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ABSTRACT

A prognostic equation for the liquid fraction of mixed-phase particles has been recently added to the
Predicted Particle Properties (P3) bulk microphysics scheme. Mixed-phase particles are necessary to simulate
key microphysical processes leading to various winter precipitation types, such as ice pellets and freezing rain.
To illustrate the impacts of predicting the bulk liquid fraction, the 1998 North American Ice Storm is sim-
ulated using the Weather Research and Forecasting (WRF) Model with the modified P3 scheme. It is found
that simulating partial melting by predicting the bulk liquid fraction produces higher mass and number mixing
ratios of rain. This leads to smaller rain sizes reaching the refreezing layer as well as a decrease in the freezing
rain accumulation at the surface by up to 30% in some locations compared to when no liquid fraction is
predicted. The increase in fall speed and density and decrease of particle diameter during partial melting
combined with an improved representation of the refreezing process in the modified P3 leads to generally
higher total solid surface precipitation rates than using the original P3 scheme. There is also an increase of
solid precipitation in regions of ice pellet accumulation. Overall, the simulation of mixed-phase particles
notably impacts the vertical and spatial distributions of precipitation properties.

1. Introduction et al. 2007; Kringlebotn Nygaard et al. 2013). It is
therefore important to improve their forecasts with
more accurate numerical tools (Reeves et al. 2014;
Reeves 2016; Ikeda et al. 2017).

Many types of precipitation can form while falling
through a temperature profile composed of a warm
layer aloft (7' > 0°C) and cold layer (T < 0°C) below it,
near the surface. While falling through the melting
layer aloft, solid precipitation particles melt partially
or completely. If they melt only partially upon reach-
ing the top of the refreezing layer, the remaining ice
fraction within the particle initiates freezing to pro-
duce ice pellets (Thériault and Stewart 2010). In con-

During cold seasons, several types of precipitation
such as snow, wet snow, ice pellets, freezing rain, and
rain can reach the surface when temperatures are near
0°C (e.g., Stewart 1985; Schuur et al. 2012; Frick et al.
2013; Stewart et al. 2015; Ikeda et al. 2017; Tobin and
Kumjian 2017). Wet snow, ice pellets, and freezing rain
can lead to ice accumulation on surfaces causing major
power outages, interruptions to land and air trans-
portation, damage to vegetation, and injuries to people
(Lecompte et al. 1998; King and Laplante 2005; Chang
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trast, if particles melt completely, supercooled drops
may not refreeze before reaching the surface, pro-
ducing freezing rain. Supercooled drops in the re-
freezing layer can also interact with locally produced
ice crystals to initiate freezing, which also produces ice
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pellets (Hanesiak and Stewart 1995). This process
can reduce the amount of freezing rain at the surface
(Carmichael et al. 2011; Barszcz et al. 2018).

Accurate prediction of frozen precipitation is chal-
lenging in numerical weather prediction (NWP) models
because it involves the need to parameterize mixed-
phase particles formed when temperatures are near 0°C
(Frick et al. 2013). The main challenges are associated
with the differentiation of surface precipitation types
and their transition (Ralph et al. 2005; Reeves et al.
2014) as well as their validation with observations
(Reeves 2016; Landolt et al. 2019). The various local and
synoptic environmental conditions of winter storms in-
fluence several processes important for precipitation
type forecasting (e.g., Rauber et al. 1994; Ramos da
Silva et al. 2006; Petrolito 2005; Descurieux 2010; Finch
2011; Hosek et al. 2011; Arnott and Chamberlain 2014;
Kumjian and Schenkman 2014). Small errors in tem-
perature and humidity fields can lead to an incorrect
prediction of the surface precipitation type (Thériault
et al. 2010; Frick et al. 2013). Recently, there have been
more efforts to improve forecasting of winter precipi-
tation types, such as freezing rain and ice pellets (e.g.,
Hux et al. 2001; Cheng et al. 2004; Milbrandt et al. 2012;
Kringlebotn Nygaard et al. 2013; Forbes et al. 2014;
Benjamin et al. 2016; Ikeda et al. 2017; Gascon et al.
2018; Thielke 2018). However, most of these studies
used diagnostic methods to determine the surface pre-
cipitation types (e.g., based on temperature or wet-bulb
temperature profiles) and very few used the explicit
prediction of mixed-phase particles (Reeves et al. 2016;
Thompson 2019; Xu et al. 2019).

Typically, hydrometeors composed of only pure ice
(e.g., bulk snow, hail, graupel, cloud ice) and pure
liquid (e.g., rain, cloud droplets) are represented in
microphysics schemes (e.g., Milbrandt and Yau 2005;
Thompson et al. 2008). The melted mass of melting
ice-phase hydrometeors is converted immediately to
rain, leading to a sharp increase in fall speed (from ~1 to
~5ms~'; when bulk snow is melting), which impacts
trajectories of precipitation particles and distributions
of latent heating and cooling (Henson et al. 2011,
hereafter H11). Most bulk microphysics schemes in-
clude freezing processes that are assumed to occur
instantaneously when an ice nucleus is encountered.
However, refreezing of partially melted ice particles
is a gradual process, as is melting (e.g., Zerr 1997;
Hindmarsh et al. 2003; Gibson and Stewart 2007;
Stewart et al. 2015; Nagumo et al. 2019) and is not
represented in most bulk schemes.

To represent correctly microphysical processes lead-
ing to freezing rain and ice pellets, it is necessary to
predict partial melting of ice particles (Thériault et al.
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TABLE 1. List of symbols for variables and parameters.

Symbol Description Units
Bi1im Rime volume mixing ratio of ice m’kg !
D,, Mean mass-weighted diameter of ice cm
D, Mean mass-weighted diameter of rain or mm

freezing rain
Fijig Bulk liquid mass fraction —
Fitim Bulk rime mass fraction —
Ni ot Total ice number mixing ratio kgﬂ
Nrain Rain of freezing rain number mixing ratio kg™!
Pirim Rime density kgm >
Pm Mean mass-weighted density of ice kgm
qcloud Cloud mass mixing ratio gkg™!
i dep Vapor deposition mass mixing ratio gkg™!
Otz Refreezing rate gkgls!
Qiliq Liquid mass mixing ratio accumulated gkg™!
on ice
Girim Rime mass mixing ratio gkg™!
i tot Total mass mixing ratio of ice and mixed- gkg™!
phase particles
Omit Total melting rate g kg’l s !
Grain Rain or freezing rain mass mixing ratio gkg™!
v Water vapor mass mixing ratio gkg™!
T Air temperature °C

2006; Thériault and Stewart 2010). The explicit repre-
sentation of mixed-phase particles in a bulk micro-
physics scheme involves tracking the bulk liquid fraction
(Fiiq; all symbols are defined in Table 1) of these par-
ticles in time and space; F; i represents the liquid mass
proportion of the mixed-phase particle distribution and
is mainly driven by phase changes and collisions among
particles. To predict Fj jiq, the liquid mass mixing ratio on
ice particles (g;1q) must be included as a prognostic
variable in the scheme. The mixing ratio g; 4 is an
extensive, conserved quantity that can be advected
and diffused, whereas Fj;q is not. Then Fj 4 is calcu-
lated as the ratio of g; jiq and the total mass mixing ratio
(gitot). Cholette et al. (2019) (hereafter C19) added a
prognostic equation for g; jiq in the Predicted Particle
Properties (P3) bulk microphysics scheme of Morrison
and Milbrandt (2015) and Milbrandt and Morrison
(2016). The P3 scheme has a user-specified number of
“free” ice categories, rather than several predefined
ice-phase categories as in traditional schemes. Each
category can, in principle, represent any type of frozen
hydrometeor. Several bulk physical ice properties,
such as the mean density (p,,), the mean dimension
(D,,) and the rime mass fraction (F; i) are predicted.
The prediction of Fj;q in the single-category configu-
ration of P3 was tested using a one-dimensional cloud
model in C19.

The objective of this study is to investigate the im-
pacts of predicting Fj ;q in simulations of the precipita-
tion types produced during a major winter storm. To
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accomplish this, high-resolution numerical simulations
of an extreme freezing rain event are conducted using
the modified P3 scheme with predicted Fjjq and the
original P3 scheme (Morrison and Milbrandt 2015;
Milbrandt and Morrison 2016). To our knowledge, this is
the first time that such a bulk microphysics scheme with
mixed-phase particles and prediction of Fjj;q has been
tested in a real-case simulation involving many winter
precipitation types.

