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ABSTRACT

This study documents atmospheric conditions, development, and evolution of a severe weather outbreak that
occurred on 11 August 2017 in Poland. The emphasis is on analyzing system morphology and highlighting the
importance of a mesovortex in producing the most significant wind damages. A derecho-producing mesoscale
convective system (MCS) had a remarkable intensity and was one of the most impactful convective storms in the
history of Poland. It destroyed and partially damaged 79 700 ha of forest (9.8 million m® of wood), 6 people
lost their lives, and 58 were injured. The MCS developed in an environment of high 0-3-km wind shear
(20-25ms™ 1Y), strong 0-3-km storm relative helicity (200-600 m*s~?), moderate most-unstable convective
available potential energy (1000-2500J kg "), and high precipitable water (40-46 mm). Within the support of a
midtropospheric jet, the MCS moved northeast with a simultaneous northeastward inflow of warm and very
moist air, which contributed to strong downdrafts. A mesocyclone embedded in the convective line induced the
rear inflow jet (R1J) to descend and develop a bow echo. In the mature stage, a supercell evolved into a bookend
vortex and later into a mesoscale convective vortex. Swaths of the most significant wind damage followed the
aforementioned vortex features. A high-resolution simulation performed with initial conditions derived from
GFS and ECMWEF global models predicted the possibility of a linear MCS with widespread damaging wind gusts
and embedded supercells. Simulations highlighted the importance of cloud cover in the preconvective envi-

ronment, which influenced the placement and propagation of the resulting MCS.

1. Introduction
a. Overview

Each year, Poland experiences 150days with thun-
derstorms (Taszarek et al. 2015), among that, according
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to the European Severe Weather Database (ESWD;
Dotzek et al. 2009), approximately 600 severe convec-
tive wind gusts are reported. Such events are the most
frequent from May to August and normally peak in July
in the late afternoon hours (Celinski-Mystaw and Palarz
2017; Taszarek et al. 2019). Damaging winds originating
from the thunderstorm’s outflow can be produced even
by the ordinary cells, but most frequently they accom-
pany supercells (a thunderstorm that has a deep and
persistent rotating updraft; Doswell and Burgess 1993)
and mesoscale convective systems (MCS; Zipser 1982;
Houze 1993). MCSs typically consist of an embed-
ded vertical mesoscale circulation (Houze 2004) and
exhibit a variety of distinct radar echo patterns such as
squall lines, bow echoes (Fujita 1978) or line echo wave
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patterns (Nolen 1959; Funk et al. 1999; Atkins et al.
2004) in trailing, as well as leading and parallel strati-
form precipitation modes (Parker and Johnson 2000).

Many studies indicated that mid- and low-level mes-
ovortices (meso-y scale, i.e., 2-20km in horizontal
scales; Orlanski 1975) may form within the leading edge
of linear MCSs and that downward or upward tilting
of baroclinically generated horizontal vorticity within
outflow zone may be a primary cause of their formation
(Weisman 1993; Trapp and Weisman 2003; Atkins et al.
2005; Atkins and St. Laurent 2009b; Xu et al. 2015a,b;
Schenkman and Xue 2016). Downdrafts play an im-
portant role in generating vertical rotation near the
surface since the downward tilting seems to be more
efficient compared to upward tilting (Davies-Jones
1982a,b; Walko 1993; Markowski 2002). Downdrafts
contribute also to enhancement in a low-level conver-
gence zones (inducing stretching of vertical vorticity)
and are responsible for severe wind gusts near the sur-
face. Damaging winds are known to be associated with a
rear inflow jet (RIJ; Weisman 1992), which on radar
scans is usually marked as a rear inflow notch and/or bow
echo (Fujita 1978, 1979; Xu et al. 2015a). In certain sit-
uations, downward pressure perturbation force induced
by bookend (line-end) mesovorticies may cause RI1J to
descend to the ground and produce strong winds
(Skamarock et al. 1994; Weisman and Davis 1998; Grim
et al. 2009; Meng et al. 2012; Xu et al. 2015a,b). The most
damaging winds tend to be found within a strong low-
level mesovortex coinciding with RIJ on the edge of the
bow echo (Weisman and Trapp 2003; Davis et al. 2004;
Atkins et al. 2004, 2005; Wakimoto et al. 2006a,b;
Wheatley et al. 2006; Atkins and St. Laurent 2009a,b;
French and Parker 2014; Xu et al. 2015a,b). The line-end
mesovortex with a large and persistent rotation may
sometimes evolve into a larger feature called mesoscale
convective vortex (MCV; Davis and Trier 2007). French
and Parker (2014) also found that a supercell embedded
in a squall line may locally enhance RIJ and lead to a
broad swaths of damaging surface winds.

Long-lived MCSs that are persistent in producing
widespread damaging winds are known as derechos
(Johns and Hirt 1987). European studies on derecho
have focused mainly on the analysis of environmental
conditions (Gatzen 2004; Punkka et al. 2006; Lopez
2007; Pucik et al. 2011; Simon et al. 2011; Hamid 2012;
Gospodinov et al. 2015; Toll et al. 2015; Mathias et al.
2017; Celinski-Mystaw et al. 2018) and multiannual
summaries (Gatzen et al. 2011; Gatzen 2013; Celinski-
Mystaw and Matuszko 2014; Celinski-Mystaw and
Palarz 2017). The results from these studies indicate that
a few such events occur each year in Europe including
Poland.
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F1G. 1. (a) Synoptic map at 1200 UTC 11 Aug 2017; W—high
pressure, N—low pressure, PZ—tropical air mass, PPm—polar
marine air mass (source: Polish Institute of Meteorology and Water
Management). (b) Meteosat Second Generation High-Resolution
Visible (MSG HRV) image from the same date and hour as pre-
vious (source: Sat24.com). (c) Geopotential height (contours),
temperature (shaded), and wind vectors (barbs) at 500 hPa from
the NCEP FNL analysis.

