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PETAR BUKOV�CIĆ,a,b ALEXANDER V. RYZHKOV,a,b AND JACOB T. CARLIN
a,b

aCooperative Institute for Mesoscale Meteorological Studies, University of Oklahoma, Norman, Oklahoma
bNOAA/OAR/National Severe Storms Laboratory, Norman, Oklahoma

(Manuscript received 19 June 2020, in final form 18 January 2021)

ABSTRACT: The intrinsic uncertainty of radar-based retrievals in snow originates from a large diversity of snow growth

habits, densities, and particle size distributions, all of which can make interpreting radar measurements of snow very

challenging. The application of polarimetric radar for snow measurements can mitigate some of these issues. In this study,

a novel polarimetric method for quantification of the extinction coefficient and visibility in snow, based on the joint use

of radar reflectivity at horizontal polarization Z and specific differential phase KDP, is introduced. A large 2D-video-

disdrometer snow dataset from central Oklahoma is used to derive a polarimetric bivariate power-law relation for the

extinction coefficient,se(KDP, Z)5gKa
DPZ

b. The relation is derived for particle aspect ratios ranging from 0.5 to 0.8 and the

width of the canting angle distribution ranging from 08 to 408, values typical of aggregated snow, and validated via theoretical
and analytical derivations/simulations. The multiplier of the relation is sensitive to variations in particles’ densities, the

width of the canting angle distribution, and particles’ aspect ratios, whereas the relation’s exponents are practically invariant

to changes in the latter two parameters. This novel approach is applied to polarimetric S-band WSR-88D data and verified

against previous studies and in situ measurements of the extinction coefficient for four snow events in the eastern United

States. The polarimetric radar estimates of the extinction coefficient exhibit smaller biases in comparison to previous studies

concerning the ground measurements. The results indicate that there is good potential for reliable radar estimates of

visibility from polarimetric weather radars, a parameter inversely proportional to the extinction coefficient.

KEYWORDS: Snow; Visibility; In situ atmospheric observations; Radars/Radar observations; Remote sensing

1. Introduction

Visibility is a measure of atmospheric opacity. It has an

enormous impact on transportation safety in airborne and

ground-based traffic, especially in winter weather conditions.

Reduced visibility in winter precipitation is one of the major

contributing factors in motor vehicle collisions and aircraft

crashes. Black and Mote (2015) reported that ;59% of all

weather-related fatalities per year (during the 1996–2011 pe-

riod) were attributed to winter precipitation-related motor

vehicle accidents, along with ;1% of aviation accidents. 84%

of these motor vehicle crashes were caused by snow, compared

to just 16% from ice pellets/freezing rain.

Historically, numerous studies have focused on measuring

visibility in snow. These were mostly based on in situ mea-

surements of the extinction (attenuation) of visible light in

snow, which is inversely proportional to visibility and associ-

ated with the snowfall rate (S). A number of power-law rela-

tions between the visibility and S, of the form visibility 5 pSq,

have been proposed (Poljakova and Tretjakov 1960; Lillesæter
1965; Mellor 1966; Warner and Gunn 1969, hereafter WG-69;

O’Brien 1970; Bisyarin et al. 1971; Muench and Brown 1977;

Fujiyoshi et al. 1983, hereafter FJ-83; Stallabrass 1985;

Rasmussen et al. 1999). These relations show a moderate de-

gree of scattering between the visibility/extinction coefficient

and S attributable to variability in snowflakes’ constituent

crystal habits and their degree of riming, aggregation, and

wetness, as well as the different methods for determining vis-

ibility between day and night (Rasmussen et al. 1999).

With the relative complexity afforded by modern micro-

physical parameterization schemes used in most operational

numerical weather prediction models, the ability to derive

operationally useful parameters such as visibility from the

model state variables and at all model grid points is desirable.

Stoelinga and Warner (1999) proposed a set of parameteriza-

tions for visibility based on the mass concentration of several

hydrometeor species for use with the Weather Research and

Forecasting (WRF) Model. Another example is the Rapid

Update Cycle (RUC) model’s visibility algorithm, which up-

dated the Stoelinga and Warner (1999) relations and in-

cludes an extinction coefficient for graupel (Benjamin et al.

2004). Assuming a gamma particle size distribution, Boudala

and Isaac (2009) developed a parameterized relation for the

extinction coefficient (and visibility) using temperature and

snowfall rate data from aircraft and in situ measurements.

Gultepe et al. (2010) utilized both probabilistic and deter-

ministic approaches to develop several parameterizations

between visibility and S for use in numerical weather

prediction models.

The U.S. National Weather Service (NWS) operationally

utilizes the visibility—S relation in an inverse manner by using

automatic and/or manual in situ measurements of visibility to

estimate S (Interagency Council on AdvancingMeteorological

Services 2017). For example, the reported surface visibility

fromAutomated SurfaceObserving System (ASOS) stations is

used for snow intensity estimation based on the following cri-

teria: light snow (2SN) if visibility . 1.2 mi; moderate snow

(SN) if visibility. 1/4 mi but# 1/2 mi; and heavy snow (1SN)

if visibility# 1/4 mi (1 mi’ 1.609 km). A similar set of criteria

for determining snow intensity is used if visibility is estimatedCorresponding author: Petar Bukov�cić, petar.bukovcic@ou.edu
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by an observer. An analysis of aircraft accidents caused by

ice/snow during takeoff showed that estimates of S from

visibility may not be sufficiently accurate for proper aircraft

deicing (Rasmussen et al. 1999). Different types of crystals

(and snow aggregate constituents) can result in very different

visibilities for the same snowfall rate due to their different op-

tical properties, highlighting the tenuous relationship between

S and visibility.

Previous studies and current NWS operations are based on a

point in situ measurements of extinction coefficient/visibility

and do not make use of broad-area remote sensing (e.g., radar)

for estimating these parameters. An exception is a study of

Muench and Brown (1977), where in situ measurements of

extinction coefficient were complemented by a radar-based

estimate using the horizontal reflectivity factor Z. These

Z-based estimates of the extinction coefficient also exhibited

a moderate to a large degree of scattering when compared to

in situ measurements.

The polarimetricNextGenerationWeatherRadar (NEXRAD)

network offers immense capabilities for estimating hydrome-

teor characteristics. In the last three decades, only a few studies

have explored quantitative polarimetric snow retrievals, with

most focused on ice water content estimation (Vivekanandan

et al. 1994; Aydin and Tang 1995; Ryzhkov and Zrnić 1998;

Ryzhkov et al. 2018; Lu et al. 2015; Nguyen et al. 2017, 2019).

Recently, polarimetric relations for S were proposed for the C

band using Z and differential reflectivity ZDR (Hassan et al.

2017), while relations using Z and specific differential phase

KDP were proposed at both S (Bukov�cić 2017; Bukov�cić et al.

2018, 2020) and X (Capozzi et al. 2020) bands. These studies

demonstrated that the addition of ZDR (to Z) produces com-

parable results to Z-based relations, while the addition of KDP

enhances the accuracy of snowfall rate estimates concerning

the Z-based relations.

In this study, we use an extensive dataset of snow size

distributions (SSDs) obtained from a two-dimensional video

disdrometer (2DVD) to derive polarimetric bivariate power-

law relations for the extinction coefficient and visibility uti-

lizing KDP and Z, following the approach of Bukov�cić et al.

(2018, 2020). These novel polarimetric relations are applied

to four high-impact winter storm cases in the eastern United

States that were observed with polarimetric WSR-88Ds to

verify the proposed methodology for estimating the extinc-

tion coefficient/visibility in dry aggregated snow.

The structure of the paper is as follows. Data sources and

processing are described in section 2. Theoretical and empiri-

cal considerations of polarimetric estimates of extinction

coefficient/visibility are discussed in section 3. Examples of

polarimetric radar estimates of extinction coefficient are pre-

sented in section 4, followed by a discussion of caveats in

section 5 and a summary of results in section 6.

