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[1] A mesoscale atmospheric model, the Weather Research and Forecasting model
(WRF), was used for a case study that reconstructs mid-spring episodes of rime formation
at Mt. Zao, Japan. One particularly interesting and rare form of rime was observed.
The formations were feathery, opaque aggregates of granular ice 15–30 cm long, called
“shrimp tails” in Japanese. Based on an analysis of model-generated results, we find good
quantitative agreement of modeled and observed wind and temperature time series at
Jizosancho ropeway station. We identified two icing events (lasting for 36 and 41 h
respectively, with surface air temperatures between �6.3� and �0.1�C, relatively
constant westerly winds up to 26 m s�1, and maximum cloud liquid water contents (LWC)
between 0.72 and 1.05 g m�3). We confirmed that high-resolution modeling (1.1 km grid
spacing) was much more accurate than simulations with coarser grids (10 and 3.3 km).
The LWC during the formation period of this rare type of icing was estimated for the first
time using the WRF model at Mt. Zao, and it was found to be up to several times higher
than values previously used in experimental studies. We found that the joint wind speed-air
temperature distribution for this type of “tail” rime was more similar to that of a hard rime
or glaze, than to a soft rime. We explain the formation of “shrimp tails” by wind impact
angle and report previously made laboratory results on its effect on the droplet collision
efficiency and the density of rime ice.
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1. Introduction

[2] Due to the probabilistic design approach for icing loads
on transmission line conductors and the growing capacity of
atmospheric models, numerous authors have emphasized the
importance of collecting icing field data for calibration, sta-
tistical analysis and modeling. The importance of modeling
ice accretion and the lack of measured icing data have been
discussed in many works [e.g.,Makkonen, 2000; Fikke et al.,
2007; Makkonen and Lozowski, 2008]. Perhaps the most

quoted disaster exemplifying the significance of atmospheric
icing on structures occurred in January 1998 in Canada, when
more than two million people were left without electricity
[Makkonen, 2000]. In addition to transmission lines, other
risks are associated with transport and a growing economy of
clean power generation by wind in harsh conditions
[Makkonen et al., 2001; Parent and Ilinca, 2011], icing of
meteorological instruments [Fikke et al., 2007] and flight
hazards related to degradation of aerodynamic performance
[Gent et al., 2000]. The scarcity of available data and the
difficulty of measuring some critical parameters for icing
models, like cloud liquid water content (LWC) and median
volume diameter (MVD) of the droplet size distribution
[Fikke et al., 2007] may be overcome by the use of fine-
grid weather forecast models [e.g., Thompson et al., 2009].
In the present paper, we attempt to perform a validation of
the Weather Research and Forecasting atmospheric model
(WRF) in order to investigate an unusual type of icing.
We also demonstrate how some particular events of atmo-
spheric icing of ground-based structures, in high-altitude
mountainous areas, can be identified by modeling, despite
an extremely small amount of supporting in situ measure-
ments. For examples of comprehensive studies using WRF
for icing simulations, the reader may refer to Fikke et al.
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[2008],Nygaard [2009], Thompson et al. [2009],Hosek et al.
[2011] and Nygaard et al. [2011].
[3] The peculiar ice deposits, discussed in this study, were

observed on vertical surfaces at the top of Mount Zao (also
spelled as Zaoh or Zaō), Japan, on 29 April 2009 [Podolskiy,
2010], when cherry trees were blossoming at the bottom
of the mountain. These accretion forms shown in the photo-
graphs (Figure 1) are called “shrimp tails” in Japanese
(Ebi-no-shippo), due to their striking resemblance to tails
[Kuroiwa, 1965; Wakahama, 1995]. A similar-looking
type of icing occurs on swept wings and is referred to as
“lobster tails” or “scallops” in the aircraft icing community
[Vargas, 2007]. “Shrimp tail” icing occurs when super-
cooled water droplets in clouds collide with objects. It is
related to so-called “dry growth” (meaning the absence of a
liquid layer during the process of formation, because the
cloud water droplets freeze rapidly upon hitting an ice
surface), and is called “rime” [Makkonen, 2000]. In this
particular case it is “soft rime” due to its low density (200–
600 kg m�3 according to Fikke et al. [2007] and Farzaneh
and Savadjiev [2008] or 300–600 kg m�3 according to
Goel [2008]). Measurements of “shrimp tails” attached to
Jyuhyo formations made by Kuroiwa et al. [1969] and Yano
et al. [1996] showed densities of 250–300 kg m�3. Similar
feathery structures can often be recognized in photographs
from all around the globe, showing objects covered with
agglomerated rime mass. Uniquely in this study, each dis-
crete rime formation (15–30 cm long) was an independent
structure, arising from a single point attached to an ice-free
surface. The individual rime structures did not merge, and
the relative inclinations of their central axes suggest a non-
uniform wind field caused by differential air streamlines in

the vicinity of the objects. Numerical modeling of transmis-
sion line icing [Makkonen, 1984] show that the density of
rime accretion decreases as the duration of an icing episode
increases (due to an increase of the radial dimension of the
rime). The tails’ stems appear icier than the rest of the for-
mation (Figure 1c), but it is unclear whether this is related to
heat transfer with the wall of the building.
[4] In this study, we attempted to reproduce the meteoro-

logical conditions (also called meteorological icing, Micing

[Fikke et al., 2007]) responsible for the formation of such
distinct, discrete rime structures, despite the paucity of data
on time evolution of the ice accretions. Their presence was
witnessed incidentally, during a climb by one of the authors
on Karitadake peak, and no in situ meteorological or in-
cloud icing measurements were taken at the site. The only
“data” we had as a starting point were dated photographs
(29 April 2009 [Podolskiy, 2010]), and the day’s weather
reports from the Jizosancho ropeway station, located a few
kilometers away. The weather reports were kindly provided
by the Jizosancho operators, who also noted the appearance
of “shrimp tail” rime (Zao Ropeway Company, Weather
bulletins of Jizosancho ropeway station, Mt. Zao, Yamagata
prefecture, Japan, unpublished data, 2009). This allowed
us to use a numerical weather prediction model to recon-
struct the weather-related parameters of these icing episodes,
and, in particular, to estimate the LWC and MVD variations.
In previous studies at this site, LWC variation has not been
estimated; only indirect relevant measurements were made,
such as visibility and ice accretion rate [Yano et al., 1994a].
First, for control and calibration purposes, we compared
the simulation results for this complex mountain site with

Figure 1. (a and b) Photographs showing buildup of “shrimp tail” low density rime on walls of the
Karitamine temple (1758 m asl), Mount Zao, Japan (29 April 2009). (c) Close-up photograph showing rime
feathers of the “shrimp tail” structure (the diagonal scale of the photograph is about 30 cm) (reprinted from
Podolskiy [2010]; courtesy of the Japanese Society of Snow and Ice). (d) Photograph showing famous Jyuhyo
formations (“Ice Monsters”) on trees at Mount Zao, 21 February 2011 (courtesy of M. Abe).
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available meteorological measurements. Then, we identified
icing episodes and the conditions associated with them.

2. Area Description, Methods and Material
Studied

2.1. Study Site

[5] Mount Zao is an active volcano on the northern Hon-
shu Island, Japan (38.14�N, 140.44�E), located approxi-
mately 50 km from the Pacific Ocean, on the border between
Yamagata and Miyagi prefectures. It is a complex, exposed
ensemble of stratovolcanoes with a maximum elevation
of 1841 m and there is a spectacular emerald-green crater
lake, Lake Okama, near the top. Mt. Zao is famous for
its impressive and relatively well-studied low density ice
accretions up to a few meters thick and several meters high,
which cover and protect trees from frost (Maries Fir, or
Aomori-todomatsu in Japanese). The Japanese refer to these
forms as “Ice Monsters” (Jyuhyo) (Figure 1d), and the area
attracts thousands of tourists every winter.