b. Derecho criteria

First researchers who developed derecho criteria were
Johns and Hirt (1987). Modifications of their definition
have been later applied by Bentley and Mote (1998),
Evans and Doswell (2001), and Coniglio and Stensrud
(2004). The most recent definition proposed by Corfidi
et al. (2016) is as follows: “Derecho is a family of
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FIG. 2. Surface synoptic observations and interpolated mean sea level pressure at 1200, 1500, 1800, and 2100 UTC
11 Aug 2017. Shaded transparent area denotes maximum reflectivity from POLRAD network.

damaging downburst clusters associated with a forward-
propagating MCS that, during part of its existence, displays
evidence of one or more sustained bow echoes with me-
soscale vortices and/or rear-inflow jets. The damage swath
must be nearly continuous, at least 100 km (~60 mi or
about 1° latitude) wide along most of its extent, and 650 km
(~400 mi) long. The damage also must occur after any
preliminary storms have organized into a cold-pool-driven
MCS.” (p. 938). The most common ingredients for a well-
organized MCS are sufficient amounts of moisture in the
boundary layer, steep low and midlevel temperature
lapse rates, strong vertical wind shear, a persistent lifting
mechanism, and a parallel orientation between deep-
layer wind and shear vectors leading to a fast system
propagation (Evans and Doswell 2001; Kuchera and
Parker 2006; Cohen et al. 2007; Coniglio et al. 2010; Pucik
et al. 2015; Taszarek et al. 2017). A wind shear with a
magnitude of approximately 15ms ™! in a 0-3-km layer is
considered conducive for a long-lived linear MCS capable
of producing widespread wind damage (Coniglio and
Stensrud 2001; Weisman and Rotunno 2004; Weisman

et al. 2013; Mathias et al. 2017; Celinski-Mystaw et al.
2018). Depending on the environmental conditions, we
can distinguish a progressive derecho typical for high
thermodynamic instability, a serial derecho where the
wind shear and synoptic-scale lift play a dominant role,
and a hybrid derecho that is a mixture of both (Johns and
Hirt 1987; Johns 1993).

c. Predictability

Convective parameterization in numerical weather
prediction (NWP) models has a negative effect on simu-
lating cold pools and thus convective initiation (Weisman
et al. 1997). Better results are provided with high-
resolution nonhydrostatic and convection-permitting
models (Kain et al. 2006; Clark et al. 2009; Warren et al.
2014; Leutwyler et al. 2016; Mathias et al. 2017) where a
successful simulation of MCS and its corresponding im-
portant mesoscale features can be achieved with a hori-
zontal resolution of 3—4 km. In such resolution fluxes of
heat, moisture, and momentum can be reliably resolved
and improve simulations of MCSs (Weisman et al. 2008,
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FI1G. 3. (top) Geopotential height (contours), temperature (shaded), and wind vectors (barbs) at 500 hPa. (middle) Geopotential
height (contours), temperature (shaded), and wind vectors (barbs) at 850 hPa. (bottom) Mean sea level pressure (contours), 0—
500 m AGL ML mixing ratio (shaded), and 100 m AGL streamlines. Based on (left) 1200 UTC 11 Aug, (center) 1800 UTC 11 Aug,
and (right) 0000 UTC 12 Aug 2017 NCEP FNL analysis. Star symbol denotes location and hour for which model sounding is
presented in Fig. 5. Transparent black polygons denote area of radar reflectivity higher than 25 dBZ (derived from POLRAD
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2013; Toll et al. 2015). Several studies can be found,
where predictability of MCSs within a convection-
permitting resolution is provided. In spite of limita-
tions associated with initial conditions and physical
parameterizations, in many studies it was possible to
perform a successful MCS forecast along with mesoscale
features such as MCV, R1J or bow echo (e.g., Melhauser

and Zhang 2012; Weisman et al. 2013; French and
Parker 2014; Snively and Gallus 2014; Xu et al. 2015a,b,
among others). Weisman et al. (2008) used the Weather
Research and Forecasting (WRF) Model (Skamarock
et al. 2008) and a horizontal resolution of 4km to per-
form 0-36-h real-time explicit convective forecasts and
concluded that a significant improvement was observed
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FIG. 4. (top) The 0-6-km wind shear (tiled contours) and MU CAPE (shaded). (middle) The 0-3-km wind shear (tiled contours) and
800-500-hPa temperature lapse rate (shaded). (bottom) The 0-3-km storm relative helicity (tiled contours) and precipitable water
(shaded). Based on (left) 1200 UTC 11 Aug 2017, (center) 1800 UTC 11 Aug 2017, and (right) 0000 UTC 12 Aug 2017 NCEP FNL analysis.
Star symbol denotes location and hour for which model sounding is presented in Fig. 5. Transparent black polygons denote area of radar

reflectivity higher than 25 dBZ (derived from POLRAD network).

in defining convective mode (squall lines, bow echoes,
mesoscale convective vortices) and diurnal cycle.
Wandishin et al. (2008, 2010) estimated that with 0-24 h
convective forecasts it was possible to successfully
predict MCS in 70% of cases. By reducing the un-
certainties associated with initial conditions (e.g., rel-
ative humidity, wind speed, instability) to below the
observational uncertainty it was possible to increase

MCS prediction rate to 85%. The importance of un-
certainty in initial conditions on MCS prediction was
also found in the studies of Kiihnlein et al. (2014) and
Lawson and Gallus (2016). Investigating the 8 May
2009 “‘Super Derecho” event Grunzke and Evans
(2017) used WRF and the ensemble Kalman filter to
examine predictability of the warm-core mesovortex
embedded in MCS. Simulations successfully predicted
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FIG. 5. Vertical profile of temperature (red line), dewpoint
temperature (blue line), and wind (hodograph) for Gniezno
(52.5°N, 17.5°E) derived from NCEP FNL analysis for 1800 UTC
11 Aug2017. Orange line denotes most-unstable parcel. Profile
indicates environment just ahead of the approaching convective
line.