2. Data sources and processing

a. 2DVD data and processing

An extensive 2DVD (Kruger and Krajewski 2002; Schönhuber
et al. 2008) snow dataset, obtained in Oklahoma from November

2006 to March 2015, served as the basis for the derivation of

polarimetric relations for estimating S and ice water content in

Bukov�cić et al. (2018, 2020). The same dataset is used here for

deriving the extinction coefficient and visibility. The 2DVD is

an optical instrument that directly measures particles’ size,

shape, and terminal velocity, allowing for the construction of

particle size distributions. Two (orthogonal) line-scan cameras

produce corresponding images of the same particle (with a

slight time offset due to a ;6.2–7mm vertical displacement

between the two). The particle is ‘‘matched’’ if the images from

both cameras are determined to correspond to the same par-

ticle, and ‘‘mismatched’’ if they do not. The true particle ter-

minal velocity and size is determined only if the particle is

‘‘matched.’’ Due to snowflake asymmetry, there is a large

amount of particle ‘‘mismatching’’ using the manufacturer’s

proprietary software (Hanesch 1999; Huang et al. 2010, 2015).

We have developed and applied a filter to the manufacturer’s

matching software output to determine the degree of particle

matching. The filter utilizes the ratio of particle vertical di-

mensions (measured from the orthogonal cameras) and the

ratio of the measured and empirically predetermined terminal

velocity [see Bukov�cić et al. (2018) for details]. The product of

these ratios, which represents a proxy of particle matching

degree, is then used to obtain an adaptable matching threshold.

This threshold depends on themeasured amount of snowwater

equivalent (from precipitation gauge) for a particular storm

and is used to discard particles with a smaller matching degree.

About 7000 one-minute SSDs were sampled by the 2DVD

during 16 snow events. According to the measured tempera-

ture and humidity [from in situ observations and RUC or

Rapid Refresh (RAP) thermodynamic profiles], the majority

of precipitation was classified as dry aggregated snow, whereas

mixed-phase precipitation was excluded from the dataset. In 4

of the 16 snow events, short periods of ambient winds ex-

ceeding 4m s21 existed; these were also excluded from further

data processing. We adopted the Zhang (2016) approach for

determining a proxy for particle density. The Brandes et al.

(2007) snow density relation served as the first guess, which was

scaled by the square of the measured and prescribed particle

terminal velocity ratio as a proxy for the riming factor frim,

where frim 5 1 for unrimed snow and frim 5 5 for heavily rimed

snow (Zawadzki et al. 2005; Brandes et al. 2007). However, the

2DVD-estimated frim can assume values smaller than 1 if the

measured falling velocities are smaller than prescribed. In our

2DVD dataset, the average frim ranged from 1.23 to 1.6 for

individual events, whereas for the entire dataset, the median

(mean) frim was 1.37 (1.40), implying a very light degree of

riming. Also, the average SSD was biexponential rather than

exponential in form.

b. Radar data and processing

Polarimetric radar measurements contain an abundance of

information regarding precipitation processes. However, not

all measurements are equally useful without additional pro-

cessing. Recently introduced radar data displaying/averaging

techniques, such as quasi-vertical profiles (QVPs; Ryzhkov

et al. 2016; Griffin et al. 2018), range-defined QVPs (RD-

QVPs; Tobin and Kumjian 2017), enhanced vertical profiles
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(EVPs; Bukov�cić et al. 2017), columnar vertical profiles (CVPs;

Murphy et al. 2020; Bukov�cić et al. 2020), and range–height

indicator scan-based quasi-vertical profiles (R-QVPs; Allabakash

et al. 2019), increase the statistical accuracy of polarimetric

variables through additional averaging. This increase in sta-

tistical accuracy is important forZDR and especiallyKDP in dry

(aggregated) snow, which have noisy and very low intrinsic

values at S band (e.g., typical values ofKDP are near 0.058 km
21).

However, several key features make KDP very attractive to

use: it is not biased by system noise, attenuation, or radar

miscalibration, and compared to Z, it is proportional to a

lower-order moment of the SSD. For the aforementioned

quasi-vertical profile techniques, 3608 azimuthal averaging re-

duces the standard deviation of the polarimetric variables by a

factor of (360)1/2 ’ 19 (Ryzhkov et al. 2016). This technique

improves the statistical accuracy of KDP to greater than

0.018 km21. Spatial (areal) averaging with a similar number of

points produces equally good results. The radar data in this

study are obtained from four operationalWSR-88DRD-QVPs

with a 15-km radius and CVPs (EVPs) with a 10-km (3-km)

radius (chosen depending on the radar–ASOS distance) in dry

and mostly aggregated snow. Technical details about standard

WSR-88Ds are presented in Table 1. The RD-QVPs, EVPs,

and CVPs are obtained by azimuthal and/or spatial averaging

of the radar measurements utilizing PPI radar scans and dis-

played as vertical profiles in a time versus height format. RD-

QVPs are a radar-centric product whereas CVPs/EVPs are not;

CVPs/EVPs can be moved and centered above the point of

interest anywhere within the radar domain (in practice up to

90–100 km away from the radar). Hence, in this study, RD-

QVPs are used if the ASOS station is very close to the radar

location (less than 5–6 km), otherwise, CVPs are utilized;

EVPs (i.e., smaller-scale CVPs with a 3-km radius) are applied

if the process is spatially localized. All three techniques depict

only a proxy of the predominant processes occurring within

the designated volume used for their construction and work

very well in spatially homogenous precipitation. However,

the underlying microphysical processes in heterogeneous

precipitation are averaged and sometimes can be difficult to

resolve and distinguish.

The relative calibration of reflectivity is not checked because

the WSR-88Ds are calibrated to be within 1 dB. The ZDR

calibration is performed by comparing the estimated ZDR

values (from RD-QVPs/CVPs/EVPs) in dry aggregated snow

(relatively close to the ground) with the expected ZDR values

of 0.1–0.15 dB. The slope of FDP from a 6-km (2-km) range

window is used to estimate KDP if Z , 40 dBZ (Z . 40 dBZ),

allowing for relatively reliable estimates of KDP starting at 8–

10 km in radial distance from the radar. Hence, more reliable

KDP estimates in RD-QVPs start at a height of ;350m above

the radar due to the combined effects of the radar ‘‘dead zone’’

(no data in first 2.125 km for WSR-88D) and KDP processing

from the lowest two to four radar elevation angles.

c. ASOS data and processing

Measurements of extinction coefficient fromASOS sites are

used as a ground reference for the selected events. The values

used in this study (and that are reported by ASOS) represent

1-min averages of the observed extinction coefficient from all

available sensors (NWS 1998). The time difference between

the radar estimates aloft (200–700m) and the ASOS extinction

coefficient sensor(s) is adjusted for an average snowflake ter-

minal velocity (assumed to be 1m s21). The relative locations

between the WSR-88D and the selected ASOS sites are pre-

sented in Fig. 1.

3. Polarimetric relations for extinction coefficient and
visibility estimation

a. Definition of visibility

In radar terminology, the extinction (or attenuation) coef-

ficient se is the fractional reduction of the power density which

comes from plane-wave radiation (per unit pathlength).

Visibility, a parameter inversely proportional to the extinction

coefficient, is defined as the ‘‘greatest distance at which a black

object of suitable dimensions can be seen and recognized

against the horizon sky during daylight or could be seen and

TABLE 1. Typical WSR-88D system specifications.

Parameter Value

Frequency 2700 to 3000MHz

Transmitter power 700 kW

Average power 300 to 1300W

Pulse widths 1.57ms (short) and 4.71 ms (long)

Antenna diameter 8.54m

Gain at 2850MHz 45.5 dB

Beamwidth at 2850MHz 0.9258
Receiver bandwidth 0.63MHz

System noise power 2113 dBm

Azimuth increment 0.58 and 18
Range increment 250m

FIG. 1. Map of the northeastern coast of the United States with

relative locations of WSR-88D (KLWX, KDIX, KOKX, and

KBGM; red triangle markers) and ASOS (KIAD, KPNE, KISP,

and KBGM; blue solid dots) sites.
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recognized during the night if the general illumination were

raised to the normal daylight level’’ (World Meteorological

Organization 2003). Hence, the definition of visibility depends

on whether it is daytime or nighttime. The relation between se

and the visibility during the daytime, Visd, is given via the

Koschmieder (1924) formula:

Vis
d
52

ln(«)

s
e

, (1)

where « is the brightness threshold constant, Visd is in km, and

se is in km21. The brightness threshold constant is defined

as either 2% (« 5 0.02) or 5% (« 5 0.05). The World

Meteorological Organization (2008) recommends a 5% bright-

ness threshold for operational usage, which implies a reduc-

tion in visibility of about 23% compared to if the 2%

threshold is used. The application of a 5% threshold con-

vention to (1) gives

Vis
d
5

3

s
e

. (2)

Some previous studies (e.g., Rasmussen et al. 1999) have used

the 2% brightness threshold which gives a higher numerator of

3.912 in (2). It is not entirely clear whether 5% or 2% are op-

timal values for different precipitation conditions.

