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Abstract

On 23 December 2012, a warm frontal atmospheric system caused significant freezing rain at the Vienna In-
ternational Airport. Analyses of Austrian C-band polarimetric weather radar data reveal cloud microphysical
insights in the internal structure of such systems accompanied by the transition from snow toward ice pellets
and subsequent freezing rain and warm rain. Polarimetric radar data are exploited using a recently suggested
quasi-vertical profiles (QVP) technique. This method allows to analyze the evolution of the melting layer
height and other important microphysical signatures as well as the following precipitation development with
high temporal and vertical resolution. Because the QVP polarimetric radar data are represented in a height vs
time format which is fully compatible with the format the data from vertically pointing remote sensors such as
cloud radars or wind profilers are displayed, their combined use is very efficient for understanding and moni-
toring microphysical processes leading to precipitation formation. This is demonstrated by the joint analysis
of the polarimetric and profiler data at the Vienna airport. The QVP methodology is particularly effective for
monitoring weather in the terminal areas of airports because of its local coverage and high precision as well
as its potential for nowcasting. The methodology is very easy to implement and its use along with traditional
techniques for weather radar data analysis using PPIs and reconstructed RHIs looks very promising.

Keywords: aeronautical nowcasting, winter weather, freezing rain, warm front, polarized weather radar data,
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1 Introduction

1.1 Winter weather hazards to aviation

Winter weather has significant impact on aviation in
terms of flight safety and economic aspects. The ap-
proach-departure area is particularly vulnerable with the
urgent need for the ground operations such as snow re-
moval and deicing (IsaAc etal., 2014). Winter weather-
related hazards lower the aviation safety and thus cause
possible loss of life or equipment (WMO, 2007). In ad-
dition, adverse winter weather can cause flight delays
and subsequent reduction in the efficiency of air traffic
management (ATM) (Kkis, 2015). Largest monthly av-
erage delays per flight occur during winter months in
Europe, when more than 50 % of the winter air traf-
fic flow management delays are attributed to airport
weather (e.g., Eurocontrol, 2012, 2013). The dominant
winter weather-related hazards to aviation include in-
flight icing, freezing rain (FZRA), heavy snowfall (SN),
and low visibility or ceiling (WMO, 2007).

In-flight aircraft icing occurs as a result of accretion
of supercooled liquid droplets (especially of drizzle size)
on the bodyframe of the aircraft (SERKE etal., 2011;
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ZAWADZKI etal., 2005). FZRA produces both aircraft
icing and accumulation of ice on a runway on a con-
tact with the ground (WMO, 2007; ZERR, 1997). In this
case, precipitation typically falls from a warm layer of
the atmosphere through a cold layer below and contin-
ues either as FZRA or ice pellets (PL) if refreezing in a
cold layer occurs (KumitaN et al., 2013; RyzHkov et al.,
2014; REEVEs etal., 2014). Heavy SN might occur dur-
ing intense or stationary frontal events (KALTENBOECK
etal., 2010; Picca etal., 2014), with possible orographic
enhancement or embedded convection and even light-
ning (DIENDORFER etal., 2006; MAKELA etal., 2013).
Heavy SN causes low ceiling and very poor visibility
(RASMUSSEN et al., 1999) which lead to reduction of the
capacity of an airport. Beside flight operation, heavy
SN and FZRA will disturb the ground handling and air-
port operation due to runway contamination and reduced
friction, which reduce the possible landing cross wind
limits.

At the Vienna International Airport (LOWW), 243
METAR observations (taken every 30 minutes) have
been affected by freezing precipitation during past
10 winters (2005/6—2014/15) with highest probability of
occurrence during morning hours in the second half of
winter period (AUSTRO CONTROL, 2016), which is simi-
lar to the CORTINAS et al. (2004) results in the US. Nev-
ertheless, strong-impact FZRA is a relatively rare event
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in Vienna — only 4 % of the previous 243 observations
showed moderate intensities. In such cases the anti-icing
fluid might not be longer able to prevent the accretion of
frozen contaminants on airplanes and even ground han-
dling might be stopped. Reliable nowcasting of the ad-
verse cold-season weather, such as heavy SN, FZRA, or
icing would help to warn and prepare pilots, ATM, air-
port and air operation services for the adequate response.

1.2 Recent work on detection of icing and
freezing rain using polarimetric weather
radars

Polarimetric weather radar data reveal internal cloud
structures and microphysical cloud processes, responsi-
ble for precipitation intensification (e.g. KENNEDY and
RUTLEDGE, 2011), icing hazards (e.g., WILLIAMS et al.,
2015; Ryznkov etal.,, 2011), melting/freezing (e.g.,
GIANGRANDE etal., 2008), refreezing (Kumiian etal.,
2013; RyzHKov etal., 2011) and changes in precipita-
tion types/visibility (Picca etal., 2014), which are diffi-
cult to observe with single-polarization radars.

