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Abstract—Deep cyclones, originating in the Mediterranean area, are frequently the cause
of heavy precipitation and environments characterized by large temperature gradients and
strong wind. In winter period, several types of precipitation can be observed in such
situations, including freezing rain and wet snow, which can cause serious damage on the
electricity power lines or other infrastructure. On March 14-15, 2013, deep snowdrifts
resulted in blocking of thousands of vehicles on Hungarian highways. Similar cases
motivated the research of these phenomena in Hungary, using and adapting empirical
approaches to calculate wet snow loads on wires or to calculate the blowing snow index
(BSI) to assess the intensity of the snowdrifts development. Forecasting of these
parameters is possible by using inputs from global and limited numerical weather
prediction models (ECMWF, WRF). The paper describes methods for wet- and blowing
snow diagnostics and classification of their intensity. The results are demonstrated on
case studies and supported by observations and available damage reports. The possibility
of further refinement of the diagnostics and its operational application is also discussed.

Key-words: wet snow, blowing snow, forecasting, winter weather, numerical models,
WREF, diagnostics

1. Introduction

Wet snow is defined as “deposited snow that contains a great deal of liquid
water” (Glickman et al., 2000). It typically occurs during snowfall within the
temperature range between 0 and +3 °C (IS0, 2001), though, snow accretion on
structures have sometimes been observed also by temperatures below zero
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(Sakamoto, 2000). The liquid water content of the accreted wet snow is usually
between 5 and 40% (Admirat, 2008). Heavy and long-lasting snowfall in such
conditions can develop considerable snow loads on wires, sometimes in order of
several tens of N/m (Makkonen and Wichura, 2010). Serious problems with
electricity failures caused by wet snow are frequently reported in cold regions or
in mountains (Eliasson et al., 2013; Bonelli et al., 2011).

The study of wet snow occurrence in Hungary started in 2009, and it was
related to situation with heavy snowfall and large damage on electricity power lines
in the southwest part of Hungary on January 27-28, 2009 (Toth et al., 2009).
Methods of Sundin and Makkonen (1998), Poots (1996), and Admirat (2008) were
tested with use of both observational data and analysis and forecasts of the WRF
(Weather Research and Forecasting) model (Skamarock et al., 2008). The method
of Admirat has recently been refined and adapted with respect to long- term
observations (Nygaard et al., 2013). In Hungary, in some years, up to 35 wet snow
events can occur (Gulyds et al., 2012) a substantial portion of these events is related
to intense cyclogenesis in the Mediterranean area and frequent passages of cyclones
over or near Hungary. These are characterized by widespread and high amount of
often mixed-phase precipitation, including wet snow. Adjusted diagnostics of wet
snow accretion and estimation of the snow sleeve mass and diameter was tested in
these types of situations and the analyses and forecasts obtained from the WRF
model run at relatively high (2.7 km) resolution were investigated and compared
with available observations and reports. Drifting or blowing snow occurrence in
Hungary can be sometimes related to intense cyclogenesis over the Mediterranean
as well (it usually develops on the northwestern flanks of propagating cyclones).
Similarly to wet snow, combination of several meteorological parameters
(snowfall, wind, snow density, snow depth, surface temperature) must be taken into
account during forecasting of blowing snow. Over the past years, several methods
were elaborated in order to study and forecast its development (Baggaley and
Hanesiak, 2005). There were attempts to parameterize the blowing snow as
function of wind, temperature, and state of the snow surface (Li and Pomeroy,
1997). These studies motivated the development of a comprehensive index
(blowing snow index or BSI) for forecasting blowing snow in Hungary. The index
was proposed with a purpose of easier evaluation of blowing snow conditions and
more precise determination of areas eventually threaten by snow drifts. The method
was developed upon several case studies and recently tested during severe wind-
and snowstorms of January 18 and March 14-15, 2013, which hit the western part
of Hungary. Above all, the usefulness of the short-range (mainly 24h) forecasts of
the BSI distribution in the forecasting praxis was evaluated and compared with
available observations.

This paper i1s divided in five sections. In the next one, we describe the
methods of the wet- and blowing snow diagnostics, in Section 3 we explain the
synoptic background of some major (or interesting) weather events, and we
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present the corresponding results (forecasts compared with observations) in
Section 4. Conclusions are given in Section 5.

2. Methodology
2.1. Method of wet snow diagnostics

Admirat (2008) proposed a formula for calculation of the diameter ® (m) of the
snow sleeve accumulated on the wire. He expected that the snow sleeve has
nearly cylindrical shape and started from the relationship between the variation
of ®and the mass M (kg/m), supposing that the density of the accreted snow
P, (kg/m’) is constant:

d® 2 dM

P = .
dt rp, dt

(1)

The time variation of the mass is proportional to flow R of the snow, which
passes a rectangle surface S (of unitary length and of width equal to @). It is
expected that the airflow in front of the wire 1s perpendicular with respect to this
surface. The basic formula for the flow (similar to the formula for accretion
intensity in Nygaard et al., 2013) yields:

R=c u’+w’ S, (2)

where u is the horizontal wind speed, w is the terminal velocity of snowflakes
(both in m/s), and c is the mass concentration of wet snow in the air. Because ¢
is usually not directly measured, it is often parameterized from water equivalent
precipitation intensity at the ground P (mm/h):

P
c= .
3600w

3)

Thus, the time variation of the mass can be expressed as:

dM pP u’
G _pr=P 1" o 4
dt p 3600 w? )

In Eq. (4), the parameter S is the collection coefficient (sometimes named

also as coefficient of sticking efficiency). It expresses that only a part of the
snowflakes crossing the area of the wire is accreted (some snowflakes will not
accrete due to curvature of the flow around the wire or some snowflakes break up).

279



The final formula of Admirat (2008) for the diameter variation can be
obtained from the combination of Egs. (1) and (4):

dd 2K

“ = , 5
dt 7p; ©)

600\  w?