2.2. Jyuhyo or Ice Monsters

[6] The first studies on Jyuhyo at Mt. Zao were con-
ducted in 1943 [Yano, 1989]. Mechanisms of rime forma-
tion at Mt. Zao and its chemical-composition can be found in
the Japanese language literature [e.g., Kuroiwa et al., 1969;
Yano et al., 1994a, 1994b, 1996; Yanagisawa et al., 1996;
Okita et al., 2010] or partly published in English by Utiyama
et al. [1991], Yano et al. [1997], and Yanagisawa and
Yano [1997]. Jyuhyo results from simultaneous icing and
snow accretion processes (called “ice-snow accretion”), when
supercooled water droplets act as a glue to bond snowflakes to
one another. A secondary process occurs when snowflakes are
mechanically packed by strong winds into rime hollows. This
possibility was suggested by the microscopic study of rime by
Kuroiwa et al. [1969], who found fragments of snow crystals
in rime texture, and by cold laboratory experiments conducted
by Yano [1989]. Yano [1989] and Yano et al. [1996, 1997]
(and references therein), provide the most comprehensive
data on the subject resulting from long-term video-camera and
meteorological observations, as well as cold laboratory
experiments. They consider Jyuhyo as a formation specific
only to local mountainous areas in the Tohoku region on the
northern part of Honshu (e.g., Azuma, Hachimantai, and
Hakkoda Mountains), in the central part of Honshu (e.g.,
Gozaisyo-dake, Takami-yama) and nowhere else in the world.
The reported ratio between the snow and ice covered areas of
Jyuhyo in mid-winter was 7:3 [Yano et al., 1996, 1997]. The
thermal conductivity of an anisotropic Jyuhyo structure was
estimated to be 0.5–0.7 W m�1 K�1 for a density of around
300 kg m�3. Also the released latent heat of freezing from the
windward side of a rime formation (due to freezing of super-
cooled water droplets) was measured using a thermo-tracer.
They reported that the temperature on the windward side of the
Jyuhyo may be up to 1–2�C higher than its surroundings
[Yano et al., 1996]. Yanagisawa et al. [1996] and Yanagisawa
and Yano [1997] studied Jyuhyo’s chemical composition as an
indicator of atmospheric chemistry and soil particle transport
from Asia; they found that ion concentrations could be corre-
lated with the wind velocities of the Siberian winter monsoon,
and that the rime had a lower pH and higher electrical con-
ductivity than snow (the lower pH value was determined to

result from terrestrial salts of sulfate and nitrate). Jyuhyo are
interesting to study not only as a peculiar meteorological
phenomenon, but also as a hazard. Many transmission line
failures have occurred due to this type of icing in the past, as
well as a massive breakage of trees under a heavy mass of
rime, for example, in 1974 [Yano, 1989].

2.3. “Shrimp Tail” Ice and the Effect of Wind Angle

[7] Rime ice “feathers” and “shrimp tails” have been well
documented in laboratory experiments [Prodi et al., 1986;
Yano, 1989; Yano et al., 1995, 1996, 1997]. On a cylinder,
ice in the zone adjacent to the stagnation region is typically
smooth, while irregular feathers can be observed toward the
edges, up to collection angles near 90 degrees [Prodi et al.,
1986]. The density of the feathery ice is low due to air
channels between the feathers. The channel spacing between
the feathers increases with increasing angle from the stag-
nation line. These density variations can be explained by the
varying impact angle of the droplets in the flow around a
cylinder [Bain and Gayet, 1983; Levi et al., 1991], along with
shadowing of downstream feathers by upstream feathers.
They have been included, via parameterization, in modern
cylinder rime icing models [Makkonen, 2000]. “Lobster tail”
ice accretions on swept wings have been directly simulated
by using 3D morphogenetic modeling [Szilder et al., 2006].
[8] A complete morphological explanation of rime feather

growth has been provided by rime ice simulations as a 2D
stochastic, ballistic process [Gates et al., 1987]. Such sim-
ulated ice strongly resembles the ice accretion formations
observed at Mt. Zao (Figures 1a–1c) and elsewhere. In view
of these experimental and modeling data, it is clear that the
tendency to form “shrimp tail” ice is related to the impact
angle of the impinging droplets. The local impact angle
varies along a surface due to reasons related to droplet tra-
jectories in the flow around it, as discussed above. It is also
related to the angle of the wind and embedded droplets rel-
ative to the object, far upstream of the object.
[9] Surprisingly little is known about the effect of the

wind angle on rime icing, especially regarding its impact on
accretion mass and density. In particular, to the best of our
knowledge, there are no relevant studies on the subject of
ground icing. The only qualitatively comparable results that
can be found in literature are those on the effect of the sweep
angle on in-flight icing. For example, the requirement of
high sweep angles for formation of “lobster tails” was
reported in experimental studies (see a review by Vargas
[2007]). Szilder et al. [2006] demonstrated the ability to
simulate realistic-looking ice shapes on wings and analyzed
the influence of sweep angle on the ice shape. They con-
firmed experimental cases stating that “lobster tails” form at
high sweep angles and start to merge into coherent structure
with rising temperature. Presteau et al. [2008] described
experiments and microphysical model results that repro-
duced scallop ice with results similar to Szilder et al. [2006].
They also specified that a temperature range between
(�10�C) and (�3�C) is required in order to obtain individual
ice “scallop” structures. However, it must be pointed out that
the wind velocities in question for in-flight studies are sig-
nificantly larger and they are rare or unrealistic for typical
meteorological icing on the ground (e.g., 10–20 m s�1 versus
35–67 m s�1), and this fact inhibits a direct detailed com-
parison of the two phenomena. The only study with a focus
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on inclined cylinder icing at low speeds and reports on scal-
lops was performed by Kollár and Farzaneh [2010]. They
concluded that “scallop formation can be studied even in
low-speed wind tunnels on an icing object with such simple
geometry as a cylinder.” However, their experiments were
based on high LWC (1.0–3.2 g m�3) and high MVD (35, 40
or 800 mm) and produced glaze (a close distance between the
icing object and spray system had not ensured cooling of the
droplets and thus resulted in the appearance of supercooled
water flow on an ice surface) [Kollár and Farzaneh, 2010].
Therefore, we present here, for the first time, the results of
rime icing experiments focused on the effect of the wind
angle and conducted in August 1984. These experiments
were done in the former FROST icing wind tunnel at the
University of Alberta in Edmonton [Sroka, 1972]. The
experiments were made by icing a 4.44 cm diameter alumi-
num cylinder at two wind impact angles, 90 and 45 degrees
(Figure 2). Such a diameter is typical for high voltage line
cables (around 4 cm) and it was used in other wind tunnel
experiments [Makkonen and Stallabrass, 1987]. The MVD,
LWC, wind speed and air temperature were varied in order to
cover a wide range of typical hard rime icing conditions. The
duration of each experiment was 30 min; the cylinder was
non-rotating.

2.4. Meteorological Data

[10] Meteorological measurements were obtained from the
Jizosancho ropeway station (N 38.15�, E 140.43�) at Mt.
Zao, operated by the Zao Ropeway Company. This site is
located 1661 m asl and about 3.4 km northwest of our site at
the Karitadake peak (1758 m asl, N 38.12�, E 140.44�),
where the photographs were taken (Figures 1a–1c). Previous
studies reported the mean annual air temperature at Jizo-
sancho to be +3�C and the mean annual wind speed to be
about 9 m s�1 [Yano et al., 1994b, 1996]. The meteorolog-
ical data used here were based on hourly instantaneous
manual measurements of air temperature and wind (speed
and cardinal directions). Measurements were taken only
between 7 A.M. and 5 P.M. (on a few occasions between
6 A.M. and 6 P.M.), and they are supplemented by operators’
notes for some days (Zao Ropeway Company, unpublished
data, 2009). The latter were particularly useful, since there

were no regular measurements of precipitation, LWC or in-
cloud icing. An air temperature sensor was installed near the
station at 3 m above the ground. A propeller anemometer
(DV100, Koshin Denki Kogyo Co.) was placed at the top of
one of the ropeway towers (No. 5) below the station, at
�25 m above the ground; the elevation of the tower is
approximately 1600 m asl. No negative effects of icing on
the sensors (or instrument icing, Iicing [Fikke et al., 2007])
were reported during the period of interest. Additional data,
such as visibility, weather type and accumulated amount of
new snow, were also available on a few occasions. Meteo-
rological data from the site were provided by the Zao
Ropeway Company; however, they were not fed into the
Global Telecommunication System of the World Meteoro-
logical Organization.

2.5. The WRF Numerical Weather Prediction Model

[11] The mesoscale, non-hydrostatic, numerical weather
prediction model, Weather Research and Forecasting (WRF
ARW version), was jointly developed by the United States
National Center for Atmospheric Research (NCAR) and
several other institutions [Skamarock et al., 2008]. Devel-
oped as a community modeling system, WRF is slowly
replacing its predecessor, the MM5, and it is now broadly
used for a wide spectrum of weather prediction and research
applications [Fikke et al., 2008].
[12] The WRF model is a flexible modeling system which

contains several options for physical parameterizations.
Various parameterization schemes for different physical
processes are available for the users to apply through name-
list entries. This allows the users to easily optimize the
configuration of the model for their specific needs, some-
thing that makes the WRF modeling system very flexible
and suitable in a wide range of applications.
[13] For studies of atmospheric icing, the parameterization

of the cloud microphysical processes is particularly impor-
tant. The cloud microphysics parameterization scheme is
responsible for all processes related to generation of clouds
and precipitation, e.g., condensation of water vapor into
cloud droplets and/or ice particles, interaction between dif-
ferent cloud and precipitation species, sedimentation of
larger particles, production of surface precipitation, etc.
More than ten different microphysics schemes are available
in the WRF version 3, ranging from the simplest and very
efficient schemes with only three moisture variables, to
sophisticated and computationally expensive double-
moment schemes that predict both the mass mixing ratio and
number concentration of five different hydrometeor types.
[14] The largest uncertainty in prediction of atmospheric

icing is related to the cloud LWC and the droplet size dis-
tribution, i.e., the MVD. Successful prediction of icing is
therefore critically dependent on how the microphysics
scheme calculates source and sink terms for supercooled
cloud water, and how droplet size distribution and number
concentration are handled. The MVD can be diagnosed in
the post processing step based on the predicted LWC and the
total cloud droplet number concentration, Nc, by using the
assumed size distribution [Nygaard et al., 2011]. In addition
to standard elements like wind and temperature, icing pre-
diction is therefore a matter of predicting LWC and Nc.
[15] In the current study we use three different cloud

microphysics schemes. The base-line simulation is carried

Figure 2. View (from above) of experiment in a wind tun-
nel. Icing of a cylinder at different wind impact angles: (a)
90� and (b) 45�. Arrow indicates wind direction.