The radar detection of supercooled liquid water
(SLW) which causes in-flight icing of airplanes is diffi-
cult. Cloud droplets with typical diameters smaller than
50 um have very low radar reflectivity and are masked by
a few larger ice crystals which dominate the radar return.
Additionally, randomly oriented ice crystals and super-
cooled liquid droplets are both characterized by differ-
ential reflectivity (Zpr) and specific differential phase
(Kpp) close to zero (ELLIs etal., 2012). Therefore, ver-
tically pointing radars are utilized to discriminate be-
tween SN and supercooled droplets using the differ-
ence in their terminal fall speeds (ZawaDzki1 et al., 2005;
FaBRyY et al., 2003). Other instruments like radiometer or
lidar are also used (KOHLER and GORSDORF, 2014; IsaAC
etal., 2005). IKEDA etal. (2009) suggested utilizing the
reflectivity texture which is smoother for freezing driz-
zle compared to SN. S-band polarimetric data in the ice-
only and mixed-phase clouds were analyzed by PLum-
MER et al. (2010) who observed higher mean values and
variances of Kpp and Zpg in the ice-only clouds.

The FZRA category is included in some recent ver-
sions of the fuzzy-logic hydrometeor classification al-
gorithms which utilize polarimetric radar variables and
vertical profiles of temperature retrieved from the output
of the numerical weather prediction models (SCHUUR
etal., 2012, 2014; THOMPSON et al., 2014). An overview
of range intervals for different polarimetric radar vari-
ables for plates, dendrites, aggregates, sleet or ice pellets
and rain (including FZRA) is given in THOMPSON et al.
(2014) for different radar wavelengths and for S band in
GRIFFIN et al. (2014). Elevated areas of local maxima of
Zpr and Kpp accompanied by slight reduction of cross-
correlation coefficient (pny) and strong vertical gradient
of radar reflectivity (Z) within the temperature interval
between —10 and —20 °C were identified by KENNEDY
and RUTLEDGE (2011), ANDRIC etal. (2013), and BE-
CHINI etal. (2013) as regions of active dendritic parti-
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cle growth. These regions play important role in the for-
mation of snow precipitation at the surface and the cor-
responding polarimetric signatures may provide impor-
tant clues about possible presence of supercooled liquid
water there. WILLIAMS etal. (2015) claim that the icing
hazard is likely absent if differential reflectivity Zpg is
anomalously high there (> 5dB) and the corresponding
Z.is relatively low which usually happens if the air is sat-
urated with respect to ice but subsaturated with respect
to water. Moderate values of Zpr (< 3dB) and higher
values of Z are more indicative of riming and thus are
more conducive to icing.

The near-surface refreezing signature (KumiiaN
etal.,2013; RyzHKOV etal., 2011, 2016) associated with
enhanced Zpgr marks the transition of FZRA to PL in a
subfreezing layer below the elevated temperature inver-
sion. REEVEs etal. (2014) point out that clear distinc-
tion between PL and FZRA cannot be achieved without
information about vertical temperature profiles. There-
fore, RyzHKOV etal. (2014) and REEVES et al. (2016) re-
cently suggested using an explicit microphysical model
of snow melting/refreezing for discrimination between
FZRA and PL.

A novel methodology for processing and presenting
polarimetric radar data which has a potential for pro-
viding important insight into the intricacies of precip-
itation formation in mixed-phase clouds was recently
introduced by RyzHkov etal. (2016). It involves az-
imuthal averaging of Z, Zpg, pny, and differential phase
(Opp) at high antenna elevation and presenting result-
ing high-resolution “quasi-vertical profiles (QVPs)” in a
height vs time format. The QVP benefits include an abil-
ity to examine temporal evolution of microphysical pro-
cesses governing precipitation production and compare
polarimetric data obtained from the scanning surveil-
lance weather radars with observations made by ver-
tically looking remote sensors, such as wind profilers,
lidars, radiometers, cloud radars, and radars operating
on spaceborne and airborne platforms. These benefits
have already been demonstrated for better delineation of
the refreezing signature (RyzHKoV etal., 2016) and dis-
crimination between riming (associated with SLW) and
aggregation (KumiiaN etal., 2016; GIANGRANDE et al.,
2016). Riming episodes in these studies were recognized
as the reduction of Zpg just above the freezing layer and
the “sagging” of the melting layer in terms of polarimet-
ric radar variables.

This study utilizes the QVP methodology to examine
C-band polarimetric radar signatures in a winter storm
at LOWW accompanied by the transition from SN via
PL toward FZRA. The QVP of polarimetric radar vari-
ables are complemented and analyzed jointly with si-
multaneously taken vertical profiles of Doppler velocity
measured by a collocated wind profiler.