MCS in all members (50) but only in 14% did a
mesovortex-like feature occurred.

d. Aim of the study

In Poland, an average of 10 bow echoes and 1 derecho
are reported each year (Celinski-Mystaw and Matuszko
2014; Celinski-Mystaw and Palarz 2017). The derecho of
11 August 2017, which killed 6 people and caused a
remarkable wind damage with surface winds exceed-
ing 42ms~ ', turned out to be one of the strongest in
the history of Poland. This study documents atmo-
spheric conditions, development and evolution of the
storm, and assesses the possibilities of its short-term
prediction within high-resolution simulations based
on the initial conditions preceding the event. The
emphasis is on analyzing system morphology and
highlighting the importance of a mesovortex in pro-
ducing the most significant damage. We analyze the
link between evolution of convection at early stages
and accompanying environmental ingredients. An
improved insight into the analyzed storm morphology
may improve predictability of such events in Europe
for the foreseeable future. While a powerful derecho
would be normally linked to the area of the United
States (Coniglio and Stensrud 2004; Ashley and
Mote 2005; Guastini and Bosart 2016), the uniqueness
of this study is that we document the occurrence of
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such an event in aregion where they are not commonly
observed.

2. Dataset and methodology
a. Observational and NWP data

For the purposes of a synoptic and mesoscale analysis,
the National Centers for Environmental Prediction
(NCEP) Global Forecast System (GFS) Final (FNL)
gridded analysis datasets (resolution of 0.25° NCEP/
NWS/NOAA/U.S. Department of Commerce 2015a)
are used for 1200 and 1800 UTC 11 August and 0000 UTC
12 August 2017. FNL is very similar to the operation-
ally running GFS (it has the same model formulation
and assimilation techniques), but is slightly delayed
and contains about 10% more observational data such
as soundings or satellite data. Thanks to this, the FNL
provides a more reliable estimate of actual conditions.

NCEP GFS FNL data is used to display multiple pa-
rameters. Baseline circulation patterns are identified for
500 hPa, 850hPa, and mean sea level pressure fields.
Kinematic and thermodynamic conditions are assessed
within the use of parameters that in the previous studies
have been considered valuable for forecasting deep
moist convection and well-organized MCSs (Doswell
et al. 1996; Evans and Doswell 2001; Craven and Brooks
2004; Cohen et al. 2007; Coniglio et al. 2007, 2011;
Weisman et al. 2013; Pucik et al. 2015; Taszarek et al.
2017; Celinski-Mystaw et al. 2018). These include: most-
unstable (MU) convective available potential energy
(CAPE), 0-6 km above ground level (AGL) deep-layer
shear (DLS), 0-3km AGL midlevel shear (MLS), 800-
500-hPa vertical temperature lapse rate, 0-500m AGL
mixed-layer mixing ratio, and precipitable water.

Determination of synoptic conditions is also sup-
ported by the surface analysis charts from the Polish
Institute of Meteorology and Water Management, sur-
face synoptic observations (SYNOP reports), MSG
(Meteosat Second Generation) geostationary satellite
image, and radar data from the POLRAD network in-
cluding reflectivity and radial velocity. POLRAD sys-
tem consists of eight C-band Doppler radars: Meteor
500C (Poznan, Brzuchania, Swidwin), Meteor 1500C
(Legionowo, Gdansk), and dual-polarimetric Meteor
1600C (Pastewnik, Rzeszéw, Ramza) of Selex SI
Gematronik (in this study we use data from Pastewnik,
Poznan and Gdansk). POLRAD provides two full
volume scans in two modes during the base period of
10 min: reflectivity scan in the range of 250 km, lasting
4min (1-km spatial resolution), and reflectivity and
Doppler velocity scan in the range of 125km, lasting
6min (0.5-km spatial resolution). Rainbow 5 software
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FIG. 6. Meteosat Second Generation (MSG) satellite image for 1200, 1500, 1800, and 2100 UTC 11 Aug 2017 in
(a) water vapor channel, and (b) with cloud-top temperatures.

(Selex 2010) is used to generate radar products. Further
details on the POLRAD network are available in
Osrodka et al. (2014). The evolution of a derecho and
evaluation of the damage track are investigated within
the use of 1182 severe wind reports from ESWD, aerial
images, and information on damage in the forest stand
from Poland’s Regional Directorate of State Forests.

b. High-resolution WRF simulation

WRF 3.9.1 within Unified Environmental Modeling
System (UEMS) version 18 was applied to run high-
resolution, dynamically downscaled simulations. In our
considerations, two one-way nested domains using ratio
1:3 are defined. The outer domain (d01) is determined
with a spatial resolution of 3.6 km (245 X 224 grid cells),
while the second (d02) with 1.2km (628 X 601 cells).
Domain d01 is centered on coordinates 51.826°N,

19.313°E, while dO2 refers to the area of Poland. The
vertical extent for two domains includes 45 levels up to
S5hPa. In the preprocessing stage, the model terrain
MODIS with a resolution of 2 min and 30s was applied
respectively to dO1 and d02. The model is configured
using the Mercator projection.

As initial and lateral boundary conditions, two opera-
tionally running global models are used. These are GFS with
aresolution of 0.25° (NCEP/NWS/NOAA/U.S. Department
of Commerce 2015b) and the European Centre for
Medium-Range Weather Forecasts (ECMWF) with a
resolution of 0.125°. Configuration of physical parame-
terization refers to studies of MCS modeling (Weisman
et al. 2008) and severe thunderstorms in Poland (Taszarek
et al. 2016; Pilguj et al. 2019). For planetary boundary
layer description, the Yonsei University scheme (Hong
et al. 2006) is used. For shortwave and longwave radiation
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FI1G. 7. (a) Maximum reflectivity with 1-h steps (source: POLRAD network). (b) Severe wind gust reports (yellow squares: FO damage,
red squares: F1 damage, white circles: peak wind gusts exceeding 25ms ™! registered at surface synoptic stations), and position of the
convective line (black line) with 1-h steps. (c) Volume of damaged trees in counties (based on data from Poland’s Regional Directorate of
State Forests) and position of the convective line (black line) with 1-h steps.

representation, the Community Atmosphere Model ver-
sion 3 (CAM3) radiation scheme (Boville et al. 2006) is
applied. In prepared simulations, microphysical processes
are described by WRF single-moment 6-class scheme
(WSM6; Hong and Lim 2006). Because of simulations
with a high-resolution grid, no cumulus parameterization
is used. For representing land surface physics, the Noah
land surface model is applied. Simulations work with time
step of 16s for the outer domain and 5.3 s for the inner
one. In further considerations, only results from the inner
domain (d02) were used.