PODOLSKIY ET AL.: WRF IN-CLOUD ATMOSPHERIC ICING ANALYSIS D12106D12106

4 of 24



out using WRF V3.2.1 with the Thompson microphysics
scheme [Thompson et al., 2004, 2008], which has already
been found to be well-suited for icing predictions at ground
level under certain conditions [Nygaard et al., 2011].
[16] Originally, the Thompson scheme was designed to

improve prediction of aviation icing, and in comparison to
most other bulk microphysics schemes traditionally used in
operational weather forecasting, it has a more sophisticated
and physically based formulation of the processes and
interactions in cold clouds. It predicts the mass concentration
of cloud water, cloud ice, rain, snow and graupel. Addi-
tionally, the Thompson scheme calculates the number con-
centration of cloud ice and rain, i.e., prediction of two
moments of the size distribution for cloud ice and rain. For
the cloud water category the scheme only predicts the LWC
as a prognostic variable (one moment), and the number
of droplets activated upon condensation is predefined by
the user and is constant throughout the simulation. In this
simulation the cloud droplet concentration was set to Nc =
100 cm�3, which represents a rather clean or maritime
environment. Hereafter, this simulation is referred to as
“baseline” or “control.”
[17] The second scheme employed is the Morrison double-

moment scheme [Morrison et al., 2009]. It is a full five-class
double-moment scheme which means that in contrast to
the Thompson scheme, this scheme has a prognostic pre-
diction of both mass concentration and number concentra-
tion for all hydrometeor types, including Nc. The number of
cloud droplets activated during condensation is calculated
from Abdul-Razzak and Ghan [2000], using a predefined
background aerosol distribution. Two experiments (WRF
V3.1) with the Morrison scheme are carried out using dif-
ferent background aerosol distributions: “Morrison maritime”
(Morrison_m) uses aerosol size distribution parameters found
in Morrison et al. [2008]. The second simulation, “Morrison
continental” (Morrison_c) employs an aerosol background
field more typical for continental air masses with a higher
number of cloud condensation nuclei (CCN) available for
activation. “Morrison continental” employs the aerosol size
distribution found in Whitby [1978]. Hence, the two simula-
tions, Morrison_m and Morrison_c represent two extremes in
terms of CCN concentration.
[18] The third scheme tested, “Milbrandt – Yau”

[Milbrandt and Yau, 2005], is also a full two-moment
scheme and is available in WRF version 3.3. The scheme
has many of the same features as the Morrison two moment
scheme, however one major difference is that “Milbrandt –
Yau” uses Cohard et al. [1998] to calculate the droplet acti-
vation. For the background aerosol field, the code has a switch
where the user can choose typical maritime or continental
air mass. Two simulations are carried out: “Milbrandt – Yau -
maritime” (M&Ym) and “Milbrandt – Yau - continental”
(M&Yc).
[19] For the present study, simulations were made with a

triple-nested domain (10 km, 3.3 km and 1.1 km horizontal
grid spacing, respectively) for a 10-day period during 19–29
April 2009 (Figure 3). Nested domains, centered over Mt.
Zao, were large enough to avoid any lateral boundary
effects. We employed global reanalysis data from the NCEP
Global Forecast System (with 1� horizontal grid spacing and
6-h products), and derived terrestrial data from the USGS
and MODIS data sets (with 10′, 2′ and 30″ horizontal grids

corresponding to the 1st, 2nd and 3rd domains, respec-
tively). An example of the surface terrain representation is
shown for the finest domain in Figure 4. In the vertical
direction, thirty five terrain-following hydrostatic pressure
model levels were used with a model top at 50 hPa; the
lowest three mass-layers centered at 28 m, 95 m and 187 m
above ground level, respectively. For this study, we used
NCEP analysis at the initial time. Lateral boundary condi-
tions were specified with a relaxation zone 4Dx, where Dx
is the grid spacing of the outermost domain. For our simu-
lations, the planetary boundary layer (PBL) physics were
based on the Yonsei University (YSU) scheme; surface-
layer physics were parameterized by the Monin-Obukhov
scheme. For long-wave and short-wave radiation the Rapid
Radiative Transfer Model (RRTM) and Dudhia scheme were
used, respectively. Land-surface processes were parameter-
ized with the unified Noah model. No cumulus scheme was
applied, assuming that convection is explicitly resolved.
Skamarock et al. [2008] provide a full overview and refer-
ences for all these schemes.
[20] Before addressing icing questions and their sensitivity

to different microphysical schemes, we decided to perform
ground control of the model results extracted at one-hour
intervals. The comparison is illustrated by referring to the
“Thompson” baseline simulation. Simulated air temperature
and meridional and zonal horizontal wind speed components
(U, V) were compared to in situ measurements at Jizosancho.
For validation and quantitative comparison of modeled and
observed winds, we converted the reported wind velocity and
direction into U and V components, by assigning azimuth
degree values to cardinal directions and producing vector
components U and V. We were particularly interested in the
predicted wind direction, because, generally, the rime pho-
tographed at Karitadake peak was observed on west-facing
surfaces (Figures 1a–1c). The time series of predicted LWC
were used to detect the start and end of icing events, as dis-
cussed below.
[21] We note, that it took approximately 240 h to calculate

the model output for one simulation, including all atmo-
spheric data important for icing, on a desktop PC with a
single Intel Xeon 2.80 GHz Quad-core processor. We would
also like to emphasize that all materials used in this model-
ing study are available free, including the WRF model, input
data and all required pre- and post-processing software
(http://www.wrf-model.org, http://dss.ucar.edu).

2.6. Method for Detecting In-Cloud Icing Episodes

[22] The weather elements favoring in-cloud icing are
known: they are air temperature below freezing, and LWC
above zero, meaning that the altitude of the object of interest
is above cloud base [Makkonen and Lozowski, 2008].
[23] For ice accretion modeling purposes, the most

important factors are the rate of icing and the duration of
an icing event. We did not attempt to estimate the former in
detail, usually obtained using the “Makkonen model” equa-
tion for ice accretion on cylinders [Makkonen, 2000], due to a
lack of ice load or density measurements that could be used
for reference. Another complexity is caused by a significant
change of surface area available for ice accretion on the “tail”
objects, which should affect the airflow around these discrete
structures, and in turn, the collision efficiency (a1 from the
fundamental equation of icing [e.g., Makkonen, 2000]).
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Consequently, we determined only the atmospheric meteo-
rological elements, and attempted to identify the durations of
icing episodes by means of mesoscale atmospheric modeling
with WRF. Also we provided estimates of the total accu-
mulated rime mass, as well as the evolution of a “tail’s”
length and density. For details about ice accretion estimates
based on WRF modeling results, the reader may refer to
Thompson et al. [2008, 2009], or to similar predictions gen-
erated by MM5 [Drage and Hauge, 2008].

2.7. General Regional Synoptic Conditions
During 19–30 April 2009

[24] The first day of our simulation was 19 April 2009.
According to weather reports published by Tenki [2009] (see
weather maps in Appendix A), on 20 April, high pressure
remained with fair weather over northern Honshu, and a low
pressure system was approaching Japan from the East China
Sea. On 21 April, the low pressure system proceeded to the
Sea of Japan and brought stormy weather with strong winds
to northern Honshu on 22 April (996 hPa at this time). On

23 April, high pressure was located west of Japan, and low
pressure with rainy conditions was situated to the east of
Japan. On 24 April, another low pressure system approached
from the west and was followed by a second one from the
south with heavy rains on 25 April. On 26 April, storms
caused by a cyclone with two centers brought strong winds
and historically heavy rains to northern Honshu (the pressure
was 986 hPa). The next day, the low pressure center pro-
ceeded to the northeast, and on 28 April, it was replaced by
cold air. On 29 April, fair weather was established under high
pressure conditions, and it continued the next day with sun-
shine and above freezing temperatures.