2 Data and methodology
2.1 Synoptic and surface observation

On 23 December 2012, FZRA occurred at LOWW as a
warm front passed over Austria from the west. Warm
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air overrode the cold continental air near the surface
whereby creating an elevated temperature inversion con-
ducive for a FZRA. In Fig. 1, the frontal precipitation
band is shown in the infrared satellite image (ZAMG,
2015) (top panel) and in the Austrian composite of max-
imum projection of Z (bottom panel). The results of
surface observations at LOWW including observed pre-
cipitation types are shown in Fig. 2. During the period
of SN, PL and FZRA, the surface temperature dropped
down below 0 °C. The visibility measured by the Vaisala
sensor FD12 reached lowest values close to 1 km (mod-
erate level according to RASMUSSEN etal., 1999) dur-
ing SN and increased up to 6 km when the transition
to PL and FZRA starts. This period between 08:30 and
09:30 UTC is in the focus of our analysis. Later dur-
ing the day, significant, long-lasting FZRA occurred and
covered all surfaces at the ground and airplanes with
clear ice (Fig. 3). This long-lasting adverse weather at
the Austrian main airport caused significant problems to
airport operations and flight management.

The evolution of the vertical temperature profile dur-
ing the day is illustrated in Fig. 4 showing how the
warm Atlantic air advection from the west aloft was ac-
companied by a strong northwesterly wind. Cold conti-
nental air is advected close to the surface from south-
east. At 06:00 UTC, the whole Vienna sounding tem-
perature profile shows negative temperatures which are
consistent with snowfall recorded at the surface. FZRA
was observed around 12:00 UTC, when the sounding in
Fig. 4 shows the development of mid-tropospheric warm
air nose with maximum temperature of 3.0 °C favor-
ing FZRA development underneath. Then the minimum
temperature in the subfreezing surface layer was —4.1 °C
which is above the refreezing threshold (e.g. REEVES
etal., 2014) so that raindrops do not refreeze. In the Vi-
enna sounding at 18:00 UTC, the warm nose air area
aloft increased significantly. Rain (RA) was observed
starting from 17:50 UTC even when a shallow cold layer
close to the surface still remained. During the afternoon
and evening soundings (at 18:00 and 24:00 UTC), the
low-level cold air advection from southeast disappeared.

It should be mentioned that regional and global nu-
merical forecast models such as Consortium for Small-
scale Modeling (COSMO-EU) — see COSMO consor-
tium (2016) or ScHULZ and SCHATTLER (2014) or Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWEF) see ECMWF (2015) were not able to repro-
duce the complex 2—-6 °K temperature inversion within a
lowest 2-km atmospheric layer indicated by 6-hour radio
soundings in Vienna (comparison not shown).

2.2 Weather radar data

Austrian operational weather radar network consists of
5 EEC C-band dual-polarization weather radars and is
operated by aeronautical meteorological service of Aus-
tro Control, the Austrian civil air service provider. De-
tails about the radar locations, type, and scanning strat-
egy are given in KALTENBOECK (2012a, b). The inter-
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leave antenna scanning prescribes two different half-
scans, each consisting of 8 elevation tilts which requires
scan time of 2.5 min, followed every 15 min by the verti-
cal Zpg bird-bath calibration scan. Locations of the two
weather radars used in this study are indicated in Fig. 1.
Both radars are situated on the foothills north and east of
the Alps in the low land. Weather radar Rauchenwarth
(WXR RAU) is located about 5 km west of LOWW, and
the Feldkirchen radar (WXR FEL) is about 31 km north-
east of the Salzburg airport (LOWS). The radars op-
erate in the simultaneous transmission/reception mode
and measure Zpg, phy, and @Opp in addition to Z. Kpp
is derived by applying moving average of ®pp with
a small window size of 1.25km (+/-2 range bins) to
resolve winter signatures of Kpp. In comparison with
summer cases when the resonance backscattering effects
at C band are common in heavy rain and hail, (e.g.,
KALTENBOECK and RyzHKoV, 2013), the contribution of
the backscatter differential phase to ®pp is much smaller
in winter and can be neglected as well as attenuation-
related biases of Z and Zpg.

Austrian radar radomes are not heated and accumu-
lation of snow on their surfaces can produce significant
azimuthally-modulated biases in Zpgr depending on the
thickness of snow layer as a function of wind direction
(e.g., HupAK et al., 2006; KALTENBOECK et al., 2015).

Concurrently collected data from the 1.28 GHz-
Radian LAP300 wind profiler — at LOWW are investi-
gated to estimate terminal fall velocities of hydromete-
ors with high spatial and temporal resolution. The ver-
tical resolution is 45/210 m in low/high modes; update
time is 15 min for Doppler moments and 3 min for spec-
tral data. Robust performance of this particular profiler
in measuring terminal velocities of hydrometeors and
for detection of the freezing level has been demonstrated
by BAUMANN-STANZER (2003). In stratiform precipita-
tion, the vertical air motion is expected to be weak (e.g.,
TESHIBA etal., 2009) and the measured Doppler velocity
is mostly determined by the terminal fall speed.

2.3 Quasi-vertical profiles (QVP)

In this study, we use the QVP methodology to represent
polarimetric radar data in a height vs time format as pre-
scribed by RyzHkov et al. (2016). This method helps to
reveal a temporal evolution of the vertical structure of
clouds and precipitation in terms of polarimetric radar
variables with high vertical resolution and statistical ac-
curacy because azimuthal averaging reduces the statis-
tical errors of noisy polarimetric radar estimates if the
medium is relatively homogeneous in the horizontal di-
rection as in case of stratiform precipitation. RyZHKOV
etal. (2016) pointed out the additional value of QVP for
monitoring the quality of polarimetric measurands and,
as example, exposing their changes attributed to accu-
mulation of ice and snow on the radome.