Simulations were performed within the initial conditions
from 0000, 0600, and 1200 UTC 11 August 2017, derived
from both GFS and ECMWF (analysis phase). In total, six
simulations were prepared, where (despite different hours
of model initiation) each one was completed at 0000 UTC
12 August 2017. With the chosen initial conditions, we
investigate whether it would be possible to successfully
predict MCS with a potential for damaging wind gusts.
Our main focus is on investigating storm morphology,
position and timing of the system (simulated maximum
reflectivity), estimated strength (simulated peak wind
gusts), and the possibility of mesocyclones (simulated 2—
5km AGL updraft helicity tracks; Kain et al. 2008). Three-
dimensional visualization techniques are also applied

within the use of the VAPOR tool (Clyne et al. 2007) to
display a cross section through a bow echo apex.

3. Event analysis

a. Evolution of synoptic conditions prior to the
evening of 11 August 2017

In the second week of August 2017, a long-wave
trough was situated over the western parts of Europe,
while ridge stretched from central parts of the Medi-
terranean Sea to western Russia. As a result, a warm and
unstable subtropical air moved toward central Europe,
spreading mainly over Poland, Austria, Czech Republic,
Hungary, and Slovakia. A wavy frontal boundary
stretched in the corridor from the Gulf of Genoa to
Lithuania. During the night of 10-11 August, MCS
passed through Austria, Czech Republic, and south-
western Poland and left postconvective cloudiness,
which maintained until afternoon of 11 August (Fig. 1).
At 1200 UTC, a shallow surface low was located over
northwestern Poland while an eastwardly moving cutoff
low was placed over the western Alps (Fig. 1). A jet
stream extended from the central Mediterranean up to
the German-Polish border where an upper-level di-
vergence and synoptic-scale lift took place.
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FIG. 8. Hypsometric map of Poland with polish voivodeships and
locations mentioned in section 3. Large black points indicate lo-
cation of meteorological radars.

b. Mesoscale conditions in the evening of 11 August
2017

At 1200 UTC, Poland was under the influence of a
warm (20°C at 850hPa) and humid (mixing ratio: 10—
12gkg ') subtropical air mass advection. However,
frontal and convective cloudiness, which occurred over
western parts of the country in the morning and after-
noon hours (Fig. 1), significantly limited insolation and
diurnal increase in the temperature. Further to the east
in the cloudless area, a strong diurnal heating (maximum
temperatures above 30°C) took place (Fig. 2). The
frontal boundary stretched from the central Czech
Republic to northwestern Poland, and a 10-15ms™!
southerly flow dominated at 500 hPa (Fig. 3). Weak el-
evated storms remained in southwestern Poland, while a
shallow surface low entered south-central Poland and
convergence line started to form on its western flank
near the Polish—-Czech border. Moisture pooling to-
gether with increasing temperature lapse rates in the
midtroposphere (>7Kkm™') started to build up a
moderate to high thermodynamic instability over the
central and eastern parts of Poland (Fig. 4). Sounding
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TABLE 1. Timeline of the most important events in MCS evolution.

Time

1500-1600 UTC

Description

Development of the convective cells
on the Polish—Czech border.

Development of a supercell in
southwestern Poland.

Upscale growth of the MCS. Supercell
produces swath of significant wind
damage.

R1J descends on the eastern flank
of the supercell and develops a
bow echo.

Supercell evolves into a bookend
vortex and later into a comma echo
with embedded MCV. Bow echo
continues to expand within the
support of an RIJ. Swath of
damaging winds follows MCV and
its eastern flank.

MCS starts to weaken and moves
offshore.

1600-1700 UTC

1700-1900 UTC

1900-2000 UTC

2000-2200 UTC

2200-0000 UTC

measurement taken in Legionowo near Warsaw at
1200 UTC (central-eastern Poland) indicated MU
CAPE of 2900Jkg~'. DLS exceeding 20ms™ ' was lo-
cated over southwestern Poland on the peripheries of
the jet stream. A southerly flow at 700 hPa with opposing
surface winds also provided a broad area of MLS ex-
ceeding 15ms~ ! (Fig. 4). Such values are known to be
conducive to the development of linear MCSs capable
of producing damaging wind gusts when combined
with sufficient thermodynamic instability (Doswell
and Evans 2003; Cohen et al. 2007; Weisman et al.
2013; Celinski-Mystaw et al. 2018). Similar estimates of a
wind shear have been confirmed by sounding measure-
ments taken at 1200 UTC in Prague and Prostejov in the
Czech Republic (airflow of 20-25ms ™' at 700-500 hPa).

The synoptic-scale lift, moisture convergence and
orographic lift led to a widespread convective initiation
on the border between the Czech Republic and Poland
at around 1400-1500 UTC (Fig. 2). At 1500 UTC,
measurements from the synoptic stations ahead of the
approaching convergence line indicated temperatures
above 30°C and dewpoints exceeding 18°C (locally 20°C;
Fig. 2), which contributed to an increase in the ther-
modynamic instability. A surface low was located on the
Czech-Slovak-Polish border before it moved north-
ward. In the next hours, convective cells within the
support of a strong vertical wind shear started to group
into a linear structure (Fig. 2). At this time, a change in
the trajectory of the system from northeast to north-
northeast can be observed.

At 1800 UTC, the surface low was centered over
south-central Poland while the well-developed conver-
gence line with an impressive 12-14 gkg ™' mixing ratio
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FIG. 9. Reflectivity at 4 km above radar height and cross section of the supercell southeast of Poznan at 1743 UTC;
derived from meteorological radar in Poznan.

and 40-46-mm precipitable water was placed on its
western flank (Fig. 4). Simultaneously, the line was
pushed toward the northeast by a midlevel jet stream.
This combination provided strong vertical wind shear
and veering wind profiles (0-3-km storm with relative
helicity ranging from 200 to 600 m?s ™% Fig. 4). As in-
dicated in the analysis of the radar data (discussed in
detail in a later part of the paper), one of the cells em-
bedded in the line was a supercell (mesocyclone) that
formed at around 1700 UTC in southwestern Poland. In
the next hours, the aforementioned supercell evolved
into a bookend vortex and later into an MCV (discussed
in detail in a further part of the paper). A model FNL
sounding from 1800 UTC displaying the environment
just ahead of the approaching convergence line (52.5°N,
17.5°E) indicated a well-developed clockwise-curved
hodograph with northeasterly inflow and 1500J kg~ ! of
MU CAPE (Fig. 5). Such profiles are known to be
conducive to supercells and extremely severe thunder-
storms (Brooks and Wilhelmson 1993; Bunkers et al.
2000; Weisman and Rotunno 2000).