3. Results

3.1. WRF Model Output and Observations

[25] In order to compare simulated and observed values,
we refer to the nearest grid point to the real location. Vali-
dation tests were conducted to determine the effects produced
by the differences between the model and real elevations,

Figure 3. Nesting of three WRF domains with horizontal grid spacing 10 km, 3.3 km and 1.1 km, respec-
tively, centered over the northern part of Honshu Island, Japan. Mount Zao is indicated with a dot.
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caused by smoothing the terrain. The real location of the
Jizosancho ropeway station is approximately 1625–1661m asl
(see above for details), but the model height is only 1471m asl
(reduced by �172 m). The situation is similar for Karitadake
peak (1758 m asl), for which the elevation is reduced by 364m
in the model to 1394 m asl. These reductions may affect the
variable fields, since we expect harsher conditions at higher
altitudes, especially for Karitadake. It has been shown that,
under such conditions, LWC should be extracted from the real
height rather than the lowest model layer [Nygaard, 2009].
Some previous studies on icing assumed equal temperatures
for even greater altitude differences (up to 300–600m between
the weather station where the measurement was made and the
location of interest where no data was available), and calcu-
lated an approximate wind speed using a power law relation
[e.g., Sundin and Makkonen, 1998].
[26] We could not find any significant differences between

LWC extracted from the lowest model levels and the actual
elevations, nor could we find any difference between the
durations or times with LWC higher than zero, which
remained the same for both elevation groups. This could be

related to a quasi-stable cloud base altitude and 0�C isotherm
during both icing episodes (about 1,100 m for both). Sensi-
tivity tests conducted for temperature and wind have sug-
gested that the best reproduction of observations can be
achieved by using meteorological variables at the model level
corresponding to the actual elevation, although improve-
ments were very small compared to using model surface level
estimates. In further discussion, we refer to the real elevation
estimates of temperature, and to the lowest model level esti-
mates for LWC, MVD and wind.

3.2. Ground Validation

[27] Here we discuss onlymodel results for the finest domain
(1.1 km, d3), because this domain had the most realistic esti-
mates. The coarser domains (10 km - d1, and 3.3 km - d2)
produced similar amplitudes and curve shapes for surface air
temperature, but approximately 5�C higher (d1), thus exhibit-
ing almost no temperatures below freezing.
[28] In general, good agreement is found between the

main meteorological elements measured at the Jizosancho

Figure 4. The 1 km WRF surface topography of the finest domain, with the Pacific Ocean on the eastern
boundary of the domain. Karitadake peak is indicated with a triangle and Jizosancho station with a dot.
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ropeway station and those predicted by the model in the
finest domain, as shown in Figures 5–9.
[29] However, a few exceptions may be noted, namely

overestimates of air temperatures on 25 April, and slight
underestimates on 20, 23, 24, 27 and 28 (Figure 5a). The
mean absolute error (MAE) of predicted surface air temper-
ature was 1.2�C (Figure 5). Wind speed was overestimated
by the model, for example, on 26 of April 2009 (Figure 8).
TheMAE of horizontal wind components, U and V, was 2.9–
3.0 m s�1 (Figures 6 and 7), andMAE of absolute wind speed
was 3.1–3.2 m s�1 (Figure 8). However, in general, we see
that the model has produced realistic estimates, including
wind directions (Figures 6, 7 and 9). The MAE of the model-
simulated wind direction was about 24�–29� (Figure 9).
However, since the observed wind directions were based on
instantaneous manual observations of cardinal directions,
the validation data had an uncertainty of up to�11.5 azimuth
degrees.
[30] Simulated continuous model time series and daytime

measurements complement one another, allowing us to
consider a continuous variation of atmospheric parameters
important for icing, and to fill in the missing nighttime
measurements.
[31] Because of the realistic WRF representation of mete-

orological elements for Jizosancho, we have also included
model curves for Karitadake peak (Figures 5–9), and show
simulated LWC and Nc variation (Figure 10), MVD
(Figure 11) and solid-phase precipitation (Figure 12) for both
sites, in an attempt to identify potential periods of icing.
Nygaard et al. [2011] found aMAE of predicted LWC as low
as 0.14 g m�3, for a similar combination of cloud micro-
physics scheme and horizontal resolution to that used in this
study, and that the quality of the predictions increased with
increasing model resolution (MAE 0.08 g m�3 for a grid
spacing of 0.33 km). In order to calculate predicted or diag-
nosed values of MVD (Figure 11), we used the fixed droplet
concentration, Nc = 100 cm�3, for the Thomson simulation,

and the explicitly predicted Nc in the simulations with two
moment schemes (Figures 10c and 10d). We should point out
as a reminder that the Morrison_m and M&Y_m simulations
are configured with a background aerosol field representing
clean maritime air, while the Morrison_c and M&Y_c are
based on values more typical for continental, but relatively
clean air masses. We noticed that no Asian dust events
(or Kosa in Japanese) were observed in the Tohoku area dur-
ing the period of interest (http://www.data.kishou.go.jp/),
which could serve as cloud droplet nucleation particles and
relate to particularly high values of Nc (e.g., >400 cm

�3), and
correspondingly decreased MVD. The effect of Nc within the
Thompson scheme on predicted LWC was found to be
insignificant and incomparable to its direct effect on MVD
(as shown in section 3.3). Sensitivity simulations for the first
icing episode with Nc changed from 250 cm�3 to 100 cm�3

and 500 cm�3 resulted in approximately 15% decrease or
increase, respectively, in the predicted mean values of LWC.
This difference is smaller than the estimated MAE and insig-
nificant for the ice load calculations (see below). All MVD
calculation methods and details are fully described in Nygaard
et al. [2011].

3.3. Atmospheric In-Cloud Icing

[32] Periods corresponding to predicted, sub-freezing air
temperatures and LWC higher than zero, for Jizosancho and
Karitadake, are shown in Figure 13. Two prolonged epi-
sodes are clearly seen between 23 and 24 April and between
26 and 28 April 2009. A few shorter events can also be
identified (1–3 h for Jizosancho, and 2–10 h at Karitadake)
(Figure 13). Since no rime was reported at Jizosancho on the
morning of 25 April 2009, and because the typical riming
event duration is days long [Fikke et al., 2007] and no
anomalies of meteorological parameters were observed
(WRF gives average air temperatures �1.6�C to �0.6�C,
wind speeds 6.3–8.6 m s�1, and LWC 0.15–0.28 g m�3), we
omit these short episodes from further consideration.

Figure 5. Surface air temperatures: (a) Plot showing modeled (Karitadake peak and Jizosancho ropeway
station sites) and measured (Jizosancho site only) air temperature during 19–29 April 2009; MAE = 1.2�C.
(b) Scatterplot showing degree of agreement between modeled and observed temperature data (�C) for
Jizosancho ropeway station.
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However, we suggest that some amount of rime may have
formed at Karitadake during the night of 24/25 April
(Figure 13).
[33] The durations of the two longest episodes (for con-

venience called here “the first” and “the second”) for Jizo-
sancho were 36 and 41 h, and 26 and 32 h for Karitadake
(Figure 13). Both episodes corresponded to the passage of
low pressure systems (996 and 986 hPa) over the northern
Honshu area on 22 and 26 April 2009 [Tenki, 2009] (see
section 2.7 for details and Appendix A).
[34] Overall results for the two major icing events are

presented in Table 1. The predicted air temperature variation
for the first episode was �6.3 to �0.2�C (�3.4�C average)
and �6.0 to �0.7�C (�4.2�C average) for the second. The
minimum observed temperatures for the first and the second
episodes were �4.3�C and �5.0�C, respectively (Figure 5).
The predicted wind speed was between 4.7 and 22.2 m s�1

for the first episode (16.2 m s�1 average), and 5.2–26.0 m
s�1 for the second episode (15.1 m s�1 average). The

predicted LWC is similar between all types of microphysical
parameterizations used (Figures 10a and 10b). For example,
LWC varied up to 0.96 g m�3 (0.43 g m�3 average) for
control simulation during the first episode and up to 1.05 g
m�3 (0.37 g m�3 average) during the second. The mean
predicted values of MVD for the baseline simulation during
the first episode were between 21 and 23 mm, and 18.6–
23.1 mm for the second episode (Figure 11). The double-
moment schemes produced comparable values of MVD for
“continental”M&Y_c test, lower values for Morrison_c test,
and larger values for “maritime” experiments (Figures 11c
and 11d). In general, conditions were harsher at Karitadake,
except for LWC, which shows maximum values at Jizosan-
cho (Table 1 and Figure 10). During periods with high
LWC and freezing temperatures, collision and coalescence
of cloud droplets produce larger droplets, which are catego-
rized as freezing drizzle in the model. On the evening of
26 April (21:00) the concentration of freezing drizzle reached