The case examined is the 1998 Ice Storm that occurred
from 4 to 10 January 1998, during which snow, ice pel-
lets, and freezing rain fell over a widespread area in the
northeastern United States and the eastern Canadian
provinces. Nearly 100 mm of freezing rain accumulated
at the surface in southern Quebec. This event is con-
sidered to be one of the costliest natural disasters in
Canadian history (Lecompte et al. 1998). This case was
chosen mainly because it is well documented (Laflamme
and Périard 1998; Lecompte et al. 1998; Milton and
Bourque 1999; Cober et al. 2001; Gyakum and Roebber
2001; Roebber and Gyakum 2003, hereafter RGO3;
Henson et al. 2007; H11). This is also the first time that
the 1998 Ice Storm case has been simulated using a very
high-resolution atmospheric model, to our knowledge.
Our focus is mainly on the similarities and differences in
simulated precipitation types and parameterized mi-
crophysical processes with and without predicting F; jiq.

The remainder of the paper is organized as follows.
Section 2 describes the experimental design including
the model configuration, the P3 microphysics scheme
and the methodology for comparing the simulations and
observations. Section 3 gives the meteorological over-
view of the simulated storm and comparison with some
observations. Section 4 investigates the impacts of pre-
dicting Fjjiq in simulated precipitation types, in partic-
ular freezing rain. Section 5 presents the conclusions.

2. Experimental design
a. Model configuration

This study uses the Weather Research and Forecasting
(WRF) Model, version 3.9.1.1 (Skamarock and Klemp
2008). WREF is a nonhydrostatic compressible atmo-
spheric model. The domain for our simulations, shown
in Fig. 1, covers the region of southern Quebec extending
from Lake Ontario to almost all of New Brunswick. It has
352 X 352 horizontal grid points and 3-km horizontal grid
spacing. The red square in Fig. 1 shows the analysis do-
main, which accounts for the spinup of finescale motion
along the lateral domain boundaries (e.g., Matte et al.
2017). The initial and lateral boundary conditions are
provided by the North American Regional Reanalysis
(NARR; Mesinger et al. 2006). The simulations were
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FIG. 1. Simulation domain elevation (gray shading, m) and lo-
cation of the analysis domain (red square). Also shown are the
locations of the observation stations for the 1998 Ice Storm mete-
orological overview of total accumulated precipitation types (cir-
cles) from Milton and Bourque (1999) and surface atmospheric
variables (dots) from the University of Wyoming website (http://
weather.uwyo.edu/). Specific stations are highlighted: Montreal
Pierre-Elliott-Trudeau International Airport (YUL), Ottawa Airport
(YOW), Maniwaki (WMJ), Gray (GYX), and Quebec Jean-Lesage
Airports (YQB) and are described in Table 2.

driven solely by NARR without data assimilation. This
dataset is available every 3h over North America at
32km horizontal grid spacing. There are 56 vertical levels
with a vertical grid spacing varying from 60 to 320 m in the
first 2km and from 320 to 340m between 2 and 16 km.
The simulated period is from 0600 UTC 4 January to
0600 UTC 10 January 1998. The model time step is 10s
and output was stored every 30 min.

Physics parameterizations besides microphysics include
radiation, planetary boundary layer/turbulent mixing, and
surface processes. Shortwave and longwave radiations are
calculated using the general circulation model version of
the Rapid Radiative Transfer Model (Iacono et al. 2008)
with a 10 min radiation time step. The Yonsei University
nonlocal planetary boundary layer scheme of Hong et al.
(2006) is employed. Surface processes are calculated using
the five-layer thermal diffusion scheme of Dudhia (1996).
Two simulations are performed using the P3 bulk mi-
crophysics scheme. The first simulation uses the original
configuration, with one ice category, hereafter referred
as P3_ORIG. The second simulation uses the modified
P3 scheme including the predicted F jiq (C19), hereafter
referred as P3_MOD.

b. The P3 microphysics scheme

This section summarizes the main differences be-
tween P3_MOD and P3_ORIG. More details can be
found in Morrison and Milbrandt (2015) for P3_ORIG
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and in C19 for P3_MOD. Both schemes have two liquid
categories: cloud and rain. The solid category is param-
eterized differently compared to most bulk microphysics
schemes. Similar to Morrison and Grabowski (2008), P3
evolves particle properties and bulk ice type for “free”
categories using four prognostic variables per ice cat-
egory. In contrast, most bulk schemes separate solid
hydrometeors into categories corresponding to fixed
ice types (e.g., snow, graupel and hail) and use poorly
constrained conversion processes between the solid
categories. P3 can include more than one ice category
as detailed in Milbrandt and Morrison (2016), but
the single ice category version is used here. The four
prognostic ice variables per category in P3_ORIG are:
the total ice mass (g, o, in kgkg '), the total number
(N tot, In kgfl), the rime mass (g; rim, inkg kg~ ') and the
rime volume (B, yim, in m> kgfl) mixing ratios. P3_MOD
has a fifth prognostic variable, the liquid mass mixing
ratio accumulated on ice (g;jiq, inkg kg™ !). Hence, the
total mass mixing ratio of ice and mixed-phase particles
18 Gitot = Gixim t Gigep in P3_ORIG and g, 101 = Gixim +
Qidep T Giliqin P3_MOD, where g; 4p is the mass mixing
ratio of vapor deposition growth. Several bulk proper-
ties, including the rime and liquid (for P3_MOD) mass
fractions, the bulk density, the bulk rime density, the mean
size, and the mean number and mass-weighted fall speeds
are predicted from these conserved prognostic variables.
The bulk rime mass fraction is F; yim = Girinv/(qixim + qidep)
(for both) and the bulk liquid mass fraction in P3_MOD is
Fitiq = qiti(Qixim + Gigep + Gilig)-

The main assumptions for the implementation of F; j;q
in P3_MOD are summarized as follows. First, the liquid
mass fraction of particles does not vary with size (as for
the rime mass fraction) and is given by the predicted
bulk liquid mass fraction (F;jiq). Second, it is assumed
that the liquid water is uniformly distributed around an
ice core. For simplicity and due to lack of observations,
ice cores are assumed to have the same properties (mass,
projected area, capacitance, ventilation coefficient and
so on) as in P3_ORIG. It is assumed that some pro-
cesses, such as melting and sublimation, depend on the
ice core properties while other processes, such as re-
freezing and vapor condensation of g;iq, depend on
properties of the whole mixed-phase particle. For both
the ice core and the whole particle, the particle size
distribution is given by

N(D,) = N,D* exp(-AD), 1)

where Nj is the intercept parameter, w is the shape pa-
rameter, and A is the slope parameter. The shape pa-
rameter is a function of the slope parameter following
Heymsfield (2003):
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TABLE 2. List of stations.

Lat Lon Elev

Code Station name (°N) (°W) (m)
GYX  Gray 4390 7025 125
WMJ  Maniwaki 4630  76.01 189
YHU  Saint-Hubert airport 4552 7342 27
YMX  Mirabel airport 45.68  74.03 82
YOW  Ottawa airport 4532 75.67 114
YQOB Quebec Jean-Lesage airport 46.80  71.38 74
YUL Pierre-Elliott-Trudeau 4547  73.75 36

airport

w=0.00191A%8 — 2, ©)

where A has units of m ™!, and D, is the ice core size

(x = d) for processes depending on the ice core and
the whole particle size (x = p) for processes acting on
the entire mixed-phase particle. Each microphysical
process rate is then integrated over the appropriate
particle size distribution to calculate bulk rates. The
differences between P3_MOD and P3_ORIG in for-
mulations of microphysical processes are summarized
in the appendix and elaborated in C19.