As indicated by the FNL analysis field, at 1800 UTC
the overlap between the vertical wind shear and ther-
modynamic instability in the eastern part of the line was
the most prominent. MU CAPE was up at around
2500 T kg~ ! while MLS exceeded a high value of 20ms ™!
(Fig. 4). At this point, MCS was in the mature stage and
updrafts were well organized. The MSG image for 1500
and 1800 UTC indicated an upscale growth for the con-
vection with multiple overshooting tops (Fig. 6). The
system progressed toward the northeast along the zone of
an increased horizontal pressure [~8.5hPa (100km)~'],
temperature [~9°C (100km) '], and dewpoint [~5°C
(100km) '] gradients (Fig. 2). As evidenced in previous
studies, such gradients can be conducive to the creation

of a mesocyclone vorticity (Maddox et al. 1980; Markowski
et al. 1998; Rasmussen and Blanchard 1998; Rasmussen
et al. 2000). From 1800 UTC, a characteristic bowing of the
line as a result of the descending R1J was observed (Fig. 7).
The western flank of the line was the place wherein a su-
percell that was initially embedded evolved into a bookend
vortex and later into an MCV (discussed in a further part
of the paper). Examination of the synoptic data indicates
that at 2100 UTC air pressure was raised in the Szczecinek
and Chojnice stations (north-central Poland), and a local
high occurred as a result of a strong downdraft accompa-
nying the MCV. In the late evening and nighttime hours,
thermodynamic instability significantly dropped and
storms became elevated. After moving offshore, the MCS
started to weaken.

¢. Damage track and radar data analysis

The derecho of 11 August 2017 caused widespread
damage in the area extending from Hradec Kralove
Region in the Czech Republic through Lower Silesia,
Greater Poland, to Kuyavian-Pomeranian and Pomer-
anian Voivodeships in Poland (Figs. 7b and 8). In total,
1182 wind reports within this system were inserted into
the ESWD. The most considerable damage reaching an
intensity of up to F1 in the Fujita scale (Fujita 1971) was
reported in southern and eastern Greater Poland
Voivodeship, western Kuyavian-Pomeranian Voivode-
ship, as well as southern and central parts of Pomera-
nian Voivodeship. The storm system destroyed around
39200ha of forests and partially damaged another
40500 ha. According to estimates by Poland’s Regional
Directorate of State Forests, approximately 20 million
of trees (9.8 million m* of wood) were affected by the
strong winds. The MCS also damaged roughly 20000
buildings and cut off power to around 500 000 customers.
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FIG. 10. (left) Reflectivity and (right) radial velocity at 4 km above radar height at (a),(b) 1743, (c),(d) 1813, and
(e),(f) 1903 UTC; derived from meteorological radar in Poznan. Bright pink polygon indicates severe wind damage
track asindicated in Fig. 7. Please note that the signal is interrupted from 1800 UTC when heavy rain passes through
the radar site.
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Moreover, 6 people lost their lives and another 58 were
injured in that event. In Table 1, we provide a timeline of
the most important phases associated with the evolution
of the MCS. These phases are described in the following
paragraphs. Hypsometric map of Poland with locations
mentioned in the text are displayed in Fig. 8.

The first phase starts with the damage path in the
northern Czech Republic, near Jaromér. The weather
station in Velichovki, belonging to the Czech Hydro-
meteorological Institute (CHMI), measured a peak
wind gust of 27.9ms ™! at 1520 UTC. Severe wind gusts
also caused significant damage to buildings and trees in
Bohuslavice, near Nové Mésto nad Metuji. After pass-
ing over the Sudetes Mountains, the storms temporarily
weakened and caused minor wind damage and flash
floods in the area between Walbrzych and Wotéw
(southwestern Poland). At this time, radar data ob-
tained through the CZRAD radar network suggested a
right-moving supercell embedded in the convective line
over the Czech-Polish border. The track of this super-
cell overlapped with the damage path in northern parts
of the Czech Republic and Watbrzych region (south-
western Poland). Further, the cell probably has un-
dergone cyclic evolution (Adlerman et al. 1999) and
strengthen between Legnica and Woléw at around
1600-1700 UTC (Fig. 7). Unfortunately, the lack of ra-
dar data from this area, caused by a failure of the
Pastewnik radar (southwestern Poland), makes a direct
distinction between cyclic evolution or two seperate
supercells impossible.

After the convective line entered Poland, it started to
build up from the east and take advantage of the un-
stable warm and moist air mass (Figs. 4 and 7). The
whole system began to quickly grow and intensify. At
this point, a few large hail and severe wind gust events
were reported on the southeastern edge of the MCS. At
around 1700 UTC, a dominant supercell, which de-
veloped between Legnica and Wotéw, moved to the
area of Rawicz (Fig. 8), producing large hail of up to
5.5 cm and damaging wind gusts. A vertical cross section
of radar reflectivity from the Poznan radar at 1743 UTC
(Fig. 9) indicated classical supercell components (a
subjective analysis based on radar scans) such as rear
flank downdraft (RFD), forward flank downdraft, and a
bounded weak echo region on the leading edge of the
cell (Doswell and Burgess 1993). In addition, a velocity
couplet was observed in the low and midtroposphere
(Fig. 10).