Neither  nor p,are measured or calculated in the used numerical models

and these variables had to be parameterized. It is often expected that Pis
indirectly proportional to wind speed (Admirat, 2008), however, it was shown
that such approach significantly decreases the role of wind in the snow accretion
model described by Eq. (5). Nygaard et al. (2013) proposed a computation of
beta, denoted BETA U, in which beta is indirectly proportional to the square

root of the wind speed u (fB=1/ Ju ), which has been used in this study. The

density of the accreted snow can vary between 100 and 800 kg/m’ (including
extreme cases), and laboratory studies indicate that it is also dependent on the
wind speed. One of the suggested empirical formulas (Admirat, 2008) used in
the presented wet snow calculations yields:

P, =200+ 20u. (6)

Because w is usually also not observed at synoptic stations, it is supposed
to be constant in many wet snow studies. Here a value of 1.5 m/s was used,
which is in the middle between w=1 m/s proposed by Admirat (2008) and the
average fall velocities of wet snow (w=2 m/s) reported by Yuter (2006).

For diagnostics, based on data from synoptic stations with direct
observation of the weather type, wet snow was considered if the 2m
temperature was between 0 and +3 °C and if snowfall, corresponding to 70-75
codes of the SYNOP report (WMO, 1995), was present at the same time.
Because there were no reports of the liquid water content, we used the
assumption that there must be a positive heat flux from the environment to the
snowflakes, so that the snow surface can melt and accrete. It can be shown that
this 1s equivalent to condition that the environmental wet-bulb temperature ¢ 1s

positive (Makkonen, 1989):
t >0 (7)

For NWP data, the same temperature conditions for wet snow were used as in
case of observed data. It was supposed that the fraction of frozen precipitation (FR)
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had to be between 0.7 and 0.98 as used in the BETA U model (denoted as FR
method in this paper). We also tested a method, where snowfall was distinguished
from liquid precipitation upon the 850/1000 hPa relative topography — RTgso/1000
(Cantin and Bachand, 1993). Hirsch (2006) showed that in the area of Hungary
snowfall might be usually expected by RT,, 0 <1300 gpm. This method was

chosen because it is often used in the operational forecasting, and it could be very
simply applicable on basic model fields or sounding data. Because the RTgso,1000
method does not provide any information about the liquid water content of the
precipitation, we used the condition Eq. (7) to distinguish between wet- and dry
snow. The FR and the RTgs1000 criterions calculated from model forecasts were
also applied on wet snow diagnostics at synoptic stations, where no direct
observation of the precipitation type was available.

Eq. (5) has been integrated for a 24-hour period with 1-hour timesteps,
during which P and u were considered to be constant (# was equal to the average
of the wind at the start and end of the step). As final output, we visualized the
difference (A® ) between the diameter of the snow sleeve and the diameter of

the wire without snow d, which is taken equal to 0.031 m (typical diameter of
transmission wires). The advantage of calculating A® is that it can be relatively
easily measured or even visually estimated (e.g., upon photographs).

The estimation of the snow mass on the wire was based on combination of
Egs. (4) and (5):

M _ro (8)
dt

If the wind is assumed to be constant for the whole wet snow period, the
diameter can be converted to snow mass with use of a simple geometrical
relationship (expecting nearly cylindrical shape of the snow accumulation):

M:pjT”(cpz—dZ). 9)

Upon several cases and damage reports in Hungary, it was proposed to issue
warning in cases where certain threshold of calculated snow mass or increase in the
diameter would be exceeded (7able I). However, alertness in some situations can
be recommended already by lower values (2-3 cm diameters of snow
accumulation), especially if higher snow density can be expected or if the wet snow
event is combined with strong wind (so-called wind-on-ice load).

Melting of snow is not yet included in the presented wet snow diagnostics.
This can eventually cause overestimation, especially when the wet snow
parameters are integrated for a long period, during which the character of the
weather significantly changes (but this was not typical for the evaluated cases).
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Table 1. Proposal on wet snow warning thresholds upon calculated mass and diameter of
snow accumulation on wires (Somfalvi-Téth, 2014). The values of pg=300 kg/m® and
d=0.031 m were chosen for this conversion, based on Eq. (9)

Wet snow mass Increase of the snow-sleeve .
Proposed level of warning

M [kg/m] diameter AD [cm]
1.5 5.5
3 8.6 2
5 11.8

2.2. Method of blowing snow diagnostics

In situations with blowing snow we evaluated the so-called blowing snow index
(BSI) parameter (Tordai, 2012). The index evaluates six meteorological
parameters, which can influence the development of snowdrifts. This influence
is represented by weighting functions f. These can be negative — thus, one term
itself can counteract positive contributions of other terms (e.g., snowdrifts are
improbable by very low windspeed, even if other conditions would be optimal).
The maximum values of the weighting functions are 1. The final formula for
BSI sustains from the sum of the functions:

BSI = f(T)+f(T)+ W)+ f(G)+f(H)+[(p,). (10)

where f(T) represents temperature at 2 m, 7y is the surface (skin) temperature, U
is the wind speed at 10 m, G is the wind gust at 10 m, H is the snow depth, and
p, 1s the snow density. The criteria and formulas for determination of each
weighting function (given in Table 2) were based on the work of Tordai (2012),
and it was only slightly modified for mathematical reasons. The thresholds in
the weighting function calculations were determined upon observations and
several case studies of blowing snow. The BSI can acquire negative values (if
impact of certain components would strongly inhibit the development of
blowing snow). The maximum possible value is 6 (very high probability of
snowdrift development). Although BSI is rather related to probability of
blowing (or drifting) snow occurrence, higher values of BSI usually also
indicate higher intensity of snowdrift production. It has been observed that
blowing snow is probable by BSI exceeding 2, values exceeding 3.5 are already
significant and are usually accompanied by light or moderate development of
snowdrifts.
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Table 2. Determination of respective weight functions (f) in the calculation of the BSI

index
State determinating Interval Weight function
parameter
T<-6.5 f(r)=1
(7; [;ft]emperamre) —6.5<T<0.5 f(T)=-0.0087T> —0.1727T +0.2447
T>0.5 f(T)=—(0.0181T)* —0.139T +0.2257
T, <-3.0 f(75)=1
T, [°C] -3.0< T, <-0.5 £(T,)=-0.0406T} —0.2436T +0.6342
(Surface temperature) —0.5< T, £2.0 £(75)=0.3397exp(~1.5717 T})
T, >2.0 £(7,)=-0.1264T} +0.5056T, —0.4915
U <4.0 f(U)=1.014U -4.014
g O[IYE/zgind) 4.0<U<15.0 f(U)=-0.0076U* +0.2314U ~0.7616
U=>15.0 flu)=1
G <6.0 f(G)=—0.075G* +1.1192G—3.9657
(Gl(gf;/jgm 4 qust) 6.0<G<21.0 £(G)=-0.0029G* +0.1416G—0.6952
G>21.0 f(G)=1
H<5.0 f(H)=0.0732H" +0.6711H -4.9321
gn[ggﬂdepth) 5.0<H<31.0 f(H)=-0.0007H? +0.0538H +0.0022
H=>31.0 f(H)=1
3 P, <100.0 flpy)=1
Py [kg/m] 100.0<p, <240.0  f(p,)=—1.83x10" p? +0.0019p,, +0.9912
(snow density) 0, 240.0 7(p,))=—0.0534p,, +13.207

