As shown in Fig. 10(a),
values of the shape parameter u are distributed around 0, with
53.45% and 46.55% positive and negative values, respectively.
Fluctuations in u above and below 0 indicate considerable
variability in the shape of the PSD at small sizes. Negative u
values are common for ice particle distributions in clouds [27].
In comparison, 21% of the x4 values were negative for the
snowstorms described by Brandes et al. [10]. Large variabil-
ity in the slope parameter A occurred at SR < 1.5 mm/h
[Fig. 10(b)]; A values tend to be consistent and concentrated
at 0-2 mm~! when SR > 1.5 mm/h. N, values varied by
more than two orders of magnitude when SR < 1.5 mm/h,
and tended to converge at high SRs (>1.5 mm/h) with an
increasing trend. This result is opposite to that reported by
Brandes et al. [10], where Ny showed a negative relationship
with SR. Generally, when SR > 1.5, both ¢ and A converged
to near-constant values, whereas N, increased significantly
with SR. The increase of Ny with SR reflects an increase
in the entire PSD curve as SR increases. Mean PSDs for

different SR ranges are shown in Fig. 11. To reduce the
effect of sampling error, we applied the low-pass filter method
with a five-point window. Higher SRs were associated with
higher concentrations of particles with diameter < 10 mm.
The large magnitude and variation of and Ny when SR <
1.5 are mainly attributed to snowfall periods of Case 2 and
Case 7 (January 22, 2016 and December 30, 2018). These two
snowfall periods were characterized by small Dy and high N,
values (Fig. 12), indicating narrower PSDs and the dominant of
small particles. Interrelationships among the three governing
parameters and SR are summarized in Table III.

Scatterplots of Dy — SR and N; — SR, based on disdrometer
data of the eight events, are shown in Fig. 12 and reveal the
contributions of particle diameter and concentration to snow
intensity. Generally, both Dy and N, tended to increase with
SR, but increased slowly at high SRs. The snowfall periods
of Cases 2 and 6 (January 21, 2016 and December 09, 2018)
had small and nearly constant SRs, with highly variable Dy
and N;. For the snowfall periods of Case 2 and 7 (January
22, 2016 and December 30, 2018), the Dy values were
small and varied slightly as SRs increased; N; was relatively
high and increased markedly with SR compared to the other
cases. This suggests that the main factor contributing to
the increase in snowfall intensity during these two snowfall
periods was the increase in particle number concentration.
During all other events, increased SRs contributed to both par-
ticle diameter and concentration. This analysis is summarized
in Table IV.

C. Snowfall Estimation

The agreement between disdrometer-based radar reflectivity
and the radar-measured result can be used to verify the relia-
bility for 2-DVD-derived snowfall estimation. Fig. 13(a) com-
pares the time series of Z, obtained from disdrometer data and
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TABLE IV
CONTRIBUTIONS OF Dy AND N; TO SR

Parameters

Snow events Dy Ne Analysis
21-Jan-2016
09-Dec-2018 small and nearly constant SRs with highly variable D, and N, excluded from the analysis
323__]";;__22%1168 _ N small D and varied slightly as SRs increased, while N, is relatively high and increases
markedly with SR increased SR is mainly contributed to N,
other events + + Both D, and N, increase with SR increased SR is contributed to both D and N,

In the table, + indicates dominant contributor and — indicates lesser contributor to snow intensity.
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Fig. 13. (a) Time series and (b) scatterplot comparing reflectivity values

obtained from NJRD measurements and 2-DVD calculations with derived
snow density and reference snow density for Case 5 (January 04, 2018).

NJRD-measured radar reflectivity data over JN station (area
average of 1 km x 1 km, elevation angle of 0.5°) for Case 5
(January 04, 2018), when snowfall persisted for almost the
entire day, before gradually decreasing after 21:00 LST. The
radar reflectivity calculations used snow density relationship
from Brandes et al. [10] and that from this study are compared
to the radar measurements. There were missing data among
the radar measurements for the periods 21:00-21:40 LST and
22:20-22:40 LST. Considering the differences in sampling
volume and observation height between the two instruments,
the measured and derived reflectivity values show good overall
agreement. As shown in Fig. 13(b), overestimations of large
values and underestimations of small values were improved
for Case 5 (January 04, 2018) by using the snow density-size
relationship derived in this study instead of the snow density
of Brandes et al. [10]. The mean absolute error (MAE) of
radar reflectivity retrieval, based on the derived snow density
relationship, was 10%, compared to 12% based on snow
density relationship from Brandes et al. [10]. For all snowfall
events collected, the average of MAE was 21.9% and 17.1%
using ps from Brandes et al. [10] and this study, respectively.

The 2-DVD derived Z, and SR pairs for all eight snowfall
events are presented in Fig. 14. The relation constructed by

10*
10% 1
Ze=116.22SR"*®
¢ 100 1
wE 28-Jan-2015
e 29-Jan-2015
3 20-Jan-2016
ﬁ 102+ 21-Jan-2016 |
22-Jan-2016
31-Jan-2016
23-Nov-2016
10.4 L 04-Jan-2018 | |
09-Dec-2018
30-Dec-2018
® (9-Jan-2019
10-6 L L 1
10° 10 1072 10° 10°

SR(mm/h)

Fig. 14. Scatterplot of the equivalent radar reflectivity factor (Z,) versus SR
based on the 2-DVD data for all snowfall periods. The solid line is the line
of best fit.