In our QVP estimation, we only retain the gates
where Z > 10dBZ and pyy > 0.6 in order to mitigate
possible contamination from nonmeteorological echo.
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Figure 1: a) European Meteosat infrared (10.8 um) satellite image with surface pressure isobars and frontal symbols (ZAMG, 2015) overlaid
for 23" Dec. 2012 06:00 UTC. T/H indicates low/high pressure center. b) Austrian composite of maximum projected reflectivity shows the
warm frontal rain band over the Alps at 06:00 UTC. Red lines denote country borders. “+” signs denote weather radar Rauchenwarth (RAU)
close to Vienna International Airport (LOWW), Bratislava (LZIB) and weather radar Feldkirchen (FEL) northeast of Salzburg International
Airport (LOWS).
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Figure 2: 24-hour surface observations of temperature, dewpoint (—1.5 to 1 °C), precipitation total (O—15 mm), and visibility (0—10 km) at the
Vienna International Airport (LOWW) on 23™ December 2012. Human observations of weather (precipitation type) are indicated as METAR
abbreviation in different colors: green/snow/SN, black/ice pellets/PL, red/freezing rain/FZRA and blue/rain/RA. METAR observation are
reported every 30 minutes (hh:20; hh:50), while SPECIAL are reported when weather significant changes occur.

a)

Figure 3: a) Photo of freezing rain and icicle on aircraft wings at the Vienna airport (courtesy by O. REuss, VIE): b) The photo of ice
accumulated during freezing rain taken at the top of the tower of the Vienna airport (courtesy by K. UNGER, Austro Control) after the event
on 25" December 2012.

For both radars, WXR RAU and WXR FEL, the 3 Results and discussion
antenna elevations between 15 and 18° were mainly
used to generate QVPs. Therefore, the corresponding 3.1 General radar features of the storm
diameter of the averaging area at a 5km height varies system
between 28 and 34 km.

The sensitivity of QVP to elevation angle and the Figs. 5 and 6 show the QVPs of Z, Zpg, pny, and @pp
radome influence is discussed in the following Sec- for the whole period of warm frontal passage over WXR
tion 3.3. RAU and WXR FEL respectively. Three major obvious



212

Kaltenboeck etal.: A freezing rain storm explored with a C-band polarimetric weather radar.

Meteorol. Z., 26, 2017

Vienna

400
68

500t

53

4.3

600t

39

70039

21
8008
15

pressure in hPa / height in km

L1
et

1000}°2

-15 ~10 -5

0

temperature in °C

Figure 4: Skew T-log p diagram of the 6 hourly soundings from Vienna on 23" December 2012 showing the warm air advection above the
cold surface layer during the day. Solid and dashed lines represent temperature and dewpoint respectively. A 0 °C isotherm is drawn in solid
blue. Wind barbs are given in knots (half/full barbs are 5/10kt, and flags are 50 kt). Note that snow fell around 06:00 UTC (red solid line),
freezing rain was observed around 12:00 UTC (black), and rain started around 18:00 UTC (green).

features in the QVPs for both radars are associated with
(a) the melting layer, (b) the dendritic growth layer,
(c) and the riming regions.

a) Melting layer (ML). The ML is characterized by
enhanced values of Z (up to 30dBZ) and Zpgr (up to
3dB) and decreased ppy (down to 0.9) typical for S and
C bands (e.g., GIANGRANDE et al., 2008; KALTENBOECK,
2012a). The ML is also manifested by a bump in the
vertical profiles of ®pp attributed to the backscatter dif-
ferential phase (TROEMEL etal., 2014; RyzHKoV etal.,
2016). The ML first set off in the Salzburg area at about
22:00 UTC on 22 December (Fig. 6) and showed up near
the Vienna airport 10 hours later at 08:00 UTC the next
day following eastward progression of warm air. Later
on, the ML designated by the radars reached the height
of about 2 km above sea level in both locations in good
agreement with the model-based 0° isotherm (marked
by a dotted line) which is situated slightly higher, as ex-
pected. At the Vienna location, the radar designation of
the ML onset is apparently more accurate than obtained
from the model analysis which shows first appearance
of a “warm nose” aloft almost 2 hours later (Fig. 5).

b) Dendritic growth layer (DGL). Another notable
radar signature is associated with the DGL within a
height interval between —10 and —20 °C. It is charac-
terized by strong vertical gradient of Z, the increase of