At the Hungarian Meteorological Service, warnings on blowing snow have
already been issued prior to development of BSI, although the criteria for it were
arbitrary. Upon these criteria, we developed a simple warning decision index
(WDI) in order to compare the original formulation (7able 3) with a warning
system proposed upon BSI thresholds (7ordai, 2012). When using BSI, it was
recommended to issue first level (yellow) warning on blowing snow for values
higher than 3.5. Strong development and second level (orange) warnings can be
expected by BSI exceeding 4, and very severe blowing snow and third level of
warnings (red) can occur by BSI equal to 4.5 or higher.

Both BSI and WDI were estimated upon data from synoptic station
observations (and compared with forecasts of these parameters from numerical
models). We considered only stations, where measurements of snow depth and
density were available, or where it was possible to assess them using spatial and
temporal interpolations. Instead of the skin surface temperature (which can
eventually be the temperature of the snow surface, and it is usually not measured
at the stations), we used the near-surface temperature measured 5 cm above the
terrain. We also checked the reports on drifting- and blowing snow, which are
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coded at certain synoptic stations (WMQO, 1995). We assumed that the code on
slight or moderate drifting snow (36) would nearly correspond to current yellow
warning, the codes 37 (heavy drifting snow), 38 (slight or moderate blowing
snow) to orange and the 39 code (heavy blowing snow) to red warning. Though,
the original definitions of drifting and blowing snow are rather related to
visibility conditions as to height or intensity of snowdrift production.

Table 3. Blowing snow warning criteria of the Hungarian Meteorological Service and
corresponding WDI codes and algorithms. The meaning of parameters is the same as in
Table 2, except for R,, (snow precipitation of past 24 hours, in mm) and Ry; (snow
precipitation of past 3 hours, in mm)

HMS warning criteria Level. of WDI algorithm WDI
warning code

The wind produces snowdrifts of low depth Yellow U>4m/s H>5cm 1
occurring on territories covered by fresh snow 1 B B
The wind accompanied by strong gusts
(> 60 km/h) produces deep (depth locally Orange U24mls H=25cm
> (0.5 m) snowdrifts on territories covered by 2 G216.7m/s R,, =21mm
fresh snow

The wind accompanied by strong gusts
> >
(> 60 km/h) produces deep (depth >0.5 m at Red Uz24m/s H25cm
many places) snowdrifts on territories covered G=216.7m/s R,, 21mm 3
by fresh snow. Besides, snowfall can be still R.>0.1mm
03 — ¥+
expected (several cm of fresh snow).

2.3. Description of numerical models and their setup used in the study

Blowing snow parameters were calculated from operational forecasts of the
deterministic ECMWF global numerical model (Persson, 2011), which outputs
were available in a regular latitude-longitude grid of 0.125 degree (nearly 16 km)
horizontal resolution. The wet snow has been diagnosed upon outputs of non-
hydrostatic limited area model WRF (Skamarock et al., 2008). The WRF model,
implemented and computed at the Hungarian Meteorological Service (HMS),
provides data at nearly 2.7 km horizontal resolution and 37 vertical levels. In the
HMS implementation, WRF is using the microphysics scheme of Thompson
(Thompson et al., 2004) and the YSU PBL scheme (Hong et al., 2006) for the
parameterization of planetary boundary layer processes. The higher horizontal
resolution (compared to global models) and advanced physical parameterizations
are important to obtain finer, mesoscale structures in the precipitation,
temperature, and wind fields and the estimates of the precipitation type (fraction
of frozen precipitation, FR). This seems to be currently more important by wet
snow, which occurrence fits a relatively narrow temperature interval and which
parameters (snow sleeve diameter and mass) are more sensitive on the precision
and exact quantity of input parameters than in the BSI case.
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3. Selected synoptic situations
3.1. Blowing snow on January 18, 2013

On January 18, 2013, the weather over Hungary was largely influenced by a
deep cyclone, which centre was over the Adriatic Sea (Fig. /). The cyclone had
initially developed over the Bay of Genoa (on January 15) and became deeper as
a result of interaction with an upper air potential vorticity (PV) anomaly, which
centre was situated over the southwest flank of the surface low. The cyclone
later moved toward east-northeast. The drop of the pressure over the Balkan
Peninsula and increase of the pressure gradient in the north-south direction
induced a low-level jet and cold-air advection over the western part of Hungary
(Fig. 2). This was the primary reason for strong wind and gusts observed at
several places in northwestern Hungary (the maximum wind gust, 21.4 m/s was
reported at Sarmellék at 09:40 UTC). The depth of the snow cover over western
Hungary had already been high (20-50cm at many places) as a result of
previous snowfalls. In the same region, moderate snowfall (up to 10 mm of
precipitation) occurred on January 18 as well (Fig. 3). Although, at several
stations, where blowing snow was observed, only light precipitation was
measured (or estimated from radar measurements) during the event.