The dependence of Visd on S from various studies (discussed

in section 1), along with the 2DVDOklahoma dataset obtained

in dry aggregated snow (using both thresholds of 5% and 2%)

are presented in Fig. 2a. Except for two curves (1—Poljakova

and Tretjakov 1960; and 2—Lillesæter 1965), the 2DVD esti-

mates of visibility (vs snowfall rate) align very well with the

results of previous studies.

Estimating nighttime visibility is more complex than its

daytime counterpart because it requires additional parameters

beyond se and is governed by Allard’s (1876) law. This law was

used by Rasmussen et al. (1999) to make a connection between

daytime and nighttime visibility. Boudala and Isaac (2009)

simplified the Rasmussen et al. (1999) relation, and subse-

quently, Boudala et al. (2012) derived a simple parameteriza-

tion between daytime and nighttime visibility as

Vis
n
5 1:313Vis0:71d , (3)

where the subscripts d and n represent day and night. The

daytime versus nighttime visibility provides another source of

uncertainty for visibility estimates.

b. Parameterization of the extinction coefficient by
S and IWC

Most previous studies explored and established relations

between se/visibility and S (Poljakova and Tretjakov 1960;

Lillesæter 1965; Mellor 1966; WG-69; O’Brien 1970; Bisyarin

et al. 1971; Muench and Brown 1977; FJ-83; Stallabrass 1985;

Rasmussen et al. 1999). The extinction coefficient se (in km
21)

is defined as the second moment of the snow size distribution,

s
e
5

p

2
1023

ðDmax

0

D2N(D)dD , (4)

where D is snowflake equivolume diameter in mm, and N(D)

is inm23mm21.

Snowfall rate (mmh21),

S5 0:63 1023p

ðDmax

0

r
s
(D)

r
w

D3V
t
(D)N(D) dD (5)

FIG. 2. The dependency of daytime visibility on (a) snowfall rate (S) from 2DVD (blue asterisks: 5%; green

asterisks: 2% threshold), polynomial fit from 2DVD data (red curve: 5%; magenta curve: 2% threshold) and

various studies from literature (black curves: 1) Poljakova and Tretjakov 1960; 2) Lillesæter 1965; 3)Mellor 1966; 4)

WG-69; 5) O’Brien 1970; 6) Bisyarin et al. 1971; 7) Muench and Brown 1977; 8) FJ-83; 9) Stallabrass 1985) and

(b) ice water content (IWC) from 2DVD (blue asterisks: 5%; green asterisks: 2% threshold), polynomial fit from

2DVD data (red curve: 5%; magenta curve: 2% threshold).

808 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 38

Brought to you by UNIVERSITY OF OKLAHOMA LIBRARY | Unauthenticated | Downloaded 04/13/21 10:11 PM UTC



is also very close to the second SSD moment for low-density

(aggregated) snow, where particle density rs (g cm
23) is in-

versely proportional to particle diameter D (mm),

r
s
(D)5a0Db1 5a

1
f
rim

Db1 , (6)

and b1 ’ 21. Because the fall velocity of snow Vt (m s21) is a

weak function of particle diameter D,

V
t
(D)5 t

1
Dd1 5d

1
f (r

a
)Dd1 , (7)

where t1 and f(ra) are functions of atmospheric density and/or

pressure, S is proportional to a slightly higher moment of

the SSD than se due to the exponent d1 in (7). It can be shown

(see the appendix) that the relation between se (km
21) and

S (mmh21) has a functional form

s
e
5

6:663 4b11d1

a
1
f
rim

d
1
f (r

a
)G(41b

1
1 d

1
)D

11b11d1
m

S (8)

if an inverse exponential SSD (Gunn and Marshall 1958;

Sekhon and Srivastava 1970; Lo and Passarelli 1982; Mitchell

et al. 1990; Field and Heymsfield 2003; Matrosov and

Heymsfield 2017) of the form

N(D)5N
0s
exp(2L

s
D) , (9)

where N(D) is inm23mm21, is assumed. Using parameter

values characteristic of low-density aggregates (e.g., Brandes

et al. 2007), (8) becomes

s
e
5
6:35

f
rim

�
p

p
0

�0:5

SD20:23
m (10)

for a1 5 0.178, b1 5 20.922, d1 5 0.15, d1 5 0.81, and f(ra) 5
(p0/p)

0.5, where p0 5 1013 hPa, and p (hPa) is atmospheric

pressure (for a standard atmosphere) at the measurement al-

titude above mean sea level [see (3) in Bukov�cić et al. 2020]. It

is seen from (8) and (10) that se is a function of S, but also an

inverse function of mean volume diameter Dm and frim, which

previous studies did not take into account. This may (partly) be

the reason why there is a moderate degree of scattering be-

tween se and S in previous studies.

Another microphysical parameter, ice water content IWC,

can be used for parameterizing se and is even closer to the

second moment of the SSD than S in low-density (aggregated)

snow. Starting from a basic equation for IWC (gm23),

IWC5
p

6
3 1023

ðDmax

0

r
s
(D)D3N(D) dD , (11)

it can be shown (see the appendix) that the se is linearly related

to IWC/frim as

s
e
5

3

a0 IWC5
16:85

f
rim

IWC (12)

if an exponential SSD (9) is used and a0 5 a1frim (a1 5 0.178;

Brandes et al. 2007).

The 2DVD estimates also confirm that the correlation co-

efficient between the IWC and visibility is higher (0.98 in linear

and 0.99 in logarithmic space) than the one between S and

visibility (0.94 in linear and 0.98 in logarithmic space), as seen

in Fig. 2b. Polynomial fitting (in logarithmic space) produces

an inverse, almost linear dependence of visibility (or, equiva-

lently, se) on IWC, where Vis 5 0.273IWC20.96 (red curve

in Fig. 2b) for the 5% threshold or Vis 5 0.353IWC20.96

(magenta curve in Fig. 2b) if the 2% threshold is used. Hence,

the empirical relation for the extinction coefficient is se 5
11.033IWC0.96. This is close to the theoretical relation (12),

which for a1 5 0.178 (Brandes et al. 2007) and frim 5 1.5 gives

se 5 11.24IWC.

c. Theoretical polarimetric relation for estimating se

A theoretical relation for polarimetric estimation of se at

S band can be derived in the Rayleigh approximation assuming

an exponential SSD (9). The basic formulas for Z (mm6m23)

and KDP (8 km21) are

Z5
jK

i
j2

jK
w
j2
ðDmax

0

r2s (D)

r2i
D6N(D) dD , (13)

and

K
DP

5
0:27pF

o
F
s

lr2i

�
«
i
2 1

«
i
1 2

�2ðDmax

0

r2s (D)D3N(D)dD , (14)

whereDmax is the maximum particle size,D is the equivolume

diameter,N(D) is the snow size distribution,Ki5 («i2 1)/(«i1
2),Kw5 («w2 1)/(«w1 2), «i and «w are the dielectric constants

of solid ice and water, rs and ri are the densities of snow and

solid ice, and l is the radar wavelength. The shape parameters

La and Lb determine the shape factor Fs 5 Lb 2 La [see

Eq. (18) in Bukov�cić et al. 2018], whereas the orientation

factor Fo 5 (1/2) exp(22s2)[1 1 exp(22s2)] is determined by

the width of the canting angle distribution s (in radians). Note

that se and s are, respectively, the extinction coefficient and

the width of the canting angle distribution in our notation.