Figure 6. (a) Plot showing modeled (Karitadake peak and Jizosancho ropeway station sites) and mea-
sured (for altitude �25 m above the surface; Jizosancho site only) U component of the wind (+/� corre-
spond to westerly/easterly wind directions, respectively) during 19–29 April 2009. (b) Scatterplot showing
degree of agreement between modeled and observed U-component data for Jizosancho ropeway station;
MAE = 3.00 m s�1. (c) Similar scatterplot as in Figure 6b, but filtered to show only wind speeds greater
than 3 m s�1 (to test the effects of wind speed sensor sensitivity, which is specified in the documentation to
be 3 m s�1); MAE = 2.88 m s�1.
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0.23 g kg�1 and 0.07 g kg�1 for Karitadake and Jizosancho,
respectively.
[35] We do not have any in situ measurements of accreted

rime mass to compare with model results. However, even
predicted estimates may provide an interesting reference for
future research. In order to estimate the bulk mass of
accreted rime we employed the classic time-dependent rime
ice accretion model [e.g., Makkonen, 2000] with LWC, air
temperature, and wind speed as the main input parameters
exported from the WRF output. In this experiment the esti-
mated MVD is based on the predicted LWC and three
values of constant droplet number concentrations, 100, 250
and 500 cm�3. The diameter of the reference cylinder was
assumed to be 3.0 cm, which is a commonly used standard at
many experimental sites [International Organization for
Standardization, 2001]. The model results for the evolution
of accreted rime mass during the period of interest for both
sites show that the parameter Nc, and accordingly the droplet
size, has a significant effect on accretion. On average the
ice load is 50% lower for Nc = 500 cm�3 compared to Nc =

100 cm�3. Validation of ice load predictions against mea-
surements performed by Nygaard et al. [2011] show that
the most realistic estimates could be achieved for Nc =
250 cm�3. The lack of detailed observations is a clear limi-
tation of the current study; however, compared with the
findings of Nygaard et al. [2011] we note that the
corresponding maximum ice loads for Nc = 100 cm�3 were
around 6.9 kg m�1 for the first episode and in the range
between 5.1 and 8.3 kg m�1 for the second; and for Nc =
250 cm�3 were 4.7 kg m�1 and 3.6–5.7 kg m�1, respectively.
[36] The prevailing wind direction modeled during these

icing events is from the west or WNW, with maximum wind
speeds up to 26.0 m s�1 (Figure 8). These wind directions
(Figure 9) are typical for a wind-rose of this area [Yano et al.,
1994b]. Figures 14 and 15 exemplify vertical cross-sections
of the WRF-simulated temperature and LWC during the first
and the second icing episodes. It may be seen that Mt. Zao is
above the cloud base for both events and the maximum
content of supercooled cloud water is above the mountain
top, illustrating orographic lifting of air (Figures 14 and 15).

Figure 7. (a) Plot showing V component of the wind, modeled for Karitadake peak and Jizosancho ropeway
station (+/� correspond to southerly/northerly wind directions), and measured at the latter site (for altitude
�25 m above the surface) during 19–29 April 2009. (b) Scatterplot showing degree of agreement between
modeled and observed V-wind data for Jizosancho ropeway station; MAE = 2.97 m s�1. (c) Similar scatter-
plot as in Figure 7b, but filtered to show only wind speeds greater than 3 m s�1 (to test effects of wind speed
sensor sensitivity, which is specified in the documentation to be 3 m s�1); MAE = 3.03 m s�1.
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[37] The icing period at Karitadake is slightly shorter due
to discontinuous or intermittent conditions (Figure 13), par-
ticularly in the LWC (Figure 10b). These conditions could be
associated with descending air along the leeside slope with
corresponding evaporation of cloud water, and also deple-
tion of cloud droplets by precipitation particles (Figure 10b).
Mt. Zao’s highest point (Kumanodake, 1841 m asl) is located
between the two sites and could have presented a natural
barrier to westerly and northwesterly winds during the epi-
sodes (Figures 14 and 15).
[38] Both icing events, detected by modeling data, agree

well with operator reports (Zao Ropeway Company,
unpublished data, 2009). The operators noted the presence
of “shrimp tails” 15–20 cm long on trees on the mornings of
24, 27 and 28 April 2009. The “shrimp tails” were also
observed on 29 April 2009 at Jizosancho, as shown in
Figure 13.
[39] According to operator reports, “shrimp tail” rime that

formed during the first episode was fully shed before the
morning of 26 April; total shedding of the accretion formed

during the second episode did not happen until the afternoon
of 30 April 2009 (Figure 13). Shedding (or unloading) can
be a result of temperatures above freezing, and also rain,
wind or gravity; this is an important issue for cumulative ice
load studies. Some studies have used an air temperature
above zero for three hours or more as a simple unloading
criterion [Sundin and Makkonen, 1998].
[40] If we refer to predicted air temperatures alone

(Figure 5a), we may suggest that shedding should have
started the following day on April 24th (four hours of tem-
peratures above zero) and intensified during a long warming
episode (up to +3.7�C) between 25 and 26 April. However,
as we mentioned previously, the model did not perfectly
reproduce daytime temperatures on 25 April (Figure 5a), so
our conclusion has obvious limitations.
[41] The second shedding should have started during eight

hours of temperatures above freezing (Figure 5a) on the next
day following the second rime event (29 April 2009) when
the pictures were taken (Figures 1a–1c) and the simulation
period was over. The ropeway operators’ report noted a full

Figure 8. (a) Plot showing absolute values of wind speed, modeled for Karitadake peak and Jizosancho
ropeway station, and measured at the latter site (for altitude �25 m above the surface), during 19–29 April
2009. (b) Scatterplot showing degree of agreement between modeled and observed wind speed data for
Jizosancho ropeway station. (c) Similar scatterplot as in Figure 8b, but filtered to show only wind speeds
greater than 3 m s�1 (to test the effects of wind speed sensor sensitivity, which is specified in the docu-
mentation to be 3 m s�1).
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shedding of the rime on the following day, April 30th, when
air temperatures approached +7.6�C at Jizosancho (Zao
Ropeway Company, unpublished data, 2009).
[42] We note that the “three hours of positive tempera-

tures” approach [Sundin and Makkonen, 1998] originates
from the measurement interval of synoptic data and does not
correspond to rime shedding during periods when observed
temperatures were positive for about seven hours (24 April
2009, Figure 5a) or eight hours (29 April 2009, Figure 5a) as
shown above. Lehtonen et al. [1986] have reported complete
disappearance of very large rime ice accretions from a lattice
tower after only 12 h of air temperature above 0�C and high
wind speed.
[43] In order to see any differences between published

joint distributions of wind speed and air temperature (used
for recognition of the type of icing using field data [e.g.,
Fikke et al., 2007]) and the results of the present study, we
plot the latter in Figure 16.
[44] It should be noted that approximate limits for the type

of accreted ice as a function of air temperature and wind
speed [e.g., Kuroiwa, 1965; Makkonen, 1981; Wakahama,
1995; International Electrotechnical Commission, 2003;

Fikke et al., 2007; Farzaneh and Savadjiev, 2008] are known
to depend on the shape of the object onto which the ice is
forming, and on the diameters of the supercooled droplets
[Kuroiwa, 1965]. They shift to the left of the plot (Figure 16)
for higher values of liquid water content [Fikke et al., 2007].
During a long-term icing event, the type may even change as
a result of the change in the size of the deposit [Makkonen,
1984]. However, if roughly compared, previously published
limits seem to be only partially applicable to our estimations
for the Jizosancho site (Figure 16). It appears that parameters
obtained for Karitadake peak fall mostly into the “hard rime”
or “glaze” type of icing for our case (Figure 16). If this is
correct, perhaps, it indicates that the low density “shrimp
tails” observed on buildings and other large objects are
developed under meteorological conditions that would cause
hard rime or even glaze on small cylindrical objects, such as
power line conductors that are oriented perpendicular to the
wind direction. If we attempt to extend our data set by
including synthetic values (i.e., selection of data where
measured wind and temperature values corresponded to
times with modeled LWC higher than zero), again we see a
distribution that is more typical for hard rime or even glaze

Figure 9. (a) Plot showing wind direction, modeled for Karitadake peak and Jizosancho ropeway station,
and measured at the latter site (for altitude�25m above the surface), during 19–29April 2009. (b) Scatterplot
showing degree of agreement between modeled and observed wind direction data (�) for Jizosancho ropeway
station; MAE = 28.96�. (c) Similar scatterplot as in Figure 9b, but filtered to show only values corresponding
to wind speeds greater than 3 m s�1 (to test the effects of wind speed sensor sensitivity, which is specified in
the documentation to be 3 m s�1); MAE = 24.28�.