¢. Methodologies comparing the simulations and with
the observations

In section 3, it is shown that simulated atmospheric
and precipitation fields of the storm are well reproduced
by the simulations and we focus on the main differences
relative to the observations. Observed total accumula-
tions for various precipitation types are from Milton and
Bourque (1999) (locations shown by circles in Fig. 1; see
Table 2 for a list of the stations highlighted in red). The
comparison of accumulated precipitation between the
simulations and the observations is as follows. In both
the P3_ORIG and P3_MOD simulations, precipitation
outputs are total solid and total liquid, in which rain and
freezing rain are included. The total precipitation is then
the sum of total liquid and total solid. Also, for both
P3_MOD and P3_ORIG, freezing rain is assumed to be
supercooled rain when the lowest model level temper-
ature is <0°C. In P3_MOD, to differentiate between
snow, ice pellets, and wet snow, we applied some basic
assumptions. Ice pellets are solid precipitation when the
predicted liquid fraction aloft is >0 and temperature of
the lowest model level is <0°C. Wet snow is solid pre-
cipitation when the lowest model level liquid fraction
is >0 and temperature of the lowest model level is >0°C.
Note that wet snow and ice pellets can be unrimed,
partially rimed or completely rimed (0 < F,im = 1).
Snow in P3_MOD is then the total solid precipitation
minus ice pellets and wet snow. The precipitation type
classification is done at each model time step when
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hydrometeors are present and stored at 30 min inter-
vals. In P3_ORIG, wet snow and ice pellets cannot be
separated from total solid precipitation based on the
physical properties of ice particles unlike in P3_MOD,
so the assumptions used to determine these precipi-
tation types in P3_MOD are only based on F; iy and
temperature near the surface. Also note that valida-
tion of these precipitation types (e.g., ice pellets and
wet snow) with observations is difficult because ice
pellets are usually reported with snow or freezing rain
and wet snow is reported as snow. This is the rea-
son why observed total solid precipitation does not
separate ice pellets from snow. All precipitation ac-
cumulations are in liquid-equivalent (in mm), there-
fore, total solid, snow, ice pellets, and wet snow are
given in terms of melted equivalent in millimeters as
well. Observed surface temperatures, surface hori-
zontal winds, sea level pressures as well as vertical
profiles of temperature at Maniwaki (WMJ) and Gray
(GYX) stations have been taken from the University of
Wyoming website (dots in Fig. 1) for comparison with
the simulations.

In section 4, the impacts of predicting the liquid
fraction on simulating precipitation types are investi-
gated. To do so, a comparison between P3_MOD and
P3_ORIG of the accumulated precipitation, temporal
evolution of precipitation rates and vertical structures
of particle size distributions is made over four subre-
gions of interest. The choice of the regions was based
on the location of differences between P3_MOD and
P3_ORIG over the simulated domain, explained in
more detail later. Also, the precipitation characteris-
tics aloft, such as mass mixing ratios, are analyzed with
two vertical cross sections over the subregions.

3. Overview of the simulated 1998 Ice Storm
a. Temperature and wind fields

The successive passage of low pressure systems
and a quasi-stationary front extending from southern
Ontario to the Maritime Provinces led to relatively
warm and moist airflow aloft producing favorable
conditions for freezing rain and ice pellets (RGO03).
Two periods of significant freezing rain accumula-
tion occurred (H11). The first icing period was from
1200 UTC 5 January to 0000 UTC 7 January 1998 and
the second ice period was longer, extending from
0000 UTC 8 January to 0000 UTC 10 January 1998.
Different synoptic conditions characterized these two
icing periods. The first period was associated with
frontogenesis within a baroclinic zone established
with the approach of a trough, whereas the baroclinic
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zone was associated with a well-developed cyclone
during the second icing period (RGO03).

The low-level temperature in southern Quebec remained
below 0°C during the two icing periods as shown in
Fig. 2. The locations of the 0°C isotherms are well re-
produced by both simulations compared to observa-
tions with some differences over Lake Ontario and
New Hampshire (NH) during the second icing period.
In general, there is a small warm bias for both icing
periods: ~0.67°C for the first icing period and ~0.12°C
for the second icing period and very similar biases for
P3_MOD and P3_ORIG. The warm biases between
the simulations and the observations are the greatest
(~2°-4°C) at stations located north of the analysis
domain during the first icing period (e.g., observed
stations with temperatures < —14°C) and at stations
located in the Green Mountains (VT) for both icing
periods (not shown). Sea level pressures are lower by
about ~2 to 4hPa in the simulations compared to ob-
servations. For both icing periods, northeasterly low-
level winds contributed to maintaining the cold air
near the surface in the St. Lawrence River Valley (SLRV)
and the Ottawa River Valley (Milton and Bourque 1999;
RG03). Low-level winds were ~1 to 3ms~ ' higher during
the second icing period compared to the first icing
period (H11).

Windrose diagrams show that 10-m horizontal winds
were always north-northeasterly and east-northeasterly
during the storm at Montreal (YUL) and Quebec (YQB),
respectively (Fig. 3), and stronger at YQB than at YUL.
The simulated intensities of low-level horizontal
winds were slightly higher (lower) at YUL (YQB)
with a northward rotation compared to observations
(Fig. 3). Also, a wind flow from the south aloft (e.g., at
elevations >1-1.5km) occurred during the second ic-
ing period but not during the first period (see H11)
(not shown).

A comparison between simulated and observed ver-
tical profiles of temperature at two times during each
icing period and at two locations (WMJ in southwestern
Quebec and GYX in southern Maine; see Fig. 1) is
shown in Fig. 4. At WMJ, the second icing period was
short and only 1 sounding measured a melting layer aloft
and a refreezing layer near the surface (at 1200 UTC
9 January 1998; Fig. 4c). At GYX, two soundings per
icing period were characterized by a melting layer aloft
and a refreezing layer near the surface. We present one
time per icing period at GYX and the same time for the
first icing period at WMJ. The temperature profiles are
in general well reproduced by simulations, except for
temperatures in the refreezing layer that are generally
warmer in Figs. 4a—c. The model temperatures are
generally warmer above the nose and the peak of the
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FIG. 2. (left) Observed surface temperature and (center) P3_ORIG and (right) P3_MOD temperature at the lowest model level time-
averaged during (a)—(c) the first icing period (from 0000 UTC 5 Jan 1998 to 0000 UTC 7 Jan 1998) and (d)—(f) the second icing period
(from 0000 UTC 8 Jan 1998 to 0000 UTC 10 Jan 1998) in °C (color contours) and 0°C isotherm (solid black). Also shown are the 10-m wind
barbs (<0.1 ms ™! for no barb, 2.5ms ™! for half barb, and 5 ms ™! for full barb) and the sea level pressure (dotted, every 4 hPa) at (a)—(c)
0000 UTC 6 Jan 1998 and (d)—(f) 0000 UTC 9 Jan 1998. Observation data are taken from the University of Wyoming website (http://

weather.uwyo.edu/).

warm nose is slightly colder at GYX (Figs. 4b,d). The
height of the melting layer is higher at these locations
during the second icing period (Figs. 4c,d) compared
to the first period (Figs. 4a,b) in agreement with H11.
However, the thickness of the melting layer aloft
during the first icing period was nearly constant in
time while it varied during the second period over
southern Quebec (H11) (not shown). Differences be-
tween P3_MOD and P3_ORIG in the vertical profiles of
temperature are small.

b. Precipitation fields

The accumulated precipitation types from the obser-
vations (Milton and Bourque 1999) and both simula-
tions are shown in Fig. 5. The observed maximum
amount of total precipitation of 133 mm over southern
Quebec is underestimated by both simulations (Figs. Sa—
¢). In contrast, observed amounts between 50 and 70 mm
north of YUL are overestimated by P3_ORIG and P3_
MOD (Figs. 5Sa,c). Similar results are obtained for total
liquid (Figs. 5g—i) and freezing rain (Figs. 5j-1): an un-
derestimation of large accumulations (>90mm) and
overestimation of small accumulations (<70mm). The

location of freezing rain maximum accumulation is
shifted southwest compared to the observations in both
simulations, but the maximum amount is well captured
(~113mm). Observed patterns of total solid precipita-
tion (Figs. 5d-f) and rain (Figs. Sm-o0) are well repro-
duced by both simulations. The total solid maximum
accumulation of ~70mm is near YOB in the observa-
tions as well as in the simulations. However, the small
amounts of solid (~5-10 mm) near southern Quebec are
not reproduced by either simulation. The bias and the
root-mean-square error (RMSE) (Table 3) are of the
same order of magnitude in P3_MOD and P3_ORIG.
However, those of P3_MOD are systematically lower
than P3_ORIG. The mean bias and the RMSE for freezing
rain accumulations are reduced by 14% and 9.4%, re-
spectively, in P3_MOD compared to P3_ORIG. Also, for
solid accumulations, P3_MOD improved by 87% the
mean bias of P3_ORIG, though the biases for solid accu-
mulations are very small for both simulations. The differ-
ence between both simulations and the observations is
much larger than the difference between the two simula-
tions, except for the solid accumulation bias, for which the
differences are of the same order of magnitude.
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YUL

P3_ORIG

YQB

FIG. 3. (left) Observed, (center) P3_ORIG, and (right) P3_MOD time-averaged, over the simulation period (0600 UTC 4 Jan 1998 to
0600 UTC 10 Jan 1998), 10-m wind rose diagrams at (a)—(c) YUL and (d)-(f) YQB. The colors represent the wind intensities (ms ') and
the circles are the frequencies (%) of each intensity—direction combination. Observation data are taken from the University of Wyoming
website (http://weather.uwyo.edu/). Station locations are indicated in Fig. 1.