ZpR, and reduction in phv. The maximal values of Zpr
are reached close to the height of the —15 °C isotherm
marked by a dotted line. Below the DGL, Zpr decreases
due to aggregation and/or riming because aggregation
reduces bulk density of snowflakes and riming makes
them more spherical. There are interesting differences
between vertical profiles of radar variables in Fig. 5
and 6. The storm system was apparently shallower dur-
ing its passage over Vienna. As a result, it is likely that
the concentration of initially nucleated ice at the top of
the storm is lower for the Vienna episode. This may ex-
plain why aggregation is obviously stronger during the
Salzburg phase as revealed by steeper decline of Zpr
below the DGL and stronger vertical gradient of ®pp or
Kpp which is proportional to a total concentration of ice
particles. The magnitude of Zpg is lower in the DGL
over Salzburg. This can be explained by the fact that
the Zpr signature is masked by abundance of more iso-
metric crystals falling from higher altitude and a larger
number of crystals compete with each other for avail-
able water vapor so that none of them grows too large to
produce really high Zpr. Although we observe this in-
teresting phenomenon repeatedly in a number of QVPs
in various storms, our interpretation of it is speculative
at the moment and requires substantiation via analysis
of in situ aircraft data.
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Figure 5: The height vs time representation of quasi-vertical profiles (QVP) of reflectivity (Z), differential reflectivity (Zpr), cross-
correlation coefficient (ppy) and differential phase (®pp) (starting from top) retrieved from the radar data, collected at elevation 18° by
the Rauchenwarth (RAU) radar during 24 hours of the Vienna Christmas winter storm on 23" December 2012 (scans are updated every
5 minutes). Overlaid are contours of temperature retrieved from 6 hourly radio soundings in Vienna as dashed lines (—15/0 °C in dark blue)
and 20/25/30 dBZ radar reflectivity as solid line. Transition from snow (green, 05:00-08:30 UTC) to ice pellets (black, 08:30-09:30 UTC)
toward freezing rain (orange, 09:30—18:00 UTC) and rain (blue, after 18:00 UTC) is indicated by METAR abbreviations between the plots.
Precipitation intensity (mm in 5 min) is given as bar plot below the QVP Zpr panel. Height is given in km above sea level.

¢) Riming. Figs. 5 and 6 exhibit several episodes
of riming. As shown in RyzhHkov etal. (2016) and
KumiiaN etal. (2016), riming can be identified in the
QVPs by enhanced Z, depressed Zpgr just above the
freezing level, and by the “sagging” of the melting layer.
The enhancement in Z is attributed to a more intense
growth of ice particles via deposition of vapor and ac-
cretion of supercooled cloud droplets in the convective

updrafts. Riming makes snowflakes more spherical and,
as a result, Zpg of rimed snowflakes is usually lower
than the one of unrimed aggregated snow (see also Vo-
GEL etal., 2015). Due to their higher density, rimed
snowflakes fall faster within the melting layer and their
complete melting occurs at lower heights which explains
the “sagging” of the ML in terms of Zpr and pypy. Obvi-
ous signatures of riming are visible in the Vienna QVPs
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Figure 6: as Fig. 5 but for weather radar Feldkirchen (FEL, 594 m height) northeast of Salzburg when pure rain was observed at the Salzburg
international airport (430 m height). Note a 15-hour time period on the x axis, starting on 22™ December 2012, at 20:40 UTC, and the y axis
up to 7.6 km. Temperature (°C) contours are given in dashed black lines for COSMO-EU numerical model forecast at the Salzburg airport
(dark blue for 0/—15 °C). The 20/25/30 dBZ radar reflectivity contours are shown by solid lines.

at about 08:30 UTC and 13:00 UTC and in the Salzburg
QVPs at 01:40 UTC and 05:40 UTC.

3.2 Temporal evolution of precipitation type
at the Vienna airport as revealed from the
polarimetric radar and wind profiler data

The north-east progression of the warm front is captured
in the series of three PPI images of Z, Zpg, and ppy
at elevation 1.8° taken at 07:35, 08:35, and 09:35 UTC
and displayed in Fig. 7. A mesoscale frontal line (MFL)
marked by a dashed curve is accompanied by the in-
crease in Zpr (up to 2-3dB) and the decrease of ppy
(down to 0.9). The areas of snow, ice pellets, and freez-

ing rain at the surface are indicated by symbols SN, PL,
and FZRA. A sloping melting layer is clearly seen in the
RHI images in the bottom panels of Fig. 7 (enclosed in
the dashed ovals).