WTLS method is

Z, = 116.22SR'*, (11)
To evaluate the performance of radar-based estimations, we
examined the MAE of snowfall estimates for the cases. The
average MAE between radar-based snow estimates and snow
gauge data was 16% among all snowfall events in NJ. Case 5
(January 04, 2018), i.e., the whole-day snowfall event, showed
the most accurate estimation. Ground-based verification of a
21-h snowfall accumulation period, estimated by NJRD for
Case 5 (January 04, 2018) using the newly derived Z, — SR
relationship, is shown in Fig. 15. The lowest radar beams in the
sector between 100° and 130° were partially blocked by terrain
at the Danyang, Jurong, and Jintan stations. Radar reflectivity
in areas where beams are blocked result in underestimation
of snowfall. To avoid any effects of radar beam blockage,
snowfall estimations from these three gauge stations were
excluded from the analysis. The peak snow accumulation >
50 mm (Fig. 15) occurred within an area about 40 km from
the radar. Overall, radar-derived accumulation data showed
reasonable agreement with the gauge data.

For a more detailed comparison, hourly liquid-equivalent
snowfall accumulation data, derived from radar and gauges for
five sites around JN for Case 5 (January 04, 2018), are shown
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Fig. 15.  Map of a 21-h period of snowfall accumulation for Case 5

(January 04, 2018) derived based on Z, — SR relationship. Black solid triangle
and black cross indicate the locations of NJRD and the 2-DVD, respectively.
Black solid dots indicate snow gauge locations; values above these dots denote
liquid-equivalent snow accumulation (mm).
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Fig. 16.  Comparison of hourly liquid-equivalent snow accumulation data
obtained from NJRD and weighing precipitation gauge at five sites near JN
for Case 5 (January 04, 2018).

in Fig. 16. The overall agreement was reasonable overall, with
an estimated MAE of 15% for all five sites, among which
the radar-based snow estimates at Gaochun were the most
accurate (MAE, 4%).
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IV. CONCLUSION AND DISCUSSION

In this study, radar and disdrometer data collected during
the winters of 2015-2019 were analyzed to resolve the micro-
physical properties (density and terminal velocity) of snowfall
and PSD characteristics and to derive a radar-based snowfall
estimation algorithm for East China. Combining data sets from
the 2-DVD and weighing precipitation gauges, we developed a
snow density-size relationship. Compared to the result reported
by Brandes ef al. [10], mean snow density was greater in this
study when Dy < 3.2 mm. We derived v — D relationships
for two categories of snowflake terminal velocity (Table II).
The differences in the terminal velocity between two types of
events may be explained by differences in snowflake types.
The terminal velocities of aggregates in both categories were
higher than the reference terminal velocity relationships. After
examining several variables that could influence the terminal
velocities, such as surface temperature and observation alti-
tude, we concluded that higher snowflake terminal velocity
was mainly caused by higher snow density.

Snow PSDs were fit to the gamma model with three govern-
ing parameters, and the interrelationships among those para-
meters in terms of SR were described. The results showed no
clear relationship between SR and the three parameters when
SR < 1.5 mm/h. However, when SR > 1.5 mm/h, both x and
A tended to converge, and Ny showed an increasing trend with
SR. These results indicate that the snow particle concentration
increased as SR increased. We then evaluated the contribution
of particle diameter and total number concentration to snowfall
intensity. The microphysical characteristics differed among the
snowfall cases. The increase in SR was influenced by both the
diameter and concentration of snow particles.

The ps — Dy relationship derived in this study performed
better than that derived previously in the calculation of radar
reflectivity, indicating that (10) well represents the snow
density for the snowfall events in NJ. This density—size
relationship can be used to calculate radar reflectivity and
SR, and the Z, — SR power-law relationship can be then
derived. To quantitatively validate the radar-derived snowfall
estimation, we used Case 5 (January 04, 2018) as an example.
The average MAE among the snowfall events in NJ was 16%,
indicating good agreement between radar-inferred and ground-
measured liquid-equivalent accumulation data. Although the
localized Z,—SR relationship is reasonably accurate as a basis
for snowfall estimation around NJ, this relationship should be
applied with caution for the whole area covered by the radar
because it was derived from a limited region, i.e., that where
in situ observations are available.

This study documents the basic microphysical characteris-
tics of snowfall in NJ, which improves our understanding of
global snowfall microphysics and constitutes useful reference
data for evaluating and verifying numerical simulations. The
ps — D and v — D relationships derived herein can be used as
references for SR retrieval over East China. Dual-polarization
radar observations should be used in the future research for
hydrometeor classification of snowfall events, and to resolve
the vertical structure of snowfall processes and further improve
the performance of snowfall estimators.
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