Combining (4), (9), (13), and (14), the following theoretical

(subscript t) relation is derived (see the appendix):

s
et
5g

t
K

(412b1)/3
DP Z2(112b1)/3 , (15)

where

g
t
5

p3 1023 3 [0:22433G(71 2b
1
)](112b1)/3

a2
1f

2
rim 3

�
0:17773

F
o
F
s

l
3G(41 2b

1
)

�(412b1)/3
, (16)

and G is the complete gamma function, l is a radar wavelength

(mm), and the factors Fo and Fs are unknown a priori. It is

worth noting that Z is proportional to the fourth moment and

KDP to the first moment of the (exponential) SSD (Bukov�cić

et al. 2018) if the particle diameter is inversely proportional to

snow density (i.e., if b1 ’ 21; Brandes et al. 2007). Hence, the

combination of KDP and Z in Eq. (15) is very close to the

second SSDmoment and thus se. For example, if l5 110.8mm

(S band), s 5 158 (Fo ’ 0.816), aspect ratio b/a 5 0.6 (Fs ’
0.214), and frim 5 1.5, (15) becomes
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s
et
5 8:7K0:72

DP Z0:28. (17)

Using the threshold «5 0.05 (5%), (17), and (1), the theoretical

expression for daytime visibility (herein visibility) becomes

Vis
t
5 0:345K20:72

DP Z20:28, (18)

whereas using the threshold « 5 0.02 (2%),

Vis
t
5 0:45K20:72

DP Z20:28. (19)

d. Empirical polarimetric relation for estimating se

The 2DVD dataset described in section 2 (and in Bukov�cić

et al. 2018) is used to derive an empirical polarimetric relation

for se. Here, the polarimetric estimate of se assumes an aspect

ratio b/a of 0.6 that is typical of aggregated snow (Korolev and

Isaac 2003; Matrosov et al. 2005b; Hogan et al. 2012; Garrett

et al. 2015). In addition, a linear increase in s from the den-

dritic growth layer (DGL) toward the ground is hypothesized

to occur during aggregation. Previous studies (Matrosov et al.

2005a;Melnikov and Straka 2013) support this assumption; s is

close to 108 within the DGL (2208 , Tair , 2108C), while at

higher temperatures below the DGL and during more intense

aggregation, s can extend up to 408 (Hendry et al. 1987). The

latter finding is also supported by Garrett et al. (2015), who

found that particle canting is likely determined by short-term

interactions with ambient air, with turbulence acting to in-

crease s. Using the same Oklahoma 2DVD dataset and a

similar approach as in Bukov�cić et al. (2020) (i.e., varying the

range of b/a from 0.5 to 0.8 and s from 08 to 408), a polarimetric

relation for estimating se, se(KDP, Z), is obtained:

s
e
(K

DP
,Z)5

139:93 1023

(F
o
F
s
)0:634

(K
DP

l)
0:634

Z0:258. (20)

Equation (20) is reduced to se(KDP, Z)5 8:37K0:634
DP Z0:258 if

s 5 158, b/a 5 0.6, and l 5 110.8mm, which is close to the

theoretical relation, (17), set 5 8:7K0:72
DP Z0:28.

Similarly, the expression for visibility with « 5 0.05 (5%)

threshold becomes

Vis(K
DP

,Z)5 21:443 (F
o
F
s
)0:634(K

DP
l)20:634Z20:258, (21)

whereas if « 5 0.02 (2%) threshold is used,

Vis(K
DP

,Z)5 27:963 (F
o
F
s
)0:634(K

DP
l)20:634Z20:258. (22)

e. Sensitivity of empirical polarimetric relation for
estimating se

Bukov�cić et al. (2018, 2020) demonstrated how the multi-

pliers r1 and r2, and exponents p1, p2, q1, and q2, of the relations

S(KDP, Z)5 r1K
p1
DPZ

q1 and IWC(KDP, Z)5 r2K
p2
DPZ

q2 depend

on particle density, aspect ratio, and s. It is shown that the

biggest uncertainty comes from the variability of s and b/a,

whereas the change in snow density is partially accounted for

by the density adjustment [i.e., through the ratio of squares of

the measured and prescribed empirical velocities in Eq. (7) of

Bukov�cić et al. (2018)]. The situation is somewhat different

with se(KDP, Z), as it is more sensitive to changes in snow

density than the S(KDP, Z) and IWC(KDP, Z) relations due to

the multiplication factor 1/f 2rim in the theoretical relation mul-

tiplier [Eq. (16)]. A 20% increase (decrease) in snow density

reduces (increases) the se(KDP, Z)5 gKa
DPZ

b multiplier g by

26% (46%), and the change in the relation’s exponents a and

b are 61.3% and 62%, respectively. However, the depen-

dence of se(KDP, Z) on the aspect ratio and s is similar to the

S(KDP, Z) and IWC(KDP, Z) relations. The joint influence of

s and b/a (obtained from the 2DVD) on g, a, and b is illus-

trated in Fig. 3.

As s and b/a simultaneously increase, both a and b remain

nearly constant. The largest change in a and b is 0.3% and

0.4% for s 5 408 and an increase of b/a from 0.5 to 0.8, which

implies that a and b can be regarded as practically invariant to

changes in s and b/a (Figs. 3a,b); note that a0 5 a1frim, where

a1 5 0.178 and b1 5 20.922 are multiplier and exponent of

snow density relation, (6) (Brandes et al. 2007). In contrast, the

multiplier g shows a significantly different dependence on

s and b/a (Fig. 3c). For aspect ratios between 0.5 and 0.8 and a

constant value of s, g can increase by a factor of 2.4. The in-

crease in g is ;3.6 times if s and b/a simultaneously increase

from 08 to 408 and from 0.5 to 0.7 (i.e., the range of charac-

teristic values for aggregated snow; Korolev and Isaac 2003),

which makes a tremendous difference in the se(KDP, Z)

estimates.

4. Validation of polarimetric radar estimates of
se: Case studies

Wechoose to present a comparisonofse estimates/measurements

rather than visibility as the former is directly measured at

ASOS sites; this avoids confusion regarding the value of

« and day versus night estimates. It is straightforward to obtain

visibility via (1) and/or (3) for a particular application or

comparison. Four events that had significant societal impacts

are chosen for verification and are summarized in Table 2.

The radar-estimated se from CVP/EVP and RD-QVPs are

extracted via (20) from 200 to 700m altitude AGL using the

aforementioned values of b/a 5 0.6 and s between 258 and 298
(depending on the depth below the DGL; in our approach

s linearly increases from 108 in the DGL to 308 at the

ground—typical of aggregates). The choice of altitude (200,

350, and 700m) is dictated by the quality of KDP estimates at

low levels (in RD-QVPs and CVPs, the altitude is determined

as the level where the change in se between adjacent levels is

small). As an additional source of comparison, we utilize the

S(se) relations fromWG-69 (line 4 in Fig. 1a), and FJ-83 (line 8

in Fig. 1a) using the standard radar Z(S) 5 120S2 relation.

Hence, the WG-69 relation becomes se(WG-69) 5 2.54S(Z),

and the FJ-83 relation is se(FJ-83) 5 3.912S(Z)0.66.

a. 8 December 2013

The 8December 2013 event was a high-impact storm formed

via warm air advection over a stationary front, with low-level

dry air in place across the region. During the event, a fronto-

genetically forced band of heavy snow formed across the
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Philadelphia, Pennsylvania, metropolitan area and southern

New Jersey. Several bridges were closed for hours, with mul-

tiple car accidents reported in the region. The nationally tele-

vised football game between the Philadelphia Eagles and

Detroit Lions experienced so-called whiteout conditions,

characterized by extremely low visibilities.

CVPs from KDIX of Z,KDP, ZDR, and rhv constructed over

KPNE ASOS station are presented in Fig. 4. The gaps at cer-

tain levels are dependent on the CVP radius size and radar

volume coverage pattern (VCP) and exist because the data

from corresponding elevations do not overlap; this is more

pronounced at distances further from the radar. The temper-

ature profile is extracted from RAP model analyses. The most

noticeable feature in all variables is the absence of precipita-

tion at lower altitudes until ;1600 UTC, caused by low-level

dry air. It took about 4 h for the air to saturate and precipitation

to start reaching the ground. The enhanced band of KDP and

ZDR (with decreasing Z) in the sublimation layer early in the

period is suggestive of a high concentration of anisotropic

particles and may be due to secondary ice production. Several

snowbands passed over KPNE, as seen from the reflectivity

enhancements (Z . 25 dBZ) at ;1630, 1815, 2010, 2100, and

2230 UTC. The enhancements in KDP (.0.158 km21) are usu-

ally within the DGL, where dendrites and/or plates experience

rapid depositional growth. The ZDR enhancements (ZDR .
0.6 dB) are also seen in the DGL. These higher values of KDP

and ZDR in the DGL are due to the anisotropic shapes of

crystals which have much higher densities than aggregated

snowflakes. Besides, KDP is proportional to particle concen-

tration whereas ZDR is not affected by the number of particles.