TECMWF-HR1 Nyamas (hPa)MSL2013. jan 18, péntek 00:00 (+0h) ‘;,_" A
X

ECMIWF-HR1 Széliimis)-10M20T 3. jaf1 8. péntek-00'G0 (+0h) M 1 3,.% b

ks . — . =, v i \;{

and fronts valid for January 18, 2013, 00:00 UTC. The letters L and H represent lows and
highs, respectively. The letter “PV” marks the position of the center of the upper-air PV
anomaly; the arrow-headed line shows the segment of the upper-air jet surrounding the
anomaly (at nearly 250 hPa height). The dots show the positions of the centre of the
studied Mediterranean cyclone on January 15, 16 (and 17), 18, 19, and 20, 2013. The
dashed line points toward northwestern Hungary, where the blowing snow event
occurred.
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ECMWF-HR1 Homéraéidet (*C) [925 hPa] 2013.01.18. péntek 12:00 (+0h)
ECMWF-HR1 Gedpotencial (m) [925 hPa) 2013.01.18. péntek 12:00 (+0h)
ECMWF-HR1 526 (m/s) [925 hPa) 2013.01.18, péntek 12:00 (+0h)

Fig. 2. ECMWF analysis of 925 hPa geopotential (lines, by 20 gpm), temperature (°C,
shaded), and 925 hPa wind (arrows, m/s) valid for January 18, 2013, 12:00 UTC. The
letters L, H represent low and high pressure, respectively; C, W the cold (warm)
airmasses. The dashed line approximately shows the axis of the low level jet (LLJ). A
point is placed on the area of the station Sarmellék, where the maximum wind gust
(21.4 m/s) was recorded on January 18, 2013, 09:40 UTC.

10 25 40 60 90 120 M40 180 210 LvLS;"'

Fig. 3. 12 h precipitation amounts valid for January 18, 2013, 18:00 UTC from stationary
measurements (numbers) and radar estimates (shaded). Stations, where drifting or
blowing snow was coded in the past weather (—01 h) section are emphasized by square
and symbol of blowing snow. Meteorological stations Sopron Kuruc-domb and Sarmellék
are denoted by abbreviations SOP and SAR.



3.2. Wet snow on February 6—7, 2013

The weather in central Europe was governed by large area of low pressure
(exhibiting several centres) and by a frontal system, which evolved in the
Mediterranean region. On February 6—7, 2013, one of the centers of the low
pressure was situated over Hungary and east Slovakia (Fig. 4). The eastern part of
the countries was located in the warm zone of the system, while the colder air
propagated around the low-pressure center and forced the mild air toward the
mountainous region in northeast Hungary and east Slovakia (Fig. 5. a—b). There
was an intensive positive temperature advection and high (almost 100%) mean
relative humidity between 925-600 hPa (not shown), especially in east Slovakia,
where heavy snowfall occurred. Vertical cross-sections of temperature show that
across Hungary and Slovakia, over the localities, where wet snow was
reported/diagnosed, there was a 200—300 meters deep layer of 0-2 °C temperature
(Fig. 6. a-b). This layer was well expressed over the northern part of Hungary
and the central-eastern part of Slovakia, where 1020 mm precipitation occurred
(Fig. 7). Upon precipitation estimates from radars and temperature profiles,
favorable wet snow conditions could have developed on the southern slopes of the
mountains in the central part of Slovakia, but surface observations were sparse in
this region. Damage reports and photographs (Railpage.net, 2013) indicate that
wet snow occurred also in the valley of the river Hornad (on the railway between
Krompachy and Margecany). There was no positive temperature layer on the
vertical cross-sections in this region, probably because the valley is not yet
resolved by the ECMWF model orography by current resolution (nearly 16 km).
The cross-sections also show that the area of the positive temperature layer
reduced in time as the cold-air advection was progressing (marked by the
decrease of the near-surface equivalent potential temperature).

(ECMWFHRt Nyomds (RPaf MSL 2013.02.07. csitoridk 00:00 (+0h)

Fig. 4. As in Fig. 1 but for February 7, 2013, 00:00 UTC. The dots show the positions of
the (deepest) centre of the Mediterranean cyclone on 6, 7, and 8 February, 2013. The
dashed line points toward the border region of northeastern Hungary and southeastern
Slovakia, where the wet snow event occurred.
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ECMWF-HR1 ThetaE (K) [850 hPa] 2013.02.07. cs(tdridk 00:00 {+0h)
ECMWF-HR 1 Retop (m) 500/1000nPa 2013.02.07. esiitarick 00:00 (+0h)
ECMWF-HR1 $2zél (m/s) (850 hPa] 2013,02.07, cstortok 00:00 (+0h)

‘1 3 57\7 1.F15Fn
iiiiiii

|
M;ﬂ% 312 325

Fig. 5a. ECMWF analysis of the 850 hPa equivalent potential temperature (color shades and
dashed lines, K), wind field (arrows, m/s), and the 500/1000 hPa relative topography (white
lines, m) valid for February 7, 2013, 00:00 UTC. The letter L denotes the center of the
cyclonic circulation over Hungary, letters W, C show the warm and cold air-masses.

ECMWF-HR1 ThetaE (K) (850 nPa] 2013,02.07. csuionok 06:00 (+6h)
ECMWF-HR1 Retop (m) 500/1000hPa 2013.02.07. csal6rtck 06:00 (+6h)
ECMWF-HR1 Szél (m/s) (850 hPa] 2013,02.07. csOtortok 06100 (+6n)

T
= OT-?i\%‘:HT 32;

Fig. 5b. As in Fig. 5a except for the 6h ECMWF forecast valid for February 7, 2013,
06:00 UTC. The dashed, arrow-headed line schematically shows the flow of the colder
airmass, which started to surround and force the warmer air away. The AB line shows the
direction of the cross-section in Fig. 6a-b. The abbreviations BPL, ZAB emphasize the
positions of the weather stations at Budapest Lorinc and Zabar, respectively (mentioned
also later in the text). The letter K denotes the town Krompachy in Slovakia (wet snow
caused damages were reported in its neighborhood).
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ECMWF-HR1 H8mérséklet (*C) 2013. feb 07. csitarisk 00:00 (+0h)
ECMWF-HR1 ThetaE (K) 2013. feb 07. esiitortok 00:00 (+0h)
ECMWE-HFH Szél (mfs) 2013, fab 07, cstdrtdk 00:00 (+0h)

- gagasség [I(I:l‘]
L=2] o - ~n

e
B

Fig. 6a. ECMWF analysis of temperature (shades and solid lines by 2 °C), equivalent
potential temperature (dashed lines, by 2 K) and wind (arrows, m/s) valid for February 7,
2013, 00:00 UTC in a vertical cross-section, which direction is shown in Fig. 5b. The
abbreviations and arrows mark places, where wet snow was diagnosed/reported (see also

Figs. 5b and 14a-b).