At around 1800 UTC, the convective line stretched
from Poznan, to Jarocin, Ostréw Wielkopolski, and
Kluczbork. The supercell moved from Rawicz to Jarocin
area, and caused considerable damage to buildings
and forest, especially in Jaraczewo and Nowe Miasto

VOLUME 147
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FI1G. 11. Aerial photography with aftermath of the severe con-
vective wind gust at around 1845 UTC near the village of Pawlowo
(52°29'06.1"N, 17°31'44.3"E). Arrows indicate direction of felled
trees due to gust front (red) and rear flank downdraft associated
with the mesocyclone (blue), based on subjective analysis.

nad Warta (Fig. 8). At 1813 UTC, a strong velocity
couplet was indicated near Wrzesnia on the Poznan
radar. At around 1830 UTC, a peak wind gust of
34ms~' was measured in Gniezno. At that time, the
southeastern part of the convective line stretched be-
tween Kluczbork and Konin area, and then moved in a
roughly parallel manner (Fig. 7). A comparison with
severe weather reports revealed that swaths of the
most significant wind damage followed a mesocyclone
(Figs. 7 and 10). The maximum width of the damage
path in this area was equal to a size of about 20-25 km.
Most of the trees were turned into the north and
northeast, but locally some of them were also arranged
into the east and southeast (Fig. 11). This may suggest
that in addition to the powerful wind on the leading
edge of the line, RFD associated with the mesocyclone
might have also played an important role in contrib-
uting to wind damage.

Beginning at 1900 UTC, a mesocyclone started to
transform itself into an accelerating bowing segment of
the convective line, indicating intrusion of RIJ
(Fig. 12). From this time, the damage path started to
expand. At 1913 UTC, a strong velocity couplet was
still visible from the radar in Poznan (around 75km
from the radar), although it is worth highlighting that
after the storms passed over the radar site, the signal
was disturbed by heavy rainfall (Figs. 10 and 12). Fur-
ther radar scans (1923, 1933, 1943 UTC) revealed a
strong gust front developing on the eastern flank of the
mesocyclone (Fig. 12). At 1950 UTC a peak wind gust
of 36ms~ ! was reported in Chrzastowo meteorological
station. In the next radar scans, a characteristic rear
inflow notch and a large bow echo can be observed.
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FIG. 12. (left) Reflectivity and (right) radial velocity at 4km above radar height at (a),(b) 1923, (c),(d) 1933,
(e),(f) 1943, and (g),(h) 1953 UTC; derived from meteorological radar in Poznan. Bright pink polygon indicates
severe wind damage track as indicated in Fig. 7.

It may be possible that a mesocyclone enabled RIJ to  place and significant wind damage is reported in the
descend to the surface and interact with RFD, similar forest in western Kuyavian-Pomeranian Voivodeship
as in the case studied by French and Parker (2014). (Figs. 7 and 8). The western part of the line following
From this time, a rapid acceleration of the system takes the mesocyclone and its eastern flank produces a
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FIG. 13. (left) Reflectivity and (right) radial velocity at 2 km above radar height at (a),(b) 2034, (c),(d) 2104, and
(e),(f) 2154 UTC; derived from meteorological radar in Gdansk. Bright pink polygon indicates severe wind damage
track as indicated in Fig. 7.

continuous swath of significant damage for the nextfew supercell at the end of that formation produces a large
hours. Simultaneously, with a bow echo development, hail in the area of Kalisz city at around 2100 UTC.

the southern part of the squall line transforms into a Despite the difficulties in radar interpretation (at
broken line (Bluestein and Jain 1985). A left-moving around 2000 UTC, the system was halfway between
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radar sites in Poznan and Gdansk with a distance to
each of more than 100km), we suppose that after passing
Bydgoszcz, the mesocyclone evolved into a bookend vortex
and, pushed by the strong R1J at around 2100 UTC, turned
into a comma echo with an embedded MCV (Fig. 13). A
broad velocity couplet was observed by the radar in
Gdansk from 2030 to 2200 UTC. In the southern part of the
MCYV, high radial velocities (of more than 30ms™ ') were
observed. The majority of trees in this area were downed in
the northeastern direction. Wind gusts of extreme intensity
destroyed a significant part of the Tuchola Forest, including
around 8000 ha of forest in the Rytel Forest District and
6000 ha of forest in the Lipusz Forest District (Figs. 7 and
14). According to the accounts of some witnesses, the entire
forest sections in the area of Tuchola, Chojnice, Bytéw,
Koscierzyna, and Lebork (Fig. 8) were swept away within
a few minutes. The timing of the wind reports and their
location indicate that the most significant winds occurred
after the bow echo passed, that is, exclusively within the
MCYV and its eastern flank (Figs. 7 and 13). It is plausible
that interaction of MCV and RIJ might have induced sur-
face winds of such intensity. Before the MCS moved off-
shore and entered the Gdansk area, the meteorological
station in Elblag recorded a peak wind gust of 42ms™ ",
while the station in Lebork had 31 ms™'. Radar animation
of the entire MCS life cycle is available in the online sup-
plemental material.

4. High-resolution simulation

In this section, we assess whether it was possible to
predict the studied MCS, given its location, intensity and
storm morphology. For this purpose, we take into ac-
count the initial conditions from 0000, 0600 and
1200 UTC 11 August 2017, which indicate a hypothetical
lead time (a true lead time would also include a lag for
obtaining initial conditions and processing the data) of
15, 9, and 3 h, respectively (taking into account the ini-
tiation of the first convective cells on the Polish—Czech
border at around 1500 UTC). Earlier initialization times
were also tested, but no satisfactory results were ob-
tained. The initial conditions are derived from the GFS
and ECMWEF global models that are commonly used by
weather forecasters in Poland. Simulation within the
convection-permitting resolution makes it possible to
more reliably reproduce the processes that take place
during the evolution of the MCS.