Time evolution of simulated surface precipitation
rates and hourly observed precipitation types is shown
at three stations in Canada (YQB, YUL, YOW; see
Fig. 1) in Fig. 6. The two periods of significant freez-
ing rain are well reproduced by the simulations.
The precipitation type during the first icing period is
mainly freezing rain, whereas during the second icing
period it is more of a mixture of freezing rain and ice
pellets, in particular at YUL, in agreement with H11.
The second icing period is characterized by higher
precipitation rates (and accumulations) compared to
the first period, in particular at YOW, in agreement
with RGO03. For example, near Sherbrooke (southeast
of YUL), observed freezing rain accumulation was 36
and 44 mm during the first and the second icing pe-
riods, respectively. In P3_MOD (P3_ORIG), at the
same location, 33 mm (32mm) and 47 mm (48.5 mm)
of freezing rain accumulated during the first and
second icing periods, respectively. There is a south-to-
north transition of precipitation types in the simulations
and observations, such that there is more freez-
ing rain in southern stations (YOW and YUL) and
more snow (and ice pellets) at YQB. The mixture of

wet snow and rain associated with both observed
and simulated surface temperatures >0°C at YOW
around 1200 UTC 8 January (Fig. 6¢) is well cap-
tured by P3_MOD. Overall, the duration of ice
pellets is lower in P3_MOD compared to observed,
particularly at YUL (also illustrated in Figs. 5d-f).
Differences between P3_MOD and P3_ORIG in
precipitation rates are small, but freezing rain rate is
reduced in P3_MOD when ice pellets accumulate, in
particular at YOB (Fig. 6a). These differences between
P3_MOD and P3_ORIG are discussed in more detail in
the next section.

4. Differences between P3_MOD and P3_ORIG
a. Precipitation accumulation

The impacts of predicting Fjjq in P3_MOD on
simulated precipitation amounts and types are inves-
tigated in this section. Figure 7 shows the differences
between P3_MOD and P3_ORIG in accumulated freez-
ing rain (Fig. 7a) and solid precipitation (Fig. 7b). There is
an overall decrease of freezing rain in P3_MOD, with a
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FIG. 4. Observed (black), P3_ORIG (blue), and P3_MOD (red) vertical profiles of temperature (°C) at
(a) 1200 UTC 6 Jan 1998 at WMJ, (b) 1200 UTC 6 Jan 1998 at GYX, (c) 1200 UTC 9 Jan 1998 at WMJ, and
(d) 0000 UTC 9 Jan 1998 at GYX. Simulated profiles are taken at the grid point closest to the observation stations
and observed profiles are taken from the University of Wyoming website (http://weather.uwyo.edu/). Station lo-

cations are indicated in Fig. 1.

general increase in solid precipitation. In Maine (ME), a
decrease up to 25mm in freezing rain accumulation oc-
curs for P3_MOD compared to P3_ORIG. Figures 7c and
7d show P3_MOD’s total accumulated wet snow and ice
pellets, respectively. A widespread region of ice pellets is
simulated during the storm. The maximum amount of ice

pellets (~35mm) is located ~60 km north of YUL. Only
~0.2mm of ice pellets accumulated at YUL itself. The
maximum amount of wet snow (~10mm) is located
near west of YOW, mainly accumulated during the
second icing period. Wet snow also occurs in south-
east Quebec and into the Green Mountains (VT) at
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FI1G. 5. (left) Observed, (center) P3_ORIG, and (right) P3_MOD accumulated precipitation (mm) from 0600 UTC 4
Jan 1998 to 0600 UTC 10 Jan 1998 of (a)—(c) total precipitation, (d)—(f) total solid precipitation, (g)—(i) total liquid
precipitation, (j)—(1) freezing rain, and (m)—(o) rain.
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TABLE 3. Bias and root-mean-square error (RMSE) (mm) of the
simulated total accumulated precipitation compared to observa-
tions for the stations shown in Fig. 5.

P3_ORIG P3_MOD
Total Bias 14.2 14.1
RMSE 254 24.8
Total liquid Bias 15.7 14.4
RMSE 24.5 22.7
Total solid Bias -1.5 -0.2
RMSE 10.4 10.35
Freezing rain Bias 14.5 12.4
RMSE 25.6 232

different times but mainly at the beginning and the
end of the simulated period. As seen in Fig. 7, the
maximum differences between P3_MOD and P3_ORIG
in accumulated freezing rain and solid precipitation
occur where a mixture of ice pellets and freezing rain is
produced by P3_MOD.

To investigate differences between P3_MOD and
P3_ORIG in precipitation properties aloft and at the
surface, four subregions (A to D) within the model domain
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are further analyzed (black squares in Figs. 7a,b). We
define the four subregions of 3600 km? within the model
domain based on the differences between P3_MOD and
P3_ORIG in surface amounts and precipitation types.
Two subregions are located where the total accumu-
lated freezing rain in P3_ORIG is >50mm and the
two others are located where the total solid accumu-
lation in P3_ORIG is >25mm.

The subregion-averaged total accumulated precipita-
tion for various precipitation types is shown in Fig. 8.
Subregion A is associated with mainly freezing rain
whereas subregion B is associated with a mixture of
precipitation but mainly freezing rain. Subregion C is
located north of subregion A, with mainly solid precip-
itation and some ice pellets and freezing rain. Finally,
the fourth subregion (D) is located northwest of subre-
gion B and has nearly same accumulations at the surface
as subregion C. According to Lecompte et al. (1998), 40—
60mm of freezing rain were reported at B, implying a
model overestimation as well as in subregions A and C
where more quantitative observational estimates are
available (Fig. 8). For subregion D, it is not possible to

Rate

(a) YQB

i

Rate

s

Rate

OBS " toomomson ssoomsstone ¢ & 0 o eoomsonsestT S iben 4T o e Mo 3
0000 0000 0000 0000 0000 0000
5 Jan. 6 Jan. 7 Jan. 8 Jan. 9 Jan. 10 Jan.
Time [UTC day]
——Snow —Ice pellets ——Wetsnow ——Freezingrain ——Rain
0 OBS e P3_ORIG ——P3_MOD

FIG. 6. Temporal evolution of P3_MOD (solid) and P3_ORIG (dotted), surface precipitation
rates (mmh '), and hourly observed precipitation type (dots) indicating snow (black), ice
pellets (blue), wet snow (red), freezing rain (pink), or rain (green) at (a) YQB, (b) YUL, and
(c) YOW. Station locations are indicated in Fig. 1.
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(b) P3_MOD-P3_ORIG
Total solid

(d) P3_MOD
Ice pellets acc.