FIG. 3. Dependence of the se(KDP, Z) relation’s (a) KDP exponent a, (b) Z exponent b, and (c) multiplier g, on

s and b/a, computed from Oklahoma 2DVD measurements for zero-mean canting angle (hcanting anglei 5 08).

TABLE 2. Details of selected validation cases.

Date Event type Radar site (VCP)

Vertical profile type

(radius in km) ASOS site

Radar–ASOS

distance (km)

Retrieval height

(m AGL)

8 Dec 2013 Warm-air advection KDIX (32, 21) CVP (10) KPNE 53.4 700

23 Jan 2016 Nor’easter KLWX (21) RD-QVP (15) KIAD 5.7 350

14–15 Mar 2017 Nor’easter KBGM (31, 21) RD-QVP (15) KBGM 0.9 350

18 Dec 2019 Snow squall KOKX (32, 215) EVP (3) KISP 21.5 200
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Adjacent to the ground,KDP and ZDR are very noisy and close

to zero in heavily aggregated snow due to low particle densities

and quasi-spherical shapes. During the main period of pre-

cipitation, theKDP andZ appear to be well anticorrelated, with

periods of more intense aggregation (higher Z, lowerKDP, and

ZDR) and less intense aggregation (lower Z, higher KDP, and

ZDR; e.g., 1800 to 1930 UTC). These periods are not entirely

distinct, though, and there are brief periods of overlap where it

appears there is higherKDP coincident with higher Z due to an

enhanced number of small crystals. The rhv field is mostly

uniform and close to 1 with some reduction within the DGL

due to the diversity of ice crystal shapes. The rhv values near

the ground appear to be artificially low due to CVP processing;

sidelobe contamination from ground clutter may be included

and affecting rhv more than the other variables. The exami-

nation of a similar CVP above the nearby KPHL station (;20–

25 km southwest of KPNE) does not show such features at 0.7

to 1 km AGL (not shown). Note that the low values of Z,KDP,

rhv, and extremely high ZDR, before 1600 UTC in the 0.7–1 km

layer, are likely caused by low SNR (,10 dB).

Figure 5 shows a comparison of se(WG-69), se(FJ-83),

and se(KDP, Z) estimated from the CVP data at 700m AGL

and that measured at KPNE. Except for a few periods of

minor/moderate discrepancies, the agreement between the

se(KDP, Z) estimates and the ASOS ground measurements

is very good. In contrast, both se(FJ-83) and se(WG-69)

show underestimation from 1745 to 1945 UTC and overes-

timation of se from 1945 UTC until the end of the event. As

shown in Fig. 4, there is a very dry air present above the

ASOS location from 1200 to;1600 UTC, hence we attribute

the difference between the ASOS and all radar estimates

from ;1550 to 1710 UTC to sublimation. This is because of

the height difference between the ground (gauge) and radar

estimates aloft (;700 m) and the time needed for the dry

layer to saturate. Another period of larger discrepancies

regarding se(KDP, Z), from 2100 to 2200 UTC, is charac-

terized by relatively large snowflakes, judging by the high Z

values (;30 dBZ) and relatively low (;0.068 km21) KDP

(but higher than expected for Z ; 30 dBZ). We speculate

that these brief periods of overlap, where it appears there is

FIG. 4. CVPs of (a) Z, (b) KDP, (c) ZDR, and (d) rhv obtained from KDIX scans (10 km radius) over the KPNE

ASOS station;54 kmwest of radar. The black dashed lines are isotherms from the RAPmodel analysis, where the

DGL (between 2108C and 2208C) is highlighted in magenta; thin magenta lines within the thicker white lines

represent a 10 dB SNR threshold; 8 Dec 2013, Philadelphia.
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somewhat elevatedKDP alongside enhancedZ, are due to an

enhanced number of small crystals.

Certain weather conditions, such as haze, mist, fog, and/or

freezing fog, may affect the ground measurements of se and/or

the radar algorithmperformance. TheMeteorological Aerodrome

Report (METAR) from KPNE reported snow with freezing

fog from 1754 to 1854 UTC, followed by snow with mist from

1944 to 2254 UTC (last snow report), with mist continuing

through 2354 UTC. Because of the ASOS fog/mist algorithm

logic (see section 5), the mere inclusion of mist or fog accom-

panying precipitation in a METAR does not necessarily mean

that the diminished visibility is appreciably due to mist or fog

(and thus not likely to be reflected in the radar-based estimates

of extinction coefficient/visibility).

b. 23 January 2016

The 23 January 2016 event was a classical nor’easter that

tracked from theGulf ofMexico to the NewEngland coast and

brought prolific snow totals to the entire northernmid-Atlantic

region and widespread reports of visibilities # 1/4 mi. This

storm was categorized as the fourth most crippling northeast

U.S. snowstorm since 1956 on the Northeast snowfall impact

scale (NESIS; Kocin and Uccellini 2004) and was ranked as the

sixth most impactful storm according to the regional snowfall

index (RSI; Squires et al. 2014) affecting about 100 million

people in total. Schools were closed for up to a week, wide-

spread power outages occurred, and ;11 000 flights were

canceled during and immediately after the storm.

The RD-QVPs (15-km radius) of Z, KDP, ZDR, and rhv,

obtained from the KLWX radar reveal the storm’s evolution

(Fig. 6). Numerous snowbands passed over the KIAD site

during the storm, with the strongest ones (in terms of depth and

Z) primarily between 0700 and 1100 UTC. The RD-QVPs of

KDP and ZDR display rather interesting features in the DGL,

where two dominant types of ice crystals, isometric (I type) and

dendritic (D type), can be found (Griffin et al. 2018). I-type

particles include a broad category of snow aggregates and

ice crystals with nearly spherical or irregular shapes and can

result in low to moderate ZDR and significant KDP if the con-

centration is sufficiently high. D-type crystals comprise highly

oblate dendrites or hexagonal plates or prolate needles that

have a higher density than I-type ice particles and are highly

anisotropic in shape. These ice crystals can exhibit discernable

KDP (if their concentration is sufficiently high) and extremely

large ZDR regardless of concentration. Dendrites and hexag-

onal plates (needles) grow primarily between2108 and2208C
(238 and 288C), whereas I-type crystals can be generated

throughout the full depth of the cloud. Hence, the regions of

high ZDR are dominated by D-type ice, and the high-KDP re-

gions are populated predominantly with I-type ice, although

the existence of D-type ice is not precluded. As seen in theRD-

QVP, the enhancedZDR values are especially well aligned with

the 2158C isotherm, whereas the increased values of KDP (up

to 0.238 km21) extend well below the DGL during multiple

periods (usually marking the onset of efficient aggregation

close to the ground). The most interestingKDP signature is the

well-defined streak slightly before 0800 UTC. The KDP streak

coincides with a column of enhanced Z and the highest cloud

tops. Therefore, there is plenty of I-type snow in high con-

centration seeding the DGL (Griffin et al. 2018). Within the

streak, KDP decreases toward the surface, indicative of aggre-

gation. However, not all ice particles aggregate, and a good

fraction of high-density nonspherical particles (possibly due to

riming) remain. Secondary ice production (SIP) due to rime

splintering could also be at play in the region between 2 and

3 km from 0200 to 0400 UTC, with a lack of large particles

resulting in lower Z and high ZDR values due to small, aniso-

tropic particles apparent. Temperatures in this region are

between 288 and 238C, a range favorable for the Hallett–

Mossop process to be active. Also, these temperatures are fa-

vorable for the growth of highly anisotropic needles. Closer to

the ground, the process of aggregation starts to dominate; as a

consequence of the enlarged particle sizes, Z increases. At the

same time that the particles’ densities decrease, they become

more spherical and/or chaotically oriented, hence KDP and

ZDR approach zero near the ground. Although side-lobe con-

tamination is likely affecting rhv (appearing as horizontal

streaks of decreased rhv values), it is evident that D-type ice is

correlated with a reduction in rhv (and moderate to high ZDR)

whereas the (less oblate) aggregates have more uniform rhv
values closer to 1.