ECMWF-HR1 Hemeérséklet (°C) 2012, feb 07, esitartak 0600 (+6h)

ECMWF-HR1 ThetaE (K) 2013. feb 07, esutartak 06:00 [+6h)

ECMWF-HR1 Szél (m/s) 2013, feb 07, csltortok 06:00 (+5h)
Z g ;

Magassag [km]
- (X}

e
o

e
=

250
Tavolsag [km]

450

500 B

Fig. 6b. As in Fig. 6a but for the ECMWF forecast of temperature valid for February 7,

2013, 06:00 UTC.

250
Tavolsag [km]

400

450

500 B
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*Synoleadar Precipitation last 24h |
0

D i

s
(S

Fig. 7. As in Fig. 3 but for 24 h precipitation amounts valid for February 7, 2013, 06:00
UTC.

3.3. Wet- and blowing snow on January 24-25, 2014

On January 25, 2014, a cyclone with centre over southern Italy and the Adriatic
Sea was moving eastwards (Fig. 8.). Its frontal system affected several countries
of southern and central Europe causing extraordinary heavy snowfall (Slovenia,
Croatia, Serbia, Bulgaria). The northern flank of the warm frontal precipitation
band also reached the southern part of Hungary (already on January 24, 2014).
At 850 hPa level ECMWF analyses (Fig. 9), it was possible to observe that
while the cold-air advection already started over large part of western Hungary,
there was still a “tongue” of warmer and moist air overturning toward the
southwest part of Hungary, where the intense snowfall occurred. This is likely a
signature of an occlusion process (in rather mesosynoptic scale), similar to the
one observed in the February 6—7, 2013 wet snow situation. The maximum of
20 mm precipitation in Hungary was also reported close to this area (Fig. 10).
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[EGMWE-HRT Nyomas (hFa) MSL 207401 25, szombat 00:00 (+0h)
ECMWF-HR1_Széi-{mv's)+0nT2014.01:25..sZ0mbai 00:00 (+0h)
\ o U5

r,

R e
XS
-

Fig. 8. As in Fig. 1 but for January 25, 2014, 00:00 UTC. The dots show the positions of
the (deepest) centre of the Mediterranean cyclone on January 24-27, 2014. The dashed

line points toward southwestern Hungary, where both wet snow and blowing snow were
observed.

ECMWF-HR1 Theta (K) 325 hPa] 2014.01.25. szombat 00:00 (+0h)
ECMWF-HR1 Geopotencial {m) {925 hPa] 2014.01.25. szombat 00:00 (+0h)
ECMWF-HR1 5zél (m/s) (925 hPaj 2014.01.25. szombat 00:00 (+0h)

s

oveev, IR D

250, 254 356 262 266270 274 278 207 286 200 2-‘@-@5 302 306 310)
~. ' e

Fig. 9. ECMWF analysis of the 925 hPa equivalent potential temperature (color shades
and dashed lines, K), wind field (arrows, m/s), and geopotential (solid lines, m) valid for
January 25, 2014, 00:00 UTC. The letters L, H represent low and high geopotential,

respectively; C and W represent the cold (warm) regions. The dashed lines schematically
show the flow of colder/warmer air over Hungary.
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Fig. 10. As in Fig. 3 but for 24 h precipitation amounts valid for January 25, 2014 06:00
UTC. Meteorological stations Pécs-Pogany and Paks, which reported blowing snow on
January 24, 2014, are displayed. Arrows denoted by letters B and N point toward the
position of settlements Barcs and Nagyatad, respectively. Damage due to wet snow was
reported in their surroundings on January 24-25, 2014.

4. Results for wet- and blowing snow diagnostics
4.1. Blowing snow on January 18, 2013

The January 18, 2013 weather situation was one of the most serious blowing-
snow events of the past ten years in Hungary. The blowing snow developed at a
large area (almost entire western Hungary), causing serious problems in
transport and requiring numerous actions of the disaster management (Fig. 11).
Such cases are relatively rare — for example, between 2007 and 2012 there was
only one case that the highest, third-level warning was issued on blowing snow
(18 second- and 60 first-level warnings were issued during the same period).
Only light-to-moderate snowfall (few mm of precipitation) had been expected
upon available NWP forecasts a day before this event, hence, the intensity of the
snowdrift developments had been debated in the HMS forecasters team. The 24h
forecast of BSI from the January 17, 2013, 12:00 UTC ECMWF run indicated a
possibility of very intense blowing snow for the area northwest of the Lake
Balaton (Fig. 12a). This area was also emphasized in the WDI outputs
(Fig. 12b). Though, there would hardly be any transition between the yellow and
red warning in WDI (the red warning is distinguished from the orange one only
upon the presence of precipitation, which had been forecast by the ECMWF
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model for the entire area with strong wind). The analysis of respective weighting
functions present in Eq. (10) reveals that all of them positively contributed to
BSI in the model forecast for the localities (meteorological stations Sopron
Kuruc-domb and Sarmellék), where snowdrifts were expected (7Table 4).

Blowing snow

2013. 01.18.
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Fig. 11. Actions of the disaster management on January 18, 2013. (source: National Disaster
Management Directorate General, with permission)

Table 4. Weighting functions, BSI, and WDI for Sopron Kuruc-domb and Sarmellék,
derived from the ECMWF 24h forecast valid for January 18, 2013, 12:00 UTC.

station  f(T)  f(Ts) fw) rf@G) rfH) fl,) BSI  wpI
Sopron 0.77 1 0.83 0.97 1 0.81 5.4 3
Sarmellék 0.84 1 0.71 0.91 1 0.78 5.2 3

293



aRampimpitacss s SN,
n 18. péntek 12:00 (+24h) S s°

ECMWF-AS-CEDA Szé1 (m/s) 10m 2013.

Fig. 12a. ECMWF 24 h forecasts of BSI (shades and solid lines) and 10 m wind (barbs,
m/s) valid for January 18, 2013, 12:00 UTC.

ECMWF-AS-CEDA WDI (1) 2013. jan 18. péntek 12:00 (+24h)
b, ] 5 .
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Fig. 12b. ECMWEF 24 h forecasts of WDI (shades and solid lines, by 1) and of wind gusts
(dotted lines, by 5 m/s) valid for January 18, 2013, 12:00 UTC.