F1G. 7. (a),(b) P3_MOD-P3_ORIG accumulated precipitation (mm) from 0600 UTC 4 Jan to 0600 UTC 10
Jan 1998 of (a) freezing rain and (b) total solid. (c),(d) P3_MOD accumulated precipitation (mm) from
0600 UTC 4 Jan to 0600 UTC 10 Jan 1998 of (c) wet snow and (d) ice pellets. Also shown are the locations of
the four subregions A, B, C, and D [squares in (a) and (b)] and the two cross sections for Figs. 11-13 [dotted

and solid lines in (a)].

determine if there is an overestimation (or underesti-
mation) by comparing with Lecompte et al. (1998) since
the 0-20mm bin of freezing rain accumulation is not
shown in their figure. The subregion-averaged ice pellet
accumulations in P3_MOD are 4.2, 7.7, and 5.9 mm for
subregions B, C, and D, respectively. All subregions
except D are associated with a decrease of freezing rain
accumulation and an increase of total solid accumula-
tion in P3_MOD compared to P3_ORIG.

b. Temporal evolution of precipitation rate and the
0°C isotherm

The temporal evolution of the subregion-averaged 0°C
isotherm height, freezing rain and ice pellets rates, and
accumulated precipitation difference between P3_MOD

and P3_ORIG are shown in Fig. 9. For subregions A and
B, the durations of the two icing periods are similar (listed
in Table 4). Ice pellets (Fig. 9¢c) occur in P3_MOD at the
beginning of each icing period and at the end of the second
one in the subregion B associated with a lower freezing
rain rate in P3_MOD compared to P3_ORIG. Major
differences between P3_MOD and P3_ORIG are evident
during the second half of the first icing period for subre-
gions A and B and overall during the second icing period
in all subregions (Fig. 9d). This is when the precipitation
rate is higher, and the melting layer is deep (between 1500
and 2000m) enough to melt ice completely producing
freezing rain for subregions A and B. The second icing
period is similar in subregions C and D but shorter in
subregion C (Figs. 9a,b). Note that subregion D has no

Unauthenticated | Downloaded 09/20/22 06:38 PM UTC



3810

(a) Total
100

80
60
40
20

Acc. [mm]

A B C D
Subregion

(c) Total solid
60
_ 50
E 40
E30
[&]

o 20
10

A B C D
Subregion

MONTHLY WEATHER REVIEW

VOLUME 148

(b) Total liquid
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FIG. 8. Observed (black, when available), P3_ORIG (blue), and P3_MOD (red) accumulated precipitation (mm)
averaged over the subregions A, B, C, and D from 0600 UTC 4 Jan to 0600 UTC 10 Jan 1998 of (a) total precip-
itation, (b) total liquid precipitation, (c) total solid precipitation, and (d) freezing rain. Locations of the four

subregions are shown in Figs. 7a and 7b.

firsticing period at all (Table 4 and Figs. 9a,b). Most of
the changes in accumulated freezing rain between
P3_MOD and P3_ORIG in subregions C and D occur
when ice pellets are produced in P3_MOD. This is
when the depth and the maximum temperature of the
melting layer are <1000m and <2°C, respectively
(Zerr 1997). For subregion D, a small increase of ac-
cumulated freezing rain occurs at the beginning of the
second icing period (from 1200 UTC 8 January to
0000 UTC 9 January). Overall, the largest differences
between P3_MOD and P3_ORIG in precipitation
rates are during the second icing period and when the
surface precipitation rate is highest. In addition to
microphysical differences, this difference could be
due to a slightly deeper and warmer melting layer in
P3_MOD compared to P3_ORIG small (blue line in
Fig. 9a). Differences in the thermodynamic profiles
between the two simulations are, however, small. For
instance, the upper boundary of the melting layer
(based on the 0°C level) in P3_MOD is lower by about

15m compared to P3_ORIG, and the maximum tem-
perature of the melting layer is warmer by about 0.15°C
in Fig. 9.

c. Vertical structures of particle size distributions

The vertical structure of the particle size distribution
(PSD) is investigated because it is impacted by the
melting and refreezing rates of particles (Thériault
et al. 2010). This also illustrates the behavior of mean
particle diameters for both ice and rain (freezing rain).
We focus on the second icing period because larger
differences between P3_MOD and P3_ORIG occur
than compared to the first period (see Fig. 9). Differences
between the two icing periods will also be discussed in this
section with regard to the mean ice size distribution above
the melting layer.

Figure 10a shows time-averaged vertical profiles of
temperature during the second icing period (see Table 4)
averaged over the four subregions A-D for both simula-
tions. For subregions A and B, ice has melted completely
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FIG. 9. Temporal evolution of (a) P3_MOD (solid) and P3_ORIG (dashed) 0°C isotherm,
(b) P3_MOD (solid) and P3_ORIG (dashed) freezing rain rate (mmh™ ), (c) P3_MOD ice
pellet precipitation rate (mmh '), and (d) P3_MOD-P3_ORIG cumulative difference over
the time period [A(acc.), mm] freezing rain (solid) and total solid precipitation (dashed).
Results are averaged over the four subregions A (black), B (green), C (red), and D (blue)

shown in Figs. 7a and 7b.

producing freezing rain at the surface because the
melting layer is very deep. Subregions C and D are
associated with deeper and colder refreezing layers
compared to subregions A and B. In general, the vertical
temperature profiles produced by P3_MOD and P3_ORIG
are similar, with some small differences. P3_MOD
is slightly colder above the height of the maximum

temperature of the melting layer whereas it is slightly
warmer below it.

The mean PSDs at different heights (i.e., top of the
melting layer, at the bottom of the melting layer, and at
the surface) are shown in Figs. 10b—f. Note that only ice
size distributions in subregions C and D are shown in
Fig. 10d as the ice melted completely in subregions A

TABLE 4. Icing time periods for each subregion shown in Figs. 7a and 7b.

Subregion First icing period Second icing period
A 0000 UTC 5 Jan—1200 UTC 7 Jan 2000 UTC 7 Jan—-0600 UTC 10 Jan
B 1800 UTC 5 Jan-1200 UTC 7 Jan 2000 UTC 7 Jan—-0600 UTC 10 Jan
C 0300 UTC 6 Jan—1800 UTC 6 Jan 0000 UTC 9 Jan—-0600 UTC 10 Jan
D — 1200 UTC 8 Jan—-0600 UTC 10 Jan

Unauthenticated | Downloaded 09/20/22 06:38 PM UTC



3812

Number mixing ratio [kg' m-]
)
B

Number mixing ratio [kg! m™]
o
-9

MONTHLY WEATHER REVIEW

Height [km]

Temperature [°C]

0 L
-10 -5 0 5

c) Rain at the bottom of
the melting layer !

0 0.5 1
Diameter [mm]

| (e) Fréezing rain at
the surface |

0 0.5 1
Diameter [mm]

1.5 2

1.5 2

Number mixing ratio [kg"' m-'] Number mixing ratio [kg™! m-]

Number mixing ratio [kg' m™]

108
10’
10°
10°

10%}

103

10%}

10’
10°

108
107

108}
105,

104
108
102
10
10°

B . I T S S— Y
o O O 0o 0o o o o o
o = N W A O O N @

(b) Ice at the top of
the melting layer

0 0.5 1
Diameter [cm]

(d) Ice at the bottom of
the melting layer |

0 0.5 1
Diameter [cm]
(f) Ice at the surface |
0 0.5 1

Diameter [cm]

—P3_MOD - —P3_ORIG

C D

A

FIG. 10. (a) Vertical profiles of temperature (°C) and (b)—(f) particle size distributions (kg "' m™!) for (b) ice at

temperature near —1.5°C just above the melting layer, (c) rain at the bottom of the melting layer, (d) ice at the
bottom of the melting layer, (e) freezing rain at the surface, and (f) ice at the surface using P3_MOD (solid) and
P3_ORIG (dashed). Results are temporally averaged over the second icing period (see Table 4) and spatially
averaged over subregions A (black), B (green), C (red), and D (blue) shown in Figs. 7a and 7b.
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and B. There is ice at the surface in subregions A and
B (Fig. 10f) produced by immersion freezing of rain
and cloud droplets allowed at temperatures < —4°Cin
the refreezing layer in both P3_MOD and P3_ORIG.
However, this ice is very low in number (N o < 20kg ')
and mass (q;o; < 0.0001 gkg ') mixing ratios and only
accumulated in trace amounts (<0.1 mm) over the entire
length of the simulation.