PODOLSKIY ET AL.: WRF IN-CLOUD ATMOSPHERIC ICING ANALYSIS D12106D12106

12 of 24



(Figure 16). As discussed in sections 2.3 and 3.4, the density
of ice, and thus also its type class, is related not only to the
atmospheric conditions, but also to the size of the object and
its orientation relative to the wind direction. It is unclear
whether the discussed criteria (Figure 16) could be employed
for our case, and, for example, used to help identify the cor-
rect icing period (e.g., the group of dots with average wind
speed of about 5 m s�1 and temperature �5�C for Jizosan-
cho; Figure 16), or, alternatively, to show that the observed

ice accretion cannot be easily classified as soft rime by using
known criteria, as will be discussed further.
[45] If we recall that Jyuhyo is classified as “ice-snow

accretion,” it is interesting to note that both icing events
reported here were accompanied by a small amount of solid-
phase precipitation according to modeling results (Figures 12d
and 12e). This qualitatively agrees with morning reports on the
accumulated thickness of newly fallen snow at Jizosancho
(Zao Ropeway Company, unpublished data, 2009). For

Figure 10. Time variation of predicted LWC for (a) Jizosancho ropeway station and (b) Karitadake peak
between 19 and 29 April 2009 for all used microphysical configurations (Morrison_c, Morrison_m,
M&Ym, M&Yc, Thompson). (c and d) Nc predicted for both sites by the double moment schemes
(Morrison_c, Morrison_m, M&Ym, M&Yc).
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example, Figure 12d shows a reported new fallen snow depth
of 10 cm at Jizosancho at 6 A.M. 27 April (snow depth
reported the day before was 0 cm). This approximately cor-
responds to snow water equivalent (SWE) of 5 mm to 10 mm
(snow depth multiplied by new fallen snow density, which is
usually between 50 kg m�3 and 100 kg m�3). Total accumu-
lated WRF predicted solid precipitation between 6 A.M.
26 April and 6 A.M. 27 April (for 24 h) is between 2.3 and
7.3 mm for Jizosancho depending on microphysical scheme
(Figures 12d and 12e). Considering the limited amount of
observational ground data, and in order to provide a quantita-
tive validation of WRF precipitation predictions, we compare
modeled total precipitation to observed radar mosaic data,
provided by the Japan Meteorological Agency (JMA) at 1 km
grid spacing with 10-min intervals (http://www.jma.go.jp/en/

radnowc/). Figures 12a and 12b show hourly total grid-scale
precipitation while Figure 12c shows the precipitation inten-
sity estimated from the radar for the same locations. There is
an unavoidable uncertainty in radar-estimated precipitation
due to various factors caused by conversion of the radar
reflectivity to precipitation intensity [Germann and Joss,
2003; Koistinen et al., 2003; Rasmussen et al., 2003]. How-
ever, in general, time series plots (Figures 12a–12c) suggest
that the model captures the timing of the main precipitation
systems well and does not miss any precipitation events. We
also note that the radar precipitation intensity at Karitadake
was lower than at Jizosancho during the second episode
(Figure 12c), but that this trend was not reproduced by WRF
(Figure 12b). Therefore, even if a direct comparison between
the radar and modeled results is not straight-forward and it

Figure 11. Predicted and diagnosed values of MVD (mm) at (a) Jizosancho and (b) Karitadake calculated
with different microphysical schemes. MVD shown against predicted LWC for simulations with various
microphysical schemes at (c) Jizosancho and (d) Karitadake.
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Figure 12. Modeled hourly accumulated total grid-scale precipitation (mm) for (a) Jizosancho and (b)
Karitadake sites between 19 and 29 April 2009 (different microphysical schemes). (c) Radar precipitation
intensity (hourly moving averages derived from 10-min interval data). (d) Modeled hourly accumulated
total grid-scale snow and ice (mm) for Jizosancho and observed amount of new snow (in cm) reported
in the morning (Zao Ropeway Company, unpublished data, 2009). (e) Same as Figure 12d for Karitadake.
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does not lead to convincing quantitative conclusions about the
total amount of solid-phase precipitation, we have enough
relevant data to suggest the possibility of simultaneous accre-
tion of rime and snowflakes. Yano [1989] suggested that
“shrimp tails” are typical for weather conditions with heavy
fog, strong winds and a small amount of snowfall (contrary to
Jyuhyo with a large amount of snowfall). The WRF predicted
conditions correspond well to these requirements.

3.4. Icing Wind Tunnel Experiments

[46] The results of the wind tunnel experiments (Figure 2)
to explore the effect of wind angle on icing are shown in
Table 2. They show that the collision efficiency is only
slightly affected by the wind impact angle, considering that
the theoretical mass ratio M(45�)/M(90�) is sin(45�) = 0.71.
This suggests that the wind angle effect on rime ice loads on
power line cables, for example, may be modeled simply by
using a correction factor of sin(wind impact angle), for
angles between 45 and 90 degrees. Here, we define the wind
impact angle to be the angle between the wind direction and
the cable axis. This conclusion is consistent with suggestions
based on field data [Nikiforov, 1983; Glukhov, 1989].
[47] However, according to Table 2, the density of the ice

accretion is considerably reduced by changing the wind
impact angle from the perpendicular direction. This suggests
that the structure of the ice is also related to wind impact
angle. Apparently, “shrimp tails” typically grow on surfaces
with a relatively low angle to the wind (Figures 1a–1c),
under conditions in which the density of ice at a wind angle
of 90� may be quite high, perhaps corresponding to glaze
ice. The formation of “shrimp tails” at low collection angles
was observed for Jyuhyo [Yano, 1989; Yano et al., 1994a,
1996], but their observations were not supported by any quan-
titative measurements. In the photographs (Figures 1a–1c),
the angle between the “shrimp tails” axis and the wall was
about 20�.
[48] Based on these results, we may suggest that atmo-

spheric ice type classification, based solely on density, is too
simplified. Other parameters such as the inclination of a
surface relative to the wind direction affect the accretion
masses and densities on objects and cannot be ignored.

4. Discussion

4.1. Linear Growth Rate

[49] To the best of the authors’ knowledge, the only study
attempting to relate the growth rate of “shrimp tails” to wind

speed at Mt. Zao was performed by Yano et al. [1994a].
They conducted measurements of “shrimp tail” growth
increments, at a height of approximately 1.5 m above the
snow surface, during a night (ten hours) with steady wind.
They found a general increase of the growth increment with
increasing wind speed. For wind speeds higher than 7 m s�1,
maximum values of overnight growth ranged between
3.0 cm and 4.5 cm (the maximum was at �15 m s�1). Two
measurements with higher wind speeds were also observed,
but they had smaller values of corresponding growth [Yano
et al., 1994a]. Unfortunately, neither temperature nor LWC
were reported in their study, nor were any growth measure-
ments completed during the observations reported here
(section 3.4). However, we can attempt to compare the
maximum reported growth rate (0.45 cm hr�1) with the
results of this paper. If we recall that meteorological condi-
tions that predict icing existed at Jizosancho for periods of
36 and 41 h, and at Karitadake for 26 and 32 h, we
may obtain corresponding “shrimp tails” maximum lengths
of 16.2 cm and 18.5 cm for Jizosancho, and 11.7 cm and
14.4 cm for Karitadake, respectively. According to opera-
tors’ notes (Zao Ropeway Company, unpublished data,
2009), “shrimp tails” longer than 15 cm were reported on the
morning of 24 April 2009, and 15–20 cm long on the
morning of 28 April 2009. The observations agree well with
the estimated values above, despite our crude assumptions.
Since the highest values of LWC (Figure 10) were predicted
during the night of 26/27 April 2009, it is likely that this was
the most intense accretion growth period, and that accretion
continued at a slower rate into April 28th. The estimated
lengths for Karitadake are smaller, but if we recall that pre-
dicted average wind speeds there were significantly higher
(Table 1), we suggest that our assumption underestimates
growth intensity. Naturally, one may question the linear
growth rate assumption and ask, what is the maximum
possible length of the “tails”? The longest reported values of
individual, independent “tail” structures found in the litera-
ture and discussed here are 30 cm [Yano, 1989]; this sug-
gests about 66 h as the maximum duration of “shrimp tail”
icing and hence corresponds to a very low probability of an
icing event persisting longer than 3 days [e.g., Farzaneh and
Savadjiev, 2008].