Available observations, close to the time of the forecast validity (January
18, 11:40 UTC), show that drifting or moderately blowing snow was really
coded at several stations in western Hungary (Fig. /3). Though, heavy blowing
snow (code 39) was not observed and BSI estimated from the measurements did
not exceed 5. This could have been caused by the use of temperature measured
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close to terrain surface, instead of the skin surface temperature (of the snow
cover), because the weights of surface temperature are significantly lower in the
observations (7able 5) than in the forecasts. Interestingly, WDI would suggest
only 1st level of warning for the evaluated stations. The main reason for it is that
only low precipitation amounts were reported at stations concerned (although
light or moderate snowfall had been coded at some observation dates). One
possible explanation is that the strong wind blew the snow off the measuring
devices. The radar-estimated precipitation indicates that the real snow
precipitation could have been somewhat bigger compared to surface
observations, though this was not typical in the area of highest gust and
snowdrift occurrences (refer to Fig. 3).

Synop-World-Arch Minden vattozd Osszes dllomas 2013.01.18. péntek 12:00 M ¥

Synop-World-Arch Osszes allomés 2013.01.13. pénlek 12:00
T T - =

Legend:
wind

Bs1 4,6\ 7wbi

| snow 384 Blowing

depth show

<

Fig. 13. Observations of 10m wind (barbs, m/s) and snow depth (numbers, cm) from
Hungarian meteorological stations on January 18, 2013, 12:00 UTC. Further numbers
(see the description in the legend) denote the estimated value of BSI and WDI valid for
11:40 UTC. The circles are drawn at stations, where drifting snow (code 36) was reported
on January 18, 2013, triangles are for blowing snow (code 38).

Table 5. As in Table 4 but derived from observations at Sopron Kuruc-domb and
Sarmellék, on January 18, 2013, 11:40 UTC.

sation /(1) f(Iy) sW) f(G) fH) flpy) BSI  wDI

Sopron 0.68 0.18 0.85 0.91 1 0.96 4.6 1
Sarmellék 0.73 0.84 0.78 0.86 0.8 0.74 4.7 1
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4.2. Wet snow on February 6—7, 2013

Wet snow calculations were provided upon WRF model run based on February
6, 2013, 12:00 UTC. In the first calculation, the FR criterion was chosen for wet
snow diagnostics (Fig. 14a).

Wet snow was detected at several places in Hungary and Slovakia (mostly
in the southern part of central Slovakia and in the valley between the towns
Kosice and PreSov), though, the values of A® were mostly below the proposed
warning thresholds (maximum detected values were 5—6 cm). When using the
RTgs0/1000 criterion, the area of potential wet snow occurrence became
considerably bigger (Fig. 14b), and the condition for first-level warning
according to Table I would be fulfilled on several places. The maximum
detected A® was about 8 cm. If we assume, that the density of the wet snow on

wires was between 250 and 300 kg/m’ (according to mean wind speed in this
area), this diameter would be equivalent to 2.2-2.7 kg/m snow-mass, which can
potentially cause damage on the overhead lines, particularly if the wind speed is
strong. The comparison of the diagnostics on observations (7able 6a) and on the
corresponding model outputs (7able 6b) showed that the FR-criterion largely
reduced the precipitation, which potentially occurred in wet snow form. This is
the main cause of the differences between the forecast diameters (wet snow
loads) and the ones diagnosed upon observations, because forecasts of other
parameters (wind-speed, temperature) were relatively close to the observed
ones. Examination of the course of FR (e.g., for station KoSice, Fig. 15) showed
that this parameter was rather low when the temperature was higher than 1 °C,
although, in the reality, snowfall was reported in such conditions. The low FR
could have been partially also influenced by somewhat higher (by 0.5-1 °C)
temperature in the model compared to observations. The RTgso00 criterion
seemed to be more successful in detection of wet snow occurrence, but it is
possible that the diagnosed values of the snow sleeve diameter were too high
when using this method (especially in the area of Budapest, where wet snow
accretion on wires corresponding to A® of 5 cm or bigger probably did not

occur).
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Fig. 14a. WRF 24 h forecast of the snow sleeve diameter increase (shades, in cm) valid
for February 7, 2013, 12:00 UTC calculated using the FR method. The solid lines denote
the diameters of 5.5 and 8.6 cm corresponding to warning thresholds. The arrows and
abbreviations denote the positions of weather stations and localities, where wet snow was
reported/diagnosed (PAK-Paks, BPL-Budapest Lorinc, SZE-Szécsény, ZAB-Zabar,
KOS-Kosice, TIS-Tisinec, NK- Nagy-Kevély, PIL-Pilis). The numbers show the increase
of the snow sleeve diameter (cm) assessed from the observations (as in Table 6a). The
thick line denoted K (P) shows the direction of the railway between Krompachy and
Margecany (PreSov and Kysak), where damage due to wet snow was reported.

WRF_WET Diameter2 (cm) 2013. feb 07. csﬁtg:tgk 12:00 (+24h)

WRF_WET
Diamater2
<m

Fig. 14b. As in Fig. 14a but for the RTgs0/1000 method.
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Table 6a. Parameters of wet snow precipitation observed or derived from observations of
several synoptic stations in Hungary and Slovakia during the period of February 6, 2013,
12:00 UTC — February 7, 2013, 12:00 UTC. There were no weather-type observations on
the star-marked stations (Szécsény and Zabar), the wet snow period was assessed from
the WRF model data (upper record using the FR, lower record in parenthesis the
RTss0/1000 method). At the station Tisinec (marked by two stars), weather-type
observations were not available between 20:00 and 05:00 UTC, but from the amounts and
course of other parameters (snow-depth, temperature, wet-bulb temperature) it is probable
that all the precipitation in this period was in wet snow form.