We highlight three particular results. First, all ice
distributions (Figs. 10b,d,f) are inverse-exponential
(n = 0). Note that the shape parameter u for ice in P3
is a function of A [Eq. (2) and hence inversely related
to mean ice particle size]. The value of u is generally >0
when the rime mass fraction is high (e.g., F; sim > 0.9) or
when the number mixing ratio is high (e.g., N; o > 1.6 +
5kg™ 1), but these conditions are not met for the results
shown in Fig. 10 and u = 0. At the top of the melting
layer (Fig. 10b), the intercept parameters are higher,
and the rime mass fractions are lower in P3_MOD
compared to P3_ORIG in subregions A, B, and D. The
ice mean mass-weighted diameter at the top of the
melting layer is similar between P3_MOD and P3_ORIG
(near ~0.2cm), but with slightly smaller values for
P3_MOD in all subregions, except in C where it is
slightly larger. A larger mean mass-weighted diameter
of ice aloft is obtained in subregion B during the
second icing period with mean value of ~0.24 cm for
both P3_MOD and P3_ORIG. This corresponds to
higher precipitation rates (Fig. 9). Second, at the
bottom of the melting layer, which also corresponds to
the top of the refreezing layer, the ice distributions in
P3_MOD are shifted toward smaller mean diameters
compared with those above the melting layer (cf.
Figs. 10b,d). In contrast, P3_ORIG produces similar
ice distributions at these two levels. This occurs be-
cause the mean ice mass-weighted diameter decreases
and the mean mass-weighted fall speed increases with
partial melting of ice in P3_MOD, whereas the mean
ice diameter is constant during melting in P3_ORIG
(C19). Third, the mean ice diameter in P3_MOD in-
creases while falling through the refreezing layer while
it remains fairly constant in P3_ORIG (Figs. 10d,f). This
increase in P3_MOD is mainly due to the refreezing
process, which transfers mass from g; jiq t0 g; yim, thus re-
ducing the liquid mass fraction gradually. Higher mean
ice diameters in P3_MOD lead to higher precipitation
rates and accumulated solid precipitation, particularly in
subregion C (Fig. 8c).

Differences in the ice size distribution aloft between
the first (not shown) and second icing periods explain
the difference in the surface precipitation rate. The PSD
slope and intercept parameters above the melting layer
are smaller during the second icing period, implying
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larger mean particle sizes. PSDs during the second icing
period are also generally characterized by higher g; tor,
smaller N; o1, higher F; ;im, and higher p; yim.

The rain and freezing rain drop size distributions
(Figs. 10c,e) produced by P3_MOD have higher slope
and intercept parameters compared to P3_ORIG. The
mean mass-weighted diameter of rain and freezing
rain (D,) is always smaller in P3_MOD compared to
P3_ORIG in all four subregions. The maximum de-
crease of P3_MOD mean mass-weighted diameter of
freezing rain at the surface compared to P3_ORIG is
~0.2mm in subregion B. This difference is mainly as-
sociated with the differences in the representation of
the melting process. The production of smaller rain-
drops diameters is associated with a lower precipita-
tion rate in P3_MOD than P3_ORIG. This will be
discussed further in the following section.

d. Microphysical properties of precipitation aloft

An analysis of microphysical variables along two cross
sections (dotted and solid lines in Fig. 7a) is shown in
Figs. 11-13 . The variables are time averaged over the
second icing period. This time period was chosen be-
cause large differences are produced between P3_MOD
and P3_ORIG, particularly in subregion B. One cross
section extends from subregion A to C (Fig. 11) and the
other one is from subregion B to D (Figs. 12 and 13).
Note that the predicted mass mixing ratios have been
multiplied by air density and hence are expressed as
mass contents in gm ° in Figs. 11-13.

Figures 11 and 12 show hydrometeor water contents as
well as rime and liquid mass fractions of ice from both
simulations and their differences (P3_MOD —P3_ORIG).
The ice entering the melting layer in subregions A
(Figs. 11a,b) and B (Figs. 12a,b) melts completely to
produce freezing rain at the surface. No melting layer
aloft is present over subregion C leading to mainly
snow during that time period (Figs. 11a,b). A mixture
of freezing rain and ice pellets occurs in subregion D
(Figs. 12a,b,i,j) and between subregions A and C
(Figs. 11a,b and Figs. 11i,j). Ice entering the melting
layer aloft is slightly rimed (rime mass fraction ~0.15)
south of subregion C (Figs. 11d,e: ~0-125km) and in
subregion B (Figs. 12d,e: ~0-120km). The total ice
mass mixing ratio above the melting layer is greater
and more rimed over subregion B compared to D
(Figs. 12a,b,d,e). For both cross sections, g, (Figs. 111,j
and Figs. 12i,j) is higher in the melting layer where g; (ot
above the melting layer is higher (~0.25-0.3gkg™").
Cloud water (Figs. 111,m and 121,m) is generally formed
through supersaturated conditions produced by dia-
batic cooling associated with melting near the top of
the melting layer.
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F1G. 11. P3_ORIG (left), P3_MOD (center), and P3_MOD-P3_ORIG (right) simulated vertical cross sections between subregions A
and C (dotted line in Fig. 7a) of (a)—(c) total ice mass mixing ratio (¢;oi; gm ), (d)—(f) rime mass fraction of ice (F; in), (2),(h) liquid mass
fraction (F, iq), (i)~(k) rain mass mixing ratio (qrain; gm ), and (1)~(n) cloud mass mixing ratio (gcious; gm ). Results are time averaged
from 0600 UTC 8 Jan to 0600 UTC 9 Jan 1998. Also shown are the 0°C isotherms in black lines for P3_ORIG (dashed) and P3_MOD (solid).
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F1G. 12. As in Fig. 11, but for the cross section between subregions B and D (solid line in Fig. 7a).
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FIG. 13. Vertical cross sections between subregions B and D (solid line in Fig. 7¢) of differences (P3_MOD-
P3_ORIG) in (a) temperature (AT, °C), (b) water vapor mixing ratio (Aq,, g m ™), (c) mean mass-weighted density
of ice (Ap,, kgm™3), (d) total melting process rate (AQmy, gkg 's™1), (e) mean mass-weighted diameter of
rain/freezing rain (AD,), mm), and (f) refreezing process rate (AQ; ., gkg ™ 's™"). Results are time averaged from
0600 UTC 8 Jan to 0600 UTC 9 Jan 1998. Also shown are the 0°C isotherms in black lines for P3_MOD (solid) and

P3_ORIG (dashed).

The main differences between P3_MOD and P3_ORIG
are summarized as follows. g; ;o (Figs. 11c and 12¢) above
the melting layer is smaller in P3_MOD compared to
P3_ORIG, particularly over subregion B (Fig. 12c). The
rime mass fraction is generally smaller in P3_MOD com-
pared to P3_ORIG. However, F; i, is larger in P3_MOD
in some regions of melting (e.g., Figs. 11f and 12f near
0-60km) and, also, in the refreezing layer (Figs. 11f and
12f near 130 km). The rain mass mixing ratio is greater
everywhere in P3_MOD compared to P3_ORIG for

both cross sections (Figs. 11k and 12k). Last, gcoud
(Figs. 11n and 12n) is generally smaller in P3_MOD
compared to P3_ORIG within the melting layer.
Because P3_MOD and P3_ORIG used the same con-
figuration and setup of WRF, the changes between the
two simulations illustrated in Figs. 11 and 12 must be
associated with the different microphysical formulations
owing to prediction of Fjiq in P3_MOD. Figure 13 shows
the differences between P3_MOD and P3_ORIG in
vertical structures of temperature (Fig. 13a), water vapor
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mixing ratio (Fig. 13b), and various microphysical
properties (Figs. 13c—f) for the cross section between
subregions B and D. Note that the melting and re-
freezing processes are only computed in the model
when the temperature is <0°C (refreezing) or >0°C
(melting), but the process rates and temperatures
shown in Figs. 13d and 13f are time averaged; thus,
nonzero melting and refreezing rates are seen beyond
these temperature limits in the figures. These results do
not reflect all the simulated times, however, some gen-
eral features explaining differences in the behaviors of
P3_MOD and P3_ORIG are discussed below.