Starting with simulations based on 0000 UTC (15-h
lead time), both GFS and ECMWF indicated a proper
area of convective initiation in southwestern Poland
(Fig. 15), with ECMWF highlighting a potential for one
dominant supercell (Fig. 16). In the later stages of the
simulation, MCS in both scenarios evolves into a linear

TASZAREK ET AL. 2297
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F1G. 14. (a) Shelf cloud observed at around 1730 UTC on the
leading edge of the gust front produced by the supercell near the
town of Krotoszyn (51°44'27.2"N, 17°26'21.7"E). Photography:
M. Taszarek. (b) Aftermath of the severe convective wind gust at
around 2100 UTC near the village of Rozwalewo (54°01'25.3"N,
17°39'36.3"E). Photography: G. Zawislak.

feature and moves toward northwestern Poland faster
compared to the observations. The estimated 10m AGL
peak wind gusts are much higher in the ECMWF sce-
nario and exceeds 40ms ™!, pointing to a risk for MCS
with widespread damaging winds (Fig. 17). Interestingly,
this scenario takes into consideration the damaging wind
developing on the eastern flank of the simulated super-
cell, similar to the real course of events but shifted to-
ward the west. The GFS scenario indicated much
weaker wind potential enhancing 10m AGL peak wind
gusts of up to 25-30ms ' in the late stage of the system
(Fig. 17). Both GFS and ECMWF scenarios simulated
MCS too far to the west at this time, most likely due to
underestimated cloud cover in a preconvective envi-
ronment over western Poland (Figs. 1 and 18).

The initial conditions from 0600 UTC (9-h lead time
to convective initiation) simulated a correct propagation
of the system toward unstable air mass to the east
(Fig. 4). The simulated initiation in the early stages as
well as the location and morphology of the MCS were
closer to the observations according to the GFS scenario
(Fig. 15). The ECMWPF-based simulation was more
aggressive with a widespread convective initiation, a
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1500 UTC 1700 UTC 1900 UTC 2100 UTC

Observations (POLRAD)

GFS (0000 UTC)

ECMWF (0000 UTC)

GFS (0600 UTC)

ECMWF (0600 UTC)

GFS (1200 UTC)

ECMWF (1200 UTC)

§ ‘f"j\l . v 52
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F1G. 15. Observed (POLRAD network) and simulated maximum reflectivity from WRF downscaling simulation to 1.2-km grid for
(from left to right) 1500, 1700, 1900, 2100, and 2300 UTC within initial conditions of: (rows 2 and 3) GFS and ECMWF 0000 UTC, (rows 4
and 5) GFS and ECMWF 0600 UTC, and (rows 6 and 7) GFS and ECMWF 1200 UTC 11 Aug 2017.
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Initial conditions: 0000 UTC

Initial conditions: 0600 UTC
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Initial conditions: 1200 UTC

ECMWF
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Updraft helicity swaths between 1200 and 0000 UTC on 11.08.2017 [m?s?] _ 1
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FIG. 16. Simulated 2-5 km AGL updraft helicity swaths between 1200 and 0000 UTC from WRF downscaling simulation to 1.2-km grid
within the initial conditions of: (top) ECMWF and (bottom) GFS for (left) 0000 UTC, (middle) 0600 UTC, and (right) 1200 UTC

11 Aug 2017.

well-developed bow echo, stronger 10m AGL peak
wind gusts (especially in the early stages), and a faster
motion compared to the observed event. GFS-based
simulation indicated overall weaker wind gusts but
highlighted the highest threat from winds (25-30ms™")
in north-central Poland (Fig. 17). Both GFS and
ECMWEF again indicated the possibility of supercells in
the early stages of the MCS in southwestern Poland
(Fig. 16).

Simulations based on the initial conditions a few hours
before the formation of the MCS indicated a strong
supercell and a bow echo developing on its eastern flank
(Fig. 15). This scenario was consistent with the radar
observations even though a simulated supercell was lo-
cated too far to the west. These simulations contained a
correction of cloudiness (Figs. 1 and 18), and therefore
better sampled a preconvective environment and MCS
placement. The ECMWEF scenario, similar to previous
simulations, indicated an aggressive development of a
broad convective line with damaging wind gusts locally
exceeding 35ms ™! (Fig. 17) and a comma echo in the
mature stage (2000-2100 UTC; Fig. 15). However,

compared to the observations, the system was over-
developed and moved too fast. The MCS simulated
within the GFS initial conditions had a better timing and
placement of 10m AGL peak wind gusts. The simula-
tion predicted a strong RIJ descending behind the bow
echo (Fig. 19), which in north-central Poland resulted in
winds exceeding 40ms™'. Moreover, a path of wind
gusts exceeding 25ms ' was in relative good agreement
with the observed wind reports (Figs. 7 and 17).

All simulations indicated a large MCS with embedded
supercells sweeping through the western parts of Poland
and generating widespread severe wind gusts. Within
each update, the forecast of MCS placement and peak
wind gusts was more accurate. This highlights the im-
portance of lateral/boundary conditions and initializa-
tion time in sampling such events. The correction in a
cloud cover at 1200 UTC allowed to better predict
placement of convective initialization and MCS evolu-
tion. As suggested by Ulmer and Balss (2016) WRF
Model should run much earlier to allow spinup. How-
ever, in our case at 1200 UTC the model started only 3 h
before the MCS. A strong synoptic-scale lift could have

020z AInr 20 uo 3senb Aq L'0£€0-8L-A-UMIN/SLL "0} /4pd/1op/Bi0-o0s)aue seulnol//:diy woy papeojumoq


http://mostwiedzy.pl

MONTHLY WEATHER REVIEW VOLUME 147

Initial conditions: 0000 UTC

Initial conditions: 0600 UTC
: T -

/\___/___\> MOST WIEDZY Downloaded from mostwiedzy.pl

e

(WRF downscalling to 1.2 km grid)

] 4 8 12 16 20 24 28 32 36 40

FIG. 17. Simulated peak 10 m AGL wind gusts between 1200 and 0000 UTC from WRF downscaling simulation to 1.2-km grid within the
initial conditions of (top) ECMWF and (bottom) GFS for (left) 0000 UTC, (middle) 0600 UTC, and (right) 1200 UTC 11 Aug 2017.

been a factor that supported early convective initiation
in the simulation.

5. Discussion and conclusions

This study documents the atmospheric conditions,
development and evolution of a severe weather out-
break that occurred in the evening of 11 August 2017 in
Poland. The emphasis is on analyzing system morphol-
ogy and highlighting the importance of a mesovortex in
producing the most significant wind damage. In addi-
tion, high-resolution simulations are performed within
the use of initial conditions derived from GFS and
ECMWEF global models in order to assess whether it was
possible to predict this event.