Synoptic station: Paks  Dudapest Szécsény Zabar Kosice Tisinec
PAK Lérinc SZE)* ZAB)* Letisko TIS)**

Parameter: ( ) (BPL) ( ) ( ) (KOS) (TIS)
Station height
(4SL) [m] 97 139 153 226 230 216
P [mm] o 7.9 12.1 15.8 11.6 19.0 26.0
Total precipitation
Pw [mm] 4.35 3.7
Wet snow precipit. 315 8.3 (4.3) (11.6) 8.08 205
U [m/s] 0.97 1.18
Average wind 1.66 1.93 (0.73) (0.99) >34 1.98
A¢ [cm]
Snow-sleeve 1.68 2.60 1.5 118 2.64 6.41

. ) (1.43) (3.72)
diameter increase
M [kg/m] 0.199 0.157
Wet snow mass 0.236 0.436 (0.185) (0.639) 0.528 1526

Table 6b. Parameters of wet snow precipitation derived from the WRF model forecasts
valid for the period of February 06, 2013 12:00 UTC — February 07, 2013 12:00 UTC and
for the grid-points nearest to observations listed in the Table 6a. The upper (lower) values
are for the FR (RTss50/100) method of snowfall determination. The abbreviation NR (Not
Relevant) means that wet snow was not detected.

Synoptic station: Paks  Budapest Széesény =~ KoSice  Tisinec
Parameter: (PKS) Lorinc (SZE) (ZAB) Letisko (TIS)
: (BPL) (KOS)

Grid-point height (4SL) [m] g7 7 124.1 1612 3012 2502 2587

P [mm]

Total Precipitation 10.86 17.63 19.37 18.49 17.83 8.06
Pw [mm)] 0 0 5.22 5.77 3.03 0
Wet snow precipitation (0) (16.81) (19.37) (18.49) (17.24) (6.7314)
\l{,gtns/ rﬂ)w ctiod average | NR NR 2.83 2.74 4.15 NR
IO P €  NR)  (2.19) 226) (2.12)  (333)  (2.64)
él?o[\j:vn;%eeve diameter NR NR 1.64 1.83 0.98 NR
onow sl (NR)  (526)  (6.09)  (585)  (556)  (2.11)
M [ke/m] NR NR 0.26 0297 0.157 NR
Wet snow mass (NR) (1.153) (1.475) (1.368) (1.420) (0.342)
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Fig. 15. Course of observed/diagnosed (thinner lines) and forecasted (thicker lines)
meteorological parameters valid for the station KoSice and for the period of February 6,
2013, 12:00 UTC —February 7, 2013, 12:00 UTC. The February 6, 2013, 12:00 UTC
WRF run outputs were used for this visualization. The horizontal axis shows the time (h)
from the start of this run. Evolution of the 2 m temperature is shown in a), figure b)
shows the change of the model-computed fraction of frozen precipitation (FR). This is
depicted together with an index showing detection of wet snow upon observed
precipitation type, temperature, and wet-bulb temperature (0 — no wet snow, 100-wet
snow). Figure c) shows the evolution of the RTgs1000 parameter forecast by WRF.
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Available reports (Pilis parkerds, 2013) mentioned damage in the forest
due to high snow loads in Pilis mountains, and there is also photographic
evidence (Kollath, 2013) of wet snow accumulated on wires in this region (e.g.,
in the area of the Nagy-Kevély mountain). Although, this region seemed to be
only marginally affected by wet snow in the WRF forecasts (see Figs. /4a—b).
In Slovakia, wet snow was reported on the railway electric power lines between
the railway stations Margecany and Krompachy and also between stations
Kysak and PreSov. Though, the damage on the power lines was probably not
only direct, due to high loads on the wires, but it was also caused by trees, which
broke under the weight of heavy, accumulated wet snow (Railpage.net, 2013).
Wet snow was forecast for the surrounding of both above-mentioned railways. A
local maximum of A®, close to the Kysak-PreSov railway, appeared in the

diagnostic outputs, using both FR and RTgs/1000 methods.
4.3. Wet- and blowing snow on January 24-25, 2014

Most reports of the wet snow occurrence in Hungary and associated damage
(electric power failures) were concentrated to the southwestern border of
Hungary (region of Barcs and Nagyatad), yet, several thousands of inhabitants
were concerned (E.O.N. Hungdria Zrt., 2014, data on power failures,
photographs, and personal communication). The wet snow was diagnosed using
both FR and RTygs¢,1000 criterions in this territory.

In case of FR, the forecast diameters of snow-sleeve mostly did not reach
the proposed warning thresholds (5.5 cm, not shown). In the second diagnostics,
significant, up to 89 cm diameters were predicted during the 24-hour accretion
period, until January 25, 06:00 UTC (Fig. 16). Very high accumulation of wet
snow was also forecast for the region close to the synoptic station Paks.
However, here the development of wet snow was questionable: though the
forecast 2 m temperature fitted the wet snow criterions (between 0 and 3 °C), in
the reality, it was probably well below 0 °C during most of the investigated
period, as indicated by observations of the Pécs and Paks stations.

During this situation, blowing snow was reported at synoptic stations Pécs
and Paks. Its intensity was probably highest in the evening of January 24, 2014
(at around 21:00 UTC), when wind gusts of 12—-15 m/s were observed. Upon
available observations, the BSI was estimated to be 3.54 for Pécs and 3.49 for
Paks. There were no snow density measurements in this case, thus, a mid-value
of 170 kg/m’ between the two thresholds mentioned in Table 2 was used in this
calculation. But, because of the uncertainty in both skin-surface temperature and
snow density, it is probable that the true BSI values were bigger (e.g., in case of
fresh snow, these parameters could have been lower and their weight functions
higher). The more simple WDI index also indicated the possibility of blowing
snow, corresponding to the first level warning at the two evaluated locations
(Fig. 17).
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Fig. 16. As in Fig. 14b but for the 24 h forecast valid for January 25, 2014, 06:00 UTC.
The arrows point toward Nagyatad and Barcs, where wet snow damages were reported
and toward meteorological stations Pécs and Paks (mentioned in the text).

Synop-World-Arch Wind Osszes allomas 2014.01,24. péntek 21:00
Synop-World-Arch Osszes allomas 2014.01.24, péntek 21:00 B
? T ol

Fig. 17. As in Fig. 13 except for January 24, 2014, 21:00 UTC. The BSI/WDI indices are
valid for 20:40 UTC, the observations of drifting/blowing snow for 21:00 UTC (note that
the station Pécs-Pogany reported blowing snow as well but only until 20:20 UTC).
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The short-range ECMWF-based BSI forecasts showed maximum values
exceeding 4 between Pécs and Paks but 3 hours later, on January 25, 2014,
00:00 UTC (Fig. 18). Evaluation of the BSI contributions showed that the
temperature and snow-surface state were of at least same importance for snow-
drift generation than wind, because the wind- and windgust speed were not as
high as in the January 18, 2013 case (Table 7).