4.2. Nonlinear Growth

[50] In order to provide a more detailed insight into the
growth mechanisms of “tails” (their length and density evo-
lution), we developed a simple time-dependent accretion

Figure 13. Timeline showing periods during which the modeled parameters satisfy the meteorological
conditions usually associated with in-cloud atmospheric icing (air temperature below zero and LWC
higher than zero). Green shading corresponds to the Jizosancho site and red to the Karitadake site. Filled
triangles indicate operators’ reports noting rime presence (Zao Ropeway Company, unpublished data,
2009) and the empty triangles indicate complete shedding. The black arrow indicates the time when the
photographs were taken (Figures 1a–1c).
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model. It is based on a modified “Makkonen” model (which
was used in its original form in section 3.3). To model one
isolated “tail” the following assumptions were made: ice
growth starts on a small non-rotating sphere (0.5 cm or 2 cm
in diameter) and evolves upwind as a cone with a spread
angle of 5� or 15� (angle between the central axis and lateral
sides; based on photographs, e.g., Figure 1c). During each
time step (1 h) the ice builds up with a frustum of a cone, so
that the diameter increases with increasing length of the rime.
The time evolution of collision efficiency with rime growth
is unknown. It cannot be precisely solved without develop-
ment of a full microphysical model, which includes a solver
for particle tracking to determine collision efficiency and
velocity. Here we assume that collision efficiency and den-
sity evolve as functions of the upstream diameter of the cone
for each time step. As a first approximation we use collision
efficiency and density calculated for a cylinder of the same
diameter following the equations in Makkonen [2000]. The
ice density is calculated at each time step and represents the
density of the ice accumulated during the current time step.
Complete shedding is assumed after one hour of positive air
temperature. All calculations discussed above are presented
in Appendix B. Results corresponding to all microphysical
schemes are shown in Figure 17. Mostly depending on the
droplet number concentration and the spread angle, the cal-
culated lengths of “tails” fall into a range between 10 and
30 cm. For an initial diameter of 0.5 cm and a spread angle
of 15�, lengths are between 13 and 26 cm (Figures 17a
and 17b); a lower angle of 5� gives slightly greater lengths
(15–30 cm). Sensitivity to the initial diameter is rather small
within the range of realistic initial diameters of “tails” (2 cm
diameter gives lengths that are lower by about 1.2 cm). The
presented results agree reasonably well with photographs
(Figure 1), reported values (Figure 17a) and linear estimates
(section 4.1) and support the idea that our linear assumption
maybe useful as a first approximation. We note that all
simulations with double-moment schemes resulted in greater
lengths. For the maritime simulations this is mostly due to
large values of MVD (Figures 11c and 11d), while for the
continental simulations due to slightly higher LWC com-
pared to the baseline simulation (e.g., during April 27)
(Figures 10a and 10b). The discrepancy during the first icing
episode at Karitadake (Figure 17b) or longer presence of
“tails” at Jizosancho for Morrison_c simulation (Figure 17a)
is explained by very small differences in predicted tempera-
ture, i.e., the baseline simulation reaches the threshold value
for complete shedding, while the other simulations remain
below zero. For the two main icing episodes, rime density
evolves from glaze (high density) to soft rime (low density)
(Figures 17c and 17d) and it is not significantly affected
by the microphysical parameterizations (only Morrison_c
simulation produces slightly lower densities due to low
MVD). The modeled density evolution is satisfactory since
the seemingly denser stems of “tails” were specific to the
observed formations (Figure 1c) as was also mentioned in the
Introduction.

4.3. In-Cloud Ice Classification

[51] We would like to point out that “shrimp tails” seem to
be different from rime, which is normally defined by a
homogeneous density, since they consist of feathers of hard
rime with large air voids between them. The feathers appearT
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to grow toward the droplet impact direction, and thus the
local density is mainly a function of droplet spreading
(determined by temperature and wind speed), and not much
affected by the angle they come from. Another fact, verified
by ballistic models [Gates et al., 1987], is that the spacing
between individual feathers increases when the angle is tilted
away from the perpendicular direction (approximately by a
factor of (1/sin a)0.5). The resulting strength of “shrimp tail”
ice may thus be comparable to rime growing under the same
conditions on surfaces perpendicular to wind directions.
However, the overall apparent (or bulk) density of “shrimp
tail” ice is much lower than the local density within indi-
vidual “tail” elements. In other words, this suggests that for
the same overall density, “shrimp tails” may have higher
strength than normal rime. This possibility suggests a new
view on in-cloud ice classification based only on overall
density. Our conjecture about rime strength remains to be
validated, since to the authors’ knowledge so far has never
been measured.

4.4. Spatial Distribution of Meteorological Icing and
Other Considerations

[52] We note that the conditions described here for Mt.
Zao may also be found on other high mountains located
within the boundaries of the finest domain (d3, Figure 4),
suggesting that “shrimp tail” rime could be formed there as
well. In particular, the largest area with conditions favoring
rime accretion may be found at the Azuma volcanic group
(highest peak 2,035 m asl) in Fukushima prefecture, 50 km
to the southwest of Mt. Zao (Figure 4). Other mountains

with similar conditions are Gassan (1,984 m asl), Ooasahi-
dake (1,870 m asl), Iide (2,105 m asl), and Iimori (1,595 m
asl). Unfortunately, there were no ground control data or
reports of ice accretion known to the authors (except two
automated observatories at Gassan at 700 and 1150 m asl,
but without any ice load measurements and at too low ele-
vations) that might help with further spatial validation of the
WRF simulations or with a comparison of the specifics of
icing at Mt. Zao with other nearby mountain areas (as dis-
cussed for Jyuhyo by Yano et al. [1996]).
[53] The short-term rime formation reported here was

related to the passage of two low pressure systems. How-
ever, Jyuhyo are usually associated with the northwest winds
of the Siberian winter monsoon [Yano et al., 1996;
Yanagisawa et al., 1996], which occur throughout the win-
ter. The time-scale and growth conditions of these two
similar structures may be different. Yano et al. [1996] sug-
gested that Jyuhyo can be observed only in this part of the
world and nowhere else. The meteorological elements dis-
cussed in the present paper for “shrimp tails” had very high
values of LWC in all five simulations. These conditions are
related to terrain induced vertical velocity up to 3 m s�1

predicted in the lowest model layer during the periods of
highest LWC. The process of converting cloud water (mass
and number concentration) to the drizzle/rain category
through collision and coalescence is called autoconversion,
and is parameterized in all the microphysics schemes. In the
maritime simulations the predicted cloud droplet concentra-
tion is lower than in the continental runs (Figures 10c and
10d). This will affect the autoconversion process in the way

Figure 14. WRF vertical cross-section (along latitude N 38.14�) of LWC and air temperature
corresponding to the first icing episode (09:00 A.M. 23 April 2009) at Mt. Zao, Japan (wind direction:
west). Circle and triangle indicate approximate locations of Jizosancho and Karitadake, respectively.
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that droplets will grow faster in the maritime cloud, and
autoconversion will start at lower LWC, and be more effi-
cient compared to the continental cloud. Based on this, one
would expect a lower LWC in the maritime simulations,
however, Figures 10a and 10b show that this effect is not
very evident and the high LWCs are confirmed by all
simulations. This may be related to the special conditions at
Zao, with a continuous and high condensation rate on the
upstream side and rapid advection of air over the mountain
top, such that the autoconversion process is too slow to make
a significant difference on LWC locally on Zao. The same
argumentation may be used to explain the frequently
observed simultaneous snow-ice accretion (Jyuhyo). We
know that ice and snow particles very efficiently deplete
supercooled cloud water, so that their coexistence is rare, at
least for longer periods of time. However, at Zao the strong
orographic lifting may serve as a constant source of new
cloud water, hence an equilibrium state with significant
amounts of both supercooled cloud water and snow may be
reached over substantial time periods. Whether these con-
ditions are unique to Zao, or to what extent they may exist in
other mountain areas with a maritime climate is impossible
to say without further measurements or modeling efforts.
[54] According to a recent review by Morrison et al.

[2012] several modeling studies have demonstrated that
even modest increases in the concentration of ice particles
can lead to rapid conversion of Arctic mixed-phased clouds
(composed of a mixture of ice crystals and supercooled liq-
uid water droplets) to all-ice clouds. Further, the authors

noted that the subject of ice nucleation, perhaps, represent
the greatest source of uncertainty in cloud microphysical
parameterization schemes. In order to investigate the role of
the ice nuclei concentration for the conditions described in
the present study (with strong synoptic-scale and terrain

Figure 15. WRF vertical cross section (along latitude N 38.14�) of LWC and air temperature
corresponding to the beginning of the second icing episode (20:00 P.M. 26 April 2009), at Mt. Zao, Japan
(wind direction: WNW). Circle and triangle indicate approximate locations of Jizosancho and Karitadake,
respectively.