The prediction of Fjjq in P3_MOD allows different
representations of hydrometeor properties while they
undergo melting in contrast to P3_ORIG. For instance,
P3_MOD allows for a decrease in the diameter and an
increase in both fall speed and density during melting,
while these behaviors are not represented in P3_ORIG
(C19). The increase in density (shown in Fig. 13c) and
hence fall speed during melting induces a deeper melting
depth in P3_MOD compared to P3_ORIG (Fig. 13d).
This tends to produce more solid precipitation such as ice
pellets instead of freezing rain and wet snow instead of
rain in P3_MOD due to partial melting associated with
shorter residence time of particles in the melting layer.
Also, the partial melting explicitly treated in P3_MOD,
combined with shedding of accumulated liquid water
when the melting ice is partially or fully rimed (neglected
in P3_ORIG), produces higher melting rates leading to
greater rain mass (Fig. 12k) and number mixing ratios (not
shown). In particular, the change in rain number mixing
ratio from melting is scaled by a factor of 0.2 in P3_ORIG
to account implicitly for evaporation of melting ice (see
Appendix), while this is not done in P3_MOD. Thus, the
melting process in P3_MOD affects the proportions of
rain versus ice produced in the melting layer and induces
a higher cooling rate from melting near the top of the
melting layer compared to P3_ORIG (Fig. 13a). These
differences are generally larger when the rime mass frac-
tion aloft is greater associated with higher surface pre-
cipitation rates (>1.5-2mmh ). These differences also
lead to a smaller mass-weighted mean diameter of rain
and freezing rain in P3_MOD compared to P3_ORIG
(Fig. 13e). This, in turn, reduces the freezing rain rate,
contributing to smaller freezing rate accumulations at the
surface in P3_MOD compared to P3_ORIG.

A sensitivity test has been made to assess the impacts
on the differences between P3_MOD and P3_ORIG of
the P3_ORIG’s melting scaling factor of 0.2 for the
change in Ny, due to melting. The third simulation is
identical to P3_ORIG but uses a melting scaling factor
of 1 (hereafter called P3_ORIG1). By increasing the
number mixing ratio of melting transferred to rain in
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P3_ORIG1, the magnitude of the decrease in the mean
mass-weighted diameter of rain of P3_MOD compared
to P3_ORIG]1 during melting is smaller (not shown)
than the one presented in Fig. 13e. However, results of
the differences in accumulated freezing rain and total
solid show that the differences between P3_MOD and
both P3_ORIG simulations are larger than those be-
tween P3_ORIG and P3_ORIG1 (Fig. 14). Overall, the
differences between P3_MOD and both P3_ORIG are
systematic and show an increase in total solid and a
decrease in freezing rain accumulations.

Other processes within the melting layer include cloud
water accretion by rain and condensation (not shown).
The larger ¢.a;, in P3_MOD increases the cloud water
accretion rate, which results in lower g¢ouq in the melt-
ing layer (Figs. 11n and 12n). The condensation of g; iq
acts as a source term for water vapor in P3_MOD
whereas it is neglected above 0°C in P3_ORIG, thus
competing for available water vapor with g.jouq and grain.
Condensation rates, in particular those for g¢jouq, mostly
depend on the thermodynamic and dynamics conditions
(e.g., vertical velocity and temperature). However, for
rain and P3_MOD’s mixed-phase ice, the rates are more
sensitive to the microphysical characteristics including
mass content and number concentration. This is because
the phase relaxation time for cloud condensation is
usually small, of order 1-10s, regardless of the micro-
physical characteristics, whereas the phase relaxation
time scale for rain and mixed-phase particles is usually
much longer and is more sensitive to the microphysical
properties. It is found that the rain condensation rate
in P3_MOD associated with Figs. 11 and 12 is slightly
greater compared to P3_ORIG, contributing to the higher
air temperature in the melting layer.

Last, in the refreezing layer, the refreezing of partially
melted ice (Fig. 13f) in P3_MOD increases the air tem-
perature near the top of the refreezing layer (Fig. 13a)
and changes the ice properties gradually, such as the
mean mass-weighted diameter, compared to P3_ORIG.
For instance, refreezing of partially melted ice increases
the mean diameter of ice, which increases the solid pre-
cipitation rate and accumulation in region with ice pellet
accumulation in P3_MOD in contrast to P3_ORIG. The
differences between P3_MOD and P3_ORIG are greater
when conditions of wet growth are met above the melting
layer. It should be noted that wet growth (not shown) and
refreezing rates near the upper 0°C height of the melting
layer are small. In general, wet growth is associated
with hail growth in a strong updraft. However, wet growth
in P3, parameterized following Musil (1970), still can
occur in nonhail conditions and this is the case here. In
P3_ORIG, cloud droplets and raindrops collected during
wet growth are directly transferred to g;im With some
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FIG. 14. (a),(c) P3_MOD-P3_ORIGI and (b),(d) P3_ORIG-P3_ORIG1 accumulated precipitation (mm) from
0600 UTC 4 Jan to 0600 UTC 10 Jan 1998 of (a),(b) freezing rain and (c),(d) total solid precipitation. Also shown are
the locations of the four subregions A, B, C, and D (squares).

portion that is shed back to rain (Morrison and Milbrandt
2015), whereas in P3_MOD they are transferred to g; iq to
form mixed-phase particles. These mixed-phase particles
can refreeze if temperatures are below 0°C (Fig. 13f; near
aloft the melting layer). In the example shown here, this
impacts the cloud ice characteristics above the melting
layer by decreasing the rime mass fraction (Fig. 12f), the
number concentration and the total mass mixing ratio
(Fig. 12c). This decrease of g;oy and Fj,m, above the
melting layer in subregions A and B may be a conse-
quence of a combination of processes, including feed-
backs, as described above. First, the difference between
P3_MOD and P3_ORIG at lower levels (e.g., in the
melting layer) affects atmospheric variables (e.g., tem-
perature, vertical motion), which impacts the ice content
above the melting layer. Second, the difference in the
treatment of the wet growth process, which is expected to
be more gradual in P3_MOD than in P3_ORIG, leads to
smaller F i, in P3_MOD. Finally, smaller g; o contrib-
utes to reducing the deposition rate on ice above the
melting layer. These processes are particularly important

when southerly winds aloft bring higher amounts of water
vapor above the melting layer as in ME during the second
icing period.

5. Conclusions

Simulating winter precipitation types is challenging
because it involves parameterizing key microphysical
processes associated with mixed-phase particles, such
as partial melting and refreezing. To address this, a
predicted bulk liquid fraction Fjj;q was recently im-
plemented into the Predicted Particle Properties (P3)
bulk microphysics scheme (C19). This allows the ex-
plicit representation of mixed-phase particles and their
processes. The objective was to investigate the impacts
of predicting the bulk liquid fraction on simulated pre-
cipitation types and characteristics produced during a
winter storm. To this end, WRF simulations of the 1998
Ice Storm using the P3 scheme with (P3_MOD) and
without (P3_ORIG) the predicted bulk liquid fraction
were conducted.
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Both simulations reasonably reproduced the observed
storm meteorological conditions (e.g., temperature and
winds). The prediction of F;;q allowed P3_MOD to re-
produce observed precipitation types of freezing rain,
ice pellets and wet snow. An overall decrease of freezing
rain accumulation occurred with the predicted Fjq in
P3_MOD compared to P3_ORIG, with decreases up to
~30% in some regions where ice pellets and freezing
rain were mixed in P3_MOD. This led to a small but
consistent improvement in bias and RMSE for P3_MOD
compared to P3_ORIG, relative to observations. It was
shown that partial melting and refreezing processes af-
fect the simulated precipitation types obtained at the
surface by changing bulk properties of hydrometeors as
they fall through the melting and refreezing layers. In
particular, the increase in mean density and hence fall
speed during melting, and the increase of mean particle
size during refreezing led to an increase of solid and ice
pellets precipitation accumulation in P3_MOD, while
smaller mean raindrop sizes from melting led to a de-
crease in freezing rain rate compared to P3_ORIG.
Combined with the changes in hydrometeor proper-
ties with prediction of the bulk liquid fraction, this
result is also partially caused by removing the implicit
melting scaling factor for the change in N, during melt-
ing in P3_MOD compared to P3_ORIG.