BlowingSnow-Index BSI 2014. jan 25. szombat 00:00 (+24h) » B
ECMWF-AS-CEDA Szél (m/s) 1(‘)m 2014. jan 25. szombat 00:00 (+24h)}'\/‘ /. f r f = e °
TTTIFrRFTPr s or iy A R RS
YA rorror i i r7 Frirres 7 -paa

CINCLAL T 1T FECYCs e frirer
VAT COroiyvhiy e i

o CINSCOCTCV, . 7o » 7o

Fig. 18. As in Fig. 12a except for the 24-hour ECMWF forecast valid for January 25,
2014, 00:00 UTC.

Table 7. As in Table 4 but for the stations Pécs-Pogany and Paks, derived from the
ECMWEF 24 h forecast valid for January 25, 2014, 00:00 UTC.

saton /(1) ()  fW) fG)  fH) fl,) BSI  wpI
Pécs 063 1.0 044 070 05 083 41 1
Paks 056 097 017 038 03 083 32 !

5. Conclusion

The previous examples showed that the wet- and blowing snow occurrence is
influenced by several factors (precipitation, wind, temperature) at once. Thus,
foreseeing of such events only upon basic model outputs is not easy, and it
requires a lot of forecasting experience and continuous study of typical synoptic
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and mesosynoptic situations favorable for wet- or blowing snow. There could
be, for example, cases with one dominant factor (e.g., very strong wind), when
significant snowdrifts can develop even in areas, where there is currently no or
only very weak snowfall. Or, there are limit cases, where existence of blowing
snow is determined by reaching of some sufficient (but not extreme) intensity
for all contributing parameters, including skin-surface temperature and snow
density (which are generally rarely studied in forecasting practice). Thus, indices
like BSI or snow sleeve diameter can help the forecaster to immediately turn
attention to areas, where such conditions could appear providing guidance for
further analysis of the potential causes of the event. Another advantage of these
methods is that they are relatively simple from computational point of view
(extraordinary computational time and power are not required) and can be easily
applied on outputs of various NWP models.

The deficiency of the above-described diagnostic methods is that they can
be interpreted or verified rather in qualitative sense. At Hungarian
Meteorological Service, there is no parameter for blowing snow, which would
forecast a directly measurable quantity (e.g., the height of the snowdrift), and
such parameters are also not measured. Though, the statistically based BSI
seems to be somewhat better in specifying the intensity of the event than indices
based on arbitrary criterions (WDI). The BSI forecasts were also more
consistent with the observed values than the simple WDI index in the evaluated
cases. For future, it could be recommended to develop and test a “cumulative”
form of BSI as well (e.g., a simple time-integral of this index), which could help
to distinguish between short- and long-period blowing snow events, which can
eventually cause especially high snowdrifts.

In contrary to blowing snow parameters, the algorithms for calculation of
the wet snow mass on wires and diameter of snow accumulation give
measurable quantities on outputs (although at the cost of several assumptions
and simplifications). However, there are rarely precise reports based on such
measurements in Hungary — generally no wet snow accumulation measurements
are provided at the meteorological stations, estimates of the significance of wet
snow loads can be currently done rather upon damage reports (e.g., from
electricity companies) or upon photographs. The verification of the forecasts of
wet snow or blowing snow parameters is further complicated by the fact that
even observations of some “basic” input parameters (like precipitation type,
snow depth, or snow density) are relatively sparse. These could be partially
replaced by using interpolations or calculated from outputs of numerical models
or nowcasting systems analyses — which is not an optimal solution, but even
partial use of observations would still give better estimates of the real intensity
of such events as if we would use only NWP model forecasts.

The determination of the type of precipitation and of the fraction of solid
precipitation is very important for both blowing- and wet snow forecasting
(essential for the latter one). It seems that numerical forecast of snowfall by
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positive temperature is still difficult, even in LAM models which use
parameterization of microphysical processes. Although, we tested only the
scheme of Thompson, which is currently operationally used, and which was
suggested in other winter precipitation studies (e.g., Nygaard et al., 2011,
Podolskiy et al., 2012, Liu et al., 2011). The inaccuracy of some forecast
parameters (e.g. temperature) and of the model parameterizations can be one of
the reasons, why relatively simple, empirical approaches (e.g., the RTgs/1000npa
method) can be still more successful than criterions, based on the direct outputs
of the model microphysics or precipitation schemes. Improved parameterization
of the type of precipitation and of other characteristics (terminal velocity of
snowflakes, collection coefficient, accreted snow density, etc.) is necessary to
get quantitatively useful results. The accretion models (e.g., of the one described
by Eq. 5) are often tested under laboratory conditions with nearly constant wind
or density of the accreted snow. But even in such cases, it is difficult to directly
measure some input characteristics, e.g., the collection coefficient. Although it
was shown that the evaporation/condensation processes do not have substantial
effect on the accreted snow diameter or snow mass (Admirat, 2008), it can be
expected that (especially for long accretion periods) the changes of the snow
density or fall speed of snowflakes can have a non-negligible impact on the
forecast wet snow characteristics.

The analyses of the pressure, geopotential, and temperature fields in
Section 3 indicate that there are some similarities in the macro- or mesosynoptic
situations, in which the wet- or blowing snow appears in Hungary. The most
typical feature is a deep cyclone with center over Italy or the Adriatic Sea
moving (extending) toward east-northeast; a deep upper-air trough (eventually a
cut-off low) surrounded by a jet and situated on the west-southwest flank of the
surface cyclone (indicating a strongly meridional type of circulation). The
blowing snow can develop in presence of a mesoscale, low-level jet, which was
observed in other cases as well, e.g., during the March 14-15, 2013 blowing
snow event in western Hungary (Simon et al., 2013). Wet snow often appears at
or behind the warm frontal boundaries characterized by large temperature
gradients but sometimes also in the neighborhood of stationary occlusions at the
rear side of the cyclone. Although the BSI and wet snow parameters were
developed in order to make the recognition of wet- and blowing snow conditions
easier, we are convinced that the knowledge of typical types of synoptic
situations, favorable for such events, is also important for their successful
forecasting and should be further studied.
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