Wave patterns are evident in all PPI plots at 08:35 and
09:35 UTC indicated by symbol W. The waves are gen-
erated below 1 km in the layer of strong wind shear and
are particularly pronounced when embedded in the melt-
ing layer. They might be a possible source for generat-
ing local upward and downward motions resulting in the
production of supercooled water with associated rim-
ing of ice particles (e.g., GRAZIOLI etal., 2015). These
waves may also cause temporal oscillations of the height
of the melting layer observed in the QVP plots in addi-
tion to the “sagging” of the melting layer due to riming.
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Figure 7: Mesoscale frontal boundaries are shown in composite of PPI and reconstructed RHI (bottom row) of Z (left), Zpg (middle) and
Py (right) from WXR RAU elevation 1.8° on 23" December 2012, at 07:35 (snow at the Vienna airport), 08:35 (ice pellets) and 09:35 UTC
(freezing rain) respectively. Position of the RHI (225/45° azimuth; 09:35 UTC) is overlaid as dashed white line (A-B) in PPl images. Labeled
dashed circles indicate height msl in km. Location of radar in each panel is at 0, 0 in meridional and zonal axis and the range is given in km
(+/-50km). Arrows label the dashed line of the mesoscale frontal line (MFL) and wave pattern (W). ML marks the melting layer signature.
SN, PL and FZRA indicate surface observations of snow, ice pellets, and freezing rain respectively. The vertical cross-section of the melting
layer (ML) is shown in a composite RHI (bottom panel) and the ML is enclosed in dashed ellipses. The MFL descending to the surface
around 20 km to the east of the radar discriminates between SN to the east and PL and FZRA to the west.
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Figure 8: A 24-hour time vs height (km msl) plot of long pulse wind profiler data for 23™ December 2012 in LOWW. The time interval of
measurements was 15 minutes. Wind barbs represent horizontal wind in knots. Color-filled contours show vertical velocity obtained from
zenith pointing antenna beam (positive when downward; note non-uniform colormap for resolving vertical fall speed of riming periods).
Bright band is indicated as black thick contour line, which represents Z 20 and 25 dBZ as well as white dotted pn, = 0.95 contour from
Fig. 5. Asin Fig. 5, isotherms are overlaid in 5 K intervals from sounding Vienna (6 hour intervals) as dashed black/blue lines (blue represents
freezing level). Precipitation type from METAR and SPECIAL is indicated below the x-axis (S=SN, P=PL, F=FZRA, R=RA).

The polarimetric radar data are complemented with
the data collected by the wind profiler located at LOWW.
The profiler data are presented in a height vs time for-
mat which is fully compatible with the way QVPs are
represented. In Fig. 8, a temporal evolution of horizon-
tal wind and vertical Doppler velocity is displayed with
15-min resolution. Vertical Doppler velocities are color-
coded. As in Fig. 5, dotted line depicts the boundary
between mid-tropospheric northwesterly flow (warm air
advection aloft) and low-level southeasterly wind (sur-
face cold air advection). It should be noted that an out-
going aircraft reported severe turbulence below 760 m
at 12:25 UTC along this low level-shear while moder-
ate turbulence was reported at 16:55 UTC for the same
heights by an incoming airplane. ATM received no icing
reports from pilots during the day. In addition to their
mean values, the profiler measured spectra of vertical
Doppler velocities at different height levels (Fig. 9).

During the period from 08:00 till 08:20 UTC, the
melting layer signature is observed at the surface which
is consistent with the transition from dry SN to wet
SN and PL reported at LOWW (Fig. 2). This transition
was accompanied by abrupt improvement in the visi-
bility at the airport from 1km to 6 km (Fig. 2). Mean
vertical Doppler velocities measured by the profiler are
below 1.5m/s at 08:00 UTC but change dramatically
30—40 min later (Figs. 8 and 9). After 08:30 UTC, the
ML ascended rapidly to the heights exceeding 1 km. PL

as a primary type of precipitation at the surface were re-
ported from 08:30 to 09:00 UTC. During this period, in-
teresting features are exhibited in the spectra of vertical
Doppler velocities measured by the profiler (Fig. 9b).
Since we do not expect strong vertical air motions in
the surface layer for this type of storm during this time,
significant changes of Doppler spectra with height can
be attributed to the differences in the terminal velocities
of hydrometeors at different altitudes. We speculate that
these might be produced either by refreezing of partially
melted snowflakes or by advection of hydrometeors of
various habits into a vertical column of air probed by the
profiler. Refreezing is possible because the air near the
surface remained at negative temperatures (Fig. 2) and
snowflakes falling through the ML may not melt entirely
in the “warm nose” aloft and the resulting raindrops with
remnants of ice inside them start refreezing immediately
once they enter subfreezing layer next to the surface.
During refreezing, a terminal velocity of the hydrome-
teor may decrease by a factor of 2 as shown in Fig. 10.
This explains why radar scatterers have higher terminal
velocities aloft before refreezing starts as Fig. 9b shows.
An alternative explanation involves advection whereby
hydrometeors of different habits and different trajecto-
ries show up simultaneously within a vertical column.
It is likely that PL formed earlier than raindrops appear
closer to the surface than raindrops which just formed
below the ML and didn’t have enough time to sediment
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Figure 9: Low mode Doppler spectra measured at the vertical incidence by the wind profiler during the periods of moderate intensities of
snow, ice pellets (refreezing) and freezing rain at the Vienna airport. Images from left to right correspond to 08:08, 08:33, and 09:00 UTC
on 23rd December 2012 respectively. The 35 curves shows the distribution of vertical velocity (downward when positive — x axis from 0 to

9 m/s) as a function of height (y axis 0.35 to 1.9 km height msl).
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Figure 10: Parameterized particle fall speed as a function of diame-
ter for rain (blue dashed curve) and ice pellets (black solid curve) as
used in KumiiaN etal. (2012), adapted from Kumiian etal. (2013).
p=942hPa, T = 284K

to the lower height levels. The vertical Doppler velocity
spectra at later time, 09:00 UTC (Fig. 9¢), show uni-
formly high terminal velocities below 1.3 km which is
consistent with purely liquid raindrops or freezing rain
because air temperature near the surface still remained
negative but the transition process involving hydromete-
ors of different phase composition was already over.