Figure 16. Approximate limits for type of icing as a func-
tion of wind speed and temperature (dashed lines, after
International Electrotechnical Commission [2003]; solid
blue lines, after Kuroiwa [1965]; Wakahama [1995] from
observations at Mt. Fuji and Mt. Niseko), compared to the
distribution obtained from the present analysis. The green
dots correspond to modeled WRF results for Jizosancho
ropeway station, red dots to modeled WRF results for Kari-
tadake, and blue dots to a synthetic selection of Jizosancho
measurements, corresponding to instances in which WRF-
predicted LWC values were higher than zero.
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induced forcing), we conduct one additional Morrison_m
simulation (not shown), but now with a different initiation
scheme for deposition and condensation ice nucleation
“Morrison_Meyers.” In line with sensitivity tests found in
Rasmussen et al. [2002], we changed from the “Cooper”
scheme, to the “Meyers” scheme, in which the latter pro-
duces significantly higher ice concentrations at temperatures
above �25�C. Even though short periods of considerably
higher ice number concentration was found in Morri-
son_Meyers, this did not result in any noticeable change in
cloud LWC or solid precipitation. We note that a for large
portions of the icing time the simulated orographic (low
level) cloud is not mixed-phase, but pure supercooled liquid,
with cloud top temperatures close to �5�C, hence, the ice
initiation scheme is not activated in any of the simulations.
Second, the solid precipitation produced mainly during the
second icing event is a result of interaction between upper
level ice clouds (cirrus) and the lower level orographic
cloud. Because the cirrus cloud layer has a temperature close
to �40�C homogenous freezing may act, and the changed
parameterization of heterogeneous freezing does not make a
significant difference to the cloud structure.
[55] We note that Jyuhyo formation on the previously

mentioned mountains of Tohoku, and the large amount of
data accumulated on this subject by a number of Japanese
researchers, provides a substantial source of statistical
information, important for the validation of meteorological
models, re-analysis and detailed icing modeling. In particu-
lar, it would be interesting to see which type of “wind speed
- air temperature” joint distribution (specific to in-cloud
icing/rime or precipitation-icing/glaze events) corresponds
to the mixed mode “ice-snow” growth of Jyuhyo, in contrast
to previously published observations [e.g., Farzaneh and
Savadjiev, 2008]. An important issue to be addressed by
long-term modeling (e.g., for a full season) and observation,
is the “false alarm rate” [Nygaard, 2009], when modeling
predicts icing that does not actually occur. Another question
concerns the microphysics and microscopic energy balance
of mixed mode Jyuhyo formation, resulting from the inter-
action of liquid water with snowflakes at the moment of
impact with objects. X-ray tomography imaging of rime
could be particularly useful for this purpose.

5. Concluding Remarks

[56] The present paper summarizes the results of a numeri-
cal experiment with the twin objectives of (1) reconstructing

rime ice accretion episodes atMount Zao, Japan, during 19–29
April 2009, by using the mesoscale atmospheric WRF model,
and (2) studying wind impact angle through wind-tunnel
experiments. The results indicate that the WRF model per-
formed well and they complement existing icing measure-
ments [e.g., Fikke et al., 2007]. For the period of interest, we
obtained good agreement between the observed and modeled
icing episodes.
[57] One single-moment (“Thompson”) and two double-

moment (“Morrison,” “Milbrandt and Yau”) bulk micro-
physics schemes have been used for studying in-cloud atmo-
spheric icing. Predictions of icing conditions were similar in
single- and double-moment schemes. In this particular case of
orographic clouds, the assumption of a fixed aerosol back-
ground field (without any spatial variation or full coupling to a
separate aerosol module, e.g., like in WRF Chemistry), which
is available for activation in double-moment schemes, seems
equivalent to the assumption of number droplet concentration
in computationally less expensive single-moment “Thomp-
son” scheme. Future work with additional field measurements
of LWC and MVD may help to reduce uncertainty in the
impact of aerosols on second moment and improve micro-
physical parameterizations.
[58] We followed the simple criteria suggested by

Makkonen [2000], and found that similar conditions may
have existed on other high mountains within the boundaries
of the finest domain. In general, the model simulations
helped to detect two icing events, 26–41 h long, that were
produced by the passage of two low pressure systems over
northern Honshu (996 and 986 hPa, respectively), with
temperatures between �6.3� and �0.1�C, westerly winds up
to 26 m s�1, and cloud liquid water content reaching as high
as 0.72–1.05 g m�3. We showed that the wind speed - air
temperature joint distribution for this type of rime was more
similar to that for a hard rime or glaze than a soft rime.
[59] Wind tunnel experimental results demonstrated that

wind impact angle affects rime ice loads by a factor of “sin
(impact angle).” It affects the overall density of an ice
accretion to an even greater extent. This observation sug-
gests that ice type classification, based on previously men-
tioned joint distributions, may be oversimplified and that
wind impact angle needs further investigation. We believe
that, besides demonstrating the great potential of modern
modeling tools, the modeled meteorological parameters may
be useful for scientists involved in stochastic or physical
modeling of complex, rapidly evolving rime icing on

Table 2. Nominal Conditions and Results From Experiments on a 4.44 cm Diameter Cylinder in the FROST Icing Wind Tunnel at the
University of Alberta

Angle (�) V (m/s) T (�C) MVD (mm) LWC (g m�3) M (g/10 cm) r (g cm�3) M(45�)/M(90�) r(45�)/r(90�)

90 20 �10.9 13.5 0.4 9.3 0.48
45 20 �10.5 13.5 0.4 6.0 0.26 0.65 0.54
90 20 �5.7 13.5 1.0 30.6 0.81
45 20 �5.2 13.5 1.0 19.9 0.54 0.65 0.67
90 21 �5.4 13.5 0.8 24.4 0.62
45 20 �4.8 13.5 0.8 14.7 0.38 0.60 0.61
90 10 �5.0 13.5 1.8 17.2 0.62
45 10 �5.0 13.5 1.8 12.3 0.34 0.72 0.55
90 10 �9.7 15.1 1.8 30.5 0.66
45 10 �9.9 15.1 1.7 18.0 0.38 0.59 0.58
Mean ratio 0.64 0.59
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objects. For example, we suggest that a liquid water content
of 0.2 g m�3, used in previous cold laboratory experiments
[Yano, 1989] (MVD was 14 mm) may be lower than the in
situ average values at Mt. Zao. This study suggests that the

particular conditions at which “shrimp tail” ice is likely to
grow are high liquid water content and small impact angle,
but further clarification of the conditional constraints for
“shrimp tail” formation is needed.

Figure 17. (a and b) Predicted total length and (c and d) density evolution of “tails” at Jizosancho and
Karitadake (different microphysical schemes). Empty circles and triangles in Figure 17a indicate reported
and linearly estimated lengths, respectively; see sections 4.1 and 4.2 for details.
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[60] The presented results and their connections to icing
simulations confirm that the WRF model offers a wide range
of applications. These applications are essential for risk
assessment and effective wind energy production, and they
also have broad environmental and geophysical implica-
tions. For instance, rime-ice accretions on vertical surfaces
are time-capsules of temporarily preserved atmospheric
chemistry. We believe that, after further improvements, a
technique validated in our study promises to combine rime-
ice chemical analysis and WRF modeling to provide a well-
founded basis for innovative studies of regional atmospheric
chemistry and long-range transport of air pollutants.

Appendix A: Synoptic Conditions

[61] Figure A1 presents the general regional synoptic
conditions during 19–29 April 2009 over Japan.

Appendix B: Nonlinear Growth of Rime

[62] In this appendix, a model for the growth of an indi-
vidual rime feather on a fixed sphere is presented (supple-
mentary to section 4.2). The volume (V) of a frustum of a

cone with height h, smaller radius r and larger radius R is
given by

V ¼ ph
3

R2 þ Rr þ r2
� �

: ðB1Þ

[63] During each time step the ice grows by an incre-
mental amount

DV ¼ DM

r
; ðB2Þ

where DM is the accreted ice mass during one time step and
r is the corresponding density.
[64] The mass growth during one time step, DM, is

therefore

DM ¼ rpDL

3
R2
tþ1 þ Rtþ1Rt þ R2

t

� �
; ðB3Þ

where DL is the change in height, Rt+1 is the larger radius
and Rt is the smaller radius. DL and Rt+1 are unknowns.

Figure A1. General regional synoptic conditions during 19–30 April 2009 over Japan (reprinted from
Tenki [2009]; courtesy of the Japan Meteorological Agency).
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If we assume a is the spread angle of the cone, we have
the relation

Rtþ1 ¼ DL tan að Þ þ Rt: ðB4Þ

[65] Inserting (B4) into (B3), we obtain a cubic equation
that can be solved for DL:

rp
3

DL3 tan að Þ2 þDL23Rt tan að Þ þDL3R2
t

� �
�DM ¼ 0: ðB5Þ

[66] Once we determine DL, we can use (B4) to find Rt+1

and then advance to the next time step. DM is calculated for
each time step based on the formula in Makkonen [2000]
with pRt

2 as the cross-sectional area.
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