The evolution of se(WG-69), se(FJ-83), and se(KDP, Z)

estimated from the KLWX RD-QVP at 350m AGL and

measured by the collocated KIADASOS gauge is presented in

Fig. 7. The comparison between the se(WG-69), se(FJ-83) and

ASOS se measurements show good agreement from 0000 to

0630 UTC and 2130 to 2330 UTC, whereas from 0630 until

2130 UTC both relations moderately underestimate the ASOS

observations. The polarimetric se(KDP, Z) relation and the

ASOS ground measurement display excellent agreement from

the beginning of the storm until ;1000 UTC, and from

1930 UTC until the end of the event, with a period of moderate

FIG. 5. The evolution of the extinction coefficient se measured

with the KPNE ASOS gauge (blue curve), and estimated from

KDIX CVP: se(WG-69) (green curve), se(FJ-83) (black curve),

and se(KDP, Z) (red curve; silver curve indicates KDP ,
0.018 km21) at 700m AGL.
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to large discrepancies in between. METAR reports from

KIAD show the presence of mist until 0500 UTC, freezing fog

from 0500 to 1500 UTC, and blowing snow from 1500 to

2400UTC.While there is a possibility that appreciablemist/fog

and/or blowing snow concurrent with the snow could enhance

se beyond what the radar can observe from snow only (see

section 5), this bias may be due to the strong winds present

during precisely this period. Reports of strong winds (.8m s21)

exist from ;1000 to 2000 UTC, with the highest wind gust of

18m s21 at 1200 UTC, coincident with the largest discrepancy

between se(KDP, Z) and the ASOS measurements. RAP anal-

ysis wind profiles display a layer of strong winds (.30m s21)

between 1 and 2 km AGL from ;1100 to 1600 UTC (with

speeds .25m s 21 from 1000 to 2000 UTC), whereas the RD-

QVP of spectrum width indicated a layer of enhanced wind

shear/turbulence below 1.5 km AGL, coinciding temporally

with the strong winds (not shown). While somewhat circum-

stantial, we submit that turbulence due to strong winds con-

tributed to a decrease in radar se(KDP, Z) by increasing

s beyond what was assumed, which in conjunction with

blowing snow caused large discrepancies between the radar

estimates and ground measurements.

c. 14–15 March 2017

Another high-impact storm chosen for analysis was a

nor’easter that occurred on 14–15 March 2017. This storm

ranked twenty-third on the NESIS scale and twelfth on the RSI

scale, affecting over 60 million people and canceling over

8000 flights. The storm produced widespread heavy snow via

several mesoscale snowbands throughout the interior mid-

Atlantic andNortheast and brought hurricane-force wind gusts

to coastal New England. Daily snowfall records were broken

at several locations (e.g., Binghamton, New York; Scranton,

Pennsylvania; Burlington, Vermont), with a maximum snowfall

total of 42 in. (;107 cm) in West Winfield, New York.

RD-QVPs of Z, KDP, ZDR, and rhv, constructed from

KBGM radar and collocated with the KBGM ASOS station

are presented in Fig. 8. The storm produced moderate to heavy

precipitation from 0700 to 1500UTC, followed by a few intense

snowbands later in the event, revealed by the enhanced Z

FIG. 6. RD-QVPs of (a) Z, (b) KDP, (c) ZDR, and (d) rhv obtained from KLWX radar (15 km radius) collocated

with the KIADASOS station. The black dashed lines are isotherms from the RAPmodel analysis, where the DGL

(between2108C and 2208C) is highlighted magenta; thin magenta lines within the thicker white lines represent a

10 dB SNR threshold; 23 Jan 2016, Sterling, Virginia.
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values greater than 30 dBZ (Fig. 8a). Several interesting po-

larimetric signatures are revealed by KDP and ZDR. Increased

values of ZDR and KDP in the DGL from 0700 to 1300 UTC

extend almost to the ground, indicative of at least moderate

concentrations of smaller and denser D-type crystals and a

lower degree of aggregation at the ground. These may occa-

sionally be mixed with I-type crystals, such as during the big-

gest KDP enhancement aloft (;1100 UTC). Note that the

biggest low-level enhancement in Z (;1215 UTC) coincides

with the highest KDP aloft (allowing for the time that snow-

flakes need to reach the ground). The cell at 1800 UTC is a mix

of I-type and D-type crystals exposed by the high KDP, mod-

erately high ZDR, and high Z values. After 1900 UTC, cloud-

top heights and temperatures decrease, revealing D-type

crystals that align well with the 2158C isotherm, with high

ZDR collocated with lower Z and low KDP. This low concen-

tration of pristine crystals that do not aggregate is seen as ZDR

streaks (;2010 and 2210 UTC) that reach almost to the

ground. These signatures are in line with past observational

studies (e.g., Williams et al. 2015; Griffin et al. 2018). The

strange rhv field is caused primarily by the usage of a less

sensitive VCP 21 from 0500 to 2300 UTC (causing values lower

than 0.96 aloft), as well as by sidelobe contamination. A change

in VCP from 21 to 31 at 2215 UTC, which is a more sensi-

tive mode of radar operation (another switch happened at

;0500 UTC from VCP 31 to 21), increases rhv values aloft.

The comparison of se(WG-69), se(FJ-83), and se(KDP, Z)

obtained from 350m AGL from the RD-QVP and se mea-

sured at the KBGM ASOS site is presented in Fig. 9. Both

se(WG-69) and se(FJ-83) result in moderate to large under-

estimations compared to the ASOS measurements throughout

the event. In contrast, the shapes of the se(KDP, Z) and ASOS

curves show similarity in trend and good agreement, except for

between 1200 and 1300 UTC and 2100 and 2330 UTC. The

discrepancy in the latter period is most likely caused by strong

winds, which exceed 7m s21 after 2000 UTC at KBGM. The

discrepancy in the former period could be due to the localized

nature of precipitation. The peak value of se at ;1815 UTC is

adequately reproduced with the polarimetric se(KDP, Z) re-

lation. It is worth mentioning that there was a brief report of

mist when the snow started, followed by freezing fog lasting

until 2131 UTC. Also, snow was not reported in the KBGM

METAR between 1653 and 2131 UTC, and only snow was

reported from 2153 UTC until the end of the event. We are

skeptical about the lack of snow reports during this period

given the reports of snow at nearby ASOS sites (KITH and

KELM), a broad shield of moderate to heavy precipitation

almost certainly not attributable solely to freezing fog (e.g., Z

exceeding 30 dBZ at 1815 UTC), and quality-control flags that

appear in the raw ASOS data during this period. Besides, high

winds up to 16m s21 were recorded during this period and are

known to potentially cause issues due to snow blocking the

projector heads of the ASOS precipitation sensor (see ASOS

manual, section 4.3.7).

d. 18 December 2019

As of 1 November 2018, NWS Weather Forecast Offices

began issuing warnings for snow squalls. Snow squall warnings

are issued ‘‘for intense but limited duration periods of mod-

erate to heavy snowfall accompanied by gusty surface winds

and resulting in greatly reduced visibilities and whiteout con-

ditions’’ (NOAA 2019). One such event struck New York City

on 18 December 2019. This fast-moving snow squall quickly

enveloped the city, visually resembling a wall of snow.

Although accumulations from snow squalls are usually small

due to their short duration [e.g., KNYC reported just 0.4 in.

(;1 cm) of snow], the intensity of snow, along with its rapid

onset and attendant winds, created hazardous driving and

overall conditions in the affected areas.

EVPs of Z, KDP, ZDR, and rhv constructed from KOKX

radar scans over the KISP are presented in Fig. 10. During the

event, two cells passed over the ASOS site. The weaker, pre-

frontal cell was shallower and quite localized, lasting from 1900

to 2000 UTC. Relatively low Z values (Z , 18 dBZ), higher

KDP (up to ;0.2 8km21) and ZDR (;0.4 dB), and a small re-

duction in rhv within the precipitation core is indicative of a

higher concentration of smaller, denser, and less aggregated

particles occurring during the first cell. The stronger cell as-

sociated with the snow squall along the front passed quickly

over KISP, lasting from 2200 to;2240 UTC. The Z associated

with the squall snow ranged between 25 and 30 dBZ, whileKDP

values in the DGL reached 0.188 km21 but were significantly

reduced toward the ground.ZDRwas very low and close to zero

where the Z values were high and vice versa, and rhv was

mostly uniform within the cell’s core below the DGL, sug-

gesting low-density aggregated snow with larger particles, in

contrast to the first cell. Although the temperature aloft was

similar between the two cells, more moisture was available

during the squall, with relative humidity with respect to ice at

the surface reaching 94% versus 78% during the first cell.