Despite illustrating that including the prediction of
Fjjiq in the microphysics scheme does indeed have a
significant impact on the simulated surface precipitation
types for this severe freezing rain event, this study has
some noteworthy limitations. First, it is challenging to
validate the precipitation type during winter storms
when temperatures are near 0°C (Ralph et al. 2005;
Reeves et al. 2014), particularly because ice pellets
are often not reported. Moreover, freezing rain and
ice pellet events generally last only a few hours (e.g.,
Ressler et al. 2012; Matte et al. 2019). Therefore, high-
temporal-resolution observations of surface precipita-
tion type and measurements of the vertical temperature
and relative humidity profiles are needed. Second,
P3_MOD underpredicted the total solid accumulation
(including ice pellets) in southern Quebec (near YUL)
compared to hourly observed surface precipitation type.
Other microphysical processes such as the secondary ice
production (e.g., Hallett and Mossop 1974), which was
not included here due to the use of a single ice-phase
category in the P3 configuration, may have played an
important role in the formation of ice pellets during the
1998 Ice Storm. This aspect could be investigated using
the multiple category configuration of P3 (Milbrandt
and Morrison 2016), which includes secondary ice pro-
duction, combined with the prediction of bulk liquid
fraction. Also, further studies could be done on the
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representation of ice pellets when the surface tempera-
ture is >0°C and the information on the rime mass frac-
tion could be use in addition to the liquid fraction to
establish the surface precipitation type. Finally, the storm
studied was extreme in terms of both duration and amount
of precipitation. Indeed, strong warm-air advection and the
northeasterly cold winds near the surface contributed to
maintaining favorable conditions for freezing rain and ice
pellets for a very long duration (H11). It would be inter-
esting to compare P3_MOD and P3_ORIG when the
vertical temperature structure is closer to 0°C (i.e., a weaker
melting layer) and the diabatic cooling from melting and
warming from refreezing rates are on the same order of
magnitude as the warm-/cold-air advection.

Opverall, this work is a step forward to a better un-
derstanding of the microphysical processes responsible
for the formation of ice pellets and freezing rain during
winter storms when temperatures are near 0°C. More
complete atmospheric models can now be used to study
the occurrences of winter precipitation types and their
transitions as well as other physical processes that can
lead to the production of freezing rain and ice pellets at
the surface using the modified P3 scheme with the pre-
diction of Fjiq. Furthermore, P3_MOD could be useful
for operational NWP since the detailed prediction of
precipitation types is challenging. For example, a
sounding-based precipitation type diagnostic algo-
rithm (Bourgouin 2000) is used to diagnose surface
precipitation types (including freezing rain and ice pel-
lets) in the High Resolution Deterministic Prediction
System, the kilometer-scale Canadian NWP system
(Milbrandt et al. 2016). P3_MOD should also improve
the simulated reflectivity in the bright band region due
to the explicit parameterization of partial melting be-
cause particle properties for wet snowflakes are differ-
ent than those of raindrops (Szyrmer and Zawadzki
1999; H11). For instance, wet snowflakes have larger
diameter, but smaller density and fall speed than rain-
drops. Also, wet particles have higher reflectivity than
dry (completely frozen) particles due to the larger di-
electric factor of liquid water than ice. The effect of
predicting the liquid fraction of mixed-phase particles
on the simulated bright band reflectivity will be exam-
ined in detail in a future study.
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Predicted Particle Properties (P3) bulk microphysics
scheme (here called P3_ORIG) is available in the public
Weather Research and Forecasting (WRF) Model
v_3.9.1.1 (available online at https://www2.mmm.ucar.edu/
wrf/users/download/get_sources.html#WRF-ARW). This
version of the P3 scheme has been modified to include the
prediction of the bulk liquid fraction of mixed-phase
particles (here called P3_MOD) following Cholette et al.
(2019). The initial and lateral boundary conditions of
North American Regional Reanalysis (NARR) are
available online at https://www.ncdc.noaa.gov/data-access/
model-data/model-datasets/north-american-regional-
reanalysis-narr. The model output files as well as
the namelists of the model configuration are avail-
able upon request to the corresponding author (Melissa
Cholette). Total accumulated precipitation types are from
Milton and Bourque (1999). Soundings and surface fields
are from the University of Wyoming web site (http:/
weather.uwyo.edu/).

APPENDIX

Microphysical Process Differences between
P3_MOD and P3_ORIG

Here we briefly describe differences in the microphysical
processes between the original P3 scheme (P3_ORIG) and
the modified version with the predicted bulk liquid fraction
(P3_MOD). For details see C19.

First, the melting source/sink term is divided into two
terms in P3_MOD. The first term is the melted water
transferred into rain (i.e., into g4;,) from the complete
melting of small spherical ice particles (Rasmussen et al.
1984a) and the second term is the melted water that
accumulates on ice (i.e., into g;q) (Fujiyoshi 1986). In
P3_ORIG, all the melted water mass produced in a time
step is instantaneously transferred to rain mass. A scaled
number for rain source number mass mixing ratio (Np,in)
of 0.2 is applied in P3_ORIG to account for rapid
evaporation of small melting ice particles. This melting
scaling factor in P3_ORIG reduces the increase in Ny,
from melting and is based on the assumption that the
smallest ice particles will melt first, producing small
drops that will quickly evaporate and thus not contribute
to the increase of Ny,;,. No such scaling is applied in P3_
MOD because evaporation/condensation of melting ice
is explicitly treated as a separate process. When F; ;q >
0.99 in P3_MOD, all the remaining ice mass and number
are transferred to rain.
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Second, the refreezing process in P3_MOD gives the
rate of accumulated water that refreezes when mixed-
phase particles enter cold layers (7' < 0°C). The re-
freezing is computed with Pruppacher and Klett (1997)
using relations for the capacitance and the ventilation
coefficient that include both the ice and the liquid
components of mixed-phase particles (C19). This pro-
cess is not included in P3_ORIG. In P3_MOD, the mass
of mixed-phase particles that refreeze from g iq in one
time step is transferred to g; ;im (C19).

Third, at T > 0°C, the mass of rain and cloud droplets
that collide with ice is shed assuming a shed drop of
1 mm following Rasmussen et al. (1984b) in P3_ORIG,
whereas, in P3_MOD, the collected liquid mass is ac-
cumulated in ¢g; 4 and a fraction of it may subsequently
be shed as described below.

Fourth, at 7 < 0°C and in wet growth situations in P3_
ORIG, not all of the collected liquid water is frozen and
some fraction is shed instead (Musil 1970). When wet
growth conditions are diagnosed in P3_MOD, the col-
lected rain and cloud mass is transferred to g;;q and a
part of it is subsequently shed.

Fifth, in P3_ORIG, shedding occurs with the collection
and wet growth processes when 7' < 0°C while shedding
from melting is neglected. In P3_MOD, shedding from
both melting and wet growth occurs when F; i, > 0 (ie.,
for rimed particles) and it is assumed that only ice parti-
cles with diameters > 9mm within the PSD shed accu-
mulated liquid water following Rasmussen et al. (1984b).

Sixth, for simplicity, deposition/sublimation of ice in
P3_MOD is allowed only when Fj i, = 0 because liquid
water is assumed to be distributed evenly around the ice
core when Fjjiq > 0. When Fjj;q > 0, particles undergo
condensation/evaporation of the liquid mass mixing ra-
tio g;iq- Note that the sublimation/deposition and the
condensation/evaporation processes can occur at any
temperature in P3_MOD, whereas in P3_ORIG the
sublimation/deposition of ice is allowed only at 7 < 0°C
and condensation/evaporation of melting particles is
neglected.

Other ice-phase processes, such as self-aggregation
and crystal nucleation (at temperatures < —15°C), are
parameterized as described in Morrison and Milbrandt
(2015) in both P3_MOD and P3_ORIG. The variables
Qijtig> Gitot> Gixim and B im use the total mass-weighted fall
speed for their sedimentation, while NV, ;o uses the number-
weighted fall speed in both P3_ORIG and P3_MOD.
However, an increase in both fall speeds occurs with in-
creasing F; i in P3_MOD compared to P3_ORIG associ-
ated with the increase in particle density associated with
Fjjiq > 0 for mixed-phase particles in P3_MOD. The di-
agnostic variables, such as the mean mass-weighted den-
sity, the mean mass-weighted diameter, the reflectivity and
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the ice effective radius as well as the self-aggregation
process are calculated using the size distributions and
properties for whole mixed-phase particles, as for the re-
freezing and the condensation/evaporation processes. This
means that the PSD accounts for both the ice and the liquid
components of mixed-phase particles. In P3_ORIG, these
variables are computed only with the dry ice properties.

Liquid-phase processes, such as droplet nucleation,
condensation/evaporation, autoconversion, accretion,
self-collection, and breakup of raindrops, are the same
in P3_ORIG and in P3_MOD (see Morrison and Milbrandt
2015). Homogenous and heterogenous freezing of
cloud droplets and rain are parameterized the same in
both P3_MOD and P3_ORIG as described in Morrison
and Milbrandt (2015). Homogenous and heterogenous
freezing of cloud droplets and rain can occur at tempera-
ture below —40° and —4°C, respectively.
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