The derecho-producing MCS had a remarkable in-
tensity and was probably one of the most impactful
convective storms in the history of Poland. The MCS
caused widespread damage in the area extending from
northwestern Czech Republic to north-central Poland.
In total, 1182 wind reports within this system were
inserted into the ESWD. The storm system destroyed
and partially damaged 79 700 ha of forest (9.8 million m®

of wood). It also damaged roughly 20 000 buildings and
cut off power to around 500000 customers. Moreover,
6 people lost their lives and another 58 were injured in
that event.

The system developed in an environment of a very
high vertical wind shear (especially considering 0-3-km
layer: 20-25ms '), moderate thermodynamic instabil-
ity (MU CAPE: 1000-2500J kg '), rich boundary layer
moisture (mixing ratio: 12-14gkg '), and high tro-
pospheric moisture (precipitable water: 40-46 mm).
Although moisture and instability variables were not
surprising for August given the climatology of central
Europe (Taszarek et al. 2018), the MLS in this event was
exceptionally high. This is also confirmed by Celinski-
Mystaw et al. (2018) who evaluated thermodynamic and
kinematic conditions of 91 bow echo cases in Poland and
derived a mean of 13gkg ' mixing ratio, 1750 Jkg ™'
MU CAPE, and 15ms~' MLS (much lower than in our
case) per bow echo event. Many studies pointed that
high values of wind shear in the layer of 0-3 and 0-1km
AGL may be conducive to the formation of strong and
persistent mesovortices with damaging wind potential
(Weisman and Trapp 2003; Atkins and St. Laurent
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Initial conditions: 0000 UTC (+12h)

ECMWEF

Initial conditions: 0600 UTC (+06h)
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Initial conditions: 1200 UTC (4+00h)
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FIG. 18. Simulated total cloud cover at 1200 UTC (3 h before convective initiation) from WRF downscaling simulation to 1.2-km grid
within the initial conditions of (top) ECMWF and (bottom) GFS for (left) 0000 UTC, (middle) 0600 UTC, and (right) 1200 UTC 11 Aug
2017. Please note that satellite image from the same date and hour is provided in Fig. 1b.

2009a; Weisman et al. 2013). Analysis of our case seems
to confirm these findings, as a long-lived mesovortex was
embedded in the MCS. Although more than 10 bow
echoes occur each year in Poland, it is unusual to ob-
serve supercells growing upscale to line-end vortices in
bow echo events.

Very moist air mass ahead of the system provided
consistent access to large amounts of latent heat re-
leased into the cloud and intensified upward mass
fluxes (James and Markowski 2010). Radar reflectivity
exceeding 60dBZ indicates that strong hydrometeor
production was available in our case to drive powerful
downdrafts. Given the remarkable wind damage, not
without significance was also the fact that a vertical
profile of the wind was supportive of a strong meso-
cyclones (clockwise-curved hodographs with 0-3-km
storm relative helicity ranging from 200 to 600 m*s ).
Analysis of the radar images indicated that a supercell
that developed in the early stages of the convective line
had a big influence on the damage inflicted and evo-
lution of the MCS. At around 1900-2000 UTC, the
RFD from the mesocyclone interacted with RIJ and
developed a large bow echo. The supercell itself

evolved into a bookend vortex and later into a comma
echo with embedded MCV. Swaths with extreme
damage followed the mesocyclone in the early stages,
and the MCV in the mature stage. The damage track
broadened to the east of the vortex at the time when the
mesocyclone evolved into the MCV. This indicates
that a mesovortex and descending R1J on its eastern
flank were responsible for the most significant wind
damage. A considerably lower number of severe wind
events were reported in the central and eastern parts of
the bow echo. This finding is in agreement with a study
by Xu et al. (2015a,b), who also suggested that meso-
vortices on the edge of bow echo may cause RIJ to
descend and subsequently produce damaging winds.
The importance of mesovortices in producing extreme
wind damage within MCSs was also found by Miller
and Johns (2000), Weisman and Trapp (2003), Davis
et al. (2004), Atkins et al. (2004, 2005), Wakimoto
et al. (2006a,b), Wheatley et al. (2006), Atkins and
St. Laurent (2009a,b), and Coniglio et al. (2011). In-
teraction of a squall line with a supercell resulting in a
damaging surface winds was also confirmed by French
and Parker (2014).
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FIG. 19. Cross section through a bow echo apex (view from the east) along the 18.25°E
meridian and 2300 UTC from downscaling simulation (1.2 km) based on the initial conditions
from 1200 UTC GFS (north-central Poland; Fig. 15). (a) 0-3 km AGL streamlines with wind
speed, (b) as in (a) but with the added reflectivity.

Numerical simulations involving downscaling to a
convection-permitting resolution made it possible to suc-
cessfully predict a large MCS sweeping through the western
parts of Poland and generating widespread severe wind
gusts. Within each update of the initial conditions, place-
ments of the system and peak wind gusts were more ac-
curate, especially after the update at 1200 UTC that
indicated a proper cloud cover over western Poland. Sim-
ulations performed with latest initial conditions would have
provided an important guideline to forecasters and emer-
gency managers, indicating the areas most exposed to the
damaging winds. All ECMWF-based simulations indicated
the possibility of surface wind reaching extreme intensity.
The most recent GFS update successfully pointed out that
north-central Poland is the most endangered area with a
potential wind gusts exceeding 40ms™~'. Unfortunately, the
high demand for computational power in such simulations
and limitations associated with the assimilation of obser-
vational data-inducing time lag preclude both spatial and

temporal extent of their use in operational forecasting
(Allen 2018). However, along with the increasing impor-
tance of remote sensing data and improvements in com-
putational capabilities, such simulations should become
more reliable in the not-too-distant future.

Although the intensity of this MCS may suggest that
this was an extremely rare phenomenon, increasing
thunderstorm frequency and intensity as a consequence
of changing climate may mean that severe weather
outbreaks will become more commonplace in the future
(Brooks 2013; Trapp et al. 2007; Pucik et al. 2017; Allen
2018; Taszarek et al. 2019). A better understanding of
the convective morphology and environment that lead
to the development of such derecho-producing MCS will
allow for a better prediction and monitoring of similar
events in the foreseeable future.
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