A comparison of the extinction coefficients se measured at

the KISPASOS station and estimated from the KOKXEVP at

200m AGL is presented in Fig. 11. se(KDP, Z) and se(FJ-83)

FIG. 7. The evolution of the extinction coefficient se measured

with the KIAD ASOS gauge (blue curve), and estimated from

KLWX RD-QVP: se(WG-69) (green curve), se(FJ-83) (black

curve), and se(KDP, Z) (red curve; silver curve indicates KDP ,
0.018 km21) at 350m AGL.
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largely overestimate the ASOS KISP measurements during

the weaker cell, whereas se(WG-69) shows more consistent

results. The assumed aspect ratio of 0.6 and s of 288 used for

the se(KDP, Z) estimation are too high for snow with a low

degree of aggregation, leading to a large overestimation.

Smaller values of these parameters (0.5 and 58–108, re-

spectively) in the se(KDP, Z) retrieval produce comparable

estimates with se(WG-69) (not shown). The comparison is

excellent for se(KDP, Z) at the time of the squall snow cell

passage, with the peaks in extinction coefficients in very

good agreement; se(FJ-83) shows moderate underestima-

tion while se(WG-69) shows even smaller values. Despite

the short life span of this intense event (i.e., the squall

snow), the polarimetric estimates of se were able to ade-

quately capture it, demonstrating the operational useful-

ness of this novel approach.

5. Discussion

The initial proof-of-concept results shown in section 4 are

encouraging and deserve further exploration. Currently, the

method requires spatial averaging in the form of RD-QVPs or

CVPs/EVPs over a specific location to obtain the necessary

high-quality estimates of KDP in aggregated snow. If future

methodologies are developed that offer high-quality, high-

resolution estimates of KDP in the horizontal, this approach of-

fers the promise of spatially continuous estimates of se/visibility

as opposed to the relatively sparse point measurements cur-

rently available from ASOS stations. Such spatial fields may

prove useful for the issuance of snow squall warnings.

An inevitable limitation of the proposed methodology is the

lack of accounting for the below-beam effects. A frequent

cause of changes to the SSD in the lowest levels is sublimation.

This is particularly common at the start of many events, as cold

and dry antecedent low-level polar air masses saturate in a top-

down fashion from snow generated in the midlevels, as was the

case for the 8 December 2013 event examined in section 4a.

Due to the relatively low terminal velocity of snow, substantial

mass loss due to sublimation can occur below the radar beam in

relatively shallow depths close to the ground.

Idealized simulations using the one-dimensional snow model

described in Carlin and Ryzhkov (2019) were conducted to

FIG. 8. RD-QVPs of (a) Z, (b) KDP, (c) ZDR, and (d) rhv obtained from KBGM radar (15 km radius) collocated

with the KBGM ASOS station. The black dashed lines are isotherms from the RAP model analyses, where the

DGL (between2108 and2208C) is highlightedmagenta; thinmagenta lines within the thicker white lines represent

a 10 dB SNR threshold; 14 Mar 2017, Binghamton.
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simulate the change in the extinction coefficient over a 750-m

depth (approximately the retrieval height for the 8 December

2013 case) for unrimed aggregates in a wide range of temper-

atures and relative humidities. The environment was assumed

to be constant at all heights, andN0s andLswere assumed to be

3000m23mm21 and 1.06mm21, respectively, corresponding to

an initial IWC of;0.5 gm23 and se of 7.85 km
21. For daytime

visibility with a 5% threshold, this se corresponds to the visi-

bility of;0.25 mi. The subsequent ses at the surface are shown

in Fig. 12 as a fraction of the initial se. For temperatures near

08C, even a relative humidity (with respect to ice) of ;90%

results in a 20% reduction of se compared to 750m, and for

relative humidity ,40% the reduction in se exceeds 80%.

These reductions correspond to daytime visibilities of ;0.30

and ;1.55 mi with the sensitivity to relative humidity slightly

reduced at colder temperatures. If the air is dry enough through

a large-enough depth, complete sublimation of snow can occur

with no degradation in surface visibility observed at all.

Another obvious caveat of the proposed methodology in its

current form is that it is formulated for aggregated snow.While

severe reductions in visibility are often associated with heavy

aggregated snow as opposed to pristine crystals, the application

of the proposed equations to other habits requires modifying

the relevant parameters—namely, a1, b1, d1, and d1 in (6) and

(7)—a priori.

Reductions in visibility during winter precipitation events

may also occur due to conditions other than snow, including

mist, fog, and/or freezing fog, and strong surface winds that

cause blowing snow. However, the presence of mist and

(freezing) fog are themselves inferred from the measured vis-

ibility and humidity at ASOS sites (e.g., if the dewpoint de-

pression is approximately,28C, fog is reported if the visibility

is ,5/8 mi, and mist is reported if the visibility is between 5/8

and 7 mi, irrespective of the observed precipitation type). Put

another way, reductions in visibility due solely to snow can

trigger reports of mist and fog, and as it does not take much

snow to reduce visibilities below 7 mi, mist and fog reports

frequently accompany snow reports. Indeed, the good results

we observe at many periods during the cases examined coin-

cident with reports of mist and fog support this interpretation.

Of course, this does not preclude the fact that actual mist and

fog can indeed reduce visibilities beyond that seen by the radar

due to snow alone, and blowing snow near the surface

remains a shortcoming of the method; both of these limitations

will be inherent to all weather radar–based methods of esti-

mating se/visibility and would result in a universal underesti-

mation of se from the radar. In addition to blowing snow,

strong surface winds can reduceKDP by broadening the canting

angle distribution, as was hypothesized to have occurred

during a few of the cases examined. Estimates of se from higher

altitudes that may be less affected by strong turbulence could

be used instead to mitigate this problem. While these polari-

metric relationsmay apply all the way to theDGL, for practical

applications the optimal height range for se(KDP, Z) estima-

tion is at heights closer to the ground.

Finally, due to (mostly spurious) negative values ofKDP, the

algorithm can also result in negative se(KDP,Z). The proposed

remedy requires setting se(KDP, Z) to zero for negative KDP

values, where only (infrequently occurring) prolate hydrome-

teors would be affected, as well as masking in regions where

KDP is smaller than a prescribed threshold (e.g., KDP ,
0.018 km21, as indicated by the silver lines in Figs. 5, 7, 9, and

11) and may be less reliable. Another possibility involves re-

placing the less reliable se(KDP, Z) values with ones estimated

from previous studies if they are known to work better in given

situations. Further investigation is needed to obtain more ap-

propriate solutions to this shortcoming.

6. Summary

Historically, the NWS has used visibility (and/or extinction

coefficient) to estimate snowfall rate intensity. Visibility–S (or

se–S) relations have been investigated in a large number of

past studies and described through numerous power-law rela-

tions. However, Rasmussen et al. (1999) pointed out that the

power-law relations between the visibility/extinction coeffi-

cient and snowfall rate are not sufficiently accurate due to

natural variations of snow properties. In this study, we show

that the extinction coefficient (equivalent to the second mo-

ment of the SSD) is a function of snowfall rate (i.e., a mass flux

proportional to a somewhat higher SSDmoment), as well as an

inverse function of the frim and mean volume diameter [weakly

dependent on the fall velocity exponent d1 in (7)]. Moreover,

we show that the extinction coefficient is linearly related to the

ice water content if an exponential SSD is assumed, depending

on the multiplier a0 (which accounts for variations in frim) of

the snow density—equivolume diameter relation (6). The

empirical data from this study confirmed these theoretical

conclusions; the exponent in the empirical power-law relation

between se and IWC is 0.96 and hence very close to 1, while the

se–S exponent is 0.915. This is partly the reason why there is

less scatter between se and IWC compared to se and S.