FZRA at the airport continues for the next 9 hours
until 18:00 UTC when the surface eventually warmed
up above 0°C. This type of precipitation is confirmed
by the polarimetric radar and wind profiler measure-
ments. The QVP representation of the radar data in a
height vs time format in Fig. 5 allows revealing a gen-
eral correlation between lower values of Zpr within
1-2 km above the freezing level (or the top of the melt-

ing layer) and similarly reduced Zpg in rain below the
melting level. Such correlation is particularly obvious
between 08:00 and 09:30 UTC and between 13:00 and
13:30 UTC. During both time intervals, radar reflectiv-
ity in SN aloft is higher than 20 dBZ which may point
either to riming or aggregation. Lower Zpg in rain appar-
ently means smaller median diameter of raindrops. We
may not exclude that riming aloft results in denser and
smaller size snowflakes as opposed to aggregation. Af-
ter melting, smaller rimed snowflakes produce smaller
raindrops. This is generally consistent with experimental
evidence that raindrops associated with weak embedded
convection are usually smaller than the ones produced
in pure stratiform clouds. This is of course not the case
for deep convection when large graupel/hail aloft usu-
ally melts into very large raindrops.

3.3 QVP sensitivity to the choice of antenna

elevation angle

The use of the QVP methodology assumes that the
medium is relatively homogeneous in the horizontal di-
rection. In our case, we are dealing with a mesoscale
frontal boundary which by definition is a significant hor-
izontal heterogeneity. The question is “how applicable is
the QVP technique for monitoring typical frontal condi-
tions often accompanied by dramatic changes of precip-
itation types at the surface?”. The effective horizontal
resolution of QVP depends on the height above ground
and improves with increasing elevation at which radar
data are taken to produce quasi-vertical profiles. In or-
der to explore the impact of the QVP elevation on the
interpretation of the radar data, we generated QVPs us-
ing the WXR RAU data collected at three antenna ele-
vations: 5.6°, 18°, and 65° (Fig. 11).
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Figure 11: As in Fig. 5 but for different elevation angles. WXR RAU, 23™ December 2012, 05:00—13:00 UTC. Top-down rows show QVPs
of Z, Zpr and pyy, while columns represent elevation angles of 5.6° (a), 18° (b) and 65° (c).

There are notable differences between QVPs ob-
tained at different elevations. As expected, the differ-
ences are larger at midlevels and near cloud tops and
much smaller near the surface due to linear dependence
of the horizontal resolution of QVP on the height. It is
obvious that the differential reflectivity loses its discrim-
inatory value at elevation 65° as predicted in RyZHKOV
etal. (2016) (their Fig. 1). Both radar reflectivity Z and
cross-correlation coefficient py, are less sensitive to the
QVP elevation and delineate the melting layer along the
frontal boundary quite well. It is not surprising that the
thickness of the melting layer retrieved from a lower el-
evation is larger than from the higher tilt QVPs which is
attributed to antenna beam broadening.

Ice accumulation on a windward side of the radome
may have a dramatic impact on the azimuthal patterns
of Zpr and other polarimetric variables at lower antenna
tilts as illustrated in Fig. 12 for El = 1.8° (bottom pan-
els). The measurements at higher elevations typically
used for QVPs are much less affected by precipitation
accumulation on the surface of radome which is demon-
strated by the composite PPI at El = 18° (top panels in
Fig. 12).

Such radome-induced artefacts, including sudden
®pp jumps around 10:00-11:00 UTC in Fig. 5, can be
well captured in the QVP plots.

Analysis of the three QVPs shows that the elevation
of 18° is a good compromise between horizontal reso-
lution and information content of QVPs. Indeed, Zpg is
still sufficiently high at 18° and important storm features
are efficiently resolved at the altitudes less than 3—4 km.
At El = 18°, the horizontal resolution of QVP is about
13 km at the height of 2 km where the most informative
features of the storm are located. A horizontal extension
of the transition area between SN and FZRA is about
15 km as can be seen from the composite PPIs and RHIs
in Fig. 7. Therefore, such a frontal transition can be eas-
ily resolved by the QVP analysis using the data at ele-
vation 18°. In the future, we can further improve a hor-
izontal resolution of QVP by using azimuthal averaging
over limited sectors rather than full 360° circle.