FIG. 9. The evolution of the extinction coefficient se measured

with the KBGM ASOS gauge (blue curve), and estimated from

KBGMRD-QVP: se(WG-69) (green curve), se(FJ-83) (black

curve), and se(KDP, Z) (red curve; silver curve indicates KDP ,
0.018 km21) at 350m AGL.
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Previous studies were mainly centered on in situ measure-

ments of the extinction coefficient (and visibility). An excep-

tion is a study by Muench and Brown (1977), who used Z to

estimate the extinction coefficient (and visibility) but with only

limited success. Our study is an attempt to extend estimations

of the extinction coefficient and visibility beyond in situ mea-

surements using polarimetric radar. A large set of 2DVD

measurements from 16Oklahoma snowstorms is used to obtain

novel empirical polarimetric relations for the extinction coef-

ficient and visibility from the combined use of KDP and Z.

Novel polarimetric relationsse(KDP,Z) andVis(KDP,Z) in the

form of bivariate power laws are verified through comparison

with theoretically derived relations and exhibit good agree-

ment. Bukov�cić et al. (2018, 2020) demonstrated that KDP

depends on particle density (i.e., degree of riming), aspect ra-

tio, and particularly on the width of the canting angle distri-

bution s. These are the main reasons why the multiplier g in

the se(KDP, Z) relation profoundly varies depending on these

quantities, as demonstrated in sensitivity tests. In contrast, the

relation’sKDP andZ exponents remain almost constant despite

changes in aspect ratio and s, although there is a slight change

in both exponents (,2%) if the particle’s density fluctuates

620%. At the moment, the values of aspect ratio and s used

here are found in the existing literature and/or determined

from empirical reasoning; future studies are needed to refine

these estimates.

Comparisons between the ASOS ground measurements and

polarimetric radar se(KDP, Z) relation estimates and selected

previous studies (WG-69; FJ-83) at various locations in the

eastern United States produced realistic and encouraging re-

sults. The advantages of this novel approach are numerous as it

is a remote sensing estimate of extinction coefficient/visibility

versus a point source estimate (e.g., what is measured at ASOS

sites). The use of such information could fill in the huge gaps

that exist due to the sparse nature of in situ measurements in

snowstorms.Moreover, the polarimetric nature of this estimate

adds additional independent information, namely, vertically

polarized radar returns. The combination ofKDP (proportional

to the first moment of the snow size distribution and concen-

tration in low-density snow) and Z (proportional to the fourth

FIG. 10. EVPs of (a) Z, (b) KDP, (c) ZDR, and (d) rhv obtained from KOKX scans (3 km radius) over the KISP

ASOS station;21 kmwest-southwest of radar. The black dashed lines are isotherms from theRAPmodel analyses,

where the DGL (between2108 and2208C) is shown in magenta; thin magenta lines within the thicker white lines

represent a 10 dB SNR threshold; 18 Dec 2019, Upton, New York.
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moment of the snow size distribution in low-density snow) is

very close to the second PSDmoment, which what the intrinsic

extinction coefficient is by definition. This reinforces our con-

fidence in the pertinence of the proposed approach for polar-

imetric radar estimation of the extinction coefficient and

visibility in aggregated snow. Additional visibility reductions

due to blowing snow, (freezing) fog, and mist, as well as below-

beam effects like sublimation, will not be reflected in radar-

based estimates of the extinction coefficient; this needs to be

considered in any practical application of such an approach.

The applicability of this novel approach also depends cru-

cially on having reliable estimates of KDP, which is low (at S

band) and noisy in aggregated snow. The use of azimuthal

(RD-QVPs) or localized (EVPs, CVPs) averaging generally

improves the accuracy of KDP and the reliability of the

polarimetric relations. This approach should also be valid for

C- and X-band radars (where KDP values are higher due to

their inverse dependence on the radar wavelength) for low-

density snow aggregates up to 10–12mm at X band and 16–

20mm at C band where the Rayleigh approximation applies

(Bukov�cić et al. 2020).

Acknowledgments. Special thanks are extended to John

Krause for CVP and RD-QVP radar data processing and

Dr. Guifu Zhang for the disdrometer data collection, as well as

the three anonymous reviewers whose comments and sugges-

tions greatly improved this manuscript. This work is supported

by NOAA/Office of Oceanic and Atmospheric Research un-

der NOAA–University of Oklahoma Cooperative Agreement

NA16OAR4320115, U.S. Department of Commerce. Additional

funding was provided through the NSF Grant 1841246.

APPENDIX

Derivations of Theoretical Relations

a. Derivation of extinction coefficient relation
from KDP and Z

Starting from the expression for the extinction coefficient

se (km
21), defined as the second moment of the particle size

distribution,

s
e
5

p

2
1023

ðDmax

0

D2N(D)dD , (A1)

where D is snowflake equivolume diameter in mm, the inte-

gration yields

s
e
5p3 1023N

0s
L23

s (A2)

for N(D) (m23mm21) characterized by an exponential size

distribution,

N(D)5N
0s
exp(2L

s
D) . (A3)

Assuming the functional form

s
et
5 g

t
K

at

DPZ
bt , (A4)

an analytical relation between the set and KDP–Z can be ob-

tained (herein subscript t stands for theoretical).

Under similar assumptions (see appendix in Bukov�cić et al.

2020), it can also be shown that

Z5 0:2243a2
1f

2
rimN0s

L2(712b1)
s G(71 2b

1
) and (A5)

K
DP

5
5:663 1022pF

o
F
s

l
a2
1f

2
rimN0s

L2(412b1)
s G(41 2b

1
) . (A6)

Here Z is inmm6m23, KDP is in 8 km21, Fo and Fs are the

orientation and shape factors (Ryzhkov et al. 2018; Ryzhkov

and Zrnić 2019), and G is the complete gamma function. The

density of aggregated snow rs (g cm23) is inversely propor-

tional to the particle equivolume diameter (mm) (Zawadzki

et al. 2005; Brandes et al. 2007),

FIG. 11. The evolution of se measured with the KISP ASOS

gauge (blue curve), and estimated from KOKX EVP: se(WG-69)

(green curve), se(FJ-83) (black curve), and se(KDP, Z) (red curve;

silver curve indicates KDP , 0.018k km21) at 200m AGL.

FIG. 12. Simulated reduction in extinction coefficient at the

surface as a fraction of the initial value at 750m for a wide range of

relative humidities (with respect to ice) and temperatures using the

one-dimensional snow model of Carlin and Ryzhkov (2019).
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r
s
(D)5a0Db1 5a

1
f
rim

Db1 , (A7)

where b1 is close to 21 and a1 5 0.178.

Substituting (A5), and (A6) into (A4), we obtain from N0s

exponents

a
t
5 12b

t
, (A8)

and from Ls exponents

b
t
52

11 2b
1

3
and a

t
5

41 2b
1

3
; (A9)

hence,

s
et
5 g

t
K

(412b1)/3
DP Z2(112b1)/3 . (A10)

Solving (A10) for gt from (A2), (A5), and (A6) provides the

expression

g
t
5

p3 1023 3 [0:2243G(71 2b
1
)](112b1)/3

a2
1f

2
rim 3

�
0:1783

F
o
F
s

l
3G(41 2b

1
)

�(412b1)/3
. (A11)

b. The dependence of the extinction coefficient on S

Starting from the expression for set (A10), and S [mmh21,

see (A13) in Bukov�cić et al. 2020],

S5 c
s
K

(31b12d1)/3
DP Z(2b11d1)/3 , (A12)

the ratio between them is

s
et

S
5

g
t
K

(412b1)/3
DP Z2(112b1)/3
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where

c
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. (A14)

The term d1f(ra) in (A14) originates from the snowflake ter-

minal velocity relation Vt, which is a weak function of particle

diameter D (d1 ’ 0.15, see appendix in Bukov�cić et al. 2020),

V
t
(D)5d

1
f (r

a
)Dd1 , (A15)

and f(ra) is a function of atmospheric density and/or pressure.

It follows from (A5) and (A6) that

K
DP

Z
5 0:79

F
o
F
s

l
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s

G(41 2b
1
)

G(71 2b
1
)
. (A16)

Substituting (A11), (A14), and (A16) in (A13), and us-

ing LS 5 4/Dm valid for the exponential SSD (A3), the

theoretical relation between the set and S is derived in

the form

s
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c. The dependence of the extinction coefficient on IWC

Starting from the expression for se (A2), and IWC [gm23,

see (A15) and (A16) in Bukov�cić et al. 2020],

IWC5
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6
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1
f
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N
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and assuming a functional form
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It follows from the N0s exponents that be 5 1.

Under the same assumptions as for (A7), b1 ’ 21, one can

obtain the expression
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