3.4 Nowcasting potential of polarimetric
QVPs

Since the QVP methodology captures vertical structure
and evolution of the storm, it has strong potential for
nowcasting of hazardous weather phenomena at the sur-
face. As an example, a bulk of stratiform precipitation
is formed initially as snow in the dendritic growth layer
(DGL) and Kpp and Zpg enhancement in DGL generally
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Figure 12: Composite PPI plots of Z, Zpg, pny,» and @pppp at elevations a) 18° and b) 1.8° from WXR RAU on 23™ Dec.2012, 11:25 UTC
during freezing rain at the radar site. Location of radar in each panel is at 0,0 in meridional and zonal axis and the range is given in km
(in a: +/-20 km; in b: +/—=70km). Arrows mark radome influences on polarized moments due to freezing rain accumulated at the windward
side of the radome, showing a decrease of Z, enhanced Zpg, and reduced py,/@pppp in the SE sector.

precedes intensification of precipitation at the ground
(KENNEDY and RUTLEDGE, 2011).

On the other hand, the use of upstream QVPs of-
fers the possibility to analyze the trend of the melting
layer height and transition between different types of
surface precipitation. In our case, WXR FEL (Fig. 6)
shows the rapid increase in freezing level height around
23:00 UTC, i.e., about 9 hours earlier than WXR RAU
at a distance of 300km to the west. Upstream QVPs
and the extrapolation of surface frontal analyses in PPIs
(Fig. 7) can be well used for nowcasting of MFL ac-
companied by the transition from SN to PL, FZRA and
later to RA for LOWW and surrounding areas (e.g.,
Bratislava Airport 50 km east of Vienna) and subsequent
change in visibility might be forecasted as well.

A QVP product is radar-centric and we believe that
its modification, a non-radar-centric Column Vertical
Profile (CVP) product might be even better suited for
nowecasting. Similar to QVP, the CVP implies represen-
tation of the polarimetric radar data in a height vs time
format and also uses azimuthal averaging of the radar
data (although in a limited azimuthal sector). As op-
posed to QVP, all available elevation tilts are used in-
stead of a single one and radar data from a certain range
interval are stuck vertically to produce continuous ver-
tical profiles of radar variables. An example of a CVP
of the correlation coefficient pp, attributed to the ver-
tical column with the base enclosed in the range inter-
val between 30 and 40 km and azimuthal sector between
260 and 280° is presented in Fig. 13. Since such verti-
cal column of the atmosphere is between 30 and 40 km
upstream from LOWW, the corresponding CVP product
can be used to predict what would happen at LOWW

with 1 to 1.5 hours of lead time. The vertical resolution
of the CVP product degrades with the distance from the
radar which restricts lead time.

4 Conclusions

An extraordinary, strong impact winter weather event
accompanied by the transition from snow to ice pel-
lets and freezing rain at the Vienna International Air-
port was investigated using the Austrian C-band po-
larimetric weather radar data complemented with the
analysis of the wind profiler data. The transformation
of snow to freezing rain at the surface occurred when
the warm frontal air aloft created a temperature inver-
sion (or “warm nose”) which facilitates melting of snow
with resulting raindrops or ice pellets falling into cold
surface layer causing icing at the surface.

A recently developed quasi-vertical profiles (QVP)
methodology (RyzHKoV etal., 2016) was used for anal-
ysis of polarimetric radar data. The use of the QVP
methodology allows revealing important microphysical
features of the storm and their evolution which are dif-
ficult to detect using routine radar data analyses tools.
These features include the dendritic growth layer and
riming regions above the freezing level and the melting
layer and its evolution with good accuracy and high ver-
tical resolution.

Although the QVP methodology implies a certain
degree of horizontal homogeneity of the atmosphere,
it is demonstrated that the horizontal resolution of the
QVPs retrieved from the data collected at antenna tilts
of 15-18° is sufficient to monitor the passage of the
mesoscale frontal boundaries associated with the cold
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Figure 13: Example of a column vertical profile (CVP) of py, for the area enclosed in a range interval between 30 and 40 km in the azimuthal
sector between 260 and 280° with respect to WXR RAU. The melting layer descended to the surface around 07:00 UTC in the area upstream
of WXR RAU (marked by red arrow) which is approximately one hour earlier as detected by QVP at WXR RAU (marked by white arrow).
The contour of pp, = 0.94 retrieved in QVP shown in Fig. 5 is overlaid with black line.

season transitional weather events. Similar QVP anal-
ysis of the data from the radar near the Salzburg air-
port displays very similar features of the storm system
as in the Vienna area but with warmer surface tempera-
ture which prevents icing at the surface.

Because the QVP polarimetric radar data are repre-
sented in a height vs time format which is fully com-
patible with the format the data from vertically pointing
remote sensors such as cloud radars or wind profilers
are displayed, their combined use is very efficient for
understanding and monitoring microphysical processes
leading to precipitation formation. This is demonstrated
by the joint analysis of the polarimetric and profiler data
at the Vienna airport.

The QVP methodology is particularly effective for
monitoring weather in the terminal areas of airports
because of its local coverage and high precision as well
as its potential for nowcasting. The methodology is very
easy to implement and its use along with traditional
techniques for weather radar data analysis using PPIs
and reconstructed RHIs looks very promising. Using
upstream column vertical profile (CVP) product which
is a modification of a QVP product resulted in a lead
time of more than 1 hour for predicting the onset of
freezing rain in our case.
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